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Abstract

The control of biodeteriogenic microorganisms is essential for the management of heritage sites. Many conventional biocides
are no longer available because they have lost their efficacy or have been withdrawn from the market due to their danger to
humans and the environment. Therefore, new effective and sustainable biocides are needed, such as plant extracts that could
be a good alternative. In this study, essential oils (EOs) of Ocimum basilicum L., Cinnamomum verum Presl, Lavandula
angustifolia Mill., Origanum vulgare L., Thymus vulgaris L. and Melaleuca alternifolia Maiden & Betche were tested as
green biocides against microorganisms collected from biofilms in the hypogeum of the Colosseum (Rome, Italy). Biocidal
screening was first carried out on phototrophic microorganisms grown on BG11 agar culture medium. The efficacy was
assessed by measuring photosynthetic activity with a mini-PAM portable fluorometer, and by determining morphological
changes or the absence of autofluorescence using light microscopy and confocal laser scanning microscopy. The most effec-
tive EOs against phototrophs were further tested to inhibit the growth of heterotrophic fungi and bacteria in order to identify
those with a broad-spectrum action. The EOs of cinnamon, oregano and thyme at 5% concentration (v/v) were the most
effective against the microorganisms isolated from the biofilms in the Colosseum. These EOs represent a green alternative
to traditional chemical biocides due to their activity against a wide range of microorganisms and their complex composition
which suggests the potential to reduce the risk of microbial resistance.

Key points

e Biofilms collected from the Colosseum hypogeum were characterized

e EOs tested as biocides against phototrophs and heterotrophs in Colosseum biofilms.

e Cinnamon, oregano, and thyme EOs show broad-spectrum action at 5% concentration.
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the ecological dynamics, forming a relationship between the
material construction and living organisms. In some cases,
this interaction can enhance the cultural heritage, but in most
cases, the biofilm that develops are responsible for biodete-
rioration rather than preservation (Carrari et al. 2022; Lisci
et al. 2003). Cultural heritage biodeteriogens are complex
communities, consisting of bacteria (including cyanobac-
teria), microalgae, fungi, lichens, mosses and plants whose
composition is influenced by abiotic factors such as sub-
strate bioreceptivity and environmental conditions (tem-
perature, relative humidity and light exposure) (Chen et al.
2022). The control of these biodeteriogenic microorganisms
is essential for the management of heritage sites, not only
for their preservation. Traditional methods of remediation
involve chemical treatments with biocides combined with
physical methods. However, these methods can be toxic to
operators and harmful to the environment and tend to have
a short-lasting effect, contributing to the development of
resistant species on cultural heritage surfaces (Cirone et al.
2023; Mazzoli et al. 2018). To address these limitations,
researchers and conservators are exploring many innovative
plant-based biocides, such as essential oils (EOs) or plant
extracts, to provide eco-friendly alternatives for controlling
biodeteriogens. Botanical extract and especially EOs are
widely employed in the food industry as an alternative to
synthetic preservatives, in pharmacology to combat multi-
drug-resistant bacteria, and in cosmetology (Angane et al.
2022; de Sousa et al. 2023; Gismondi et al. 2020, 2021; Li
et al. 2023; Pisanti et al. 2022), due to their antibacterial,
antifungal, antiviral, insecticidal, antioxidant and enzyme
inhibitory activities (Alvarez-Martinez et al. 2021; Mutlu-
Ingok et al. 2020). Their specific mode of action is complex
due to the large number of components, mainly terpenes.
However, further investigation is required to understand their
action, which is thought to involve different pathways acting
on different targets (Andrade-Ochoa et al. 2021).

The hypogeum of the Colosseum (Rome, Italy) under-
went between 2019 and 2021 a major conservation cam-
paign, aiming at restoring and reopen to the public areas of
the monument that have been closed for a long time. This
restoration involved surfaces and structures of this area by
intervening on brick walls, tufa and travertine blocks, coc-
ciopesto and pozzolanic wall plaster as well as opus spica-
tum brick floors. Soon after its inauguration, the hypogeum
was affected by the growth of biodeteriogens, mainly on the
floors, but also on vertical surfaces due to the presence of a
surface groundwater and drainage collection systems. Over
the last 3 years, repeated use of commercial biocides based
on quaternary ammonium salt has favoured the selection of
a microbial community partially resistant to biocidal treat-
ments. Routine site management involves regular disinfec-
tion cycles associated with water washing. Over time, the
frequency of these interventions has increased, resulting in
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a great deal of effort for the restorers and increased stress
on the materials. For several years now, ‘“Parco archeologico
del Colosseo”, within the framework of the “Parco Green”
project (https://colosseo.it/parco-green/), has been pursuing
a path of sustainability and green conversion of its activities,
and with this in mind, has undertaken this experimentation
aimed at limiting the use of traditional biocide products.

The microorganisms in the Colosseum hypogeum floor
therefore represent a significant challenge for sustainable
biocidal application due to their complexity and resistance
to conventional treatments. In the present study, biofilm was
collected from the Colosseum hypogeum and characterized
by microscopic observations. In the laboratory, phototrophic
and heterotrophic microorganisms were isolated, identified
and cultured. The strains were then used as target species to
test the biocidal efficacy of Ocimum basilicum L., Cinnamo-
mum verum Presl, Lavandula angustifolia Mill., Origanum
vulgare L., Thymus vulgaris L. and Melaleuca alternifolia
Maiden & Betche. For phototrophs, the effect of the treat-
ments was evaluated by measuring photosynthetic activ-
ity, determining morphological changes and the absence
of autofluorescence. Then, the most effective EOs against
phototrophs were tested to inhibit the growth of fungi and
heterotrophic bacteria, to find those effective against a wide
range of microorganisms in the biofilm and to provide an
alternative solution to traditional treatments while reducing
the microbial resistance.

Materials and methods
Biofilm sampling site

Three areas of the hypogeum of the Colosseum were
selected based on the different environmental conditions,
including solar radiation, exposure, and soil humidity, as
well as the type of building material and construction tech-
niques employed. These include the use of opus spicatum
and modern “cocciopesto” floors which have distinct physi-
cal and chemical properties that influence their bioreceptiv-
ity (Fig. 1). The opus spicatum refers to a flooring technique
characterized by the arrangement of small rectangular bricks
in a herringbone pattern. In contrast, “‘cocciopesto” is a type
of flooring made from a mixture of lime and finely crushed
brick fragments, resulting in a durable and waterproof sur-
face. The H site is located in the central corridor, exposed to
direct light for most of the day and away from water accumu-
lation points. It has a mixed floor of “cocciopesto” and opus
spicatum floors. The G-south site is adjacent to the central
corridor, partially covered by open sections, permanently
shaded, away from drainage points and water accumulation,
the floor is predominantly opus spicatum. The L site is at
the end of the side corridor, not covered but in the shade,
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Fig.1 Selected areas in the Colosseum hypogeum: H (in yellow), G-south (in blue) and L (in green) sites are characterized by different environ-
mental conditions and different construction materials and techniques, “cocciopesto” and “opus spicatum” floors

near the drains and the water reservoir under the floor of the
ground. The floor is mainly “cocciopesto” with inclusions
of opus spicatum.

Since December 2022, in collaboration with the “Parco
archeologico del Colosseo”, the three selected areas have
been delimited by the restorers and left untreated, in order
to allow the biofilm to grow undisturbed and to com-
pare it with the area subjected to traditional treatments

involving a combination of chemical biocides (BIOBAN™
104 Antimicrobial; Dow Chemical Company, MI, USA)
and water washing. Biofilms colonizing the three areas
were observed in situ using a digital microscope (Mic-
Fi MICFIUVW, Rivoli, Turin, Italy), allowing an initial
assessment of biofilm composition and spatial distribu-
tion (Fig. 2). In May 2023, biofilm samples were collected
from different areas by gently scraping the biomass with
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Fig.2 Mic-Fi digital image of biofilm in H, G-south and L sites at different magnifications (5 x40 and 5% 100). It can be noted the presence of

complex biofilm and bryophytes

a sterile scalpel. Biomass was stored in 15-ml sterile Fal-
con™ tubes and kept at 4 °C during transport to the labo-
ratory and until processing.

Microorganisms’ characterization and identification

To characterize the phototrophic fraction of the biofilm,
biomass collected from the three sampling sites was mixed
using a sterile loop and analyzed by microscopic observa-
tion using a Zeiss Axio Scope Light Microscope (LM) at
10 x and 40 X magnification, equipped with a Canon EOS
1300D-W digital camera (Canon S.P.A., Italy). Images were
acquired using the EOS Utility software 3.18.40, (Canon
S.P.A, Italy). The mixed biomass was suspended in BG11
liquid culture medium (Rippka et al. 1979) to promote the
growth and the enrichment in phototrophic microorgan-
isms. Cultures were maintained under controlled conditions
(22 +2 °C; irradiance of 30-pmol photons m=2 s~!; 12 h
light/dark photoperiod) and monitored by optical density
measurements (ONDA-UV spectrophotometer) at 665 nm
(OD665). The grown biomass was observed at LM to deter-
mine predominant species and analyze for comparison of
taxonomic characteristics with the book ‘The Freshwater
Algal Flora of the British Isle’ (John et al. 2003) and the
website database ‘www.algaebase.org’.

To characterize the heterotrophic cultivable microorgan-
isms, the biomass from the three sites was suspended in
sodium pyrophosphate (0.1% w/v) at a final ratio of 1:100,
transferred to sterile Erlenmeyer flasks and put in orbital
shaker at 150 rpm for 1 h at 28 °C. The suspension was
used for colony forming units (CFU) counting by the serial
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dilution method (Avishai and Davidson 2014; Koch 1883).
For each suspension, 100 mL was plated on tryptic soy agar
medium (TSA) for heterotrophic bacteria and on potato dex-
trose (PDA) and maltose extract agar media (MEA) for fungi
and incubated at room temperature until colonies appeared
in a static incubator (Memmert IPP55, Germany). Bacte-
rial and fungal strains were isolated through the observation
of different morphotypes under a stereo microscope Wild
Heerbrugg (Germany). The strains were then transferred
onto agar medium until pure cultures were obtained. The
bacterial strains were identified by the Biolog Lab Services
method, using GEN III MicroPlate™ on Biolog Microsta-
tion (Biolog Lab Services, Hayward, CA, USA), and molec-
ular identification through the extraction and sequencing of
16S-rDNA by using 9bmf as forward and 1512r as reverse
primers (Miihling et al. 2008). Sequence identities were ana-
lyzed using the National Center for Biotechnology Infor-
mation (NCBI) BLAST program (https://blast.ncbi.nlm.nih.
gov/Blast.cgi) and the GenBank database. Sequences were
deposited in the GenBank database. The fungal isolates were
identified by the Biolog Lab Services method, using Biolog
FF MicroPlate.

Gas chromatography-mass spectrometry analysis
of EOs composition

Six commercial essential oils extracted by steam distillation
from different plants were selected to study their efficacy
as alternative green biocides. The EOs used were Ocimum
basilicum L. (B, basil), Cinnamomum verum Presl (C, cinna-
mon), Origanum vulgare L. (O, oregano), Thymus vulgaris
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L. (T, thyme) and Melaleuca alternifolia Maiden & Betche
(TT, tea tree) oils from L’Aromoteca S.a.S. (Assago, Milan,
Italy), and Lavandula angustifolia Mill. (L, lavender) oil
from Sarandrea Marco E C. S.r.l. (Collepardo, Frosinone,
Italy).

The composition of the EOs was assessed by perform-
ing chromatographic analyses using a ThermoFischer Trace
1300 series instrument equipped with a Zebron ZB-5MSplus
(Phenomenex) (30 m X 0.25 mm, thickness 0.25 pm) fused-
silica capillary column and a ThermoFischer ISQ LT mass
spectrometer (MS) detector. A 1 pL sample of EO solution
(1:200 in n-hexane) was injected into the GC using a split
ratio of 50:1, and all the analyses were performed in trip-
licate. The GC oven was maintained at 60 °C for 5 min,
followed by a 4 °C/min ramp up to 200 °C, held for 2 min.
The temperature was increased to 280 °C at 35 °C/min and
then held for 5 min. Retention indices of the EO compo-
nents were determined based on the observed retention
times of the retention index standard (aliphatic hydrocar-
bons C4-C24) analyzed under the same temperature pro-
gram. Chromatography-grade helium was used as the carrier
gas at a constant flow of 1 mL/min. Mass spectra of each
compound were obtained by electron impact (EI) at 70 eV
(scanning from 25 to 700 m/z), and the components of the
EOs were identified by comparing their mass profiles and
calculated retention indices to those of the NIST (National
Institute of Standards and Technology) Library 14 loaded in
the detection software of the instrument (Xcalibur software).

EOs biocidal effect on phototrophs

The EOs were tested at 0.5% and 5% (v/v) concentrations as
biocides against phototrophic microorganisms. This range
was chosen as previous research has shown that EOs was
effective at concentrations between 5 and 1% (v/v) (Bruno
et al. 2019; Gabriele et al. 2023; Ranaldi et al. 2022). The
range applied was chosen in order to assess the possibility
of further reducing the minimum applicable concentration
and to compare the results with previous studies. The solu-
tions were prepared in distilled water (DM) and TWEEN20
(Sigma-Aldrich) (1% v/v).

BG11 biomass was centrifuged (10 min at 5000 g) and
the supernatant discharged. One millilitre of the biomass
(OD =2.648 +0.056) was transferred to BG11 agar Petri
dishes and incubated in growth chamber for 2 months
(T=22+2 °C; irradiance = 10 pmol photons m%/s™; photo-
period: 12 h light/dark), until the surface was fully covered
with the phototrophic biofilm. According to Ranaldi et al.
(2022), circular fragments (~ 1.5 cm in diameter) were cut
from the biofilm and transferred to new agar plates. These
plates were maintained under the same controlled conditions
throughout the experiment. The EOs were applied by pipet-
ting 200 pL of each one (~ 1 pL/cm?) onto the biofilm on the

Petri dishes. Two different classes of commercially available
biocides were used as positive controls: BIOBAN™ 104
Antimicrobial (CTRL + B) (Dow Chemical Company, MI,
USA.), concentrated, stable blend of octylisothiazolinone
and quaternary ammonium compound (QUAC-OIT),
was tested as 3% (v/v) solution in DM, and ESSENZIO©
(CTRL +E) (IBIX BIOCARE, Lugo, Ravenna, Italy), a
blend of oregano and thyme EOs, tested as supplied (100%
v/v). DM was used as negative control (CTRL —). Tests were
performed in triplicate. The efficacy of each treatment was
assessed by microscope observation and measuring photo-
synthetic activity using a portable pulse amplitude fluorom-
eter (PAM).

Microscopy observation

Light microscopy (LM) was used to evaluate changes in
biofilm structure and microorganism integrity (cells colour
and morphology) after the treatment with the EOs solutions.
The confocal laser scanning microscope (CLSM) FV1000
(Olympus Corp., Tokyo, Japan) with a 60 X oil immersion
objective and a numerical aperture (N.A) of 1.35 was used
to confirm the viability of samples treated with 5% EOs
on agar plates and to measure cell diameters. The photo-
trophic microorganisms were observed according to their
natural pigment autofluorescence by excitation of the chlo-
rophyll with the solid-state laser (excitation: 635 nm; emis-
sion 668 nm). The grey channel laser (Ar) with excitation
at 488 nm and emission from 480 to 495 nm was used to
acquire the image of dead microalgae, in which the autofluo-
rescence was no longer present. 3D images were constructed
from a series of 2D cross-sectional images (x—y plane) using
IMARIS 6.2.0 software (Bitplane AG Zurich, Switzerland).

Measurement of photosynthetic activity

A portable pulse amplitude fluorometer (Mini-PAM) (Walz
GmbH, Effeltrich, Germany) combined with WinControl
software was used to evaluate the effect of EOs on photo-
synthetic activity. To ensure maximum potential quantum
yield, samples were dark adapted for 30 min prior to each
measurement. All analyses were performed in a dark room,
and the probe was equipped with a holder that held the fibre
6 mm from the biofilm (Rugnini et al. 2020). The yield value
was calculated as follows:

Fm — Fo
Fm

Yield =

where F|, is the minimum and F,, is the maximum fluo-
rescence of the dark-adapted sample (Bilger et al. 1995;
Schreiber and Bilger 1993). The efficacy of EOs at
concentrations of 5% and 0.5% against photosynthetic
microorganisms growing on agar plates was quantified
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by determining the maximum quantum yield of photo-
synthesis on each triplicate sample before each treatment
(ty) and after 24 h (t,4,), 1 week (#;,,), 1 month (¢,,) and
2 months (t,,)-

Biostatic effect of EOs on heterotrophs

The essential oils found to be effective on phototrophic
organisms were tested on the cultivable heterotrophic
component of the biofilm. The inhibitory effect of cin-
namon (C), oregano (O) and thyme (T) EOs at 5% (v/v)
on heterotrophic bacterial and fungal strains were tested
according to Antonelli et al. (2020) on Thermo Scien-
tific™ 6 Well Plate (Fisher Scientific Italia, Segrate,
Milan, Italy), filled with TSA for the bacteria and MEA
for the fungal strains.

Each bacterial strain was suspended in sodium pyroph-
osphate (0.1% w/v) at a final concentration of 10® CFU/
mL and inoculated by spreading 100 mL of bacterial sus-
pension in each well. For fungal strains, spores were col-
lected from agar plates, resuspended in sodium pyrophos-
phate (0.1% w/v) to reach a concentration of 10 spores/
mL and inoculated by spreading the suspension in the
well.

To avoid any potential cross-effect resulting from the
highly volatile nature of the tested substances, a distinct
plate was used for each treatment. As in the photoauto-
troph tests, 10 mL (~1 mL/cm?) of each solution to be
tested was applied in each well.

According to that done for photoautotrophic biofilm,
for heterotrophs, two biocides were used as positive con-
trols: benzalkonium chloride a.s. (QUAC) (CTRL + B)
(Antichita Belsito srl, Rome, Italy) was tested as 3% (v/v)
solution in DM, and ESSENZIO® (CTRL + E) (IBIX
BIOCARE, Lugo, Ravenna, Italy), a blend of oregano
and thyme EOs, tested as supplied (100% v/v). DM was
used as negative control (CTRL —). The plates were
incubated at 28 °C for 7-10 days. The inhibitory effect
was evaluated by monitoring the growth of microorgan-
isms into the treated wells by observations under a stereo
microscope and assigning a positive (+), negative (—) or
partial (+/—) score based on the presence, absence and
intermediate growth, respectively. If the microorganisms
occupied the whole area of well, +, if just a portion of
well, +/ — and if there was no growth at all, —.

Statistical analysis

All measurements with PAM were conducted in triplicates,
and the results were reported as the mean + SD (standard
deviation) values. The statistical analyses were performed
using GraphPad Prism 10.2.3. Parametric tests (ordinary
one-way ANOVA) were applied to investigate the data and
compare them to one another. Moreover, Tukey’s multiple
comparisons test was also applied. Values of p <0.05 were
considered statistically significant. The same test was applied
to investigate the differences in cell diameter after the treat-
ment with EOs (N> 26), with data acquired from CLSM.

Fig.3 Images of microorganisms forming the biofilm sampled in
the Colosseum hypogeum: a cyanobacteria and green microalgae; b
green microalgae and diatoms; ¢ mosses. d The predominant photo-
trophic microorganism belonging to the order of Chlorellales grown
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in BG1l medium under controlled culture conditions. The red
arrows indicate the different species of microorganisms. The photos
were acquired at LM with 40X (a, b and d) and 10X (c) objectives.
Bar=10 um
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Results
Biofilm characterization

The LM observation of the biofilm sampled in the hypo-
geum of the Colosseum showed that the phototrophic com-
munity was composed of cyanobacteria (Fig. 3a), green
microalgae (Fig. 3a, b), diatoms (Fig. 3b) and mosses
(Fig. 3c). Specifically, site H was predominantly colo-
nized by mosses, attributed to its direct exposure to sun-
light throughout the day, which significantly promotes their
growth. Nevertheless, various species of green microalgae
and diatoms were also observed in this site. Conversely,
site G-south was heavily influenced by the proliferation of
microalgae, whereas site L exhibited a more complex com-
munity structure, including green microalgae, diatoms and
bryophytes (Fig. 2). Nevertheless, after enrichment of the
cultures in BG11 medium, the biofilm was mainly formed

by green microalgae belonging to the phylum Chlorophyta,
the class Trebouxiophyceae and the order Chlorellales
(Fig. 3d). The presence of chlorophyll a and b gives the
coccoid cells their typical bright green colour. However,
under high irradiation they can appear orange due to the
production of high levels of carotenoids. They are spherical
in shape and have a diameter ranging from 4.4 to 7.1 um.
The cell has a thin wall and contains a large chloroplast.
The heterotrophic microbial load ranged from 1.6 x 10*
in the H site to 2.5 x 10* CFU/g biomass in G-south and
L sites. A total of 22 bacterial and six fungal strains
were isolated from the culturable heterotrophic micro-
bial fraction (Table 1). The bacteria are predominantly
gram-negative and belong to the a- and g-Proteobacteria
and Flavobacteria classes. The only gram-positive Bacil-
lus, Exiguobacterium mexicanum, was isolated from the
G-south site. The only species detected at all sampling
points was Enterobacter quasihomaechei. The isolated

Table 1 Bacterial and fungal

o Strain H G-south L Gene Bank
strains isolated from the three accession
sampling sites by plating on number
TSA, PDA and MEA media.

Gene bank accession number Bacteria

ff’r bacterial 16S sequences. COL 1.3 Acinetobacter junii X PQ416651

Validation of sequences in

progress COL 3.2 Aeromonas rivipollensis PQ416660
COL 4.8 Chryseobacterium contaminans X not deposited*
COL 2.4 Ensifer adhaerens X PQ416656
COL 1.2 Enterobacter quasihomaechei X X X PQ416650
COL 1.1 Enterobacter sichuanensis PQ416649
COL 3.8 Enterobacter sp. X not deposited*
COL 2.2 Exiguobacterium mexicanum X PQ416654
COL 4.6 Pantoea agglomerans X PQ416665
COL 2.7 Pantoea ananatis X PQ416658
COL23 Pseudomonas alkilphenolica X PQ416655
COL 1.4 Pseudomonas chengduensis PQ416652
COL 3.4 Pseudomonas lalkuanensis X PQ416661
COL 2.1 Pseudomonas mosselii X PQ416653
COL 3.6 Pseudomonas oryzihabitans X PQ416662
COL 3.3 Pseudomonas resinovorans X Not deposited*
COL 2.5 Pseudomonas sediminis X X PQ416657
COL 4.7 Pseudomonas soli X PQ416666
COL 4.3 Serratia liquefaciens X PQ416664
COL 2.8 Serratia rubidaea X PQ416659
COL 4.1 Shigella flexneri X PQ416663
COL 4.10 Stenotrophomonas lactitubi PQ416667

Fungi

COL 4.16 Fusarium chlamydosporium
COL 2.12 Paecilomyces lilacinus X
COL 2.11 Penicillium chrysogenum X
COL 4.13 Penicillium citreonigrum
COL 4.14 Penicillium miczynskii
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Table 2 Chemical

- . Compound RI Area %
characterization of O. basilicum
(B), C. verum (C), O. vulgare B C (0] T TT
(O), T vulgaris (T), and
M. alternifolia (TT) EOs. o-Thujene 926 0.7
Calculated retention indices and o-Pinene 931 32 1.3 2.0
relative abundance percentages Camphene 948 1.1
(>0.1%) of the compounds
detected by GC/MS analysis Benzaldehyde 959 02
a-Sabinene 973 0.1
B-Pinene 975 0.1 1.2 0.2 0.7 0.6
1-Octen-3-ol 977 0.1
B-Myrcene 987 0.1 1.6 0.6
a-Phellandrene 1007 0.2
o-Terpinene 1015 0.3 0.3 9.3
p-Cymene 1023 0.2 7.3 27.3 39
Limonene 1027 0.4 1.0
Eucalyptol (1,8-cineole) 1031 3.1 2.8 1.1 4.6
trans-b-ocymene 1046 0.4
y-Terpinene 1056 33 6.8 19.8
Isoterpinolene 1085 33
Linalool 1098 1.1 3.0 4.5
cis-2-Menthenol 1125 0.2
cis-p-Terpineol 1143 0.1
Camphor 1145 0.7
Borneol 1170 0.8
Terpinen-4-ol 1178 0.2 0.5 0.5 0.3 48.5
a-Terpineol 1192 0.6 0.6 3.6
Estragole 1198 92.1
(Z)-Cinnamaldehyde 1215 0.4
Fenchyl acetate 1219 0.2
(E)-Cinnamaldehyde 1272 72.4
Bornyl acetate 1282 0.7
Isobornyl acetate 1284 0.8
Thymol 1288 24 54.5
Carvacrol 1297 76.1 2.0
Eugenol 1348 5.1
a-Copaene 1373 1.8
p-Elemene 1386 0.2
Methyleugenol 1396 1.0
B-Caryophyllene 1416 1.9 2.3 0.7
a-Bergamotene 1430 0.8
Aromandendrene 1438 0.4
(E)-Cinnamy] acetate 1442 6.9
a-Caryophyllene 1452 0.1
Alloaromadendrene 1459 0.1
Ledene (Viridiflorene) 1490 0.3
B-Cyclogermacrane 1495 0.1
y-Cadinene 1509 0.2
Eugenyl acetate 1510 0.3
p-Cadinene 1517 0.4
Caryophyllene oxide 1578 0.6 0.2
Globulol 1585 0.1
1-Cadinol 1638 0.5
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fungi belong to the genera Fusarium, Penicillium and
Paecilomyces.

GC-MS analysis

The compositional profile of Lavandula angustifolia Mill. (the
same batch used for this work) was reported in our previous
study, in which 28 molecules were identified, among which the
main compound are terpenoids characterized by the presence
of an oxygenated function (Ranaldi et al. 2022). Linalool is
the linear terpenoid that primarily constitutes the lavender EO
with a relative abundance of 42.2%. Conversely, the other main
constituents, such as camphor (13.0%), eucalyptol (11.5%),
borneol (7.4%) and ocimene (5.7%), are all characterized by
a cyclic structure. The results of the GC/MS analysis of the
other five essential oils are reported in Table 2, which lists
all components with a relative abundance greater than 0.1%.
As shown in Table 2, all the studied EOs are complex
mixtures of several compounds, ranging from 12 to 22 mole-
cules each. Basil (B) and cinnamon (C) EOs are the only two
extracts mainly constituted by non-terpene or non-terpenoid
derivatives. In fact, basil EO is almost exclusively composed
of estragole, while cinnamaldehyde, cinnamyl acetate, and
eugenol are the main constituents of cinnamon EO.
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Fig.4 Photosynthetic yields at different time from the application of
O. basilicum (B), C. verum (C), L. angustifolia (L), O. vulgare (O),
T. vulgaris (T) and M. alternifolia (TT) EOs at 5% against phototro-
phic biofilms. The positive controls were treated with BIOBAN 104

Oregano (O) and thyme (T) EOs have a very similar pat-
tern of constituents, sharing 11 of their components. Another
similarity between these two extracts is the presence of
p-cimene as their second most abundant principle. It is a
cyclic diterpene and represents the aromatic skeleton of the
main constituent of both oregano and thyme EOs: carvacrol
and thymol, respectively.

Despite the tea tree (TT) EO is also composed primarily
of cyclic terpenes and terpenoids, all of its most abundant
compounds are non-aromatics. In fact, both a-terpinene and
y-terpinene, the secondary principles constituting tea tree
EO, are reduced forms of p-cimene. In addition, terpinen-
4-o0l, its most abundant compound, could derive from the
hydration of the two terpinene-like products mentioned
above.

Biocidal effect of EOs on phototrophs

Experiments were carried out on phototrophic biofilm
grown on BG11 agar to compare the biocidal activity of the
six EOs at concentrations of 5% and 0.5% (v/v). Photosyn-
thetic activity was measured over time after the treatments.
EOs at a concentration of 0.5% (v/v) were not effective as
5% concentration under the tested conditions, because EOs
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(CTRL+B) and ESSENZIO (CTRL+E), while the negative con-
trol was treated with DM (CTRL —). Results are represented by their
mean+SD values. Different letters in each column indicate signifi-
cant differences (p <0.05)
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at 0.5% did not significantly impact the biofilm; the results
are reported in Online Resource (Table S1). Tests with 5%
(v/v) EOs have proven their effectiveness (Fig. 4).

Twenty-four hours after the application of the green
biocides, cinnamon (C), oregano (O) and thyme (T) EOs
reduced the photosynthetic yield by up to 99%. This result
was comparable with those obtained with the BIOBAN™
104 (CTRL + B), in which the yield value dropped from
0.673+0.019 to 0.002 +0.003. Basil EO (B) reduced yield
by 76% compared to time zero, a result statistically differ-
ent from all treatments. Lavender (L) and tea tree (TT) EOs
only slightly reduced photosynthetic activity. ESSENZIO
(CTRL +E), the second positive control, was not very effec-
tive, resulting in a minimal reduction compared to time zero
(0.390 +0.086), which was statistically different from that
of the DM-treated negative control.

After 1 week, the photosynthetic yield of the sam-
ples treated with cinnamon (C), oregano (O) and thyme
(T) remained close to zero, as did that of BIOBAN
(CTRL + B) (Fig. 4), whereas a partial recovery of biofilm
viability was observed in the basil EO-treated samples,
similar to that of the samples treated with ESSENZIO
(CTRL + E). Lavender (L) and tea tree (TT) EO showed
no statistical differences compared to the negative control
(CTRL -).

After one and two months, no recovery in photosynthetic
activity was observed only in samples treated with cinnamon
(C), oregano (O), thyme (T) EOs and BIOBAN (CTRL +B)
(p>0.05; Fig. 4).

Biofilm observations

Two months after the application of 5% (v/v) EOs, the bio-
film was observed under light microscopy (LM) in order to
assess whether there were any observable changes in cell
morphology (Fig. 5). Cinnamon and oregano EO-treated
biofilms appeared colourless and devoid of photosynthetic
pigments (Fig. 5a-b), indicating a loss of pigments due to
biocide application, which confirms the findings of PAM
measurements. Similarly, microorganisms treated with
thyme EO showed a lighter, paler appearance (Fig. 5c). In
contrast, in the negative control (Fig. 5d), cells displayed a
bright green colour, confirming the vitality of the phototro-
phic microorganisms.

Pigment loss was also observed by CLSM, using the grey
channel laser (488 nm) to capture images of dead micro-
algae (Fig. 6). Biofilms treated with cinnamon, oregano
and thyme EOs had no living cells (Fig. 6a—c), due to the
fact that the chlorophyll a autofluorescence was completely
absent. In the negative control (Fig. 6d), cells exhibited
natural phototrophic autofluorescence with an excitation
at 635 nm, corresponding to the presence of chlorophyll
a, indicating the vitality of the biofilm. Additionally, cell
diameters were measured to assess morphological changes
induced by the 5% biocide application. Cells treated with
distilled water (CTRL —) had a diameter of 5.817 +0.565 um
(N=30), which was statistically similar to those treated with
oregano and BIOBAN (p >0.05). In contrast, cells treated
with cinnamon and thyme EOs showed significantly larger

Fig.5 LM images of biofilms grown on agar plates two months after treatment with 5% EOs of a C. verum, b O. vulgare, ¢ T. vulgaris, d nega-

tive control (DM). Bar=30 pm
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Fig.6 CLSM images of biofilm treated with a C. verum, b O. vulgare and ¢ T. vulgaris EOs at 5% showing the absence of autofluorescence in

biofilm forming cells compared to d negative control. Bar=20 pm

diameters, with values of 7.316 +1.223 pm (N=26) and
6.865 +1.151 um (N =30), respectively, exhibiting statisti-
cally significant differences compared to both the negative
and positive controls (p <0.0001).

Biostatic effect of EOs against heterotrophic
microorganism

The results of the inhibitory effect of cinnamon, oregano and
thyme EOs at 5% (v/v) on heterotrophic bacterial and fungal
are reported in Table 3. Concerning bacteria, cinnamon EO
was the most effective followed by oregano and thyme EOs.
Acinetobacter junii, Enterobacter sichuanensis and Exiguo-
bactrium mexicanum were sensitive both to EOs and benza-
lkonium chloride. Aeromonas rivipollensis was resistant to
all the EOs tested but not to the benzalkonium chloride. Con-
versely, Chryseobacterium contaminans and Ensifer adhae-
rens were sensitive to all EOs but were resistant to benza-
lkonium chloride (CTRL + B) and ESSENZIO (CTRL +E).

Pseudomonas alkilphenolica, Pseudomonas mosselii, Pseu-
domonas sediminis, and Pseudomonas soli were resistant
to all the treatments tested, even to the positive controls.
Numerous strains belonging to the phylum y-proteobacteria
(Pantoea, Pseudomonas, Serratia, Shighella) showed resist-
ance to benzalkonium chloride (CTRL + B) but exhibited
sensitivity to one or more essential oils. The tested EOs
were effective against all the fungal strains isolated that were
resistant to the benzalkonium chloride (CTRL + B) at the
tested concentration.

Discussion

The growth of biodeteriogens is a natural ecological phe-
nomenon, driven by favourable environmental factors,
such as irradiation, temperature and relative humidity,
which fluctuate throughout the day and across the seasons
(Liu et al. 2018; Yu et al. 2024). Over the years, repeated
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Table 3 The inhibitory effect of Strain CTRL+B CTRL+E CTRL- C O T
tested EOs and controls against
microbial strains isolated Bacteria
ggsriiis‘;)l(oiifizjg:gszz‘%‘i‘;n& COL 1.3 Acinetobacter junii - + + - - -
intermediate (+/—) reflect the COL 3.2 Aeromonas rivipollensis - + + + 4+ +
presence, absence and partial COL 4.8 Chryseobacterium contaminans — +/— + + - - _
growth, respectively. Cinnamon COL 24  Ensifer adhaerens + + + - - -
(©), oregano (0) and thyme (T) COL 1.2 Enterobacter quasihomaechei - + + - +

COL 1.1 Enterobacter sichuanensis - + + - - —
COL 3.8  Enterobacter sp. - + + - - +
COL 2.2 Exiguobacterium mexicanum — + + - - -
COL 4.6  Pantoea agglomerans + + + -+ +
COL 2.7  Pantoea ananatis +/- + + - +/- +
COL 2.3 Pseudomonas alkilphenolica +/- + + + o+ +
COL 1.4 Pseudomonas chengduensis +/— + + - +/- +
COL 3.4 Pseudomonas lalkuanensis + + + - 4+ +
COL 2.1  Pseudomonas mosselii + + + + o+ +
COL 3.6  Pseudomonas oryzihabitans + + + - - +
COL 3.3 Pseudomonas resinovorans + + + - 3+ _
COL 2.5 Pseudomonas sediminis + + + + 4+ +
COL 4.7  Pseudomonas soli + + + + o+ +
COL 4.3  Serratia liquefaciens +/—- + + + - +/-
COL 2.8 Serratia rubidaea +/- + + - = +
COL 4.1 Shigella flexneri + + + + - —
Fungi
COL 4.16  Fusarium chlamydosporium + + + - - _
COL 2.12  Paecilomyces lilacinus + + + - - _
COL 2.11  Penicillium chrysogenum + + + - - _
COL 4.13  Penicillium citreonigrum + + + - - _
COL 4.14  Penicillium miczynskii + + + - - -

treatments with traditional chemical biocides have led
to the development of microbial resistance. Therefore,
to counteract the growth of biodeteriogenic biofilm, it is
essential to gradually increase the concentration of these
biocides and shorten the intervals between treatments. Fur-
thermore, chemical treatments are combined with physi-
cal cleaning with a high-pressure spray water that does not
remove necrotic biomass and spreads microorganisms that
spontaneously regenerate in an even shorter time frame,
especially if environmental conditions are favourable. This
research is focused at identifying one or more broad-spec-
trum EOs that could be a valuable tool in addressing com-
plex microbial biofilms with the aim of finding biocides
that, thanks to their complex composition, could avoid the
selection of resistant species. For this reason, microorgan-
isms forming the biofilms sampled in the hypogeum of the
Colosseum were collected and used as target species in lab
experiments to evaluate the potential use of six different
EOs as eco-friendly alternatives biocides to replace tradi-
tional chemicals. EOs are known to be mixtures of different
organic compounds. Their composition depends on many

@ Springer

factors, such as the genotype (species and cultivation), the
geographical origin, the soil characteristics, the climatic
conditions and the season of collection, the extraction
method and the plant parts (flower, seed, fruit, etc.) used
to extract the essential oil. This means that the same EO
may act differently on the same microorganism depending
on its composition (Bakkali et al. 2008; Cappitelli et al.
2020). The main components of the six EOs tested were
very similar to those reported in the literature (Caprari et al.
2021; Liyanage et al. 2017; Raina and Kumar 2017; Santos
et al. 2014; Zinno et al. 2023), but several chemotypes of
all the selected EOs were identified and their composition
is quite different.

Here, a preliminary study of the effect of the selected
EOs was initially performed on phototrophic microorgan-
isms with the aim of selecting the most effective ones and
evaluating their efficacy also against the heterotrophic com-
ponent of the biofilm. Each oil was diluted in 1% Tween 20
in water to obtain a homogeneous solution without affecting
the vitality of the microorganisms, as reported by Ranaldi
et al. (2022) for cyanobacterial biofilms.
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Tea tree, lavender and basil EOs at 5% (v/v) resulted
almost ineffective against the microalgal biofilm. This result
is in accordance with literature data, which report that these
essential oils show significant efficacy only when used in
combination with other biocidal approaches. In fact, Lavan-
dula angustifolia EO (5%) did not affect the viability of bio-
films composed of a mixture of filamentous biodeteriogenic
cyanobacteria in hypogean environments (Ranaldi et al.
2022), but its biocidal efficiency was enhanced when com-
bined with other plant extract, such as Thymus vulgaris EO
or alcoholic leaf extracts of liquorice (Glycyrrhiza glabra)
(Bruno et al. 2019; Rugnini et al. 2020). Similarly, basil
EO reduced photosynthetic yield immediately after treat-
ment, but the positive effect persisted for a short time (less
than one month). Good results were obtained by Macchia
et al. (2022) on mosaics in the Archaeological Park of Ostia
Antica (Rome) by encapsulating basil and other EOs in agar
gel. Conversely, cinnamon, oregano and thyme EOs at 5%
concentration induced drastic decrease in the photosynthetic
activity of the algal biofilm and their effect was maintained
up to two months after the treatments, showing the same
efficiency as the BIOBAN positive control.

In addition, cinnamon and thyme were found to be
moderately effective against phototrophs also at 0.5% con-
centration. This preliminary result could be enhanced by
encapsulating them into inert matrices to further decrease
the concentration of EOs necessary to inhibit the growth of
these microorganisms. In fact, as demonstrated in our pre-
vious works, thyme EO conveyed by alginate hydrogel was
effective even at the 0.1% against cyanobacteria (Gabriele
et al. 2023) and at 0.25% towards a complex biopatina grow-
ing on the Fortunato Depero’s mosaic of “Le Professioni e le
Arti’, Rome (Italy) (Bruno et al. 2023). The efficacy of Cin-
namomum cassia Presl. EO was also demonstrated by Long
et al. (2024), who applied an extract of this EO against algal
biofilm as well as the Thymus capitatus (L.) Hoffmanns &
Link that has been successfully applied to counteract cyano-
bacteria and green algae colonizing outdoor stone surfaces
(Candela et al. 2019). Both studies relied primarily on mac-
roscopic observations to assess the vitality of the biofilms
and/or colorimetric measure to evaluate any alteration in the
substrate, without specifically evaluating the photosynthetic
activity. ESSENZIO, a mixture of oregano and thyme EOs
and BIOBAN, a quaternary ammonium salt-based bioc-
ide, both used by restorers to counteract biological patinas,
were selected as positive controls for phototrophic biofilm.
ESSENZIO resulted to be completely ineffective against the
microalgal biopatina, whereas it had a cleaning action when
applied at 50% for the removal of artificial biofilm cultivated
on painted samples (Cennamo et al. 2023). Otherwise, good
biocidal activity was observed when the target phototrophic
organisms were treated with the benzalkonium chloride, a
result that was confirmed even two months after treatment.

Benzalkonium chloride (as active ingredient and formula-
tion) is often ineffective on many heterotrophic bacteria
and target fungi that are known to cause deterioration in
cultural heritage and are commonly found in subterranean
sites (Gadd et al. 2024; Isola et al. 2021; Sterflinger and
Pifar 2013).

Therefore, in this study the biostatic activity of the three
EOs, which are efficient biocides for the phototrophic micro-
organisms, and the two positive controls (ESSENZIO and
benzalkonium chloride), was tested on all bacterial and fun-
gal strains isolated in the hypogeum of the Colosseum. The
benzalkonium chloride, which was able to remove algae, was
ineffective against fungi and most of gram-negative target
strains, showing resistance but exhibiting sensitivity to one
or more essential oils.

Although Gram-negative bacteria are less susceptible to
antibiotics due to their complex cell membranes that limit
the penetration of active ingredients, essential oils have
demonstrated antibacterial and antifungal properties (Huang
et al. 2014). In this study, all the selected EOs resulted effec-
tive on most of the strains tested, including strains resistant
to benzalkonium chloride, according to that reported in sev-
eral studies (Ioan et al. 2023; Reale et al. 2024; Russo and
Palla 2023; Santo et al. 2023). In particular, cinnamon EO
appeared to be the most effective among the EOs investi-
gated here, by inhibiting almost all the heterotrophs isolated
except for only five bacterial strains. This evidence high-
lights its potential use as widespread bioactive substance to
replace quaternary ammonium compound (QUAC) in con-
trolling the growth of the microbial biopatina also in situ.
The microbial strains in the hypogeum of Colosseum are
drug-resistant probably due to repeated treatments with a
single active ingredient, intensified in dose and timing and
carried out without a detailed characterization of the to be
removed. Moreover, it is notable that some of the strains
identified as resistant to benzalkonium chloride belong to
facultative pathogens (e.g. Acinetobacter junii, Enterobac-
ter spp., Pantoea spp., Pseudomonas spp., Serratia liquefa-
ciens and Shigella flexneri). This highlights the importance
of environmental sanitation not only for the preservation of
cultural heritage but also from a human health perspective.

Furthermore, benzalkonium chloride has a long carbon
chain that limits the penetration of the molecule into the
hydrophilic matrix of biofilms, reducing its bactericidal effi-
ciency, e.g. against P. aeruginosa biofilms (Campanac et al.
2002). Cinnamomum spp., Thymus spp. and Origanum spp.
EOs have been shown to have antibacterial action against
several microorganisms and etiological agents, including
Pseudomonas spp. (Kavanaugh and Ribbeck 2012). The
primary compounds in cinnamon EO, cinnamaldehyde and
eugenol, react with lipid and hydroxyl radicals to trans-
form them into stable products (Jayaprakasha et al. 2007),
inactivate bacterial cell wall enzymes and block essential
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enzymatic activities (Di Pasqua et al. 2007). Carvacrol, the
main ingredient of oregano EQ, alters cell membrane perme-
ability, causing cell death (Fang et al. 2019). Thymol induces
the breakdown of bacterial cell membranes (Guimaraes et al.
2019). The EOs were effective against all the isolated fun-
gal strains that were resistant to the benzalkonium chloride
at the concentration tested. Cinnamon, oregano and thyme
EOs are known to be effective against fungi genera affecting
cultural heritage such as Aspergillus spp., Penicillium spp.,
Alternaria spp. and Cladosporium spp. (Fidanza and Caneva
2019). The effectiveness of thymol in preserving cultural
heritage and its fungicidal properties have been proven since
1975, when the practical and inexpensive thymol chamber
was created for fumigating paper and parchment (Byers
1983). This was the first of other methods of using thymol.

Conservation and restoration of stone artefacts must
prioritize strategies that avoid damaging to the material
(Fernandes 2006). The present work deepens our knowl-
edge of the efficacy of cinnamon, oregano and thyme EOs
as biocides against deteriogenic microorganisms, having
demonstrated their efficacy against phototrophs and het-
erotrophs isolated from the hypogeum of the Colosseum.
Based on this concept, the next step will be to investigate
the interactions between the specific stone substrate and
the selected EOs, with the aim of developing a potential
eco-friendly biocide suitable for in situ application. In
accordance with Otero’s perspective (Otero 2022) and the
UN 2030 Agenda for Sustainable Development (UN 2015),
heritage conservation is oriented towards more sustain-
able strategies among which EOs are promoted as green
conservation practices for cultural heritage preservation
and protection. Moreover, given the diverse susceptibility
of different target microorganisms at EOs, the formulation
of a mixture of them could be a broad-spectrum EO-based
biocide that will be effective against a complex microbial
community and also will help to reduce the risk of resist-
ance induction. Furthermore, standardizing the application
method, such as embedding in a carrier matrix and defini-
tion of the exposure time, would allow the establishment
of a reproducible protocol that could provide a sustainable
alternative to traditional conservation methods and could
be applied directly in situ.
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Acknowledgements We thank the PhD program in Evolutionary Biol-
ogy and Ecology of the Tor Vergata University of Rome and Doctor
Elena Romano for her precious assistance during the images acquisition
at the CLSM (Centro di Microscopia Patrizia Albertano).

Author contribution Conceptualization: RR, LR, GM, FT, FG, NS,
FS, RB and AC; methodology: RR, LR, GM, FT, FG and NS; valida-
tion: RR, LR, GM, FT, FG, FD, RB, PDM and AC; formal analysis:
RR, LR, GM, FT, FG, FS, RB and AC; investigation: RR, LR, GM,

@ Springer

FT, FG and NC; data curation: RR, LR, GM, FT, FG, NS, FS, RB,
PDM and AC; writing—original draft: RR, LR, GM, FT, FG, NS and
AP; writing—review and editing: RR, RL, GM, FT, FG, NS, FS, RB,
PDM, AP and AC; visualization: RR, LR, GM, FT, FG, NS, FS, RB
and AC; supervision: LR, GM, FT, NS, RB, PDM, AP and AC; project
administration: LR, GM, RB and AC; funding acquisition: LR, GM,
FT, NS, RB and AC.

Funding Open access funding provided by Universita degli Studi di
Roma Tor Vergata within the CRUI-CARE Agreement. This pub-
lication was produced during the PhD program, XXXVIII cycle,
in Evolutionary Biology and Ecology at the Tor Vergata Univer-
sity of Rome, with the support of a scholarship funded by D.M No.
351 of April 9, 2022, under the PNRR—funded by the European
Union—NextGenerationEU.

Data availability All data supporting the findings of this study are
available within the paper and its Supplementary Information.

Declarations

Ethical approval This article does not contain any studies with human
participants or animals performed by any of the authors.

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Alvarez-Martinez FJ, Barrajon-Catalan E, Herranz-Lopez M, Micol
V (2021) Antibacterial plant compounds, extracts and essential
oils: an updated review on their effects and putative mechanisms
of action. Phytomedicine 90:153626. https://doi.org/10.1016/j.
phymed.2021.153626

Andrade-Ochoa S, Chacén-Vargas KF, Sanchez-Torres LE, Rivera-
Chavira BE, Nogueda-Torres B, Nevarez-Moorillon GV (2021)
Differential antimicrobial effect of essential oils and their main
components: insights based on the cell membrane and external
structure. Membranes 11:405. https://doi.org/10.3390/membr
anes11060405

Angane M, Swift S, Huang K, Butts CA, Quek SY (2022) Essential oils
and their major components: an updated review on antimicrobial
activities, mechanism of action and their potential application in
the food industry. Foods 11:464. https://doi.org/10.3390/foods
11030464

Antonelli F, Bartolini M, Plissonnier ML, Esposito A, Galotta G,
Ricci S, Petriaggi BD, Pedone C, Di Giovanni A, Piazza S, Guer-
rieri F, Romagnoli M (2020) Essential oils as alternative bioc-
ides for the preservation of waterlogged archaeological wood.



Applied Microbiology and Biotechnology (2025) 109:48

Page150f16 48

Microorganisms 8:2015. https://doi.org/10.3390/microorgan
isms8122015

Avishai BD, Davidson CE (2014) Estimation method for serial dilution
experiments. J Microbiol Methods 107:214-221. https://doi.org/
10.1016/j.mimet.2014.08.023

Bakkali F, Averbeck S, Averbeck D, Idaomar M (2008) Biological
effects of essential oils — a review. Food Chem Toxicol 46(2):446—
475. https://doi.org/10.1016/j.fct.2007.09.106

Bilger W, Schreiber U, Bock M (1995) Determination of the quantum
efficiency of photosystem II and of non-photochemical quenching
of chlorophyll fluorescence in the field. Oecologia 102:425-432.
https://doi.org/10.1007/BF00341354

Bruno L, Casieri C, Gabriele F, Ranaldi R, Rugnini L, Spreti N (2023)
In situ application of alginate hydrogels containing oxidant or natu-
ral biocides on Fortunato Depero’s mosaic (Rome, Italy). Int Biodet
Biodeg 183:105641. https://doi.org/10.1016/j.ibiod.2023.105641

Bruno L, Rugnini L, Spizzichino V, Caneve L, Canini A, Ellwood
NTW (2019) Biodeterioration of Roman hypogea: the case
study of the Catacombs of SS. Marcellino and Pietro (Rome,
Italy). Ann Microbiol 69:1023-1032. https://doi.org/10.1007/
s13213-019-01460-z

Byers B (1983) A simple and practical fumigation system. Fumiga-
tion 7:1-4

Campanac C, Pineau L, Payard A, Baziard-Mouysset G, Roques C
(2002) Interactions between biocide cationic agents and bacterial
biofilms. Antimicrob Agents Chemother 46:1469-1474. https://
doi.org/10.1128/AAC.46.5.1469-1474.2002

Candela RG, Maggi F, Lazzara G, Rosselli S, Bruno M (2019) The
essential oil of Thymbra capitata and its application as a biocide
on stone and derived surfaces. Plants 8:300. https://doi.org/10.
3390/plants8090300

Cappitelli F, Catto C, Villa F (2020) The control of cultural heritage
microbial deterioration. Microorganisms 8(10):1542. https://doi.
org/10.3390/microorganisms8101542

Caprari G, Fantasma F, Divino F, Bucci A, lorizzi M, Naclero G,
Ranalli G, Saviano G (2021) Chemical profile, in vitro biological
activity and comparison of essential oils from fresh and dried
flowers of Lavandula angustifolia L. Molecules 26(17):7. https://
doi.org/10.3390/molecules26175317

Carrari E, Aglietti C, Bellandi A, Dibari C, Ferrini F, Fineschi S,
Galeotti P, Giuntoli A, Manganelli Del Fa R, Moriondo M,
Mozzo M, Padovan G, Riminesi C, Selvi F, Bindi M (2022)
The management of plants and their impact on monuments in
historic gardens: current threats and solutions. Urban Urban
Green 76:127727. https://doi.org/10.1016/j.ufug.2022.127727

Cennamo P, Scielzo R, Rippa M, Tojisi G, Carfagna S, Chianese
E (2023) UV-C irradiation and essential-oils-based product as
tools to reduce biodeteriorates on the wall paints of the archeo-
logical site of Baia (Italy). Coatings 13:1034. https://doi.org/
10.3390/coatings 13061034

Chen J, Li F, Zhao X, Wang Y, Zhang L, Yan L, Yu L (2022) Change
in composition and potential functional genes of microbial com-
munities on carbonatite rinds with different weathering times.
Front Microbiol 1(13):1024672. https://doi.org/10.3389/fmicb.
2022.1024672

Cirone M, Figoli A, Galiano F, La Russa MF, Macchia A, Man-
cuso R, Rovella N, Taverniti M, Ruffolo SA (2023) Innovative
methodologies for the conservation of cultural heritage against
biodeterioration: a review. Coatings 13:1986. https://doi.org/10.
3390/coatings13121986

de Sousa D, Damasceno ROS, Amorati R, Elshabrawy H, de Cas-
tro RD, Bezerra DP, Nunes VRV, Gomes RC, Lima TC (2023)
Essential oils: chemistry and pharmacological activities. Bio-
molecules 13:1144. https://doi.org/10.3390/biom13071144

Di Pasqua R, Betts G, Hoskins N, Edwards M, Ercolini D, Mauriello
G (2007) Membrane toxicity of antimicrobial compounds from

essential oils. J Agric Food Chem 55:4863-4870. https://doi.
org/10.1021/jf0636465

Fang S, Zhou Q, Hu Y, Liu F, Mei J, Xie J (2019) Antimicrobial
carvacrol incorporated in flaxseed gum-sodium alginate active
films to improve the quality attributes of Chinese sea bass (Late-
olabrax maculatus) during cold storage. Molecules 24:3292.
https://doi.org/10.3390/molecules24183292

Fernandes P (2006) Applied microbiology and biotechnology in
the conservation of stone cultural heritage materials. Appl
Microbiol Biotechnol 73:291-296. https://doi.org/10.1007/
$00253-006-0599-8

Fidanza MR, Caneva G (2019) Natural biocides for the conservation
of stone cultural heritage: a review. J Cult Herit 38:271-286.
https://doi.org/10.1016/j.culher.2019.01.005

Gabriele F, Ranaldi R, Bruno L, Casieri C, Rugnini L, Spreti N
(2023) Biodeterioration of stone monuments: studies on the
influence of bioreceptivity on cyanobacterial biofilm growth
and on the biocidal efficacy of essential oils in natural hydrogel.
Sci Total Environ 870:161901. https://doi.org/10.1016/j.scito
tenv.2023.161901

Gadd GM, Fomina M, Pinzari F (2024) Fungal biodeterioration and
preservation of cultural heritage, artwork, and historical arti-
facts: extremophily and adaptation. Microbiol Mol Biol Rev
88:¢00200-e222. https://doi.org/10.1128/mmbr.00200-22

Gismondi A, Di Marco G, Canini A (2020) Helichrysum italicum
(Roth) G. Don essential oil: composition and potential antineo-
plastic effect. S Afr J Bot 133:222-226. https://doi.org/10.1016/j.
$2jb.2020.07.031

Gismondi A, Di Marco G, Redi EL, Ferrucci L, Cantonetti M, Canini
A (2021) The antimicrobial activity of Lavandula angustifolia
Mill. essential oil against Staphylococcus species in a hospital
environment. J Herb Med 26:100426. https://doi.org/10.1016/].
hermed.2021.100426

Guimaraes AC, Meireles LM, Lemos MF, Guimaraes MC, Endringer
DC, Fronza M, Scherer R (2019) Antibacterial activity of terpe-
nes and terpenoids present in essential oils. Molecules 24:2471.
https://doi.org/10.3390/molecules24132471

Huang DF, Xu J-G, Liu J-X, Zhang H, Hu QP (2014) Chemical con-
stituents, antibacterial activity and mechanism of action of the
essential oil from Cinnamomum cassia bark against four food-
related bacteria. Microbiology 83:357-365. https://doi.org/10.
1134/50026261714040067

Ioan M, Anghel DF, Gifu IC, Alexandrescu E, Petcu C, Ditu LM,
Sanda GA, Baala D, Cinteza LO (2023) Novel microemulsions
with essential oils for environmentally friendly cleaning of copper
cultural heritage artifacts. Nanomaterials 13:2430. https://doi.org/
10.3390/nano13172430

Isola D, Zucconi L, Cecchini A, Caneva G (2021) Dark-pigmented bio-
deteriogenic fungi in etruscan hypogeal tombs: new data on their
culture-dependent diversity, favouring conditions, and resistance
to biocidal treatments. Fungal Biol 125(8):609-620. https://doi.
org/10.1016/j.funbio.2021.03.003

Jayaprakasha GK, Negi PS, Jena BS, Rao JM, L, (2007) Antioxidant
and antimutagenic activities of Cinnamomum zeylanicum fruit
extracts. J] Food Compos Anal 20:330-336. https://doi.org/10.
1016/j.jfca.2006.07.006

John DM, Whitton BA, Brook AL (2003) The freshwater algal flora of
the British Isle. An identification guide to freshwater and terrestrial
algae. The Natural History Museum. Cambridge J Microbiol Meth-
ods 107:214-221. https://doi.org/10.1016/j.mimet.2014.08.023

Kavanaugh NL, Ribbeck K (2012) Selected antimicrobial essential
oils eradicate Pseudomonas spp. and Staphylococcus aureus bio-
films. Appl Environ Microbiol 78. https://doi.org/10.1128/AEM.
07499-11

Koch R (1883) Uber die neuen Untersuchungsmethoden zum Nachweis
der Mikrokosmen in Boden, Luft und Wasser Vortrag auf dem

@ Springer



48 Page 16 of 16

Applied Microbiology and Biotechnology (2025) 109:48

XI. Deutschen Arztetag in Berlin, Vereinsblatt fiir Deutschland,
Komniissions-Verlag von F. C. W. Vogel, Leipzig, pp. 274-284

LiJ, Chen W, Liu H, Liu H, Xiang S, You F, Jiang Y, Lin J, Zhang D,
Zheng C (2023) Pharmacologic effects approach of essential oils
and their components on respiratory diseases. J Ethnopharmacol
304:115962. https://doi.org/10.1016/j.jep.2022.115962

Lisci M, Monte M, Pacini E (2003) Lichens and higher plants on stone:
a review. Int Biodet Biodeg 51:1-17. https://doi.org/10.1016/
S0964-8305(02)00071-9

Liu X, Meng H, Wang Y, Katayama Y, Gu J-D (2018) Water is a criti-
cal factor in evaluating and assessing microbial colonization and
destruction of Angkor sandstone monuments. Int Biodet Biodeg
133:9-16. https://doi.org/10.1016/j.ibiod.2018.05.011

Liyanage T, Madhujith T, Wijesinghe KGG (2017) Comparative study
on major chemical constituents in volatile oil of true cinnamon
(Cinnamomum verum Presl. syn. C. zeylanicum Blum. and five
wild cinnamon species grown in Sri Lanka. Trop Agric Res
28(3):270-280. https://doi.org/10.4038/tar.v28i3.8231

Long M, Xiong K, Lin J, Tang B, Ao Z, Chen Y, Xu Z (2024) Evalua-
tion of ten plant-derived biocides for the inhibition of photosyn-
thetic organisms on the karst surfaces of heritage buildings. Herit
Sci 12:344. https://doi.org/10.1186/s40494-024-01410-2

Macchia A, Aureli H, Prestileo F, Ortenzi F, Sellathurai S, Docci A,
Cerfafogli E, Colasanti IA, Ricca M, La Russa MF (2022) In-situ
comparative study of eucalyptus, basil, cloves, thyme, pine tree,
and tea tree essential oil biocide efficacy. Methods Protoc 5:37.
https://doi.org/10.3390/mps5030037

Mazzoli R, Giuffrida MG, Pessione E (2018) Back to the past—for-
ever young: cutting-edge biochemical and microbiological tools
for cultural heritage conservation. Appl Microbiol Biotechnol
102:6815-6825. https://doi.org/10.1007/s00253-018-9121-3

Miihling M, Woolven-Allen J, Murrell JC, Joint I (2008) Improved
group-specific PCR primers for denaturing gradient gel electro-
phoresis analysis of the genetic diversity of complex microbial
communities. ISME J 2(4):379-392. https://doi.org/10.1038/
ismej.2007.97

Mutlu-Ingok A, Devecioglu D, Dikmetas DN, Karbancioglu-Guler
F, Capanoglu E (2020) Antibacterial, antifungal, antimycotoxi-
genic, and antioxidant activities of essential oils: an updated
review. Molecules 25(20):4711. https://doi.org/10.3390/molec
ules25204711

Otero J (2022) Heritage conservation future: where we stand, chal-
lenges ahead, and a paradigm shift. Glob Chall 6:2100084. https://
doi.org/10.1002/gch2.202100084

Pisanti S, Mencherini T, Esposito T, D’Amato V, Re T, Bifulco M,
Aquino RP (2022) The medieval skincare routine according to
the formulations of Madgistra Trotula and the Medical School
of Salerno and its reflection on cosmetology of the third millen-
nium. J Cosmet Dermatol 22:542-554. https://doi.org/10.1111/
jocd. 15234

Raina A, Kumar A (2017) Chemical characterisation of basil germ-
plasm for essential oil composition and chemotypes. J Essent Oil
Bear Plants 20(6):1579-1586. https://doi.org/10.1080/0972060X.
2017.1421105

Ranaldi R, Rugnini L, Gabriele F, Spreti N, Casieri C, Di Marco
G, Gismondi A, Bruno L (2022) Plant essential oils suspended
into hydrogel: development of an easy-to-use protocol for

@ Springer

the restoration of stone cultural heritage. Int Biodet Biodeg
172:105436. https://doi.org/10.1016/j.ibiod.2022.105436

Reale R, Medeghini L, Botticelli M (2024) Stealing from phytother-
apy—heritage conservation with essential oils: a review, from
remedy to sustainable restoration product. Sustainability 16:5110.
https://doi.org/10.3390/sul6125110

Rippka R, Deruelles J, Waterbury JB, Herdman M, Stainer RY (1979)
Generic assignments, strain histories and properties of pure cul-
tures of cyanobacteria. J] Gen Microbiol 111:1-61. https://doi.org/
10.1099/00221287-111-1-1

Rugnini L, Migliore G, Tasso F, Ellwood NTW, Sprocati AR, Bruno
L (2020) Biocidal activity of phyto-derivate products used on
phototrophic biofilms growing on stone surfaces of the Domus
Aurea in Rome (Italy). Appl Sci 10:6584. https://doi.org/10.3390/
app10186584

Russo R, Palla F (2023) Plant essential oils as biocides in sustainable
strategies for the conservation of cultural heritage. Sustainability
15:8522. https://doi.org/10.3390/sul15118522

Santo A, Agostini B, Cuzman OA, Michelozzi M, Salvatici T, Perito
B (2023) Essential oils to contrast biodeterioration of the exter-
nal marble of Florence Cathedral. Sci Total Environ 877:162913.
https://doi.org/10.1016/j.scitotenv.2023.162913

Santos RCV, Lopes LQS, dos Santos Alves CF, Fausto VP, Pizzutti
K, Barboza V, de Souza ME, Raffin RP, Gomes P, Takamatsu D,
Morinaga Y, Boligon AA, Athayde ML, Felippi CC, de Almeida
VR (2014) Antimicrobial activity of tea tree oil nanoparticles
against American and European foulbrood diseases agents. J
Asia-Pacific Entomol 17(3):343-347. https://doi.org/10.1016/j.
aspen.2014.02.003

Schreiber U, Bilger W (1993) Progress in chlorophyll fluorescence
research: major developments during the past years in retrospect.
Prog Bot 54:151-173

Sterflinger K, Pifiar G (2013) Microbial deterioration of cultural
heritage and works of art-tilting at windmills? Appl Micro-
biol Biotechnol 97(22):9637-9646. https://doi.org/10.1007/
$00253-013-5283-1

UN (2015) Transforming our world: the 2030 agenda for sustainable
development. Resolution Adopted by the General Assembly
on 25 September 2015, 42809, 1-13. https://doi.org/10.1007/
$13398-014-0173-7.2

Yu Y, Zhang J, Chen R, Coleine C, Liu W, Delgado-Baquerizo M,
Feng Y (2024) Unearthing the global patterns of cultural herit-
age microbiome for conservation. Int Biodet Biodeg 190:105784.
https://doi.org/10.1016/j.ibiod.2024.105784

Zinno P, Guantario B, Lombardi G, Ranaldi G, Finamore A, Allegra
S, Mammano MM, Fascella G, Raffo A, Roselli M (2023) Chemi-
cal composition and biological activities of essential oils from
Origanum vulgare genotypes belonging to the carvacrol and thy-
mol chemotypes. Plants 12(6):1344. https://doi.org/10.3390/plant
s12061344

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



