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ABSTRACT

The study of the potential use of essential oils in the field of Cultural Heritage has increased in the last
decade due to their demonstrated antimicrobial potential and absence of toxicity. This work aimed at
assessing, for the first time, the volatile antifungal activity of two essential oils (EOs) (Origanum vulgare
and Syzygium aromaticum) against fungi isolated from biodeteriorated archaeological mummified skin.
The object of study was a mummified Mustela frenata from the Tiahuanaco culture of Bolivia. The fungi
found on the archaeological animal’s skin were preliminarily isolated and identified by DNA-based analy-
sis. Subsequently, the volatile essential oil biocidal activity was evaluated on parchments inoculated with
the isolated fungi (Aspergillus tabacinus, Aspegillus tennesseensis, and Trichoderma longibrachiatum). Vapour
tests were conducted in Petri dishes and parchment specimens to assess the fungicidal effect of volatile
components of EOs. The volatile EOs used in this study showed antifungal activity against the tested
fungi. The oregano showed to be the most effective EO in the in vitro and parchment tests for the three
fungal strains. The use of EOs, particularly oregano EO, represents a promising green strategy for the
sustainable conservation of organic-based cultural assets.

© 2023 The Author(s). Published by Elsevier Masson SAS on behalf of Consiglio Nazionale delle Ricerche

(CNR).
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Commercial biocides of chemical origin have proven to be the
most widely used materials for eliminating fungal microorganisms
in preserving works of art. However, various investigations warn
about their use due to their toxicity since they can cause damage
to the Ecosystems, the object surfaces, and the personnel who use
them [1]. Indeed, the European Union intervened in biocide regu-
lation to reduce and control its use [1]. Due to this important fact,
researchers focus on evaluating alternative products and methods
to minimize the abovementioned risks.

Essential oils (EOs) comprise a green alternative to using bio-
cides of chemical origin due to their toxic-free, sustainable, and
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innovative characteristics to safeguard the environment and a good
biocidal power [2]. EOs from aromatic plants are known for their
bactericidal, fungicidal, virucidal, and insecticidal properties [3].
EOs are composed of diverse bioactive volatile compounds like
monoterpenes, sesquiterpenes, terpene alcohols, terpenoids, and
odorants [4]. EOs exert their antimicrobial activities due to differ-
ent mechanisms, such as fluidifying the membrane structure, in-
creasing its permeability, respiration inhibition, and cell lysis [5-8].

EOs are frequently used in several fields, such as food, cosmet-
ics, pharmaceutical industries, and even integrative medicine and
aromatherapy [9-12].

EOs have also been studied in the Cultural Heritage field for
biodeterioration control. Their efficacy has been proven in numer-
ous in vitro studies with biodeteriorating agents isolated from mu-
ral paintings, wood artefacts [13], paper documents [14-16], oil
paintings [17,18], historical textiles [19], and stone sculptures [20].
Yet and to the best of our knowledge, this is the first study on
applying EOs in mummified materials. Despite the inexistence of
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literature on the application of these natural biocides in mummi-
fied materials, fungal biodeterioration has been reported in this
type of organic material, such as in several mummies of the
Capuchin Catacombs in Palermo, Italy [21], in Chinchorro, Chile
[22] and another mummy located in the Archaeological Museum
of Zagreb, Croatia [23].

It is worth mentioning that artistic objects like mummified ma-
terials are extremely fragile, so it has been necessary to search for
non-invasive control systems to avoid deterioration.

More studies have been done in this direction [25,18,24]. Au-
thors have shown the insecticidal effectiveness of EOs in the
vapour phase within a glass container to treat wood artwork re-
production [26]. Another study showed the effective use of aerosol
0.1% Artemisia absinthium EO (dissolved in ethanol 70%) to remove
fungi from paper material without altering its pH or colour [27].
Oregano and cloves EOs have also proven to have an interesting
contactless biocidal effect on isolated bacteria and fungi from Oil
painting [28].

Among the different existing EOs in the market, oregano (Ori-
ganum vulgare) and clove (Syzygium aromaticum) have shown
promising results as natural biocides in numerous studies. Diverse
authors have demonstrated their antifungal effectiveness against
isolated fungi from artistic materials [18,20,26,29,30,31]. Oregano
and clove EO’s composition is mainly carvacrol and eugenol, re-
spectively [25]. These EOs have been selected in this study be-
cause their phenolic components are considered the most effec-
tive (among all the different existing EOs) to eliminate microorgan-
isms demonstrating its antifungal efficacy [33,24,25]. This study as-
sessed the effectiveness of two EOs (oregano and clove) in vapour
against fungi isolated from a biodeteriorated archaeological mum-
mified skin.

2. Research aim

The present research was carried out to test the antifungal
properties of oregano (Origanum vulgare) and clove (Syzygium aro-
maticum) volatile essential oils into biodeteriorated archaeological
mummified skin.

This study focused on the case study of fragile and biodeteri-
orated skin from a Tiwanaku mustelid mummy. First, microorgan-
isms were isolated from the mustelid and identified by DNA-based
analysis. Then the antifungal activity of oregano and clove EOs was
evaluated in a volatile contactless way.

3. Materials and methods
3.1. Artwork description and conservation state

Mustela frenata is a small mammal belonging to the Mustelidae
family, rodents that live in mountainous environments. The ani-
mal was found inside the body of an Aymara ethnic mummy lo-
cated in Tiahuanaco territory, a pre-Columbian culture established
by the Andes - (current countries of Bolivia, Argentina, Peru, and
Chile)- presenting both specimens a mummification process due to
the Andean climate. Currently, the animal is in the Natural History
Museum of Valencia (Spain) warehouses.

The state of conservation of the M. frenata body is determined
as highly fragile due to its fragmentation into three parts, the dry-
ness and fragility in which the skin is found and the presence of
a critical fungal attack visible both on the front and the back. The
fungal attack is not presented homogeneously since, in some areas,
the whitish strains may be more attached to the organic matter,
being especially detrimental in some areas of the obverse’s legs,
tail, and abdomen (Fig. 1).
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Fig. 1. Mustela frenata.

3.2. Sampling method

Based on the visual fungal attack, 14 sampling areas were cho-
sen, including seven on the front and seven on the back of the
specimen (Fig. 2). Non-invasive sterile cotton swabs in physiologic
saline solution were used for the sampling. Then each cotton swad
was transferred into Petri dishes with Sabouraud chloramphenicol
agar (Scharlab SL. Barcelona, Spain) for fungi cultivation. Finally,
Petri dishes were incubated for five days at 28 °C.

3.3. Fungal isolation and molecular identification

Based on their morphological characteristics, fungal colonies
were selected and isolated from each sampling point into a new
single Petri dish with Sabouraud chloramphenicol agar (Scharlab
SL, Barcelona, Spain) and incubated at 28 °C. Three fungal colonies
displaying different colours and textures were isolated and selected
for further identification. Identification was first carried out by op-
tical microscopy (Leica DM750 microscope with MC170 HD camera
incorporation) based on morphological characteristics and dichoto-
mous keys identification and then by DNA-based analysis.

Genomic DNA from pure cultures was extracted from all three
isolates by scraping the mycelium from the plates and transfer-
ring it to 1.5 ml Eppendorf tubes containing 350 ul of lysing buffer
(TNE) and glass beads. The mixture was then shaken in a vortex
for 10 min. The DNA was purified by phenol/chloroform extraction
and ethanol precipitation. Amplifications of fungal internal tran-
scribed spacer (ITS) regions were attempted using the ITS1 (5¢TCC
GTA GGT GAA CCT GCG G) and ITS4 (5<TCC TCC GCT TAT TGA TAT
GC—3§ primers. The PCR reactions were performed in a BioRad ther-
mal cycler (BioRad, Hercules, CA, USA) using the following thermo-
cycling program: 2 min denaturing step at 95 °C, followed by 35
cycles of denaturing (95 °C for 15 s), annealing (55 °C for 15 s)
and elongation (72 °C for 2 min). A final elongation step of 10 min
at 72 °C was added at the end. The amplification products were
purified and sequenced by STAB VIDA Sequencing Services (Lisbon,
Portugal).

The DNA sequences obtained were edited using Bioedit v7.0.5.3
software (Technelysium, Tewantin, Australia). After quality control,
a similarity search was performed using the BLASTn (Basic Local
Alignment Search Tool) algorithm from the NCBI (National Centre
for Biotechnology Information, http://www.ncbi.nlm.nih.gov/). The
sequences of the identified isolates were deposited in GenBank
(https://www.ncbi.nlm.nih.gov/genbank/) with accession numbers
ON935798, ON93579, and ON935800.

3.4. Skin biofilm formation

Biofilm formation tests on simulated skin models were con-
ducted to evaluate the capability of the isolated fungi to poten-
tial growth and therefore cause biodeteriotation on archaeological
mummified skin. Sheep parchment (Artepergamino SL. Moncada,
Spain) was selected to simulate the mummified animal skin.
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Fig. 2. Scheme of the mummified Mustela frenata with sampling points marked as red circles. Green stains represent fungal colonization on the archaeological specimen’s

obverse (left) and reverse (right) sides.

Parchment fragments of 2 x 3 cm were prepared and sterilized
by formaldehyde gas exposure for 48 h following the protocol de-
scribed by Sanmartin et al. [35]. After sterilization, each fragment
was placed on the Sabouraud chloramphenicol agar Petri dish (one
per Petri dish).

Fungal suspensions were prepared by adding 5 ml sterile saline
solution to the Sabouraud chloramphenicol agar Petri dish with
isolated fungus and shaking it with gentle movements for 5 min
[24]. The resulting hyphal fragments and spores were collected and
transferred to a sterile tube. An aliquot of 200 pl of each fungal
suspension was applied to the centre of the surface of each parch-
ment fragment. On each parchment, only one type of isolated fungi
was added, and each test was done in triplicate. Plates were in-
cubated for three to seven days at 28 °C. These plates were also
representative of fungal growth-like control (blank test).

3.5. Essential oils

In this study, the commercially available EOs used were oregano
(Origanum vulgare from MARNYS®, Cartagena, Spain) and clove
(Syzygium aromaticum from Soria Natural, Garray, Spain). EOs were
diluted in 0.5% Tween 20, according to Del Rio Oliver [32]. Three
concentrations were carried out at 100%, 75%, and 50% in the Petri
dish assay, using a single 100% pure solution in the parchment as-
say. Ethanol 70% was used as a positive control, as suggested by
Borrego et al. [34].

3.5.1. Essential oils vapour tests in Petri dish

To evaluate the selected EOs volatile inhibition properties on
the isolated fungi, first, a contactless Petri dishes test was con-
ducted. One 6 x 6 mm square cut from each 7-day-old fungi cul-
ture was plated in the middle of one Sabouraud chloramphenicol
agar Petri dish. Next, plates were overturned, and 200 pl of EOs
test solution or the positive control solution (ethanol 70%) were
placed on the lids of the Petri dishes separately. Then, the Petri
dishes were sealed by Parafilm to prevent the vapour from scape.
To evaluate the fungicidal or fungistatic effect of the volatile EOs,
the protocol of Puskarova et al. was followed [24]. Plates were in-
cubated in reverse for seven days at 28 °C. After those seven days,
all the lids were changed for a new one (without any treatment
solution) and incubated again for another seven days (total of 14
days) at 28 °C. Tests were performed in triplicate, and blank test
controls were simultaneously run without EOs (Fig. 3).

According to Puskarova et al., the EOs concentration that com-
pletely prevented visible fungal growth in the first 7-day experi-
ment with EOs and allowed a revival of fungal growth during the
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second 7-day experiment without EOs (total of 14 days) was iden-
tified as a fungistatic effect [24]. EOs concentration that completely
prevented visible fungal growth on the first 7-day experiment with
EOs and the second 7-day experiment without the EOs (total of 14
days) was identified as having a fungicidal effect.

Also, fungal inhibition was evaluated by the naked eye follow-
ing the Gatti et al. scale: [+] for medium inhibition (approximately
one-third of the Petri dish), [++] for high inhibition (approxi-
mately the half of the Petri dish), and [+++] for total inhibition
[18]. Regarding the inhibition scale degrees, see Table S1.

3.5.2. Essential oil vapour tests in parchment specimens

To evaluate the EOs vapour inhibition properties on skin mate-
rials that simulate the mummified animal skin, sheep parchment
was used (Artepergamino SL. Moncada, Spain). Thirty-eight sheep
fragments of 2 x 3 cm were prepared. To sterilize them, formalde-
hyde gas exposure for 48 h was used following the protocol of San-
martin et al. [35]. After sterilization, each fragment was placed on
the Sabouraud chloramphenicol agar Petri dish.

Fungal suspensions were prepared by adding 5 ml sterile saline
solution to the Sabouraud chloramphenicol agar Petri dish with
isolated fungus and shaking it with gentle movements for 5 min
[24]. The resulting hyphal fragments and spores were collected and
transferred to a sterile tube. 200 pl of each fungal suspension was
applied to the centre of the surface of each parchment fragment.
Next, plates were overturned, and 200 pl of 100% pure EOs test so-
lution or the control solution (ethanol 70%) were placed on the lids
of the Petri dishes separately. Then the Petri dishes were sealed by
Parafilm to avoid the vapour escape. Plates were incubated in re-
verse for 24 days at 28 °C (Fig. 4)

Each test was performed in triplicate. And controls were simul-
taneously run without EOs.

4. Results and discussion

4.1. Morphological and molecular characterization of mummified skin
biodeteriogens

The cultivable part of the patina that covered the mummy
was isolated from the M. frenata skin and identified through mi-
croscopy and molecular biology investigations. From the 14 sam-
ple areas chosen, three different morphological types of fungi
were isolated (Fig. 5). First, morphological fungi inspection was
conducted by macroscopic agar plate observation and optical mi-
croscopy and then by molecular biology sequencing. The fungi
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Fig. 3. Essential oils vapour tests in Petri dishes.
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Fig. 4. Essential oil vapour tests in parchment specimens.
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Fig. 5. Microbial strains isolated from the Mustela frenata. Morphological Petri dish characteristic (left) and optical microscopy (right) of Aspergillus tabacinus (a), Aspergillus
tennesseensis (b), and Trichoderma longibrachiatum (c).
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Fig. 6. A. tabacinus (left), A. tennesseensis (middle) and T. longibrachiatum (right) fungal growth on parchment specimen.
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Fig. 7. Inhibition of fungal growth after seven days of incubation with clove essential oil vapour at different concentrations. A. tabacinus, A. tennesseensis, T. longibrachiatum

on a Sabouraud agar Petri dish.

were subsequently identified as Aspergillus tabacinus (100% simi-
larity in nucleotide identity with accessions NR_135361.1; Fig. 5a),
Aspergillus tennesseensis (99% similarity in nucleotide identity with
accessions NR_1354471.1; Fig. 5b) and Trichoderma longibrachiatum
(99% similarity in nucleotide identity with accessions NR_120298.1;
Fig. 5¢).

Aspergillus sp. is a fungus frequently found affecting Cultural
Heritage materials [36], been isolated in relation to mummies in
the Spanish National Archaeological Museum, in the mummies de-
posit of Argentina’s Museo de la Plata, and in textiles present in
pre-Columbian Tlayacapan mummies [37-39].

A. tabacinus and A. tennesseensis belong to the Versicolor section
of the Aspergillus genus. Little is known about this section com-
pared to other fungi of the same family. The fungi of the Versicolor
section are characterized by slow growth, been isolated in various
environments such as indoor environments, food, terrestrial soil,
saline water, seaweed, and insect bodies such as moths and man-
tises [40-42].

On the other hand, Trichoderma is a fast-growing genus also
found in terrestrial environments where decomposing organic mat-
ter such as Wood or cellulosic elements is found [43]. The only
case related to the skin has been documented in the Tlayacapan
mummies, specifically in the mummified tissue [39].
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Even though Aspergillus sp. and Trichoderma sp. are fungi that
affect Cultural Heritage materials and mummified skin materials
[37,39]. To the best of our knowledge, this is the first time the
three isolated fungi species have been identified affecting an or-
ganic artwork such as mummified skin.

4.2. Fungal growth on skin simulated models

A parchment biofilm formation test was done to evaluate the
biodeterioration potential of the isolated fungi. The three isolated
fungi showed their capacity to grow and form a biofilm over
the sterile parchment specimens used as skin-simulated models
(Fig. 6). The complete cover of the parchment specimen by the
fungi took seven days after inoculation except for Trichoderma lon-
gibrachiatum, which showed fungal growth and skin biofilm forma-
tion three days after fungi inoculation.

4.3. Assessment for antifungal activity of volatile EOs in Petri dish

As detailed in Fig. S1 and Table 1, oregano EO vapour at 100%
and 75% concentrations showed total inhibition against the three
tested fungi at 7- and 14-day experiments (fungicidal effect). The
fungistatic effect was observed for the lowest tested concentration
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Table 1
Antifungal activity of different concentrations of volatile EOs in Petri dish.
Oregano Clove Ethanol
100% 75% 50% 100% 75% 50% 70%
Days
7 14 7 14 7 14 7 14 7 14 7 14 7 14
Aspergillus tabacinus
Replica 1 +++ +++ +++ +++ +++ + + - ++ + + - + -
Replica 2 +++ +++ +++ +++ +++ + + - ++ ++ + - + -
Replica 3 +++ - +++ +++ +++ +++ ++ + + + ++ + ++ -
Aspergillus tennesseensis
Replica 1 +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++
Replica 2 +++ +++ +++ ++ +++ +++ +++ +++ +++ +++ +++ +++ ++ +
Replica 3 +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ ++ ++
Trichoderma longibrachiatum
Replica 1 +++ +++ +++ +++ +++ ++ +++ +++ + - ++ - + -
Replica 2 +++ +++ +++ +++ +++ +++ +++ +++ ++ - +++ - + -
Replica 3 s T T o s e s = N T S +++ 4+ - + -
+++ Total inhibition.
++ High inhibition (half of the Petri dish).
+ Medium inhibition (one third of the Petri dish).
- Absence of inhibition (fungal growth throughout the plate)
Table 2
Antifungal activity of volatile EOs in parchment specimens.
Oregano Clove Ethanol
100% 100% 70%
Days
7 1 18 24 7 1 18 24 7 1 18 24
Aspergillus tabacinus
Replical + +++ +++ 4+ ++ + ++ + 4+ +++ + +
Replica 2 ++ ++ ++ ++ ++ ++ ++ ++ +++ =+ +++ +++
Replica 3 +++ +++ +++ +++ + +++ +++ +++ +++ + ++ ++
Aspergillus tennesseensis
Replical 4+ +++ +4+ ++ t + +++ +4+ - - -
Replica 2 +++ +++ +++ +++ ++ +++ +++ + + - - -
Replica 3 +++ +++ +++ +++ +++ +++ ++ +++ +++ +++ +++
Trichoderma longibrachiatum
Replica 1 e A e e - - - - - - - -
Replica 2 * + * *
Replica 3 o ! - - - - - - - -

+++ Total inhibition.

++ High inhibition (half of the Petri dish).

+ Medium inhibition (one-third of the Petri dish).

- Absence of inhibition (fungal growth throughout the plate).

(50%) except in the case of T. longibrachiatum which also showed
total inhibition.

However, clove’s EO vapour showed lower fungicidal power
compared to oregano. Showing only fungicidal effect against A. ten-
nesseensis at the three tested concentrations and against T. longi-
brachiatum at a concentration of 100%. Instead, 75% and 50% of
clove’s EO vapour show alteration of T. longibrachiatum sporulating
capability (see Fig. 7). Clove’s EO vapour did not show a fungistatic
or fungicidal effect against Aspergillus tabacinus.

The control trial, 70% ethanol vapour, did not show growth in-
hibition capacity to prevent fungal growth in any of the three fungi
tested in the Petri dish.

Our results agree with other authors in that the essential oils
tested in their trials proved to be a good alternative against mi-
crobial agents, with oregano being one of the most fungicidal es-
sential oils. On the other hand, clove is fungicidal and fungistatic
only against some microbial strains [24]. Other tests conducted by
Del Rio Oliver against isolated fungi in mural painting demonstrate
the efficacy of oregano essential oil against all isolated fungi. Clove,
for its part, proved to be much less effective, providing the worst
results to the investigation [32]. According to the tests carried out
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by Gatti et al., they show that both the essential oil of oregano and
that of clove show inhibitory effects against the growth of most of
the fungi tested on oil paints, particularly the volatile components
of oregano [18].

4.4. Assessment for antifungal activity of volatile EOs in parchment
specimens

Volatile oregano EO 100% concentration on parchment speci-
mens did show total inhibition up to 24 days of A. tennesseen-
sis and (2 of the three replicas) of A. tabacinus. However, oregano
volatile EO against T. longibrachiatum showed a lower growth inhi-
bition (see Table 2 and Fig. 1S) even though it was able to prevent
its sporulation. Similar results were obtained by Benkovicova et al.
showing that oregano EOs has the strongest microbial activity on
fungi biodeteriorated sandstone, whitewood, and paper [44].

Volatile clove EO 100% concentration, on the other hand, pro-
duces a total inhibition of A. tennesseensis for up to 24 days in all
replicas and a total or high inhibition against A. tabacinus. None
has been able to inhibit the growth of T. Longibrachiatum (Table 2).
Volatile 70% ethanol did only prevent the growth of A. tabacinus.
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The three tested vapours showed for A. tabacinus absence of the
sporulation present in the control, remaining in this way until the
end of the experiment.

5. Conclusions

The research has expanded the use of natural biocides in an
inconspicuous field of conservation of archaeological materials of
an organic nature, being unprecedented and providing new data
with which to continue working in the future.

It has been verified the fungicidal and fungistatic potential of
the oregano and clove essential oils in the vapour phase in differ-
ent concentrations against A. tennesseensis, A. tabacinus, and Tricho-
derma longibrachiatum, the cultivable part of the patina that cov-
ered the mummified skin. Tested EOs present a better biocidal ef-
fect than 70% vaporized ethanol in most cases. On the other hand,
of the two essential oils analysed, oregano has shown to be the
most effective in the in vitro test and the parchment test on the
three tested fungi. Also been, clove EO in the vapour phase very ef-
fective against A. tennesseensis. Of the three evaluated fungi, A. ten-
nesseensis was the most sensitive to the volatile clove and oregano
EOs because they prevented fungal growth from the first day of
treatment to the last without registering any fungal growth. Finally,
the volatile EOs treatments carried out altered not only the growth
potential of the tested fungi but also their sporulating capability.
However, these tests have all been done in vitro and on the cul-
tivable part of the fungi covering the mummified skin. Therefore,
further investigation must be done to develop an effective volatile
EOs application method to “in vivo” threat the original biodeteri-
orated M. frenata specimen confirming the effectiveness and the
lack of undesirable effects and, therefore, their safe use for further
archaeological biodeteriorated similar pieces. Also, when evaluat-
ing the mummy’s disinfection treatment, the non-cultivable part of
the biofilm on the mummy’s skin must be considered, as biofilms
are generally complex microbial communities formed by cultivable
and non-cultivable microorganisms.

The results of this research can help move forward to greener,
safe, and contactless conservation treatments of biodeteriorated ar-
chaeological mummified cultural assets. Contactless biocidal treat-
ments are particularly interesting on fragile specimens (like de-
consolidated pieces). Avoiding potential problems due to EOs’ re-
action with the artistic surface (including, for example, colour al-
teration or solvent effect). Using plant-derived biocides instead of
synthetic biocides can also favour a circular economy and environ-
mental sustainability.
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