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Introduction

Fungi are nature’s major decomposers, and they play an essential role in biogeo-
chemical cycles. Thanks to their wide enzyme repository, they can break down organic
matter and hard-to-degrade biopolymers such as lignin, cellulose, and chitin. They also
produce several inorganic and organic metabolites, organic acids, and chelating agents
of fundamental importance in geological processes, leading to chemical transformations
at local and global scales [1]. Though frequently overlooked, fungi are ubiquitous and
can be found even in environments that are not so suitable for life due to their ability to
metabolize xenobiotics [1]. Therefore, is not surprising that fungi are considered the most
detrimental threat to both indoor and outdoor artefacts of historical and/or artistic value;
their presence can lead to physical, chemical, and aesthetical damages [2,3].

Cultural heritage conservation refers to the measures, protocols, and methods taken to
extend the life of artefacts, monuments, and sites. Biological deterioration of historical and
artistic artefacts has gained significant attention in recent decades, evidencing how limited
our knowledge of biodeteriogens is when we consider the wide range of heritage materials
used and the environments in which they are kept. In conservation practices, precise and
reliable identification of biodeteriogens is useful; however, further research is needed to
assess their ecological requirements and metabolic profiles. Indeed, the environmental
conditions favoring various taxonomic groups, and their limited lives, are essential in
assessing the risk for artefacts and designing indirect (preventive) and direct (biocide
treatments) control methods.

In this Special Issue, we present seven study cases and two reviews addressing the
deterioration of different materials, such as stone, textiles, wood, and scientific instruments,
exposed to outdoor, confined, or semi-confined environments.

From the UNESCO heritage sites of Cuma, Ercolano, Nola, Oplonti, and Pompei,
Petraretti and colleagues [4] performed a deep sampling on frescoes, marble, mortars,
plaster, and tuff to assess the biodiversity of the culturable fungal fraction. In addition to
isolating fungal strains with detrimental potential, the authors suggest the importance of
collecting detrimental fungi for future research on cultural heritage.

The study performed by Isola and colleagues focused on a selection of black meristem-
atic fungal strains belonging to the Culture Collection of Fungi from Extreme Environments
(CCFEE, Viterbo, Italy). All strains were isolated from marble monuments of the Bonaria
Cemetery (Cagliari, Italy) and, using plate assays, the main ecological and metabolic traits
and tolerance to traditional biocides were assessed [5]. The preservation of traditional
Romanian clothes was the focus of the Ilies study group [6]. In detail, different essential
oils were applied to different materials comprising coats (e.g., wool, cotton, leather) to
control the detrimental fungal species. Other artefacts from museums include optical lenses

Appl. Sci. 2022, 12, 10490. https://doi.org/10.3390/app122010490 https://www.mdpi.com/journal/applsci1



Appl. Sci. 2022, 12, 10490

studied by Ngo and co-workers [7]. This study evidenced the surface corrosion produced
by fungi, here favored by the high humidity which is typical of North Vietnam’s climate.

The study performed by Jurado and colleagues is of interest, instead, for the conserva-
tion of show caves [8]. In this study, the microclimatological and aerobiological monitoring
gave insight into the seasonal dynamics of airborne fungi in the Nerja cave (Spain).

Barboux and colleagues [9] proposed an alternative instrumental method (FTIR) for
detecting Serpula lacrymans; this method could be especially useful for protecting wooden
structures from the dry rot fungi which are prevalent in indoor environments, especially in
the holarctic regions. The study performed by Chlebicki and colleagues was devoted to
testing the in vitro inhibitory effect exerted by bioactive ions exposed to galvanic systems
with changing electrode distance [10].

This Special Issue also presents two reviews. The study performed by Zucconi and
colleagues addressing wall paintings accounts for 60 years of fungal biodeterioration
reports [11]. An exhaustive list of identified fungi was produced. However, the technical
and methodological improvements that occurred within that period evidenced some limi-
tations in the fungal identification (mainly morphological) and culturingprotocols, posing
the basis for future improvements.

De Leo and colleague reviewed 109 papers published within the last 30 years to criti-
cally summarize the current knowledge on black fungi associated with the biodeterioration
of stone monuments with a look at control methods and future perspectives [12].

This Special Issue offers an insight into the vast world of fungal deteriogens. More re-
search is necessary in this field; however, with the incoming improvements in instrumental
technologies, molecular diagnoses, and sustainable control methods, the research prospects
in this field are exciting.
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Abstract: The Bay of Naples, Italy, is renowned for its archaeological heritage. However, this heritage
is threatened by the combination of weathering and the biological activity of microorganisms. Fungi
are among the major agents of microbial deterioration of cultural heritage since they can cause cracks
and lesions in monuments due to the penetrating force of their hyphae. Such biodeterioration may
weaken the stone structures and threaten the longevity of these culturally important monuments.
To address this, we collected, identified, and maintained in culture filamentous fungi that colonize
the external surface of monuments at five important archaeological sites near Naples, namely Cuma,
Ercolano, Nola, Oplonti, and Pompei. We isolated a total of 27 fungal taxa, all of which can be
cultivated in the laboratory, and form a part of our reference collection. Many of the described
fungal taxa we found belong to groups that are involved in stone biodeterioration and can thus
be considered as model organisms for in vitro studies. These results emphasize the importance of
identifying and cultivating fungal stock cultures for non-invasive studies on biodeterioration. Our
newly developed reference collection represents a useful resource that is available to other researchers
to rapidly identify potentially hazardous fungi on other monuments.

Keywords: fungi; ex situ collection; biodeterioration; biodegradation; cultural heritage

1. Introduction

Fungi play an important role in the deterioration of buildings. Deterioration caused
by fungal colonization involves both physical and chemical damage of stone surfaces,
and in most cases, they take place simultaneously [1]. Physical damage is related to the
ability of fungal hyphae to penetrate into the substratum, where pores and fissures provide
a useful microhabitat for fungal growth. The pressure exerted by fungal growth leads
to further damage due to cell turgor pressure and exopolysaccharide formation that, in
addition to fungal adhesion on stone surfaces, increases mechanical pressure [2]. Moreover,
chemical damage occurs due to byproducts of fungal metabolism that leads to corrosion
and discoloration of stone surfaces. Fungi are able to excrete a large variety of organic
acids that act as metal-chelators [3] and mediate the precipitation of secondary minerals
produced through the reaction of anions from excreted acids with cations from the stone.
The formation of secondary minerals, such as carbonates, oxalates, and phosphates, can
cause blistering, scaling, granular disintegration, and flaking or “spalling” of outer layers,
leading to stone decay [4]. There is a close relationship between material and colonizing
organisms [5]; indeed, the degree of fungal colonization of a stone surface also depends on
the structure, wetness, and chemical and mineralogical compositions of the substrata as
well as environmental conditions [6,7]. Different lithotypes, e.g., brick, limestone, marble,
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tuff, and porphyry, provide a diverse range of substrates that fungi may use to acquire
nutrients and grow.

Despite the large number of studies in the literature in which damage to cultural
heritage is directly associated with fungi colonization, the occurrence of fungi on cultural
heritage monuments does not necessarily mean that these fungi cause the loss of chemical
and physical properties of the substrate; indeed, filamentous fungi as well as lichens
could protect colonized materials, especially against environmental parameters [8], or
they could bear no influence on the material properties. The multifaceted role of fungi
in biodeterioration can be effectively assessed on the basis of preliminary in vitro tests,
particularly recommended in the issues of monument protection, that require ex situ
conservation strategies for fungal strains isolated from monuments. Ex situ collections
may significantly improve our knowledge of the role of fungi in stone cultural heritage
biodeterioration, providing the basis for an appropriate and effective maintenance and
restoration strategy. The importance of maintaining a broad range of taxa in collections for
ex situ conservation accessible to researchers prompted us to perform a survey campaign
along the archaeological remains of Campania, Italy. Campania hosts a large number of
works of art and monuments made of different stone materials, spanning the last three
thousand years. Despite this unique cultural heritage, a deep sampling aimed to assess the
biodiversity of cultivable fungi in these historical areas has never been conducted.

Using a combination of microscopical, genetic, and culture techniques, here we de-
scribe the taxonomic diversity of fungi that occur in the UNESCO heritage sites of Cuma,
Ercolano, Nola, Oplonti, and Pompei, with the overall aim of developing an ex situ collec-
tion of fungal strains from these archeological sites.

2. Materials and Methods

2.1. Sampling

The sampling campaign in this study was carried out in March 2018 at some of the
most important cultural heritage sites in Campania, namely the Sibyl Caves in Cuma, the
Suburban Baths in Ercolano, the Roman Amphitheater in Nola, the House of Poppea in
Oplonti, and the House of Fauno and the House of Castricio in Pompei (Figure 1).

Figure 1. Location of the sampling site of UNESCO heritage monuments in the bay of Naples,
Campania, Italy.

At every site, we measured ecological parameters, e.g., temperature and relative
humidity, using a thermo-hygrometer (model HI 9564, Hanna® Instruments, Smithfield,
RI, USA) and light intensity using a Climalux N light meter (Laboratori di Strumentazione
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Industriale S.p.a., Milan, Italy). We measured pH on substrates at sampling points using a
pH test paper strip. All the environmental parameters are shown in Table 1. The sampling
points were chosen on the basis of the visibility of the fungal presence on the surface.
Biofilm samples were taken by gently scraping the walls of the sampling sites with a sterile
scalpel and adhesive tape strips were also used as a non-destructive sampling method [9].
The materials were deposited into sterile vials, until arrival at the laboratory.

Table 1. Values of environmental parameters (light, pH, relative humidity, and temperature) at each
sampling site.

Location Light (μmol m−2 s−1) pH Relative Humidity Temperature (◦C)

Cuma, Sibyl
Caves 0.8± 0.01 7/8 50 ± 1.2% 19.2 ± 0.3

Ercolano,
Suburban Baths 30 ± 0.6 7/8 94 ± 1.7% 15.3 ± 0.9

Nola Roman
Amphitheater 130.84 7/8 90 ± 1.2% 16.7 ± 1.2

House of
Poppea, Oplonti 129.95 7/8 95 ± 0.9% 13.2 ± 0.9

House of Fauno,
Pompei 46 ± 0.6 7/8 58.8 ± 0.9% 18.2 ± 0.9

House of
Castricio,
Pompei

8.97 7/8 90 ± 1.2% 18.3 ± 0.9

2.2. Confocal Laser Scanning Microscope Analysis

The recorded adhesive tape samples were cut into small sections (approximately
1 × 1 cm, [9]), placed on a glass slide, and observed on a Confocal Laser Scanning Micro-
scope (CLSM), Zeiss LSM 700 (Carl Zeiss AG, Munich, Germany, using the software Zen
2011), by capturing images with a 63× water immersion objective. Images were acquired
in three channels simultaneously: the red channel was used to discriminate phototrophs
containing autofluorescence pigments (chlorophyll a and phycobilins), with excitation
beams at 488 and 639 nm and emissions at 590–800 nm; the green channel was used to de-
tect extrapolymeric matrix (EPS) using concanavalin-A with Alexa 488, with the excitation
beams at 488 nm and emissions at 553–636 nm; and calcofluor-white was used to evidence
the bacteria and hyphae with the excitation beams at 405 and 488 nm and emissions at
415–506 nm (blue channel) [10].

2.3. Isolation of Fungal Strains

After the sampling campaign, samples were inoculated on agar medium, such as
Potato Dextrose Agar (PDA) prepared according to Samson et al. [11], Bold’s Basal Medium
(BBM) [12] added to sucrose (12 g/L) according to Jeger et al. [13], and Malt-Yeast Extract-
Sucrose Agar (MEA, Difco™) prepared according to Skaar and Stenwig [14]. Incubation
was carried out at 22 ± 2 ◦C for 30 days. At the end of the incubation period, enumeration of
microorganisms as cfu/g of sample was carried out and the several mycelia obtained were
isolated with the aid of a stereomicroscope. Afterwards, fungi were separately cultivated
on PDA and finally observed with a stereomicroscope.

2.4. Identification of Fungal Isolates

Fungal strains were identified through a polyphasic approach that is an integrated
approach of identification based on morphological and molecular features of microor-
ganisms [15]. According to Barnett and Hunter [16] and Fassatiovà and Ellis [17], the
morphological identification of fungi was based on the macroscopic features of colonies
growing on agar plates and the micromorphology of the reproductive structure. The
morphological analysis was then confirmed by molecular analysis. For each fungal isolate,
the following procedure was applied: DNA was extracted with a modified DNA extraction

7



Appl. Sci. 2021, 11, 4327

protocol [18] and used for a Polymerase Chain Reaction with primers targeting the inter-
nal transcribed spacer region (ITS) (primer forward, 5′-TCCGTAGGTGAACCTGCGG-3′;
primer reverse, 5′-TTCAAAGATTCGATGATTCAC-3′). The ITS is the region spanning
ITS1, 5.8S rRNA, and ITS2 was recently elected to be the universal barcode marker for
fungi [19]. This DNA region has enough gaps between the intraspecific and interspecific
variation across the kingdom Fungi and has been shown to have a high amplification
success rate in various fungal taxa, e.g., it can discriminate the majority of species in Muco-
rales [20]. The barcode region together with a well-curated database of DNA sequences
may constitute a reliable and fast tool for culture collection in the task of providing certifi-
cation of fungal cultures. The amplification reaction was carried out in a reaction volume
of 25 μL containing 2.5 μL of 10× reaction buffer, 1.5 μL of MgCl2, 2 μL of dNTP, 1.5 μL
of each of the primers, and 0.2 μL of Taq polymerase (EconoTaq, Lucigen, Middleton, WI,
USA). An amount of DNA, approximately 100 ng, was added to each reaction mixture in a
PCR tube. The profile used was the same described by Del Mondo 2017 [21]. Amplification
was run in an Applied Biosystem 2720 thermal cycler. The amplification product was
then evaluated on 1.2% (w/v) agarose gel in an electrophoretic purified with a QIAquick®

PCR Purification kit (Qiagen Inc, Valencia, CA, USA). The sequence reaction was obtained
with the BigDye Terminator Cycle Sequencing technology (Applied Biosystems, Foster
City, CA, USA), purified automatically using the Agencourt CleanSEQ Dye terminator
removal Kit (Agencourt Bioscience Corporation, 500 Cummins Center, Suite 2450, Beverly,
MA, USA) and a robotic station Biomek FX (Beckman Coulter, Fullerton, CA, USA). The
product was analyzed on an Automated Capillary Electrophoresis Sequencer 3730 DNA
Analyzer (Applied Biosystems). The amplification primers were used as the sequencing
primers. The obtained sequence was searched for in BLAST version 2.0 (National Center
for Biotechnology Information databases) and identified. The ITS sequences obtained in
this study have been deposited in GenBank (the accession numbers are listed in Table 2).

Table 2. Identification of the fungal species complex level based on ITS sequences with the description
of their sampling site and lithic substrate. ACUF Collection Codes and Gene Bank Accession numbers
are given for each strain.

Identified Species
Complex Level

Sites Source
ACUF

Collection Code
Gene Bank

Accession Number

Alternaria section
Alternata Pompei Mortar 033f MW881067

Pompei Mortar 032f MW881066

Alternaria section
Alternata Nola Marble 053f MW881087

Alternaria section
Alternata Ercolano Plaster 017f MW881054

Alternaria sp. Ercolano Mortar 020f MW881053

Aspergillus section
Aeni Pompei Mortar 039f MW881073

Aspergillus section
Usti Ercolano Mortar 029f MW881060

Aspergillus section
Usti Cuma Tuff 012f MW881047

Cuma Tuff 022f MW881049

Aspergillus section
Nigri Ercolano Plaster 007f MW881065

Ercolano Plaster 019f MW881062
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Table 2. Cont.

Identified Species
Complex Level

Sites Source
ACUF

Collection Code
Gene Bank

Accession Number

Aspergillus section
Circumdati Pompei Frescos 015f MW881099

Pompei Frescos 026f MW881100

Aspergillus sp. Cuma Tuff 008f MW881051

Cladosporium sp. Pompei Mortar 041f MW881075

Clonostachys sp. Oplonti Mortar 005f MW881093

Oplonti Mortar 056f MW881095

Oplonti Mortar 010f MW881098

Oplonti Mortar 021f MW881097

Clonostachys sp. Nola Marble 042f MW881076

Nola Marble 043f MW881077

Nola Marble 044f MW881078

Curvularia geniculata
species complex Ercolano Plaster 023f MW881052

Fusarium oxysporum
species complex Ercolano Plaster 031f MW881064

Fusarium section
Discolor Cuma Tuff 009f MW881048

Fusarium oxysporum
species complex Pompei Frescos 014f MW881102

Fusarium oxysporum
species complex Ercolano Plaster 018f MW881055

Ercolano Plaster 024f MW881056

Ercolano Plaster 025f MW881057

Ercolano Plaster 028f MW881059

Fusarium oxysporum
species complex Oplonti Mortar 054f MW881090

Oplonti Mortar 055f MW881091

Oplonti Mortar 001f MW881089

Fusarium solani
species complex Ercolano Plaster 016f MW881063

Fusarium sp. Oplonti Mortar 006f MW881088

Fusarium tricinctum
species complex Oplonti Mortar 002f MW881094

Lecanicillium sp. Pompei Frescos 013f MW881101

Lecanicillium sp. Ercolano Mortar 027f MW881058

Lecanicillium sp. Ercolano Plaster 030f MW881061

Neofusicoccum
parvum species

complex
Cuma Tuff 011f MW881050

Penicillium section
Fasciculata Pompei Mortar 036f MW881070

Pompei Mortar 038f MW881072

Pompei Mortar 035f MW881069
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Table 2. Cont.

Identified Species
Complex Level

Sites Source
ACUF

Collection Code
Gene Bank

Accession Number

Pompei Mortar 040f MW881074

Penicillium sp. Pompei Mortar 034f MW881068

Pompei Mortar 037f MW881071

Penicillium section
Aspergilloides Nola Marble 046f MW881080

Nola Marble 047f MW881081

Nola Marble 048f MW881082

Nola Marble 049f MW881083

Nola Marble 051f MW881085

Purpureocillium sp. Oplonti Frescos 004f MW881096

Talaromyces section
Talaromyces Oplonti Mortar 003f MW881092

Talaromyces section
Talaromyces Nola Marble 045f MW881079

Trichoderma sp. Nola Marble 050f MW881084

Nola Marble 052f MW881086

2.5. Fungal Preservation for Ex Situ Conservation

In according to the World Federation for Culture Collection Guidelines, more than
one method was applied for each fungal strain for successful preservation. Our fungal
strains are stored by different methods: (a) PDA on Petri dishes at a temperature range of
between 22 ◦C and 25 ◦C in darkness; (b) in a corked glass tube with sterilized water at
room temperature [22]; and (c) at −80 ◦C in glycerol (selected strains only). This method,
namely cryopreservation together with freeze drying, is considered to be a long-term
preservation method [23]. To maintain fungi in a viable state, to evaluate purity, and to
avoid devitalization, monthly checking and refreshment of cultures were performed. All
the fungal strains are maintained in the Algal Culture Collection (ACUF) at the Department
of Biology, University of Naples Federico II, Italy. This collection, traditionally devoted to
the maintenance of aero-terrestrial microalgae and cyanobacteria [24], has been enriched
with a special section devoted to the maintenance of fungal strains isolated directly from
archeological sites in Campania. Each strain is included in a private database with all the
information regarding sampling sites, origin substrate, data on collection, ecological notes,
cultivation and maintenance methods, phenotypic characteristics, and genomic analysis.
In order to maintain the safety of the data associated with each of the strains preserved in
the collection, all computer files are duplicated and kept in a separate area. Furthermore,
we deposited our isolates at the Mycotheca Universitatis Taurinensis, Turin, Italy (MUT), a
renowned collection specialized in fungal preservation.

3. Results

3.1. Description of Damage and Substrate Change

Biological growth on stone can result in changes in surface color and structure depend-
ing on the identity of the organism and their growth and behavior. At our sampling sites,
the biological colonization on stone surfaces assumed the forms of epilithic formations
with a patina aspect. In particular, these organisms formed a subaerial biofilm, which is
a type of biofilm that occurs at the atmosphere–rock interface. This type of biofilm has
been frequently reported in the literature on hypogean monuments, such as catacombs [25],
and on walls, statues, and wetlands. These formations may have a colored patinas aspect,
depending on the type of biocenosis and of the growth phase of the prevailing species. As
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shown in Figure 2b,d,e, the stone surface appears with a green and greenish stain, probably
due to the presence of organic pigments (e.g., chlorophylls, carotenoids, melanins) [26]. In
Figure 2h,k,n, the stone surface appears with a black stain and this is related to the mixed
association of different fungal groups.

 

Figure 2. Archeological sites: Sibyl Caves in Cuma (a), Suburban Baths in Ercolano (d), the Roman
Amphitheater in Nola (g), the House of Poppea in Oplonti (j), and the House of Fauno (m) and the
House of Castricio (p) in Pompei; the visible alteration at the same sites (b,e,h,k,n,q); the recorded
adhesive tape samples observed on the CLSM (c,f,i,l,o,r; scale bar, 50 μm).
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3.2. Confocal Laser Microscopy

All the samples analyzed by CLSM revealed that many cells contained chlorophyll
and phycobilin (red auto-fluorescence), which were ascribed to algae and cyanobacteria
and polysaccharide polymers (e.g., cellulose and chitin) in their cell walls (blue color),
which were ascribed to fungi (Figure 2c,f,i,l,o,r).

3.3. Molecular Identifications

Table 2 shows the identification of the isolated fungal species retrieved from the
sampled UNESCO monuments, together with sites and source sampled as well as the
collection code linked to the fungal strains and the GenBank accession numbers of the
obtained sequences.

A total of 18 fungal taxa, belonging to 3 different Classes, 5 different Orders, and 10
different Families, were obtained (Figure 3) and kept in culture.

Figure 3. The relative abundance of fungal isolated according to (A) classes, (B) orders, and (C)
families.
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Overall, the most common genera were Aspergillus in Cuma (60%), Fusarium in Er-
colano (42.86%), Penicillium in Nola (41.67%), Fusarium in Oplonti (45.45%), Penicillium
(60%) in Pompei, Fauno, and Aspergillus (50%) in Pompei, Castricio (Figure 4).

Figure 4. The relative prevalence of fungal genera found in: Sibyl Caves in Cuma (A), Suburban Baths in Ercolano (B),
the Roman Amphitheater in Nola (C), the House of Poppea in Oplonti (D), and the House of Fauno (E) and the House of
Castricio (F) in Pompei.

4. Discussion

The protection of cultural heritage often involves the study of the bio-receptivity
of building materials and the biodegradation potential of microorganisms involved in
deterioration, which can be primarily assessed through laboratory studies. In this work, a
non-destructive method was used to sample microorganisms at UNESCO cultural heritage
sites in Campania, Italy. In particular, we sampled using adhesive tape sampling coupled
with microscopical analysis to identify the constituent microorganisms in biofilms of these
monuments, which allows us to examine the existing relationships between the surface and
the colonizing microorganisms [9]. The observations made using confocal light microscopy
demonstrated fungal colonization in all the adhesive tape samples analyzed as a network
of filamentous structures. Furthermore, we observed the presence of cyanobacteria and
algae closely connected with filamentous structures, demonstrating that fungi actively
colonize the rock as essential compounds of the biofilm sampled and not as contaminants.
The isolation of fungi through culture-dependent methods, followed by maintenance of
strains in culture, was aimed at obtaining quality-controlled isolates for further studies
on biodeterioration processes and to develop innovative strategies for their control. For
each strain, we collected data related to the substrate and environmental conditions at
the sampling location and this information can be used to develop future laboratory
experiments simulating specific environmental conditions under which these fungi can
grow. Indeed, future perspectives are directed towards using our fungi as models to
perform in vitro experiments for understanding the patterns of microbial colonization of
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stone materials [21]. The fungal isolates in this study are widespread, frequently associated
with soil particles and plant material, which is probably due to their broad tolerance to
different environmental conditions and allows them to colonize a large array of terrestrial
habitats [27]. Molecular identification of sampled strains was performed using the internal
transcribed spacer (ITS) rDNA area, which is the most widely used marker for fungi [19].
Unfortunately, for many Ascomycota genera, such as Penicillium and Aspergillus, the ITS is
not variable enough to allow for species-level identification [28]. Because of the limitations
associated with the chosen molecular marker, herein we considered the species-complex
level for an overview of fungal diversity on stone monuments. We recognize the necessity
of further identification using taxon-specific markers (e.g., SSRs) for identifying isolates to
species level as the collection grows. The genera isolated in our sampling include Alternaria,
Aspergillus, Cladosporium, Clonostachys, Curvularia, Fusarium, Lecanicillium, Neofusicoccum,
Penicillium, Purpureocillium, Talaromyces, and Trichoderma, which are known to be ubiquitous
filamentous fungi of soil and are often airborne. Some of them were already described
as colonizer, or occasionally pioneer, taxa of deteriorated monuments [29]. For most
of these species, there is no representative strain of the wide range of morphology and
physiology expressed within that species and therefore it is necessary to maintain a number
of representative strains. Some collections, such as the CABI Bioscience Genetic Resource
Collection, retain on average five strains for each species, but in some cases this number is
not sufficient. This is the case for host specificity in the plant pathogen, such as Fusarium
oxysporum, which has a large number of genetic variants [30]. Thus, ex situ conservation of
microorganisms collected from monuments can ensure that all strains with their unique
properties are preserved and maintained over time. In accordance with other studies, we
observed that the genera most frequently identified as colonizers of several stone substrates
are Aspergillus, Fusarium, and Penicillium [31]. The action of these fungi, included in the
orders Capnodiales and Pleosporales, could lead to aesthetic alteration and biopitting
of stone materials [32]. Moreover, some of the fungal isolates belonging to Alternaria
section Alternata, Cladosporium sp., Fusarium solani species complex, and Penicillium section
Aspergilloides are known to contribute to acidification and the dissolution of stone by
excreting organic acids. In particular, oxalic acid secreted by fungi can dissolve limestone
calcium carbonate, producing calcium oxalates, one of the most severe biodeterioration
processes affecting limestone monuments [33]. In addition, recently it has been shown that
the genus Purpureocillium may have halotolerant characteristics [34], which may further
broaden the impact these fungi have on stone structures.

5. Conclusions

The collection and molecular identification of fungal strains and their associated
ecological data, describing their site of sampling, type of substrate, and morphological
diagnostic characteristics, represent a key resource for the development of biotechnological
approaches devoted to the conservation of cultural heritage. The ex situ conservation of
fungi sampled from bio-deteriorated environments can ensure that isolates are preserved
to maintain their integrity and long-term survival. This is essential for future research on
the preservation of historical monuments, including the ecological differentiation of fungal
communities according to sampling sites and the production of desirable end products
applicable for bioremediation.
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Abstract: Identifying species involved in biodeterioration processes is helpful, however further effort
is needed to assess their ecological requirements and actual activity. Black fungi (BF) represent one
of the most underestimated threats to stone cultural heritage in the Mediterranean basin; they are
difficult to kill or remove due to their ability to grow inside the rock and cope with several stresses.
Despite this, little is known about BF and factors favoring their growth on stone surfaces. Eighteen
BF species were here investigated for temperature and salt tolerance, and metabolic traits by plate
assays. The relation between some highly damaged monuments and their BF settlers was assessed
using X-ray diffraction analysis, mercury intrusion porosimetry, and SEM. The sensitiveness to four
commonly used traditional biocides was also tested. All strains were able to grow within the range of
5–25 ◦C and in the presence of 3.5% NaCl. Instrumental analyses were fundamental in discovering
the relation between halophilic strains and weathered marble sculptures. The acid, cellulase, esterase,
and protease production recorded proved BF’s potential to produce a chemical action on carbonate
stones and likely affect other materials/historical artefacts. Besides, the use of carboxymethylcellulose
and Tween 20 should be evaluated in restoration practice to prevent tertiary bioreceptivity. Agar
diffusion tests helped identify the most resistant species to biocides, opening the perspective of its
use as reference organisms in material testing procedures.

Keywords: benzalkonium chloride resistance; biodeterioration control; Exophiala; halophilic fungi;
fungal acid production; Knufia; monuments salt weathering; QAC biocides; Salinomyces thailandicus;
marble XRD; MIP investigations

1. Introduction

All materials exposed to outdoor conditions are inevitably subject to deterioration
processes leading to biotic and abiotic alterations. Surface colonization and the related
biodeterioration phenomena greatly vary depending on the substrate’s bioreceptivity,
macro- and microclimatic conditions (e.g., water availability, sun exposure, shading, and
orientation), and nutrients supply [1–4].

Among the stone biodeteriogens, rock black fungi are considered one of the most
remarkable issues for cultural heritage conservation, particularly in arid and semi-arid
environments, where they live at their ecological optimum [5–7]. Black fungi (BF), also
known as rock-inhabiting fungi (RIF), black yeasts, or microcolonial fungi (MCF), are a
polyphyletic poikilotolerant morpho-ecological group with remarkable adaptations allow-
ing them to cope with changes in extreme temperatures, drought, starvation, osmotic stress,
and high solar and UV-radiation as it occurs on rock surfaces [8–12].
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When colonizing rocks, BF can induce a chemical deterioration by secreting siderophore-
like compounds, however the most relevant damages are believed to be due to a mechanical
action. Hyphal morphology and the strong mechanical turgor pressure (up to 12.39 bar in
penetrating silicate and carbonate rocks) allow them to dig cavities on the heritage stone
surfaces at depths ranging from a few hundred microns to several millimeters [7,13,14].
Furthermore melanin, the most important factor in BF stress resistance, is also responsible
of the aesthetic alterations imparting a dark, blackish-brown appearance to the lithic
surface [15–17].

Knowledge of the deteriogens’ diversity is undoubtedly useful, however more ef-
forts should be given to outline the ecological needs of the occurring species and their
involvement in deterioration processes. The metabolic and ecological profiles, such as
the environmental conditions, which favor the various taxonomic groups, are crucial in
defining the risk for the artefacts and in designing both preventive/indirect and correc-
tive/direct (e.g., biocide treatments) control measures [1,18]. In fact, the awareness on the
tolerance range of the involved species for each environmental factor has a great practical
relevance in preventing undesirable growth [1,19]. Such information is also relevant when
considering biocide treatments, due to the need to customize the treatment selecting the
most efficient product against specific microorganisms [20].

Corrective measures against fungal spreading are often required and such interven-
tions are mainly carried out using biocidal products both to remove the biomass in the early
stages of artwork treatment and later to prevent re-colonization [21–23]. In stone treatments,
BF represent a challenge for restorers being able to survive and re-colonize artworks after
restoration treatments with biocides or synthetic polymeric coatings [6,11,24–27]. To date,
very little information is available on their sensitiveness to biocides and on their metabolic
and eco-physiological profile, mainly limited to a few model fungi [28,29]. In this light,
traditional culture dependent assays can be useful to deepen in detail their ecological traits
and biodeteriorative potential [30].

Based on the multidisciplinary investigation surveys performed on the deteriogenic
phenomena affecting the monumental Cemetery of Bonaria in Cagliari since 2010, we
focused on a selection of 18 BF strains isolated from some of its marble monuments.

The goals of the present study were: (i) the selection and identification of the BF strains
of interest; (ii) the assessment of the main fungal traits with respect to thermal and salt
growth preferences; (iii) the possible relation between the recorded fungal traits and the
substrate in selected monuments; (iv) the detrimental potential of the investigated species;
and finally (v) their sensitiveness to a few traditional biocides. The achieved results will also
give the opportunity of testing the best techniques of evaluation of metabolic evaluation
and control. Data will also provide new insights to design more efficient preventive and
control protocols, as well as on the leading forces driving the colonization processes.

2. Materials and Methods

2.1. Black Fungal Strains Selection and Identification

The ancient monumental cemetery of Bonaria (39◦12′36.96′′ N 9◦07′26.13′′ E) in
Cagliari, Italy, has been object of multi-disciplinary studies aimed at favoring its con-
servation, rediscovery as urban historical heritage, and valorization [5,17,31–34]. The
climatic conditions of the site are characterized by hot dry summers, very mild winters, and
humidity may be high due the sea proximity. Over the period 2011–2014, we performed
a few samplings from some Carrara marble funerary monuments (Figure 1), thanks to
the collaboration of the Superintendence of Heritage Landscape, Historical, Artistic and
Ethno-Anthropological Heritage for the metropolitan city of Cagliari and for the provinces
of Oristano, Medio Campidano, and Municipality Cemeteries Direction of Cagliari.

Forty BF strains were isolated and most of them were identified through phylogenetic
analysis, and new species described [31]. Three strains not considered previously, namely
CCFEE 5778, 5945, and 6327, were identified by internal transcribed spacer (ITS) and LSU
sequencing (in case of poor ITS identities) followed by BLASTn comparison. The primer set
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used for amplifications were ITS4-ITS5 and LR0R-LR7, respectively. In short, the reactions
were performed in a total volume of 25 μL using 5 pmol of each primer, Bioline BioMix
(Bioline Reagents, London, UK), and about 30 ng of genomic DNA [35]. The PCR protocols
consist of an initial denaturation and final extension and 35 cycles of amplification with
annealing at 55 ◦C (ITS) and 52 ◦C (LSU). After identification, representative strains of the
whole BF diversity found in the site have been subject to selection in order to give the wider
representativeness possible with precedence to type strains (when available).

Figure 1. The sampled Carrara marble funerary monuments of the ancient monumental cemetery of
Bonaria—Cagliari entitled to (A) Avv. Giuseppe Todde; (B) Antonio Viganigo; (C) A. M. Frau Carta;
(D) Francesca Warzee; (E) Rossino Bolla spouse; (F) Giuseppina Ara dei conti Ciarella; (G) Zelina
Ferrà Gastaldi Millelire; (H) Ignazio Ruda Roych conte di San Lorenzo; (I) Unknown Burial.

All strains are part of the Culture Collection of Fungi from Extreme Environments
(CCFEE, Viterbo, Italy) and new sequences were deposited in GenBank.

2.2. Thermal Preferences, Salt Tolerance, and Metabolic Assays

Thermal preferences and salt tolerance were assessed by inoculating small fragments
of fungal mycelia onto malt agar plates (MA: 30 g/L malt extract, 15 g/L bacteriological
agar; VWR) and incubating them for a month within the range 0–40 ◦C with 5 ◦C intervals.
The growth at 37 ◦C was also assessed.

Similarly, salt tolerance was determined inoculating small fragments of mycelia on
MEA 2% plates (malt extract 20 g/L, 15 g/L bacteriological agar) with increasing concen-
tration of NaCl (0, 3.5, 7, 10, 12.5, 15, 20% w/w), incubated at 20 ◦C for a month.

The detrimental potentials of isolates were assayed through plate trials for acid (CaCO3
Agar, ACID), amylase (AMY), lipase (LIP), and protease (namely caseinase; Skim Milk
Agar, SM) production as previously described [36]. The cellulase and pectinase activities
were assessed using CMC agar (CMC) and pectinase screening agar medium (PSAM),
respectively. CMC was prepared using (NH4)H2PO4 1 g; KCl 0.2 g; MgSO4· 7H2O 1 g;
yeast extract 1 g; carboxymethylcellulose low-density 26 g, and bacteriological agar 3 g
per liter of solution. PSAM was instead prepared using pectin 1 g; (NH4)2 HPO4 0.3 g;
KH2PO4 0.2 g; K2HPO4 0.3 g; MgSO4 0.01 g; and bacteriological agar 2.5 g per 100 mL
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of solution, pH 5.5. Plates were incubated at 20 ◦C for a month. To readability, for AMY,
CMC, ACID, and PSAM plates were flooded with Lugols’ iodine solution and read after
15 min incubation and washed with saline (NaCl 0.9%). The colonies’ diameters were taken
weekly and the halos, expressed as measure from the colony border, were taken at the end
of the experiment. All measures were expressed as average of three replicas and standard
deviation (SD).

2.3. Marble Substrate Investigations

To deepen the possible relation between the fungal traits recorded and the marble
substrate, from which they were isolated, a selection of highly weathered monuments (e.g.,
Ruda Rojch and Viganigo) were analyzed by X-ray diffraction analysis (XRD), mercury
intrusion porosimetry (MIP), light refraction optical microscopy and scanning electron
microscopy (SEM).

In detail, detached and not replaceable scales were micronized in an agate jar, to
obtain powders passing to 0.63 μm sieve and pressed in a glass holder. XRD spectra were
acquired on powders using a diffractometer Rigaku Miniflex II, equipped with a graphite
monochromator, Cukα wavelength in the following instrumental conditions: 15 kV, 30 mA,
Ni filter, scan from 4 to 70◦2θ, step sampling 0.01◦θ. The identification of minerals was
carried out using the search Crystal Impact MATCH! software v. 3.10, which uses, for
comparison, both the JCPDS Database (Joint Committee on Powder Diffraction), and the
COD Database (Crystallography Open Database) [37]. These results were compared to a
quite unaffected old marble from a slab (Zelina Ferrà Gastaldi Millelire).

Total open porosity was measured by mercury intrusion porosimetry (MIP) on 1 cm3

(c.a.) degraded and control marble fragments oven-dried at 50 ± 5 ◦C until reaching
constant mass. An AutoPore IV 9500 (Micromeritics Instrument Corporation, Norcross,
GA, USA) operating at 2200 bar, and 10 s of equilibration time was used. Results were
compared to unaffected-new Carrara white marble fragments (Statuarietto lithotype) used
as control.

Specimens of about 0.5 × 0.5 cm, were preliminarily observed in light reflection mode
using a MoticTM binocular microscope (Kowloon, Hong Kong) to evaluate the conservation
conditions of samples and to select the portions of major interest for SEM analysis. These
fragments were then glued in epoxy resin (Struers Ltd., Catcliffe, UK), cut in thin sections
(30 μm thick) and finally polished. Other fragments were coated with a graphite layer
(10 to 20 nm thick) and observed with a Zeiss EVO LS 15 environmental scanning electron
microscope (Carl Zeiss SMT AG, Oberkochen, Germany), LaB6 cathode, EHD 5 kV, WD
13.5 mm.

2.4. Selected Chemicals

Among the available traditional biocidal formulations [20,21], we selected four prod-
ucts. Two of them contain quaternary ammonium compounds (QAC): Benzalkonium
Chloride (CTS srl, Altavilla Vicentina, Italy; benzalkonium chloride 90%; BZC), and Pre-
ventol RI50 (Bresciani srl, Milano, Italy; benzalkonium chloride 50%; PREV). Otherwise,
Lichenicida 264 (Bresciani srl, Milano, Italy; LICH) has N,N-dimethyl-N′-phenyl-N′-(fluoro-
dichloromethyl)-sulphamide (also known as dichlofluanid) as active molecule, and Biotin R
(CTS srl, Altavilla Vicentina, Italy; BioR) contains 3-iodo-2-propynyl butyl carbamate (IPBC),
and 2-n-octyl-4-isothiazolin-3-one (OIT) dissolved in 2-(2-butoxyethoxy) ethanol. BZC and
PREV were diluted in distillated water, LICH in alcohol [38], and BioR in white spirit.

2.5. Sensitiveness to Biocides

The sensitiveness of fungal isolates to biocides was measured using the agar diffusion
tests (ADT) method. Due to their dimorphic clumped growth habit, the strong but variable
melanization, and the absence of spores, the BF suspension was standardized as dry weight
as follows: a MA slant culture was suspended scaping its surface in 3 mL of sterile saline
solution (NaCl 0.9%), transferred into a 5 mL conical tube, homogenized by sterile pestle,
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and used to inoculate a 250-mL Erlenmeyer flask with malt extract broth (3% w/v; 30 mL).
The incubation was performed at room temperature and 180 rpm on a rotary shaker for
1–3 days. ADTs were performed, in triplicate using 90 mm-Petri dishes. For each plate
200 μL of fungal suspension (8 ± 0.2 mg/mL dry weight) were added to 15 mL of MA
by inclusion; a cellulose sterile disk (6 mm diam) was placed on the culture medium and
soaked with 6 μL of biocide solution. Biocides were tested at the following concentrations:
0.5, 1, 1.5, 2, and 3% for BZC and PREV; 0.25, 0.5, and 1% for LICH, and 0.5, 1, 2, 3, 4, and
5% for BioR.

2.6. Statistical Analyses

PAST software (PAleontological STatistics, ver. 4.06b, [39]) was used to perform a
Principal Component Analysis (PCA) assessing similarities/differences among the strains
in study with respect of their salt tolerance, metabolic traits, and resistance to biocides.

Two-way ANOVA with Tukey post hoc test comparison (p < 0.05) was performed
using GraphPad Prism version 9.3.1 (GraphPad Software, San Diego, CA, USA) to assess
significance between biocides increasing doses.

3. Results

3.1. Identification and Selection of BF Species

Based on GenBank sequence match, the three strains were identified as follows. Strain
CCFEE 5778 has been reported as Saccotheciaceae sp. due to the ITS (OM390240) best
match with Saccothecium rubi MFLUCC 14-1171 (98.16%), and LSU (OM346745) match
with Selenophoma linicola CBS 468.88 (98.90%) and Aurobasidium pullulans AFTOL-ID 912
(98.70%). Due to his very poor ITS match (OM568835) with Diaporthe longispora CBS 194.36
(coverage below 40%) and 97.21% LSU (OM346746) identity with Phaeotrichum benjaminii
CBS 541.72, CCFEE 5945 was referred as “Unknown dothideomycete”. Differently, CCFEE
6327 (OM390241) was identified as Exophiala oligosperma due to its 99.83% identity with the
species type strain CBS 725.88.

The selected strains were in total 18, one for each species found, and among them
were 4 Knufia, 3 Neodevriesia, and 2 Exophiala species (Table 1).

Table 1. The 18 strains in study, collection number (CCFEE), and monuments of isolation. (T) indicates
type strain. In bold the new identified strains. All monuments were built in white Carrarese marble.

Species CCFEE Funerary Monument

Aureobasidium pullulans 5736 Giuseppina Ara dei conti Ciarella
Coniosporium uncinatum 5737 Francesca Warzee

Exophiala bonariae (T) 5792 Zelina Ferrà Gastaldi Millelire
Exophiala oligosperma 6327 Anna Maria Frau Carta

Knufia karalitana 6001 Unknown tombstone
Knufia marmoricola 6204 Anna Maria Frau Carta
Knufia mediterranea 5710 Avv. Giuseppe Todde

Knufia petricola 5776 Giuseppina Ara dei conti Ciarella
Neodevriesia bulbillosa 5704 Ignazio Ruda Roych conte di San Lorenzo
Neodevriesia capensis 6200 Anna Maria Frau Carta

Neodevriesia sardiniae (T) 6202 Anna Maria Frau Carta
Neophaeotheca triangularis 5703 Ignazio Ruda Roych conte di San Lorenzo

Saccotheciaceae sp. 5778 Zelina Ferrà Gastaldi Millelire
Salinomyces thailandicus * 5723 Antonio Viganigo
Saxophyla tyrrhenica (T) 5935 Unknown burial

Unknown dothideomycete 5945 Rossino Bolla’s spouses
Vermiconidia calcicola (T) 5770 Giuseppina Ara dei conti Ciarella

Verrucocladosporium dirinae 5707 Ignazio Ruda Roych conte di San Lorenzo
* this new combination has been proposed by Czachura and colleagues as synonym of Hortaea thailandica [40].
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3.2. Main Ecological Traits Assessment: Thermal and Salt Tolerance

All the tested strains were able to grow within the range of 5–25 ◦C (Figure 2, Table S1);
the majority can grow at 0 ◦C (13/18), less than a half (7/18) at 35 ◦C; only E. oligosperma
CCFEE 6327 at 37 ◦C, and none at 40 ◦C. Most of the strains grew best at 20 ◦C, except
K. petricola CCFEEE 5776, N. capensis CCFEE 6200, and E. oligosperma CCFEE 6327 having
an optimum at 25 ◦C.

Figure 2. Thermal preference chart. The bubble size is proportional to the average growth recorded
at the end of the experiment (1 month). Table S1 reports the full average values and SD recorded.

Growth rates were extremely variable among the studied strains; for instance, after one
month of incubation strains A. pullulans CCFEE 5736, Saccotheciaceae sp. 5778, E. bonariae
CCFEE, 5792, and E. oligosperma CCFEE 6327 grew from about four (3.6) to seven times
more than V. calcicola CCFEE 5770 and C. uncinatum CCFEE 5737.

Different degrees of salt tolerance were recorded (Figure 3, Table S2). Verr. dirinae
CCFEE 5707, N. bulbillosa CCFEE 5704, Sal. thailandicus CCFEE 5723, and Neoph. triangularis
CCFEE 5703 grow better in the presence of 3.5%. Five strains (namely the previous and
A. pullulans) were able to grow at 20% NaCl, the highest concentration tested. A. pullulans
CCFEE 5736, although able to grow in the presence of salt, drastically reduced its colony
size up to 46% at 3.5% and 95.6% at 20% of NaCl. A high sensitivity to salt was instead
found for the unknown dothideomycete CCFEE 5945 with a dramatic decrease in colony
diameter of up to 74% in the presence of NaCl 3.5%, and no growth at 7%. Similarly, the
slow-growing C. uncinatum CCFEE 5737 was unable to grow at 7%. The remaining strains
showed instead an intermediate tolerance having K. petricola CCFEE 5776 as the most
tolerant of the strains able to grow up to 10% NaCl.
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Figure 3. Salt tolerance tests results. (A) The measures taken after one-month incubation at 20 ◦C are
calculated as a percentage compared to the control plate (0% NaCl). (B) The PCA plot evidenced in
the right side of the separated group of halophilic strains, and others (from right to left side) ordered
according to their salt tolerance.

3.3. Mineralogical and Physical Investigations

Similar XRD diffraction patterns were recorded in the two deteriorated marbles af-
fected by granular disintegration and crumbling (namely Antonio Viganigo, AV; and Ruda
Roych, RR-data not shown). Significative differences were instead evidenced when the
diffraction pattern of the AV deteriorated and soluble salt affected marble (Figure 4B)
was compared to a gypsum film from an old compact marble monument (Ferrà Gastaldi
Millelire; FGM, Figure 4A). Soluble salts and other decay phases were found in different
amounts. In the grey film of FGM monument gypsum (CaSO4·2H2O) and calcite (CaCO3)
prevailing on whewellite (CaC2O4·H2O), quartz (SiO2), halite (NaCl), sylvine (KCl) and
titanite (CaTiSiO5). On a more weathered monument (AV), affected by granular disinte-
gration and crumbling, the whitish crust shows mineralogical phases related to natural
pollution (marine and soil particles) as halite, quartz, albitic plagioclase, as well gypsum
and calcite.

Figure 4. XRD analysis results. XRD patterns of gypsum grey film on old compact marble (FGM)
(A) and whitish crust on crumbling-granular disintegration marble (AV) (B).

MIP porograms (Figure 5A,B) evidenced high differences when comparing a new
“Statuarietto” Carrara marble having a porosity of 0.7% ± 0.2 (black), and historical marble
affected by granular decoesion 5% ± 0.2 (AV, gray) and high granular decoesion 8% ± 0.2
(RR, red). The porograms show macro- and micro-pores; the former are represented by
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microcracks or confluent calcitic crystal dislocation. The secondary porosity, acquired
by physical and chemical decay processes, represents a key indicator of biodeteriora-
tion/bioreceptivity.

Figure 5. MIP porosity results. MIP porosity of an unaffected-new “Statuarietto” marble (black),
a decohesed (gray, AV), and highly decohesed marble (red, RR). (A) Cumulative Hg intrusion vs.
pressure and (B) Log. differential intrusion vs. pore size distribution.

Light microscopy evidenced the presence of salts and other pollution materials in dark
crusts (Figure 6B,D). SEM investigation confirmed the deep decohesion of calcitic crystals
clasts, the presence of gypsum (desert rose twinning, Figure 6E), and halite crystals already
evidenced in the previous analyses; these latter trials give an impacting measure of the
phoenomena being marble crystals completely covered by salt (Figure 6H).

Figure 6. Granular disintegration marble: a salty niche. Particular to the monuments affected by
granular disintegration into sand and powder devoted to (A) Ruda Roych (RR) and (C) Antonio
Viganigo (AV). (B,D) Dark sulfation crust of AV monument by light reflection optical microscopy:
(C) cross section, (D) surface and fracture on dark crust and salt crystals (NaCl) deposition. (E–H) RR
sample SEM observation. (E) gypsum crystals; (F,G) granular disintegration, (H) salt crystals (NaCl)
on marble surface. The bar corresponds to 10 μm in (F), 200 μm in (G); and 2 μm in (H).

3.4. Detrimental Potential of the Investigated Species: The Metabolic Screenings

As reported in Table 2, acid production was observed after iodine pouring in nine out
eighteen investigated strains. No production was recorded for the two Exophiala species,
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while positive records were found for all the Knufia species. All tested strains were positive
for the esterase activity (LIP) being able to use Tween 20 as a sole carbon source and
precipitate calcium salt crystals. The majority of the tested strains showed amylase (14/18),
and cellulase (15/18) activity, while caseinase and pectinase activities were recorded in half
of them (9/18).

Table 2. Results of the metabolic assays performed on selected BF. The activities tested were for acid
(ACID), lipase (LIP), amylase (AMY), protease (SM), pectinase (PSAM), and cellulase (CMC) production.

Strain No. Species ACID LIP AMY SM PSAM CMC

5703 Neophaeotheca
triangularis − ++ + ++++ + ++

5704 Neodevriesia bulbillosa − +++ +++ − ++++ +++

5707 Verrucocladosporium
dirinae − ++ + ++++ + ++

5710 Knufia mediterranea. +++ +++ ++++ +++ ++ +++
5723 Salinomyces thailandicus + + ++ − − ++++
5736 Aureobasidium pullulans + + ++ ++ − ++++
5737 Coniosporium uncinatum − +++ + + + −
5770 Vermiconidia calcicola (T) − +++ + − − −
5776 Knufia petricola +++ +++ + ++ ++ +
5778 Saccotheciaceae sp. + ++ ++++ + ++ ++++
5792 Exophiala bonariae (T) − ++++ − − +++ −
5935 Saxophyla tyrrhenica (T) − + − − − +

5945 Unknown
dothideomycete − ++ + − − +

6001 Knufia karalitana ++ ++ ++ − − ++
6200 Neodevriesia capensis +++ ++++ ++ + + ++
6202 Neodevriesia sardiniae (T) ++ ++ + + − +
6204 Knufia marmoricola + ++ − − − ++
6327 Exophiala oligosperma − ++ − − − −

(−) negative; increasing positive responses expressed in mm measured from the colony border: (+) 0.1–5 mm,
(++) 5.1–9.9 mm, (+++) 10–14.99 mm, (++++) 15–20 mm.

PCA analysis performed on halos occurred after metabolic assays evidenced in the
right side the most responsive strains (Figure 7). All the halophilic strains take place
within the most responsive strains. Interestingly K. mediterranea CCFEE 5710, due to the
intense halos recorded, occupied quite a far position in respect to the other Knufia species
in the study (namely K. petricola CCFEE 5776, K. karalitana CCFEE 6001, and K. marmoricola
CCFEE 6204).

Figure 7. PCA analysis performed on halos recorded for each plate test.
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Moreover, during metabolic screenings it was possible to collect additional infor-
mation such as the loss of melanization by the dothidealean fungi (namely A. pullulans
CCFEE 5736 and Saccotheciaceae sp. CCFEE 5778) when grown in SM (Figure 8L), the
volcano-like growth showed by K. mediterranea CCFEE 5710 in presence of high concen-
tration of glucose (Figure 8B), and the inhibitory action of K. marmoricola and K. petricola
against a cladosporiacean plate contaminant (Figure 8M,N, respectively).

Figure 8. Plate assays outcomes. (A) C. uncinatum CCFEE 5737 AMY test; (B) K. mediterranea
CCFEE 5710 on CaCO3 agar: the colonies raise in the center and detach from plate; (C) K. petricola
CCFEE 5776 esterase activity test (LIP); (D) E. oligosperma CCFEE 6327 esterase activity test (LIP);
(E) N. bulbillosa CCFEE 5704 culture media darkening in presence of salt: from left to right side NaCl
0%, 3.5% and NaCl 7%; (F) K. mediterranea CCFEE 5710 PSAM test; (G) Neoph. triangularis CCFEE
5703 amylase test (AMY); (H) Neoph. triangularis CCFEE 5703 SM test; (I) Neoph. triangularis CCFEE
5703 colonies color shift in presence of salt from left to the right side NaCl 0% and 3.5%; (J) Verr.
dirinae CCFEE 5707 PSAM test; (K) V. calcicola CCFEE 5770 AMY test; (L) A. pullulans CCFEE 5736 SM
test; (M) Contaminated PSAM plate with K. marmoricola CCFEE 6204 creating inhibition halos (white
arrow). (N) Contaminated PSAM plate with K. petricola CCFEE 5776 creating inhibition halos (white
arrows); (O) K. petricola CCFEE 5776 acid production plate; (P) N. bulbillosa CCFEE 5704 cellulase test
plate (CMC); (Q) K. mediterranea CCFEE 5710 cellulase test plate; (R) Verr. dirinae CCFEE 5707 negative
acid production test; (S–U) K. karalitana CCFEE 6001, K. mediterranea CCFEE 5710, K. marmoricola
CCFEEE 6204 positive acid production plate test; (V,X) E. oligosperma CCFEE 6327 colony morphology
shifts from flat (V) grown at 25 ◦C to meristematic (X) grown at 35 ◦C; (Y) N. capensis CCFEE 6200
AMY test.
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3.5. Sensitiveness to Traditional Biocides

The tested black fungal strains showed different degrees of sensitiveness to biocides
(Table 3) and no linear response to incremental doses (Table S3). Two successive increasing
biocide doses frequently did not significantly increase inhibitory halos (Table S4).

Table 3. Inhibition halos recorded after the application of the highest dose suggested by suppliers.
The different colors represent the different sensitiveness to biocides, as indicated in the legend below,
where h is the halo recorded in millimeters. The complete results are shown in Table S3.

CCFEE Strain No. Species
Biocides

PREV 3% BZC 3% LICH 1% BioR.5%
5703 Neoph. triangularis 22.8 ± 0.86 29.5 ± 0.52 45.3 ± 0.62 90 ± 0
5704 N. bulbillosa 57.2 ±0.4 59.3 ± 0.61 76.12 ± 0.52 90 ± 0
5707 V. dirinae 21.7 ± 1.1 20.6 ± 0.7 39.5 ± 1.01 74.5 ± 0.5
5710 K. mediterranea 54.3 ±0.79 41.5 ± 0.33 45.3 ± 0.75 90 ± 0
5723 Sal. thailandicus 76.7 ±0.6 49.3 ± 0.5 63.86 ± 0.81 90 ± 0
5736 A. pullulans 26.3 ±1.1 13.6 ± 0.91 38.82 ± 0.63 46.52 ± 0.6
5737 C. uncinatum 56.7 ±0.8 30.1 ± 0.55 61.875 ± 0.9 76.85 ± 1.02
5770 V. calcicola 58.8 ±1.03 63.5 ± 0.76 59.61 ± 0.62 90 ± 0
5776 K. petricola 57.8 ±0.92 35.2 ± 1.03 40.32 ± 0.3 79.23 ± 0.5
5778 Saccotheciaceae sp. 49 ± 0.7 30.4 ± 0.98 39.82 ± 0.71 62.03 ± 1.03
5792 E. bonariae 26.5 ±1.1 26.5 ± 0.98 17.53 ± 1.03 16.06 ± 0.2
5935 S. tyrrhenica 56.5 ± 0.7 39.28 ± 0.25 68.89 ± 1.05 90 ± 0

5945 Unknown
dothideomycete 32.3 ±0.84 28.8 ± 0.8 46.53 ± 0.63 90 ± 0

6001 K. karalitana 64.13 ± 0.71 29.68 ± 0.33 90 ± 0 90 ± 0
6200 N. capensis 47.6 ± 0.2 68.7 ± 1.1 67.58 ± 0.62 90 ± 0
6202 N. sardiniae 56.26 ± 0.08 40.3 ± 0.74 76.74 ± 0.72 84.1 ± 0.1
6204 K. marmoricola 50.6 ± 0.3 36.8 ± 0.42 53.7 ± 0.94 90 ± 0
6327 E. oligosperma 29.49 ± 0.68 14.97 ± 0.43 29.49 ± 0.68 66.78 ± 0.8

The majority of strains evidenced a low sensitiveness to both BZC and PREV, and
others, such E. bonariae CCFEE 5792, proved quite tolerant to all the biocides tested.

PCA analysis performed considering all responses to the different doses of biocides
applied (Table S3), evidenced a sort of gradient where N. bulbillosa CCFEE 5704, V. calcicola
CCFEE 5770, and S. tyrrhenica CCFEE 5935 resulted the most sensitive species to the tested
biocides (Figure 9A).

Figure 9. Results of sensitiveness to traditional biocides. (A) PCA plot based on the ADT halos
recorded using four different biocides at all the tested doses; from the left to the right there is
an increasing sensitiveness, in the opposite sense an increasing tolerance to biocides. (B,C) ADT
performed on E. oligosperma CCFEE 6327: (B) sharp inhibition halo obtained using BZC 3%, (C) double
halo obtained when BioR 4% was used. There are notable zones of total (next to the disc), and partial
inhibition (external) where growth is slowed.
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Interestingly BZC always produced sharp halos (Figure 9B) while the other biocides
(PREV, LICH, and BioR), especially at low doses, produced thin total inhibition halos sur-
rounded by halos of partial inhibition (Figure 9C) as the growth was mainly slowed down.

4. Discussion

Biodeterioration processes are rarely caused by only one group of microorganisms,
and more frequently are due to polymicrobic associations coexisting at the same time, in
the same place, on a given artifact. To study them, two main approaches are available: the
high throughput sequencing and the traditional culture-based approach. The biomolecular
approach has become the dominant method of studying the microbial diversity in the last
decade [41]. In fact, the main part of environmental microorganisms are unculturable and
the behavior of a single species can frequently be explained in a community context [41].
However, beyond the exponentially increasing information, there is not an equally rapid
increase in knowledge regarding the mechanisms and the main actors of the deterioration
phenomena [42]. Moreover, the identification and characterization of monument settlers
from a physiological and ecological point of view is of the utmost importance in order
to design preventive control methods and biocide treatments [21,36,43–45]. From this
perspective, an increasing number of papers propose traditional metabolic plate assays as a
useful, easy and cost-effective tool to unveil the potential risk tied to some cultural heritage
settlers [30,36,46–50]. Such a proposal is confirmed in this work.

4.1. Selection and Identification of the BF Strains of Interest

Even if they were all isolated from a single site, the eighteen strains considered in
this study could represent other BF lithic communities even at different latitudes. Knufia,
Neodevriesia, Exophiala, Coniosporium, and Vermiconidia are indeed well known genera due
to their frequent finding and broad distribution on stone monuments in urbanized areas
and natural crops.Their presence has been recorded in the Mediterranean countries as well
as in Russia, Ukraine, Austria, Germany, Poland, China and, not least, Antarctica [51–53].
Information on their environmental preferences and metabolic traits could be helpful in the
future to better understand their geographical distribution.

4.2. Temperature and Osmotic Tolerance as Indicators of Environmental Preferences

The thermal trials yielded important information on the optimum temperature of the
studied strains, their growth range, and also on their growth rate. The majority of the
strains grew within the range 5–30 ◦C, 39% of them instead within 0–35 ◦C, and only one,
E. oligosperma CCFEE 6327, at 37 ◦C. With respect to their growth rate, the studied strains
can be clustered into three groups: fast-; mid-fast-; and slow-growing black fungi. The
majority of the slow-growing fungi (e.g., V. calcicola CCFEE 5770, C. uncinatum CCFEE
5737, and Knufia species) have been recorded from stone surfaces only; the others, namely
the fast-growing (A. pullulans CCFEE 5736, and Saccotheciaceae sp. CCFEE 5778) and the
mid-fast- growing species (e.g., E. bonariae and E. oligosperma, Unknown CCFEE 5945,
Verr. dirinae CCFEE 5707, and N. capensis CCFEE 6200), can be considered at least in part
to be occasional. A. pullulans is considered, indeed, a generalist that can inhabit different
habitats without substantial specialization at the genomic level [54], and E. oligosperma is a
well-known opportunist isolated from a number of household environments such as tap
water and diesel car tanks [41,55,56]. This confirms the two survival strategies in fungi
from extreme environments: they can be either widespread generalists, thriving in both
extreme and moderate conditions, or specialists more or less confined to extremes [57–59].

Growth rate can even be drastically affected when salt is addicted to culture medium.
All the tested strains were able to grow at 3.5% of NaCl. This trait increases their fitness
for the site, being close to the sea with saltiness periodically deposited and washed away
from surfaces with rains. Anyway, different degrees of tolerance were recorded, and
strains tested grouped with respect to their response to increasing salt concentration and
to their limits. The lowest tolerance has been recorded for C. uncinatum CCFEE 5737
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and the unknown CCFEE 5945. The majority of the strains have their limits between
7 (6/18) and 10% (5/18), respectively. Five, instead, can grow up to 20%. While A. pullulans
showed a broad-range tolerance to salt, Verr. dirinae CCFEE 5707, N. bulbillosa CCFEE
5704, Sal. thailandicus CCFEE 5723, and Neoph. triangularis CCFEE 5703 proved to be
halophilic. The halophilic trait for a part of them was already reported [60,61], however,
it was not for N. bulbillosa CCFEE 5704 and Verr. dirinae CCFEE 5707, which ability was
suggested by indirect evidences only. For example, N. bulbillosa was isolated from limestone
formations in Cala Saint VincenG in Mallorca Island, so possibly subjected to some extent to
saltiness [62]. Otherwise, Verr. dirinae is worth a mention as even if described as a parasite
of the lichen Dirina massiliensis [63], it has been isolated from other substrates/salted niches
such as wood and marine macroalgae [64,65]. Moreover, the presence of some BF has been
suggested to be in relation with the biodeterioration degree of tombstones [66].

4.3. Marble Deterioration Degree Selects the Resident Fungal Community

The instrumental stone investigations performed (namely XRD, light reflection mi-
croscopy, and SEM) on the two most deteriorated monuments evidenced the presence of
gypsum and chloride crystals (mainly NaCl), the latter of which was found in high amounts.
Their presence on marble stone is strictly related to the microclimatic condition, salt sol-
ubility and surface physical conditions (e.g., porosity, roughness). The severe alteration
of the decayed marble has been shown by SEM and by MIP pore size distribution, where
yields were up to 10 times higher than the new unaffected control specimen. These values
can be explained with the time of outdoor exposition (1876 RR, 1890 AV, and 1900 FGM
their years of built) and even more by microclimatic conditions. Previous studies showed
that the most damaged marble pieces in the cemetery of Cagliari were all characterized
by low values of solar radiation, high humidity and a reduced thermoforesis, favoring
sulfatation and weathering along with the surfaces’ colonization [32,33,67,68]. Indeed, the
nearby and dense vegetation, in addition to the low exposition to the dominant winds
(Libeccio and Scirocco from south and Mistral from north-west), favored the stagnation
of marine air and its penetration into damaged stones. Sea spray acts as a marine in-
oculum migrating between grains by capillarity; here the salt wet-dry cycles gradually
and increasingly alter the materials’ structure [69–72]. Each crevice and intergrain space
can become a salty micro-niche available for specialized microorganisms; along with the
salt physical action, the selected community can contribute to stone structural destabi-
lization [73–76]. The exclusive isolation of the halophilic fungi from sand disaggregated
monuments only, highlighted as salt-attacked monuments constitute a suitable habitat for
selected osmophilic/osmotolerant microorganisms [75,77,78]. However, this phenomenon
seems to be progressive since Neoph. triangularis, N. bulbillosa, and Verr. dirinae were iso-
lated from the RR monument (8% MIP porosity) only, while S. thailandicus and K. petricola
from the AV monument (5% MIP porosity). On this basis, further studies are needed to
investigate the possible use of the halophilic and the most halotolerant black fungal strains
(e.g., K. petricola CCFEE 5776) as possible indicators of stone degradation in the early steps
of salt-mediated decoesion or, by contrast, the use of low salt tolerant BF (e.g., C. uncinatum)
as indicators of stone integrity in coastal environments.

4.4. Metabolic Assay, Ecological Traits, and Detrimental Potential of the Investigated Species

Knowledge on the relationship between microorganisms and colonized substrate
drives the identification of the major conservation threats and may address the control
strategies designed to face biodeterioration [79]. Plate assays were useful to outline some
important metabolic traits in BF. Acid production has been recorded in half of the studied
strains. Even if not leading to a complete dissolution of carbonates in the culture media, BF
showed a detrimental potential well beyond their assessed biomechanical action [7]. A local
decrease in the pH has been previously reported for K. petricola A95 and found here, for
example, in all the Knufia species and in two of the three Neodevriesia [80]. Further studies
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are needed to asses if this trait is limitedly present in some selected genera or not. In any
case more methods and/or protocol adjustments are needed to detect even weak responses.

The amylases, pectinases, esterases and cellulases activities recorded showed that
these fungi can feed on vegetal sources and debris. According to the conceptual model
for MCF proposed by Chertov and colleagues [81], the availability of organic nutrients is
the dominant factor limiting their development on stone surfaces in European temperate
and Mediterranean climates, while growth becomes very intensive in the presence of water.
The metabolic features highlighted here support the well-known yet rarely applied practice
of removing the organic matter from monuments to prevent fungal growth [82]. The
production of esterases and caseinases activities suggests as these strains may also feed on
wall paintings where oils and proteinaceous binders were used as already reported [83–86].
Furthermore, the inhibition halo (competition for space) produced by two Knufia species
(namely K. petricola and K. mediterranea) against a cladosporiacean plate contaminant,
provided evidence that some BF species in peculiar conditions (PSAM test) can compete,
more than expected [87–89], against high sporulating fungi.

From a conservative point of view, the ability to metabolize carboxymethylcellulose
(CMC) and Tween 20 (LIP) should be careful evaluated in restoration practice for their
possible drawbacks. These chemicals, indeed, are commonly used as thickening agents and
surfactants, respectively [90,91], and their residues on the treated artifact could lead to a
tertiary bioreceptivity if not thoroughly removed.

4.5. Tolerance to Biocides

Despite the significant impact of the green revolution in the biocides market [92],
traditional biocidal products are still widely used [93]. This is due to the consolidated
protocols used on different materials, the wide knowledge on the pros and cons of their
use, and the non-negligible economic aspects.

In situ trials are often used in restoration practice to customize treatments as they
confidently reproduce, in a short time, the interaction of biocides with biota and materials,
and provide a more reliable indication of the in situ persistence of the biocide [94–97].
However, several factors can negatively affect the efficiency of any restoration protocol.
The metabolic state of the organism is important for their responsiveness to biocides
treatments. Metabolically active colonies are, indeed, more sensitive to chemical and
physical stresses [98]. BF, being poikilohydric organisms, withstand the unfavorable
conditions in a dormant state mainly induced by desiccation (anhydrobiosis) [12,99]. In
addition, fungi growing in stone cracks and fissures may be not easily reached by biocides
applied on a monument surface during restoration treatments. Even the typical clump-like
BF colonies, ensuring the optimal surface-volume ratio, minimizes the direct exposure
to external stressors, including biocides; moreover, external cells in the colony shield the
inner layers from external injuries (shadow effect) [100]. Conversely ADT plate assays have
an undeniable advantage as they reproduce the best conditions to record the sensitivity
to biocides of single metabolically active cells in a medium that cannot seize the biocide
as stones frequently do. For these reasons, the tolerance/resistance recorded in the most
responsive condition should warn about their possible survival after treatments, as well as
their spread.

The used biocides have different formulations, mechanisms of action, and thus dif-
ferent outcomes. BZC (CAS No 8001-54-5) is a quaternary ammonium compound (QAC)
routinely used for chemical antisepsis and disinfection and widely applied in cultural
heritage preservation treatments. According to the concentration used, BZC acts as a highly
active detergent causing cell membrane permeability alterations, irreversible damage to the
barrier function and proteins denaturation [101]. Benzalkonium chloride is also the only ac-
tive compound in the PREV patent, albeit in a lower concentration (50%) than in BZC (90%).
Despite the lower concentration of QAC salt in PREV, the inhibition halos produced were
frequently larger than BZC, such as for Sal. thailandicus CCFEE 5723, K. petricola CCFEE
5776, and S. tyrrhenica CCFEE 5935. This apparent incongruence, already evidenced in
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previous studies [36], has been explained with the possible different composition in terms
of n-alkyl groups length and/or degree of C-C saturation in the two chemicals [102], and by
additives, not specified in the composition of biocides but included in the patent of the com-
mercial formulas [21,103]. The other two biocides tested have instead intracellular targets.
As a matter of fact, N,N-dimethyl-N′-phenyl-N′-(fluoro-dichloromethylthio)-sulphamide
(CAS No 1085-98-9), the active principle of LICH, is supposed to affect a number of enzymes
by reacting with –SH bonds [104]. While the fungicidal and antimicrobial action played
by IPBC (3-iodo-2-propynyl butyl carbamate, CAS No 55406-53-6) and OIT (2-n-octyl-4-
isothiazolin-3-one; CAS No 26530-20-1), the active principles of BioR, are probably due to
iodine toxicity, and inhibition of cell respiration/ATP production, respectively [105,106].

The achieved results evidenced an increasing biocidal power, in terms of inhibition
halos and number of strains completely inhibited, as follows: BZC-PREV, LICH, and BioR.
The thick multilayered and strongly melanized cell wall typical of these fungi serve as an
efficient barrier for toxic substances with positive influence on resistance. Moreover, the
presence of halos of total and partial inhibition recorded frequently when PREV, LICH, and
BioR were applied (Figure 6C), could be explained by a certain ability to repair sub-lethal
damages as resistance mechanism to biocides. Several strains, such as E. bonariae, A. pullu-
lans, E. oligosperma, Verr. dirinae, and secondly K. petricola, and C. uncinatum, exhibited low
responsiveness even to the most powerful biocide. This fact should warn against the use of
extremely powerful biocides as a quick remedy in controlling whatever biological patina as
the drastic decrease in competitors favors the spreading of the ones who survived. In the
meanwhile, a stronger biocidal action is often backed to a higher toxicity for the operator
and the environment. Conversely, the widespread use of ammonium quaternary salts (e.g.,
benzalkonium chloride), should be reduced to oppose the rapid recolonizations by serving
as nutrients for micro- and macro-organisms [107]. The wide use of sub-inhibitory concen-
trations of benzalkonium chloride (and QACs), it has been suggested, may be responsible
for a significant decrease in microorganisms’ sensitivity to biocides, driving the evolution of
polyextremotolerant fungi towards the enhancement of their stress tolerance [108]. For this
reason, the rotation of disinfectants is often recommended in practice, in order to kill the
resistant biota [109]. In this context plate assays could be useful to test multiple chemicals.
The ability to cope with different biocidal products shown by these strains also make them
promising candidates as new reference organisms in material testing procedures [110].

5. Conclusions

This research gave an assessment of the main BF traits with respect to thermal and salt
growth preferences, such as on the possible relation between the recorded fungal traits and
the substrate. Plate assays resulted a fast, easy, cost-effective, and useful tool for such aims.
To deepen the BF detrimental/colonizing potential, more plate tests should be designed
or improved, and physical analyses were fundamental in proving the relation between
halophilic strains and highly deteriorated marble surfaces. We also assessed the detrimental
potential of the investigated species through metabolic assays, which were also useful to
determine the conditions favoring their growth and substances that should be avoided
to prevent tertiary bioreceptivity. We also evaluated the sensitivity to a few traditional
biocides through ADT tests, which were useful to identify the most recalcitrant BF species.
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//www.mdpi.com/article/10.3390/app12042038/s1, Table S1: Thermal preferences recorded within
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results, Table S4: ADT two-way ANOVA Tuckey test row analysis.
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Abstract: Old textiles are important elements of thecultural heritage. As a result of their composition
mostly of natural elements old textiles are extremely prone to physical and chemical degradation due
to fungal action. The treatments usually applied for the cleaning of heritage textiles target the use
of synthetic fungicides, which are potentially harmful to both human health and the environment.
Numerous studies highlight as an alternative to the use of conventional antifungals, the employment
of essential oils and plant extracts, which are environmentally friendly and which have no adverse
effects on human health. Against this background the present study aims to test six essential oils
(Lavandula angustifolia, Citrus limon, Mentha piperita, Marjoram, Melaleuca alternifolia, Origanum vulgare)
to establish their inhibitory effects against fungi identified on an old piece of traditional Romanian
clothing from Maramureş. For the study, the types of fungi present on the objects was determined
primarily through the open plates technique and microscopic identification. After identification, the
essential oils were applied to the delimited surfaces, and their effects observed up to 32 days after
application. The results show that these essential oils have a strong inhibitory effect on such fungal
genera as Penicillinum sp., Cladosporium sp., Aspergillus spp., Candida guillermondii, Botrys sp., Mucor
sp., having no observable side-effects on the physical properties of the materials concerned. The
antimicrobial effects that essential oils and plant extracts have in the short term must be tested in
future to ensure the enhanced preservation of heritage textiles and the health integrity of the restorers
and visitors who view them in museums, collections or exhibitions.

Keywords: cultural heritage; materials; fungi; essential oils; antifungal; inhibitory effects

1. Introduction

The traditional folk costume from Maramureş is an important component of the
Romanian cultural heritage. Certain elements of the peasant’s traditional garments are
two thousand years old, as evidenced by the scenes on Trajan’s Column in Rome, Italy
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(113 AC), those on the Monument to Adamclisi, Tropaeum Traiani (108–109 AC), from
Dobruja, Romania and some other important archaeological discoveries from Romania.
The preservation and conservation of popular traditional cloths is of great importance,
especially now, when the modernisation of society and globalisation generate a growing
standardization and lack of differentiation in the appearance of outfits [1,2], most especially
those for men. While Maramureş celebration clothes still retain their former appearance,
recently some materials and colours have come to be produced by relatively advanced
and modernised techniques. The traditional objects are those most subject to degradation,
due to the numerous insects, moths, fungi, bacteria and mechanical forces, among others,
to which they are subjected over the years. At the same time traditional methods of
preservation and conservation can be lost. Therefore, the preservation, in good condition,
of the old components of traditional garments has acquired increasing importance, for the
use, the identity and the pride of the future inhabitants of the region/country. Arguably,
Maramures, has become an identity brand, symbolising the art and the creative power, as
well as the youth, vigour and elegance of the Romanian inhabitants of Maramures, .

Under investigation is an aged garment object which is mainly made up of natural
sheep’s wool; for the popular motifs that adorn it materials as sheepskin, cotton yarn,
pearly beads and hemp yarn also are used. All of these materials are organic, undergoing
chemical processing to give them a long life, stability and elasticity, if they are stored and
used properly. Historically, the causes of damage to natural materials vary over time.
Biological damage is a factor that makes the leather and furs particularly vulnerable. Due
to the acidity of the skin under conditions of high humidity, the development potential
for colonies of microorganisms is very high, with them adhering to the substrate along
with dust particles and other environmental substances. Furs and wool can be attacked
by insects such as moth larvae, beetles and others, and specific microclimatic conditions,
characterised by conditions of high humidity, low intensity of light and others, favour their
multiplication. Bio-damage can lead, in time, to the complete destruction of the object.
Physical and chemical damage is caused by natural factors, with chemical damage being
faster than physical damage, with the former’s effects being profound and irreversible [3].
Deterioration can be caused by natural factors [4]. Temperature levels can pose problems
that are difficult to solve in relation to the conservation of collections if favouring the
development of moulds (along with high humidity), along with insects and rodents, and
accelerating chemical damage to materials. The amount of damage incurred is increased
when the materials are present in a relative humidity below 50%, under which conditions
they tend to become dry and brittle, and their physical strength decreases. At high humidity
or on contact with aqueous solutions, the collagen present is destroyed, with negative effects
occurring in terms of destruction of the structure and an increase in the hydrophilicity of the
fibres involved. Light, due to photochemical effects, can also cause significant degradation,
in terms of the weakening of the resistance of the material substrate, friability, chromatic
changes, rupture of collagen fibres and others. Ultraviolet light should be removed without
affecting the lighting concerned. The presence of dust promotes biological attacks on the
skin and furs. Damage to the objects due to anthropogenic causes can also occur, as a
result of improper storage and exposure (e.g., materials being placed directly on top of one
another, wrinkled, placed in contact with metal objects, fixed with needles and/or nails,
the improper affixing of labels among others) [5,6].

Under certain environmental conditions the colonization of microorganisms is possi-
ble with the combination of factors including: temperature, humidity fluctuation, natural
or artificial lighting (favorable premises for the installation and evolution of microor-
ganisms are improper exposure to sunlight and weather [7–9], dust content and carbon
dioxide high values or when nutrients are favorable); these can induce very frequent
biodeterioration, alteration processes [10–12]. Wool fibers are most susceptible to attack
by bacteria and fungi, especially in conditions where moisture can be accentuated due to
the hygroscopic properties of wool. The microorganisms most frequently [13] mentioned
in degradation of wool and other protein fibers are bacteria which belongs to the genus:

38



Appl. Sci. 2021, 11, 6643

Bacillus, Proteus, Actinomycetes (Streptomyces sp.) and micro-fungi: Aspergillus, Fusarium and
Trichoderma, Penicillium.

The biodeteriogens represented by fungi can lead to the deterioration of the cultural
heritage organic composition materials, with their hyphae penetrating the substrate ma-
terial favouring the germination of spores. The possible physical damage is likely to be
colouring/discoloration, the smell of mould, fissures, fragment detachments, fragility
and the variation of dyeing properties, among others [13–17]. Possible chemical damage
and changes can be wrought by fungal-derived carboxylic acids, including oxalic, citric,
succinic, formic, malic, acetic, fumaric and others. In addition, chemical changes can also
be reflected in aesthetical damages to the cultural materials concerned, such as in the form
of the discoloration and deterioration of the surfaces involved, leading to the appearance
of stains that may alter the original colour of the garment [18–21]. The presence of organic
residues (e.g., glue, dirt, dust) may accelerate the processes of degradation, with the aes-
thetical changes and chromatic alteration taking place. At the same time, they can lead
to the loss of strength and elongation specific to the material, oxidation, discoloration or
coloration, due to the pigments involved and the modification of the molecular structures
present [22].

Remediation can be realised using toxic materials (e.g., ethylene oxide [EtO], gamma
rays, etc.), but the use of such materials can significantly affect the biodiversity and ecologi-
cal systems concerned. Therefore, specialists in the field try to apply environmentally and
ecologically friendly biocides instead. The use of antifungal natural extracts (i.e., essential
oils [EOs]) has always been a viable alternative to the use of harmful chemicals, with,
for example, plant extracts (Allium ursinum and Ocimum basilicum) having been tested as
successful antifungals [23].

EOs (e.g., lemon, spearmint, rosemary, fennel, marjoram, pin, eucalyptus, etc.) can
successfully serve as part of a green bioremediation procedure to be applied in the sustain-
able conservation of artworks. Having been tested against microbial colonies isolated from
different substrates using green potential strategies, they have been found to act as a sound
alternative to traditional procedures in terms of their selective action, human safety and
impacts on artworks [20,24–41]. The antifungal activity of Origanum vulgare, Rosmarinus
officinalis and Lavandula angustifolia EOs has been tested, with positive results having been
achieved against fungi isolated on stone (Bipolaris sp.) and against Aspergillus sp., Penicil-
lium sp., and Trichoderma sp. on different objects by Stupar et al. [42], Savković et al. [43] and
Bayramoğlu [44], among others. Some relevant studies in the field [45–50] confirm that thy-
mus EO has been found to have good antimicrobial activity against Bacillus, Staphylococcus,
Fusarium and Aspergillus spp., in comparison to the effects of EO with commercial biocide.
Radwan et al. [49] point out the inhibitory effect of thyme, clove and cinnamon EOs on Can-
dida albicans and different finds of mould. The EOs of eucalyptus and lavender tested with
good results as natural preservatives for leather [51], with oregano EO being successfully
used as a bactericidal agent in the leather industry by Bayramoğlu et al. [26,44]. Combina-
tions of the EOs [52], Thymus vulgaris and Pimpinella anisum and methanol extracts, have
shown outstanding antibacterial properties against the pathogenic bacteria, Staphylococcus
aureus, Bacillus cereus, Escherichia coli, Proteus vulgaris, Proteus mirabilis, Salmonella typhi,
Salmonella typhimurium, Klebsiella pneumoniae and Pseudomonas aeruginosa. EOs obtained
from Matricaria chamomilla have been tested [53] as environmentally friendly in cultural
heritage environments, against Aspergillus spp.; similarly, Mahilrajan et al. [54] pinpoint in
the same study, the intense antifungal activity of camphor oil, in comparison with other
tested oils. Pepa et al. [55] point out that EOs from southern Italy, derived from Origanum,
tested with the minimal inhibitory concentrations, in vitro, with evident antibacterial and
antifungal activity. EOs like Origanum vulgare and Thymus vulgaris have also been applied
by Palla et al. [56] to emphasise the green remediation in the biodeterioration of cultural
heritage artworks, which is induced by fungal colonisation (e.g., by that of Aspergillus
flavus). The above-mentioned authors concluded that valid green conservation strategies
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(with no negative effects for human health and no environmental pollution) could possibly
replace traditional biocides.

In Romania, recently, an EO isolated from thyme (Thymus vulgaris) was assayed for
antifungal activity against Candida albicans and Aspergillus niger on sheepskins, with it
being shown to have outstanding antifungal proprieties [57–59]. Moreover, the studies
by Niculescu et al. [60,61] and Marcu et al. [62] have emphasised the possibility of using
antifungal ecological materials to treat cultural heritage objects made of natural leather.

Following the above, this research aimed to investigate the microbial load of an old
heritage object, made of natural animal sheepskin, which metabolic activity could generate,
thus accelerating the biodegradation process, and the loading of the aerosol with biological
particles, like spores, toxins and allergens, as well as other harmful substances. Such
action can cause problems regarding the health of workers and users and the application
of natural biodegraders. Consequently, the antifungal properties of some EOs of Lavandula
angustifolia, Citrus limon, Mentha piperita, Marjoram, Melaleuca alternifolia, Origanum vulgare
were tested, with the results of their applications being recorded at certain time intervals.

2. Materials and Methods

2.1. Investigated Object

The object investigated was a handmade, short coat for young men, lined with sheep-
skin from the Mara Valley, Maramures, , Romania (Figure 1) [63–66], about 80 to 100 years
old. The men’s garment was created to cover the torso, with it being worn most often on
important holidays or on Sundays.

 
Figure 1. Traditional Romanian men’s coat; (a)—front view; (b)—back view.

The coat was made of hemp thread (also called ‘pânză de tort’ in Romanian). The coat’s
lining consisted of sewn tanned lambskin, of curly wool. On all its edges and at the seams,
an intensely dark-hued strip (‘cipcă’) or hem of red leather was applied, conveying a sense
of perfect regularity and symmetry. On the inside, there was a large pocket on the left side,
facilitating access by the right hand. The coat was decorated by hand-sewing (similar to
embroidery), with coloured thread, and by applying decorative elements made of tanned
leather, over the whole bridge of the coat, consisting of the tree of life, rose flowers called
‘ruji’, stitched flowers encircling mirrors and pseudo zig-zag patterning. In the middle
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of some rose flowers without mirrors, special metal buttons (‘bumbi’) had been placed,
rounded and extended, with some fasteners facing inwards, which helped to affix them
to the fabric structure, by means of their being bent. Near the free edge of the wings and
on the back of the coat, close to the shoulders are several ornamental tassels (bell-shaped
tassels) arranged symmetrically, in red, green and blue colours.

In the last half century, other examples of such fur coats (from Mara) have begun to be
worn in other parts of Maramures, , becoming an identity brand [67–70], symbolising the
art and creative power of the youth, as well as the vigour and elegance of the Romanians
in Maramures, .

2.2. Analytical Methods

The procedure followed in the current study required the following materials: a
delimiting frame; sterile swabs on a wooden rod; and six EOs with 100% purity from the
Young Living Essential Oils, used for their antifungal properties [71–79]. The types of EOs
employed were: Mentha piperita, Lavandula angustifolia, Citrus limon, Melaleuca alternifolia,
Marjoram and Origanum vulgare. The products used consisted of: Mentha piperita, batch
103519, expiry date 7 August 2021; Lavandula angustifolia, batch 87491, expiry date 7 August
2021; Citrus limon, batch 103517, expiry date 7 August 2021; Tea Tree, batch 89075, expiry
date October 2021; Marjoram, batch 86942, expiry date July 2022; and Oregano, batch 89094,
expiry date September 2022. The material resources used consisted of: Sabouraud sterile
culture medium for the yeast and mould isolation; an incubator ICT 18/FALC with a
temperature range between 5 and 80 ◦C; a microbiological hood; glass slides and slides
for the microscopic identification; microbiological handles; an optical microscope Micros
Austria with binocular head series BIM-105B; an API yeast identification kit ®® 20C AUX;
and a densitometer.

Six different areas on the face of the traditional coat were examined, as shown in
Figure 2. The working areas were delimited by means of a metal dial with a size of 25 cm2.
Small fragments (millimetres) of fur and sheepskin were removed with tweezers previously
sterilized by the incandescent method for testing of the fungi concerned; so as to observe
the effects that they might have had on the individual strands of material. The tests were
conducted both before and after applying the EOs to each delimited area, although the
primary samples were considered as blank references.

After delimiting the surfaces on which the in-situ procedures were to be performed,
the samples of the surface were taken. The samples were extracted using sterile swabs
from all six areas of the sheepskin coat, both before and after the application of the Eos
(see Table 1). Ten drops (the equivalent to 300 μL) of the corresponding EO were applied
directly to the tested material surface in the centre of each delimited area [75]. After the
application of the EOs, three samples were taken for each of the six different work areas
delimited on the area of sheepskin to which the EOs were applied. The three samples were
taken at pre-set intervals, with the first sample being taken 30 min after the administration
of the EOs, the second test being administered after 24 h and the third after 48 h. Table 1 also
shows the type of material examined and the type of EO applied to each of the delimited
areas. The EO used for each type of material concerned was selected in accordance with
the recommendations made in the literature, especially that of Palla et al. [56], which state
that certain EOs tend to be more effective than others when applied to certain types of
material, such as those which constitute heritage objects.

It must be noted that the air in the room in which the sheepskin coat was stored and
examined was not circulated, and neither was the room ventilated for 48 h during the entire
examination, so as to avoid contamination with other types of spores from the atmosphere
that could, otherwise, have been introduced by currents of air moving through the room.
The temperature was maintained between 22 ◦C and 24 ◦C, while the humidity was kept
between 52% and 55%.
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Figure 2. Delimitation of the six work areas on the front of the coat, indicating the type of essential oil applied to
each (A)—Lavandula angustifolia; (B)—Cistrus lemon; (C)—Mentha piperita; (D)—Melaleuca alternifolia; (E)—Marjoram; (F)—
Origanum vulgare.

Table 1. Areas of the sheepskin coat examined, and to which essential oils applied.

Examined Area (Figure 2) Applied Essential Oil Material Type

A Lavandula angustifolia (lavender) Cotton yarn
B Citrus limon (limon) Leather-cotton yarn mix
C Mentha piperita (mint) Leather
D Melaleuca alternifolia (tea tree) Wool
E Marjoram (marjoram) Cotton yarn
F Origanum vulgare (oregano) Pearly beads

With the EOs having been applied directly to the examined surfaces, all the samples
were seeded on sterile Sabouraud culture media, with the plates used being incubated
for 30 days at a temperature of 28 ◦C. The third stage of the procedure involved isolating
and identifying the fungi developed on culture media. The plates were evaluated daily to
observe their evolution in terms of the changes in the appearance of the colonies concerned,
with the evaluation undertaken sequentially being that of shape, texture, consistency,
diameter, colour and contour.

The moulds present were identified after evaluating the macroscopic and microscopic
characteristics involved, and the yeast species was determined, using the API ®® 20 ◦C
AUX6 identification kit, after examination of the 19 biochemical assimilation reactions that
took place. The technique of working on the latter involved preparing the yeast suspension
solution, calibrated at 2 McFarland, using a densitometer, and thereafter pipetting 100 μL
into each microdwell of the gallery. After incubating the API gallery at 29 ◦C ± 2 ◦C for
72 h, the results were read, with a final result being obtained after comparing each well with
the negative control. The final result was a 7-digit numerical profile, which was decoded
using ApiwebTM computer software, so as to identify the corresponding yeast species.
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3. Results

Fungal colonies were developed rapidly on Sabouraud media, from samples taken
before the application of EOs. At 72 h of incubation, the first fungal colonies could
be macroscopically visualised. After 10 days of incubation, the plates were completely
invaded. Figure 3 shows the plates on the seventh day of incubation; each image indicates
the examined area of the sheepskin coat. The high degree of fungal contamination of the
coat can easily be observed.

 
Figure 3. Plates seeded with primary samples (before application of essential oils). Reading taken after 7 days of in-
cubation (A)—Lavandula angustifolia; (B)—Cistrus lemon; (C)—Mentha piperita; (D)—Melaleuca alternifolia; (E)—Marjoram;
(F)—Origanum vulgare.

In the above-mentioned way, seven different types of colonies were identified [80,81],
with six being from the mould class (Alternaria sp., Aspergillus sp., Botrytis sp., Cladosporium
sp., Mucor sp. and Penicillium sp.) and one from the yeast class (Candida guilliermondii)
(Table 2).

As previously stated the number of samples taken after applying the EOs was 3 sets
of 6, taken 30 min, 24 h and 48 h after applying the corresponding EO. The plates were
monitored for 30 days in order to evaluate the inhibitory effects of the EOs. Figure 4
shows the plates, as read on day 14 of the incubation. The inhibitory effects of the EOs are
evident. The only plate on which a fungal colony developed is the one corresponding to
the inner area of the sheepskin coat, present in the sample taken 48 h after applying the EO
of Melaleuca alternifolia (tea tree). The isolated fungal colony consisted of Cladosporium sp.,
which became macroscopically visible on day 5 of incubation. It was observed that this
type of mould was not isolated from the primary sample, as is detailed in the discussion
section below.
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Table 2. Identified fungi and the effect of essential oils.

Microscopic Image Genus Name
The Examined Area of the

Sheepskin Coat from Which
It Was Isolated (Figure 2)

Applied Essential Oils—Effect

 

Alternaria sp. Area E Marjoram—inhibitory

 

Aspergillus sp. Area E Marjoram—inhibitory

 

Botrytis sp.

Area A Lavandula angustifolia—inhibitory

Area B Citrus limon—inhibitory

Area C Mentha piperita—inhibitory

Area E Marjoram—inhibitory

 

Candida guilliermondii
Profile API: 6702377 Area D Melaleuca alternifolia—inhibitory

 

Cladosporium sp. Area F Origanum vulgare—inhibitory

 

Mucor sp. Area D Melaleuca alternifolia—inhibitory
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Table 2. Cont.

Microscopic Image Genus Name
The Examined Area of the

Sheepskin Coat from Which
It Was Isolated (Figure 2)

Applied Essential Oils—Effect

 

Penicillium sp.
Area D Melaleuca alternifolia—inhibitory
Area F Origanum vulgare—inhibitory

 

Figure 4. The plates read on day 14 of incubation: the samples at (a) 30 min, (b) 24 h and (c) 48 h.

Figure 5a–c show the plates, as read on day 30 of the incubation. The developed
colonies became macroscopically visible after between 20 days to 25 days of incubation.

Figure 5. The plates read on day 30 of incubation: samples at (a) 30 min, (b) 24 h and (c) 48 h.

The results, obtained after the samples from the examined areas were examinedat
30 min, 24 h and 48 h following the application of the EOs, are presented in Table 3.

The existing difference was due to the duration of the effect that they had on certain
types of fungi as shown on Table 4. It is evident that some EOs (e.g., Lavandula angustifolia,
Melaleuca alternifolia, Marjoram, Origanum vulgare) inhibited the action of some fungal
genera up to a period of 22 days, whereas on others the effect lasted for a period of at least
30 to 32 days (Table 4).
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Table 3. Interpretation of the seeded plates, with samples taken 30 min, 24 h and 48 h after applying the essential oil.

Samples Taken Examined Area Essential Oil Fungal Colony Growth

30 min after application of the essential oils

Area A Lavandula angustifolia Absent
Area B Citrus limon Absent
Area C Mentha piperita Absent
Area D Melaleuca alternifolia Mucor sp.
Area E Marjoram Absent
Area F Origanum vulgare Botrytis sp.

24 h after the application of the essential oils

Area A Lavandula angustifolia Absent
Area B Citrus limon Absent
Area C Mentha piperita Absent
Area D Melaleuca alternifolia Mucor sp.
Area E Marjoram Absent
Area F Origanum vulgare Botrytis sp.

48 h after the application of the essential oils

Area A Lavandula angustifolia Botrytis sp.
Area B Citrus limon Absent
Area C Mentha piperita Absent
Area D Melaleuca alternifolia Cladosporium sp.
Area E Marjoram Botrytis sp.

Area F Origanum vulgare Cladosporium sp.
Botrytis sp.

Table 4. Fungal species inhibited by tested essential oils and the tested duration of their inhibitory effect.

Essential Oil Used Inhibited Fungal Species Duration of the Inhibitory Effect from the Moment of Application

Lavandula angustifolia Botrytis sp. Up to 22 days

Citrus limon Botrytis sp. Minimum of 32 days

Mentha piperita Botrytis sp. Minimum of 32 days

Melaleuca alternifolia
Candida guilliermondii Minimum of 32 days

Mucor sp. Up to 22 days
Penicillium sp. Minimum of 30 days

Marjoram
Alternaria sp. Minimum of 30 days
Aspergillus sp. Minimum of 30 days

Botrytis sp. Up to 22 days

Origanum vulgare Cladosporium sp. Minimum of 30 days
Botrytis sp.

Penicillium sp.
Up to 22 days

Minimum of 30 days

4. Discussion

After the tests were performed on the delimited surfaces of the 80- to 100-year-old
clothing object, the conclusion was drawn that all the EOs had a strong inhibitory effect
on the fungi present, even if they were applied on different materials (cotton yard, leather,
wool, pearly beads). This is due to the fungicidal effect of EOs, which persists in some cases
over 30 days after application. Similar results were obtained by different authors [82–85]
following the application of these extracts on various materials. Most EOs (except for
Citrus limon and Mentha piperita) were observed to have relatively little effect on Botrytis
sp., which might indicate some resistance of this type of fungus to the action of the
substances concerned.

It was revealed that the genus Cladosporium sp. developed at 5 days of incubation
on the culture medium shown with the sample taken 48 h after the application of the EO,
without the species involved having been isolated from the primary sample (taken before
the application of the EO). The sample concerned was taken from the wool threads of the
inner region of the coat. Woollen garments seem to be easily contaminated with fungal
spores, with the degree of fungal contamination being most likely to differ from layer to
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layer—superficial, intermediate and basal. The spores that are present in the lower layers
may rise to the surface over time, and, if the EO is applied superficially or in insufficient
quantity, its inhibitory effect is diminished. Moreover, in the case of studies like the present,
the environmental conditions present in the room (temperature, humidity, air currents)
must be taken into account, as well as the sampling procedure itself. All such factors form
a set of features that can interfere with the final results.

The fungal action identified on the garment investigated could be pathological for
humans, especially for the personnel handling the garment. Although the fungi of the
Aspergillus spp. family are generally harmless, they can cause various pathologies in those
with compromised immune systems, underlying lung disease or asthma, who inhale the
relevant fungal spores. The pathologies resulting from infections with such a fungus, which
usually affect the respiratory system, have greatly varying signs and severity. In some (such
as asthmatics), the spores trigger an allergic reaction, whereas others tend to develop mild
to severe lung infections. The most serious form of aspergillosis, invasive aspergillosis,
occurs when the infection spreads through the blood vessels, with the signs and symptoms
of the infection varying, depending on the type of pathology that the patients concerned
develop, and with it not being contagious. Daily exposure to Aspergillus is rarely a problem
for people with healthy immune systems [86–88]. Fungi from the Candida guilliermondii
family appear to be one of the most common pathogens in localised infections of the nails
(onychomycosis) and/or of the skin on the toes. In patients with low immunity, infections
with such a fungus can be a potential cause of fungal infections in the blood, namely
fungemia, especially in patients with haematological malignancies, organ transplants and
central venous catheters. This type of fungus is one of the most common opportunistic
agents in severely immunocompromised patients. In such cases, depending on the associ-
ated pathologies, fungemia can prove fatal [89]. Fungal infections of the Cladosporium spp.
family either aggravate the symptoms of an existing asthma, or are associated with atopy
located mainly in the upper respiratory tract (allergic rhinitis/sinusitis) and less often in
the skin (superficial or deep skin lesions). The impact of patients’ symptoms (dyspnoea,
sneezing, stuffy nose, pruritus, nasal/ocular secretions) was significantly correlated with
spore concentrations. In patients with weakened immune systems, infections with this
type of fungus can even cause disseminated infections, called fungemia [90–92]. Fungi of
the genus Penicillium spp., which are occasionally the cause of infection in humans, can be
isolated from patients with keratitis, endophthalmitis, otomycosis, necrotising esophagi-
tis, pneumonia, endocarditis, peritonitis and urinary tract infections. Most Penicillium
infections occur in immunosuppressed hosts, and the mechanism of infection with this
type of fungus is either by means of inhalation (most commonly resulting in fungemia) or
post-traumatic [93,94].

5. Conclusions

The clothing objects that make up the cultural heritage are prone to deterioration, due
to fungal action, especially if they are stored or exposed in environments that lack careful
adjustment of the internal microclimate parameters. In addition to the harmful effects that
fungi can have on heritage objects, people (restorers, museographers, collectors, visitors)
who come in contact with such infested objects can develop specific conditions. Thus,
treating historical textiles in the most responsible way possible becomes a dual purpose
issue; on the one hand, it is necessary to preserve the materials under the best possible
conditions, and, on the other hand, it is necessary to ensure the integrity of the health of
those who are interested in them. The current study demonstrates that EOs are one of
the most viable solutions to help ensure responsible treatment given that their antifungal
properties can exceed 30 days of use, and with the products being both ecofriendly and
accessible in terms of cost. The six EOs (Lavandula angustifolia, Citrus limon, Mentha piperita,
Melaleuca alternifolia, Marjoram, Origanum vulgare) applied on different types of materials
served to inhibit the presence of six different fungal colonies (Alternaria sp., Aspergillus sp.,
Botrytis sp., Cladosporium sp., Mucor sp. and Penicillium sp.) and a class of yeast (Candida
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guilliermondii) identified as being on the traditional coat. Simultaneously, the EOs had a
strong antifungal effect on several materials (cotton, leather, wool) that formed part of
the object investigated. Thus, all of the products studied were proven to be effective on
certain surfaces and against certain types of fungi, in terms of both their cleaning and their
protection effects. Prospects for the future must include the use of natural antifungals
for the treatment of heritage objects; but at the same time, the tests must also aim at
determining the possible negative effects that they may have on fragile objects.
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Abstract: Fungi are the most harmful microorganisms responsible for the deterioration of nonmetallic
materials such as glass, polymers, and composites. To date, biological aspects of glass deterioration
have been poorly investigated. The present study aimed to evaluate the diversity of the fungal
community colonizing eyepieces of binoculars collected from museums of the northern provinces of
Vietnam and the biodeterioration effects on accurate glass reproductions. A total of 40 isolates belong-
ing to 14 genera were identified based on internal transcribed spacer (ITS) sequencing, morphological
features, and maximum likelihood analysis. The most abundant fungal genera included Aspergillus
(43.8%) and Penicillium (31.3%). Among those detected, Byssochlamys, Curvularia, Phomopsis, Coprinel-
lus, Perenniporia, Talaromyces, Pithomyces, Neopestalotiopsis, Trichoderma, Pleospora, and Humicola were
found for the first time. Of the 40 strains tested, 8 strains showed great organic acid production, and
the extent of mycelium covered from 33.6 to 46.24%. Specifically, the highest extracellular polymeric
substance production was observed in Byssochlamys spectabilis BXMA1-2 (14.96 g/L), Aspergillus niger
BXMA5-2 (12.17 g/L), and Aspergillus ochraceopetaliformis BMLC1-2 (9.89 g/L). Glass biodeterioration
experiments revealed that the light transmission through the fungal-treated glasses was decreased by
30–42.2% as compared to the nontreated glass. In addition, the main alterations resulted from hyphal
fingerprints and spots, leading to apparent damage and biocorrosion.

Keywords: glass corrosion; biodeterioration; optical instruments; fungal community; Aspergillus;
Penicillium; light transmission

1. Introduction

For many years, the deterioration and corrosion of glass due to physicochemical
processes have been documented [1]. Moreover, the role of microorganisms in glass
deterioration has been investigated in recent decades [2–5]. Many studies have proved that
along with the physicochemical attack, the deterioration process is strongly stimulated by
microbial contamination. Microorganisms can grow on glass materials and cause damage
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in situ, such as crack formation, pitting, etching, chipping, leaching, and discoloration [6].
Consequently, the glass will lose its transparency and quality as well as light transmission.
Many studies have been conducted mainly focusing on the deterioration of stained-glass
samples at historic churches in Germany [7], Spain [8,9], and Brazil [10], but little is known
about the biodeterioration of modern glass materials of optical instruments.

Among microorganisms, fungi are very widely dispersed and grow in almost every
environment on the planet. Fungi are the most common biological invaders responsible
for the biodegradation and biocorrosion of glass materials [3,6,10]. Fungi are well-known
producers of organic acids and therefore contribute to the biodegradation processes [4,11].
The presence of a tiny amount of substrates from water vapor in the air is enough to
initiate the life of fungi on the surface of the glass. The inorganic composition and physical
properties of the glass support fungal growth, and fungi can acquire the elements needed
for growth from the glass itself [12].

Moreover, fungi can form spores highly resistant to adverse conditions and easily
travel into the air, binding to all materials [13]. The biodegradation of glass caused by fungi
often occurs slowly but continuously [6]. Aspergillus, Cladosporium, Trichoderma, Penicillium,
Chaetomium, Aureobasidium, Eurotium, Phoma, Scopulariopsis, and Rhizopus are commonly
reported on the surface of glass materials [2,6,10]. Experimental evidence showed that
significant chemical and morphological changes in the surface layer were observed in a
short period after inoculation with fungi [3,4].

The tropical climate, characterized by temperatures above 25 ◦C and humidity of
80–100%, imposes challenging conditions for preserving materials. Such environmental
conditions are perfect for the growth of fungi and, therefore, facilitate the colonization of
inorganic materials, including glass surfaces [2,7]. Especially in the rainy season, many of
the nutrients come continuously from water vapor in the air, promoting biodeterioration
and corrosion activities of fungi [10]. Fungus-mediated alteration of the glass is a slow
and multistep process starting with the deposition of the organic material on the glass
surface [14]. In suitable environmental conditions, the glass surface facilitates the growth
of airborne fungal species. Colonization of fungi initiates biofilm formation, and slowly
the mineralization process occurs on the glass surface, leading to glass decay. In many
African, South-East Asian, and Latin American regions, high temperature and relative
humidity provide perfect growth conditions for fungi attacking glass materials, especially
optical instruments [15]. However, the risk and severity of damage to instruments vary
widely within these regions. Moreover, a recent study showed that the biodeterioration of
optical glass is induced by lubricant used in the operation of optical instruments [16]. So,
timely cleaning of the glass surface is essential for the durability and service life of glass
and optical instruments.

In this context, the present study aimed to evaluate the co-occurrence and diversity
of culturable fungi isolated from eyepieces of binoculars in the northern provinces of
Vietnam. Another objective of this work was to assess the biodeterioration of optical glass
reproductions by isolated fungi under laboratory conditions. Understanding the fungal
community growing on eyepieces of binoculars plays an important role in developing
modern glasses resistant to harmful fungi. In addition, this finding will also provide crucial
information for effective conservation solutions and prolong the use of optical devices in
studied areas.

2. Materials and Methods

2.1. Materials

The binoculars (model 6nu5 8 × 30 M) used frequently for nature and bird watching
were collected between June and September 2019 from a total of 3 three different museums
located in northern Vietnam, including Muong Cultural Space Museum, Hanoi city; Mu-
seum of Biology, Phu Tho province; Thu Museum, Vinh Phuc province. In each museum,
five binoculars used for around 4 years were collected. During 4 years of use, the exterior
of binoculars was cleaned with ethanol solution every month. After that, five eyepieces
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contaminated with fungi were removed from five binoculars, placed in sterile plastic bags,
and directly transported to the laboratory for fungal isolation.

2.2. Methods
2.2.1. Microscopical Investigations

The surface of fungus-contaminated eyepieces was primarily observed using an OP-
TIKA stereo microscope at a magnification of 60×. The figures were taken by using a digital
camera via OPTIKA Vision Pro software. ImageJ v.1.51 software was used to analyze the
figures to assess the level of fungal mycelium covering the glass surface. The colonization of
fungi on the surface of eyepieces was then examined under a JEOL 5410 scanning electron
microscope (SEM) (Japan). After that, the surface of eyepieces was cleaned twice with
ethanol 70% to remove biomass and fungal byproducts (biofilms, biogenic crystals) entirely,
and the biodeterioration patterns on the glass surface were analyzed.

2.2.2. Fungal Isolation

For each sample, the surface of eyepieces was swabbed using a sterile tube previously
wetted in sterilized water and submerged into 1 mL sterile water containing 0.05% Tween
80, shaking at 200 rpm/min for 30 min. About 100 μL of the supernatant was then spread on
a Czapek–Dox agar medium (30 g sucrose, 7.5 g peptone, 1 g K2HPO4, 0.5 g MgSO4·7H2O,
0.5 g KCl, 0.01 g FeSO4, pH 7.0) and incubated at 30 ◦C for 4 to 5 days. Fungal colonies
were streaked to obtain pure strains for the analysis of morphological features. Fungal
spore and spore chain were observed under a light microscope.

2.2.3. Identification and Analysis of Fungal Community

Fungal strains were incubated on the Czapek–Dox agar medium at 30 ◦C for 4 to 5 days,
and then colonies were characterized by the morphological method. Subsequently, the pure
cultures were used for genomic DNA extraction using Fungi/Yeast DNA Extraction Kit
(Norgen, Canada). Molecular identification of fungal strains was carried out based on the
analysis of internal transcribed spacer (ITS) region sequences. Specifically, the ITS regions
were amplified using primer pairs ITS1F (5′-CTT GGT CAT TTA GAG GAA GTA A-3′)
and ITS4 (5′-TCC TCC GCT TAT TGA TAT GC-3′) with PCR conditions described previ-
ously [17]. According to the manufacturer’s protocol, the PCR amplicons were purified
using the QIAQuick PCR Purification Kit (Qiagen, Germany). Finally, the purified products
were sequenced using ABI PRISM 3100-Avant Genetic Analyzer (Applied Biosystems, USA).
The obtained sequences were analyzed by using BioEdit v7.2.5, and a similarity search
was performed using the BLASTn tool on GenBank (http://www.ncbi.nlm.nih.gov/) for
fungal identification. Sequences were aligned using the ClustalX software v. 1.81 [18]. The
clustering tree was constructed by maximum likelihood based on the analysis of the ITS
sequences using MEGA7. The ITS sequences of fungal strains were deposited to GenBank.

2.2.4. Screening of Fungi for Significant Growth and pH Reduction

All fungal strains were incubated on MT1 medium (2.5 g glucose, 0.75 g (NH4)2SO4,
1.0 g MgSO4·7H2O, 1.0 g NaCl, 0.1 g CaCl2·2H2O, 0.5 mL trace element (1.3 g CuSO4·5H2O,
6.9 g FeSO4·7H2O, 3.5 g MnCl2·4H2O, 7.2 g ZnSO4·7H2O, 0.5 g NiCl2·6H2O), pH 7.2) and
MT2 medium (2.0 g glucose, 2.0 g NaNO3, 1.0 g K2HPO4, 0.5 g MgSO4, 0.5 g KCl, 0.1 g
FeSO4, 0.1 g CaCO3, pH 6.5) to evaluate their growth and pH reduction [14,19].

2.2.5. Glass Biodeterioration Experiments

The glass biodeterioration experiment was performed according to the guideline of
the ISO 9022-11:2015 document (https://www.iso.org/standard/67535.html, accessed on
April 2015). Briefly, fungal strains were separately incubated on potato dextrose agar (PDA)
medium at 30 ◦C for two weeks to enable their growth and spore formation. Fungal spores
were harvested to prepare a suspension of approximately 106 spores/mL in mineral salts
medium (0.7 g KH2PO4, 0.7 g K2HPO4, 1 g NH4NO3, 0.7 g MgSO4·7H2O, 0.005 g NaCl,
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0.002 g FeSO4·7H2O, 0.002 g ZnSO4·7H2O, 0.001 g MnSO4·7H2O, pH 7.0) supplemented
with 0.05% Tween 80. Then, the spore suspension was spread on the previously sterilized
(180 ◦C for 1 h) surface of the glass (10 cm × 20 cm) and incubated at 30 ◦C, and relative
humidity was adjusted to 90% to stimulate the germination of spores into fungal mycelia.
The glass samples used as the negative control were prepared in the same way, but no
spores were inoculated. After 28 days of incubation, the coverage of fungal mycelia on the
glass surface was evaluated in comparison with the untreated glasses using the ImageJ
v.1.51 software [9,20].

In addition, the light transmittance through glass samples was analyzed by a spec-
trophotometer UV-2550 at wavelengths from 400 to 800 nm, both before and after the
cleaning procedure. The light absorbance values at a given wavelength were determined.

Finally, the growth and colonization of fungi on glass surfaces during the biodeterioration
experiment were also observed under the SEM JEOL 5410 (Japan). The alteration of the glass
surface was evaluated right after the cleaning procedure to assess the corrosion patterns.

2.2.6. Assessment of Exopolysaccharide (EPS) Production

Fungal plugs (1 cm × 1 cm) grown on Czapek–Dox agar medium for 72 h at 28 ◦C were
transferred into a 250 mL flask containing 50 mL of Czapek–Dox broth. The cultures were
then incubated on a rotary shaker at 150 rpm for two days at 28 ◦C. Then, 4 mL of prepared
fungal inoculant was transferred into 96 mL of modified minimal Czapek–Dox medium
containing 5 g/L of glucose as a sole carbon source for 7 days [21]. The EPS production
in the broth culture of each fungus was measured as described by Jaroszuk-Ściseł et al.
(2020) [22]. Briefly, crude EPS was collected by addition of 96% ethanol/supernatant
(1:1 v/v) and then left for 24 h at 4 ◦C. The precipitate was harvested by centrifugation at
10,000 rpm for 15 min and freeze-dried immediately to yield a white powder. The powder
was weighed, and the concentration in grams per liter of cultivation broth was calculated.

2.2.7. Statistical Analysis

All the data are expressed as mean ± standard deviation (SD) of three replicates.
Values with different letters within a column are significantly different according to Fisher’s
least significant difference (LCD) test (p < 0.05).

3. Results

3.1. Visual Examination and Observation of Biodeterioration

The growth of fungi over the inner surface of binocular eyepieces and the extent of
glass surface covered by hyphae can be observed in Figure 1a,b. As viewed under the light
microscope, the coverage of fungal hyphae was extensive on the surface of 15 glass samples,
with the extent of coverage ranging from 21 to 48% (Figure 1c,d), which corresponded to
harmful grades 2 and 3 based on the ISO 9022-11 criteria (Table 1). The growth of fungi
caused dense colonization on the surface of all glass samples (Figure 1e). After the cleaning
procedure, imprints of fungal hyphae, including spots and stains, fingerprints, and etching,
that covered the entire surface were detected by using SEM (Figure 1f). In addition, crack
formation was not observed on any samples, indicating that the fungi did not bind strongly
to the glass surface.
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Figure 1. (a) The binocular model. (b) Binocular eyepieces contaminated with fungi. (c) Image
captured using light microscopy at a magnification of 60×. (d) The estimation of hyphae covering the
glass surface treated by the ImageJ tool. (e) SEM image exhibiting the fungal growth and colonization
on the eyepieces (image at a magnification of 1000×, scale bar = 10 μm). (f) Yellow arrows indicate
fingerprinting/etching of fungal hyphae on the surface of eyepieces after the cleaning procedure
(image at a magnification of 2000×, scale bar = 10 μm).

Table 1. The extent of fungal hyphae on eyepiece samples.

Place Glass Sample
Evaluation of the Extent of Fungal Growth *

Hyphal Surface Coverage (%) Harmful Grade

Muong Cultural
Space Museum,

Hanoi

BXMA1 29 ± 1.2 2
BXMA2 35 ± 1.5 3
BXMA3 26 ± 1.3 2
BXMA4 21 ± 1.2 2
BXMA5 21 ± 1.5 2

Museum of Biology,
Phu Tho

BTBB1 28 ± 1.5 2
BTBB2 41 ± 1.7 3
BTBB3 27 ± 1.6 2
BTBB4 43 ± 2.1 3
BTBB5 48 ± 1.4 3

Thu Museum, Vinh
Phuc

BMLC1 41 ± 1.6 3
BMLC2 36 ± 1.8 3
BMLC3 34 ± 1.6 3
BMLC4 25 ± 1.3 2
BMLC5 43 ± 2.2 3

* ISO 9022-11 interpretation for the coverage of a glass surface with fungal hyphae: >0 to 10% (Grade 1)—restricted
fungal growth; >10 to 30% (Grade 2)—intermittent spread fungal colonies (visible with the naked eye); >30 to 70%
(Grade 3)—a substantial amount of fungal growth (easily visible); >70% (Grade 4)—massive fungal growth.

3.2. Distribution and Identification of the Isolated Fungi

A total of 186 fungal colonies were recovered from Muong Cultural Space Museum
(n = 49), Museum of Biology (n = 73), and Thu Museum (n = 64) samples. Analysis of
morphological and spore features of fungal isolates primarily classified them into 40 distinct
clusters (Figure 2). Specifically, the most remarkable diversity and highest abundance of
fungal species were found in Thu Museum samples (n = 18), followed by the Muong
Cultural Space Museum samples (n = 16) and Museum of Biology samples (n = 6). Notably,
at least three different fungal species were found in each glass sample, indicating co-
contamination. Thus, the disinfection of fungal-contaminated optical equipment would
face a significant challenge.
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Figure 2. The colony and morphological characteristics of some fungi isolated from binocular eyepieces.

The molecular identification based on the ITS sequencing revealed high similari-
ties (between 99 and 100%) to known fungal species belonging to 14 genera, including
Penicillium, Byssochlamys, Talaromyces, Cladosporium, Phomopsis, Neopestalotiopsis, Tricho-
derma, Coprinellus, Perenniporia, Curvularia, Pithomyces, Pseudopithomyces, and Aspergillus
(Figure S1). Aspergillus (43.8%) and Penicillium (31.3%) were the two predominant fungal
genera, followed by species of the genus Curvularia (4%). The comparative sequence anal-
yses combined with the clustering tree analysis further allowed us to assign 40 different
fungal species (Figure S1). Fungal strains distributed throughout the tree in multiple single
branches demonstrate high genetic diversity in both local and regional scales.

3.3. Evaluation of Growth, pH Changes, and Biodeterioration

To mimic the natural environment and evaluate the pH reduction of fungal isolates,
two glucose mineral media were used in this study. All fungal strains secreted organic acids
on two mineral salt media in the present study, leading to a significant pH reduction com-
pared to the original pH value for almost all cases (Table 2). In the MT1 medium, a drastic
decline in pH was caused by most fungi. Strong growth and pH reduction were observed
for Aspergillus fumigatus BMLC1-1, Aspergillus niger BXMA5-2, Cladosporium tenuissimum
BMLC2-7, Penicillium decumbens BTBB5-2, and Perenniporia cft tephropora BXMA4-4, suggest-
ing that they might take advantage of other fungal species to develop on glass surfaces.

According to ISO 9022-11, the glass corrosion of each fungal strain was evaluated
in the present study. It was seen that fungal species were growing on the surface of all
glass samples, albeit to varying degrees. The extent of mycelium covered from 2.26 to
46.24%, compared to the noninoculated glass samples (Table 2). The most vigorous growth
was observed for Byssochlamys spectabilis BXMA1-2 (46.2%), followed by Curvularia cft
veruculosa BXMA2-2 (41.0%), Penicillium ramusculum BXMA4-2 (36.2%), Aspergillus niger
BXMA5-2 (35.7%), Penicillium oxalicum BTBB2-2 (35.6%), Humicola cft insolens BMLC5-5
(35.3%), Aspergillus ochraceopetaliformis BMLC1-2 (33.6%), and Talaromyces cft trachyspermus
BTBB1-3 (33.0%), which are highlighted in bold. These fungal species seem to have a good
affinity for adhesion on the glass surface by developing mycelium networks in a relatively
short time (28 days). Additionally, these strains also exhibited a significant reduction in
pH in the two glucose mineral media tested. Based on the growth, pH reduction, and
hyphal surface coverage, 8 fungal strains, including B. spectabilis BXMA1-2, C. cft veruculosa
BXMA2-2, P. ramusculum BXMA4-2, A. niger BXMA5-2, P. oxalicum BTBB2-2, H. cft insolens
BMLC5-5, A. ochraceopetaliformis BMLC1-2, T. cft trachyspermus BTBB1-3, were selected for
further study (Table 2).
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Table 2. Identification, the ability of growth and pH values observed in culture media, and percentage of hyphal surface
coverage of isolated fungi.

Fungal Strain
GenBank
Accession
Number

The Changes in the pH of Media after Fungal Growth

MT1
(Initial pH 7.2)

MT2
(Initial pH 6.5) Hyphal Surface

Coverage (%)
pH Growth pH Growth

Aspergillus fumigatus BMLC1-1 MW911781 2.53 ± 0.4 +++ 3.17 ± 0.1 +++++ 4.64 ± 1.4

Aspergillus ochraceopetaliformis BMLC1-2 MN394129 3.15 ± 0.1 ++++ 5.26 ± 0.6 +++ 33.61 ± 3.7

Aspergillus asperescens BMLC1-3 MZ292395 4.28 ± 0.3 ++++ 5.68 ± 0.1 ++++ 2.26 ± 1.1

Aspergillus sclerotiorum BMLC1-4 MN394130 4.34 ± 0.1 ++++ 5.66 ± 0.3 ++++ 3.87 ± 1.3

Penicillium lanoso BMLC1-5 MZ292396 2.78 ± 0.3 ++++ 6.26 ± 0.2 ++++ 15.28 ± 2.4

Pithomyces chartarum BMLC1-6 MN394131 3.18 ± 0.4 ++++ 6.46 ± 0.8 ++++ 32.33 ± 3.5

Neopestalotiopsis sp. BMLC1-7 MN394132 5.43 ± 0.5 ++++ 4.87 ± 0.6 +++ 23.14 ± 2.8

Penicillium chermesinum BMLC2-1 MN394134 2.91 ± 0.1 ++++ 8.93 ± 0.5 +++++ 20.28 ± 2.2

Penicillium roqueforti BMLC2-3 MZ292397 3.47 ± 0.2 +++ 7.21 ± 0.9 ++++ 19.21 ± 2.4

Trichoderma koningiopsis BMLC2-5 MN394133 4.15 ± 0.4 ++++ 4.27 ± 0.6 +++ 18.90 ± 2.3

Cladosporium tenuissimum BMLC2-6 MN394135 5.34 ± 0.6 +++ 8.24 ± 0.7 ++ 36.43 ± 3.4

Cladosporium tenuissimum BMLC2-7 MN394136 2.22 ± 0.3 +++ 2.68 ± 0.7 ++++ 27.65 ± 2.6

Penicillium toxicarium BMLC2-8 MN394137 4.19 ± 0.2 +++ 6.91 ± 0.5 +++ 11.18 ± 2.3

Aspergillus niger BMLC3-4 MW911782 2.56 ± 0.8 +++ 6.23 ± 0.4 ++++ 21.53 ± 2.2

Pithomyces maydicus BMLC3-6 MN394138 5.95 ± 0.4 ++++ 5.35 ± 0.5 +++ 12.15 ± 2.1

Byssochlamys cft spectabilis BMLC4-6 MN394139 4.28 ± 0.8 ++++ 5.68 ± 0.5 ++++ 14.99 ± 2.5

Pleospora herbarum BMLC4-7 MZ292398 6.21 ± 0.7 ++++ 6.43 ± 0.8 ++++ 10.91 ± 2.3

Humicola cft insolens BMLC5-5 MZ292399 3.35 ± 0.7 +++ 5.35 ± 0.7 +++ 35.26 ± 3.8

Aspergillus sydowii BTBB1-1 MN396671 5.15 ± 0.6 ++ 5.53 ± 0.3 ++ 10.40 ± 2.7

Aspergillus flavus BTBB1-2 MN396672 5.21 ± 0.3 +++ 5.85 ± 0.4 +++ 4.25 ± 1.5

Talaromyces cft trachyspermus BTBB1-3 MW911783 3.78 ± 0.6 ++++ 5.79 ± 0.8 +++ 36.95 ± 3.4

Penicillium oxalicum BTBB2-2 MN396673 2.24 ± 0.1 ++++ 7.02 ± 0.9 +++++ 35.95 ± 3.2

Aspergillus cft salwaensis BTBB5-1 MN396674 5.47 ± 0.6 +++ 6.85 ± 0.4 +++ 34.07 ± 3.8

Penicillium decumbens BTBB5-2 MN396675 2.17 ± 0.5 ++++ 3.39 ± 0.9 +++++ 21.58 ± 2.5

Penicillium brevissimum BXMA1-1 MH634479 4.9 ± 0.9 + 6.77 ± 0.3 + 24.18 ± 2.5

Byssochlamys spectabilis BXMA1-2 MH634480 2.68 ± 0.1 +++ 6.23 ± 0.7 ++++ 46.24 ± 3.3

Aspergillus sydowii BXMA1-3 MH634481 3.37 ± 0.2 +++ 7.2 ± 0.2 ++++ 3.79 ± 1.2

Aspergillus tritici BXMA1-4 MH634482 3.18 ± 0.5 +++ 7.11 ± 0.6 +++ 20.63 ± 2.6

Aspergillus sydowii BXMA1-5 MH634483 2.6 ± 0.4 +++ 7.47 ± 0.6 +++++ 13.97 ± 2.9

Byssochlamys spectabilis BXMA2-1 MH634484 2.7 ± 0.1 ++++ 6.05 ± 0.2 ++++ 19.41 ± 2.2

Curvularia cft veruculosa BXMA2-2 MH634485 3.2 ± 0.6 ++++ 5.32 ± 0.3 ++++ 41.04 ± 3.1

Phomopsis cft tuberivora BXMA2-3 MH634486 3.12 ± 0.4 ++++ 8.96 ± 0.2 +++++ 7.86 ± 1.5

Coprinellus radians BXMA2-4 MH634487 3.63 ± 0.2 +++ 8.32 ± 0.6 +++++ 7.74 ± 1.6

Aspergillus flavus BXMA3-1 MH634488 3.12 ± 0.7 ++ 7.98 ± 0.6 ++++ 31.82 ± 3.6

Penicillium oxalicum BXMA3-2 MH634489 3.77 ± 0.2 ++ 7.4 ± 0.2 ++++ 20.22 ± 2.4

Curvularia lunata BXMA3-5 MH634490 2.91 ± 0.2 ++++ 6.32 ± 0.4 ++++ 27.30 ± 2.3

Penicillium brevissimum BXMA4-1 MH634491 2.68 ± 0.1 +++ 7.28 ± 0.3 ++++ 31.533.6

Penicillium ramusculum BXMA4-2 MH634492 3.26 ± 0.7 +++ 5.15 ± 0.9 ++++ 36.20 ± 3.2

Perenniporia cft tephropora BXMA4-4 MH634493 2.87 ± 0.5 ++++ 4.5 ± 0.4 ++ 11.51 ± 2.8

Aspergillus niger BXMA5-2 MH634494 2.65 ± 0.9 +++ 4.24 ± 0.7 +++++ 35.66 ± 3.8

Fair growth +; good growth ++; luxurious growth +++; heavy growth ++++; extreme growth +++++.
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3.4. EPS Production by Fungal Strains

All fungi were selected and evaluated for their EPS production. Among these
(Figure 3), the highest EPS production was reported for Byssochlamys spectabilis BXMA1-2.
The yield of crude EPS and mycelial growth from the modified Czapek–Dox medium
were 14.96 and 4.4 g/L, respectively. Aspergillus niger BXMA5-2 (12.17 g/L) and Aspergillus
ochraceopetaliformis BMLC1-2 (9.89 g/L) were also found to produce high levels of EPS.
Talaromyces trachyspermus, Curvularia veruculosa, Talaromyces trachyspermus, and Humicola
insolens are for the first time reported as EPS producers in this present study. During
cultivation, the cells formed pellets with high hairiness, leading to maximum biomass and
EPS production.

Figure 3. Exopolysaccharide (EPS) production by eight selected fungal isolates causing deterioration on a glass model.

3.5. Biodeterioration of the Glass Reproductions

The biodeteriogenic potential of the selected fungal strains was assessed by measuring
light transmission through the glass in the visible light spectrum (wavelengths from
400 to 800 nm). After 28 days of incubation, the light transmission value through the
fungal-inoculated glass samples significantly decreased by 30–42.2% compared to the
noninoculated ones (Figure 4). The glass treated with Byssochlamys spectabilis BXMA1-2
exhibited the highest reduction in light transmission, followed by Curvularia cft veruculosa
BXMA2-2, Aspergillus niger BXMA5-2, and Penicillium ramusculum BXMA4-2.

The glass surfaces showed some little fingerprints after 28 days, attributed to the
presence of fungi (Figure 5a,b). This causes corrosion of the glass and loss of quality of
the equipment. After the glass surface cleaning procedure, the ratio of light transmission
through fungus-treated glasses was reduced by 0.5 to 17.8% compared with nontreated
glasses (Table S1). After six months of incubation, the fungal strain produced a well-
developed mycelia biofilm on the glass surfaces (Figure 5c). The phenomenon was observed
on all fungus-treated glasses. The cleaning procedure showed precise etching and hyphal
fingerprints (Figure 5d).
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Figure 4. The effect of fungal growth on light transmission through fungus-inoculated glass samples in the visible light spectrum.

 

Figure 5. SEM micrographs of glass after 28 days of the test: (a) fungal growth on glass after 28 days;
(b) sample photo taken after 28 days of the alcohol-purge test; (c) glass sample after six months
of testing showing fungal spores; (d) glass sample after six months of testing showing the glass
corrosion caused by fungi.

4. Discussion

The fungi could acquire the elements needed for growth from the deteriorating glass
without an external supply of mineral nutrients [11]. Fungi have a great ability to metab-
olize a wide range of carbon sources and grow on every inorganic material easily [23].
Thus, the coinfection of different microorganisms and favorable environmental conditions
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play a significant role and could affect the biodeterioration and biocorrosion outcomes on
the optical instruments.

The main component of glass is SiO2 and other metal oxides, i.e., Na2O, K2O, CaO,
Al2O3, B2O, BaO, ZnO, As2O3, and La2O3. Elements such as Mg, Zn, Co, and Cr are also
added to change the glass properties, including the magnification coefficient, mechanical
strength, refractive index, color, and opacity transparency [24,25]. The glass surface of
binoculars is also coated by antireflective layers, including the outer layer consisting of
low-refractive-index dielectric materials that are environmentally resistant, such as MgF2,
Na3AlF6, CaF2, and LiF2. The inner layer is usually a dielectric with a high refractive
index and good adhesion to the glass surface, including ZnO, TiO2, CeF3, and ThO2 [26].
Moreover, a lipid layer is coated around the edges of eyepieces to prevent dirt particles from
spreading and sticking to the inner glass surface and the optical system. This lipid layer
consists of long-chain hydrocarbons, fatty acids, and some alkaline metals such as Li, Na,
K, Ca, Ba, Al, Zn, and Pb, together with dust and other organic contaminants, providing
the primary growth medium to initiate microbial growth. Such nutrients are sufficient for
airborne fungal spores to germinate and develop into hyphae. Once the hyphal growth
occurs on the glass surface, it quickly corrodes the inner surface of eyepieces.

Aspergillus, Cladosporium, and Penicillium are the most prevalent fungi genera com-
monly found in indoor and outdoor environments, especially glass materials [4,27,28].
Rodrigues et al. identified six fungal genera, among which Penicillium and Cladosporium
were the two predominant fungal genera isolated from stained-glass windows in Por-
tugal [4]. In addition, Cladosporium and Phoma were also reported from glass samples
collected at two Catalonian churches [9]. Aspergillus, Penicillium, and Alternaria were found
to contribute to the formation of pits in optical glass [16]. In the present study, Aspergillus
and Penicillium were the two most dominant fungal genera, accounting for 75% of the total
identified fungal strains. They are known as primary contaminants that harm historical
and cultural heritages and cause glass corrosion [2,9,29]. Because of the ability to pro-
duce numerous spores easily dispersed in the air, Aspergillus and Penicillium are primary
corrosive agents [30]. Earlier regional studies and reports on the frequent occurrence of
these fungi in all areas of the northern provinces of Vietnam suggest the high load of these
fungal spores. Therefore, chances of risk are increased for fungal contamination of optical
equipment if no preventive measures are taken.

Interestingly, fungal genera Byssochlamys, Curvularia, Phomopsis, Coprinellus, Peren-
niporia, Talaromyces, Pithomyces, Neopestalotiopsis, Pleospora, and Humicola were iden-
tified for the first time as harmful agents on optical instruments. Byssochlamys, Curvularia,
Phomopsis, Coprinellus, and Perenniporia were only found in Muong Cultural Space
Museum, while Cladosporium, Humicola, Pithomyces, Neopestalotiopsis, Pleospora, and
Trichoderma were only found in Thu Museum. In contrast, Talaromyces was only found in
the Museum of Biology. The fungal community involved in the biodeterioration process of
binocular eyepieces was more diverse than that of historical church window glasses [4].

The identified fungal species might secrete various organic acids, extracellular en-
zymes, pigments, and EPSs to colonize on glass materials; consequently, biofilms will
be developed on the glass surface, accelerating biodegradation and biocorrosion pro-
cesses [31–33]. Fungi are well known for their potential to overproduce and accumulate
various organic acids [34,35]. Intrinsic abilities provide the fungi a competitive advan-
tage over other organisms and the ability to proliferate on inorganic materials such as
metal and glass [36]. As for the biodeterioration of glass, organic acids produced by fungi
dissolve metal oxides and minerals on the glass surface, thus releasing nutrient ions for
growth [19]. Organic acid production recorded here was in agreement with previous studies
showing that Aspergillus, Penicillium, and Cladosporium are organic acid producers com-
monly found as the primary contaminants causing biocorrosion of glass materials [1,2,14].
As documented, the most common acids produced by fungi include formic, citric, acetic,
oxalic, gluconic, and itaconic acids [34]. The magnitude of corrosion ranges from 0.27
to 0.03 mA cm−2 for 1% organic acids [37] and causes significant etching of glasses.
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Fungi readily digest the organic materials such as oils from fingerprints and lens coatings
and produce strong hydrofluoric acid as a waste product, which decreases the glass surface
pH to lower than 3.0, causing permanent etching of the glass [38]. Thus, glass damage is
even more potent in vivo because of the condensation and accumulation of a mixture of
the above-mentioned organic acids.

Furthermore, organic acids move through the silica network and continue to dissolve
metal oxides, leading to carbonate and sulfate salt production due to the absorption of
CO2 and SO2 from the atmosphere [39]. Krumbein et al. demonstrated the formation of
carbonate, sulfate, and silicate crystals due to fungal acids excreted during the biocorrosion
process [11]. Altogether, these agents, in turn, etch and destroy the antireflective layers
and the surface of glass permanently, resulting in a decreased degree of transparency
and refractive index and a loss of image brightness and sharpness. Moreover, the acidic
environment also favors fungal growth and, together with the hot, moist atmosphere
conditions, causes physical–chemical corrosion, which speeds up glass deterioration.

In this study, the high level of EPSs recorded for Aspergillus, Byssochlamys, and
Penicillium species was consistent with many previous studies [40–42]. The EPS com-
position varies depending on producer species. Aspergillus and Penicillium species pro-
duce EPSs composed of glucose, mannose, galactose, galactosamine, and acetate [43–45].
Due to excess sugars in EPSs, organic acid production occurs on glass surfaces, leading to
glass corrosion. EPS production by the fungi is usually intracellular and secreted outside
the cell to form biofilms, leading to permanent colonization of the fungi on the surface
of materials [42]. However, the glass biodeterioration ability might differ between fun-
gal species, and the identification of harmful fungi is crucial to protect glass material.
Light scattering and absorption by the fungal mycelia on the glass surface could account
for the rapid loss of light transmission and image quality. The etching of the glass by
excretion of organic acids and other metabolic products results in grooves formed in the
glass surface in contact with the hyphae. Furthermore, the fungi remove the glass surface
layer and part of the glass matrix, leading to alteration of optical properties [2,20].

The high fungal biomass, colonization, EPS formation, and biofilm development
are responsible for the etching and hyphal fingerprints on the glass. Furthermore, EPSs
contain polysaccharides, uronic acids, and some enzymes, contributing to the corrosion
process [46]. It is important to note that all fungal strains under investigation produce EPSs,
contributing to chemical deterioration by acid and chelate production. Therefore, all these
results demonstrate that all fungal strains could biodeteriorate glasses and that the degree
of damage depended on fungal characteristics. The present study will provide baseline
information about the significant fungal species responsible for the biodeterioration of
optical instruments. It will be helpful in the development of fungus-resistant optical glass.
A more detailed investigation is needed to determine the proper method of protection and
preservation of such museum specimens.

5. Conclusions

Fungal biodeterioration of optical equipment represents a serious concern leading
to notable research efforts over the last decades. In this study, we found that Aspergillus
sp., Penicillium sp., and Cladosporium sp. were major fungi colonizing the binocular eye-
pieces at museums in northern Vietnam. Moreover, this is the first report that identifies
Byssochlamys spectabilis, Curvularia veruculosa, Humicola insolens, and Talaromyces lagena as
robust glass-deteriorating fungi. The growth of fungi resulted in dense colonization and
biofilm formation on the glass surface, corresponding to the deterioration and corrosion
of binocular eyepieces. Organic acid and EPS production were the main factors contribut-
ing to the leaching of elements from glass surfaces and severe physical, chemical, and
aesthetical modifications. Thus, effective procedures for protecting optical observation
equipment can be proposed based on an understanding of the fungal community. The
proper cleaning of the optical lens is highly recommended to control fungal contamination
as per the manufacturer’s guidelines. However, for prolonged storage in museums, the
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optical devices must be kept under a controlled condition with unfavorable temperature
and humidity for fungi. Finally, to stop the biodeterioration, an understanding of microbial
communities is required to optimize biocides against fungi that reduce the biodeterioration
of optical glasses.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/app11125351/s1, Figure S1: Clustering tree from the maximum likelihood analysis of all
fungi isolated from binocular eyepieces using ITS sequences. Cunninghamella elegans CBS 160.28T was
selected as the outgroup taxon and 100% bootstrap values indicate the relevant internode. Identified
strains are indicated in bold, Table S1: Effect of mycelium growing on glass plates after 28 days of
alcohol-purge test as per ISO 9022-11 on light transmission at wavelengths of visible light range from
400 to 800 nm.
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Abstract: Nerja Cave, Southern Spain, was revealed as an important biodiversity reservoir from
which several novel species of Aspergillus were described. We carried out an aerobiological study in
Nerja Cave to assess the origin of airborne fungi. This study quantified the fungi present in the air
of ten representative halls covering the three sectors comprising the cave: Touristic Galleries, High
Galleries, and New Galleries. Microclimatological monitoring allowed us to understand the dynamic
of airborne fungi in two seasons of the year (winter and summer), corresponding to the strongest and
the lowest cave ventilation, and to validate the influence that the transport of airborne fungi from
outside may have on the cave itself. The data show that cold air enters in winter, as confirmed by
the abundant presence of Aspergillus and Penicillium spores inside and outside the cave. In summer,
the abundance of some fungi in the air of Nerja Cave, which are not detected outside, indicates
a stagnation or low ventilation, and therefore, the concentration of fungal spores is maxima. The
high occurrence of Cladosporium outside the cave and the scarce abundance inside support the cave
stagnation in this season.

Keywords: aerobiology; airborne fungi; Aspergillus; Penicillium; Parengyodontium; entomopathogenic
fungi

1. Introduction

One of the most important topics in the conservation of caves with Paleolithic paintings
is the assessment of the microbial communities inhabiting speleothems, rocks, water pools
and air. A wide diversity of approaches on cave fungi can be found in the literature [1–6]
and aerobiological studies were introduced as a management tool to control airborne fungi
in caves with paintings [7–10].

Microclimate control and monitoring of gases (CO2, CH4, 222Rn, etc.) are used to
investigate cave aerodynamic and ventilation or stagnation periods [11–17]. These studies,
in combination with aerobiology, can provide clues for controlling airborne fungi and
dispersion patterns in the caves [18,19].

The microbiology of Nerja Cave, Southern Spain, was studied regarding the impact
of lighting on the development of phototrophic communities [20–24], but scarcely from
an aerobiological point of view. A preliminary study carried out by Del Rosal et al. [25]
was focused on the survey of pathogenic bacteria and the genus Aspergillus, very abundant
in the cave air in summer. Further studies by Docampo et al. [26,27] using nonviable
Hirst-type volumetric pollen traps located near the entrance and at the end of the visited
area found that Aspergillus/Penicillium were the most abundant spore types, representing
50% of the total, followed by Cladosporium. However, the morphology of the spores, studied
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by microscopy, does not allow distinguishing between Aspergillus and Penicillium nor the
identification of species.

The main objective of this aerobiological study was to assess the presence of airborne
fungi in the cave to elucidate its origin. The identification of fungi was carried out by
molecular methods. The study quantified the fungi present in the air from 10 representative
halls covering the three sectors composing the cave: Touristic Galleries, High Galleries, and
New Galleries. A sampling point outside the cave was used as a control of environmental
fungi. This monitoring allowed to know the dynamic of airborne fungi in two seasons
of the year (winter and summer), corresponding to the strongest and the lowest cave
ventilation, and to validate the influence that the transport of airborne fungi from outside
may have on the cave itself.

2. Materials and Methods

2.1. Site Description

Nerja Cave is one of the biggest and most important show caves in Spain, with a
volume of about 300,000 m3, almost 5 km of passages, and more than 400,000 visitors
annually. It is also one of the most significant prehistoric sites in Europe, with more than
500 artistic representations. About a third of the cave, the Touristic Galleries, is open to the
public since 1960. The other two sections, named High Galleries and New Galleries, only
can be accessed by researchers.

The climate of the area is coastal Mediterranean, with an average precipitation slightly
lower than 500 mm yr−1. The external air average temperature ranges from about 13 ◦C to
26 ◦C (January and August, respectively), with an average annual value of 18.8 ◦C [28].

The cave is developed within fissured and karstified Triassic dolomitic marbles more
than 500 m thick at the unsaturated zone of the Sierra Almijara carbonate massif. A
significant portion of the dolomitic marbles is devoid of vegetation. The soil cover is scarce,
with a thickness lower than 0.15 m, and the natural vegetation consists mainly of shrubs
and pine trees. However, in the areas nearest to the touristic entrance, there are several
gardens with many ornamental plants [29], and thus, the vegetation cover is much more
developed over the Touristic Galleries than over the nonvisited sector.

The cavity develops between 123 and 191 m a.s.l. According to the outside orography,
rock thickness above the cave varies from 4 to 50 m in the area open to tourism, and exceeds
80 m in the nonvisited area. The cavity has three natural entrances: an entrance with a
semicircular form and about 12 m2 of surface (E1 in Figure 1), which is used for the access
and exit of visitors and two subcircular sinkholes (E2 and E3 in Figure 1).

Nerja Cave is connected to at least two other nearby cavities, Pintada Cave (PC)—a small
cavity with a natural entrance located to 250 m a.s.l.—and another great and nonaccessible
cave from the surface (GC), found recently with indirect methods [13]. Although there is
no speleological connection between these three caves, they are effectively linked for air
circulation patterns from the surface.

Four ventilation regimes (winter, summer, spring, and autumn) and two ventilation
modes with opposite airflows direction (named DAF- and UAF-modes) were defined
in Nerja Cave karstic system during the annual cycle [13]. In all the cases, the natural
ventilation of the system is determined by variations in the differences of density between
the external and internal air.
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Figure 1. Cave map and location of the aerobiology sampling points and microclimatic stations. 1: Cave Exterior, 2: Entrance
Hall, 3: Nativity Hall, 4: Cascade Hall, 5: Ghosts Hall, 6: Cataclysm Hall, 7: Kitchen Hall, 8: Heracles Hall, 9: Immensity
Hall, 10: Lance Hall, 11: Mountain Hall. PC: Pintada Cave, GC: non accessible cave from surface, WS: weather station, E1:
tourist entrance, E2 and E3: sinkholes. Location of PC, GC, and WS is approximate.

2.2. Microclimatology

Nerja Cave has a microclimatic monitoring network (Figure 1) consisting of data-
loggers CR1000 (Campbell Scientific) with probes measuring air CO2 concentration, air
temperature, and relative humidity, amongst other parameters, at hourly intervals. Air
temperature and relative humidity were measured with a probe HMP155A- Vaisala (mea-
suring ranges: 0–100% and −80 to +60 ◦C; accuracy: ± 1.0% and ± 0.17 ◦C). Cave air
CO2 concentrations were measured using an infrared absorption sensor (GMM222-Vaisala;
measuring range 0–5000 ppmv, accuracy ± 1.5%).

The 222Rn concentration of cave air was registered every 30 min using a Radim
5WP radon monitor (GT-Analytic KG). The detectable activity is between 80 Bq/m3 and
150 KBq/m3 (for one-hour measurements with a statistical error ± 20%) (Table 1).

The environmental data of the external air were provided by the instrumental equip-
ment placed in the weather station (WS in Figure 1) located a few meters from Nerja Cave
entrances.

2.3. Aerobiology

Two sampling campaigns were carried out on 9 July 2016 and 12 January 2017. These
two campaigns corresponded to the stronger ventilation (winter, UAF-mode ventilation)
and lower ventilation (summer, DAF-mode ventilation) periods, previously described by
Liñán et al. [13]. In each sampling, a total of 10 control sites were selected inside and one
outside the cave. The sites sampled were: Touristic Galleries (Entrance Hall, Nativity Hall,
Cascade Hall, Ghosts Hall, Cataclysm Hall), High Galleries (Kitchen Hall, Heracles Hall,
Immensity Hall), and New Galleries (Lance Hall and Mountain Hall), in addition to the
exterior air (Figure 1).

Samplings were performed with a Duo SAS (Surface Air System) Super 360 system
(International pBI, Milan, Italy). This equipment is a type of suction impact collector that
was widely used in aerobiological studies [8,10]. It allows the detection of a great diversity
of cultivable fungi by filtering a preselected volume of air through two heads provided
with a series of orifices, which impact upon Petri dishes.

At each sampling site, samples were taken in duplicate. The volume of filtered air was
100 L in 35 s. This volume was established because at higher volumes the number of spores
was too high for an accurate count [8]. The culture medium used to promote fungal growth
was dichloran rose bengal-chloramphenicol-agar (DRBCA, Merck, Darmstad, Germany).
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The Petri dishes were incubated at 25 ◦C and after 5 days counted. After counting, the
fungi were isolated, cultured and the DNA extracted.

The methodology was thoroughly described by Sanchez–Moral et al. [19] and
Dominguez–Moñino et al. [30]. DNA was extracted from the mycelia of each fungal strain.
Mycelia were scraped from the plates and transferred to a 1.5 mL Eppendorf tube contain-
ing 500 μl lysing buffer and 200 μl glass beads. The mixture was shaken in a cell disrupter
(Fast Prep-24, Solon, OH, USA) at full speed for 3 min.

Fungal internal transcribed spacer (ITS) regions, including ITS1, 5.8S rDNA and
ITS2, were amplified using the primers ITS1 (5′-TCCGTAGGTGAACCTGCGG-3′) and
ITS4 (5′-TCCTCCGCTTATTGATATGC-3′). Amplification protocol comprised one cycle of
denaturation (94 ◦C for 2 min), followed by 35 cycles of denaturation (94 ◦C for 1 min), and
a terminal elongation step (72 ◦C for 5 min).

PCR products were analyzed by Macrogen Inc. (Amsterdam, The Netherlands) and
sequenced using the same primer set. For phylogenetic identification of fungal strains,
the sequences were compared using BLASTn algorithm with nonredundant databases
of sequences deposited at the National Center for Biotechnology Information (http://
www.ncbi.nlm.nih.gov/). The sequences are available from the GenBank database under
accession numbers: MZ374012-MZ374055 and MZ375763-MZ375863.

3. Results

3.1. Microclimatology

Table 1 shows the main statistical parameters of the microclimatic data recorded
outside (WS) and inside the cave: Cascade Hall (H-4), Heracles Hall (H-8), and Mountain
Hall (H-11) for the period 2016–2017. The external air temperature ranged between 7.27
and 30.34 ◦C, with a mean value (m) of 18.93 ◦C. The relative humidity ranged from 29 to
94%, with a mean value of 67%.

Table 1. Microclimatic data registered in Nerja Cave, Spain, and the exterior atmosphere during 2016
and 2017.

WS H-4 H-8 H-11 WS H-4 H-8 H-11

Air Temperature (◦C) Relative Humidity (%)

n 731 727 600 731 731 688 600 731
max 30.34 20.08 19.66 19.92 93.68 98.11 99.77 100.00
min 7.27 18.15 19.18 19.75 28.92 54.40 81.11 100.00
m 18.93 19.21 19.40 19.86 67.08 84.49 95.21 100.00
s 4.80 0.60 0.13 0.04 11.69 12.27 4.96 0.00

v (%) 25.33 3.10 0.69 0.19 17.43 14.53 5.21 0.00
range 22.88 1.93 0.48 0.16 65.00 43.71 18.66 0.00

WS H-4 H-8 H-11 WS H-4 H-8 H-11

Air CO2 (ppmv) Air 222Rn (Bq/m3)

n 223 688 600 731 nd 1379 nd nd
max 518 1483 1170 986 nd 622 nd nd
min 436 489 512 499 nd 80 nd nd
m 474 797 699 633 nd 213 nd nd
s 19 226 158 111 nd 161 nd nd

v (%) 4 28 23 18 nd 76 nd nd
range 83 994 657 487 nd 542 nd nd

Legends: exterior weather station (WS), Cascade Hall (H-4), Heracles Hall (H-8), Mountain Hall (H-11), n—
number of measures, max-maximum value, min—minimum value, m—mean value, s—standard deviation, v
(%)—variation coefficient, nd—not measured. Data “Air CO2” registered in exterior correspond to year 2018, and
“Air 222Rn” corresponds to data registered between 2008 and 2013.
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Inside the cave, the air temperature in H-4 hall ranged between 18.15 and 20.08 ◦C
(m= 19.21 ◦C) and the relative humidity ranged between 54% and 98% (m = 85%). The air
CO2 content ranged from 489 to 1483 ppmv, with a mean value of 797 ppmv.

In the H-11 hall, the air temperature ranged between 19.75 and 19.92 ◦C (m = 19.86 ◦C)
so the difference between the maximum and minimum temperatures was lower than 0.2 ◦C
(Table 1). The air CO2 content ranged from 499 to 986 ppmv, with a mean value of 633
ppmv. The air relative humidity was 100% during all the studied period.

In H-8 intermediate values of air temperature (m = 19.40 ◦C) and relative humidity
(m = 95%) were recorded. In this case, the air CO2 content ranged from 512 to 1170 ppmv,
with a mean value of 699 ppmv. Therefore: (1) the air of the tourist sector is colder, less wet,
and has a higher CO2 content than in that of the nonvisited galleries of Nerja Cave, (2) the
temperature and relative humidity variability is noticeably reduced in the nonvisited sector,
located below greater thickness of rock and at greater distances from the cave entrances
(E1, E2 and E3 in Figure 1), and (3) the variation coefficients (v in Table 1) in the external
media are higher than in the cave, except for air CO2.

Figure 2 shows the temporal evolution of the main environmental parameters relative
to the external air and cave air during 2016 and 2017. In summer, the temperature of the
external air (Text) is higher than that of the cave air (Tint), and the latter is denser than
the exterior (Figure 2A,B). CO2 concentrations in the Touristic Galleries (Figure 2C) reach
maximum values, coinciding with a lower index of natural ventilation (daily average values
of 222Rn over the 400 Bq/m3, Figure 2A) and a greater number of visitors (Figure 2B).

Air relative humidity is high in the cave, with values ranging between 95 and 100%
(Figure 2D). When the external temperature markedly exceeds the cave temperature
(ΔT > 5.0 ◦C) the DAF-mode ventilation is activated (yellow orange bars in Figure 2).
The cave air, denser than the external air, is blown out by the lowest entrances, and atmo-
spheric air is sucked in by the highest entrances. During the day corresponding to the
summer campaign (9 July 2016), ΔT was 7.53 ◦C (daily average value).

In winter, the external air is generally colder and denser than the cave air, although ex-
ceptionally short-term periods exist in which Text > Tint (Figure 2 A,B). CO2 concentrations
inside the Touristic Galleries are minimal and much more similar to those of the external
atmosphere (Figure 2C), given the more effective natural ventilation (daily average values
of 222Rn of 80 Bq/m3) and lower number of visitors.

Cave air relative humidity is minimum in the Touristic Galleries and shows the
same temporal evolution than the external air (Figure 2D). When Text < Tint, the external
air, denser and colder than the internal air, easily enters Nerja Cave through the lowest
entrances, moves through the Touristic Galleries, arrives at the High and New Galleries
(the same day or 1–2 days later), and finally leaves the cave through Pintada Cave. During
the day corresponding to the winter campaign (12 January 2017), the daily average value
of ΔT was −5.30 ◦C.
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Figure 2. Daily evolution from 01/01/16 to 31/12/17 of (A) external and cave air temperatures in
Nerja Cave versus air 222Rn concentration in H-4 (average for the period 2008–2013); (B) daily visitors
versus air temperature differences (ΔT = Text − Tint); Text: external air temperature; Tint: internal air
temperature (H-4); (C) air CO2 content. Data of external air CO2 correspond to year 2018 and (D)
external and cave air relative humidity. Blue bars: winter ventilation period, UAF-mode. Yellow
orange bars: summer ventilation period, DAF-mode.

72



Appl. Sci. 2021, 11, 6236

3.2. Aerobiology

Two aerobiological samplings were performed to cover the aerodynamic periods in
Nerja Cave (Figure 3): high ventilation, corresponding to the winter station (12 January
2017), and very low ventilation produced in the summer station (9 July 2016).

Figure 3. Bubble Plot. Most abundant fungi, as distributed in each sampling point (EA: Outside, EH: Entrance Hall, NH:
Nativity Hall, CCH: Cascade Hall, GH: Ghosts Hall, CTH: Cataclysm Hall, KH: Kitchen Hall, HH: Heracles Hall, IH:
Immensity Hall, LH: Lance Hall, MH: Mountain Hall) and period (summer and winter).

The concentration of fungal spores outside was relatively high in summer and near
the half in winter. In general, the concentration of fungal spores in all the galleries was
considerably lower in the summer period with respect to the higher ventilation period, as
shown in Tables 2 and 3. Inside the cave, the fungal patterns were different depending on
the galleries trail.

Two behaviors were distinguished: in the Touristic Galleries, fungal spore abundances
increased between 2- and 5-times in winter, while the figures were greater (from 7- to
133-times in the High and New Galleries).

Remarkable were the low concentrations in the Lance Hall (Table 3), while in the
Kitchen and Heracles halls, they were very high. Obviously these abundances should be
related with definite sources and/or the aerodynamic of the halls.

3.2.1. Summer Campaign, 9 July 2016

The lower ventilation period (summer) is characterized by the abundant presence of
spores of three genera, Parengyodontium, Aspergillus, and Penicillium. Other less abundant
genera were Cladosporium, Alternaria, Aureobasidium, Bipolaris, and Amphichorda (Table 2).
In total, 16 different species were retrieved inside the cave and 13 outside.

Parengyodontium album was only limited to the visited Touristic Galleries: Entrance,
Cascade, and Ghosts Halls, where reached abundances between 70 and 90%. However,
Aspergillus versicolor, also abundant, was distributed across the three galleries: Touristic
(Nativity and Ghosts Halls), High (Kitchen and Immensity Halls), and New (Mountain
Hall).

Other Aspergillus species was A. spelaeus, only identified in the Kitchen Hall. Six
species of Penicillium were collected in the Touristic and High Galleries, from which the
abundances of P. flavigenum, P. sumatrense, P. pancosmium, and P. nodositatum were above
10% in any of the halls and those of P. citreosulfuratum and P. steckii below 10%. Interestingly,
P. flavigenum was the unique fungus in Heracles Hall and A. versicolor in Mountain Hall.
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Outside, none of the most abundant fungi inside the cave could be identified, and only
Cladosporium cladosporioides (43.06% outside and 5.0% inside) and Aureobasidium pullulans
(5.56% outside and 5.0%) were represented in the Ghosts Hall, and Alternaria tenuissima in
the Nativity Hall (6.67%).

Table 2. Total counts, identifications, and abundance of fungi isolated from Nerja Cave in 2016
summer campaign.

Sampling CFU m−3 (SD) * Identification (% Similarity) Abundance (%)

Entrance Hall
(EH)

170 (40)
Cladosporium lebrasiae (100%) 6.45
Parengyodontium album (100%) 90.32
Penicillium citreosulfuratum (100%) 3.23

Nativity Hall
(NH)

80 (20)
Alternaria tenuissima (100%) 6.67
Aspergillus versicolor (100%) 86.67
Penicillium citreosulfuratum (100%) 6.67

Cascade Hall
(CCH)

90 (20)

Parengyodontium album (100%) 70.59
Phoma sp. (99%) 5.88
Penicillium sumatrense (100%) 17.65
Penicillium steckii (100%) 5.88

Ghosts Hall
(GH)

100 (0)

Aspergillus versicolor (100%) 5.00
Aureobasidium pullulans (100%) 5.00
Bipolaris cynodontis (100%) 5.00
Cladosporium cladosporioides (100%) 5.00
Parengyodontium album (100%) 70.00
Penicillium nodositatum (99%) 10.00

Cataclysm Hall
(CTH)

110 (20)

Aspergillus versicolor (100%) 85.71
Penicillium citreosulfuratum (100%) 4.76
Penicillium flavigenum (100%) 4.76
Penicillium sumatrense (100%) 4.76

Kitchen Hall
(KH)

120 (10)

Aspergillus spelaeus (100%) 8.70
Aspergillus versicolor (100%) 39.13
Amphichorda felina (100%) 8.70
Penicillium flavigenum (100%) 13.04
Penicillium pancosmium (100%) 13.04
Penicillium steckii (100%) 8.70
Penicillium sumatrense (100%) 8.70

Heracles Hall
(HH) 10 (0) Penicillium flavigenum (100%) 100.00

Immensity Hall
(IH)

20 (0)
Aspergillus versicolor (100%) 75.00
Penicillium flavigenum (100%) 25.00

Lance Hall
(LH) 0 No detected -

Exterior air
(EA) 390 (60)

Tremateia chromolaenae (99%) 5.56
Victoriomyces antarcticus (100%) 2.78
Alternaria tenuissima (100%) 1.39
Aspergillus tubingensis (100%) 1.39
Aspergillus melleus (100%) 5.56
Aspergillus ustus (100%) 4.17
Aureobasidium pullulans (100%) 5.56
Botrytis cinerea (100%) 2.78
Cladosporium cladosporioides (100%) 43.06
Hyphodermella rosae (100%) 8.33
Microascus croci (99%) 5.56
Penicillium olsonii (99%) 5.56
Purpureocillium lilacinum (100%) 8.33

* CFU: colony forming units; SD: standard deviation.
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Table 3. Total counts, identifications, and abundance of fungi isolated from Nerja Cave in 2017 winter
campaign.

Sampling CFU m−3 (SD) * Identification (% Similarity) Abundance (%)

Entrance Hall
(EH)

430 (10)

Aspergillus welwitschiae (99%) 5.13
Aspergillus pulvericola (99%) 19.23
Aspergillus spelaeus (99%) 5.13
Aureobasidium pullulans (100%) 2.56
Botrytis cinerea (100%) 1.28
Cladosporium cladosporioides (100%) 33.33
Penicillium brevicompactum (100%) 8.97
Aspergillus europaeus (100%) 2.56
Penicillium flavigenum (100%) 14.10
Penicillium rubens (100%) 7.69

Nativity Hall
(NH)

360 (30)

Aspergillus welwitschiae (99%) 16.67
Aspergillus pulvericola (99%) 13.64
Aspergillus ochraceus (100%) 1.52
Aureobasidium pullulans (100%) 3.03
Botrytis cinerea (100%) 1.52
Cladosporium cladosporioides (100%) 42.42
Cladosporium sphaerospermum (100%) 4.55
Penicillium flavigenum (100%) 10.61
Penicillium pancosmium (99%) 6.06

Cascade Hall
(CCH)

190 (30)

Arthrinium arundinis (99%) 36.11
Penicillium olsonii (99%) 5.56
Penicillium sumatrense (98%) 13.89
Penicillium glabrum (100%) 5.56
Penicillium raistrickii (99%) 11.11
Penicillium brevicompactum (100%) 25.00
Scopulariopsis brevicaulis (100%) 2.78

Ghosts Hall
(GH)

420 (40)

Arthrinium arundinis (99%) 4.00
Aspergillus welwitschiae (99%) 1.33
Aspergillus spelaeus (99%) 4.00
Aspergillus ustus (100%) 18.67
Cladosporium sphaerospermum (100%) 5.33
Penicillium glabrum (100%) 20.00
Penicillium dierckxii (100%) 9.33
Penicillium flavigenum (100%) 1.33
Aspergillus oryzae (100%) 1.33
Talaromyces brunneus (100%) 34.67

Cataclysm Hall
(CTH)

180 (60)

Aspergillus spelaeus (99%) 6.06
Aspergillus pulvericola (99%) 15.15
Cladosporium sphaerospermum (100%) 12.12
Penicillium flavigenum (100%) 33.33
Penicillium glabrum (100%) 30.30
Talaromyces brunneus (100%) 3.03

Kitchen Hall
(KH)

2170 (130)
Aspergillus baeticus (100%) 26.91
Aspergillus spelaeus (99%) 30.18
Penicillium flavigenum (100%) 42.91

Heracles Hall
(HH)

1330 (40)
Aspergillus spelaeus (99%) 23.50
Aspergillus ustus (100%) 21.50
Penicillium flavigenum (100%) 55.00

Immensity Hall
(IH)

140 (20)

Aspergillus ustus (100%) 55.56
Aspergillus spelaeus (99%) 22.22
Cladosporium sphaerospermum (100%) 3.70
Penicillium flavigenum (100%) 18.52
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Table 3. Cont.

Sampling CFU m−3 (SD) * Identification (% Similarity) Abundance (%)

Lance Hall
(LH)

30 (10)

Aspergillus spelaeus (99%) 50.00
Aureobasidium pullulans (100%) 16.67
Cutaneotrichosporon mucoides (100%) 16.67
Scopulariopsis brevicaulis (100%) 16.67

Mountain Hall
(MH)

280 (0)

Aspergillus ustus (100%) 25.00
Aspergillus spelaeus (99%) 32.69
Aspergillus versicolor (100%) 5.77
Cladosporium sphaerospermum (100%) 1.92
Penicillium flavigenum (100%) 32.69
Scopulariopsis brevicaulis (100%) 1.92

Exterior air
(EA) 230 (20)

Alternaria tenuissima (100%) 2.33
Aspergillus spelaeus (99%) 13.95
Aspergillus versicolor (100%) 20.93
Botrytis cinerea (100%) 2.33
Cladosporium cladosporioides (100%) 30.23
Cutaneotrichosporon mucoides (100%) 4.65
Monocillium indicum (99%) 11.63
Penicillium flavigenum (100%) 13.95

* CFU: colony forming units; SD: standard deviation.

3.2.2. Winter Campaign, 12 January 2017

The higher ventilation period (winter) showed a great number of different species
inside the cave (25), but less diversity outside (8) (Table 3). Seventeen out of 25 species
attained abundance above 10% in any of the halls (Table 3). The sampling was domi-
nated by species of Penicillium (9), Aspergillus (9), and Cladosporium (2). Single species of
Arthrinium, Aureobasidium, Botrytis, Cutaneotrichosporon, Scopulariopsis, and Talaromyces were
also identified. The major diversity of fungal species was found in the halls of the Touristic
Galleries (7 to 10 species), middle in the New Galleries (4 to 6 species), and low in the High
Galleries (3 and 4 species).

Abundances above 50% in any hall were observed for P. flavigenum, A. ustus, and A.
spelaeus, and between 50 and 25% for C. cladosporioides, Arthrinium arundinis, Penicillium
brevicompactum, Talaromyces brunneus, Penicillium glabrum, and Aspergillus baeticus.

Two fungi, A. spelaeus and P. flavigenum were isolated from eight halls, A. ustus from
four, and Aspergillus pulvericola and P. glabrum from 3 out of 10 halls. Aspergillus was not
found in Cascade Hall, nor Penicillium in Lance Hall.

Two halls, Kitchen and Heracles, showed huge spore concentrations (2170 and
1330 CFU m−3, respectively). P. flavigenum and A. spelaeus dominated in both cases, in
addition to A. baeticus in Kitchen and A. ustus in Heracles halls.

In the sampling outside the cave, 6 out of 8 fungal species were also retrieved inside,
and only Alternaria tenuissima and Monocillium indicum were not present in the cave air.
However, A. tenuissima was also recovered inside and outside the cave in summer.

4. Discussion

The microclimatological study in Nerja Cave shows two well defined ventilation
patterns corresponding to summer (low ventilation) and winter (high ventilation). The
type of ventilation regime is closely related with the concentration of airborne fungi in the
cave. In fact, the higher number of spores was observed in summer due to air stagnation
or low ventilation, whereas in winter, ventilation helped to remove and/or dilute spore
concentrations. Similar phenomena were described in other caves [7,19].

Figure 3 shows the distribution of the most abundant fungi across the different gal-
leries and seasons. Several patterns can be observed, namely the practical absence of
Basidiomycota. This pattern is opposite to that found in caves from Northern Spain, where
the input of wood-rotting Basiomycota spores related to Quercus forests predominates in the
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ventilation period (winter) [18]. In Nerja Cave’s surroundings, forests and dead trees are
not prevalent.

Another well-defined pattern is the higher diversity of Ascomycota in the air in winter
with relatively medium spore abundances, whereas in the summer period, the abundances
of a few Ascomycota (Aspergillus versicolor, Parengyodontium album, Penicillium flavigenum)
were remarkable, but they were not retrieved outside the cave.

The presence of Ascomycota in the two seasons, irrespective of the high or low ven-
tilation period, could be associated with the phototrophic biofilms. Dominguez–Moñino
et al. [30] related the abundance of Parengyodontium, Aspergillus, and Penicillium in the air of
Tesoro Cave (Rincon de la Victoria, Malaga) at some 40 km from Nerja, with the abundant
biofilms of cyanobacteria and algae originated by the artificial lighting used for allowing
the visits. Nerja Cave houses also abundant phototrophic biofilms near the entrance, just
in the Touristic Galleries. A similar association between phototrophs and Ascomycota was
reported by other authors [31,32].

The senescence and lysis of old phototrophic biofilms can provide nutrients for the
fungi and lead to the abundance of airborne spores in the halls close to the cave entrance.
Jurado et al. [24] reported complex trophic interactions in Nerja Cave between the compo-
nents of the biofilms, including processes of predation of bacteria and amoebas, and the
occurrence of nematodes, fungi, and other Eukaryota.

The higher diversity and relative abundance of Ascomycota spores in winter are con-
sistent with the entry of air according to the ventilation mode of Nerja Cave during this
period of the annual cycle. During the winter campaign, the difference ΔT is negative. The
colder and denser external air enters Nerja Cave through the lower entrances (E1, E2 and
E3 in Figure 1) and moves from the tourist to nontourist sector (UAF-mode). So, the strong
ventilation during this period contributes to the entry of atmospheric air inside the cave, to
its rapid exit through the Pintada Cave, and thus, to the rapid renovation of the air cave.
This is exemplified by the abundant occurrence of Cladosporium cladosporioides, Aspergillus
spelaeus, and Penicillium flavigenum in the halls of the Touristic Galleries and outside.

Parengyodontium album (syn. Engyodontium album, Beauveria alba, Tritirachium al-
bum) [33], identified only in summer, was limited to the air of the visited area (Touristic
Galleries), which could correspond to the presence of insects in spring and summer, since
the fungus is a parasite of arthropods, and also to the presence of phototrophic biofilms in
these galleries. Novakova et al. [34] found this species only in the air of the cave, but not in
the sediments.

Jurado et al. [35] and Leplat et al. [36] reviewed the entomopathogenic fungi related
to cultural heritage sites and associated Pa. album with the presence of arthropods. This
was also reported in Lascaux Cave [37]. Data on the role of fungi in caves suggested that
the species related to arthropods contribute to their mortality and favor the dispersal of
spores. Jurado et al. [35] recommended the control of arthropod populations as a method
to reduce fungal contamination and colonization of substrates, sediments, and rocks [35].

The spores of Pa. album were also widely distributed in the air of Castañar de Ibor,
Ardales, Gruta de las Maravillas, and Tesoro caves [30,38,39]. In addition, Pa. album is
common in other subterranean environments [40–43] and wall paintings, and in this last
case associated to arthropods [44–46]. A review on cave fauna reported the presence of
many different classes of arthropods in Nerja, including endemisms [47]. The abundant
presence of spores of Pa. album and other entomopathogenic fungi in the air in Ardales and
Tesoro caves [30] emphasizes the likely role of arthropods as a vector of these fungi.

The genus Aspergillus is one of the most abundant in the air of Nerja Cave. Aspergillus
showed greater diversity in winter, with the species A. versicolor, A. spelaeus, A. baeticus, A.
ustus, A. pulvericola, A. welwitschiae, A. oryzae, and A. ochraceus, while in summer were only
recovered A. versicolor and A. spelaeus.

The abundance of Aspergillus was shown in previous publications, although the species
could not be identified due to the protocol used [26,27]. Novakova et al. [32] isolated 72
fungi from sediments and air in Nerja, among them 18 different species of Aspergillus, from
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which two were only present in the air and three in both sediments and air. This suggests
that an important source of Ascomycota in the cave, the sediments, could not be disregarded.
We isolated seven species of Aspergillus from the cave air, and the most abundant species
present in the two seasonal samplings were A. versicolor, A. spelaeus, A. ustus, and A. baeticus.
The first two showed a marked seasonality, so while A. versicolor was abundant in summer
and scarce in winter, A. spelaeus showed the inverse trend, being highly represented in
almost all the halls in winter and occasionally in summer (8.7% in Kitchen Hall).

According to Gunde–Cimerman et al. [48] A. versicolor is a xerotolerant species fre-
quently detected even in extreme environments. Aspergillus versicolor was relatively com-
mon in the air of caves all over the world [10,35,49–54], while Aspergillus ustus presented a
more restricted distribution [49,50,52,55,56].

Aspergillus versicolor, relatively abundant outside in winter, was only found in the
deepest Mountain Hall. Thus, according to the ventilation mode of the winter period
(UAF-mode), their relationship with the external atmosphere is discarded. On the contrary,
A. versicolor is not detected outside the cave in summer, but its concentration is high inside
the cave. The highest frequency of A. versicolor in summer, unlike other species of the
genus Aspergillus, points to a relationship with the increasing of nutrient sources, i.e.,
phototrophic biofilms or bat droppings, and could be explained by the ventilation mode
of Nerja Cave during this period of the year (DAF-mode). The colder and denser Nerja
Cave air is removed through the lower entrances (E1, E2 and E3 in Figure 1) and external
air is sucked in through the Pintada Cave and other nonaccessible entrances located in the
Almijara range. This suction effect causes the air previously stored in the PC and the GC to
reach Nerja Cave. Thus, the source of these fungi would not be the external atmosphere but
the cave air previously stored in PC, GC, and other possible subterranean voids connected
to Nerja Cave and located in higher altitude.

This also applies to A. spelaeus, found in 2011 with some frequency in the sediments of
Nerja Cave. The study of the isolated strains established the bases for the description of
these strains as a new species [57]. A subsequent visit in 2012 allowed the isolation of new
strains [32,57]. As far as we know, no other records on this Aspergillus were published.

Another new species of Aspergillus isolated in Nerja was A. baeticus. This was described
in 2012 [58], and the type strain was isolated from sediments from Gruta de las Maravillas
(Aracena, Huelva) along with other strains from Tesoro Cave. In addition, this fungus was
isolated from air, cave sediments, and a dead spider (Agraecina cristiani) in Movile Cave, as
well as from a bat cadaver in Demänovska Peace Cave [59], and from cave sediments in
Nerja Cave [32].

The new species Aspergillus europaeus was isolated in 2011 from soils near Nerja and
Movile caves, although no isolates were obtained directly from the caves [57]. We isolated
this fungus in the air of the Entrance Hall in winter, suggesting an origin from the soil
outside the cave and their transport inside, according to the UAF-mode ventilation [28].

Less abundant Aspergillus species identified in the air of Nerja Cave were also recorded
in different caves such as A. ochraceus [55,60–62]. No cave record was found for A. pulvericola
and A. welwitschiae.

The genus Penicillium is widely distributed in caves, and in Nerja, it was recorded in
the two seasonal samplings in almost all the halls; although generally with little abundance
in summer, not so in winter. In summer, six species of Penicillium were recorded in all the
halls except in the Lance, while in winter, a total of 10 species were recovered in all the
halls but not in the Lance. This is the same trend recorded for Aspergillus; very abundant in
winter, and scarce in summer.

The most abundant Penicillium species was P. flavigenum, both in summer and winter,
although with marked differences in their total abundances and presence in the halls
(Tables 2 and 3), and P. glabrum, which was only identified in winter. P. flavigenum and P.
glabrum are relatively common in caves [8,49,50,55,63–66]. Madsen et al. [67] found that P.
glabrum was among the three most frequent species of fungi present inside Danish houses.
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The presence of spores of Penicillium, in autumn and winter, in the air of Tesoro Cave,
was important [30], as it suggests that this genus is abundant in the air of the caves of
Malaga province in periods when ventilation is greater.

Relatively less abundant species compared with P. flavigenum and P. glabrum were
P. sumatrense, P. steckii, P. pancosmium, P. citrosulfuratum, P. nodositatum in summer, and
P. brevicompactum, P. rubens P. pancosmium, P. olsonii, P. sumatrense, P. raistrickii, and P.
fellutanum, in winter. Moreover, similar to Aspergillus, Penicillium showed higher diversity
in winter.

Talaromyces brunneus was isolated in winter from Ghosts and Cataclysm halls. The
basionym is Penicillium brunneum. The references to this fungus in the literature are
scarce, only to the original isolation from miller rice from Thailand [68], the production of
anthraquinones [69] and the cellulolytic activity of a strain isolated from a cave [70].

In Nerja Cave, the spores of the genus Cladosporium were detected in the two seasonal
samplings, both outside and inside the cave. In summer, C. cladosporioides accounted for
43.1% of all spores outdoor, but only 5.3% in the Ghosts Hall; C. lebrasiae was only found in
the Entrance Hall, with 6.5% abundance, denoting clearly the existence of a low ventilation
period. However, in winter, the situation changed drastically, since the concentration of
C. cladosporioides spores outside was 30.2%, but its abundance increased in the different
halls, such as the Entrance Hall (33.3%) and in Nativity Hall (42.2%), as correspondent with
a higher ventilation period. In addition, C. sphaerospermum was represented in Nativity
(4.6%), Ghosts (5.3%), Cataclysm (12.1%), Immensity (3.7%), and Mountain (1.9%) halls.

Garcia–Anton et al. [17] (2014) proved that in Altamira Cave Cladosporium spores had
a clear external origin, as the data obtained for Nerja Cave also suggest that the presence
of these fungi in the cave was due to transport from outside through air currents. It also
stands out for its abundance in the air of Nerja Cave when the ventilation in the cave is
greater (winter) compared to its practical absence in summer, with less or little ventilation.
Likewise abundant were the species of the genus Cladosporium in the seasonal samplings
(autumn and winter) in Ardales Cave [30].

The genus Cladosporium and, specifically, the species C. cladosporioides, was previously
identified in the air of different European and Chinese caves [5,9,17,37,50,62,64,66,71],
while C. sphaerospermum was retrieved from Slovakian and Chinese caves [49,50,66]. Cla-
dosporium lebrasiae was first described from contaminated foods and forms a sister clade
with Cladosporium dominicanum [72,73], but no reports on caves or air were found.

Other remarkable fungal species were Aureobasidium pullulans, Botrytis cinerea, Arthrinium
arundinis, Alternaria tenuissima, Bipolaris cynodontis, all plant pathogens, but also isolated
from caves [5,32,50,61,62,74,75]. The origin inside the cave may be due to the vegetation
around the cavity. In addition, other noticeable fungi were Amphichorda felina, Cutaneotri-
chosporon mucoides, and Scopulariopsis brevicaulis. Amphichorda is one of the most ubiquitous
entomopathogenic fungal genera. The species A. felina (syn. Beauveria felina, Isaria felina) ap-
peared only in the Kitchen Hall with 8.7% abundance, but it deserves to be noticed for their
ecology, since is a fungus colonizing animal feces in Spanish caves [76] and isolated from
other caves [77,78]. Scopulariopsis brevicaulis is often recorded in indoor environments [79]
and isolated from bat skin [80] as well as Cutaneotrichosporon mucoides (syn. Trichosporon
mucoides), the later common in caves populated by bats [81,82]. Scopulariopsis brevicaulis
was previously isolated from the air and sediments of Nerja Cave [32].

The abundance of Cladosporium cladosporioides spores in the air outside the cave is
notable. Species of the genus Cladosporium are very common outdoor, at any time of
the year, and also inside buildings, along with Alternaria, Aspergillus, and Penicillium.
Outdoor, according to Gómez de Ana et al. [83], (2006), Cladosporium and Penicillium are
very common in the four seasons of the year, but Penicillium was more abundant in winter
and Aspergillus in summer. In Nerja Cave, both Penicillium and Aspergillus showed outdoor
higher abundances in winter than in summer, as well as a high diversity in the cave air.
However, A. versicolor stood out for their abundance in the cave in summer. This showed
the influence that the outside air can have on the dispersal of the spores of these fungi
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inside the cave in winter and the influence of the air previously stored in other caves
connected to the ventilation of Nerja Cave in summer.

Of the 18 species identified in the two seasonal air samples outside the cave, only 8
were not found inside, Tremateia chromolaenae, Victoriomyces antarcticus, Microascus
croci, Hyphodermella rosae, Purpureocillium lilacinum, Monocillium indicum, Aspergillus
tubingensis, and Aspergillus melleus. Hyphodermella rosae is a white-rot corticioid fun-
gus previously isolated from La Garma Cave air [18], Purpureocillium lilacinum is an
entomopathogenic fungus often isolated from caves [50,52,62,64], Monocillium indicum
and Victoriomyces antarcticus were found in soils [84,85], Tremateia chromolaenae was as-
sociated with plants [86], and Microascus croci with aquatic sediments [87]. The remaining
two Aspergillus spp. were isolated from Brazilian caves [88,89].

It is of interest to notice that many of the fungi isolated were reported as ento-
mopathogens and/or associated with arthropods, including A. versicolor, A. ustus, A.
ochraceus, A. olsonii, A. welwitschiae, A. tubingensis, B. cinerea, C. cladosporioides, C. sphaeros-
permum, Pa. album, P. flavigenum, P. chrysogenum, P. raistrickii, P. brevicompactum, P. steckii,
Pu. lilacinum, and S. brevicaulis, among others [90–93].

5. Conclusions

The studies in Nerja and other Andalusian caves were essential for the description
of new species of the genus Aspergillus [57,58], and specifically for A. spelaeus, which type
strain was isolated from Nerja [94]. This suggests that these caves are reservoirs of new
species of fungi as well as bacteria [95,96], and their study contributes to increasing the
knowledge of biodiversity on the planet.

Considering the results, the influence that the external air has on Nerja Cave during
the winter is demonstrated. Cold air enters in winter, and this is confirmed by the abundant
presence of Aspergillus and Penicillium spores inside the cave, without ruling out that the
reservoirs of these fungi were already installed in the cave itself (sediments, phototrophic
biofilms) and that the increased air flow carries away the spores. In summer, the abundance
of fungal spores in Nerja Cave, which are not detected outside, as in the case of A. versicolor,
suggests a different source for these microorganisms, linked to the nutrient sources and
other subterranean voids and caves near Nerja Cave. Other seasonal events, such as the
presence of entomopathogenic fungal spores in summer, were also reflected in the air of
the cave.

The data reported in this work are in agreement with the findings of Docampo
et al. [26,27]. These authors reported that spores of Aspergillus and Penicillium were, by far,
the most abundant in the air of the cave and were retrieved throughout the year, followed
by Cladosporium. The influence of the ventilation is clearly shown by the high abundances
of Cladosporium spores outside the cave both in summer and winter. The high occurrence
in the halls near the entrance in winter is related to ventilation, and the practical absence
inside the cave in summer is due to low ventilation or stagnation period.

The conditions of access and visit to a cave have an impact due to the mobilization
of air and dispersal of aerial microorganisms. However, this is minimized in the summer
season, when there is a greater influx of visitors, as shown by the low concentration of
spores found inside. However, the high abundance of Aspergillus and Penicillium spores in
the Kitchen and Heracles halls in winter requires a more detailed study to understand their
origin and nature and to be able to reduce the concentrations of spores, which are much
larger than in other neighboring halls (Cataclysm and Immensity).

Author Contributions: Investigation, V.J., Y.D.R., C.L., T.M.-P., J.L.G.-P., writing—original draft
preparation, C.S.-J., Y.D.R., C.L., writing—review and editing, C.S.-J. All authors read and agreed to
the published version of the manuscript.

Funding: This research was funded by Nerja Cave Foundation. This work is part of an Interdisci-
plinary Research Project for the conservation of Nerja Cave, authorized by the Ministry of Culture of
the Andalusian Government.

80



Appl. Sci. 2021, 11, 6236

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data, under accession numbers MZ374012-MZ374055 and MZ375763-
MZ375863, were deposited into the GenBank database.

Acknowledgments: This paper is dedicated to the memory of Professor Wolfgang E. Krumbein (1937–
2021) (https://de.wikipedia.org/wiki/Wolfgang_E._Krumbein), an outstanding scientist and dear
friend and colleague. The authors acknowledge Nerja Cave Foundation for the support and facilities
and CSIC Interdisciplinary Thematic Platform Open Heritage: Research and Society (PTI-PAIS) for
the professional support.

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

References

1. Adetutu, E.M.; Thorpe, K.; Bourne, S.; Cao, X.; Shahsavari, E.; Kirby, G.; Ball, A.S. Phylogenetic diversity of fungal communities
in areas accessible and not accessible to tourists in Naracoorte Caves. Mycologia 2011, 103, 959–968. [CrossRef] [PubMed]

2. Martin-Sanchez, P.M.; Nováková, A.; Bastian, F.; Alabouvette, C.; Saiz-Jimenez, C. Use of biocides for the control of fungal
outbreaks in subterranean environments: The case of the Lascaux Cave in France. Environ. Sci. Technol. 2012, 46, 3762–3770.
[CrossRef]

3. Di Piazza, S.; Isaia, M.; Vizzini, A.; Badino, G.; Voyron, S.; Zotti, M. First mycological assessment in hydrothermal caves of Monte
Kronio (Sicily, southern Italy). Webbia. J. Plant Taxon. Geogr. 2017, 72, 277–285. [CrossRef]

4. Man, B.; Wang, H.; Yun, Y.; Xiang, X.; Wang, R.; Duan, Y.; Cheng, X. Diversity of fungal communities in Heshang Cave of Central
China revealed by mycobiome-sequencing. Front. Microbiol. 2018, 9, 1400. [CrossRef] [PubMed]

5. Ogórek, R.; Kozak, B.; Visnovská, Z.; Tancinová, D. Phenotypic and genotypic diversity of airborne fungal spores in Demänovská
Ice Cave (Low Tatras, Slovakia). Aerobiologia 2018, 34, 13–28. [CrossRef] [PubMed]

6. Pusz, W.; Król, M.; Zwijacz-Kozica, T. Airborne fungi as indicators of ecosystem disturbance: An example from selected Tatra
Mountains caves (Poland). Aerobiologia 2018, 34, 111–118. [CrossRef] [PubMed]

7. Wang, W.; Ma, X.; Ma, Y.; Mao, L.; Wu, F.; Ma, X.; An, L.; Feng, H. Seasonal dynamics of airborne fungi in different caves of the
Mogao Grottoes, Dunhuang. China. Int. Biodeter. Biodegr. 2010, 64, 461–466. [CrossRef]

8. Porca, E.; Jurado, V.; Martin-Sanchez, P.M.; Hermosin, B.; Bastian, F.; Alabouvette, C.; Saiz-Jimenez, C. Aerobiology: An ecological
indicator for early detection and control of fungal outbreaks in caves. Ecol. Indic. 2011, 11, 1594–1598. [CrossRef]

9. Fernandez-Cortes, A.; Cuezva, S.; Sanchez-Moral, S.; Porca, E.; Jurado, V.; Saiz-Jimenez, C. Detection of human-induced
environmental disturbances in a show cave. Environ. Sci. Pollut. Res. 2011, 18, 1037–1045. [CrossRef]

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

11. Carrasco, F.; Vadillo, I.; Liñan, C.; Andreo, B.; Durán, J.J. Control of environmental parameters for management and conservation
of Nerja Cave (Malaga, Spain). Acta Carsologica 2002, 31, 105–122. [CrossRef]

12. Liñán, C.; Vadillo, I.; Carrasco, F. Carbon dioxide concentration in air within the Nerja Cave (Malaga, Andalusia, Spain). Int. J.
Speleol. 2008, 37, 99–106. [CrossRef]

13. Liñán, C.; Ojeda, L.; Benavente, J.; Del Rosal, Y.; Vadillo, I.; Carrasco, F. Coupling air temperature records and gravimetric data to
interpret ventilation patterns in a Mediterranean karstic system (Nerja-Pintada caves, southern Spain). Sci. Total Environ. 2020,
730, 139147. [CrossRef] [PubMed]

14. Benavente, J.; Vadillo, I.; Liñan, C.; Carrasco, F.; Soler, A. Ventilation effects in a karstic show cave and in its vadose environment,
Nerja, Southern Spain. Carbonates Evapotites 2011, 26, 11–17. [CrossRef]

15. Dueñas, C.; Fernández, M.C.; Cañete, S.; Pérez, M.; Gordo, E. Seasonal variations of radon and the radiation exposure levels in
Nerja cave, Spain. Radiat. Meas. 2011, 46, 1181–1186. [CrossRef]

16. Del Rosal, Y.; Liñan, C.; Hernandez-Marine, M. The conservation of the Nerja Cave: Preserving anthropogenic impact in a tourist
cave. In The Conservation of Subterranean Cultural Heritage; Saiz-Jimenez, C., Ed.; CRC Press/Balkema: Leiden, The Netherlands,
2014; pp. 193–206.

17. Ojeda, L.; Vadillo, I.; Etiope, G.; Benavente, J.; Liñán, C.; Del Rosal, Y.; Tapia, S.T.; Moríñigo, M.A.; Carrasco, F. Methane sources
and sinks in karst systems: The Nerja cave and its vadose environment (Spain). Geochim. Cosmochim. Acta 2019, 259, 302–315.
[CrossRef]

18. Garcia-Anton, E.; Cuezva, S.; Jurado, V.; Porca, E.; Miller, A.Z.; Fernandez-Cortes, A.; Saiz-Jimenez, C.; Sanchez-Moral, S.
Combining stable isotope (δ13C) of trace gases and aerobiological data to monitor the entry and dispersion of microorganisms in
caves. Environ. Sci. Pollut. Res. 2014, 21, 473–484. [CrossRef] [PubMed]

19. Sanchez-Moral, S.; Jurado, V.; Fernandez-Cortes, A.; Cuezva, S.; Martin-Pozas, T.; Gonzalez-Pimentel, J.L.; Ontañon, R.; Saiz-
Jimenez, C. Environment-driven control of the dispersal of fungi in subterranean ecosystems: The case of La Garma Cave
(northern Spain). Int. Microbiol. 2021, in press.

81



Appl. Sci. 2021, 11, 6236

20. Ruíz, J.; Marín-Girón, F.; Ojeda, F.; Marón-Olalla, F.; Berros, J.; Marín-Olalla, E. Estudio macroscópico “in situ” y microscópico-
ecológico de pequeñas zonas de flora verde (algas verdes y verdeazuladas) del interior de la Cueva de Nerja. In Investigación
Biológica y Edafológica de la Cueva de Nerja (Málaga); Marín, F., Carrasco, F., Eds.; Trabajos sobre la Cueva de Nerja: Málaga, Spain,
1992; Volume 2, pp. 113–125.

21. Del Rosal, Y.; Hernández-Mariné, M.; Roldán, M. Phototrophic microorganisms in the tourist cave of Nerja. In Science, Technology
and Cultural Heritage; Rogerio-Candelera, M.A., Ed.; CRC Press/Balkema: Leiden, The Netherlands, 2014; pp. 229–234.

22. Del Rosal Padial, Y.; Jurado Lobo, V.; Hernández Mariné, M.; Roldán Molina, M.; Sáiz Jiménez, C. Biofilms en cuevas turísticas:
La Cueva de Nerja y la Cueva del Tesoro. In El Karst y el Hombre: Las Cuevas como Patrimonio Mundial; Andreo, B., Durán, J.J., Eds.;
Asociación de Cuevas Turísticas Españolas: Madrid, Spain, 2016; pp. 103–114.

23. Jurado, V.; Del Rosal, Y.; Hernández-Mariné, M.; Galocha Zapata, I.; Domínguez-Moñino, I.; Rogerio Candelera, M.A.; Sáiz-
Jiménez, C. Biología molecular de los biofilms fotosintéticos de la Cueva de Nerja. In Análisis, Impacto y Evolución de los Biofilms
Fotosintéticos en Espeleotemas. El caso de la Cueva de Nerja (Málaga, España); Del Rosal Padial, Y., Ed.; Fundación Pública de Servicios
Cueva de Nerja: Nerja, Spain, 2017; pp. 229–270.

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

25. Del Rosal, Y.; Martínez-Manzanares, E.; Marín, F.; Liñán, C.; Simón, M.D. Análisis de la calidad microbiológica aérea en el interior
de la Cueva de Nerja. In Cuevas Turísticas: Aportación al Desarrollo Sostenible; Durán, J.J., Robledo, P.A., Vázquez, J., Eds.; Instituto
Geológico y Minero de España: Madrid, Spain, 2007; pp. 181–190.

26. Docampo, S.; Trigo, M.M.; Recio, M.; Melgar, M.; Garcia-Sanchez, J.; Calderon-Ezquerro, M.C.; Cabezudo, B. High incidence of
Aspergillus and Penicillium spores in the atmosphere of the cave of Nerja (Malaga, southern Spain). Aerobiologia 2010, 26, 89–98.
[CrossRef]

27. Docampo, S.; Trigo, M.M.; Recio, M.; Melgar, M.; García-Sánchez, J.; Cabezudo, B. Fungal spores content of the atmosphere of the
Cave of Nerja (southern Spain): Diversity and origin. Sci. Total Environ. 2011, 409, 835–843. [CrossRef]

28. Liñán, C.; Del Rosal, Y.; Carrasco, F.; Vadillo, I.; Benavente, J.; Ojeda, L. Highlighting the importance of transitional ventilation
regimes in the management of Mediterranean show caves (Nerja-Pintada system, southern Spain). Sci. Total Environ. 2018,
631–632, 1268–1278. [CrossRef] [PubMed]

29. Docampo, S.; Recio, M.; Trigo, M.M.; Cabezudo, B. Risk of pollen allergy in Nerja (southern Spain): A pollen calendar. Aerobiologia
2007, 23, 189–199. [CrossRef]

30. Dominguez-Moñino, I.; Jurado, V.; Rogerio-Candelera, M.A.; Hermosin, B.; Saiz-Jimenez, C. Airborne fungi in show caves from
Southern Spain. Appl. Sci. 2021, 11, 5027. [CrossRef]

31. Grbic, M.L.; Vukojevic, J.; Simic, G.S.; Krizmanic, J.; Stupar, M. Biofilm forming cyanobacteria, algae and fungi on two historic
monuments in Belgrade, Serbia. Arch. Biol. Sci. 2010, 62, 625–631. [CrossRef]

32. Pfendler, S.; Borderie, F.; Bousta, F.; Alaoui-Sosse, L.; Alaoui-Sosse, B.; Aleya, L. Comparison of biocides, allelopathic substances
and UV-C as treatments for biofilm proliferation on heritage monuments. J. Cult. Herit. 2018, 33, 117–124. [CrossRef]

33. De Hoog, G.S. The genera Beauveria, Isaria, Tritirachium and Acrodontium gen. nov. Stud. Mycol. 1972, 1, 1–41.
34. Novakova, A.; Hubka, V.; Saiz-Jimenez, C. Microscopic fungi isolated from cave air and sediments in the Nerja Cave-preliminary

results. In The Conservation of Subterranean Cultural Heritage; Saiz-Jimenez, C., Ed.; CRC Press/Balkema: Leiden, The Netherlands,
2014; pp. 239–246.

35. Jurado, V.; Sanchez-Moral, S.; Saiz-Jimenez, C. Entomogenous fungi and the conservation of the cultural heritage: A review. Int.
Biodeter. Biodegr. 2008, 62, 325–330. [CrossRef]

36. Leplat, J.; François, A.; Bousta, F. Parengyodontium album, a frequently reported fungal species in the cultural heritage environment.
Fungal Biol. Rev. 2020, 34, 126–135. [CrossRef]

37. Bastian, F.; Alabouvette, C.; Saiz-Jimenez, C. The impact of arthropods on fungal community structure in Lascaux Cave. J. Appl.
Microbiol. 2009, 106, 1456–1462. [CrossRef] [PubMed]

38. Jurado, V.; Porca, E.; Cuezva, S.; Fernandez-Cortes, A.; Sanchez-Moral, S.; Saiz-Jimenez, C. Fungal outbreak in a show cave. Sci.
Total Environ. 2010, 408, 3632–3638. [CrossRef]

39. Porca Belío, E. Aerobiología: Mecanismos de Dispersión de los Microorganismos en Cuevas Turísticas. Ph.D. Thesis, Facultad de
Biología, Universidad de Sevilla, Seville, Spain, 2011.

40. Saarela, M.; Alakomi, H.-L.; Suihko, M.-L.; Maunuksela, L.; Raaska, L.; Mattila-Sandholm, T. Heterotrophic microorganisms in air
and biofilm samples from Roman catacombs, with special emphasis on actinobacteria and fungi. Int. Biodeter. Biodegr. 2004, 54,
27–37. [CrossRef]

41. Simonovicová, A.; Gódyová, M.; Sevc, J. Airborne and soil microfungi as contaminants of stone in a hypogean cemetery. Int.
Biodeter. Biodegr. 2004, 54, 7–11. [CrossRef]

42. Nugari, M.P.; Pietrini, A.M.; Caneva, G.; Imperi, F.; Visca, P. Biodeterioration of mural paintings in a rocky habitat: The Crypt of
the Original Sin (Matera, Italy). Int. Biodeter. Biodegr. 2009, 63, 705–711. [CrossRef]

43. Mang, S.M.; Scrano, L.; Camele, I. Preliminary studies on fungal contamination of two rupestrian churches from Matera (Southern
Italy). Sustainability 2020, 12, 6988. [CrossRef]

82



Appl. Sci. 2021, 11, 6236

44. Saiz-Jimenez, C.; Samson, R.A. Microorganisms and environmental pollution as deteriorating agents of the frescoes of “Santa
María de la Rábida”, Huelva, Spain. In Sixth Triennial Meeting ICOM; Paper 81/15/5; Committee for Conservation: Ottawa, ON,
Canada, 1981; p. 14.

45. Gorbushina, A.A.; Petersen, K. Distribution of microorganisms on ancient wall paintings as related to associated faunal elements.
Int. Biodeter. Biodegr. 2000, 46, 277–284. [CrossRef]

46. Berner, M.; Wanner, G.; Lubitz, W. A comparative study of the fungal flora present in medieval wall paintings in the chapel of the
castle Herberstein and in the parish church of St. Georgen in Styria, Austria. Int. Biodeter. Biodegr. 2004, 40, 53–61. [CrossRef]

47. Barranco, P.; Tinaut, A.; Baena, M. Entomofauna cavernícola de Andalucía. In El Karst de Andalucía. Geoespeleología, Bioespeleología
y Presencia Humana; Calaforra Chordi, J.M., Berrocal Pérez, J.A., Eds.; Consejería de Medio Ambiente, Junta de Andalucía: Sevilla,
Spain, 2008; pp. 75–85.

48. Gunde-Cimerman, N.; Ramos, J.; Plemenitas, A. Halotolerant and halophilic fungi. Mycol. Res. 2009, 113, 1231–1241. [CrossRef]
49. Nováková, A. Microscopic fungi in caves of the National Park Slovak Karst. Phytopedon 2004, 3, 26–31.
50. Nováková, A. Microscopic fungi isolated from the Domica Cave system (Slovak Karst National Park, Slovakia). A review. Int. J.

Speleol. 2009, 38, 71–82. [CrossRef]
51. Domínguez-Moñino, I.; Jurado, V.; Hermosín, B.; Sáiz-Jiménez, C. Aerobiología de cuevas andaluzas. In Las Cuevas Turísticas como

Activos Económicos: Conservación e Innovación; Durán, J.J., Robledo, P.A., Eds.; Asociación de Cuevas Turísticas Españolas: Madrid,
Spain, 2012; pp. 299–307.

52. Taylor, E.L.S.; Resende-Stoianoff, M.A.A.; Lopes Ferreira, R. Mycological study for a management plan of a neotropical show
cave (Brazil). Int. J. Speleol. 2013, 42, 267–277. [CrossRef]

53. Mitova, M.M.; Iliev, M.; Nováková, A.; Gorbushina, A.A.; Groudeva, V.I.; Martin-Sanchez, P.M. Diversity and biocide susceptibility
of fungal assemblages dwelling in the Art Gallery of Magura Cave, Bulgaria. Int. J. Speleol. 2017, 46, 67–80. [CrossRef]

54. Mammola, S.; Di Piazza, S.; Zotti, M.; Isaia, M. Human-induced alterations of the cave mycobiota in an Alpine show cave (ltaly,
SW-Alps). Acta Carsologica 2017, 46, 111–123. [CrossRef]
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Featured Application: The method described in this study consists of the preparation and analy-

sis of mycelium samples for the identification of Serpula lacrymans by FTIR.

Abstract: The dry rot fungus Serpula lacrymans is the most destructive fungal agent of wood building
materials in Europe, Russia, North America, and Japan. The identification of this wood-deteriorating
agent and the discrimination of different fungal isolates is very important for the control of buildings
in general and for the preservation of cultural heritage in particular. The objective of the study
was to develop a Fourier transform infrared (FTIR) method coupled with a partial least square
discriminant analysis (PLS-DA) for the sample preparation and identification of S. lacrymans. Five
distinct S. lacrymans strains were analysed and compared to two strains of unrelated fungal species.
Different methods of mycelial growth, sample preparation, and FTIR spectral data normalisation
were compared. FTIR analysis of a harvested mycelium grown on the surface of a polyether sulfone
microfiltration membrane deposited on a malt extract agar medium, followed by vector normalization
and PLS-DA statistical analysis, resulted in 100% correct attribution at phylum, species, and strain
level, regardless of the type of standardization used. This study confirms the applicability of FTIR
spectroscopy for the identification of S. lacrymans and the discrimination of different strains belonging
to this species.

Keywords: Serpula lacrymans; biodegradation; wood; cultural heritage; FTIR; identification

1. Introduction

Serpula lacrymans is a Basidiomycota of the order Boletales, which is the main agent
of brown rot in buildings and historical monuments in Europe, Russia, North America,
and Japan [1–5]. S. lacrymans is rarely detected alone in a building; other wood-degrading
fungi accompany it which makes its detection difficult [6,7]. The observation of brown
rot and the analysis of the mycelium and fruiting bodies can direct the identification
of wood-damaging fungi to a presence of S. lacrymans [8]. When the fruiting bodies or
microstructures of the mycelial cords (rhizomorph) characteristic of S. lacrymans cannot
be found, a sample must be taken. Two identification approaches are then possible: a
classical agar culture technique or a molecular biological approach. The cultivation of the
fungus on a nutrient agar medium allows for the specification of its macro and microscopic
morphological characters. The main advantage of this cultural approach is low cost, but it is
time-consuming and tedious, requires strong expertise, and may not be very discriminating
for the related species [3,9]. As the cultivation of S. lacrymans from samples is often
unsuccessful, a molecular biological approach is of interest. Polymerase chain reaction
(PCR) amplification and the sequencing analysis of molecular markers in the internal
transcribed spacer (ITS) region can identify fungi with varying degrees of discrimination
depending on the taxonomical group considered [10]. The universal primer pair, ITS1 and
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ITS4, is used generically for fungal identification; the primer pair, ITS1-F and ITS4-B, can
be used to specifically highlight Basidiomycota, and the S. lacrymans-specific SL primer
can be combined with ITS1 to detect this species [11–13]. The advantage of this method
is that it allows the identification of a fungus regardless of its developmental stage [14].
However, some published studies using species-specific primers to detect S. lacrymans from
environmental samples recorded some failures [6,7,15].

Fourier transform infrared spectroscopy (FTIR) is an alternative technique for the
characterization and identification of different types of microorganisms, particularly
fungi [16–20]. FTIR is based on the acquisition of a specific spectral signature of each
microorganism after cultivation under given conditions. This spectral signature corre-
sponds mainly to the composition of proteins, lipids, nucleic acids and carbohydrates
in the biomass. The vibrational spectra of different fungal species have many signals in
common and contain a large number of variables requiring the coupling to multivariate
statistical analysis methods for their comparison [20]. The reproducibility of FTIR for
fungal identification requires the standardization of each step of the analytical protocol:
culture conditions, sample preparation and spectral acquisition parameters [21].

Several protocols using FTIR spectroscopy have been described to identify moulds [19,
20,22–25]. Only a few studies have used FTIR to identify wood-decay fungi, but none to
identity S. lacrymans [26,27]. In this study, we used different fungal growth conditions
and different mycelial harvesting methods to select the best protocol for the identification
of S. lacrymans by Attenuated total reflectance (ATR)-FTIR spectroscopy. The goal of this
study was to standardize, optimize, and show that FTIR spectroscopy is a suitable method
for the identification and discrimination of different strains of S. lacrymans.

2. Materials and Methods

2.1. Fungal Strains and Growth Conditions

Seven fungal strains (5 S. lacrymans, 1 Rhodonia placenta and 1 Trichoderma harzianum)
obtained from the Culture Collection of Université de Bretagne Occidentale (UBOCC,
Plouzané, France) and the culture collection of the Laboratoire de Recherche des Monu-
ments Historiques (LRMH, Champs-sur-Marne, France), were used (Table 1). S. lacrymans
and R. placenta were brown-rot fungi. T. harzianum was phylogenetically distant from
S. lacrymans and served as an easily distinguished negative control of this species. Pre-
cultures of fungi were performed at 23 ◦C on Malt Extract Agar (MEA) (Malt extract 20.0 g,
Agar 20.0 g per litre distilled water) for R. placenta and T. harzianum, and on Malt Extract
Agar with Peptone (MEAP) (Malt extract 20.0 g, Peptone 1.0 g, Glucose 20.0 g, Agar 20.0 g
per litre distilled water) for S. lacrymans.

Table 1. Fungal strains.

Species Phylum Strain Number 1

Serpula lacrymans Basidiomycota UBOCC-A-110074
Serpula lacrymans Basidiomycota UBOCC-A-110108
Serpula lacrymans Basidiomycota UBOCC-A-111008
Serpula lacrymans Basidiomycota LRMH-RX-01
Serpula lacrymans Basidiomycota LRMH-SF-Ec3-003
Rhodonia placenta Basidiomycota LRMH-Op-001

Trichoderma harzianum Ascomycota LRMH-LV-Ec1-001
1 UBOCC, Université de Bretagne Occidentale Culture Collection. LRMH, Laboratoire de Recherche des Monu-
ments Historiques.

One mL of sterile saline solution (NaCl 0.9%) was added to a fungal pre-culture on
the surface of a Petri dish. The mycelium was scraped off and the liquid containing the
suspended mycelium fragments was collected and used to inoculate broth or agar media.
The 100 μL of mycelium suspension was placed in a tube containing 8 mL of malt extract
peptone broth (Malt extract 20.0 g, Peptone 1.0 g, Glucose 20.0 g per litre distilled water)
or plated onto a polyether sulfone (PES) membrane (Merck, France) placed on the surface
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of a new MEA plate. Inoculated broth and agar media were incubated for 12 days at
23 ◦C. Broth cultures were then centrifuged for 1.5 min at 13,000× g. After the supernatant
removal, the mycelium was washed with 10 mL of saline and centrifuged as above. The
obtained pellet was dried for 48 h at 50 ◦C. Mycelia cultured on filtration membranes were
prepared in two ways. Either the membrane carrying the mycelium was dried directly
or the mycelium was harvested by scraping the surface of the membrane before drying.
The mycelium collection was performed to exclude possible membrane interference on
infrared signals. Drying was carried out for 48 h at 50 ◦C. For each strain and each culture
condition, at least five independent cultures were performed.

2.2. FTIR Analysis

The FTIR analysis was carried out using an ALPHA II spectrometer equipped with
an ATR Platinum crystal diamond module (Bruker Optics, Marne la Vallée, France). The
analysis was performed between 4000 and 400 cm−1 with 64 accumulations per sample
and a spectral resolution of 2 cm−1. The infrared data were cleaned and processed with
OPUS (version 6.5, Marne la Vallée, France) software as shown below. The spectrum was
first trimmed by removing the values on either side of the interval between 3700 and
600 cm−1, and then normalised. Normalisation of the spectra was conducted according to
two models: a minimum–maximum (min–max) normalisation and a vector normalisation.
For the min–max normalisation of the spectra, the data were smoothed (25 smoothing
points), a straight line was generated between 2800 and 1800 cm−1 and the baseline was
corrected before normalisation. All values of the spectra were set between 0 and 2, while
keeping the distances between them. For the vector normalisation of the spectra, the data
were second-derivative smoothed (25 smoothing points), a straight line was generated
between 2800 and 1800 cm−1, and then a vector normalisation was performed. The second
derivative allowed for better resolution of the near and small absorption peaks. This was
completed by calculating the average absorbance values of each spectrum in the selected
spectral range. Each absorbance value in the spectrum was subtracted from this average
value. The corrected value was then divided by the root of the sum of the squares of all the
absorbances in the spectral range.

2.3. Statistical Analysis

The FTIR data were subjected to statistical analysis using partial least square discrim-
inant analysis (PLS-DA) developed in XLSTAT (version 2018.1, Paris, France) software.
This supervised linear analysis method using the algorithm of multivariate PLS regres-
sion permitted the classification of samples in the spectral ranges 3700–2800 cm−1 and
1800–600 cm−1, corresponding to the major biochemical functions present in the mycelial
samples. Each class was coded by a combination of 0 and 1, depending on whether the
sample belonged to a given class or not. The explained data corresponding to the defined
variables of the samples were correlated with a matrix of class properties corresponding
to the different classes of the samples. A confusion matrix was generated to summarise
information about the reclassifications after analysis by the algorithm. The percentage of
correct attribution corresponding to the ratio of the number of well-classified observations
to the total number of observations was calculated.

3. Results

3.1. Fourier Transformed Infrared (FTIR) Spectroscopy

The mycelial biomass obtained after growth and collection under different conditions
was analysed by ATR-FTIR. The IR spectra obtained after normalisation of the data are
presented in Figure 1, Figures S1 and S2. The two methods of data normalisation allow the
visualisation of the signals corresponding to the chemical groups of the main biological
macromolecules of the biomass in the spectral ranges 3600–2800 cm−1 and 1800–600 cm−1

(Figure 1 and Figure S1). Two regions dominate the fungal spectra: the signals between
1200 and 900 cm−1 corresponding to saccharides and nucleic acids, and the signals between
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1650 and 1550 cm−1 corresponding to proteins. Signals corresponding to fatty acids were
also observed between 3100 and 2800 cm−1.

R. placenta LRMH-Op-001

S. lacrymans UBOCC-A-110108 

T. harzianum LRMH-LV-Ec1-001 

S. lacrymans LRMH-RX-01 

S. lacrymans UBOCC-A-111008

S. lacrymans UBOCC-A-110074
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Figure 1. Fourier transform infrared (FTIR) spectra of fungi obtained after growth in liquid medium and min–max
normalisation. Characteristic spectral ranges corresponding to major macromolecules are indicated by dotted boxes (I, fatty
acids; II, proteins; III, polysaccharides and nucleic acids). Each spectrum is the average of at least five spectra obtained after
repeating independent experiments under identical conditions.

3.2. Partial Least Square Discriminant Analysis

After the acquisition of the FTIR spectra of the different mycelium samples, the data
were subjected to min–max and vector normalisation in parallel to determine the most
efficient technique. The normalisation data were then processed by the same statistical
analysis, PLS-DA.
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The PLS-DA method carried out on the FTIR spectra of the different fungi after growth
on the PES membrane and the harvesting of the mycelium allows the classification of the
spectra with a percentage of correct attribution of 100% at the level of the phylum, species,
and strain for the two methods of data normalisation (Figures 2 and 3).

Figure 2. Confusion matrix obtained for the discrimination of the phylum (A) and the species (B) after growth on the
polyether sulfone (PES) membrane and scraping the surface of the membrane to harvest the mycelium.

Figure 3. Confusion matrix obtained for the discrimination of the strains after growth on the PES membrane and scraping
the surface of the membrane to harvest the mycelium. Min–max normalization (A), Vector normalization (B). R. p., Rhodonia
placenta. S. l., Serpula lacrymans. T. h., Trichoderma harzianum.

The PLS-DA method performed on the FTIR spectra of mycelia after fungal culture on
the PES membrane and direct analysis on the membrane (Figure 4) classifies the spectra
with a 100% correct attribution percentage at phylum as well as species level for both
data normalisation methods. In the case of min–max normalisation, the percentage of
correct attribution is 94.44% at the strain level within the species S. lacrymans. In this case,
16.7% of the spectra of S. lacrymans UBOCC-A-110074 are attributed to strain S. lacrymans
UBOCC-A-110108 and 20% of the spectra of S. lacrymans UBOCC-A-110108 are attributed
to strain S. lacrymans UBOCC-A-110074. 83.3% of the spectra of S. lacrymans UBOCC-A-
110074 and 80% of the spectra of S. lacrymans UBOCC-A-110108 are correctly attributed
to each of these two strains, respectively. The percentage of correct attribution is 100%
for all strains when vector normalisation is performed, indicating a higher efficiency than
min–max normalisation for this sample type (Figure 4).
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Figure 4. Confusion matrix obtained for the discrimination of the strains after growth on the PES membrane, and direct
analysis on the membrane. Min–max normalization (A), Vector normalization (B). R. p., Rhodonia placenta. S. l., Serpula
lacrymans. T. h., Trichoderma harzianum.

The method is less efficient for identifying fungi when cultured in liquid medium
with a variable result according to the type of normalisation (Figure 5). A percentage
of the correct attribution at the level of the strain of 80.95% and 99.05% is obtained for
min–max and vector normalisation, respectively. After min–max normalisation, 6.7% of the
spectra of S. lacrymans LRMH-RX-01 were attributed to R. placenta LRMH-Op-001, which
belonged to another species, and the attribution of the spectra of the S. lacrymans strains
UBOCC-A-110074, UBOCC-A-110108 and UBOCC-A-111008 were sometimes incorrect,
with some spectra being associated with the wrong strain. After vector normalisation, the
percentage of correct attribution was 99.05% (Figure 5). In this case, 6.7% of the spectra of
S. lacrymans UBOCC-A-110074 were wrongly attributed to S. lacrymans LRMH-SF-EC3-003.

Figure 5. Confusion matrix obtained for the discrimination of the strains after growth in liquid medium. Min–max
normalization (A), or Vector normalization (B). R. p., Rhodonia placenta. S. l., Serpula lacrymans. T. h., Trichoderma harzianum.

4. Discussion

The treatment of fungal growth in a building begins with identifying and eliminating
the source of the moisture to stop the growth [1]. Then, it is necessary to determine the
extent of the damage by inspecting all areas of the building where the fungus may have
spread [7]. This also helps to characterise the type of wood decay (brown rot, white rot,
and/or soft rot) and guide the identification of the fungi involved. This identification is
essential as the course of action will depend on whether or not S. lacrymans is present. If
S. lacrymans is not involved, the damage is minor and the fungal growth is limited to the
areas where the wood is degraded. Therefore, treatment can be limited to allowing the
building to dry out by ventilating it. However, if the source of the moisture cannot be
removed immediately or the building cannot be allowed to dry out, fungicidal treatments
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are applied and the contaminated woodwork and plasterwork is destroyed. In the case of
S. lacrymans, uncontaminated woodwork adjacent to areas where the fungus is present is
also destroyed. Furthermore, in France, the occupant or owner of the building affected by
S. lacrymans has a legal obligation to declare the presence of the fungus in the building to
the city hall [28]. In the case of a historic building which may have valuable woodwork
and walls decorated with sculptures or paintings, care should be taken and biocidal
treatments with the least possible impact on the materials should be used. In this context,
the identification of S. lacrymans in the early stages is essential.

The identification of fungi involved in wood biodegradation through culture and
molecular methods could be tedious, time-consuming and/or expensive. FTIR spec-
troscopy has shown its suitability for the identification of fungi of medical or food interest,
but few data exist for wood-rot fungi [19,22,27,29]. This identification method is based on
the global analysis of the mycelium or spores of a fungus to determine its spectral profile
and to compare it to reference spectra [19,20]. The IR spectrum obtained for a fungus
corresponds to all the biomolecules present in the biomass at the time of analysis. The
differences in the composition and quantity of these biomolecules between species, genera
or strains make it possible to differentiate fungi by FTIR spectroscopy. These parameters
vary for the same individual depending on the stage and conditions of growth [30].

In this study, the application of FTIR spectroscopy to the identification and discrim-
ination of S. lacrymans strains was evaluated. Reference FTIR spectra were made from
different strains of S. lacrymans, R. placenta and T. harzianum after growth under standard-
ised conditions. The analysis was carried out using a wide spectral range extending from
3700 to 2800 and from 1800 to 600 cm−1, which corresponded to the signals obtained for the
main biological macromolecules carbohydrates, proteins, lipids and nucleic acids [16,19,31].
The analysis of FTIR spectra was completed from fungal mycelium and not from fungal
spores in order to obtain more complex spectra and a better discrimination [19,20,22,23].
Furthermore, R. placenta and S. lacrymans did not sporulate under the laboratory conditions
used.

Several culture protocols have been described for FTIR application. A mycelium can
be analysed after liquid culture and harvested by centrifugation, filtration, or freeze-drying,
or obtained after growth on the surface of an agar medium or a membrane deposited on
an agar medium and harvested from its surface [18,19,23,26,32]. The advantage of liquid
culture is that it prevents the sporulation of many fungi [18,33]. In the present study,
three conditions for obtaining mycelium were compared: growth in broth and harvesting
by centrifugation, growth on a microfiltration membrane deposited on the surface of an
agar medium, and direct analysis of the mycelium on the membrane or collection of the
mycelium from the surface of the membrane by scraping before analysis. The culture
time was set at 12 days to obtain the sufficient biomass for slow-growing fungi such as
S. lacrymans. At longer culture times when there is limited or no growth in the study area,
the production of biomolecules tends to decrease in the mycelium leading to an increase in
the reproducibility of FTIR analyses [18]. After 2, 3, 4 or 5 days’ of growth of moulds on
malt extract agar, the highest reproducibility of FTIR spectra was obtained for the longest
cultivation time [18].

After the spectral data acquisition from mycelium samples, a pre-processing of
the data is necessary before their statistical analysis. In different studies using FTIR
spectroscopy for fungal identification, a vector normalisation of the spectral data is per-
formed [19,20,22,26,34]. Vector normalisation brings the spectra back to the same intensity
without altering the spectral profile by performing a second derivative which increases the
spectral resolution. In the present study, the results obtained after vector normalisation
were compared to the results obtained after min–max normalisation. In the case of min–
max normalisation, the baseline of the data was corrected and the data for each spectrum
were multiplied so that for each spectrum the minimum was 0 and the maximum was 2.
After the normalisation of the spectral data by each of the two methods, the identification
of the fungi was carried out using PLS-DA analysis of the spectral data. PLS-DA is a
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supervised statistical analysis method unlike other statistical methods such as Principal
Component Analysis or Hierarchical Ascendant Classification (cluster analysis) [23,35–37].
In the case of a supervised statistical analysis method, each spectrum is assigned a class so
that quantitative spectral data are supplemented by qualitative data. From the annotated
reference IR spectra, the algorithm creates a prediction function of the class to which the
analysed spectrum belongs.

The results obtained showed that the choice of culture conditions and the type of data
normalisation were essential for the identification of S. lacrymans by FTIR spectroscopy.
The min–max normalisation was less resolving than the vector normalisation which was
widely used for FTIR fungal identification [20,22,37]. Regarding the mode of mycelium
culture, although liquid culture may be in some cases the simplest to implement [18,24], it
was not relevant for the identification of S. lacrymans by FTIR. Indeed, broth growth was the
culture condition that led to the lowest resolution for discriminating different S. lacrymans
strains, with even an error at the species level, as a spectrum of the S. lacrymans strain
(LRMH-RX-01) was assigned to R. placenta (LRMH-Op-001). In the other mycelium growth
conditions tested (on the surface of a microfiltration membrane), only strain affiliation
errors within the S. lacrymans species were observed. When the analysis was performed on
the IR data obtained after harvesting the mycelium from the membrane, the assignment of
IR spectra was consistently correct at the phylum, species and strain level of S. lacrymans.
This 100% correct assignment percentage must be put into perspective because the number
of references we used was small, as the number of strains analysed was limited. Kümmerle
et al. studied 722 unknown yeast isolates with a library of reference spectra based on 332
strains belonging to 18 genera and 74 species and obtained a correct identification rate of
97.5% [38]. In a study analysing 25 mould strains with a reference spectra library based on
106 strains belonging to 14 genera and 32 species, the correct identification rates of 98.97%
and 98.77% were obtained at the genus and species level, respectively [19]. In another
study of 105 strains, with a reference spectra library based on 288 strains belonging to 26
genera and 68 species, the correct identification rates of 99.17% and 92.3% were obtained at
genus and species level, respectively [20].

In the conclusion of the present study, the most efficient fungal sample preparation
and analysis protocol to identify an isolate suspected to be S. lacrymans is a culture on the
surface of a filtration membrane deposited on a malt extract agar medium; a collection of
the mycelium by scraping, followed by drying of the mycelium by heat treatment; FTIR
analysis; the processing of the spectral data by vector normalisation, and PLS-DA statistical
analysis. The constitution of a library of reference spectra based on a larger number of
strains of S. lacrymans and other fungi and the analysis of field isolates of wood-decay
fungi (particularly brown-rot fungi such as Gloeophyllum sepiarium, Fibroporia (Antrodia)
vaillantii, Coniophora puteana, Serpula himantoides) is necessary to confirm the effectiveness
of this protocol. The next step in this study is to adapt the use of FTIR spectroscopy to the
identification of S. lacrymans by direct in situ analysis without fungal culture. This will
involve performing FTIR spectra of fungi after growth on different native substrates such
as wood, and materials found in buildings.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/app11188463/s1, Figure S1: FTIR spectra of fungi obtained after growth under different
conditions, from different sample preparations, and two normalisations of the spectral data. Figure S2:
FTIR spectra of fungi obtained after growth in different conditions illustrating the reproducibility of
the method and the heterogeneity of the mycelial matter.
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Featured Application: Paint with Zn and Cu (patent Galvi PL229012) can be used inside damp

lodgings (butchers, winery, bathrooms, cellars, storehouses, museums etc.) as well as elevations

of buildings. Using paint with Zn, Bi, Cu (three electrode systems) for covering the lower side

of the stretchers is suggested. This system is the source of bioactive “ions cocktail” and it works

only at a very fine level on the lower surface of the stretcher. According to a pessimistic predic-

tion, building material in architecture could be largely destroyed at the end of XXI century. Our

last investigations can help in this matter. Two-phase media with SNA (synthetic low-nutrient

agar) medium + sterile grandiorite, melabasanite, sandstone, marl and sodium glass (as control)

were used. This enables the investigation of the processes of colonization, course, and develop-

ment of selected microorganisms in the emerging rock microhabitats (patent pending). For all

analyzed rocks, their color may also be important. A dark or even black rock (i.e., melabasanite)

exposed to solar radiation heats up much more than a light or even white one. In this particular

case, granodiorite is light gray, sandstone is beige, and marl is pale beige.

Abstract: There is a new described antifungal system (GALVI) involving the moving of bioactive
ions of Zn, Cu and Bi for the protection of cultural heritage objects such as buildings, sculptures
and stretchers. There were two kinds of galvanic cells that were used: the first composed of a
two-electrodes system, Zn, Cu, and second one composed of a three-electrodes system, Zn, Bi and
Cu. Moreover, two-phase media are proposed with various kinds of rocks used in architectonical
objects. Microorganisms inhabit the boundaries of two liquid and solid phases. This enables the
investigation of the process of rock colonization. Possible applications of the suggested GALVI
system are mentioned.

Keywords: galvanic cells; GALVI technology; Zn; Bi; Cu; antimicrobial technology; two-phase media

1. Introduction

Cultural heritage contains not only buildings but also mines, caves, graves, old canals,
bridges, ships, boats, historical glass, ceramics, sculptures, and artistic painting. Historical
architectural objects are mostly made of stone and wood and are rarely made out of glass,
metals and ceramics. We will try to describe methods of building protection against fungi.
Various microorganisms are involved in the biodeterioration of the architecture objects.
These are algae, lichens, fungi, and bacteria. Damp buildings are mostly colonized by
hydrophilic fungi [1].

In architectural objects, various kinds of rocks such as granite, basalt, sandstones,
and calcareous stones were used. Among the various rock types, calcareous stones are
the most widely used, while other kinds are less common in architecture technology [2].
Embry & Klovan [3] and more recently Flügel [4] presented a classification of carbonate
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rocks (limestones, dolomites, marls, etc.). Siegesmund and Török [2] put these rocks in
chemically and biologically precipitated rocks. Gadd [5] pointed out that microcolonial
fungi can significantly change a rock’s surficial appearance, such as discoloration, stain-
ing, biodeterioration and the formation of new biogenic minerals. Calcareous stones are
often investigated by mycologists [6–15]. Some publications are devoted to other stones:
basalt [16], granite [17,18], sandstone [19,20] and minerals such as löllingite FeAs2 and
arsenopyrite FeAsS [21,22]. Brandl [23] cited 82 articles that were devoted to bioleaching of
metals from mineral resources (albite, amphibolite, andesite, apophylite, argentite, armtone,
augite, basalt, bauxite, biotite, calamine, calcium, carbonaceous ore, chalcocite, chrysocolla,
chrysolite, copper molybdenum ore, cobalt, cuprite, diorite, dunite, dysprosium, ferro-
manganese sea nodules, galena, garnierite, genthite, geothite, glauconite, gold bearing
ore, gypsum, grandiorite, granite, halloysite, harmtone, hematites, hemetitic lateritic ore,
heulandite, illite, kaolonite, labradorite, lateritic nickel ore, leucite, limescale, limonite,
lydite, malachite, manganese, manganese ore, microcline, montmorillonmite, muscovite,
natrolite, nepheline, neodymium, olivine, orthoclase, pearceite, pegmatite, peridoptite, phl-
ogopite, phosphates of aluminium, polybasite, piritic ore, proutite, pyromorphite, quartz
sand, rhodochrosite, rhyolite, samarium, sandstone, saponite, scheelite, serpentine, sili-
cate nickel ore, spodumene, stilbite, vermiculite, wollastonite, yttrium, zinc oxide, zinc).
Among stone colonizing fungi we can find mostly anamorphic states of ascomycete and
basidiomycete fungi, and Zygomycetes rarely occurs. Coincidentally, teleomorphs of Ba-
sidiomycetes occur [24]. There are different names for rock-inhabiting fungi (lithobionts),
such as microcolonial fungi = MCF [5,11], rock-eating fungi = REF [25], rock-inhabiting
fungi = RIF [14], and rock-building fungi = RBF [26]. Most of them belong to black yeasts
and their relatives [27,28]. Black yeasts are mostly extremotolerant anamorphs that lost
their teleomorphic stadia. These RIF microorganisms are present both in hot deserts and
cold Arctic and Antarctic places. Stone deterioration in the presence of microorganisms is
approximately ten thousand times faster than without their presence [29]. Cyanobacteria
creating biofilms are often reported from diverse architectural buildings (Table 1).

Table 1. The most frequent strains of Cyanobacteria identified in diverse architectural buildings.

Name of Species Citation Kind of Substratum Climate

Chroococcus sp.
Chlorococcus sp. [30,31]

historic church in Porto Alegre, RS, Brazil
Europe, UK. Historical building
Windermere

Tropical
Moderate

Fischerella sp.,
Gloeocapsa, [32] cyanobacteria from external stone walls,

Mexico
Equatorial and
subequatorial zone

Leptolyngbya gracillima [33] cooling tower of the power plant at
Bełchatów, Poland Moderata

Scytonema myochrous [33] cooling tower of the power plant at
Bełchatów, Poland; Moderate

Scytonema sp. [34] limestone walls at other low-pollution sites,
the Great Jaguar Pyramid at Tikal, Guatemala

Equatorial and
subequatorial zone

Gloeothece rupestris [33] wall of the cooling tower of the power plant
et Bełchatow Moderate

Nostoc sp., Gloeothece rupestris
(Lyngbye) [33] wall of the cooling tower of the power plant

at Bełchatów Moderate

Trentepohlia sp. [32] stone altar in the architectural zone of Becan,
Campeche state, Mexico Tropical

Gloecapsa sp. Gloeothece,
Aphanocapsa, and Chroococcus, and
filamentous species like Scytonema
and Tolypothrix.

[35] on urban building surfaces Tropics
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Fungi are extremely corrosive endoliths [27,29,36,37]. They can produce acids (Figure 1)
that can dissolve minerals. Fungi can cause the biodeterioration of stone elevations,
surfaces, various kinds of monuments, buildings, sculptures, and other objects made of
stone as well as wooden elements, artistic paintings, and even concrete walls [38]. There are
a huge number of publications concerning the fungal deterioration of rock in architecture
objects. Nielsen [39] noted 746 such publications in his own reference list. There are only
some important articles [7,13,19,20,22,40–55]. Recently Adams et al. [1] noted 111 species of
fungi in damp buildings. Table 2 presents only the most common (according to Nielsen, [39]
and phenomenal fungi noted in buildings, sculptures, tombs, and mines.

Table 2. The most frequent strains of fungi identified in diverse architectural buildings, with published references, focusing
on the diverse climate of Earth. The most common fungal species are highlighted in italics.

Name of Fungi Citations Kind of Substratum Climate

Alternaria very common gypsum, tombstone,
damp buildings widely distributed

Aspergillus very common walls widely distributed

Aureobasidium common, [15,56] marble, damp buildings widely distributed

Baudoinia [50,57] buildings, cars temperate

Beauveria [58] biofilm in Roman catacombs mediterranean

Botryomyces [8] stone monuments mediterranean

Chaetomium [1,59] damp buildings temperate

Cladosporium very common damp buildings, tombstone widely distributed

Constantinomyces [15] tombstone temperate

Epicoccum [1] damp buildings widely distributed

Exophiala [15,60] gold mine, tombstones temperate

Geomyces [21] gold mine temperate

Hortea [29] marble, monuments Delos island mediterranean

Knufia [15,56] marble, monuments, tombstone temperate, mediterranean

Lecanicillium [58] biofilm in Roman catacombs mediterranean

Neocatenulostroma [15] tombstone temperate

Neodevresia [15] tombstone temperate

Penicillium very common damp buildings widely distributed

Phoma very common damp buildings widely distributed

Rhizopus stolonifer Ref. [1], Chlebicki personal inf. damp wall after flood,
packing houses widely distributed

Rhodotorula [15,39] paints, tombstone widely distributed

Sarcinomyces [8] marble mediterrenean

Stachybotrys very common gypsum temperate

Torrubiella [58] biofilm in Roman catacombs mediterranean

Trichoderma very common damp buildings, tombstone widely distributed

Trimmatostroma [29] rock temperate

Zasmidium [61,62] vine cellar wall temperate
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Figure 1. Production of acid by Talaromyces diversus isolated from Golubinka anchialaine cave, strain
cultivated on YMA—(Yast Malt Agar) + 20 drops of dibromothymolsulphonephthalein and 10 drops
of 10% KOH. Such media were green at the beginning (pH = 7). Paler places indicate an acid
production, photo A. Chlebicki.

2. Biofilms

Natural biofilms are composed of many various species, crustose epilitic lichens,
algae, cyanobacteria. Fungi are also present in biofilms as propagules [21], but they
are not forms of biofilms. However, Aureobasidium pullulans sensu lato forms biofilm
with extracellular polymers (EPS) composed of pullulan [63]. Biofilms are composed
from bacterial cells embedded in an organic polymer matrix [64], known as extracellular
polymers EPS [65]. The chemical composition of EPS is extremely diverse [65]. Moreover,
natural biofilms can be composed of some layers with algae, lichens, bacteria and fungi.
The bacteriological investigation of rock biofilm in Gertruda adit [66,67] showed that the
Gram and DAPI staining methods showed all the bacterial shapes known in literature,
whereas 16S rRNA gene amplification from total DNA showed more than one hundred
OTUs, dominated by α-Proteobacteria [68]. Only seven species of fungi were isolated from
this biofilm [10]. Among Antarctic sponge-associated bacteria, the Roseovarius genus plays
a pivotal role in biofilm production [69], enabling adhesion and ecological competition with
other microorganisms [70]. Artificial biofilms can be composed of some species of bacteria,
algae and black yeasts [71]. The vertical distribution of these microorganisms was different:
algae and black yeasts were more abundant in the outer layer, while in the inner layer only
few algae were observed. However, it appeared that the inner layer harbored a higher
amount of microorganisms than the outer one. Miao et al. [72] observed more complex
bacterial networks on artificial substrates than on natural substrates. However, the keystone
species on natural substrates were more abundant. Among Antarctic sponge-associated
bacteria, the Roseovarius genus plays a pivotal role in biofilm production, enabling adhesion
and ecological competition with other microorganisms.

3. GALVI Technology

The rapid development of drug resistance in pathogenic fungi forced us to develop
a new antifungal technology [73]. Snethlage [74] described antimicrobial drugs that we
can use at the present time in architectural technology, as well as the stone conserva-
tion of historic and artistic objects. Among these drugs, conservative materials such as

98



Appl. Sci. 2021, 11, 8320

water repellents, biocides, and consolidants are mentioned. Then, chemicals such as wa-
ter glass, ethyl silicates, fluorosilicates, epoxy resins, acrylic resins, and silicon organic
compounds are presented. Moreover, Castanier et al. [44] described a biomineralization
process with a suitable bacterial suspension culture that creates a coating scale, the “biocal-
cin”, whereas Koo et al. [75] noted a wide variety of biofilm-targeting strategies, among
them a surface charge, roughness and topography, hydrophobicity, as well as using inor-
ganic metallic nanoparticles of Ag and Cu and organic nanoparticles (inhibitors such as
liposomes and aptamers), and biofilm removal by using mechanical, energy- and light
disruption (ultrasound, acoustic, electric waves, laser shockwaves). This can protect stone
objects from deterioration. The next methods, new antifungal discovery—system RNA
interference or the exogenous application of synthetic RNA, are in preparation [73]. Re-
cently, De Leo et al. [71] suggested the application of surface active ionic liquids (SAILs),
based on cholinium cations and dodecylbenzenesulfonate, as anions in the protection of
cultural heritage.

The toxicity of metal ions (mostly silver and copper) is well documented, and results
have been presented in many papers [46,76–78]. Zinc has been shown to inhibit the growth
and respiration of fungi [79,80], as well as the germination of fungal spores [81]. The
action of silver is proportional to the bioactive released silver ion (Ag+). Silver interacts
with bacterial or fungal cell membranes [46]. We proposed using a new antimicrobial
technology—an electromagnetic field created by galvanic cells that influences the moving of
metal ions [82,83]. This method was named GALVI system. We used two kinds of galvanic
cells: the first composed of a two-electrodes system, Zn, Cu [82], and the second one
composed of a three-electrodes system, Zn, Bi and Cu [83] (Figure 2). The three-electrodes
system has a stronger antibacterial activity than the first one (Figure 2). Unfortunately,
this system is much more expensive because the use of expensive rheological additives
securing the fall of bismuth is necessary.

Figure 2. The geometry of electric fields: (A)—three-electrode systems (Zn, Bi, Cu), (B)—two-electrode systems (Cu, Zn),
visible colors show the energy density. A finite element modeling (FEM) package was used to create models of the electric
field: see Spisak et al., 2016, prepared by Alcor R & D Center, unpublished report, project No. POIR.01.01.01-00-0004/15.

The inhibition zones produced by the first system were compared with Cassini
ovals [82]. However, the last investigation showed an additional agent that also inhibited
the growth of fungi (Figure 3). Using a pH indicator (dibromothymolsulphonaphtalein),
we can observe changes in the pH distribution and the influence of pH on fungal growth.
H+ distributed in half of the Petri plate inhibited fungal growth similarly to ions of Zn2+.
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Figure 3. Influence of pH on fungal growth (Penicillium spinulosum) as an effect of galvanic action
provoked by two electrodes of GALVI systems, photo A. Chlebicki.

Inhibition zones are larger when this system works in an environment with a higher
salinity (Figure 4). Moreover, in such an environment, Cu electrodes work more effectively
than those made of Zn (Figure 4). Babich & Stotzky [84] noted that the anionic composition
of the environment influenced the toxicity of heavy metals. In particular, high-concentration
NaCl can provoke the formation of complex Zn-Cl species (ZnCl+, ZnCl2, ZnCl3−, ZnCl42−)
with increased toxicity.

 

Figure 4. Influence of NaCl on the size of the inhibition zone for Aureobasidium pullulans: (a)—control,
(b)—3% NaCl, distance between electrodes of Zn and Cu—5 mm, photo A. Chlebicki.

Some metals produce ions that inhibit or kill bacteria and other microorganisms. This
is known as the oligodynamic effect, discovered by von Nageli in 1893 [85]. The galvanic
system (which is used by us) enables one to move metal ions over a much longer distance
and creates a large, inhibited zone. Nine different metals for the experiments were used.
Of them, Zn and Cu created the biggest inhibition zone (Figure 5). The classical galvanic
system of Cu Zn is known very well, but the optimal effect of the electromagnetic field
depends on the distance between electrodes. Thirty-two distances between these electrodes
were investigated. Very common indoor fungi such as Aureboasidium pullulans, Alternaria
atra, Cladosporium cladosporioides, and Rhodotorula mucilaginosa were used in the experiments
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as indicators of the size of the inhibition zone. It appears that a distance of 4.2 mm creates
the biggest inhibition zone [82].

 

Figure 5. Inhibition zones created by single metals and galvanic cells. (A)—Aureobasidium pullulans, (B)—Alternaria atra,
photo A. Chlebicki.

In the case of the three-electrode systems, their configurations (Figure 6) have funda-
mental implications for obtaining an optimal inhibition zone [83].

 

Figure 6. Influence of electrode configurations on the inhibition zones. (A)—Aspergillus tubingensis, (B)—Rhodotorula
mucilaginosa, photo A. Chlebicki.
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4. Two-Phase Media

The use of GALVI technology in natural building stones requires knowledge of the
stone composition and its deterioration by microorganisms. Earlier microbiologists isolated
microorganisms and cultivated them on artificial one-phase media afterwards [13,25,37,86].
Mirocha & DeVay [87] observed the autotrophical growth of Cephalosporium sp. and
Fusarium sp. on a medium devoid of any known organic carbon source. Recently started
experiments with media would allow us to observe the development of fungi in a two-
phase environment. These two-phase media were used with SNA (synthetic low-nutrient
agar) medium + sterile grandiorite1, melabasanite2, sandstone3, marl4, and sodium glass
(as control). Microorganisms inhabit the boundaries of two liquid and solid phases. This
enables the investigation of the processes of colonization, course, and development of
selected microorganisms in the emerging rock microhabitats (Figure 7). Two-phase media
with granodiorite and sandstone were much more colonized by fungi than media with
melabasanite and marl. Both marl and melabasanite have a lower porosity and higher
content of Ca; moreover, melabasanite is dark, has a low water absorption, high pH (45%
SiO2), and contains toxic Fe (see Figure 5). In addition, melabasanite can be a good habitat
for special microorganisms that, in addition to Ca, still require Mg, Fe, and/or Al [88–90].

The content of elements in the mentioned rocks is very rich, and possible interactions
between cations and anions during changing pH are difficult to interpret. For example, a
ferric hydroxide can be created at pH > 4.5, whereas poor coagulation occurs in the pH
range between 7 and 8.5 [91]. The influence of environs on cations’ toxicity was mentioned
earlier by Babich & Stotzky [85]. Metal transformations were thoroughly described by
Gadd [92].

 
Figure 7. Fungi growing on SNA medium after two months: (A)—marl, (B)—melabasanite, (C)—
grandiorite, and (D)—sandstone, photo A. Chlebicki.

1. Granodiorite is a light gray igneous acidic rock, the main components of which
are quartz (SiO2), potassium feldspar (KAlSi3O8), sodium plagioclase (Na[AlSi3O8]), and
biotite (K(Mg,Fe2)3(OH,F)2AlSi3O10). The average analysis of the chemical composition
shows the dominance of silica (71–74%), followed by large amounts of aluminium (12–16%)
and smaller but significant amounts of sodium (3–4%) and potassium (2–3%).
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2. Melabasanite (with a transition to ankaratrite) is a dark volcanic rock belonging
to ultrabasic rocks (<45% SiO2). The main minerals are pyroxenes (Ca silicates, Mg and
Fe silicates), olivines (Mg,Fe)2[SiO4], amphiboles (hydrated Ca-silicates, Mg, Fe, and
Na), and calcium plagioclases Ca[Al2Si2O8]. In a variety closer to ankaratrite (a type of
nephfinite), one of the main minerals is nepheline (sodium and potassium aluminosilicate
(KNa3(AlSiO4)4). The average chemical composition analysis shows, apart from silica
(40–42%), large amounts of aluminium (13–14%), iron (approx. 12%), magnesium (approx.
12%), calcium (10–12%), and significant amounts of sodium (3–4%).

3. Sandstone is a coarse-grained beige clastic rock in which the spaces between quartz
grains (SiO2) are filled with silica-iron-clay binder (SiO2/Fe2O3/hydrated aluminosilicates).
Its technical parameters are variable, depending on the content of Fe2O3. Therefore, the
main components of this sandstone are silica, aluminum, and iron.

4. Marl is a pale beige sedimentary rock with variable proportions of two main
components: calcite (CaCO3) or dolomite (CaMg(CO3)2) in the amount of 50–75% and
clay minerals (hydrated aluminosilicates) in the amount of 25–50%. Marl may also contain
0–50% SiO2. Its main components are therefore calcium, aluminium ± silica.

This was elaborated on the basis of the following books: [93–95].
Each of the analyzed types of rock, due to its chemical composition and color, is likely

to be suitable for microorganisms requiring appropriate elements. Although marl and
melabasanite abound in Ca, both may have the same calcium-demanding microorganism.
For all the analyzed rocks, their color may also be important. A dark or even black rock,
exposed to solar radiation, heats up much more than a light or even white one. For the
samples analyzed, low-porous and low-absorbing melabasanite, which is rich in minerals
Al, Fe, Mg, Ca and Na, will heat up more than slightly less porous and less absorbing red
sandstone containing Si, Al, and Fe minerals. The lower temperature will reach a bright,
low-porous, and very absorbing marl, built mostly of CaCo3, while the relatively lowest
one will reach also bright, but much less porous and less absorbing granodiorite, which in
addition to SiO2 contains minerals rich in Al, Na and K.

5. Possible Application of Galvanic Systems

Galvanic macrocells. Our first experiments were constructed with electrodes in the
form of long bars of 2–3 mm-diameter and 5–10 cm length. This GALVI system can be used
in wooden buildings against colonization by Serpula lacrymans, Gloeophyllum trabeum, and
Schizophyllum commune.

Galvanic microcells. This next GALVI system was formed with electrodes that were
in the form of metal grains of Zn and Cu deposited randomly on the surface. The zinc
grains (anode) had diameters under 90 μm and copper grains (cathode) with a diameter
under 63 μm [84]. Galvanic microcells were used in the paints production of GALVI
technology in many variants:

1. Paint with Zn and Cu that can be used inside damp lodgings (butchers, winery,
bathrooms, cellars, storehouses, museums etc.).

2. Paints with Zn and Cu that can be used outside in modern building elevations.
This is a watertight system for use on facades that are at risk of fouling, with harmful
microorganisms in objects with a higher exposure to biocorrosion. Grains of metals will
be dipped in the matrix (Figures 8–10), but their tops will be free and stand up. This is
necessary for the function of the electromagnetic field when the paint surface will be in
damp conditions.

3. We also suggest using paint with Zn, Bi, and Cu (three-electrode systems) on the
lower side of the stretchers. This system is the source of bioactive “ions cocktail” [78], and
it works only at a very fine level on the lower surface of the stretcher. Metal ions cannot
come through the canvas and damage the upper part of the stretcher.
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Figure 8. Paint surface with metal grains, 3D front view, Alcor R&D Center unpublished report,
project No. POIR.01.01.01.00-636/20.

 

Figure 9. Paint surface, cross section, visible metal grains on undulate surface, scale bar = 200 μm,
Alcor R&D Center unpublished report, project No. POIR.01.01.01.00-636/20.

Metal grains should be added to the GALVI systems by the users directly before
the application. Then, the paint must be mixed with a manual or mechanical stirrer to
ensure an even distribution of electrodes in the coating. All GALVI systems do not work in
very dry conditions, but in such conditions harmful biodeterioration fortunately does not
occur. When a place with GALVI coating is damp, then the action of the electromagnetic
field starts.

We are planning future experiments, forming a GALVI system with a transparent base
composed of ethyl silicates, fluorosilicates, epoxy resins, or acrylic resins. It can be used in
decorative stone walls or elevations, as well as in artistic concrete. It is possible that our
methods could be used in antimicrobial technology in architecture and art. Microorganisms
have never adapted to the high electromagnetic field’s strength, which contrasts with
traditional biocides.
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Figure 10. Paint surface, top view, scale bar = 200 μm, Alcor R&D Center unpublished report, project No.
POIR.01.01.01.00-636/20.
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Abstract: Wall paintings have been a cultural expression of human creativity throughout history.
Their degradation or destruction represents a loss to the world’s cultural heritage, and fungi have
been identified as a major contributor to their decay. We provide a critical review of fungi isolated
from worldwide wall paintings between 1961–2021. One-hundred three scientific papers were
reviewed focusing on fungal diversity, isolation protocols, and spatial distribution of data. The
study sites were grouped into five environmental categories on the basis of the expected major
microclimatic conditions (temperature, relative humidity, ventilation), and the possible relationship
with the species found was investigated. The highest number of records were localized in Europe,
with 38 sites on a total of 74, 20 of which were from Italy. A total of 378 fungal entries were obtained,
consisting of 1209 records, belonging to 260 different species and 173 genera. The accuracy level in
taxa determination was highly variable among different papers analyzed. Data showed a dominance
of Ascomycota, mainly of orders Eurotiales and Hypocreales probably due to their wide distribution
and easily air dispersed spores and due to the possible pitfalls linked to the isolation methods,
favoring rapidly growing taxa. Statistical analyses revealed that fungal communities were not strictly
linked to environmental categories with different ventilation, temperature, and humidity. Such
findings may be due to the wide geographical area, the wide heterogeneity of the data, and/or
the absence of standardized sampling and analyses protocols. They could also be the result of the
dominance of some prevailing factors in the various sites that mask the influence one of each other.

Keywords: frescoes deterioration; fungal diversity; fungal ecology; hypogean conservation; mural
paintings biodeterioration; subterranean cultural heritage deterioration; wall paintings conservation

1. Introduction

Wall paintings are among the most representative elements of figurative artworks and
have been developed by human creativity since prehistoric times [1]. Their technique of
execution requires a layered structure consisting of a support, a ground, and a paint layer,
which changed over time across different cultures (secco, such as tempera, or frescoes) [2].
In secco technique, which is the earliest, the preparation layers are applied, but the colors
remain on the surface, whereas in the frescoes the colors are applied before the mortar
dries, allowing their in-depth penetration [2]. The employed colors usually have a mineral
origin, but some pigments can also be derived from plants. Organic compounds can later
be added during restoration or because of other human activities (e.g., firing candles in the
churches) [3].

The observed deterioration phenomena of mural paintings depend largely on the
materials used and the environmental conditions [4]. Indeed, mural paintings are subject
to a variety of biodeterioration phenomena, which varies depending on the humidity,
lighting, temperature, ventilation, and nutrients, which also select the occurring biological
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agents [1,5]. Furthermore, many environmental factors may synergistically or antagonisti-
cally contribute to the deteriorating actions of microorganisms [6]. Organisms belonging
to all domains (bacteria, algae, fungi, animals and sometimes also lichens, mosses, ferns,
and higher plants) have been isolated from the surfaces of mural paintings [4,7]. Indeed,
given the indoor conditions of most mural paintings, photoautotrophs are highly limited,
while fungi and bacteria are more frequent [8]. Bacteria with reduced nutritional needs
have been often suggested to be the first colonizers. With their death and lyses, they release
organic matter that promotes the growth of secondary colonizers, such as fungi [9–11].
Fungi, instead, can produce a large assortment of enzymes and have the remarkable ability
to grow and thrive in a wide variety of environmental conditions, including low water
activity [12]. Fungi have been rightly recognized as the most common cause of biode-
terioration of painted surfaces and other artworks, causing both physical and chemical
deterioration phenomena, with aesthetic and structural consequences [1,13,14].

Generally, damage is due to the mycelial growth on the substrate, hyphal penetration,
and fruiting bodies production onto and into the substrate, all of which increases the volume
and number of cracks, causing the rupture of the pigment layer and leading to surface
fragments detachments [1,15]. Fungal colonization generally starts on the surface and then
moves in-depth, up to decreasing painted layer cohesion and cause exfoliations and loss
of the paint [9,16]. A study carried out by Dornieden and colleagues demonstrated that
some fungi, as the so called microcolonial black fungi, are among the most dangerous for
cultural heritages and can influence the resistance to shear and torsion stress of mortar and
marble, contributing to the separation of different layers of material in mural paintings [17].
Aesthetic damages are also frequent, due to pigment discolorations, mycelial pigmentation,
and/or the release of organic pigments of different colors, depending on the species
involved. Moreover, secondary compounds such as extracellular enzymes and/or organic
acids are generally released in the substrate from fungal hyphae, and this may cause
chemical alterations of the mineral constituents of the surfaces as well as the original
pigments [9,16]. The secretion of organic acids (e.g., oxalic, citric, succinic, formic, malic,
acetic, fumaric, glyoxylic, gluconic, and tartaric acids) also plays a significant role in
chemical attack, causing acidification of the substrate [18,19]. They can cause dissolution
of cations and chelation of metal ions from mortar and mineral pigments, leading to the
formation of stable metal complexes whose crystallization causes an increase of internal
pressure resulting in cracking, peeling, and the eventual loss of mural fragments [20].

Awareness of the considerable role played by microorganisms in the preservation
of art objects and historical buildings dates back to the 1950s [21]. Ionita and colleagues
provided one of the first detailed descriptions of the mycoflora involved in the deterioration
of mural paintings of monasteries in Moldavia, noting that it was favored by the various
nutritional sources present in the materials used for the realization of the frescoes and by
local environmental parameters [21]. This was perhaps one of the first statements of the
importance of interdisciplinary studies to prevent and control deterioration processes and
define restoration and preservation strategies. Two interesting mini-reviews were later
published by Garg and Ciferri teams [1,16]. Many papers have been published after that,
showing a growing awareness of the degradative role of fungi as well as the importance
of mycological analyses as an integral part of the state-of-the-art system of wall painting
safeguards [22].

Despite the fact that the fungal role in the deterioration of frescoes has been doc-
umented by a huge number of papers, a global inventory of fungal diversity and their
optimal settlement conditions is not yet available. These paintings are mainly present in
confined and semi-confined environments, both hypogean and non-hypogean. A fungal
alteration pattern dependent on the environmental conditions of these different sites was ex-
pected. Those present in hypogean environments are often subjected to a constant extreme
humidity, promoting fungal spores germination and mycelial growth. The amount and
type of available nutrients also affects the fungal growth rate and the type of fungal taxa.
Nutrients may arrive from the external environment as airborne particles, and the more
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confined are the environments, the lower are the air spores dispersion phenomena. With
this contribution, we aimed to describe the diversity of fungal colonizers involved in the
deterioration of wall paintings, as well as their distribution under different environmental
conditions. Additionally, we aimed to determine if a correlation among the different species
recorded and the different types of environments-hypogean, non-hypogean, confined, non-
confined, and open-exists and to speculate on their preferential habitat and their possible
origin. A dataset of all the fungal taxa occurring on wall paintings based on bibliographic
references was created for these purposes.

2. Materials and Methods

2.1. The Bibliographic Search

An extensive search was made among peer reviewed literature, proceedings to con-
ferences, and books. The literature was identified using international databases, such
as Scopus (https://www.scopus.com, 29 December 2021), Science Direct (https://www.
sciencedirect.com, 29 December 2021), Web of Science (http://www.webofknowledge.com,
29 December 2021) and Google Scholar (https://scholar.google.com, 29 December 2021),
that were consulted by using keywords such as ‘wall paintings’, ‘mural paintings’, ‘fres-
coes’, ‘fungi’, ‘biodeterioration’, ‘microbial deterioration’, and ‘biodeteriogenic agents’. The
thematic databases of ICCROM (International Centre for the Study of the Preservation
and Restoration of Cultural Property) and the Italian ISCR (Istituto Superiore per la Con-
servazione e il Restauro) were also consulted, being important reference institutions in
the field. Such sources were fundamental in the search of literature related to congresses
and reports, that are not found by the most common scientific reference tools. The search
covered more than 50 years, dating back to the first papers published in the 1960s (Figure 1),
even if mostly of the papers containing useful taxonomic information were published after
the 1980s.

Figure 1. PRISMA flow diagram of the search process.
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2.2. The Database

A list of all the entries retrieved, corresponding to taxa identified at both species
and genus level, was compiled. Few were the entries referring to taxa above the rank
of genus and they are listed at the end of the database. Current names of the taxa were
reported according to the Index Fungorum (www.indexfungorum.org, 20 January 2022).
The synonyms under which the different species were eventually reported in the analyzed
papers were also indicated. Those entries recorded on paintings that have been the subject of
multiple studies over the years, such as Takamatsuzuka and Kitora tumuli in Japan [23–25],
were reported once accompanied by all bibliographic references.

2.2.1. The Geographic Localization of the Study Sites

The geographical locations and coordinates of the studied monuments were retrieved
using Google Maps. The graphical representation on a map of sites distribution was
performed using the 3D Map function of the Excel package. Some papers dealt with an
unidentified number of monuments, as in the case of ‘Monasteries in Romania’ [21], ‘several
churches’ in Northern Portugal [26], or ‘Ajanta caves’ in India [27–32]. In these cases, one
or more sites were counted, depending on the details provided by the authors within
the studied area and on their geographical distribution. Instead, some papers dealt with
different monuments from the same area (e.g., different buildings in the historical site of
Herculanum, Italy), that have been considered as a single site for the purpose of this study.
This is why the total number of monuments is higher than the total number of geographical
sites assessed in the statistical analyses.

2.2.2. Isolation and Identification Methods Used

The following information has been recorded: the type of culture media used, the
growth temperature and incubation time, and the methods used for isolates identification.

2.2.3. The Types of Environments

The environments that housed the wall paintings object of the studies considered
were grouped into five categories, based on whether they were hypogean or not, as well
as the expected ventilation, confinement, and moisture conditions. The following are the
definitions of the categories:

1. C-HE: Confined Hypogean Environment (isolated, without air circulation, with gen-
erally high humidity levels and relatively stable and low temperatures) as tumuli,
close tombs, or prehistoric caves. They are often characterized by not negligible
organic matter inputs from dripping waters, animals, and their fecal pellets and may
be influenced by the presence of visitors, promoting the introduction and movement
of airborne particulate.

2. NC-HE: Non-Confined Hypogean Environment (hypogean environments with re-
duced air circulation), such as underground crypts, catacombs, rupestrian churches,
or Roman houses. These sub-aerial environments offer semi- or non-confined situ-
ations that are partially isolated from the external environment, with humidity and
temperature comparatively more stable than the outdoor conditions but influenced
by external day-night cycles and seasonal fluctuations.

3. C-NHE: Confined Non-Hypogean Environment: the sub-aerial environment of churches,
monasteries, temples, refectories, and castle chapels represents a confined condition
in which the microbial community is enclosed in a mesocosm. They are partially
isolated from the external environment and have relatively more stable humidity and
temperature than outdoor conditions, but they are influenced by external day-night
cycles, seasonal variations in temperature, and relative humidity values. They are
more prone to microbial attacks since they include more visited sites.

4. SC-NHE: Semi Confined Non-Hypogean Environment (open towards the outdoor
environment but protected by wide changes in environmental parameters), such as
ancient archaeological buildings and private homes. They are open to the outdoors
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but sheltered from rain and ventilation; they all experience seasonal and daily relative
humidity and temperature fluctuations.

5. O-SPE: Open and Semi-Protected or Protected Environment; they include buildings’ walls
or collapsed caves, which are among the most exposed sites to biodeterioration risks.

2.3. Statistical Analyses

A data dissimilarity matrix was inferred using the Jaccard’s dissimilarity index [33],
and a hierarchical cluster analysis was performed on this matrix using the UPGMA method.
Two dendrograms relating dissimilarities between sites and entries were plotted. Entries
identified at the genus level were considered as diverse elements. The Silhouette index
was used to resolve the optimal number of clusters [34]. A contingency table between
the obtained clusters and the environmental categories to which they belonged was also
constructed to assess the relationship between their data. An indicator species analysis of
the individual clusters was performed, which identifies associations between entries or
combinations of entries and clusters, using the Indval index [35,36].

All analyses were performed with the R Software with the packages ade4, vegan,
gclus, cluster, vegclust, and indicspecies.

3. Results

3.1. The Fungal Data Set

A total of 103 papers dealing with the fungal deterioration of wall paintings were
collected, regarding 107 different monuments grouped in 74 sites. A total of 378 fungal entries
were obtained, consisting of 1209 records belonging to 173 genera and 260 species (Table 1).

Table 1. List of the fungal entries retrieved from the different papers grouped by genera, in association
with the corresponding references and the environmental categories where they have been registered.

Genus Fungal Name References Environment

Acremoniella Acremoniella atra [21] C-NHE

Acremonium

Acremonium camptosporum [37] NC-HE

Acremonium charticola [38–41] NC-HE, C-NHE

Acremonium masseei [23,25] C-HE

Acremonium murorum
(syn. Gliomastix murorum) [23–25,28,32] C-HE, NC-HE

Acremonium rutilum
(syn. A. roseum) [21] C-NHE

Acremonium cf. rutilum [39] C-NHE

Acremonium sp. [23,38–47] C-HE, NC-HE, C-NHE

Acrodontium Acrodontium crateriforme [48] C-NHE

Acrophialophora Acrophialophora fusispora
(syn. A. nainiana) [28,32] NC-HE

Acrostalagmus Acrostalagmus luteoalbus
(syn. Verticillium lateritium) [49] C-NHE

Acrothecium Acrothecium sp. [50] O-SPE

Actinomucor Actinomucor elegans [51] C-HE

Akanthomyces Akanthomyces lecanii
(syn. Verticillium lecanii) [39,43,52] NC-HE, C-NHE

Allophoma Allophoma labilis
(syn. Phoma labilis) [53] SC-NHE
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Table 1. Cont.

Genus Fungal Name References Environment

Alternaria

Alternaria alternata
(syn. A. tenuis and

Ulocladium alternariae)
[21,26,28,29,31,32,40,46,49,51,53–59] All environments

Alternaria angustiovoidea [60] C-NHE

Alternaria chartarum
(syn. Ulocladium chartarum) [21,61] C-NHE

Alternaria dianthi [31] C-NHE

Alternaria longipes [31] C-NHE

Alternaria longissima [28,31,32] NC-HE, C-NHE

Alternaria oudemansii
(syn. Ulocladium oudemansii) [62] NC-HE, C-NHE

Alternaria tenuissima [21,22,24,31,46,57,63] NC-HE, C-NHE, O-SPE

Alternaria sp.
(syn. Ulocladium sp.) [10,11,21,23,26,38,41,46,64,65] C-HE, NC-HE, C-NHE, O-SPE

Amphinema Amphinema sp. [66] C-NHE

Amyloporia Amyloporia sinuosa
(syn. Antrodia sinuosa) [11] C-NHE

Antrodia Antrodia sp. [66] C-NHE

Apiotrichum Apiotrichum sp.
(syn. Hyalodendron sp.) [43] C-NHE

Arachnomyces Arachnomyces sp. [45] NC-HE

Armillaria Armillaria sp. [66] C-NHE

Arthrinium

Arthrinium arundinis [40] C-NHE

Arthrinium phaeospermum
(syn. Papularia sphaerosperma) [28,32] NC-HE

Arthrinium sp. [46,65] C-NHE; O-SPE

Arthrobotrys Arthrobotrys sp. [23] C-HE

Ascochyta
Ascochyta medicaginicola
(syn. Phoma medicaginis) [20,56] O-SPE

Ascochyta sp. [63] C-NHE

Ascotricha Ascotricha guamensis [32] NC-HE

Aspergillus

Aspergillus aeneus [67] SC-NHE

Aspergillus amstelodami
(syn. Eurotium amstelodami) [46,55,63] C-NHE

Aspergillus aureolatus [20,56] O-SPE

Aspergillus auricomus [22] O-SPE

Aspergillus candidus [28,32,39,68] C-HE, NC-HE, C-NHE

Aspergillus clavatus [37] C-HE

Aspergillus creber [20,56] O-SPE

Aspergillus echinulatus [21] C-NHE

Aspergillus europaeus [20,56] O-SPE

Aspergillus fischeri
(syn. Neosartorya fischeri) [62] NC-HE; C-NHE

Aspergillus flavipes [20,56] O-SPE
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Table 1. Cont.

Genus Fungal Name References Environment

Aspergillus flavus
(syn. A. oryzae) [10,17,20,28,30–32,56,57,68–75] C-HE, NC-HE, C-NHE, O-SPE

Aspergillus fumigatus [30,31,38,46,61,76–79] C-HE, NC-HE, C-NHE

Aspergillus glaucus group [79] C-NHE

Aspergillus ivoriensis [67] SC-NHE

Aspergillus japonicus [78] C-HE

Aspergillus melleus [67] SC-NHE

Aspergillus multicolor [67] SC-NHE

Aspergillus nidulans
(syn. Emericella nidulans) [28,30–32,46,51,61,70,71,78] C-HE, NC-HE, C-NHE

Aspergillus niger [10,17,19,20,28,30–32,49,50,53–
56,72,74,75,77,80–82] All environments

Aspergillus niger group [46] C-NHE

Aspergillus ochraceus [38,49,67] C-HE, C-NHE, SC-NHE

Aspergillus ostianus [20,56,67] SC-NHE, O-SPE

Aspergillus pallidofulvus [20,56] O-SPE

Aspergillus parasiticus [20,56] O-SPE

Aspergillus penicilloides [83] C-HE

Aspergillus petrakii [67] SC-NHE

Aspergillus proliferans [28,32] NC-HE

Aspergillus protuberus [67] SC-NHE

Aspergillus puniceus [67] SC-NHE

Aspergillus repens [21,41] C-NHE

Aspergillus restrictus [63,84] C-HE, C-NHE

Aspergillus sclerotiorum [76] C-NHE

Aspergillus spectabilis
(syn. Emericella spectabilis) [67] SC-NHE

Aspergillus stellatus
(syn. Emericella variecolor) [67] SC-NHE

Aspergillus sydowii [28,32,39,51,52,62,69] C-HE, NC-HE, C-NHE

Aspergillus terreus [29–32,78] C-HE, NC-HE, C-NHE

Aspergillus unguis [76] C-NHE

Aspergillus ustus [46,67] C-NHE, SC-NHE

Aspergillus versicolor [17,28,31,32,39,41,43,46,49,51,55,61,
67–71,78,82,84–86]

C-HE, NC-HE, C-NHE,
SC-NHE

Aspergillus wentii [28,31,32] NC-HE, C-NHE

Aspergillus sp. [11,18,19,22–24,27,44–
46,50,64,66,69,75,77,82,87–95] C-HE, NC-HE, C-NHE, O-SPE

Aureobasidium Aureobasidium pullulans [31,41,43,45,49,52,57] NC-HE, C-NHE

Beauveria
Beauveria bassiana [48] C-NHE

Beauveria sp. [45,52] NC-HE, C-NHE

Bispora Bispora sp. [65] O-SPE

Bjerkandera Bjerkandera adusta [77] C-NHE
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Blastobotrys Blastobotrys aristatus [39] C-NHE

Blastomyces Blastomyces sp. [84] C-HE

Botryotrichum

Botryotrichum atrogriseum [17,55,59] NC-HE, C-NHE

Botryotricum domesticum [60] C-NHE

Botryotrichum murorum
(syn. Chaetomium murorum) [20,21,46,55,56] C-NHE, O-SPE

Botrytis Botrytis cinerea [40,41,43,46,69] C-NHE

Brunneochlamydosporium Brunneochlamydosporium nepalense
(syn. Acremonium nepalense) [38,85] C-HE

Burgoa Burgoa sp. [23] C-HE

Candida

Candida takamatsuzukensis [23,96] C-HE

Candida tumulicola [23,96] C-HE

Candida sp. [23,24,65] C-HE, NC-HE

Capronia Capronia coronata [85] C-HE

Cephalotrichum

Cephalotrichum verrucisporum
(syn. Doratomyces verrucisporus) [23,24] C-HE

Cephalotrichum sp.
(syn. Doratomyces sp.) [23,24] C-HE

Cephalosporium Cephalosporium sp. [88,90] C-NHE

Chaetomium

Chaetomium ancistrocladum [20,56] O-SPE

Chaetomium elatum [40] C-NHE

Chaetomium globosum [21,22,26,31,32,38,41,46,51,55] C-HE, NC-HE, C-NHE, O-SPE

Chaetomium piluliferum
(syn. Botryotrichum piluliferum) [21,55] C-NHE

Chaetomium sp. [9,22,27,31,39,40,43,46,65,70–72] NC-HE, C-NHE, O-SPE

Chondrostereum Chondrostereum sp. [66] C-NHE

Chrysosporium
Chrysosporium pseudomerdarium [85] C-HE

Chrysosporium sp. [47,52,62,97] C-HE, NC-HE, C-NHE, O-SPE

Circinella Circinella muscae
(syn. Circinella sydowii) [55] C-NHE

Cladophialophora Cladophialophora tumulicola [24,98] C-HE

Cladosporium

Cladosporium cladosporioides [22,28–32,38,41,46,49,51,57,59,68,69,
85,99,100] C-HE, NC-HE, C-NHE, O-SPE

Cladosporium cucumerinum [46,49,51] C-HE, C-NHE

Cladosporium herbarum [21,28,31,32,39,46,51,55,58,63,82] C-HE, NC-HE, C-NHE

Cladosporium macrocarpum [60] NC-HE

Cladosporium sphaerospermum [5,7,9,22,28,31,32,39–
43,46,48,51,52,62,63,69] C-HE, NC-HE, C-NHE, O-SPE

Cladosporium uredinicola [20,56] O-SPE

Cladosporium xylophilum [60] C-NHE

Cladosporium sp. [15,18,19,22,23,27,42–45,52,58,62,64–
66,71,75,77,80,82,86,87,90,91,94,101–103] All environments
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Clonostachys Clonostachys rosea
(syn. Gliocladium roseum) [58] C-HE

Cochliobolus Cochliobolus geniculatus
(syn. Curvulata geniculata) [32,76] NC-HE, C-NHE

Collariella Collariella bostrychodes
(syn. Chaetomium bostrychodes) [28,32] NC-HE

Coltricia Coltricia sp. [66] C-NHE

Coprinellus Coprinellus aokii
(syn. Coprinus aokii) [67] SC-NHE

Coprinopsis
Coprinopsis atramentaria [38] C-HE

Coprinopsis cothurnata
(syn. Coprinus cothurnatus) [63] C-NHE

Cordyceps Cordyceps farinosa
(syn. Isaria farinosa) [68] C-HE

Coriolopsis Coriolopsis sp. [66] C-NHE

Cunninghamella

Cunninghamella echinulata [9,28,32,40,55] NC-HE, C-NHE

Cunninghamella elegans [38] C-HE

Cunninghamella sp. [23,24] C-HE

Curvularia

Curvularia australiensis
(syn. Drechslera australiensis) [28–32] NC-HE, C-NHE

Curvularia hawaiiensis
(syn. Drechslera hawaiiensis) [28–32] NC-HE, C-NHE

Curvularia lunata [28,30–32,76,83] NC-HE, C-NHE

Curvularia pallescens [29–32] NC-HE, C-NHE

Curvularia spicifera
(syn. Drechslera spicifera) [46] C-NHE

Curvularia sp. [75] C-NHE

Cutaneotrichosporon Cutaneotrichosporon mucoides
(syn. Trichosporon mucoides) [63] C-NHE

Cylindrocarpon Cylindrocarpon sp. [23,24] C-HE

Cyphellophora
Cyphellophora olivacea [42] C-HE

Cyphellophora sp. [42] C-HE

Cyphellostereum Cyphellostereum sp. [66] C-NHE

Cystoderma Cystoderma sp. [66] C-NHE

Devriesia Devriesia sp. [45] NC-HE

Dichotomophilus Dichotomophilus indicus
(syn. Chaetomium indicum) [55] C-NHE

Didymella Didymella glomerata
(syn. Phoma glomerata) [21,40] C-NHE

Dipodascus
Dipodascus geotrichum [55] C-NHE

Dipodascus sp.
(syn. Geotrichum sp.) [47,75] NC-HE, C-NHE

Discostroma Discostroma corticola
(syn. Seimatosporium lichenicola) [20,56] O-SPE

Drechslera Drechslera sp. [65] O-SPE

117



Appl. Sci. 2022, 12, 2988

Table 1. Cont.

Genus Fungal Name References Environment

Emericella
Emericella ruber [31] C-NHE

Emericella sp. [49,75] C-HE, C-NHE

Engyodontium Engyodontium sp. [45,69] C-HE, NC-HE, C-NHE

Epicoccum
Epicoccum nigrum

(syn. Epicoccum purpurascens) [20,28,31,32,46,49,56,58] C-HE, NC-HE, C-NHE, O-SPE

Epicoccum sp. [27,65,87,90] C-HE, NC-HE, C-NHE, O-SPE

Eurotium

Eurotium halophilicum [104] C-NHE

Eurotium herbariorum [68] C-HE

Eurotium sp. [47,65,89,92] C-HE, NC-HE, C-NHE

Exophiala

Exophiala angulospora [42,98] C-HE

Exophiala moniliae [85] C-HE

Exophiala sp. [23,42] C-HE

Fomitopsis Fomitopsis vinosa [63] C-NHE

Fusarium

Fusarium chlamydosporum [51] C-HE

Fusarium culmorum [31] C-NHE

Fusarium equiseti [53] SC-NHE

Fusarium fujikuroi
(syn. F. moniliforme) [29,30,32,74] C-HE, NC-HE

Fusarium oxysporum [23,28,31,32,38,46,49,58,67,73,105] C-HE, NC-HE, C-NHE,
SC-NHE

Fusarium proliferatum [77] C-NHE

Fusarium sporotrichioides [38] C-HE

Fusarium sp. [10,23,24,27,31,39,43,47,62,64,82,91,94,106] C-HE, NC-HE, C-NHE

Fuscoporia Fuscoporia sp. [66] C-NHE

Fusidium Fusidium viride [48] C-NHE

Ganoderma Ganoderma sp. [66] C-NHE

Gliomastix

Gliomastix tumulicola
(syn. Acremonium tumulicola) [23,25] C-HE

Gliomastix sp. [58,97] C-HE

Gloiothele Gloiothele sp. [66] C-NHE

Helminthosporium Helminthosporium sp. [65,75,82] C-NHE, O-SPE

Humicola

Humicola fuscoatra [49] C-NHE

Humicola udagawae [38] C-HE

Humicola sp. [31] C-NHE

Hyphodontia
Hyphodontia alutaria [66] C-NHE

Hyphodontia sp. [66] C-NHE

Hyphodontiella Hyphodontiella sp. [66] C-NHE

Hypholoma Hypholoma sp. [66] C-NHE

Idriella Idriella sp. [58] C-HE

Kendrickiella Kendrickiella phycomyces [23,24,107] C-HE

Kernia
Kernia geniculotricha [67] SC-NHE

Kernia hippocrepida [67] SC-NHE
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Lactarius Lactarius sp. [66] C-NHE

Lecanicillium
Lecanicillium psalliotae [38,59] C-HE, NC-HE

Lecanicillium sp. [68] C-HE

Leptobacillium Leptobacillium muralicola [37] NC-HE

Leptosphaeria Leptosphaeria sp. [65] O-SPE

Leptosphaerulina Leptosphaerulina sp. [64] NC-HE

Macrophomina Macrophomina phaseolina [28,31,32] NC-HE

Malbranchea Malbranchea sp. [46] C-NHE

Mammaria Mammaria echinobotryoides [83] C-HE

Memnoniella Memnoniella sp. [31] C-NHE

Metapochonia

Metapochonia bulbillosa
(syn. Verticillium bulbillosum) [47] C-HE, NC-HE

Metapochonia suchlasporia
(syn. Verticillium suchlasporium) [52] NC-HE, C-NHE

Meyerozyma Meyerozyma guilliermondii [60] NC-HE

Microascus

Microascus brevicaulis
(syn. Scopulariopsis brevicaulis) [21,52,68] C-HE, NC-HE, C-NHE

Microascus chartarum
(syn. Scopulariopsis chartarum) [62] NC-HE, C-NHE

Microascus cirrosus [67] SC-NHE

Microascus sp. [68] C-HE

Microdochium Microdochium lycopodinum [38] C-HE

Monilinia Monilinia sp.
(syn. Monilia sp.) [82] C-NHE

Monocillium Monocillium-like [23] C-HE

Monodictys
Monodictys castaneae

(syn. Stemphylium macrosporoideum) [21] C-NHE

Monodictys sp. [31,58] C-HE, C-NHE

Mortierell

Mortierella alpina [47] NC-HE

Mortierella ambigua [38] C-HE

Mortierella parvispora
(syn. M. gracilis) [31] C-NHE

Mortierella sp. [47,58] C-HE, NC-HE

Mucor

Mucor plumbeus
(syn. M. spinosus) [21] C-NHE

Mucor racemosus
(syn. M. globosus) [28,32,47,60] NC-HE

Mucor silvaticus [28,32] NC-HE

Mucor sp. [23,46,58,64,82,93] C-HE, NC-HE, C-NHE

Myxotrichum Myxotrichum stipitatum [46] C-NHE

Myxotrichum sp. [46] C-NHE

Nectria Nectria sp. [15] C-NHE
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Neocosmospora Neocosmospora solani
(syn. Fusarium solani) [23,28,31,76,97,105] C-HE, NC-HE, C-NHE

Neodevriesia

Neodevriesia modesta
(syn. Devriesia modesta) [99,108] O-SPE

Neodevriesia simplex
(syn. Devriesia simplex) [99,108] O-SPE

Neodevriesia sp. [45] NC-HE

Neosartorya Neosartorya sp. [62] NC-HE, C-NHE

Neosetophoma Neosetophoma cerealis
(syn. Coniothyrium cerealis) [69] C-NHE

Neurospora
Neurospora intermedia [76] C-NHE

Neurospora sp. [82] C-NHE

Nigrospora
Nigrospora oryzae
(syn. N. sphaerica) [28,32,82] C-HE, NC-HE, C-NHE

Nigrospora sp. [28,82] NC-HE, C-NHE

Oidiodendron
Oidiodendron cereale [69] C-NHE

Oidiodendron tenuissimum [49] C-NHE

Ophiostoma Ophiostoma sp. [23] C-HE

Paecilomyces
Paecilomyces variotii [28–32,61] NC-HE, C-NHE

Paecilomyces sp. [27,46,68,75,82,97] C-HE, NC-HE, C-NHE

Parengyodontium

Parengyodontium album
(syn. Beauveria alba,

Tritirachium album, and
Engyodontium album)

[9,21,39–43,48,52,59,68,94,103,109–111] C-HE, NC-HE, C-NHE

Penicillium

Penicillium aethiopicum [67] SC-NHE

Penicillium albicans [93] C-NHE

Penicillium aurantiogriseum
(syn. P. verrucosum var.

cyclopium)
[9,41,43,51] C-HE, C-NHE

Penicillium brevicompactum [39,40,46,68,69,94] C-HE, NC-HE, C-NHE

Penicillium camemberti [93] C-NHE

Penicillium canescens
(syn. P. raciborski) [40,93] C-NHE

Penicillium carneum [67] SC-NHE

Penicillium chrysogenum
(syn. P. notatum)

[9,21,40,41,46,51,54,60,67,69,81,87,93,
112,113]

C-HE, NC-HE, C-NHE,
SC-NHE

Penicillium citreonigrum
(syn. P. citreoviride) [22,58] C-HE, O-SPE

Penicillium citrinum [31,32,40,58,76,93] C-HE, NC-HE, C-NHE

Penicillium commune [51,53,68,93] C-HE, C-NHE, SC-NHE

Penicillium concentricum [67] SC-NHE

Penicillium coprobium [67] SC-NHE

Penicillium corylophilum [44,91] C-NHE

Penicillium daleae [91] C-NHE

Penicillium decumbens [9,40,93] C-NHE
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Penicillium dierckxii
(syn. P. fellutanum) [46] C-NHE

Penicillium digitatum [66] C-NHE

Penicillium dipodomyicola [67] SC-NHE

Penicillium expansum [46,49] C-NHE

Penicillium fuscoglaucum [60] C-NHE

Penicillium glabrum
(syn. P. frequentans) [9,39,46,49,66,93,94] NC-HE, C-NHE

Penicillium granulatum [31] C-NHE

Penicillium griseofulvum [46,56,57,67] C-NHE, SC-NHE

Penicillium herquei [46] C-NHE

Penicillium italicum [53] SC-NHE

Penicillium javanicum
(syn. Eupenicillium javanicum) [62] NC-HE, C-NHE

Penicillium lanosum [20,56,100] NC-HE, O-SPE

Penicillium lilacinum [21,55] C-NHE

Penicillium meleagrinum [38,69] C-HE, C-NHE

Penicillium miczynskii [47] SC-NHE

Penicillium olsonii [51] C-HE

Penicillium oxalicum [49,58] C-HE, C-NHE

Penicillium pancosmium [38] C-HE

Penicillium paneum [23,67,114] C-HE, SC-NHE

Penicillium polonicum [51] C-HE

Penicillium purpurescens [31] C-NHE

Penicillium purpurogenum [69,93] C-NHE

Penicillium restrictum [93] C-NHE

Penicillium simplicissimum
(syn. P. janthinellum) [58,93] C-HE, C-NHE

Penicillium spinulosum
(syn. P. nigricans) [9,40,84] C-HE, C-NHE

Penicillium thomii [93] C-NHE

Penicillium turbatum [53] SC-NHE

Penicillium verrucosum [39,46] C-NHE

Penicillium vulpinum [67] SC-NHE

Penicillium sp.
[11,15,18,19,23,24,26,28,31,43–

48,58,61,64,66,70,75,77,78,80,82,86,88–
91,94,101]

C-HE, NC-HE, C-NHE

Pestalotia Pestalotia sp. [26] C-NHE

Phialophora Phialophora sp. [23,24,43,47] C-HE, C-NHE

Phlebia Phlebia sp. [66] C-NHE

Pholiota Pholiota sp. [66] C-NHE

Phoma Phoma sp. [23,31] C-HE, C-NHE

Physalacria Physalacria sp. [66] C-NHE
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Pleospora Pleospora sp. [65] O-SPE

Postia Postia sp. [66] C-NHE

Preussia
Preussia terricola [68] C-HE

Preussia sp. [68] C-HE

Pseudogymnoascus
Pseudogymnoascus pannorum

(syn. Geomyces pannorum and
Chrysosporium pannorum)

[39,43,48] C-NHE

Pseudozyma Pseudozyma prolifica [51] C-HE

Purpureocillium Purpureocillium lilacinus
(syn. Paecilomyces lilacinus) [19,38,49] C-HE, C-NHE

Pyrenophora Pyrenophora biseptata
(syn. Drechslera biseptata) [28,32] NC-HE

Radulomyces Radulomyces sp. [66] C-NHE

Rhinocladiella Rhinocladiella-like [23] C-HE

Rhizoctonia Rhizoctonia solani
(syn. Thanatephorus cucumeris) [20,28,32,56] NC-HE, O-SPE

Rhizopus
Rhizopus stolonifer
(syn. R. nigricans) [28,31,32,53,57,73,74] C-HE, NC-HE, C-NHE

Rhizopus sp. [27,101] NC-HE, C-NHE

Rhodotorula

Rhodotorula glutinis [49] C-NHE

Rhodotorula mucilaginosa [66] C-NHE

Rhodotorula sp. [15,18,66,69,80,91] C-NHE

Russula Russula sp. [66] C-NHE

Sagenomella

Sagenomella griseoviridis [24] C-HE

Sagenomella striatispora [24] C-HE

Sagenomella sp. [44] NC-HE

Sarocladium

Sarocladium bacillisporum
(syn. Acremonium bacillisporum) [94] NC-HE

Sarocladium kiliense
(syn. Acremonium kiliense) [21,52] NC-HE, C-NHE

Sarocladium strictum
(syn. Acremonium cfr. strictum) [23,52] C-HE, NC-HE, C-NHE

Schizophyllum
Schizophyllum commune [64] C-NHE

Schizophyllum sp. [67] C-NHE

Schizopora Schizopora paradoxa
(syn. Hyphodontia paradoxa) [64] C-NHE

Scolecobasidium

Scolecobasidium anomalum
(syn. Ochroconis anomala) [115] C-HE

Scolecobasidium lascauxensis [85,115] C-HE

Scolecobasidium tshawytschae
(syn. Ochroconis tshawytschae [46] C-NHE

Scopulariopsis

Scopulariopsis brevicaulis [21,55] C-NHE

Scopulariopsis fusca [39] C-NHE

Scopulariopsis sp. [46,47,81,90] NC-HE, C-NHE

Scytalidium Scytalidium sp. [70,71] C-NHE
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Simplicillium Simplicillium lamellicola
(syn. Verticillium lamellicola) [48] C-NHE

Skeletocutis Skeletocutis sp. [67] C-NHE

Sordaria Sordaria humana [28,32] NC-HE

Sphaerostilbella Sphaerostilbella sp.
(syn. Gliocladium sp.) [23,93,97] C-HE, C-NHE

Sporothrix Sporothrix sp. [44,91] NC-HE, C-NHE

Sporotrichum Sporotrichum sp. [41,43] C-NHE

Stachybotrys

Stachybotrys chartarum
(syn. S. atra) [21,31,48,54,84] NC-HE, C-NHE

Stachybotrys cylindrosporus [21] C-NHE

Stachybotrys echinatus
(syn. Memnoniella echinata) [28,31,32] NC-HE

Stachybotrys sp. [9,27,31] NC-HE, C-NHE

Stagonosporopsis Stagonosporopsis lupini [60] C-NHE

Stemphylium

Stemphylium botryosum [41] C-NHE

Stemphylium pyriforme [55] C-NHE

Stemphylium sp. [93] C-NHE

Stereum Stereum sp. [66] C-NHE

Syncephalastrum Syncephalastrum sp. [75] C-NHE

Talaromyces

Talaromyces aculeatus [51] C-HE

Talaromyces flavus [38,69] C-HE

Talaromyces pinophilus
(syn. Penicillium pinophilum) [54,94] C-HE, NC-HE

Talaromyces rugulosus
(syn. Penicillium rugulosum) [68,69,113] C-HE, C-NHE

Talaromyces variabilis
(syn. Penicillium variabile) [69] C-NHE

Thysanorea Thysanorea papuana [85] C-HE

Tilletiopsis Tilletiopsis sp. [69] C-NHE

Torrubiella

Torrubiella alba
(syn. Lecanicillium aranearum) [94] NC-HE

Torrubiella sp. [68,94] C-HE, NC-HE

Torula
Torula herbarum [55] C-NHE

Torula sp. [46] C-NHE

Tricharina Tricharina sp. [64] NC-HE

Trichocladium Trichocladium asperum [68] C-HE

Trichoderma

Trichoderma harzianum [29–32,69] NC-HE, C-NHE

Trichoderma sect.
Longibrachiatum [23,105] C-HE

Trichoderma virens
(syn. Gliocladium virens) [58] C-HE

Trichoderma viride [23,55,58] C-HE, C-NHE

Trichoderma sp. [19,23,24,31,44,47,75,82,85,95,97] C-HE, NC-HE, C-NHE
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Trichothecium
Trichothecium indicum

(syn. Acremonium indicum) [28,31,32] NC-HE

Trichothecium roseum [21,92] C-NHE

Tritirachium Tritirachium sp. [67,82] C-HE, C-NHE

Tubaria Tubaria sp. [66] C-NHE

Tyromyces Tyromyces sp. [66] C-NHE

Umbelopsis Umbelopsis ramanniana
(syn. Mortierella ramanniana) [39,47] NC-HE, C-NHE

Venturia
Venturia carpophila
(syn. Cladosporium

carpophilum)
[32] NC-HE

Verticillium
Verticillium alboatrum [32] NC-HE

Verticillium sp. [23,48,52,58,97] C-HE, NC-HE, C-NHE

Wallemia
Wallemia sebi [63] C-NHE

Wallemia sp. [92] C-NHE

Westerdykella Westerdykella sp. [64] NC-HE

Xylodon

Xylodon nespoli [66] C-NHE

Xylodon nothofagi [66] C-NHE

Xylodon raduloides [66] C-NHE

Zygosporium Zygosporium masoni [23] C-HE

Basidiomycota (Phylum) [64] NC-HE

Black meristematic fungi [5,99,116] NC-HE, O-SPE

Chaetomiaceae (Family) [64] NC-HE

Filobasidiales [64] NC-HE

Hyaline sterile mycelia [62] NC-HE, C-NHE

Melanized sterile mycelia [62] NC-HE, C-NHE

Pezizomycotina (Subphylum) [64] NC-HE

Undetermined dark
pigmented fungi [17] O-SPE

Undetermined yeasts [46] C-NHE

Uredinales (Order) [65] O-SPE

Ustilaginales (Order) [65] O-SPE

The taxonomic distribution of the total fungal diversity and within different types
of environments, at phylum and order level, is reported in Figure 2. Ascomycota was
the dominant phylum, ranging from 89 to 97% (except for the environment O-SPE where
a great proportion of undetermined taxa was retrieved) and accounting for 100% of the
fungal entries in 40 out of 74 sites. The other two phyla identified were Basidiomycota
(1–6%), more abundant in C-NHE, and Mucoromycota, reaching a maximum value (2.35%)
in C-NHE (Figure 2A).
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Figure 2. Taxonomic composition of the fungal diversity recorded on wall paintings on the total
dataset and in relation to the different environments, at (A) phylum and (B) order level.

The entries were distributed in 39 orders. Eurotiales and Hypocreales were the
most represented ones, together accounting for more than half of total fungal diversity.
Pleosporales, Capnodiales, Sordariales, and Chaetothyriales were also well represented
orders within Ascomycota. Basidiomycota accounted for a maximum of around 6% of all
taxa, with Agaricales, Helotiales, and Saccharomycetales being the most abundant ones
accordingly. Mucorales was the most abundant order within the phylum Mucoromycota.

The accuracy in taxa determination varied among the different papers analyzed, with
many entries identified only at genus level. In fact, a total of 107 out of 378 entries (28.3%)
referred to genera not determined at the species level, and it was not possible to quantify
the number of possible different species belonging to these genera within different papers.
A total of 61 genera (35.2%) were represented by a single species. Aspergillus and Penicillium
(order Eurotiales) were the most frequently recorded genera and were represented by a
greater number of species, 40 and 46, respectively, present in 44 (59.4%) and 32 (43.2%)
sites, which increased to 54 (73%) and 51 (68.9%) when those sites where the genera were
reported as undetermined at the species level were also considered. Their contribution
to the total number of records was significant, with 219 (18.1%) and 154 (12.7%) records,
respectively. Other genera frequently recorded were Alternaria and Fusarium with seven
species each; Acremonium, Cladosporium, and Trichoderma with six species; Curvularia and
Talaromyces with five species; and Chaetomium with four species.

3.2. The Geographic Distribution of the Study Sites

The data came from 107 monuments, grouped in 74 sites and distributed among
19 different countries. The countries where they were reported as well as the different
number of sites were graphically represented in Figure 3.

3.3. Isolation and Identification Methods

A dominance of culture-based methods associated with morphological identification
(58%) and target regions sequencing (31%) was recorded, the latter has become progres-
sively dominant since the 2000s. The culture media used varied depending on the research
purposes and included Czapek Dox agar (CZ), malt extract agar (MEA), malt agar (MA),
potato dextrose agar (PDA), Sabouraud dextrose agar (SAB), and oatmeal agar (OA) among
the most frequently used. The use of mycological agar (MYC), Cook’s Rose Bengal (CRB),
and yeast peptone dextrose (YPD) was sporadic. Data on growth temperature and incuba-
tion time were frequently missing, accounting for 31.25% (Figure 4A, green) and 54.12%
(Figure 4B, green) of all papers, respectively. This trend was particularly evident in the
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earliest papers where more attention was paid to fungal species than to the conditions used
to isolate them (e.g., [40,47,84,88]). The most frequent temperature settings were 25 ◦C
(35%) and within the range 27–32 ◦C (21.25%). When reported, the incubation frequently
corresponded to 7 days (31.76%) (Figure 4B). When isolated strains were identified by
molecular approaches, the identification was performed targeting different barcoding re-
gions, such as the complete internal transcribed spacer (ITS), a part of it (ITS1), portions of
18S (SSU), 26S (LSU), and β-tubulin.

Figure 3. Geographic distribution of the reviewed study’s 107 monuments. Nations are indicated with
the international alpha-3 code: ITA: Italy, EGY: Egypt, THA: Thailand, PRT: Portugal, CHN: China,
ROU: Romania, AUT: Austria, GER: Germany, JAP: Japan, IND: India, RUS: Russian Federation,
ESP: Spain, SRB: Republic of Serbia, CUB: Cuba, FRA: France, KOR: Republic of Korea, SVK: Slovak
Republic, CHE: Swiss, GBR: Great Britain. In the blue rectangle Cuba.

Figure 4. Values/ranges of (A) growth temperature and (B) incubation time recorded in culture-based
protocols.

3.4. Distribution of Fungal Entries in Different Environments

The distribution of the sites among the environmental categories revealed a predom-
inance of wall painting recorded in C-NHE, which alone accounted for 54% of the sites.
The hypogean environments accounted for 36.5% of the sites, distributed between C-HE
(18.9%) and NC-HE (17.6%). The remaining two categories, SC-NHE and O-SPE, were less
represented, comprising 4.1% and 5.4% of the sites, respectively.

The cluster analysis at the level of different sites resulted in a general dispersion, with
no distinct clusters retrieved. Several clusters consisted of one or few sites highly different
one to each other (13-11-14-3-15-10-9-7-12). Other clusters (4-5-6) were slightly more similar
to each other and contained many entries (Figure 5).

126



Appl. Sci. 2022, 12, 2988

Figure 5. Cluster dendrogram. Cluster analysis on the Jaccard distance of the composition at the
level of the different sites. Sites belonged to the following categories: Site1–Site14 C-HE; Site15–Site27
NC-HE; Site 28–Site67 C-NHE; Site 68–Site70 SC-NHE; Site 71–Site74 O-SPE. The references associated
to each site are reported in Supplementary Table S1.

The contingency table highlighted that the obtained clusters did not have a strong corre-
lation with the suggested environmental categories (Table 2). However, some clusters showed
some affinities: cluster 15 with cat. 4 (SC-NHE) (aff. index 17); cluster 6 with cat. 5 (O-SPE)
(aff. index 12.8); clusters 2,4,5 with cat. 3 (C-NHE) (aff. indexes 8.1, 9, and 6.2, respectively);
cluster 4 with cat. 2 (NC-HE) (aff. index 5.9); cluster 1 with cat. 1 (C-HE) (aff. index 8.2).

Table 2. Contingency table and affinity indices. (A) Contingency table between the obtained clusters
and the environmental categories to which they are correlated and (B) their relative affinity indices.

(A) Contingency Table
Clusters

13 11 14 3 6 15 8 2 4 5 1 10 9 7 12

Environmental
categories

C-HE 1 5 3 2 3
NC-HE 2 1 1 6 1 1 1
C-NHE 1 1 1 1 2 11 13 7 1 1 1

SC-NHE 1 1 1
O-SPE 2 1 1

(B) Affinity Indices
Clusters

13 11 14 3 6 15 8 2 4 5 1 10 9 7 12

Environmental
categories

C-HE 1.82 4.8 1.37 1.46 8.2
NC-HE 3.93 1.31 0.21 5.89 0.39 0.98 3.93
C-NHE 1.28 1.28 1.28 0.64 1.7 11 8.98 6.25 1.28 1.28 1.28

SC-NHE 17 1 0.71
O-SPE 12.8 0.67 0.53

When the correlation among different entries was analyzed, very scattered results
were retrieved (Figure S1). However, some entries or combinations of them showed some
affinities (specificity and fidelity above 0.5) with certain clusters such as Alternaria alternata
with cluster 2 (Indval Index = 0.75); Acrothecium sp. and Penicillium sp. with cluster 4
(Indval Index = 0.70 and 0.66, respectively); Parengyodontium album and Rhinocladiella-like
with cluster 5 (Indval Index = 0.70 and 0. 64); Actinomucor elegans, Penicillium pancosmium,
Acremoniella atra, Alternaria angustiovoidea, Scolecobasidium anomalum, Scolecobasidium lascauxensis,
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when considered in combination, the entries Trichoderma sp. and Verticillium sp. with cluster 1
(Indval Index = 0.70, 0.70, 0.70, 0.70, 0.70, and 0.70, respectively); and Akanthomyces lecanii
with cluster 9 (Indval Index = 0.93).

4. Discussion

4.1. The Fungal Data Set

Even if fungi have been suggested as secondary colonizers of painted mural substrates,
they are among the most common microbial life-forms present in these environments and
the primary cause of their biodeterioration [1,13,14]. The wide biodiversity observed
confirms the potential key role of fungi in such colonization process and suggests a combi-
nation of causes that can favor their growth. Their broad enzymatic activities allow them
to grow on every type of material, or wherever they find organic matter. Fungi recorded
belonged to species generally reported from natural environments like soils, plants, and
air where they live as saprotrophs, as well as plant and animal parasites and pathogens.
A detailed survey of their diversity and distribution should become a prerequisite before
any restoration measures in order to prevent further damages [39]. Most records belonged
to Ascomycota, with Eurotiales being the most common order, due to the prevalence of
Aspergillus and Penicillium genera. The former was one of the most frequently isolated
genera, with A. flavus and A. niger among the more frequently recorded species. As reported
in the literature, even from the first older papers in this field, these two genera, along with
Alternaria, Fusarium, Cladosporium, Mortierella, Chaetomium, and Acremonium, are among the
most common deteriogens of such paintings [1,11,15,31,39,46,62,78,87,91]. These taxa are
ubiquitous, and their frequent occurrence is due to the production of numerous conidia,
which are widespread in the environment because they are easily dispersed by air. A
diversity of filamentous fungi, with the most predominant genera Penicillium, Cladosporium,
Aspergillus, and Trichoderma, were also isolated from mural paintings of the Parish Church
of Santo Aleixo (Portugal). Their dehydrogenase activity was determined, as an indicator
of the presence of metabolic active cells to allow a deeper insight on the deteriogenic role
of the isolates [19].

Species of these genera were recorded on indoor frescoes in numerous monasteries
in Romania, possibly favored by the organic components and vegetal pigments used, as
well as high moisture levels caused by frequent rainwater penetration, which also resulted
in the formation of efflorescences [55]. Cladosporium species can cope in a variety of harsh
environmental conditions thanks to their low nutritional requirements (i.e., in oligotrophic
conditions). Otherwise, Chaetomium species are proteolytic and cellulolytic ascomycetes,
favored by nutrient-rich substrates [22,65,117]. They were reported as the most frequent
microfungi on the frescoes of the St. Damian Monastery in Assisi (Italy) [46] and on
frescoes in a Serbian church [22]. Furthermore, a community of Aspergillus, Penicillium,
Cladosporium, and Chaetomium species was recorded from Medieval wall paintings in Styria
(Austria), forming spots of different colors [39]. This group of genera was dominant on two
deteriorating frescos in St Clare’s Refectory of the Monastery of St Damian in Assisi [46].

Hypocreales was the second most abundant order, accounting for 18% of total fungal
diversity, within which Acremonium, Trichoderma, and Fusarium were among the most
common genera. Hypocreales is one of the largest orders of filamentous ascomycetes and
exhibits a broad range of ecologies, ranging from plant-associated nutritional modes to
animal pathogens (e.g., insect pathogens) and mycoparasites [118]. Neocosmospora solani,
recorded in Thailand, India, Japan, and France; Simplicillium lamellicola, recorded in Russia;
and Clonostachys rosea [48,58], recorded in Japan, are examples of mycoparasitic species,
while Parengiodontium album is an insect parasite and was recorded in several countries
(Germany, Russia, Romania, Austria, Italy, and England) [109]. The recurrent presence of
mites and insects pointed out their possible role in spreading fungi on painted surfaces [46,119].

Finally, the plant pathogen species Fusarium oxysporum has been shown to produce an
extracellular pinkish pigment that disfigures and aesthetically damages colonized mural
paintings and stone surfaces with permanent stains [78].
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Phylum Basidiomycota was present with several occasional species, mostly repre-
sented by one or two records, and comprises litter, soil, and wood-saprotrophs, ectomy-
corrhizal, epiphyte, and plant-pathogen species. Their occurrence must be regarded as
sporadic, potentially aided by root penetration. The possible role of roots as a carrier
for rhizosphere microorganisms, like a dripping line for water condensation, and as an
organic carbon source by root exudates has been hypothesized [57,120]. In any case, a
Basidiomycete was also recorded at the entrance of Roman catacombs [121], possibly due
to spores carried by water infiltrations and germinating using organic nutrients from the
soil and/or the phototrophic biofilm.

Mucoromycota was present with few species and records, and black meristematic
fungi were rarely recorded as well. These latter may grow on a wide range of substrates
and are resistant to a variety of environmental stresses, as well as being widely distributed
epi- and endolithically on monuments [122,123]. Although the biodiversity of black fungi
on historical monuments is not fully elucidated, recent samplings indicate that they are
also present on wall paintings and that their rare finding could be linked to the isolation
protocols used, generally favoring fast-growing species [124]. Two new species of the genus
Neodevrisia have been found in the restricted sampling area of the Vallerano cave and an-
other, still undescribed, from Maijishan grottoes [45,99,108]. Scolecobasidium lascauxensis and
S. anomalus were isolated and described from black stains in Lascaux Cave, France [85,115],
while the chaetothyrialean black fungi Cladophialophora, Exophiala, and Phialophora have
been reported from different sites [23,24,42,98].

Yeasts have been rarely reported, such as Saccharomycetales (Ascomycota) that usu-
ally grow by individual yeast cells or Rhodotorula spp. (Basidiomycota) often linked to
pink/orange stains due to the release of carotenoids [19,93].

Among those more commonly reported, some species such as those belonging to the
genera Alternaria, Fusarium, Aspergillus, Penicillium, and Cladosporium may be responsible for
annoying allergic and toxic reactions suffered by conservationists and visitors [81,125,126].
Alternaria alternata is a very common fungal species, frequently recorded on frescoes. Its
spores are recognized as common powerful aeroallergens, and indoor environments offer
higher levels of exposure to this risk than open-air [59,127]. Records of Fusarium species
have also been reported, such as F. solani in the Lascaux caves [97] and F. oxysporum in many
sites. They are mainly plant pathogens, but they can also be the causal agents of human my-
coses [97,128,129]. Some Aspergillus species are pathogenic to humans and animals and are
responsible for clinical manifestations (https://www.aspergillus.org.uk/species-archive/,
29 December 2021). Among these, A. fumigatus is a human pathogenic fungus recorded
on frescoes within different environments (3,11,22,29,42,49,70,71), causing infections in
humans which can be fatal in immunocompromised patients (61). Aspergillus flavus has
been frequently recorded in monasteries, churches, temples, caves, and tombs, mostly due
to their numerous aerosolized spores. It mainly grows in the soil, but it is also a facultative
and opportunistic pathogen of both animals and plants, producing mycotoxins that are
highly harmful to humans [130].

In light of the above, the identification of the species deteriorating wall painting is
needed for the protection of restorers and visitors. However, the temperature values char-
acterizing confined and semi-confined sites are generally too low for potential pathogenic
fungi. In fact, truly thermophilic fungi which cannot grow at temperatures below 20 ◦C are
not active in these environments, at least during winter in temperate regions.

4.2. Geographic Distribution

Considering the geographic distribution of the data, just one site among the studied
paintings comes from the Americas (the Cathedral of Havana at Cuba) [82]. The high-
est number of records was from Europe, with 70 monuments, mostly representative of
hypogean environments and of churches and historical buildings, with a considerable
prevalence of Italian monuments (39). A total of 26 monuments were from Asia, while the
13 African ones were all from Egypt.

129



Appl. Sci. 2022, 12, 2988

This distribution arises from the old tradition of people of the Euro-Mediterranean
area of using such artistic expression, starting from the old prehistoric caves to the Etruscan
and Greek-Roman traditions until the consolidated use both in the decoration of Christian
churches and historical buildings [2]. In the case of the Egyptian area, the recorded taxa
derived from the old tombs of the Pharaohs [54,72,73,77,78], and similarly in East Asia, the
tradition is mainly found in kings’ and Emperors’ tombs [23–25,38]. Most of the ancient
paintings in buildings do not exist anymore, due to frequent rebuilt or remake of the
materials [131].

Our results suggest that the monuments studied were often confined to restricted
geographic areas. In any case a wider geographic distribution than that recorded may
be possible, as a number of sites may have escaped the search. In fact, even if formally
available on the web and on the major repositories, because of the language barriers, some
studies could not be taken into account.

4.3. Isolation and Identification Methods

Culture-based methods favor the growth of microorganisms best fitting with the
laboratory conditions used (namely, culture media, temperatures, and incubation times). In
this study, we found that the most frequent experimental settings were favorable to fast-
growing, highly-sporulating fungi, with the use of culture media rich in easily accessible
carbon sources, alongside short incubation times and optimal growth temperatures favoring
their sporulation. Otherwise, lower growth temperatures (≤20 ◦C), wide temperature
ranges, different isolation media, and a longer incubation time could enlarge the detectable
culturable fraction.

Since the early 2000s, molecular phylogenetic methods have highlighted the limitations
of morphological identification, allowing us to gain a better understanding of the kingdom
of Fungi [132]. Nowadays, the identification by barcode regions sequencing is a common
practice. Even if the nuclear ITS region has been recognized as a fungal barcode, its
discriminating power changes within the taxonomical groups, and other/more barcode
regions are often necessary to have a reliable identification [133]. This is the case of the
identification of species within large groups, as Fusarium, Penicillium, Aspergillus, and
Cladosporium genera, where cryptic species can be detected only by sequencing multiple
molecular markers [134].

In detail, Fusarium species determination has been best made with the combined
phylogeny of protein coding genes such as elongation factor (TEF1), RNA polymerase
(RPB2) and the partial β-tubulin (BT2) gene [134]. To discriminate between Penicillium and
Aspergillus species, β-tubulin (BT2) and calmodulin (cmdA) genes have been proposed
as secondary barcodes, respectively [135,136]. While the most phylogenetic informative
markers for Cladosporium were TEF1 and actin gene (actA), ITS sequences being identical
for species of the same complex [137,138].

The correct identification of strains is required in order to provide restorers more
information about strains’ ecology and degradative potential. In this light, standardized
identification protocols should be implemented.

High throughput sequencing methods have recently been applied to cultural heritage
purposes. These methods represent a powerful tool to define the whole fungal diversity
present but not necessarily to deepen the mechanisms and the main actors of the dete-
rioration phenomena [139]. The combination of culture-based and molecular methods
should be used for a better understanding of deterioration processes. Indeed, pure cul-
tured microorganisms represent the key to uncover settlers’ physiological and ecological
traits, as well as representing a resource for many in silico applications and barcoded
identifications [123,124].
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4.4. Distribution of Taxa in the Different Environments

The most prevalent sites were confined non-hypogean environments, which are char-
acterized by varied thermo-hygrometric temperatures and air movement. Hypogean (both
confined and non-confined), where nutrients and humidity can favor fungal growth were
represented as well.

Temperature and relative humidity are among the environmental parameters most
important to microbial colonization capability, and in the case of heterotrophs, a certain
amount of nutrients is also needed [4,140]. It is well known that fungi rapidly grow
when relative humidity is higher than 65% and when a certain quantity of nutrients is
available. The low values of temperatures, even if are not favorable for microbial growth
by themselves, have a positive effect in contributing to increase in humidity, favoring
water condensation on surfaces. Walls, especially in hypogean environments, generally
provide these requirements [1]. Temperatures in confined environments are generally more
stable than in non-confined environments, where daily and seasonal changes may occur,
with ranges that have effects on microbial settlement. Elevated moisture values and stable
temperatures have been reported as ideally suited to promote microbial growth on surfaces
in catacombs sites [7,94,141]. Indeed, the highest risk occurs when high humidity is coupled
with high temperature values, and negative effects of rising temperatures arise only if their
highest values can strongly influence the humidity values [142]. In the case of hypogea, the
underground conditions favor the maintaining of humidity.

Air movement differences between confined, semi-confined, and non-confined envi-
ronments were expected to alter the number and type of fungal species recorded as well
as incoming nutrients from the outside environment. A great proportion of entries in the
database belonged to soil and litter dwellers such as saprotrophs, producing numerous
spores that are well adapted to air-borne dispersal, and therefore, air ventilation may
have a significant impact on the risk of contamination [143]. The more limited air volume
movement of confined mural paintings compared to semi-confined ones was suggested to
decrease the number of air-borne dust particles, with biofilm communities relying more
on internal interactions between different microorganisms than on the external organic
inputs [17]. Among the first aerobiological studies, Savulescu and Ionita reported a greater
number of isolates inside the studied monasteries than outside of them, probably due to a
more favorable microclimate inside the church, which favors the development of microor-
ganisms [55]. Pangallo and colleagues proposed for the first time a comparative analysis of
the microbial component of paintings and the surrounding air to gather information on the
origin of fungal contamination [70]. Aside from the importance of aerobiological studies
for the conservation and prevention of microbial attacks on indoor painted surfaces [144],
these studies have received little attention. In light of the large number of fungal species
potentially harmful for restorers and visitors, constant monitoring of air spore quality and
concentration, as well as the use of air filters to reduce fungal spores concentrations, would
be required for site conservation [62,101,144,145].

Significant correlations between the different taxa and the various environmental
categories have not been recorded. Indeed, such data is not the result of the absence of a
correlation between fungal growths and environmental conditions but can be consequence
of several other influencing conditions that hide it. In fact, many are the ecological require-
ments that shape the ecological niches of the different species (i.e., the limiting factors),
but the most conditioning factors are those that result in a quantity proximal to the upper
or lower tolerance limit of an organism [146]. Then, for the various sites examined, some
factors may become more relevant if their values are closer to the tolerance limit of certain
organism, but this does not mean that other parameters do not play a role [147].

Indeed, our results may be influenced by the wide number of taxa in the wide geo-
graphic distribution of sites and by the different methodologies used to characterize the
fungal diversity. In fact, different sampling techniques and isolation conditions were used
within the studies we analyzed. Other factors that allow fungi to thrive and/or survive
in a variety of conditions are their wide nutritional versatility and range of adaptations.
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The presence of numerous genera that are widespread and highly sporulating and hence
present in all the environmental categories must also be considered. The absence of evident
correlations could have been determined by the absence of distinct boundaries between the
categories identified, with overlapping microclimatic conditions which could have resulted
in overlaps within their respective microbial communities. Finally, the heterogeneity of
the data, with taxa identified at the genus or species level, may have resulted in dispersed
clusters and hampered the ability to demonstrate any relationship.

This result seems to be in line with other studies. The influence of environmental
factors such as temperature, relative humidity, and the opening or closure of the temples
was not evident for fungal growths on wall paintings of 12 archaeological sites in the central
and western parts of Thailand [76]. Furthermore, a stronger relationship with the age of five
caves in China than with the environmental conditions, such as temperature and relative
humidity, was proposed to explain the observed differences in fungal communities [64]. In
two distinct mural paintings, instead, the differences recorded in the microbial communities
were associated to the different organic input origin (i.e., wine cellar evaporation, and
insect exuvia/excrements) and the microclimatic conditions. The more humid conditions
favored the growth of actinomycetes, bacteria, and dark-pigmented fungi, while the other
showed a biofilm, mainly dominated by xerotolerant and patchy growing sporulating
fungi [17]. Differences in fungal communities were also recorded on mural paintings
of two subterranean ancient Chinese tombs dating back over 1700 years, mostly due to
variations in interior temperature and relative humidity as well as to their history and
drawing techniques used [51].

Other significant concerns could be related to the identification of the isolated species,
which was initially based solely on morphological observation. Indeed, phylogenetic
molecular approaches are nowadays routinely applied, providing a universal tool for
accurately identifying fungal species.

New methodologies such as omics techniques are now available; however, they rarely
provide information at species or genus level, and there is no guarantee that the recorded
taxa are actively growing. Moreover, culture-dependent approaches may not provide a real
picture of the microbial diversity actively growing at the sampling time. This is because
not all fungi actively growing on the deteriorated substrates can grow under laboratory
conditions, and fungi growing under laboratory conditions may not actively grow on the
sampled surfaces. Therefore, a combination of culture-based and molecular approaches
may be needed to gain a clear picture of the actual biodiversity present on the painted
surfaces as well as to have strains to investigate their potential degradative roles.

5. Conclusions

This study contributes to illustrate the high fungal diversity on wall paintings and
raises awareness about the fungal threat on the deterioration of such artworks. Ascomycota
was the most common phylum, with Eurotiales and Hypocreales as the most common
orders. Statistical analyses did not enhance core communities that can be considered
characteristics of different environmental categories of sites hosting wall paintings. Our
results were likely due to the heterogeneity and fragmentation of the data in the databases,
the dispersed geographical area considered, and the complexity of factors which can
condition the biological growths. It is therefore crucial to cover the knowledge gaps
through (i) international collaborations, (ii) enlarging the isolation and cultivation protocols
as to easily detect also strains different from fast growing ones, and (iii) standardizing the
identification protocols. Standardizing and improving the site descriptions (e.g., repeated
microclimatic data) could allow for possible relations between site and their settlers and for
further comparisons among different environmental conditions.
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113. Moza, M.I.; Mironescu, M.; Georgescu, C.; Florea, A.; Bucşa, L. Isolation and characterisation of moulds degrading mural

paintings. Ann. RSCB 2012, 17, 136–142.
114. An, K.D.; Kiyuna, T.; Kigawa, R.; Sano, C.; Miura, S.; Sugiyama, J. The identity of Penicillium sp. 1, a major contaminant of

the stone chambers in the Takamatsuzuka and Kitora Tumuli in Japan, is Penicillium paneum. Anton. van Leeuw. 2009, 96, 579.
[CrossRef]

115. Martin-Sanchez, P.M.; Nováková, A.; Bastian, F.; Alabouvette, C.; Saiz-Jimenez, C. Two new species of the genus Ochroconis,
O. lascauxensis and O. anomala isolated from black stains in Lascaux Cave, France. Fungal Biol. 2012, 116, 574–589. [CrossRef]
[PubMed]

116. Caneva, G.; Tescari, M.; Bartoli, F.; Nugari, M.P.; Pietrini, A.M.; Salvadori, O. Ecological mapping for the preventive conservation
of prehistoric mural paintings in rock habitats: The site of Filiano (Basilicata, Italy). Conserv. Sci. Cult. Herit. 2015, 15, 53–59.
[CrossRef]
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Featured Application: This is an updated review on black fungi as main biodeteriogens of cul-

tural heritage stone artifacts. Colonization pattern, taxonomy, and methods to eradicate their

settlement are discussed here.

Abstract: Black fungi are considered as one of the main group of microorganisms responsible for the
biodeterioration of stone cultural heritage artifacts. In this paper, we provide a critical analysis and
review of more than 30 years of studies on black fungi isolated from stone-built heritage from 1990 to
date. More than 109 papers concerning the fungal biodeterioration activity of stone were analysed.
The main findings were a check list of the black fungal taxa involved in the biodeterioration of
stone-built heritage, with a particular reference to meristematic black fungi, the main biodeterioration
pattern attributed to them, and the methods of study including the new molecular advances. A
particular focus was to discuss the current approaches to control black fungi from stone-built heritage
and future perspectives. Black fungi are notoriously hard to remove or mitigate, so new methods
of study and of control are needed, but it is also important to combine classical methods with new
approaches to improve current knowledge to implement future conservation strategies.

Keywords: stone cultural heritage; black fungi; MCF; biodeterioration; control

1. Background

Stonework, such as artistic sculptures, historical buildings, monuments, archaeological
sites, caves, etc., are ubiquitous across the globe, being an expression of culture, religion,
aesthetics, and building techniques of populations, typical of certain historical construction
periods. Due to their unicity and intrinsic value, ensuring the integrity of stone-built
heritage for posterity is a critical issue. The study of biodeterioration of cultural heritage
is a hot topic of broad interest to the researcher’s community and the implementation
of safeguard measures is one of the main goals. All materials are subjected to a natural
weathering, and “biodeterioration” of stones should be considered as an integral part
of bio-geo-morphogenesis [1–4]. The term “biodeterioration” defines any irreversible
transformation of inorganic or organic material with economic, commercial, historic, and
artistic loss caused by macro- and micro-organisms [5].

“Biodeterioration” is a very complex matter and conservators should also take into
account whether the observed biologically driven phenomena can even be considered
positive for the artifact.

In fact, in some cases, the presence of subaerial biofilm (SABs) may have a protective
effect on the surface [6]; on the other hand, SABs developed at the interface between rock
surface and air is considered the main cause of biodeterioration of stone monuments [7,8].

Microbial biodeterioration of stones is often associated with the presence of a complex
community formed by chemoorganotrophic microorganisms (bacteria and microfungi)
and autotrophic microorganisms (such as algae and cyanobacteria and to lesser extent
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autotrophic bacteria) usually embedded in an extracellular matrix EPS (in which are
present DNA, enzymes, pigments, lipids, proteins, etc.). Microbial cells in the EPS show a
typical biofilm lifestyle that confers resistance to hostile environments and reinforces the
attachment of microorganisms on the surface [6,9].

The prevalence of one or more group of microorganisms depends on numerous factors
which include the intrinsic characteristics of the material (such as lithotype, porosity,
roughness, and state of preservation) that affect its “bioreceptivity” sensu Guillitte [10]. The
species composition can vary greatly depending on climatic and microclimatic conditions
such as temperature, solar irradiation, shining, nutrient and water availability, and, last
but not least, the characteristics of species involved [6]. However, microbial colonization
is a very dynamic process in time and space, that is the result of the interactions between
microbial species and substrates. It varies continuously during the year following the
seasons, and it is also under the influence of the dispersion ability of propagules in the
air [11–13].

In recent years, much knowledge has been gained about rock-inhabiting black fungi,
and important issues concerning their taxonomy, physiology, phylogeny, and weathering
processes [14] have been clarified. However, the majority of studies concerned black fungi
from natural environments [4,7,15].

In the field of cultural heritage, most reviews had as a topic the biodeterioration
of stone caused by fungi in general [6,16,17]; some have focused on the microbial and
fungal deterioration of various type of substrata (both organic and inorganic such as
textile, parchment, wood, paper, metals, and stone) used for artworks [18]; few concerned
exclusively black fungi as a cause of biodeterioration of stone monuments [19,20].

This paper aims to give an overview on the present knowledge of rock-inhabiting black
fungi in the field of stone cultural heritage with reference to their taxonomy, biodeterioration
pattern, methods of study, and control, with a look to a future perspectives.

A bibliographic search was carried out using such databases as Scopus (https://
www.scopus.com accessed on 17 March 2022), Science Direct (https://www.sciencedirect.
com accessed on 17 March 2022), Web of Science (http://www.webofknowledge.com
accessed on 17 March 2022), and Google Scholar (https://scholar.google.com accessed on
17 March 2022), that were consulted by using keywords such as ‘black fungi’, ‘meristematic
fungi’, ‘stone monuments’, ‘stone artworks’, ‘stone biodeterioration’, ‘biodeteriogenic
fungi’, ‘fungal treatment’, and ‘fungal control’.

The search produced about 500 papers of which 109 were included in this paper. The
updates of fungal nomenclature were searched in the databases Index Fungorum (http:
//www.indexfungorum.org accessed on 22 March 2022), National Center for Biotechnology
Information (NCBI) (https://www.ncbi.nlm.nih.gov accessed on 24 February 2022) and in
the recent literature [14,21].

Nucleotide sequences were retrieved from GenBank database that is accessible from
NCBI platforms (http://www.ncbi.nlm.nih.gov accessed on 14 February 2022). Molecular
Evolution Genetic Analyses (Mega 11 Software) free downloadable via the URL. http:
//www.megastoftware.net accessed on 14 February 2022 was employed for alignments
and phylogenetic tree constructions.

2. Black Fungi and Stone Monuments: An Intimate Connection

Beginning in the 1990s, black fungi were described as one of the most likely groups of
microorganisms responsible for the biodeterioration of the stone monuments [22–25] and it
was confirmed in the following decades [6,18,26,27].

The term “black fungi” refers to a very huge group of dematiaceous fungi, unrelated
phylogenetically, which have in common the presence of melanin in the cell wall that
confers an olive brown appearance to the colony [28]. Another common characteristic
is the ability to withstand hostile environments such as scarcity of nutrients, high solar
irradiation, scarcity of water, high osmolarity, and low pH [15,19,29].
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As reported by Gueidan et al. [30] the ancestors of black fungi were well adapted to
live in oligotrophic environments such as rock surfaces or sub-surfaces, and currently they
can also grow in anthropogenic habitats such as glass, silicon, organic surfaces, metals [31],
or consolidants applied on the stone [9].

Their resilience is related to the extremotolerant or even polyextremotolerant charac-
teristics of the species. The stress-tolerance is due to different factors such as: pigmentation,
and in particular melanins production; mycosporine-like substances; morphological and
metabolic versatility; meristematic development; and oligotrophy [32–34]. All these charac-
teristics make them very suitable for colonizing outdoor rocks and built stones due to the
fact that those surfaces can be exposed to extreme environments [17–19].

This group of fungi includes (a) fast growing hyphomycetes of epiphytic origin, recog-
nizable under microscope by the presence of typical conidiophores and spores; (b) pleo-
morphic hyphomycetes that include the “black yeasts”, showing a yeast-like form, and the
so-called “black meristematic fungi” with a Torula-like growth pattern (Figure 1).

  
(a) (b) 

  
(c) (d) 

Figure 1. Main morphological characteristic traits of MicroColonial Fungi, MCF. Dark black colonies
due to the melanin production as seen (a) for the unidentified strain MC 655 on different cultural
media after 1 month of incubation. (b–d) characteristic meristematic pattern of growth described also
as Torula-like hyphae observed under Light Microscope. Bar is 10 μm.
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Hyphomycetes and black yeasts are ubiquitous and widespread all over the world
in very different habitats (e.g., soil, fresh water, sea, plants, animals, and humans) [28,35],
while the meristematic black fungi, mostly isolated from stone or natural rocks, can be
considered the true stone-inhabiting fungi [19,20,36,37].

In the literature, many of black fungi are reported as RIF (rock inhabiting fungi) to
emphasize that the “rock” is their preferred or exclusive habitat. However, this terminol-
ogy does not include their main features such as melanin production, pleomorphism, or
meristematic development; for this reason, we do not use it in this context.

In the frame of cultural heritage the acronym MCF (MicroColonial Fungi) as first
employed by Staley [38] is widely used for their description. It refers to the typical black
cauliform-like colonies visible on the rocks and stones.

Humidity may affect the settlement of MCF on the stone artifacts as unique inhabitants
or as associated with other stone colonizers. In fact, in lower or sheltered parts near the
ground, where there is a sufficient availability of water, MCF are strictly associated with
phototrophic microorganisms with whom, however, they do not establish a symbiotic
relationship (Figure 2); in harsh, dry micro-environmental conditions, MCF become the
unique colonizers [39–41].

  
(a) (b) 

Figure 2. Close association between MCF and phototrophic microorganisms. (a) Association seen
directly on a marble sample. Magnification 400X and (b) after growth in the isolation medium PDA:
Chlorella-like alga and Coniosporium apollinis MC 728. Magnification 80X.

Black fungi are currently classified in the Phylum of Ascomycota in the Class of
Dothideomycetes and Eurotiomycetes, mainly in the order of Capnodiales, Dothideales,
Chaetothyriales, Pleosporales and Cladosporiales, and Mycocaliciales [14,20,21,42].

In Table 1 are listed the genera of black fungi identified through molecular analyses
that from 1997 up to date have been related to the biodeterioration of stone monuments.
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In manuscripts published prior to 1999, black meristematic fungal species that were
identified without molecular analyses, such as Hormonema dematioides, Lichenothelia sp. and
Hortaea werneckii, Trimmatostroma sp., are listed among the most abundant fungal species
present in arid and semiarid environments in association with biodeterioration of stone
monuments [3].

The molecular analyses introduced at the end of the 20th century considerably in-
creased the knowledge about the taxonomy of the black fungi isolated from stone monu-
ments and allowed the description of twenty-six new species and three new genera.

The new species and genera described are listed below:
Sarcinomyces petricola Wollenzien and de Hoog [73]; S. sideticae Sert and Sterflinger [70];

Coniosporium apollinis Sterflinger, C. perforans Sterflinger [43]; C. uncinatum De Leo, Urzì and
de Hoog [44]; C. sumbulii Sert and Sterflinger [47]; Phaeococcomyces chersonesos Bogomolova
and Minter [74]; Pseudotaeniolina globosa De Leo, Urzì and de Hoog [54]; Capnobotryella
antaliensis Sert and Sterflinger [50]; C. erdogani Sert and Sterflinger; C. kiziroglui Sert and Ster-
flinger [51]; Ochroconis lascauxensis Nováková and Martin-Sanchez; O. anomala Nováková
and Martin-Sanchez [69]; Knufia marmoricola Onofri and Zucconi, K. vaticanii Zucconi and
Onofri; K. karalitana Isola and Onofri; K. mediterranea Selbmann and Zucconi [37]; K. cal-
carecola Su, Sun and Xiang [72]; Exophiala bonarie Isola and Zucconi; Vermiconia calcicola
de Hoog and Onofri [37]; Devriesia simplex Selbmann and Zucconi; D. modesta Isola and
Zucconi [55]; and D. sardiniae Isola and de Hoog [37].

Three new genera and 4 species were also introduced as new: Saxophila tyrrenica
Selbmann and de Hoog, Lithophila guttulata Selbmann and Isola [37], L. catenulata Su, Sun
and Xiang [72], and Aeminium ludgeri Trovão, Tiago and Portugal [57].

Over the years, some of the above mentioned genera and species were reclassified: in
particular, Sarcinomyces petricola and Phaecoccomyces chersonesos resulted identical, and they
were reclassified as Knufia petricola [75,76]; Coniosporium perforans is now a synonym with
Knufia perforans [76]; Devriesia species and Vermiconia species were included, respectively,
in the new genera of Neodevriesia [77] and Vermiconidia [21]. Hao et al. [78] proposed
a revision of the genus Ochroconis that was established as synonymous with the sister
genus of Scolecobasidium. However, this taxonomic accommodation has been refused by
Samerpitak et al. [79,80] on the basis of phylogenetic analyses and because the old generic
name Scolecobasidium is considered of doubtful identity for the ambiguity of type specimens;
therefore, the genus Ochroconis that is also characterized by oligotrophism and mesophilia
was maintained.

However, many questions regarding the taxonomy and phylogeny of black fungi
are still unresolved and further studies are required, especially to clarify the taxonomical
position and phylogeny of many species of incertae sedis and of strains that are preserved in
the mycological collections and are not yet identified (Figure 3, Table 2).
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Figure 3. Phylogenetic tree (Neighbour-joining, Kimura two-parameters) showing the genetic diver-
gence among ITS rDNA sequences of meristematic black fungi retrieved from GenBank database
(https://www.ncbi.nlm.nih.gov/nucleotide accessed on 14 February 2022) and listed in Table 2.

Table 2. ITS rDNA sequences of representative MCF isolated from stone monuments aligned in
Figure 3.

Taxon Strain ITS rDNA

Capnobotryella antalyensis MA 4615 AJ972858
Capnobotryella antalyensis MA 4624 AJ972850
Capnobotryella antalyensis MA 4766 AJ972851
Capnobotryella antalyensis MA 4775 AJ972860

Capnobotryella isilogui MA 3619 AM746201
Capnobotryella erdogani MA 4625 AJ972857
Capnobotryella kirizoglui MA 4899 AJ972859

Capnobotryella sp. MA 4701 AJ972856
Capnobotryella sp. MA 4697 AJ972855
Capnobotryella sp. MA 3615 AM746203

Neodevriesia modesta CCFEE 5672 KF309984
Neodevriesia simplex CCFEE 5681 KF309985

Neodevriesia sardiniae CCFEE 6202 KP791765
Neodevriesia sardiniae CCFEE 6210 KP791766
Saxophila tyrrhenica CCFEE 5935 KP791764
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Table 2. Cont.

Taxon Strain ITS rDNA

Aeminium ludgeri E12 MG938054
Aeminium ludgeri E16 MG938061

Neocatenulostroma sp. CR1 KY111907
Constantinomyces sp. CR21 KY111911
Pseudaeniolina globosa DPS10 MH396690

Pseudotaeniolina globosa CBS109889 NR136960
Pseudotaeniolina globosa CCFEE5734 KF309976

Vermiconidia calcicola CBS 140080 NR_145012
Vermiconidia calcicola CCFEE 5780 KP791761
Vermiconidia flagrans CCFEE 5922 KP791753

Coniosporium uncinatum CBS 100219 AJ244270
Coniosporium apollinis CBS 100213 AJ244271
Coniosporium apollinis CBS 352.97 NR159787
Coniosporium apollinis CBS 100216 AJ244272
Coniosporium apollinis QIIIa MH023395
Lithophila catenulata BJ10118 JN650519
Lithophila guttulata M1 MW361305
Lithophila guttulata CCFEE 5884 KP791768
Lithophila guttulata CCFEE 5907 KP791773
Knufia mediterranea CCFEE 5738 KP791791
Knufia mediterranea CCFEE 6211 KP791793

Knufia vaticanii CCFEE 5939 KP791780
Knufia calcarecola SL11033 JQ354925
Knufia calcarecola CGMCC 3.17222 KP174862

Knufia marmoricola CCFEE 5895 KP791775
Knufia marmoricola CCFEE 5716 KP791786

Knufia perforans CBS 885.95 AJ244230
Knufia karalitana CCFEE 5732 KP791782
Knufia karalitana CCFEE 5929 KP791783
Knufia petricola CCFEE 726.95 KC978746
Knufia petricola CBS 600.93 KC978744
Knufia petricola IMI38917 AJ507323
Knufia petricola D1 JF749183
Knufia petricola M4 FJ556910

Knufia sp. QIIa MH023393
Knufia sp. QIIb MH023394

3. Mechanisms Involved in the Stone Biodeterioration

Being well adapted to the stone habitat and being oligotrophic, this group of fungi
can often act as pioneer colonizer of the stone. In fact, for their growth it is sufficient
to have just a little input of nutrient coming from the surrounding environment (e.g.,
animal and plant particles, air pollutants, guano droppings, etc.) [81,82]. Marble exposed
to different environments and laboratory experiments demonstrated that black fungi such
as Aureobasidium pullulans can be the first colonizer of freshly exposed marble surfaces in
outdoor conditions [68,83].

The presence of a source of organic matter, such as the proximity of plants and trees,
can considerably increase the chances of colonization by these fungi and the consequent
rate of biodeterioration (Figure 4).
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Figure 4. Extended black-greyish patina due to black fungi colonization on marble statue located
in the inner yard of the Museum of Messina, Italy, under a tree of Pittosporum tobira. Fungal strains
isolated from the statue were attributed to meristematic black fungi and genera of Cladosporium,
Alternaria and Phoma [81].

The mechanism of biodeterioration of stone monuments caused by black fungi is not
fully understood [16,84].

The pattern of colonization of black fungi, and in particular of MCF, demonstrate once
more that these microorganisms are well adapted to the stone habitat. In fact, they not only
grow on the surface of stone, causing an aesthetic alteration due to the presence of melanin
in the mycelium and conidia, described as discoloration, black staining, black spots, and
black/greyish patinas [9,20,85]; but they can also act as true endolithic microorganisms by
penetrating into the rocks/stones via intercrystalline spaces or through an active mechanism
in which both mechanical and chemical aspects are hypothesized.

Microscopic observations show that where they settle is shaped accordingly to the
morphology of these fungi (Figure 5). This fact can be explained by a local release of
organic acids, followed by a precipitation of mineral phases; this buffer effect may be the
reason why these fungi, in contrast to other ubiquitous hyphomycetes, such as Aspergillus
niger and Penicillium spp., as reported by Salvadori and Municchia [16], do not show a
marked organic acid production in laboratory conditions. However, Favero Longo et al. [86]
demonstrated that some species of MCF (e.g., Knufia petricola) penetrate actively into freshly
exposed stone probes through the production of iron-chelating molecules (siderophores
such as compounds).

Another mechanism is due to the ability of these fungi to penetrate the stone using
already existing fractures and cracks. The mechanical forces due to the expansion of
hyphae may increase the fractures and cause the loss of materials [18,26,39]. To explain the
mechanical penetration of the hyphae into the stone, a past hypothesis gave a crucial role
to melanin present in the cell wall of hyphae and in the meristematic cells, similar to the
process of penetration of phytopathogenic fungi in the host cells [16,23,25,39].

151



Appl. Sci. 2022, 12, 3969

 
 

(a) (b) 

Figure 5. Microscopic observation of the endolithic behaviour of meristematic black fungi. (a) Settled
on a thin section of Carrara marble sarcophagus flake showing the meristematic chains deepening
inside the marble, magnification 400X; (b) SEM image showing MCF into the marble with dissolution
pattern following the same shape of meristematic cells.

In fact, the melanin present in the appressoria of the phytopathogenic fungi confers
turgor and rigidity to the cells, favouring their penetration of the host cells [87].

However, on the basis of the results obtained in a recent publication by Tonon et al. [88],
this hypothesis should be rejected. In fact, non-melanized mutants of the black fungus
Knufia petricola do not lose their ability to penetrate carbonate pellets regardless of porosity;
on the contrary, thin, non-melanized, exploring hyphae showed an even higher penetration
pattern into the stone, probably due to their nutrient-seeking role and thinness.

4. Multistep Analyses to Study Black Fungi from Stone Monuments

Contrary to studies carried out on natural rocks, in the frame of cultural heritage it
is mandatory to carry out all the necessary multidisciplinary studies (chemical, geologi-
cal, physical, biological analysis, etc.), by using very low destructive or non-destructive
sampling methods [18,46,67,89]. This fact may limit the extent of the studies, but a careful
planning of a sampling campaign leads to the right protocol of intervention and of assessing
the risk of further biodeterioration processes.

A general useful multistep approach should include microscopy, cultural analyses,
molecular analyses, and the laboratory evaluation of selected methods of control (chemical
or physical) on isolated strains. The assessment of environmental conditions (temperature,
humidity, shining, presence of surrounding vegetation, or other organic sources, atmo-
spheric pollutants, etc.) should be also evaluated. In fact, these data not only allow us a
better understanding of the physiology and ecology of fungi, but can help to control their
growth indirectly, especially in indoor and/or in confined environments. At the end, a
monitoring campaign over time should establish the level of the risk of the item and the
frequency of intervention.

Further, a common language for the description of the alterations is also indispens-
able for sharing the results with the scientific community; to this purpose, there is a
glossary [90,91] to obtain an objective and standardized description.

4.1. Methods of Isolation and Characterization

The sampling is critical. As reported in the previous paragraph, due to the value of
the artifacts, non-invasive sampling methods have been developed over the years and
are now widely used. Examples are a needle to take samples from black spots or cavities,
scalpel or lancet to scrape fungi from the surface, and adhesive tape sample, useful both
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for microscopy and cultural and molecular analysis as it provides a mirror image of the
stone colonization [22,92,93].

Microscopic examination of the samples is the most common practice to obtain evi-
dence of black fungi directly from stone samples. In fact, due to their size, morphology,
and pigmentation, black fungi can be directly visualized under optical microscope without
a specific preparation. Even with a good light microscope (LM) or, better, with a scanning
electron microscope (SEM), detailed information is obtained. Microscopy is useful for
the direct visualization of the fungi in the stone sample, for determining what types of
relationship they establish with stone material and with other types of microorganisms,
and also for addressing the next step of analyses. Unfortunately, fluorescence microscopy
(FM) cannot help in detecting and studying black fungi due to the presence of melanin that
masks the fluorochrome fluorescence.

Still, cultural analyses remain the best way to study this group of fungi.
Black fungi, and in particular MCF, possess a poor ability to compete with fast growing

fungi, being characterized by a slow growth rate, and very often require more than 1 month
of incubation before visible colonies are seen. These reasons explain why they are difficult
to isolate and maintain in culture [94]. Nevertheless, selective cultural media that inhibit the
growth of bacteria and of fast-growing fungi are successfully employed both for qualitative
and quantitative cultural analyses [22,95].

These culture techniques have the advantage of allowing the whole characterization
of the isolates by microscopical, biochemical, physiological, and molecular analysis; these
latter are indispensable for the identification of MCF that do not have recognizable mor-
phological traits. Multilocus sequencing typing (mlst) is routinely carried out to resolve
their taxonomic and phylogenetic position [55,56] by Blast search homology (Basic Local
Alignment Search Tools) available online. However, many nucleotide sequences in the
Genkank nucleotide database are not updated in the “definition”. Therefore, although
this approach is within the reach of all laboratories, it requires a deep knowledge of the
literature and a curated nucleotide database.

A deeper genetic characterization of the isolates can be obtained by whole genome
analyses but, to date, only four genomes belonging to three species of black fungi (Coniospo-
rium apollinis CBS 100218, Knufia petricola MA5789, K. petricola MA5790, and Aeminium
ludgeri DSM 106916) isolated from stone monuments are available in the NCBI database
(https://www.ncbi.nlm.nih.gov/genome/ accessed on 15 February 2022).

Cultural techniques also allow us to investigate the biodeteriorative abilities of the
isolated species by setting up laboratory experiments that simulate their settlement, colo-
nization, and biodeterioration pattern [96,97].

4.2. Culture Independent Analyses

It is well known that only a very small percentage (<0.5%) of environmental microor-
ganisms can be cultured. Therefore, culture independent molecular approaches have been
developed to overcome this limitation; the metagenomic approaches allow the study of
the microbiota (microbial community) and its microbiome (gene pool) by total acid nucleic
extraction from the samples, both DNA and/or RNA, depending on the purpose.

Recently Sterflinger and Pinar [98] reviewed the main molecular-based techniques
that are currently available and, although some of these have not yet been used in the field
of cultural heritage, they could be adapted for future studies.

In the literature, the majority of papers are focused on Bacteria and Archaea, while
there are very few papers about microfungi from stone monuments [99,100].

Large-scale genomic analyses, such as high-throughput-sequencing analyses, are
becoming increasingly popular to study the microbiota (both for biodiversity and functional
genes analyses) in different areas of research, and cultural heritage is not an exception [89,99].
These techniques were developed in the late 1990s and early 2000s, and today they are
more accessible to many laboratories due to the lower costs and the facilities offered by
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many companies that can carry out all steps of analysis, from nucleic acid extraction to
bioinformatic data analysis.

The culture-independent approach certainly contributes to the deep knowledge on the
microorganisms associated with the biodeterioration processes. However, there is a very
high risk to obtain a plethora of data that are not easily interpretable, because they cannot
be directly connected with the biodeterioration phenomenon observed. In fact, it is obvious,
but not trivial, that the discovery of a microbial agent on a monument could be not related
to any biodeteriogenic activity. Therefore, the current need is to associate these techniques
to the culture-based ones for a more complete characterization of the state of deterioration
of the artifact and for implementation of the more suitable prevention strategies.

5. How to Control Black Fungi

Despite the wide literature regarding the control of biodeteriogens on inorganic sur-
faces as reported in recent books and reviews [6,9,101–103], very little is said regarding the
effectiveness of treatments against black fungi.

Black fungi, especially meristematic ones, are very difficult to eradicate and tend to be
one of the first colonizers after cleaning procedures [6,12,83]. In the Lascaux cave, a black
yeast Ochroconis lascauxensis caused an important and extensive black discoloration on the
cave’s walls whose origin and evolution were probably linked to the intensive biocide
treatments [104].

In order to achieve protection of an artifact, both indirect and direct methods should
be implemented. The first ones aim to control, or more realistically to mitigate, the fungal
growth by modification of the chemical-physical parameters such as humidity, source of
nutrients, and temperature, that are crucial key factors for fungal growth. It is obvious
that this is rarely fully achievable, and only in particular circumstances, such as in indoor
environments (churches, museums, etc.) or for movable artifacts and objects that can be
moved if necessary, while in outdoor conditions this is quite impossible.

Direct treatments aiming to kill/reduce black fungi on the stone should be different
on the basis of their colonization pattern (diffuse patina, spot-like colonization, or intercrys-
talline growth) and on the characteristics of the environment; for example, in an indoor
environment, the air is often heavily contaminated by fungal spores and thus they need to
be eliminated at the same time as those settled on the surfaces; otherwise, their presence in
the air is a continued source of reinfection.

Among the potential methods commonly used to control biodeterioration, physical
methods such as mechanical removal and UV and heat shock treatments [101,105], are not
very effective against black fungi [102,106].

Regarding chemical methods, in laboratory conditions, classical biocides (e.g., Preven-
tol RI 50, Biotin R, RocimaTM 103) are still the most effective [102,107] and in the field they
produce efficient results during cleaning procedures. Plant based extracts show a scarce
effectiveness against fungi, and this difficult group of microorganisms is not even taken
into account to assess their activity [108]. Nanoparticles are commonly used as biocides
due to their activity against algae, cyanobacteria, and most bacteria, but they are not really
satisfactory against black fungi.

Protective coatings with antifouling properties may have various effects. In fact,
TiO2 based coatings, pure or doped with Ag, show a good effect but are limited to a
short/medium term after application [108]. However, in both laboratory and field condi-
tions, after treatments with titania-based coatings, black fungi are the first to recolonize the
stone surface in dry environments, while algae first appears in damping walls [63]. Very
recently, in laboratory conditions, cholinium@Il based coatings have shown that the use
of Il’s with a 12 C chains and DBS as anion in combination with nanosilica coatings (e.g.,
Nano Estel) could be effective against the colonization of black fungi for a period of time
over 30 months [109].

One possible explanation of this scarce effectiveness of most treatments against black
fungi is that they possess a genetic resistance to environmental stresses, as reported in
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the previous paragraphs. Therefore, the different mechanisms concurring to the stress
protection response may interfere to the biocidal treatments.

Understanding the cause of their resilience could improve the strategies for their control.

6. Concluding Remarks

The study of biodeterioration of stone monuments is quite complex and cannot be
improvised. For a correct understanding of biodeterioration phenomena and the imple-
mentation of measures aimed at the elimination and/or mitigation of biodeteriogenic
microorganisms, it is important to consider the monument and its surrounding as a whole.

When working for the protection of cultural heritage artifacts, scientists should not
follow the same protocols for all the situations. In general, it is necessary to:

(1) Listen the conservators;
(2) Evaluate the environmental climatic conditions and specific conditions, such as the

type of material and the overall status of conservation of monument; the description
of the type of alteration visible under naked eye should be also included;

(3) Interact with the other experts involved;
(4) Answer the questions posed by the conservators.

The analysis must be planned according to their questions.
It is also important to relate the presence of fungal species with the observed biode-

terioration phenomenon; then, for treatments, it is possible to use well known protocols
or propose new products/treatments that, however, need to be tested in laboratory with
fungal isolates and in situ (on probes, not on the item!!!) before applying it to the CH item.
Finally, consider evaluating the use of coatings that match Green conservation criteria and
are effective to prevent or slow down new colonization.

As there is not only one method that is valid in all circumstances, we have to work out,
case by case, the best solution and monitor the result over the time to avoid unexpected
and/or undesirable effects as much as possible.

Black fungi, especially meristematic ones, are very dangerous for stone artifacts for
several reasons:

(a) They are responsible of discolouring of the stone surface. The extended colonization
of surfaces changes the global vision of the artifact, especially if different material and
colour of stones were used by the artist;

(b) Moreover, black fungi show an inter-crystalline pattern of growth. This pattern causes
crystals to detach (so called sugaring) with loss of precious material, especially because
it involves the first surface layer (very important for bas-reliefs and sculptures);

(c) They could determine the biopitting. Fungi excavate cavities on the stone where they
can better settle, giving the surface a pockmarked aspect. The convergence of several
biopitting can often lead to larger cavities;

(d) Hyphae penetrate deep into the surface, even more than a few mm;
(e) Chemical and physical treatments used for other microorganisms are often non effi-

cient in eradication;
(f) Black fungi are often the first colonizers after the treatments.

For all these reasons, new methods of study and of control are needed that also aim to
search for more eco-friendly molecules and/or approaches.

Despite the increase in interest in black fungi as a cause of biodeterioration of stone
monuments and artifacts, many aspects need a more in-depth analysis. For example,
not much is known about the molecular mechanisms involved in stress tolerance, in
colonization, and biodeterioration of stone. Very important results were achieved by
laboratory experiments that, however, concern only some species, and are still too few to
generalize the results obtained. Only four genomes of three species were sequenced, and
they are not sufficient for a comparative analyses aiming to a better understanding of the
above mentioned processes and mechanisms.
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Furthermore, the creation of a curated database including the nucleotide sequences
used for identification of black fungi from monuments could be very helpful, as the public
databases are not curated and are outdated; they could even be misleading for people who
are not interested in deepening the knowledge around the taxonomy and phylogeny of this
group of fungi.

Finally, it is also important to combine the classical methods with the new ones to
improve current knowledge useful for implementation of future conservation strategies.
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