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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



Appl. Sci. 2022, 12, 2038 3 of 20

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).
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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.
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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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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.

1 

 

 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.
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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).
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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).
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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).
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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
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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).
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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
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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.

Supplementary Materials: The following supporting information can be downloaded at: https:
//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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