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Featured Application: This work expands the current knowledge of fungal agents and their role
in the biodeterioration of limestone rocks, while providing tools for the development of better
and more adequate strategies for the conservation, restoration, and rehabilitation of the heritage.
Although the information presented here is related to a single monument in Portugal, the data
can be extrapolated to other monuments of similar lithology.

Abstract: Fungal organisms are considered one of the most relevant stone colonizers, and biode-
teriogens. They are ubiquitous heterotrophs, metabolically versatile, ranging from generalist to
extremophiles. Limestone, a sedimentary rock characterized by high levels of calcium carbonate, has
low compressive strength and hardness and high porosity. These features make it highly susceptible
to fungal colonization and an exceptional target for biodeterioration. Understanding the mycobiome
composition associated with different biodeterioration scenarios is key for the development of effec-
tive guidelines and strategies for preventive conservation and viable maintenance of our cultural
heritage. In this work, a thorough analysis of the fungal community composition on the Lemos
Pantheon, a limestone-built artwork located in Portugal, was performed using high-throughput
sequencing complemented with culture-based methods. The combined results allowed a detailed
characterization of the fungal communities of each analyzed spot, revealing highly diverse and
dissimilar communities according to the type of biodeterioration observed. In addition, we verified
that both cultivation and metagenomics methodologies should be employed synergistically to tackle
inherent limitations.

Keywords: biodeterioration; culture-dependent methodologies; cultural heritage; fungi; indoor;
Ançã limestone; next-generation sequencing

1. Introduction

The use of stone as a building material in monuments and artworks is an ancient
practice and much of our built heritage is based on this type of material, given its abun-
dance, mechanical and decorative properties and, especially, its durability. Limestone, a
sedimentary rock characterized by high levels of calcium carbonate (CaCO3), due to its
properties and abundance in Portugal, particularly on the central coast, has been widely
used in construction, both as a structural and as a decorative material [1].

The weathering of rocks, a fundamental step in the cycles of minerals on our planet,
can become an inconvenient process with serious consequences when it affects stone used
in construction [1,2]. This is a more pressing and relevant fact in buildings with historical
and cultural value, resulting in immeasurable losses [3].
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For several decades, the role of microorganisms in the deterioration of the cultural
heritage was neglected, with emphasis being placed mainly on the effect of environmental
and chemical factors. Recently, numerous studies have been carried out focusing on the
relationship between microorganisms and stone monuments, revealing their relevance
in the processes of deterioration of materials used in assets with historical and cultural
value [4–18]. Nevertheless, it is impossible to separate the biological action from the physic-
ochemical factors [19]. These agents act together, and in close relation, in an antagonistic or
synergistic way, in the deterioration of the stone [1,2]. In this combined process, their rela-
tive importance varies with factors such as environmental conditions, the type of substrate,
the state of conservation and location in the monument [20].

Colonization by microorganisms and subsequent biodeterioration, especially in the
outdoors, cannot be controlled and is markedly influenced by climate and location [21].
However, in indoor environments, it is mainly influenced by human occupation and as-
sociated activities and can (to a certain extent) be controlled, particularly by managing
lighting, heating, humidity, and ventilation [21,22]. The existence of water on the stone
surface is considered one of the most determining factors in the occurrence of these phe-
nomena [21,23].

Fungi are considered one of the most important stone colonizers [24]. They are ubiq-
uitous heterotrophic organisms, metabolically more versatile than other biodeteriogenic
agents, a characteristic that allows them to colonize a wide range of substrates, such as
wood, metal, and stone, among others. The ability to grow on different substrates, re-
sist extreme environmental conditions and adopt different structural, morphological, and
metabolic strategies, makes them highly adaptable organisms capable of thriving in in-
hospitable environments [25]. They are particularly active in the biodeterioration of rock
through several physical and chemical mechanisms, often with synergistic action, that
can result in pitting, mineral dislocation, dissolution and reprecipitation [3,6,21,24,26,27].
Additionally, besides the ability to deeply alter stone integrity and structure, some fungi
produce pigments (e.g., melanin) that cause chromatic alteration of the rock, an effect
considered unaesthetic [6,26–29].

Limestones are carbonate rocks with a high intrinsic bioreceptivity, being especially
prone to microbial colonization and, consequently, to biodeterioration phenomena. Ançã
limestone, a subtype of limestone often used in Portuguese monuments, has the highest
primary bioreceptivity among different Portuguese lithotypes [17]. Very few studies have
been conducted targeting fungal colonization in this particular subtype of limestone, but
Trovão et al. [16] revealed highly diverse fungal communities in this lithotype, that play an
active role in the biodeterioration processes.

Until recently, most information available on the colonization of cultural property by
microorganisms came from the use of classical microbiology methodologies. The exclusive
use of culture-dependent methods is not enough to fully characterize microbial commu-
nities, detecting only a small fraction of the total diversity existing in a sample. This is
verified not only because the growth conditions of many species are unknown, or difficult
to reproduce, but also because of the existence of microorganisms in inactive (viable, but
not cultivable) states [30–33]. To bypass this limitation, culture-independent methodolo-
gies, namely molecular biology techniques, have been extensively used in the profiling of
microbiological communities in biodeterioration studies. These techniques, based on DNA
analysis, allow the profiling of complex communities. Due to their implementation, some
studies have shown that the microbiological diversity in this type of substrate is much
greater than was previously believed [30–34]. High-throughput next-generation sequencing
(HTS) has revolutionized the study of genomics and molecular biology by allowing, in a
much faster way, the sequencing and analysis of billions of DNA fragments, providing a
much more detailed representation of the populations present in a sample [35,36]. Never-
theless, only a small number of studies have been performed in which high-throughput
sequencing was applied to limestone fungal populations in biodeterioration scenarios,
particularly in Portugal [14,16,37].
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Nonetheless, with advantages and disadvantages associated with both approaches,
the classic microbiological methods complement molecular techniques in the identification,
characterization, and description of microorganisms, allowing a better understanding of
the real biodiversity within stone-colonizing communities [38].

The biological deterioration of the historical heritage is one of the greatest concerns of
conservationists and restorers worldwide. Knowing and understanding the factors that
lead to the alteration of rocks is, without a doubt, the first and most important step in the
development of more appropriate and effective guidelines and strategies, in order that
preventive conservation and viable maintenance of our cultural heritage can be carried
out. However, given the numerous intrinsic and extrinsic factors associated with stone
alteration, a definitive and universal solution is unlikely to be found.

Located in the central region of Portugal, the Church of Trofa houses the only element
of the municipality of Agueda classified as a National Monument, officially integrated in
the Portuguese Cultural Heritage. This classification arises from the fact that inside it has
an emblematic sculptural-funerary ensemble of great architectural and artistic value—the
Lemos Pantheon [39], that is barely known and rarely visited by tourists. After several
years bearing a forgotten and degraded appearance, with biological colonization markedly
affecting the limestone of this site, in August this year, restoration and requalification inter-
ventions were started, which included the cleaning of the interior and exterior façades [40],
without a previous analysis or extensive knowledge of the biodeterioration phenomena
present there. This posed a risk to the conservation of this monument that could lead to a
future recolonization with potentially worse effects [41,42].

The objective of this work was to thoroughly characterize the fungal diversity as-
sociated with different biodeterioration phenomena present in this monument, using
high-throughput next-generation sequencing and cultivation-dependent methodologies.
This information will ultimately contribute to science-supported restoration plans in fu-
ture interventions.

2. Materials and Methods
2.1. Location and Sampling

The Church of Trofa or Church of São Salvador da Trofa (Figure 1a) is a Catholic temple
located in Trofa (Trofa do Vouga), in the Portuguese district of Aveiro, Águeda county
(N 40 36.653′ W 008 28.729′). This church houses the Lemos Pantheon (Figure 1b,c), a
remarkable Renaissance sculptural ensemble dating from the 16th century, carved in white
Ançã limestone, and attributed to the artist João de Ruão. Commissioned by D. Duarte de
Lemos in 1534, the Lemos Pantheon presents itself as a burial place for the ancestors of the
third lord of Trofa. It integrates two tombstone groups facing each other, both formed by
two arches separated by pilasters and topped by an entablature. On the right-hand side
are the tombs of the first lords of Trofa, Gomes Martins de Lemos and his son, João Gomes
de Lemos, and their respective wives, D. Maria de Azevedo and D. Violante de Sequeira,
leaving the men in the arch nearest the altar. On the opposite side lies buried D. Joana de
Melo, wife of the founder, and in the arch closest to the altar D. Duarte de Lemos, with a
praying statue [43].

The Church of Trofa, comprising the tombs of the Lemos family, has been classified
as a National Monument since 1992 (IPA.00001042, decree of 16-06-1910, DG, nr 136, of
23-06-1910). More details about the monument, including photographs, can be accessed
on the SIPA website [43], an online information and documentation system on the Por-
tuguese architectural, urban and landscape heritage managed by the General Directorate
for Cultural Heritage (DGPC). Despite being the most important local landmark, it is
mainly used for local religious events. In general, the tomb complex is in a reasonable state
of conservation; however, some areas present visible pathologies, severely affecting the
limestone of this site both structurally and aesthetically.
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Figure 1. Study site (a) Church of Trofa do Vouga which houses the Lemos Pantheon. (b) Left side of
the Pantheon comprising the tombs of D. Joana de Melo (on the right) and her husband, D. Duarte de
Lemos (on the left), where the praying statue stands (c) Right side of the Pantheon comprising the
tombs of Gomes Martins de Lemos and his son, João Gomes de Lemos (on the right), and their wives,
D. Maria de Azevedo and D. Violante de Sequeira, respectively (on the left).

All samples were collected indoors in July 2021, during the summer season. A digital
thermohygrometer was used to measure the temperature (T) and relative humidity (RH)
inside, at the beginning and the end of the sampling procedure. The average values were T
22 ◦C and RH 51%. After careful observation, sampling was carried out on representative
areas showing clear evidence of alteration and degradation. Four samples were collected
from these areas (Figure 2) and distinct biodeterioration outlines found in these sites were
classified based in the ICOMOS Illustrated glossary on stone deterioration patterns: L1—
dark and green biofilm (DGB), L2—green biofilm (GB), L3—black discoloration (BD) and
L4—salt efflorescence (SE) [44]. Microinvasive sampling using sterile scalpels by scrapping
small areas (approximately 0.5 g) into a sterile petri dish, as well as noninvasive sampling
by swabbing surfaces with sterile nitrocellulose discs (Ø 5 cm, 2 per sampling area) were
carried out.
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Lemos tomb; (b) L2, GB at the base of the right pillar in Gomes Martins de Lemos and his son, João
Gomes de Lemos tomb; (c) L3, BD behind the tomb chest of D. Maria de Azevedo and D. Violante de
Sequeira and (d) L4, SE beneath L3, closest to the floor.
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Each collected sample (L1 to L4) was divided into two aliquots (each with ≈0.25 g
and 1 disc): one for Illumina high-throughput sequencing, stored at −80 ◦C until further
processing; and the other for direct fungal isolation, stored in the dark, at room temperature
and processed within 4 h of collection.

2.2. Fungal High-Throughput Illumina Sequencing and Analysis

The total DNA of each aliquot (L1, L2, L3 and L4) was extracted using a Powersoil
DNA Isolation Kit (Qiagen, Hilden, Germany), according to the manufacturer’s instructions
with minor modifications. Samples were prepared for Illumina Sequencing by Internal Tran-
scribed Spacer 2 region amplification of the microbial community. The DNA was amplified
for the hypervariable region with specific primers and further reamplified in a limited-cycle
PCR reaction to add sequencing adapters and dual indexes. First PCR reactions were
performed for each sample using a KAPA HiFi HotStart PCR Kit (Kapa Biosystems, Roche,
Basel, Switzerland) according to the manufacturer’s suggestions: 0.3 µM of each PCR primer
of a pool of forward primers ITS3NGS1_F 5′-CATCGATGAAGAACGCAG-3′, ITS3NGS2_F
5′-CAACGATGAAGAACGCAG-3′, ITS3NGS3_F 5′-CACCGATGAAGAACGCAG-3′,
ITS3NGS4_F 5′-CATCGATGAAGAACGTAG-3′, ITS3NGS5_F 5′-CATCGATGAAGAACGTGG-
3′, and ITS3NGS10_F 5′-CATCGATGAAGAACGCTG-3′ and reverse primer ITS4NGS001_R
5′-TCCTSCGCTTATTGATATGC-3′ [45] and 5 µL of template DNA in a total volume of
25 µL. The PCR conditions involved a 3 min denaturation at 95 ◦C, followed by 35 cy-
cles of 98 ◦C for 20 s, 60 ◦C for 30 s and 72 ◦C for 30 s and a final extension at 72 ◦C for
5 min. Second PCR reactions added indexes and sequencing adapters to both ends of the
amplified target region according to the manufacturer’s recommendations [46]. Negative
PCR controls were included for all amplification procedures. PCR products were then
one-step purified and normalized using a SequalPrep 96-well plate kit (ThermoFisher
Scientific, Waltham, MA, USA) [47], pooled and pair-end sequenced in the Illumina MiSeq®

sequencer with the MiSeq Reagent Kit v3 (600 cycles), according to the manufacturer’s
instructions (Illumina, San Diego, CA, USA) at Genoinseq, Next Generation Sequencing
Unit of CNC/Biocant (Cantanhede, Portugal).

Treatment of metabarcoding raw data, clustering and taxonomic analyses were per-
formed at Genoinseq, Next Generation Sequencing Unit of CNC/Biocant (Cantanhede,
Portugal). Raw reads were extracted from an Illumina MiSeq® System in fastq format and
quality filtered with a PRINSEQ version 0.20.4 [48] to remove sequencing adapters, trim
bases with an average quality lower than Q25 in a window of five bases and eliminate reads
with fewer than 100 bases. The forward and reverse reads were merged by overlapping
paired end reads with an AdapterRemoval version 2.1.5 [49] using default parameters.
The QIIME2 package version 2020.2 [50] was used for operational taxonomic unit (OTU)
generation, taxonomic identification, sample diversity and richness indices calculation.
Sample IDs were assigned to the merged reads and converted to FASTA format. Chimeric
merged reads were detected and removed using UCHIME [51] against the UNITE/QIIME
ITS database version 8.2 [52]. The ITSx version 1.1.2 [53] was used to extract the highly
variable fungal ITS2 subregion from the merged reads. OTUs were selected at 97% similar-
ity threshold using the open reference strategy and those with fewer than two reads were
removed from the OTU table. A representative sequence of each OTU was then selected for
taxonomy assignment using the referred database. All metagenomic data were deposited
in the international SRA database with the reference PRJNA875387.

2.3. Statistical Analysis

Alpha diversity indices Chao1, Abundance-based Coverage, Dominance, Equitability,
Goods Coverage, observed OTUs, Shannon and Simpson were calculated using a PAST
software package (v.4.09 https://www.nhm.uio.no/english/research/resources/past/ (ac-
cessed on 3 June 2022)) to reflect the diversity and richness of the fungal communities in
the different samples (L1, L2, L3 and L4).

https://www.nhm.uio.no/english/research/resources/past/
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The community structure was analyzed based on the relative abundance at different
classification levels. The relative abundance of individual taxa within each sample was
estimated by comparing the number of sequences assigned to a specific taxon with the
number of total sequences obtained for that sample. For this purpose, Microsoft® Excel®

2016 software was used to process the raw OTU table, and to analyze and visualize the
results. Due to the high number of taxa present in each sample, only the 20 most abundant
were detailed in the graphs.

Beta diversity analysis was performed using principal coordinate analysis (PCoA)
ordination, based on the Bray–Curtis’s dissimilarity matrix, generated from the relative
abundance of fungal genera, and the unweighted pair-group method with arithmetic means
(UPGMA) clustering were both performed using a PAST software package v.4.09. Using
the same software, differences between the community structures within a site were tested
by permutational multivariate analysis of variance (PERMANOVA) and further analyzed
through a SIMPER test.

Between samples, a Venn analysis was constructed to identify unique and common
fungal genera using an InteractiVenn online tool [54]. Prevalence within each sample for
the 20 most abundant genera was evaluated in a Clustvis web tool through a Heatmap [55].

2.4. Culturable Fungal Isolation, Identification and Analysis

For direct fungal isolation each aliquot was suspended in 2 mL of sterile 0.9% (w/v)
NaCl solution, and vortexed. A volume of 100 µL was inoculated in six different culture
media: potato dextrose agar (PDA); dichloran-glycerol agar (DG-18); malt extract agar
supplemented with 10% NaCl (w/v) (MEA 10%); Czapek solution agar (CZ); rose bengal
agar base (RB) and DSMZ 372-Halobacteria medium supplemented with 10% NaCl (w/v)
(HM 10%), in triplicate. All culture media were supplemented with streptomycin (0.5 gL−1)
to prevent bacterial growth. Inoculated media plates were incubated aerobically, in the dark,
at 25± 2 ◦C, for 6 months. Emerging colonies showing significantly different morphologies
(in each culture medium) were isolated to axenic cultures for DNA extraction. DNA
extraction from pure cultures was conducted with the REDextract-N.Amp™ Plant PCR Kit
(Sigma Aldrich, St. Louis, MO, USA), with several modifications. A small portion (~1 mm2)
of the colonies was scraped from the agar surface, into a PCR-style microtube, submerged in
20 µL of extraction solution and incubated in the thermocycler using the following protocol:
94 ◦C for 10 min, followed by 60 ◦C for 13 min and 10 ◦C for 15 min. After incubation,
20 µL of dilution solution were added, and the resulting mixture was vortexed for 2 min.
Obtained DNA was used for the amplification of the ITS-rDNA region by PCR, using the
fungal universal primer pair ITS1-F and ITS4 [56,57]. PCR reactions, consisting of a final
amplification volume of 25 µL, with 12.5 µL of NZYTaq Green Master Mix (NZYTech™,
Lisbon, Portugal), 1 µL of each primer (10 mM), 9.5 µL of ultra-pure water and 1 µL of
template DNA, were performed using an ABI GeneAmp™ 9700 PCR System (Applied
Biosystems, Waltham, MA, USA), with the following conditions: initial denaturation at
95 ◦C for 5 min, followed by 35 cycles of denaturation at 94 ◦C for 30 s, annealing at 52 ◦C
for 30 s, and extension at 72 ◦C for 1 min, with a final extension at 72 ◦C for 8 min. Visual
confirmation of the overall amplification of the ITS region was performed using agarose gel
electrophoresis (1.2%) stained with GreenSafe Premium (NZYTech™, Lisbon, Portugal) and
visualized in an Molecular Imager Bio-Rad Gel Doc XR™ (Bio-Rad, Hercules, CA, USA).
Obtained amplicons were purified with the EXO/SAP Go PCR Purification Kit (GRISP,
Porto, Portugal), following the manufacturer’s recommendations, and sequenced using
an ABI 3730xl DNA Analyzer system (96 capillary instruments) at STABVIDA, Portugal.
Obtained ITS sequences were analyzed using Chromas v.2.6.6 (Technelysium, Southport,
QLD, Australia) and deposited in the GenBank database with the accession numbers:
OP315718; OP315750–OP315755; OP315757–OP315759; OP315761; OP315763–OP315774;
OP315776–OP315777; OP315779; OP315789–OP315792; OP339490; OP339492; OP359020;
and OP381494.
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Similarity searches were performed using the National Center of Biotechnology In-
formation nucleotide database (NCBI’s) basic local alignment search tool (BLAST), with
the option standard nucleotide BLASTn of BLAST 2,6 [58]. Further confirmation of these
results was performed using the online MycoBank database [59,60], with the molecular
ID pairwise alignment tool (https://www.mycobank.org/page/Pairwise_alignment (ac-
cessed on 29 March 2022)) with the default parameters and all databases selected. To
achieve a full agreement regarding species identification, molecular results were con-
firmed with an extensive macroscopic and microscopic analysis of taxonomic traits. In-
dex Fungorum (www.indexfungorum.org (accessed on 30 March 2022)) and Mycobank
(https://www.mycobank.org/ (accessed on 30 March 2022)) [59,60] were consulted in order
to provide the most accurate and correct taxonomic classification for each identified species.

To evaluate the diversity of cultivable fungal communities, the Species Richness (S),
Shannon–Wiener index (H) and Species Evenness (E) were calculated using a PAST software
package v.4.09, for each sample (L1, L2, L3 and L4). The re-isolation of the same species can
occur from different samples and from different culture media plates, from the same sample.
Therefore, to assess fungal populations in the four studied sites, the general isolation results
were analyzed as species presence–absence for each sampling site regardless of the isolation
method. A simple co-occurrence network between genera in the samples was constructed
and visualized in the Cytoscape software (v.3.9.1, http://www.cytoscape.org (accessed
on 12 July 2022)) [61]. A similar presence–absence evaluation scheme was performed to
evaluate the different isolation media.

3. Results and Discussion

In the present study, we analyzed the fungal communities present in four samples
collected from four distinct biodeterioration scenarios found in limestone tomb adorn-
ments in Lemos Pantheon of Trofa do Vouga. For that purpose, two different approaches
were used, molecular high-throughput culture-independent methodologies in parallel
with the traditional culture-dependent methodologies to complement their outputs and
simultaneously tackle both techniques’ limitations.

3.1. High-Throughput Sequencing Data Analysis

Fungal community composition analysis was assessed by sequencing ITS regions of
the 18 S rRNA gene using the Illumina MiSeq® v3 platform. A total of 333,803 quality reads
were recovered from all the samples and, at a 97% similarity cutoff level, grouped into
1588 operational taxonomic units (OTUs) at species level. The Good’s Coverage index of all
samples was over 99%, which indicated an adequate level of database coverage to identify
most of the diversity in the samples. There were 612, 662, 833 and 270 OTUs identified in
L1, L2, L3 and L4, respectively, and out of the total of observed OTUs, only 38 were shared
among all four samples, which accounted for 2.4% of the total OTUs (Figure 3). These
results point toward the presence of a higher number of distinctive populations associated
with distinct biodeterioration patterns.
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The Chao 1, Abundance-based Coverage (ACE), Shannon (H), Gini–Simpson (1-D) and
Dominance (D) indices were determined to quantify the Alpha diversity and understand
the structure of the fungal community with respect to its richness (reflect the number of
OTUs in samples) and evenness (reflect the distribution of abundances within OTUs). The
greater the Chao or ACE index, the higher the expected species richness; the greater the
H or 1-D indexes, the higher the diversity and the smaller the D, the higher the diversity.
Analysis of Alpha diversity indices demonstrated a high fungal diversity in all four samples,
with sample L1 presenting the greatest richness and diversity values and sample L3 the
least, despite being the sample with the highest OTU count. Sample L1 also presented the
lowest D value, indicating an even taxa distribution within this sampling point, in contrast
with sample L3 exhibiting the highest D value suggesting the presence of a more prevalent
taxon (or taxa). The detailed statistical data of α–diversity indexes are shown in Table 1.

Table 1. Richness and diversity statistical data generated from the metabarcoding analysis.

Sample ID Reads
Good’s

Coverage
Observed

OTU

Richness Estimator Diversity Index
Dominance

(D)Chao 1 ACE Shannon
(H)

Simpson
(1-D)

L1 93,237 99.96% 612 621 633 4.40 0.95 0.05
L2 99,703 99.86% 662 764 775 3.10 0.89 0.11
L3 130,788 99.93% 833 858 892 3.38 0.85 0.15
L4 10,075 99.80% 270 281 278 3.87 0.90 0.10

The OTUs were assigned to 7 phyla, 251 families and 500 genera, while only <1%
of sequences were not assigned to any known phylum. At the phylum level, Ascomycota
(accounting for 76.32% to 94.81%) and Basidiomycota (3.84% to 20.52%) were the two major
fungal taxa across all samples. Mortierellomycota was the third most abundant phylum (>5%
in L4) but, together with the phyla Chytridiomycota and Glomeromycota, was only detected in
samples L1 and L4. Rozellomycota was present only in the L1 and L2 samples. The relative
abundance of these last three phyla along with Mucoromycota was lower than 3% and
differed across the samples. Figure 3 exhibits the relative abundance at the phylum level
(Figure 4a), family level (Figure 4b) and genus level (Figure 4c). For the higher classification
levels, only the 20 most abundant family and genera, considered individually for each
sample, were discriminated in the graphs. Less abundant taxa were pooled and indicated
as “Other”.

The predominant families were Cladosporiaceae (25.9%), Aspergillaceae (7.5%), Capnodiales_
unclassified (6.7%), Saccharomycetales_fam Incertae sedis (4.8%) and Didymellaceae (4.8%) in
sample L1; Cladosporiaceae (26.3%), Neodevriesiaceae (18.3%), Sordariomycetes_unclassified
(10.3%), Cyphellophoraceae (8.3%) and Hypocreales_fam Incertae sedis (5.6%) in sample L2;
Neodevriesiaceae (40.5%), Capnodiales_unclassified (17.4%), Cladosporiaceae (8.4%), Cordycipitaceae
(5.7%) and Aspergillaceae (5.3%) in sample L3; and Capnodiales_unclassified (34.5%), Cordycipitaceae
(5.7%), Nectriaceae (5.6%), Mortierellaceae (5.3%) and Eurotiomycetes_unclassified 4.4%) in
sample L4.

The composition of the fungal community was further analyzed at the genus level. A
total of 500 fungal genera were identified via taxonomic summary: 285 in sample L1; 251 in
sample L2; 269 in sample L3; and 150 in sample L4. Of these 500 only 43 were common
to all four spots, with samples L2 and L3 having the largest number of shared genera.
Furthermore, genera were significantly different among samples, and L1 and L3 presented
the greatest number of specific genera (Figure 5).
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The most dominant genera (relative abundance≥ 1.5%) were Cladosporium (22.9%), Capn-
odiales_unclassified (6.9%) and Aspergillus (4.9%), Candida (4.8%), Botrytis (3.2%), Didymel-
laceae_unclassified (3.1%), Toxicocladosporium (2.5%), Penicillium (2.3%), Xylodon (2.2%), Corticum
(1.7%) and Saitozyma (1.5%) in L1; Cladosporium (24.7%), Neodevriesia (18.2%), Sordariomycetes_
unclassified (10.3%), Cyphellophora (8.3%), Hypocrales_fam Incertae sedis_unclassified (5%), Capn-
odiales_unclassified (4.6%), Didymellacea_unclassified (4%), Lecanicillium (3.4%), Penicillium
(1.7%), Talaromyces (1.6%) and Toxicocladosporium (1.5%) in L2; Neodevriesia (39.9%), Capnodi-
ales_unclassified (17.4%), Cladosporium (7.2%), Lecanicillium (4.5%), Aspergillus (4%), Coprinellus
(1.7%) and Botrytis (1.6%) in L3; and Capnodiales_unclassified (34.5%), Parengyodontium (5.6%),
Mortierella (5.3%), Eurotiomycetes_unclassified (4.4%), Cladosporium (3.3%), Fusarium (2.5%),
Gibberella (2.3%), Malassezia (1.9%) and Alternaria (1.5%) in L4.

Fungal communities differed among the studied samples, both in structure and taxo-
nomic composition which supported our first hypothesis. These findings are consistent with
the literature. Some of the 20 most abundant fungal genera detected in the present study,
including Alternaria, Aspergillus, Cladosporium, Corpinellus, Neophysalospora, Penicillium,
Peniophora, Psathyrella and Udenomyces had been previously reported in Ançã limestone
through metabarcoding analysis [16]. Additionally, these results follow the same study,
where it is stated that the Mycobiota associated with different biodeterioration types were
taxonomically distinct, elucidating that different populations occur in distinct niches across
similar lithology, denoting the importance and influence of microconditions in shaping
these communities.

The distribution of the different communities (the 20 most abundant genera in each
sample) can be observed in Figure 6. Specific taxa are clearly associated with the differ-
ent samples (although not exclusively), suggesting a relationship between the present
genera and the observed biodeterioration phenomena. The outlines with higher num-
ber of specific genera were SE (L4) and DGB (L1), for which the most relevant were:
Alternaria, Cladorrhinum, Fusarium, Malassezia, Mortierella, Mucor, Parengyodontium, Rhodotorula,
Trichoderma and Udeniomyces in L4; Acidomelania, Candida, Corticum, Neophysalospora, Phlebia,
Saitozyma, Vishniacozyma and Xylodon in L1. In the other two settings, Exophiala, Cyphellophora
and Talaromyces were prevalent in GB (L2) while Knufia, Neodevriesia and Psathyrella were
more related to BD (L3).
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Figure 6. Heatmap representing the distinct distribution pattern of the 20 most abundant fungal
genera across different biodeterioration types. Dark red color blocks represent a higher prevalence.
Vertical clustering denotes the similarity in genera composition among samples. Horizontal clustering
indicates the similarity of their abundance.

A β-diversity analysis was also performed. Principal coordinates analysis (PCoA)
was used to explore and visualize similarities between the fungal communities present
in each sample. Samples ordinated closer together have a greater similarity than those
that are more distant. The PCoA results with Bray–Curtis distances at the genera level
showed that samples from different biodeterioration patterns were not closely grouped
together. Unweighted pair-group analysis (UPGMA) based on the relative abundance of
fungal communities revealed a distinct clustering pattern between samples that originated
from different biodeterioration patterns. Samples L2 and L3 were the most relatable in
terms of genera composition; results agree with the Venn diagram and heatmap previously
presented in Figures 5 and 6, respectively. Sample L1 was slightly more separated from L2
and L3, while sample L4 showed a strong separation from all the others (Figure 7a,b). This
indicates that the compositions of fungal communities in these samples differ significantly
from each other (PERMANOVA p-value < 0.005). The saline environment present in sample
L4 was probably the major factor shaping this unique community.
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(a) Principal coordinates analysis (PCoA) plot based on fungal genera composition. (b) UPGMA
clustering analysis.

Through the SIMPER analysis, which calculates the contribution of each genus (%)
to the dissimilarity between each two groups, we verified that Neodevriesia (20.15%) and
Cladosporium (6.5%) were the genera that contributed the most to the dissimilarity be-
tween samples L1 and L2/L3. Regarding sample L4, Capnodiales_unclassified (17.5%),
Cladosporium (9.74%) and Parengyodontium (3.1%) accounted for more than 30% of the total
differentiation from L2/L3. The dissimilarity among samples L1 and L4 was mainly due to
the high impact of Capnodiales_unclassified (15.34%), Neodevriesia (12.71%) and Cladosporium
(5.7%). These results support the theory that specific population profiles were stratified by
different biodeterioration patterns.

3.2. Diversity of the Culturable Fungi

The culture-dependent approach provided a good taxonomic resolution, resulting in a
total of 135 isolates. Pure cultures were classified according to the observed characteristics
of the colonies, and the representative fungal isolates were identified through amplification
and sequencing of the ITS region of the rDNA. The morphological and molecular analyses
led to the identification of 36 different species, together with 13 isolates for which a con-
sensus on their identification was not attained (Table S1). Additionally, a few cultures of a
filamentous actinobacteria of the genera Streptomyces were also isolated but not considered
in the further analysis. Diversity indices are presented in Table 2.

Table 2. Diversity indices for cultivable fungal diversity.

Sample ID Species Richness (S) Shannon (H) Evenness (eˆH/S)

L1 14 2.63 0.99
L2 15 2.35 0.70
L3 18 2.68 0.81
L4 6 1.53 0.77

Sample L3 revealed the highest species richness and Shannon index in contrast with
sample L4 that presented the lowest. In turn, evenness was higher in L1, which indicates
that the number of retrieved isolates from each species was more even in this sample. These
are considerably different results from those obtained through metabarcoding.

Most of the isolated fungi belongs to phylum Ascomycota (>90%), with phylum
Basidiomycota being detected only in sample L3, with 2 identified species, representing 5%
of the total abundance for that sample. Figure 7 displays the overall abundance results at
the family (Figure 8a) and species levels (Figure 8b).



Appl. Sci. 2022, 12, 10650 13 of 25Appl. Sci. 2022, 12, x FOR PEER REVIEW 14 of 27 
 

 

Figure 8. Relative abundance of the cultivable fungal diversity of all four sampling sites at (a) family 

level and (b) species level. 
Figure 8. Relative abundance of the cultivable fungal diversity of all four sampling sites at (a) family
level and (b) species level.

The predominant families were Aspergillaceae (33.3%), Cladosporiaceae (25%) and Hypocreaceae
(16.7%) in sample L1; Aspergillaceae (18.4% and 11.6%), Cladosporiaceae (15.8% and 27.9%) and
Cordycipitaceae (39.5% and 20.9%) in samples L2 and L3, respectively; and Aeminiaceae (14.3%),
Cladosporiaceae (21.4%), Cordycipitaceae (57.1%) and Aspergillaceae (7.1%) in sample L4. Overall,
the most common families across all samples were Cladosporiaceae and Aspergillaceae.

In general, the most frequently retrieved isolates were Acremonium alternatum (16.7%),
Aspergillus fumigatus (25%), Cladosporium tenuissimum (12.5%) in sample L1; Parengyodontium
album (39.5%) and Penicillium brevicompactum (13.2%) in sample L2; and Cladosporium
sphaerospermum (11.6% and 14.3%) and Parengyodontium album (20.9% and 57.1%) in samples
L3 and L4, respectively.

Due to the low match similarity and unique morphological characteristics, 13 isolates
were not able to be identified to the species or genus level, and will require further inves-
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tigation, as some may represent new taxa. The high degree of possible novelty and large
variety of isolated fungi from a limited analyzed area of the rock surface point to a very
rich and diverse pool of species in this habitat.

Through the ecological co-occurrence network analyses, it can be observed that most
of the isolated species are specific to a distinctive biodeterioration pattern. Ten species were
retrieved exclusively from DGB, seven from GB, 13 from BD and two from SE. BD had the
highest number of exclusive (13) as well of shared (eight) species. Only Aspergillus fumigatus
was present in all the biodeterioration scenarios (Figure 9).
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Figure 9. Network analysis showing the co-occurrence patterns of the cultivable species among
sampling sites and their distinct biodeterioration patterns.

From the 36 identified species, Acremonium alternatum, Arthrinium marii, Aspergillus
conicus, Aspergillus fumigatus, Cladosporium dominicanum, Cladosporium floccosum, Cyphel-
lophora olivaceae, Hansfordia pulvinata, Microascus cirrosus, Microscypha sp., Neophysalospora
eucalypti, Penicillium corylophilum, Penicillium echinulatum, Penicillium olsonii, Phlebiopsis
gigantea, Stachybotrys chartarum, Talaromyces purpureogenus, Toxicocladosporium irritans and
Ustilago cynodontis are first reports, not only for Ançã limestone monuments, but for lime-
stone monuments in general [37,62]. Additionally, this is the first time that Aeminium ludgeri
and Circumfusicillium cavernae, two newly described species of Portuguese heritage, have
been detected and isolated from a new different site (Figure S1) [63,64].

3.3. Influence of Culture Media on Species Richness

Regarding fungal cultivation, the different growth rates and nutrient requirements of
different taxa are two key limiting factors [65]. To optimize our chances of recovering the
greatest number of distinct species, but also to increase the likelihood of obtaining novel
species, a total of six different culture media were used: standard PDA, a nutrient-rich
generalist medium used for yeast and fungi isolation; DG-18, a selective medium for low
water activity and xerophilic fungi; MEA supplemented with 10% NaCl (w/v), to facilitate
the growth of halophilic fungi and some xerophilic species [66,67]; CZ used to isolate
saprophytic fungi capable of utilizing sodium nitrate as the sole source of nitrogen; RB
which helps to restrict the overgrowth of fast-growing strains, and also in the isolation
of microcolonial fungi; and DSMZ 372-Halobacteria medium supplemented with 10%
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NaCl (w/v) (HM 10%), which is useful in the isolation of microcolonial and halotolerant
fungi [63].

Nutrient-rich media, such as PDA, tend to favor common fungal generalists that grow
rapidly, often outgrowing more specialized species, and although they are commonly used,
they are not suitable for the overall biodiversity analyses [68,69]. The importance of adding
a wider variety of more selective culture media and prolonged incubation periods is that
it provides an opportunity for slow growers and specialized species to develop and be
detected [68,70,71].

Of the 123 fungal isolates recovered, the majority were obtained from DG18 (25%),
followed by PDA (17%), CZ (16%), RB (15%), MEA NaCl 10% (15%) and lastly HM NaCl
10% (12%) (Figure 10). Additionally, DG18 provided the highest number of distinct taxa
across all samples. These variations are determined according to their specific growth needs
and demonstrate a high dominance of xerophilic species, distinguished by their ability to
grow under conditions of low water activity. Only samples L2 and L3 had a wide range of
distinct taxa isolated across all culture media, indicating a great versatility in the species
present in those samples.
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Through a comparative analysis of the network results, showing the effect of each
culture medium on the isolation of different species, it can be clearly observed that
most species had a particular preference for a certain growth medium (Figure 11). Only
Parengyodontium album and Cladosporium sphaerospermum were isolated in all six media. This
result makes sense when we consider that both these species are globally distributed, highly
ubiquitous and considered among the most common species found as indoor extremotol-
erant contaminants [72–74]. In addition, these species have been frequently reported as
halotolerant and able to grow in multiple environments, including stone [75,76].

Other commonly retrieved species across different media are C. cladosporioides,
C. tenuissimum, Penicillium brevicompactum and Aspergillus fumigatus.

The use of the high vs. selective nutrient approach to the cultivation of fungi resulted
in a significantly different species composition being recovered from each media. Based
on the presented species segregation throughout the different media, it is possible that
culture methods could have been improved even further, with the introduction of new
variables such as a wide range of growth temperatures, pH and osmotic concentrations,
ultraviolet radiation exposure, among others, potentially enlarging the diversity of cultured
microorganisms [77]. These results confirmed that the use of various culture media had a
significant influence on the recovered species diversity. Furthermore, a greater number of
unknown species (possibly novel taxa) were recovered from the selective media.



Appl. Sci. 2022, 12, 10650 16 of 25Appl. Sci. 2022, 12, x FOR PEER REVIEW 17 of 27 
 

 

Figure 11. Co-occurrence network displaying the overlap of the cultivable species between the dif-

ferent culture media used for fungal isolation. 

The use of the high vs. selective nutrient approach to the cultivation of fungi resulted 

in a significantly different species composition being recovered from each media. Based 

on the presented species segregation throughout the different media, it is possible that 

culture methods could have been improved even further, with the introduction of new 

variables such as a wide range of growth temperatures, pH and osmotic concentrations, 

ultraviolet radiation exposure, among others, potentially enlarging the diversity of cul-

tured microorganisms [77]. These results confirmed that the use of various culture media 

had a significant influence on the recovered species diversity. Furthermore, a greater 

number of unknown species (possibly novel taxa) were recovered from the selective me-

dia. 

3.4. Mapping Biodeterioration Patterns 

Ançã limestone is a homogenous and pure white limestone with a relatively high 

proportion of CaCO3 (<96.5%), characterized by low compressive strength and hardness, 

high porosity (20–27.2%) and capillary absorption (10–14%). Due to its easy workability, 

it was extensively used in the decoration of the built patrimony, made famous for highly 

detailed carvings [37,78]. These are the same features that make it highly susceptible to 

fungal colonization and an exceptional target for biodeterioration. Similarly, parameters 

such as nutrient and water content and intensive diurnal and seasonal microclimatic os-

cillations to which stone is subjected, have a strong influence on the ability of fungi to 

colonize and grow in this substrate [79]. 

In general, microbial colonization initiates with a wide variety of phototrophic mi-

croorganisms, mainly cyanobacteria and algae [80–82]. The accumulation of photosyn-

thetic biomass provides an excellent organic nutrient base, supporting the subsequent es-

tablishment and growth of heterotrophic communities [24,83]. In damper areas, such bio-

films tend to be green [24,84], such as the ones found in samples L1 and L2 in this study. 

Both sampling points were located below the two main windows in Lemos Pantheon and 

biofilm development could be related to sunlight exposure and water infiltration due to 

Figure 11. Co-occurrence network displaying the overlap of the cultivable species between the
different culture media used for fungal isolation.

3.4. Mapping Biodeterioration Patterns

Ançã limestone is a homogenous and pure white limestone with a relatively high
proportion of CaCO3 (<96.5%), characterized by low compressive strength and hardness,
high porosity (20–27.2%) and capillary absorption (10–14%). Due to its easy workability,
it was extensively used in the decoration of the built patrimony, made famous for highly
detailed carvings [37,78]. These are the same features that make it highly susceptible to
fungal colonization and an exceptional target for biodeterioration. Similarly, parameters
such as nutrient and water content and intensive diurnal and seasonal microclimatic
oscillations to which stone is subjected, have a strong influence on the ability of fungi to
colonize and grow in this substrate [79].

In general, microbial colonization initiates with a wide variety of phototrophic mi-
croorganisms, mainly cyanobacteria and algae [80–82]. The accumulation of photosynthetic
biomass provides an excellent organic nutrient base, supporting the subsequent establish-
ment and growth of heterotrophic communities [24,83]. In damper areas, such biofilms
tend to be green [24,84], such as the ones found in samples L1 and L2 in this study. Both
sampling points were located below the two main windows in Lemos Pantheon and biofilm
development could be related to sunlight exposure and water infiltration due to poor insu-
lation of the windows. Surface biofilms are embedded in extracellular polymeric substances
(EPS), that act as a physical barrier that protects microorganisms, enabling the retention of
water and minerals and maintaining a more stable temperature and humidity [83]. Such
favorable conditions tend to hold a higher diversity.

However, the establishment of heterotrophic communities on rocks is possible even
without the pioneering participation of phototropic organisms and, according to Roesel-
ers et al. [85], may in fact facilitate the subsequent growth of photosynthetic populations.
In many cases, fungi are the first colonizers of stone surfaces [86,87], particularly rock
black fungi, since they can survive and thrive in dry conditions, with a low requirement
of nutrients and energy, and are less susceptible to seasonal variations [88]. Besides the
aesthetic alterations, these fungi can induce a chemical deterioration. However, the most
relevant damages are believed to be due to a mechanical action, causing a breakdown of



Appl. Sci. 2022, 12, 10650 17 of 25

the stone matrix [89]. Our L3 sample, characterized by the presence of black discoloration,
was the driest and darkest sampled spot with visible mineral disintegration, found behind
one of the tomb chests.

The last sampling site (L4) was severely affected by salt damage. Salt decay is closely
related to the petrophysical properties of stone, such as pore structure and other mechan-
ical properties. Located near the Pantheon floor, due to capillary rise, water adsorption
and condensation, probably from standard cleaning activities, favored efflorescence for-
mation [90]. This precipitation process is a serious threat to the stone structure because
salt occupying larger pores produces very high pressure, resulting in cracking, powder-
ing, flaking, and material loss [91]. This salty micro-niche constitutes a suitable habitat
for halophilic/halotolerant fungi, which, in conjunction with water impact, enhance the
deterioration processes [92].

3.5. Metabarcoding vs. Culture-Dependent Diversity and Biodeterioration-Related Organisms

Regarding the metabarcoding fungal diversity obtained in the present study, our
results show a strong dominance of the class Dothideomycetes in all samples, regardless of
the biodeterioration pattern observed. Other classes such as Sordariomycetes, Eurotiomycetes
and Agaricomycetes were also consistently present across all samples but in much lower
abundance, with all classes belonging to Ascomycota. These results are consistent with
the literature, with Dothideomycetes being one of the most frequent groups isolated from
rocks [93–101].

Dothideomycetes are very diverse in term of species, encompassing morphologically
and ecologically diverse fungi with different lifestyles and modes of nutrition. While
many species are associated with plants (either as pathogens or as epiphytes), saprobic,
coprophilous, lichen-forming and rock-inhabiting fungi are also present in this class [102].
The most common recovered fungal sequences in Dothideomycetes were composed of the or-
ders Capnodiales, holding genera such as Cladosporium, Toxicocladosporium, and Neodevriesia,
and Pleosporales, including the Didymellaceae family and Alternaria; however, abundance of
these differed between samples. Along with the Eurotiomycetes genera frequently detected,
such as Aspergillus, Penicillium, Talaromyces and Cyphellophora, most of these are gener-
ally widely distributed, highly ubiquitous and are considered among the most common
genera found as indoor extremotolerant contaminants [18,28,73,76,77,102–105]. Members
of the Neodevriesiaceae and Cyphellophoraceae include several species included in the rock
inhabitant black fungi group, characterized as highly melanized and slow-growing or-
ganisms that are generally exceptionally skilled at exploiting most kinds of extremes
environments [106–108].

In turn, Sordariomycetes is a very large class that comprises over 10,000 species that have
been retrieved from a broad range of terrestrial and aquatic habitats, typically classified as
saprobes, pathogens, and endophytes [109]. Integrated in this class, and also frequently
detected in our metabarcoding analysis are Fusarium and Parengyodontium, often reported as
associated with several different symptoms of deterioration in the cultural heritage [37,72],
and Lecanicillium, which includes members that parasitize arthropods [110]. Fusarium
and Parengyodontium were most abundant in sample L4, associated with salt efflorescence.
The presence of entomopathogenic fungi may suggest that insects act as vectors in fungal
dispersion to and from the walls in Lemos Pantheon [111].

Furthermore, salt efflorescence was the only biodeterioration outline where Mortierella
(Mortierellomycota) was present, suggesting a halotolerant profile. Although the common
lifestyle of these fungi is as soil inhabiting saprobic organisms on decaying organic matter,
this genus has been previously reported in limestone [14].

Likewise, Botrytis (Leotiomycetes) is a widespread saprophyte as well as plant pathogen,
but frequently detected in limestone and present across all biodeterioration scenarios. These
results are coherent with its known halotolerant nature and suggest a possible xerophilic
adaptation [14,16].
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Corticum, Xylodon and Coprinellus (Agaricomycetes) are saprotroph fungi belonging
to Basidiomycota [112–114]. The first two genera are found mainly associated with green
biofilms, while Coprinellus was present in all four locations, especially in black discoloration
(L3), possibly indicating a more xerophilic and halotolerant profile.

Moreover, Candida (Ascomycota, Saccharomycetes), Malassezia (Basidiomycota, Malasseziales)
and Saitozyma (Basidiomycota, Tremellomycetes) are yeast-like fungi, being the first two
opportunistic parasites in human and other warm-blooded animals [115,116], whereas
Saitozyma is commonly found in soil and plants [117,118]. In a study conducted in the
Morassina cave [119], where the yeast genus Candida has been identified, reference was
made to its ability to grow under acidic conditions.

Finally, a greater number of distinctive specific taxa associated with the different
types of biodeterioration observed were mainly present in the fractions with lower abun-
dances. While green biofilms had a very rich and diverse populations composition, a
black discoloration outline (L3) was highly dominated by Capnodiales (~70%), particu-
larly Neodevriesiacea (~40%), Cladosporiaceae and unclassified Capnodiales, demonstrating
the high prevalence of black fungi. The salt efflorescence was the most unique scenario,
characterized by the presence of distinct phyla such as Mortierellomycota, Glomeromycota
and Chytridiomycota. Unclassified Capnodiales (~30%) was also markedly present in this
sampling point.

When considering the HTS data, highly abundant taxa did not always belong to
well-known taxonomic groups, but additionally to unidentified lineages. Therefore, we can
hypothesize that species richness within those, particularly Dothideomycetes, Eurotiomycetes
and Sordariomycetes, remains woefully underestimated, and that many taxa previously
unknown are present within, highlighting the need for further studies, especially for fungi
colonizing rocky substrates.

In addition, generalized studies of community diversity by molecular methods alone
lack the discrimination between living and dead material, or active and dormant organisms.
As a result, molecular profiling can be expected to provide different results from those
obtained from culture isolation techniques. Combining molecular techniques with a more
classical approach may allow a much greater understanding of fungal communities.

Concerning the cultivable diversity, differences between the fungal profiles obtained
by isolation and metabarcoding were noted. With the exception of Alternaria, Aspergillus,
Cladosporium, Cyphellophora, Parengyodontium, Penicillium, Talaromyces and Toxicocladosporium,
some of the most abundant taxa in the metabarcoding approach were absent from the
fungi identified by culture-based methods. This was the case for Fusarium, Mortierella
and Botrytis, for example, all of which were previously isolated from the stone and are
fast-growing and easy to culture. Neodevriesa, despite being particularly abundant in
samples L2 and L3, is a slow-growing and weak competitive black fungi, therefore being
difficult to isolate. Nonetheless, a very large number of strains from different genera (e.g.,
Neophysalospora, Epicoccum, Stachybotrys, Acremonium and Phlebiopsis) were isolated, despite
their low proportions in the metabarcoding analysis. Additionally, Arthrinium, Microascus,
Microscypha, Ustilago, Aeminium and Circumfusicillium were not detected at all through the
metabarcoding analysis.

The detection by cultivation of numerous taxa that go undetected in metagenomic
studies is far from insignificant, even if these microorganisms are in low abundance. This
may be verified because these species go under unidentified groups in HTS analysis or are
present below the detection thresholds of large-scale molecular studies, demonstrating a
major “depth bias” of the metagenomic approaches.

Metabarcoding proved insufficient on its own, and isolation provided an added value
for the accurate characterization of the complex fungal community found on limestone.
Therefore, for a more complete and thorough characterization, the use of both approaches is
probably the best solution. In fact, one of the main advantages of culture isolation is that the
different organisms can be preserved for further testing, to understand their ecological func-
tions and identify specific interactions with materials and other organisms. Furthermore,
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only with isolation can new strains be obtained for further characterization and description,
enhancing our current knowledge of the true diversity of fungi. Similar conclusions have
been recently reported by Selbmann et al. [120] in a study that compared culture-dependent
and amplicon sequencing approaches of black fungi in Antarctic cryptoendolithic commu-
nities, where their results also sustain the theory that the application of both approaches is
desirable to discern microbial diversity and community structure in deeper detail, since
the respective limits are complementary. Furthermore, in a new publication, Chen and
Gu [121] also suggest that the analysis of the microbial community by HTS should be
further improved using RNA-based cDNA, to verify the metabolically active population
present in a sample, revealing a more meaningful community composition and structure.

Fungal mediated biodeterioration is related to: discoloration caused by pigments
released from, or contained within, the microorganism (aesthetic action); biocorrosion of
the mineral support by acidolysis and oxidoreductive processes generated by metabolism
(biochemical action); and physical damage caused by the mechanical action of the biomass
colonizing the material during its growth (physical action) that leads to the disruption of
the material or to its distortion [32].

From the isolated species, Aspergillus fumigatus, Epicoccum nigrum, Talaromyces purpure-
ogenus, Alternaria spp. and Cladosporium spp., and highly melanized black fungi such as
Aeminium ludgeri and Cyphellophora olivaceae are known pigment producers, and therefore
their growth contributes to aesthetic alterations [24,26,29,122].

Moreover, Alternaria infectoria and black fungi are also known to contribute to stone
biopitting through physical action, triggered by disaggregation of rock grains determined
by the internal pressure caused by hyphae penetrating stone [26,123].

Among biochemical mechanisms induced by fungal metabolism, the production of
inorganic acids (e.g., nitric, sulfuric, and carbonic) and organic acids (e.g., oxalic, citric, glu-
conic, malic, etc.) represents a significant part in biodeterioration processes [24]. Aspergillus
fumigatos, Epicoccum nigrum, Penicillium brevicompactum and Penicillium corylophilum are
known producers of oxalic acid. Oxalate is a key fungal metabolite and considered one of
the most important in terms of its role in biodeterioration, biocorrosion and bioweathering,
often associated with fungal-mediated rock and mineral transformations, that seems ubiq-
uitous in the context of biodeterioration [124]. Other acid-producing species isolated in
this study include Alternaria alternata (tenuazonic acid), Cladosporium tenuissimum (formic,
fumaric, gluconic and lactic acids), Epicoccum nigrum (acetic, butyric, citric, fumaric, malic
and succinic acids) and Penicillium brevicompactum (citric, fumaric and gluconic acids). Due
to the acid-producing nature of the above species, they likely contribute to the acidification
and dissolution of limestone minerals [14,125]. Additionally, fungal species with known
CaCO3 dissolution abilities, such as Acremonium charticola, Cladosporium sphaerospermum,
Cyphellophora olivacea, Parengyodontium album and Penicillium brevicompactum; and mineral-
ization or crystallization abilities, such as Aeminium ludgeri, Alternaria alternata, Alternaria
infectoria, Cladosporium cladosporioides, Cladosporium sphaerospermum, Epicoccum nigrum and
Penicillium brevicompactum [62], have also been retrieved in this study.

Despite bacteria not being an object of this study, the frequent isolation of a fila-
mentous Actinobacteria was an interesting result. Some organisms from this phylum (e.g.,
Streptomyces) have been associated with damaged limestone, frequently promoting a de-
crease in pH, therefore working as biodegradation phenomena indicators [24,126].

4. Conclusions

Cultural heritage, such as stone monuments, connects people with their past history
and enriches us with cultural values, making it imperative to preserve and conserve its
messages and intrinsic values. Stone biodeterioration is a key challenge. The identification
and study of microbial communities and possible outbreaks, as well as their contribution to
this process, is crucial knowledge to formulate effective conservation strategies to prevent
biodeterioration and create effective and well-planned restoration plans.
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The data obtained in this work provide an important insight to fully understand the
fungal diversity and its distribution across dissimilar biodeterioration outlines in limestone,
highlighting the importance of a case-by-case approach, since material transformation
is context-specific. This study also revealed that, despite HTS being a powerful tool
in exploring largely diverse environments when compared with traditional cultivation
methodologies, each approach tends to capture different community fractions. Our results
demonstrate that through HTS we were able to characterize the diversity and abundance
of the complex fungal communities present in different bio-deterioration outlines in great
detail, but several genera that were successfully isolated were not detected by this approach.
On the other hand, with classic culture techniques for fungal isolation, we found only a few
shared genera detected when both approaches were applied. The overlap and considerable
differences in fungal community detected by both approaches highlight their complemen-
tarity, and their combination generates more detailed information when profiling these
communities. Additionally, regardless of the fact that the culture-dependent approach lacks
the resolution needed to distinguish the complexity of communities’ composition, it gave
us a chance to visualize and preserve cultures to further test their functions, study their
genetics and genomics, explore their environmental requirements and test cleaning agents
and biocides, key information to prevent and/or control future outbreaks and consequent
biodeterioration. In addition, it was proved that the use of a wide variety of selective
culture media positively influenced the great diversity of cultivable fungi obtained in this
study. Finally, this study also contributes significantly to the inventory of stone-colonizing
fungal diversity.
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//www.mdpi.com/article/10.3390/app122010650/s1, Table S1: Identification of all fungal isolates
retrieved in this study. Figure S1: Isolates of two newly described species (a) Circumfusicillium cavernae
(Bionectriaceae), (b) C. cavernae colony in detail and (c) Aeminium ludgeri (Aeminiaceae), (d) A. ludgeri
colony appearance after starting maturing, on PDA, first described in deteriorated limestone in
Coimbra (Portugal) and isolated in the present study [64,65].
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