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Abstract: An experimental study was conducted to assess the nature and extent of the biodeterioration of the limestone in the Batalha Monastery in Portugal. Stone fragments covered with
microbial biofilms and lichenous crusts were investigated using Optical Microscopy (OM), Low
Vacuum Scanning Electron Microscopy with Energy Dispersive Spectroscopy (LV-SEM + EDS),
and X-ray micro-Diffractometry (µ-XRD). Microbial samples were collected from the stone surface,
cultured, and analyzed with NGS metagenomic DNA test to classify the bacterial communities
associated with the formation of the biofilms. Particulate air pollutants collected on Pall GN-6 paper
filters using a cascade impactor were characterized by SEM-EDS + NGS. The results showed that
lichens play a major role in biodeterioration by promoting both physical and chemical attack on
the limestone substrate via hyphae mechanical penetration along calcite inter-crystalline spaces,
the dissolution/leaching of calcite minerals, and the precipitation of secondary minerals such as
Ca-oxalates within the stone porosity framework. DNA analyses identified the bacterial communities
within the biofilms and their relative abundances. Air quality monitoring results suggest that the
microbial population colonizing the monastery limestone could at least partially be derived from the
dry and wet deposition of airborne biological particles on the stone surfaces and that S, N, and P-rich
air pollutants may have provided nutrients and energy for the bacteria communities, thus indirectly
facilitating biofilm formation, the growth of a lichenous crusts, and limestone biodeterioration effects.
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1. Introduction
The microbial contamination of stone surfaces in buildings and monuments leads
to the formation of biofilms which are in turn responsible for physical and chemical
bio-deterioration processes that may severely affect the preservation of Cultural Heritage assets in both urban and rural environments. Several types of autotrophic and
heterotrophic microorganisms may colonize stone surfaces such as bacteria, fungi, algae,
and lichens. Lichens may be described as an association between a fungus, usually an
ascomycete (MYCOBIONT) and one or more photosynthetic partners, generally green
algae or cyanobacteria (PHOTOBYONT) with the fungus forming a thallus or lichenized
stroma that may penetrate deeply within the stone substrate through the action of fungal hyphae [1,2]. In recent studies, with the help of molecular assays, it was revealed
that besides the photobiont algae and cyanobacteria, a high diversity of bacteria such
as Proteobacteria, Actinobacteria, Acidobacteria, Bacteroidetes and Firmicutes are also
associated with the lichen symbiotic system. These bacteria play multiple roles: nutrient
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supply (especially nitrogen, phosphorus, and sulfur), resistance against biotic and abiotic
stress factors, detoxification of metabolites, provision of vitamin B12 for photosynthesis,
production of hormones to support fungal and algal growth, and degradation of older
parts of the lichen thallus [3]. Lichens are active agents in the biodegradation of minerals in
building stone and natural stone. In a research of fungal diversity and distribution on stone
surfaces in the old cathedral of Coimbra, both traditional cultivation and modern NGS
(Next Generation Sequencing) techniques were used to establish a relationship between
the identified fungal populations and different biodeterioration processes active at the
surface of the cathedral [4]. A review paper described the microbial agents identified as
responsible for stone biodeterioration processes on several famous Portuguese cultural heritage monuments in Lisbon, Coimbra, and Tomar [5]. For instance, the St. Cruz Church in
Coimbra was constructed with Ançã limestone and presented various species of algae and
phylum cyanobacterium (Gloeocapsa novacekii Komarek & Anagnostidis and kuetzingiana
Nageli, Myxosarcina sp., Nostoc sp., Phormidium sp., Scytonema sp., Tolypothrix sp.) [6]. In the
Cathedral of Guarda, which was also built with Ançã limestone, several species of fungi
(Botrytis cinerea, Cladosporium sp., Engyodontium album, Penicillium sp., Trichoderma viride)
were identified [7]. In the Belem Tower and Jeronimos Monastery located in Lisbon and
built with Lioz limestone, Phylum Cyanobacteria and several lichens species (Aspicilia sp.,
Caloplaca aurantia, Lecanora sp., Squamarina crassa, Thyrea, Verrucaria and Xanthoria parietina)
were identified [8,9]. The limestone of the Convent of Christ in Tomar was unspecified;
in this site, algae, bacteria, fungi, and lichens were confirmed, but the species were not
determined [10]. Methods used for the identification of microbial communities included
Optical Microscopy, Scanning Electron Microscopy combined with Energy-Dispersive
X-ray Spectroscopy, Transmission Electron Microscopy, X-ray Diffraction Spectroscopy,
the identification of bacteria, and molecular biology protocols.
It has been shown that different atmospheric air pollutants present in urban environments may interact with the microbial community in the weathering of building stones: for
instance, pioneering bacteria may use hydrocarbon from air pollution as a source of nutrients [11]; a lichenous cover may facilitate the deposition of particulate airborne pollutants
on the stone surface [12]; sulfate or non-sulfate soiling layers from urban air pollution may
also act as localized sites of intense desegregation of the stone underneath [12]. Previous
studies also revealed that air pollution can affect the nature and distribution of bacterial
communities in biofilms growing on building stone [13].
The Batalha Monastery (Figure 1) is listed as a UNESCO World Heritage Site and
is located in central Portugal. The monastery was built using a Middle–Late Jurassic
oolitic limestone that was extracted from several ancient quarries located in sites not
far from the monument itself: Pidiogo, Valinho do Rei, Carvalhos, Reguengo do Fetal,
Cabeço do Roxo, and Outeiro de Sebastião [14]. The outer surfaces of the oolitic limestone
in the walls of the monastery show extensive coating by biofilms and lichenous crusts
leading to intense biodeterioration and aesthetical disfigurement effects. The aim of the
current study was threefold: (a) assess whether microbial colonization and the formation of
lichenous crusts is responsible for the decay of the limestone used in the Batalha Monastery:
(b) identify the microflora colonizing the limestone surface of the Batalha Monastery,
in order to provide a microbial database that could help restorers in the selection of the
correct cleaning procedure to be adopted for the conservation of the Monastery; and (c)
assess the relative importance of biodeterioration versus anthropogenic air pollution in the
limestone weathering in Batalha.
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Figure 1. (a) The external wall of Batalha Monastery, covered by dark brown/gray biofilms and crusts; (b) Balustrade on
the roof of the monastery showing thick biofilms and lichenous crusts.
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ulate air pollutants. Particle collection campaign was carried out continuously for 1 week
starting January 20th and ending January 27th 2020. Sterilized paper filters with pore size
0.45 µm (GN-6 Membrane, 47 mm, White, Gridded, Gamma Irradiated, Pall Coorperation)
were used. Then, collected filters were stored in a sterile box for microbial characterization and Scanning Electron Microscopy with Energy Dispersive Spectroscopy (SEM +
EDS) observations.
2.3. Molecular Analysis of Bacterial Communities
High-throughput sequencing (HTS) based on 16S rRNA gene analysis was conducted
for the identification of bacterial communities present within biofilms on the limestone
surface of the Batalha Monastery and deposited on the cascade impactor filter.
Microsamples were collected from limestone facades of the monastery, and the metagenomic DNA was extracted using the QIAmp DNA Stool Mini Kit (Qiagen, Limburg, Netherlands) with slight modifications from the manufacturer’s instructions [15]. The bacterial
communities were characterized by the 16S rRNA V3-V4 region using the Illumina Sequencing platform. The analytical procedure was the same as thoroughly described by
Dias et al. and Rosado el al. [16,17].
2.4. Morphology Observation, Mineralogical, and Chemical Characterization of the
Bio-Deteriorated Stone
2.4.1. Optical Microscopy (OM)
Samples were observed under LEICA M205C Stereo Microscope (Leica, Wetzlar, Germany), photos were taken by a uEyeUI 149xSE-C industrial camera (IDS, Obsesulm, Germany).
2.4.2. X-Ray Micro-Diffractometry (µ-XRD)
The mineralogical characterization of the stone surface was carried out by µ-X-ray
diffraction using a commercial Bruker AXS D8 Discovery diffractometer (Bruker, Karlsruhe,
Germany) with the DaVinci design and Cu Ka radiation, Gadds detector, interval 3–708
2µ and step of 0.028/s. The EVA code and Highscore Plus software were used for the
identification of the peaks using the PDF-2 International Centre for Diffraction Data (ICDD)
mineralogical database.
2.4.3. Low-Vacuum Scanning Electron Microscopy Coupled with Energy-Dispersive
Spectrometry (LV-SEM + EDS)
Scanning electron microscopy coupled with energy-dispersive X-ray spectrometry
was carried out using a Hitachi S3700N (Tokyo, Japan) SEM coupled to a Bruker (Karlsruhe,
Germany) XFlash 5010 SDD Detector system. Operating conditions were as follows: backscattered imaging detector (BSEM); low-vacuum mode (pre-set pressure of 40 Pa) allowing
the observation of non-coated biological samples; accelerating voltage—20 kV; current:
120 mA. For surface observation, a tablet (2 cm × 3 cm × 1 cm) with biofilm was cut from
the stone sample and put into the chamber directly. For cross-section investigation, stone
tablets were consolidated with resin, cut, and polished before observation.
3. Results
3.1. Optical Microscope Observation
Field photographs from the monastery sampling sites are shown in Figure 3. Macroscopical visual examination allowed the identification of the following lichens species:
Aspicilia sp., Caloplaca sp., Lecanora sp., Verrucaria, Dirina massiliensis, and Xanthoria [18].
These lichens are also found at other sites in Portugal and in Mediterranean countries such
as Italy and Spain [19].
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(a)

(b)

(c)

(d)

Figure 3. Batalha Monastery, lichenous crusts on limestone: (a) Dirina massiliensis (white arrow); (b) Crustose Caloplaca sp.
(black arrow) and Lecanora sp. (white arrow); (c) Aspicilia sp. (white arrow); (d) Foliose Xanthoria (white arrow), Lecanora
(black arrow) and higher plant (stripe arrow).

3.2. XRD Results
Point micro-XRD analyses (Figure 4) were performed on three areas characterized
macroscopically by different colors, i.e., respectively white, black, and greenish (the latter
possibly suggesting the presence of cyanobacteria, i.e., blue–green algae). Diffractograms
corresponding to white and black areas show the presence of Ca-oxalate mineral peaks of
weddellite and whewellite, while in green areas, only calcite and quartz of the limestone
substrate are detected. The building stone used in the construction of the Batalha Monastery
was in fact an oolitic limestone with a mineralogical composition characterized by more
than 97% calcite with minor amounts of quartz [14]. It is well known how fungi are able
to excrete different organic compounds such as oxalic acid as a result of their metabolic
activity, which may react with CaCO3 -rich materials such as limestones, leading to the
crystallization of secondary Ca minerals in limestones [20,21]. In this case, the whewellite
and weddellite could be a product from the reaction between the limestone substrate and
the microflora metabolic products.
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Figure 5. Back-scattered imaging detector (BSEM) micrographs of biodeteriorated Batalha oolitic limestone: (a) Detached
stone fragments incorporated within the growing lichenous weathering crust; (b–d) Lichen hyphae penetrating deeply
inside the limestone fabric using pre-existing intracrystalline cracks and/or porosity within the sparitic cement and leading
to the detachment of the oolitic grains.
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There is a noteworthy presence of P and S peaks associated with the presence of lichenous crusts. In other areas (Figure A3), the element N also shows a distribution highly correlated with the presence of fungal hyphae. It is evident that the presence of a lichenous cover
on the stone surface facilitates the deposition of soil dust and other airborne particles while
at the same time increasing the retention of water and the wet deposition of gaseous and
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There is a noteworthy presence of P and S peaks associated with the presence of
lichenous crusts. In other areas (Figure A3), the element N also shows a distribution highly
correlated with the presence of fungal hyphae. It is evident that the presence of a lichenous
cover on the stone surface facilitates the deposition of soil dust and other airborne particles
while at the same time increasing the retention of water and the wet deposition of gaseous
and particulate pollutants containing N, P, and S derived from anthropogenic sources such
as agricultural fertilizers (N and P) and combustion-related (S) processes [23].
SEM investigation on the filter papers from the cascade impactor and the multi-point
element analysis are shown in Figure 8. Particles are mostly of sizes less than 20 µm,
and spores can also be seen (white arrow). Multi-point EDS analysis shows that the
particles (point 1–6) are mainly Ca-C-O-S rich, suggesting the presence of CaCO3 , CaC2 O4 ,
and CaSO4 . Some particles show the presence of Na, Si, and Al, which are likely to be
associated with deposited windborne silicate soil dust. The weak signal of Fe might come
from oxidized iron products. A notable result is that on the filter paper where no particles
are present (point 7), there is a significant peak of S, suggesting sulfur compounds are
still affecting today’s air quality in the outdoor environment surrounding the Batalha
Corros. Mater. Degrad. 2021, 2, FOR PEER REVIEWMonastery. The spores present on the filter papers proved that they have
10 been deposited
on the stone surface by dry and wet deposition as airborne atmospheric particles.
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3.4. High-Throughput Sequencing
The identification of bacterial communities is shown in Figure 9. The dominant airborne bacteria from the surrounding atmospheric environment on the filter paper belong
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3.4. High-Throughput Sequencing
The identification of bacterial communities is shown in Figure 9. The dominant airborne bacteria from the surrounding atmospheric environment on the filter paper belong
to phyla Proteobacteria (61.86%) and Firmicutes (25.46%); aside from that, Bacteroidetes
(4.17%), Actinobacteria (2.53%), and Acidobacteria (1.67%) are also present. For the sample
MB-R3, the dominant bacteria phyla are Proteobacteria (44.23%), Actinobacteria (14.59%),
Cyanobacteria (11.52%), Bacteroidetes (7.68%), Acidobacteria (5.82%), Firmicutes (5.48%),
Verrucomicrobia (3.10%), and Planctomycetes (2.85%). Sample P2-5 is characterized by
analogous microbial communities but with different relative abundances: Proteobacteria
(52.40%),
Cyanobacteria (9.39%), Bacteroidetes (8.85%), Actinobacteria (6.92%),
AcidobacteCorros. Mater. Degrad. 2021, 2, FOR PEER REVIEW
11
ria (3.24%), and a small quantity of Deinococcus (1.44%) and Planctomycetes (1.23%).

Figure 9. Relative abundance of the dominant bacterial classes in the stone samples and filter pa-
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the metabolite production and phenoloxidase activity of lichens can affect the bacterial
community structure [24].
Another significant discovery is that Cyanobacteria, while abundant on the stone
samples, seem not to be present on the filter papers. In fact, cyanobacteria could be found
present at a few millimeters of depth from the stone–atmosphere interface as they seek
shelter from desiccation and intense UV radiation [6]. Therefore, the Cyanobacteria found
on the stone samples could have already been present in the stone materials from the
original quarries.
4. Discussion
Proteobacteria and Bacteroidetes are believed to provide nutrients, mobilize iron and
phosphate, and fix nitrogen for the lichen symbiotic growth [25]. Firmicutes is also well
known for symbiotic nitrogen fixation and their beneficial and endophytic interaction with
plants resulting in plant growth promotion [26]. Actinobacteria play the leading role in
cellulose degradation, promoting the decomposition of plant remains [27]. Cyanobacterial
are the typical photolithoautotrophic organisms that synthesize carbohydrate. Planctomycetes reproduction has been reported to be associated with the enrichment of N and
P [27]. Hence, the increase of Planctomycetes ratio from membrane filter to sample P2-5
to MB-R3 may be due to the growth of a lichenous cover which in turn facilitates the
fixation of nitrogen and a phosphorus-rich compound, resulting in the abundance increase
of Planctomycetes bacteria; the EDS analysis of the biofilm (Figures 7 and A3) is also in
agreement with that.
The Nitrosomonas spp., Nitrobacter spp., and Thiobacillus spp. from Alphaproteobacteria and Betaproteobacteria class are chemolithoautotrophic bacteria that obtain energy
from the oxidation of inorganic compounds (ammonia, nitrites, hydrogen sulfide, thiosulfates, or elementary sulfur), fixing CO2 from the atmosphere and releasing nitrous acids,
nitric acid, or sulfuric acid [3]. The above-mentioned bacteria detected on the stone samples
microbiomes in this research, combined with the significant presence of S-rich compounds
on the filter samples, may suggest that air pollution leads to a richness of nutrients for the
chemolithoautotrophic bacteria and indirectly promotes lichen growth.
The presence of bacterial community in lichen microbiomes was also reported in other
studies. For instance, Paramo lichen harbored microbiomes composed mainly of the phyla
Proteobacteria, Acidobacteria, Verrucomicrobia, Bacteroidetes, and Actinobacteria [28].
In other research, four lichen species from SW-Norway were analyzed with the bacteria
detected in the lichen–rock samples, which were affiliated with the major lineages Acidobacteria, Actinobacteria, Proteobacteria (Alpha-, Beta-, Gamma-), Bacteriodetes, Chloroflexi,
Deinococcus, Firmicutes, Planctomycetes, Tenericutes, and Cyanobacteria [29]. Even in
the Antarctic and Arctic, the lichens-associated bacteria are Actinobacteria, Bacteroidetes,
Deinococcus-Thermus, Firmicutes, and Proteobacteria (Alpha-, Beta-, and Gamma-) [30].
Regardless of the lichen species, there is some consistency in the bacterial phyla associated
with lichens around the world, although the community structure can differ according to
geographical location.
5. Conclusions
The biodegradation processes occurring on Batalha Monastery limestone constistute a
complex phenomenon involving different steps. At the beginning, photolithoautotrophic
bacteria (e.g., cyanobacteria) present in the stone started to grow using sunlight as an energy
source for photosynthesis. Airborne bacterial spores from the surrounding atmospheric
environment were also deposited to the stone surface, some of which are chemolithoautotrophic; they grow by utilizing the sulfates, nitrates, phosphate, and metallic particles
from the air as nutrients, and being responsible for the production of acidic substances
attacking the stone substrate, the use of fertilizers and combustion of fossil fuel can promote
this process. These primary colonizers accumulate biomass, forming a biofilm enriched
with organic and inorganic substances and growth factors, providing an excellent nutrient

42

Corros. Mater. Degrad. 2021, 2

base
thePEER
subsequent
Corros. Mater. Degrad.
2021,for
2, FOR
REVIEW

heterotrophic microflora. As a result of metabolic activity, a se- 13
ries of acid compounds and expansion of hyphae damage the stone substrate by making
fissures and boreholes as well as pitting and detached fragments, which in turn increase
the capillary and
adsorption
and
accelerate
degradation
from
environment
and microbial
microbial
activity
[31]. The
development
of athe
lichen
cover promotes
the fixation of
activity [31]. phosphorous
The development
of a lichen
promotes
the fixation
phosphorous
and nitrogen,
whichcover
is selectively
beneficial
to someofbacterial
species, and
the
secondary
metabolites
of
lichens
can
affect
the
bacterial
community
structure.
In this
and nitrogen, which is selectively beneficial to some bacterial species, and the secondary
complicated
process,
contamination
in
the
air
plays
an
important
role
to
exacerbate
metabolites of lichens can affect the bacterial community structure. In this complicatedlimestone deterioration
in plays
the Monastery
of Batalha.
an effective
conservation
process, contamination
in the air
an important
role Therefore,
to exacerbate
limestone
deteriora-strategy
to
preserve
the
Batalha
Monastery
would
be
twofold:
i.e.,
to
reduce
S,
N,
and P-based
tion in the Monastery of Batalha. Therefore, an effective conservation strategy to preserve
air pollution in the atmosphere surrounding the monument while at the same time elimithe Batalha Monastery would be twofold: i.e., to reduce S, N, and P-based air pollution in
nating (using the appropriate cleaning procedure) the microbial colonization on the stone.
the atmosphere surrounding the monument while at the same time eliminating (using the
appropriate cleaning
procedure)Conceptualization,
the microbial colonization
on the stone.
Author Contributions:
Y.D., N.S.; methodology,
Y.D., A.T.C., N.S.; formal analysis, Y.D., C.S.C.S., A.T.C.; investigation, Y.D.; data curation, Y.D.; writing—original draft prepara-

Author Contributions:
N.S.;
methodology,
A.T.C., N.S.,
N.S.;E.A.;
formal
analytion, Y.D.; Conceptualization,
writing—review andY.D.,
editing,
N.S.,
A.T.C., Y.D.;Y.D.,
supervision,
project
administration,
N.S.
All authors have
and
agreed to
the published
version ofdraft
the manuscript.
sis, Y.D., C.S.C.S.,
A.T.C.;
investigation,
Y.D.;read
data
curation,
Y.D.;
writing—original
preparation,
Y.D.; writing—review
A.T.C., funding
Y.D.; supervision,
N.S., E.A.;
project
administration,
Funding:and
Thisediting,
researchN.S.,
has received
from the European
Union’s
Horizon
2020 research and
N.S. All authors
have read
and agreed
to the
version of thegrant
manuscript.
innovation
programme
under
the published
Marie Skłodowska-Curie
agreement No 766311.
Samples
collection
in this
researchUnion’s
was by special
permission
of theand
DireçãoFunding: This Acknowledgments:
research has received
funding
from the
European
Horizon
2020 research
Geral do Patrimonio
and the Mosteiro da
Batalha
authorities.
research presented in
innovation programme
under the Cultural
Marie Skłodowska-Curie
grant
agreement
NoThe
766311.
this paper was carried out mainly using data collected at Universidade de Évora, Politecnico di

Informed Consent
Not applicable.
TorinoStatement:
and Direcao-Geral
do Patrimonio Cultural, as part of H2020-MSCA-ITN-2017, ED-ARCHMAT (ESR1).

Data Availability Statement: Data is contained within the article.
Informed Consent Statement: Not applicable.

Acknowledgments: Samples collection in this research was by special permission of the DireçãoData Availability
Statement:
Data is
within the article.
The data presented
presented in
Geral do Patrimonio
Cultural and
the Mosteiro
dacontained
Batalha authorities.
The research
inthis
thisstudy
are available in Ding, Y.; Salvador, C.S.C.; Caldeira, A.T.; Angelini, E.; Schiavon, N. Biodegradation
paper was carried out mainly using data collected at Universidade de Évora, Politecnico di Torino and
and Microbial Contamination of Limestone Surfaces: An Experimental Study from Batalha MonasDirecao-Geral tery,
do Patrimonio
Cultural,
as Degrad.
part of 2021,
H2020-MSCA-ITN-2017,
ED-ARCHMAT
(ESR1).
Portugal. Corros.
Mater.
2, x. https://doi.org/10.3390/xxxxx
and supplementary
materialThe
in appendix
this article.
Conflicts of Interest:
authors to
declare
no conflict of interest.

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

Appendix A

Appendix A

morphology

Ca

C

O

Figure A1. SEM-EDS picture of tetragonal crystals in the biofilm.
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