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• Structural difference in prokaryotes col-
onizing the urban and rural environ-
ment

• Successful 16S rRNA gene sequencing
on sandy limestone was achieved.

• Isolation campaign reveals low bacterial
acid production.

• Colour measurements reveal potential
prokaryotic discolouration of building
stones.

• Prokaryotic communities relate to solu-
ble salt content and state of degradation.
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Air pollution is one of themain actors of stone deterioration. It influences not only thematerial itself but also pro-
karyotes colonizing rocks. Prokaryotes can affect rock substrates and biological colonization will most likely be-
come relativelymore important during the course of the 21st century. Therefore, it is necessary to understand the
effects of air pollution on biological colonization and on the impact of this colonization on rock weathering. For
this reason, we studied the prokaryotic community of Lede stone from two deteriorated monuments in
Belgium: one in the urban and one in the rural environment. This research conducts 16S rRNA gene Next Gener-
ation Sequencing combined with an isolation campaign. It revealed diverse and complex prokaryotic communi-
ties withmore specialized bacteria present in the urban environment, while archaeawere barely detected. Some
genera could cause biodeterioration but the isolates did not produce a significant amount of acid. Soluble salts
analysis revealed an important effect of salts on the prokaryotic community. Colour measurements at least indi-
cate that a main effect of prokaryotes might be on the aesthetics: In the countryside prokaryotic communities
seemed to discolour Lede stone, while pollutionmost likely blackened building stones in the urban environment.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

Natural stones are essential parts of our built heritage. They are a
fundamental component of our cultural identity and history that should
be preserved in the best condition. Even though stone is expected to be
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durable and permanent, it slowly deteriorates through its interaction
with the environment, through physical, chemical and biological action
(Siegesmund et al., 2002). This results in erosional and depositional al-
teration of the material, such as crust formation, one of the prominent
forms of deterioration of carbonate rocks. They occur as sulphate en-
crustations, prominently composed of gypsum crystals with small per-
centages of airborne dust and particulate matter, often giving it a
black appearance (Camuffo et al., 1983). A strong correlation exists be-
tween this black crust formation and air pollution (Bonazza et al., 2007).
Other than gypsum crust formation,microbial colonization significantly
alters the rocks (Miller et al., 2012) for which prokaryotes take main
credit because of their versatile metabolism (Gorbushina, 2007;
Warscheid and Braams, 2000). As air quality improves along with the
evident effects of climate change, microbial growth will presumable
only become more important (Viles, 2012).

Prior research on prokaryotes colonizing heritage stone, focused on
the deteriorating effects of specific groups. Autotrophic prokaryotes
have been considered as the first colonizers of natural building stones
(Crispim and Gaylarde, 2005). Cyanobacteria cause aesthetic deteriora-
tion, physical damage and potential dissolution by organic acids and
chelating agents (Crispim and Gaylarde, 2005;Macedo et al., 2009). Sul-
phur and nitrogen oxidizing prokaryotes produce corrosive sulphuric
and nitric acid (Mansch and Bock, 1998; Sand and Bock, 1991;
Warscheid and Braams, 2000). Heterotrophic bacteria affect the stones
by producing organic acids and pigments (Warscheid and Braams,
2000). Halophilic microorganisms furthermore are known to cause
rosy discolouration, also on mural paintings (Piñar et al., 2014). Besides
these negative effects, it is crucial to understand that bacteria and other
microorganisms can protect rocks. Biofilms can help stabilize the sur-
face, prevent further deterioration by shielding it from erosion or even
by binding the rock surface (Gadd, 2017; Llop et al., 2013). They can ab-
sorb aggressive chemicals, protect the material from wind and wind-
blown particles or keep the temperature and moisture of the surface
more constant (Carter and Viles, 2005). Removal of such protecting
biofilms can accelerate deterioration (de la Rosa et al., 2013). Some bac-
teria are actively used to remediate construction materials with micro-
bial induced precipitation (DeMuynck et al., 2010; Jimenez-Lopez et al.,
2008; Montaño-Salazar et al., 2018).

Individual groups of prokaryotes can affect natural building stones
but they are part of a complex community. It is still uncertain how
these communities relate to the environment and how they affect nat-
ural building stones and degradation phenomena such as crust forma-
tion or discolouration. Air quality is one of the major parameters that
strongly affects gypsum crust formation but also colonization. For ex-
ample, the surface deposition of organic compounds as a result of in-
complete combustion can sustain heterotrophic bacteria before initial
autotrophic growth (Saiz-Jimenez, 1993; Zanardini et al., 2000).

The first step to understand the relationship of prokaryotic commu-
nities with the environment is to identify prokaryotes present in the
stone. Prior research has used culture-dependent techniques and re-
vealed a higher occurrence of nitrogen (Mansch and Bock, 1998) and
sulphur oxidizers (Flores et al., 1997;Mitchell andGu, 2000) in polluted,
urban areas, just as the occurrence of hydrocarbon degraders (Mitchell
and Gu, 2000; Ortega-Calvo and Saiz-Jimenez, 2006). Mitchell and Gu
(2000) arguments that air pollution would harm microbial diversity.
Culturing dependent techniques (growth) are necessary to understand
the role of a specific species and to assess their effect on natural building
stones. However, asmost prokaryotes are non-culturable, they fall short
to capture full microbial diversity (Overmann et al., 2017; Rappé and
Giovannoni, 2003; Stewart, 2012). More recently culture-independent
techniques can identify also non-culturable microorganisms. Initially,
themost common techniques in conservation sciences included genetic
fingerprinting, isolating nucleic acids and phylogenetic analysis (Dakal
and Arora, 2012; Otlewska et al., 2014). Villa et al. (2015) for example,
found specific functional genes for sulphur metabolism on gravestones
in polluted urban areas. However, new techniques such as
metagenomics and Next-Generation Sequencing (NGS) revolutionized
our views on microbial ecology. This technology enables high-
throughput sequencing, allowing in-depth studies of environmental
samples (Marvasi et al., 2019). It described microbial communities on
monuments across the world such as in China (Li et al., 2018, 2017,
2016), Cambodia (Zhang et al., 2018), Brazil (Gaylarde et al., 2017),
but also in Poland (Adamiak et al., 2018; Dyda et al., 2018;
Gutarowska et al., 2015) and Italy (Chimienti et al., 2016). Brewer and
Fierer (2018) used it on limestone and granitic tombstones across
three continents.

Within this research, 16S rRNA gene NGS was applied on the gyp-
sum crust of deteriorated Lede stone in urban and rural environments.
Lede stone is one of the most important natural and historical building
stones in northwestern Belgium, used across Belgium and the
Netherlands. This “Global Heritage Stone Resource” (De Kock et al.,
2015) dominates the cityscape of historical cities as Ghent, Bruges and
manymore. 16S rRNA geneNGS should allow describing those prokary-
otic communities in detail and will result in more insight into the rela-
tionship between urban/rural environment and those communities.
16S rRNA gene NGS can also give information about the function of
the prokaryotes, although it is important to keep in mind that not all
prokaryotes belonging to a certain group share the same functionality.
Besides, it will provide us with a better understanding of the effect of
air quality on the populations. It can show how those communities
might change when air quality keeps improving in our cities. This
work also incorporates an isolation campaign in an attempt to under-
stand their potential role in stone deterioration by acid production. At
least it includes colourmeasurements and soluble salt analysis to detect
potential aesthetic changes on the sampled material and to reveal the
effect of the crust on the prokaryotic population.

2. Materials and methods

2.1. Sampling

Samples were collected at the beginning of April 2019 from two
monuments in northwestern Belgium: The City Hall of Ghent (51°03′
16.3″N 3°43′31.0″E) and the Castle of Berlare (51°01′26.3″N 4°00′
09.7″E). The current City Hall of Ghent dates back to the 15th Century,
but the samples were retrieved from a part built during the 17th and
18th Century (Cnudde et al., 2009). The Castle of Berlare was built dur-
ing the 18th Century (Agentschap Onroerend Erfgoed, 2020). The City
Hall of Ghent lies within an urban environment, while the Castle of
Berlare is locatedwithin a parkwith ponds in a small village. Fig. 1 illus-
trates both locations in Belgium with the imperviousness. According to
The RoyalMeteorological Institute (RMI), the climate ismildwith an av-
erage temperature in Berlare of 10.6 °C, ranging from average 3.4 °C in
January until 18.3 °C in July. The annual precipitation is about
830mm, evenly spread along the year. Climate statistics of Ghent are al-
most identical but recently the data retrieved by the MOCCA project
(Caluwaerts et al., 2016) revealed that the city centre of Ghent is signif-
icantly warmer compared to its countryside. Between 01/07/2016 and
30/06/2017 an average temperature of 12.6 °C has been measured at
St. Bavo in Ghent (about 200 m from the City Hall) compared to 11.5
°C in the rural Melle (Guilbert et al., 2019). The City Hall of Ghent is fur-
thermore exposed to significant air pollution compared to Berlare. This
includes higher concentrations of NOx, fine particles, black carbon, CO
and slightly higher SO2. The air in Berlare is cleaner but contains higher
concentrations of ammonia and ozone. This can be explained by the
rural character of the village with more agriculture resulting in higher
ammonia emissions and less traffic inducing lower NO concentrations
that degrade ozone (Vlaamse Milieumaatschappij, 2019). Overall air
quality improved significantly over time: SO2 concentrations decreased
with about 90% since the 80ties. This resulted in minor differences be-
tween two locations with current average values below 4 μg/m3. NOx

emissions decreased as well but overall a larger difference remains



Fig. 1. Sampling locations plotted on a modifiedmap derived from the CORINE High Resolution Layers-Belgium 2015 dataset, showing the imperviousness in red. It illustrates the highly
urbanized area of Ghent compared to the rural Berlare.
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between the urban (±45 μg/m3) and rural (±20 μg/m3) environment.
These values are highly variable depending on the local traffic
(Vlaamse Milieumaatschappij, 2019).

At both locations, the outer crusts of deteriorated Lede stone have
been sampled, mainly around window frames and corners. It is a
sandy limestone from the Eocene Lede Formation which contains glau-
conite (De Kock et al., 2015). The iron from those glauconite grains can
oxidize causing discolouration (De Kock et al., 2017). For NGS about
0.5 g material has been collected using a small drill with flame-
sterilized head, powdering the crust and the upper part of the Lede
stone until a depth of about 8mm. A flame sterilized chisel scrapped ad-
ditional loose crust material (±10–±25 g) around every drill hole to
perform the isolation campaign and tomeasure the soluble salt content.
Respectively six (G1–G6) samples from Ghent and seven (B1–B7) from
Berlare have been retrieved. They originated from walls facing several
orientations: G1 until G4 (SSW); G5 and G6 (SEE); B1, B3 and B7 (S);
B2 (E), B4, B5 (W) and B6 (N).

2.2. Material characterization: Colour and soluble salt content

A sterilizedmortar and pestle powdered and homogenized the sam-
ples. Konica Minolta CM-600d spectrophotometer determined its col-
ours. Furthermore, the soluble salt concentration of 4 g from each
sample was acquired after 1:5 dilution in Milli-Q water. The samples
were shaken for two hours, after which everything settled down for
the next two hours. From the solution, the pH was determined with a
consort C3020 pH electrode according to Greenberg et al. (1992). A
930 Compact Ion Chromatograph (IC) (Metrohm, Switzerland)
equipped with conductivity detector determined the soluble anions:
Cl−, NO2

−, NO3
−, PO4

3− and SO4
2− and the cations: Na+, NH4

+, Ca2+, K+

and Mg2+.

2.3. Isolation, cultivation and identification

0.25 g of the powdered stone material from Ghent (sample G1) and
Berlare (sample B1) was added to freshwater basal mineral medium
(per litre: 1.0 g NaCl, 0.4 g MgCl2.6H2O, 0.15 g CaCl2.2H2O, 0.2 g
KH2PO4, 0.5 g KCl and 0.25 g NH4Cl) and vortexed for three minutes to
detach the cells. The bacteria were isolated after a serial dilution on
two types of growth media: R2A agar for heterotrophic bacteria (per
litre): 0.5 g Protease peptone, 0.5 g casamino acids, 0.5 g yeast extract,
0.5 g glucose, 0.5 g soluble starch, 0.3 g K2HPO4, 0.05 g MgSO4.7H2O,
0.3 g C3H3NaO3 and 15 g agar and thiosulphate plates for sulphur oxi-
dizers (per litre): 980 mL freshwater basal mineral medium, 9.7 g
Na2SO4, 6 g Na2S2O3, 0.02 g bromothymol blue, 10 mL 1 M NaHCO3,
10mL 1MMOPS (pH 7.2), 1mL 7-vitamin solution, 1mL SL-10 trace el-
ement solution and 10 g agar. The plates were incubated until six weeks
at room temperature both aerobic and anaerobic (with 2 g/L NaNO3

added to the media). At different moments, colonies were transferred
and isolated in triplicate based on their appearance to capture the
highest diversity.

To identify the isolates, DNA was extracted by phenol/chloroform
after bead beating with a PowerLyzer instrument (Qiagen, Venlo,
Netherlands). 27F and 1492R LGC Primers amplified the 16S rRNA
gene after which the obtained PCR products were purified using the
innuPREP PCRpure Kit (Analytik Jena, Jena, Germany). These were
sent to LGC Genomics (LGC Genomics GMbH, Berlin, Germany) to ana-
lyse with Sanger. The resulting sequences were identified using the Na-
tional Center for Biotechnology Information (NCBI) BLAST and the
Ribosomal Database Project (RDP). All sequences have been submitted
to GenBank (Accession numbers: MT397137-MT397271).

2.4. 16S rRNA gene sequencing

From all samples, DNA was extracted out of 0.25 g drill powder by
the DNeasy PowerSoil Kit (Qiagen, Venlo, Netherlands), according to
the manufacturer's instructions. 20 μl genomic DNA extract was send
out to LGC Genomics for sequencing on an Illumina MiSeq platform
and library preparation. For bacterial 16S rRNA genes, it followed the
same procedure as De Paepe et al. (2017) except using 35 PCR cycles.
The analysis included two blanks retrieved after DNA extraction and se-
quencing without inoculum, following the same procedure. Further-
more, three samples of each location (G1, G4, G6; B1, B4, B6) were
selected to amplify archaeal 16S rRNA genes. Nested PCR was used
with 340F 1000R for the first run and U341F U806R for the second run
(De Vrieze et al., 2018). Read assembly and clean-upwas largely derived
from the MiSeq SOP described by the Schloss lab (Kozich et al., 2013;
Schloss et al., 2011) with Mothur (v.1.42.0) (De Paepe et al., 2017).
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The sequence data has been submitted to the Sequence Read Archive
(SRA) of the NCBI database (Accession numbers: SRR11277871 -
SRR11277891) under BioProject number PRJNA611556.

The data were analysed in R using the Vegan (Oksanen et al., 2019)
and Phyloseq (McMurdie and Holmes, 2013) package. The data was
normalized by rarefaction (lowest sequence depth = 11894).
Rarefication curves have been acquired. The alpha diversity has been
identified after 1000 times bootstrapping the rarefied data, with the
Richness, Inverse Simpson, Shannon and Chao 1 index. Beta-diversity
has been established using Bray-Curtis index and plotted with PCoA. A
PERMANOVA test determined the similarity between the two locations.

2.5. Acid production of the isolates

Every different species of the isolates (according to NCBI or RDP) has
been tested for its acid production with biological triplicates. The iso-
lates grew on R2A plates, after which a colony was inoculated R2A
broth. After three days incubation, 100 μL was transferred to fresh
10 mL R2A broth. Depending on its requirements it grew at 20 or 28
°C and after 48 h: the pH of the broth was measured with a consort
C3020 pH electrode according to Greenberg et al. (1992), together
with the C2-C8 volatile fatty acids (VFA) according to Andersen et al.
(2014).

3. Results

Both buildings contained gypsumcrusts: thesewere thick botryoidal
with black colour in the City Hall of Ghent, while in Berlare these were
thinner, laminar with a rusty colour. The soluble salt content between
the rock samples varied and is presented in Table 1. The concentrations
were overall higher on the City Hall of Ghent withmean values of about
17 mg soluble salts per gram rock compared to 7 mg in Berlare. SO4

2−

was themost abundant soluble anion (1.2–10mg/grock) andCa2+ (0.5–-
5 mg/grock) the most abundant cation. Cl− and NO3

− were also detected
and the concentration in G2 and especially G4 from Ghent was high
where it reached 5.3 mg Cl−/grock and 12.5 mg NO3

−/grock. B6 was the
only sample of Berlare with higher soluble Cl− (0.8 mg/grock) and
NO3

− (1.2 mg/grock). The important accompanying cations were Na+,
K+, Mg2+. Their abundance followed the same trends as the anions
with high concentrations of Na+ in sample G2 and G4. No significant
amount of PO4

3−, NO2
− or NH4

+ has been detected. The pH of those solu-
tions was slightly basic and similar for the samples of Berlare
(pH 7.20–7.45), while they ranged between slightly acidic (pH 6.5) or
basic (pH 8.22) in the samples of Ghent.

Not only the soluble salt content differed significantly but also its
colour. Fig. 2 shows the spectral reflectance graph of the powdered
stone. This spectrum is relatively flat for the samples of Ghent (except
Table 1
Amount Soluble ions (mg) per gram rockmaterial in every sample of Ghent (G) and Berlare (B)
NO2

− and in B4 with 0.002 mg/grock PO4
3−. bBDL indicates a measurement below the detection

Sample Na+ NH4
+ K+ Ca2+ Mg2

G1 0.213 0.003 0.163 3.257 0.07
G2 0.537 0.005 b BDL 4.088 0.21
G3 0.090 0.009 0.216 3.010 0.03
G4 4.988 0.004 1.380 5.025 1.15
G5 0.064 0.006 0.064 2.955 0.01
G6 0.040 0.002 0.024 3.002 0.00
Mean (G) 0.989 0.005 0.369 3.556 0.24
B1 0.004 0.004 0.018 1.924 b BD
B2 0.097 0.007 0.069 3.038 0.04
B3 0.007 0.001 0.058 2.196 0.00
B4 0.005 0.002 0.031 0.579 0.00
B5 0.010 0.001 0.061 2.038 0.00
B6 0.265 0.005 0.181 3.332 0.12
B7 0.044 0.004 0.036 1.270 0.00
Mean (B) 0.062 0.003 0.065 2.054 0.03
G4), while in Berlare there is a steep gradient in reflectance between
400 and 550 nm. This confirms red/rusty colour of the Castle of Berlare
but also in sample G4 from Ghent.

Furthermore, bacterial 16S rRNA genes of all samples were success-
fully sequenced except G1 (omitted for further analysis). The retained
samples were distinctive from the blanks and contained at least six
times more reads. The rarefaction curves of the bacterial 16S rRNA
gene sequencing are included in the Supplementary information
Figs. S1 and S2. The nested approach for archaeal 16S rRNA genes only
detected archaea in sample G6. 16S rRNA gene NGS detected a diverse
and variable bacterial community colonizing the two monuments. De-
spite this variation, Beta-diversity analysis with PCoA indicated cluster-
ing between the different samples based on location (Fig. 3). A
PERMANOVA test confirmed this clustering, rejecting the null hypothe-
sis. Establishing a link to the orientation was not possible. The alpha di-
versity (Table 2) varied, even within one location, but was on average
higher in samples of Ghent compared to Berlare. This was especially
the case for the Inverse Simpson and the Shannon index.

As shown in the beta-diversity, the composition of the bacterial
community differed. Fig. 4 illustrates the distribution on the phylum
level: Actinobacteria were dominant in Berlare with 71% of the OTUs,
while Proteobacteria represented here 4%. In Ghent, the Actinobacteria
were predominant together with the Proteobacteria, representing re-
spectively 33 and 32% of the OTUs. Other abundant phyla belonged to
Bacteroidetes, Chloroflexi andDeinococcus-Thermus, while the residual
phyla including Cyanobacteria and Firmicutes formed a small part. Only
1.4% percent of the OTUs in Ghent and only 0.1% in Berlare could not be
classified until the phylum level.

At the genus level, the main genera in Ghent were Rubrobacter
(5.3%), Ellin6055 (5.1%), Halomonas (4.6%). Ellin6055 belongs according
to NCBI Blast to the genus Sphingomonas. Rubrobacterwas also themain
occurring genus in Berlare but with 23%, followed by Blastococcus (11%)
and Truepera (10%). More detailed information is shown in Fig. 5 show-
ing respectively the composition of the genus level within the phylum
Actinobacteria in Berlare (Fig. 5A), Ghent (Fig. 5B) and the
Proteobacteria in Ghent (Fig. 5C). Both locations shared several of the
most abundant genera within the Actinobacteria (e.g. Agrococcus,
Arthrobacter, Blastococcus, Cellulomonas, Conexibacter, Marmoricola,
Nocardioides, Pseudonocardia, and Rubrobacter).

Overall there was some similarity within Actinobacteria (Fig. 5A, B),
but therewas a lot of variation between the different samples, especially
within the genus Proteobacteria (Fig. 5C). As shown in Fig. 4: the sam-
ples from Ghent: G2, G3 and G6 were mainly composed out of
Actinobacteria (±50%), and contained a significant amount of
Chloroflexi, Proteobacteria and Bacteroidetes. G4 and G5were in partic-
ular different. There, Proteobacteria was the most abundant group and
lacked Chloroflexi. Actinobacteria occurred slightly in G4 and was
and the pH of the solution. PO4
3−, NO2

−were not detected except in B1with 0.001mg/grock
limit.

+ Cl− NO3
− SO4

2− Total pH

4 0.351 1.626 6.795 12.481 6.91
5 1.014 5.404 6.858 18.120 6.50
1 0.103 0.261 7.337 11.057 7.20
3 5.348 12.537 9.651 40.088 8.22
6 0.112 0.238 6.948 10.404 7.75
6 0.087 0.306 6.884 10.351 7.29
9 1.169 3.395 7.412 17.084 7.31
L 0.004 0.006 4.000 5.959 7.20
4 0.207 0.129 7.156 10.747 7.25
3 0.005 0.004 4.952 7.225 7.24
3 0.004 0.003 1.261 1.889 7.45
6 0.005 0.005 4.632 6.758 7.35
3 0.801 1.150 7.221 13.078 7.34
5 0.008 0.005 2.851 4.222 7.29
1 0.148 0.186 4.582 7.126 7.30



Fig. 2. Spectral reflectance graph of the samples from Ghent (A) and Berlare (B). Steeper gradient between 400 and 550 nm in G4 and the samples of Berlare confirm red discolouration.
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completely absent in G5. G4 contained furthermore an important frac-
tion of Bacteroidetes (26%). Themost abundant generawereHalomonas
(23%) and Salinimicrobium (15%). G5 contained a high abundance of
Fusobacterium (6%), Rhodoplanes (16%),Geoalkalibacter (4%), Acidibacter
(6%), Salinimicrobium (6%), Armatimonadetes (12%) and Deinococcus
(18%).

In Berlare samples B3, B4 and B5 were very similar with
Actinobacteria as leading phylum and a significant contribution of
Deionococcus-Thermus and Chloroflexi (Fig. 4). Actinobacteria domi-
nated samples B1, B2, B6 and B7. B1 and B2 contained relatively more
Proteobacteria and B2 consisted of 73% out of Rubrobacter as shown in
Fig. 5A. Sample B6 was almost completely composed out of
Actinobacteria and especially an unclassified genus of
Propionibacteriaceae (42%) and Crossiella (39%) (Fig. 5A). B7 had a rela-
tively high amount of Bacteroidetes (especially Pontibacter (13%)) and
Firmicutes (Fig. 4).

Apart from the dominating heterotrophic bacteria some genera con-
taining lithoautrophic prokaryotes have been detected, mostly in a low
abundance (b0.1%, except stated otherwise). They belong to ammonia
oxidizing bacteria (AOB) or archaea (AOA), nitrite-oxidizing bacteria
(NOB) but also to sulphur oxidizers and reducers. AOB have been
found in Ghent and Berlare belonging to the family Nitrosomonadaceae
with Nitrosospira (G4, G6 (0.7%), B1) and Nitrosomonas (G6). AOA, on
the other hand, have only been detected in Ghent (G6) and belong to
Fig. 3. Beta diversity – PCoA plot showing the variability between the different samples of Ghen
Nitrososphaeraceae. NOB at least were present in Ghent (G2) namely:
Nitrolancea and Nitrospira. Some genera related to sulphur oxidizers
have been retrieved as well, but only to purple non-sulphur bacteria.
They were abundant in G5 that contained 16% of Rhodoplanes. Further-
more, there might be more present in some samples as the order
Rhodospirillales was found in G4 and G6 with an unclassified genus of
Magnetospiraceae (0.2% in G4) and with an unclassified genus of the
Rhodospirillaceae (0.3% in G4). Rhodobacteraceae were represented as
well, but again unclassified (0.5% in G2, G4, 0.4% in G6 and B1). Bacteria
related to sulphur reduction have been detected at both locations with
Desulfuromonadales within G3 but especially within G5 with 4%
Geoalkalibacter, just as Desulfobacteraceae (G5, G6, B4, B6), with
Desulfofrigus (G5, B4) and Desulforhopalus (B4).

Besides NGS, the isolation campaign retrieved in total 135 isolates
from the two monuments: 48 from Ghent (G1) and 87 from Berlare
(B1). They belong to 20 different genera, 14 families and four phyla.
The sample of Ghent contained six isolated genera, while Berlare
contained 17 genera. NCBI blast and RDP revealed respectively 31 and
30 closely related species. See the supplementary information
(Table S1) for the list with the different species. Fig. 6 illustrates for B1
the isolated genera and their relationship with the Illumina 16S rRNA
gene amplicon. Seven isolated genera have not been detected by 16S
rRNA gene sequencing: Curtobacterium, Pseudomonas, Psychrobacillus
and Tardiphaga (isolated from R2A), Knoellia and Paenibacillus (isolated
t (G1 – G6) and Berlare (B1 – B7) with confidential ellipses created based on the location.



Table 2
Alpha diversity indices based on rarefieddata. Those values represent themean value after
1000 times bootstrapping. The relative standard deviation lies between 2.3 and 7.8% for
the richness, between 0.9 and 2.4%, for the Inverse Simpson index, between 0.3 and 0.9%
for the Shannon index and between 7.6 and 27.4% for the Chao1 index.

Sample Richness Inverse Simpson Shannon Chao1

G2 291.87 55.26 4.62 495.63
G3 81.99 13.87 2.98 129.61
G4 199.67 20.46 3.77 365.68
G5 58.45 9.11 2.40 80.32
G6 742.09 22.98 4.40 1428.81
B1 320.94 7.33 2.78 1046.65
B2 59.37 3.98 1.94 101.40
B3 129.59 14.28 3.15 257.08
B4 189.28 6.62 2.69 459.83
B5 109.29 9.17 2.78 148.63
B6 105.51 3.19 1.70 234.44
B7 104.73 13.52 3.18 149.10
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for thiosulphate agar) and Microbacterium (isolated from both media).
However, their order/families have been detected and they all contain
(except Pseudomonas), unidentified genera. Such a correlation was not
possible for G1, here; Arthrobacter and Microbacterium were isolated
on both media, Cellulosimicrobium by thiosulphate agar and Bacillus
and Isoptericola by R2A. Both locations shared Arthrobacter,
Microbacterium and Sphingomonas. These three genera were among
the most diverse and abundant isolates. Almost no clear growth oc-
curred on the anaerobic plates with 2 g/L NaNO3 except sample B1,
where two Pseudomonas colonies grew. Eleven genera belonged to the
Actinobacteria, four to the Proteobacteria and Firmicutes and one to
the Bacteroidetes. All isolates were capable to grow aerobically, 15 of
the 20 generawere Grampositive, four generawere endospore forming.
Many isolates, certainly from Ghent contained red/pink (e.g.
Blastococcus, Arthrobacter), orange (e.g. Arthrobacter) or yellow (e.g.
Sphingomonas) pigments. The Colony-forming unit (CFU) was for both
samples and both aerobic media in the order of 105 per gram crust/
rock. Sulphur oxidizers were not isolated.

Fig. 7 illustrates at least the VFA production and the induced pH of
the isolates. Overall, they produced little VFA with quantities around
Fig. 4. Distribution bacterial phyla within each sam
the detection limit of the method, which influenced the average values.
Acetic acid was mainly produced, occasionally accompanied with
isobutyric, isolvaleric and caprionic acid. The pH of R2A remained after
48 h mostly between 6.5 and 7.5, while the blank had a pH of 6.95
(Fig. 7B). Growth of Isoptericola sp., Cellulosimicrobium sp. and
Paenibacillus sp. decreased the pH significantly to respectively 6.14,
5.58 and 5.03.

4. Discussion

The Lede stone of the City Hall of Ghent and the Castle of Berlare
both contained crusts. High soluble Ca2+ and SO4

2− concentrations in
every sample confirmed the gypsum. The overall higher concentrations
of soluble salts in Ghent confirm the visual observation of stronger gyp-
sumcrust formation in the samples of theurban environment. As nitrate
salts are very soluble (Steiger, 2016), the high NO3

− concentrations in
sample G2 and G4 from Ghent indicate a stable gypsum crust, less ex-
posed to rain, compared to the other sampling locations. The variation
in soluble salt content emphasises the heterogeneity on the outer sur-
face of one building, even if constructed with the same building stone.

The prokaryotic community revealed by NGS existed mainly out of
aerobic chemoorganotrophs, while archaea were barely detected. It in-
cluded taxa, found on other monuments around the world: such as
Blastococcus, Arthrobacter, Rubrobacter, Sphingomonas, Deinocuccus-
Thermus etc. (Chimienti et al., 2016; Li et al., 2016). This is confirmed
by the isolates which are closest related to several species previously
isolated from monuments (e.g. Arthrobacter parietis, Arthrobacter tecti,
Arthrobacter tumbae (Heyrman, 2005)) or stones and sediment (e.g.
Agrococcus jenensis (Groth et al., 1996), Blastococcus aggregatus (Urzi,
2004), Nocardioides cavernae (Han et al., 2017)). For sample B1 of
Berlare, the isolates also corresponded to the NGS data as three out of
four most abundant OTUs have also been isolated.

Photoautotrophic bacteria, seen as the pioneers in colonizationwere
rarely detected. Cyanobacteria occured in several samples but reach
never N1%. This contrasts with the findings of Li et al. (2016) and
Zhang et al. (2018)where Cyanobacteriamade up an important fraction
of the community. This could relate to the sampling material as in this
study the prokaryotic communities were determined on and
ple of Ghent (G2–G6) and Berlare (B1–B7).



Fig. 5.Distribution generawithin the phylumActinobacteria fromA)Berlare (B1 – B7), B) Ghent (G2, G3, G4, G6) and C)Distribution generawithin the phylumProteobacteria fromGhent
(G2 – G6). Determination until a certain taxonomy level was not always possible and this has been illustrated with the lowest determined taxonomy level + “unknown”.
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Fig. 6. Results of 16S rRNA gene sequencing of sample B1. The Y-axis shows the main sequenced genera, completed with isolated genera. The X-axis shows the relative abundance.
Pedobacter, Paenisporosarcina, Sphingomonas and Noviherbaspirillum were isolated on R2A; Agrococcus and Nocardioides on the thiosulphate plates; Paenarthrobacter, Arthrobacter and
Blastococcus by both media.
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underneath gypsum crusts. Other possibilities could be the sampling
conditions in the early spring, in rather sheltered locations.
Chloroflexi was abundant in several samples mainly as
Thermomicrobia, but this class is not known to contain photoauto-
trophs (Gupta et al., 2013). Only sample G5 from Ghent contained a
high amount of facultative photoautotrophic Rhodoplanes (Hiraishi
and Ueda, 1994).

Overall, Actinobacteria were most abundant, especially in the coun-
tryside. This phylum is frequently found on natural building stones (e.g.
Chimienti et al., 2016; Zanardini et al., 2016). Several members can sur-
vive extreme conditions such as desiccation, high pH, etc. (Bull, 2011).
Stone surfaces are exposed to solar radiation, low nutrients, extreme
temperature and water fluctuations (Gorbushina, 2007). 16S rRNA
gene sequencing revealed specific extremophilic genera, including
abundant thermophilic bacteria such as Thermomicrobia (Hanada,
2014; Houghton et al., 2015), Rubrobacter (Chen et al., 2004) and
Deinococcus-Thermus (Albuquerque et al., 2005; Garrity et al., 2001).
Furthermore, the latter two are well known for their resistance against
γ-radiation. Their occurrence is remarkable as the sampling occurred in
a mid-latitude region at the beginning of the spring. It was not possible
to link the communities with orientation; however, B6 fromBerlare, the
only sample facing north, lacked high amounts of thermophilic bacteria.
It contained Rubrobacter, but with the lowest concentration of any sam-
ple in Berlare. Furthermore, the isolates at both locations are closely
linked to species related to extreme cold conditions: e.g. Arthrobacter
agilis (Fong et al., 2001), Paenisporosarcina indica (Reddy et al., 2013)
and Psychrobacillus psychrodurans (Krishnamurthi et al., 2010). Ther-
mophilic bacteria were not identified,mainly due to the isolation condi-
tions at room temperature. This indicates a versatile community.
Halophilic bacteria such as Halomonas and Salimicrobiumwere present
as well, especially in samples with high soluble salt content (G4 in
Ghent). Furthermore, drought-resistant groups were abundant with
representatives of the three known genera of Geodermatophilaceae.
Blastococcus, especially abundant in the samples of Berlare, also in the
isolates, survives in low availability of water and nutrients (Montero-
Calasanz et al., 2012). This is also the case for some Proteobacteria
such as species of Sphingomonas like Sphingomonas desiccabilis (Reddy
and Garcia-Pichel, 2007).



Fig. 7.A)Average VFA production and B)pH from triplicates of the isolates expressed after 48 h growth inR2Aat 28 °C (* at 20 °C), zeromeasurements indicate value belowdetection limit.
Most VFA measurements were around the detection limit and this influenced the average values. (The isolates are named after their closest related species according to NCBI blast).

9L. Schröer et al. / Science of the Total Environment 733 (2020) 139339
Those resistant bacterial groups were present across all samples and
localities; however, theyweremore abundant in the countryside. This is
surprising as the Castle of Berlare stands in a parkwhere less direct sun-
light and higher humidity is expected. This should favour also
Proteobacteria which are less known to survive harsh conditions
(Gaylarde et al., 2017). A previous study by McNamara et al. (2006)
however related an endolithic community with Actinobacteria while
epilithic communities contained more Proteobacteria. This could ex-
plain the difference in the occurrence of Actinobacteria between our lo-
calities: Gypsum crust in Ghent where thicker and botryoidal and can
potentially sustain more epilithic bacteria.

The isolates and sequence data has similarities with airborne bacte-
ria. The most common airborne bacteria belong to Proteobacteria,
Actinobacteria and Firmicutes (Després et al., 2012), which is compara-
ble with the most common phyla on the monuments. Several isolated
genera such as Arthrobacter, Curtobacterium, Nocardioides and
Sphingomonas have been isolated out the atmosphere of Sweden
(Fahlgren et al., 2010) and clouds from France (Amato et al., 2007).
There are also some similarities with the airborne community of Milan
(Bertolini et al., 2013). Even further away in China, many isolated air-
borne bacteria by Fang et al. (2016) are similar with the NGS data and
the isolates from the two monuments. These similarities suggest air as
a prime source for bacterial colonization.Overall the air in rural environ-
ments is regarded to contain less bacterial cells but a more diverse bac-
terial community (Després et al., 2012, 2007; Liu et al., 2019). This does
not explain our communities as this is opposite of the bacterial diversity
found on our natural building stones. Previous studies mainly related
airborne bacteria with soils or leaf-surfaces (Després et al., 2012). How-
ever, our results indicate a strong influence of rock surfaces. Coloniza-
tion could also have occurred during deposition or within the
subsurface. This has been brought forward with the findings of halo-
philic archaea on monuments (e.g. Chimienti et al. (2016)) and was
studied by Meier et al. (2017), but more research in this field is
necessary.

Neglecting the origin of the prokaryotic populations, both the
Actinobacteria and Proteobacteria can disrupt natural building stones
by acid production and siderophores (Gaylarde et al., 2017). The isolates
of this study nonetheless did not produce a significant amount of VFA in
R2A as they approached the detection limit of the method. Three iso-
lates could potentially dissolve CaCO3 as their growth lead to a pH de-
crease, most likely due to the production of CO2. Several groups
detected by 16S rRNA gene sequencing, e.g. Modestobacter,
Solirubrobacter, Rubrobacter and isolates produce on the other hand pig-
ments, causing discolouration, which will turn black when there is no
dominating pigment (Gaylarde et al., 2017). Rubrobacter, previously re-
lated to rosy discolouration of monuments (Laiz et al., 2009;
Schabereiter-Gurtner et al., 2001), dominated our samples especially
in Berlare. Its dominance together with the red-pigmented Blastococcus
from our isolates, could contribute to the red discolouration of the gyp-
sum crust on the Lede stone in Berlare, additional to iron oxidation.
Many red coloured isolates (such as Arthrobacter agilis) were present
in the sample of Ghent as well but in here, airborne particles and
black carbon present in the urban environment most likely caused the
black colour of these samples. Halophilic prokaryotic communities
have been linked to rosydiscolouration (Piñar et al., 2014) and could ex-
plain the discolouration in sample G4. These results illustrate that im-
proved air quality (possibly combined with climate change effects)
leads to other discolourations than black. “Greening” and “yellowing”
of natural building stones has previously been brought forward by re-
spectivelyMcCabe et al. (2011) and Grossi et al. (2007) but “reddening”
or any other colour depending on the dominating pigment is possible as
well.

Nitrogen oxidizing prokaryotes can oxidize air pollutants such as
NH3 (NH4

+), NO2 into HNO3 and sulphur oxidizing prokaryotes SO2
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into H2SO4. They could potentially enhance gypsum crust formation
(e.g. Mansch and Bock, 1996). Members of these groups were pres-
ent in selected samples of especially Ghent and in a lesser amount
at Berlare. Genera belonging to purple non-sulphur bacteria were
the only sulphur oxidizers. Purple non-sulphur bacteria can oxidize
sulphur but only at low amounts (Hunter et al., 2009). Members of
rock damaging genera such as Thiobacillus (Krumbein and
Gorbushina, 2009) have not been found. This contrasts with results
of Villa et al. (2015) who did find those groups in the polluted
urban environment but only after targeting specific genes. The ab-
sence of sulphur oxidizers can be explained by the currently very
low SO2 (b4 μg/m3) concentrations (Vlaamse Milieumaatschappij,
2019). Overall, our results still suggest a positive correlation be-
tween air pollution from the urban environment and the occurrence
of nitrogen and sulphur oxidizing prokaryotes. At the countryside in
Berlare, no link was found between the slightly higher NH3 emis-
sions, the NH4

+ concentration within the soluble salts and the occur-
rence of ammonia oxidizing prokaryotes. AOA were only present in
G6 with a low diversity, while AOB occurred in several samples.
This contrasts with findings of Meng et al. (2017, 2016) who de-
tected a higher abundance and variability of AOA on monuments.
They sequenced the amoA gene instead of the 16S rRNA gene;
amoA might be a better biomarker to detect AOA. Overall, the abun-
dance of nitrogen and sulphur oxidizing prokaryotes was very low,
except for Rhodoplanes in G5 and many samples with thick gypsum
crusts lack these groups. It shows that, combined with decreasing
SO2 pollution, gypsum crusts are mainly accumulations from the
past. Although it cannot be excluded that prokaryotes played a sig-
nificant role back then.

Besides the occurrence of deteriorating prokaryotes, some abundant
genera within Ghent and Berlare can remediate the building stones.
Some members of Arthrobacter, most abundantly present in Berlare,
can induce calcium carbonate precipitation, consolidating the natural
building stone (Cacchio et al., 2003; Jroundi et al., 2012). Li et al.
(2018) suggested that Crossiella, abundant in sample B6 could induce
calcium carbonate precipitation as well. Sulphate reducing bacteria, on
the other hand, can besides further deterioration also reduce sulphate
and precipitate calcium carbonate (Castanier et al., 1999; Krumbein
and Gorbushina, 2009). However, their occurrencewas very low except
in sample G5.

Air pollution further explains the absence of photoautotrophic bac-
teria as the pollution sustains heterotrophic communities (Saiz-
Jimenez, 1993; Zanardini et al., 2000). Although pollution is regarded
to lower the bacterial diversity, our findings suggest the opposite with
more highly specialized microorganisms in the city that are adapted to
mitigate and degrade the atmospheric pollutants. This agrees with the
previous research by Villa et al. (2015), is confirmed by the presence
of more members of nitrogen oxidizers in Ghent, combined with sul-
phur reducers and by the isolation of potential oil degraders (closest re-
lated to Microbacterium olei, Sphingomonas olei and Pseudomonas
frederikbergensis). Pollution still affected Berlare in some degree as the
two latter oil-degrading isolates were retrieved from the Castle from
Berlare. In Berlare autotrophic bacteria were missing as well and some
nitrifiers and sulphur bacteria were present but in a much lower
amount. The NGS results contradict earlier research by Mitchell and
Gu (2000) and Zanardini et al. (2000) using culturing techniques.
They suggested that pollution reduces biodiversity. It confirms the re-
sults of the isolates, where fewer genera and species were isolated
from the sample of Ghent.

The indirect effect of air pollution on prokaryotic communitiesmight
be more important as it accelerates stone deterioration leading to gyp-
sum crust formation and increased salt content (Doehne and Price,
2010; Graue et al., 2013). Those changes in the material can have a big-
ger effect compared to air pollution itself. Although based on the iso-
lates, the high soluble NO3

− in Ghent does not sustain denitrifiers; the
data suggest a major effect of the soluble salt content in sample G4,
from Ghent, sustaining a halophilic prokaryotic community. Further-
more, samples G4 and G2with the highest amount of soluble NO3

− con-
tain both nitrifying bacteria.

5. Conclusions

This work provides an overview of prokaryotic communities on de-
teriorated building stones, a highly variable substrate, mainly colonized
out of the atmosphere. It illustrates that weathered Lede stone
contained both in the urban and in the rural environment, a diverse bac-
terial community, while archaea were mainly absent. Overall, the City
Hall of Ghent was predominated by Actinobacteria and Proteobacteria
and the Castle of Berlare only by Actinobacteria. Both localities
contained potential damaging prokaryotes that produce acids or pig-
ments. Based on the isolates the effect of acid production should be lim-
ited as most bacteria did not decrease the pH of R2A and produced low
amounts of VFA. However, the prokaryotes could induce an aesthetic
impact as many isolates produce pigments. Rubrobacter dominated fur-
thermore, the samples of Berlare where it even could contribute to the
red discolouration, normally attributed to iron oxidation. Contrary, ben-
eficial genera linked to calcium carbonate precipitation such as
Arthrobacter have been detected as well. Air quality differed between
the two locations and explains thehigher abundance of lithoautotrophic
prokaryotes in selected samples of the urban environment. They can po-
tentially induce gypsum crust formation, but mainly relates to accumu-
lations from the past. Air quality also explains the higher diversity in the
samples of the urban environment with more highly specialized pro-
karyotes. The effect of the soluble salt content on the prokaryotes
could even be more important. This parameter varied significantly and
is only one of the factors influencing the prokaryotic communities. It il-
lustrates the huge complexity of this substratum. Themain effect of the
air pollution seems to be the discolouration potential: in regions with
higher pollution such as Ghent, it turned buildings black. At the country-
side, other actors such as prokaryotes might cause other discolouration.
This study confirms the potential effect of air pollution on natural build-
ing stones. It can be the basis for further investigation to estimate the ef-
fect of improving air quality on our built heritage. Those studies should
include interdisciplinary research on several buildings to unravel this
complex substratum. Molecular techniques will be important, also
with targets for specific genes such as amoA to describe the functional-
ity in detail. Furthermore, future research should focus on the aesthetic
damage not only caused by the material itself but also by pigmented
microorganisms.

CRediT authorship contribution statement

Laurenz Schröer: Conceptualization, Methodology, Resources, Data
curation, Writing - original draft, Writing - review & editing, Visualiza-
tion. Tim De Kock: Conceptualization, Resources, Writing - review &
editing, Supervision. Veerle Cnudde: Conceptualization, Resources,
Writing - review & editing, Supervision. Nico Boon: Conceptualization,
Resources, Writing - review & editing, Supervision.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgement

Laurenz Schröer has a PhD fellowship by The Research Foundation -
Flanders (FWO, Research grant number: 11D4518N and 11D4520N)
and acknowledges its support in financing this research project. We
would like to thank Tim Lacoere, Jasmine Heyse, Dr. Frederiek-
Maarten Kerckhof and Jana De Bodt for their help with the 16S rRNA



11L. Schröer et al. / Science of the Total Environment 733 (2020) 139339
gene sequencing analysis and the isolates. Dr. Tim De Kock was a post-
doctoral research fellow of the FWO and postdoctoral assistant at UGent
during part of this study and acknowledges their support. At least, we
would like to thank Bressers Architecten, the City of Ghent and theMu-
nicipality of Berlare for their help with the sampling campaign.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2020.139339.
References

Adamiak, J., Otlewska, A., Tafer, H., Lopandic, K., Gutarowska, B., Sterflinger, K., Piñar, G.,
2018. First evaluation of the microbiome of built cultural heritage by using the ion
torrent next generation sequencing platform. Int. Biodeterior. Biodegradation 131,
11–18. https://doi.org/10.1016/j.ibiod.2017.01.040.

Agentschap Onroerend Erfgoed, 2020. Kasteeldomein van Berlare. [WWW Document].
https://id.erfgoed.net/erfgoedobjecten/84664 (Accessed at 10/03/2020).

Albuquerque, L., Simões, C., Nobre,M.F., Pino, N.M., Battista, J.R., Silva, M.T., Rainey, F.A., Da
Costa, M.S., 2005. Truepera radiovictrix gen. nov., sp. nov., a new radiation resistant
species and the proposal of Trueperaceae fam. nov. FEMS Microbiol. Lett. 247,
161–169. https://doi.org/10.1016/j.femsle.2005.05.002.

Amato, P., Parazols, M., Sancelme, M., Laj, P., Mailhot, G., Delort, A.M., 2007. Microorgan-
isms isolated from the water phase of tropospheric clouds at the Puy de Dôme:
major groups and growth abilities at low temperatures. FEMS Microbiol. Ecol. 59,
242–254. https://doi.org/10.1111/j.1574-6941.2006.00199.x.

Andersen, S.J., Hennebel, T., Gildemyn, S., Coma, M., Desloover, J., Berton, J., Tsukamoto, J.,
Stevens, C., Rabaey, K., 2014. Electrolytic membrane extraction enables production of
fine chemicals from biorefinery sidestreams. Environ. Sci. Technol. 48, 7135–7142.
https://doi.org/10.1021/es500483w.

Bertolini, V., Gandolfi, I., Ambrosini, R., Bestetti, G., Innocente, E., Rampazzo, G., Franzetti,
A., 2013. Temporal variability and effect of environmental variables on airborne bac-
terial communities in an urban area of Northern Italy. Appl. Microbiol. Biotechnol. 97,
6561–6570. https://doi.org/10.1007/s00253-012-4450-0.

Bonazza, A., Brimblecombe, P., Grossi, C.M., Sabbioni, C., 2007. Carbon in black crusts from
the tower of London. Environ. Sci. Technol. 41, 4199–4204. https://doi.org/10.1021/
es062417w.

Brewer, T.E., Fierer, N., 2018. Tales from the tomb: the microbial ecology of exposed rock
surfaces. Environ. Microbiol. 20, 958–970. https://doi.org/10.1111/1462-2920.14024.

Bull, A.T., 2011. Actinobacteria of the extremobiosphere. In: Horikoshi, K. (Ed.),
Extremophiles Handbook. Springer, Japan, Tokyo, pp. 1203–1240. https://doi.org/
10.1007/978-4-431-53898-1_58.

Cacchio, P., Ercole, C., Cappuccio, G., Lepidi, A., 2003. Calcium carbonate precipitation by
bacterial strains isolated from a limestone cave and from a loamy soil. Geomicrobiol
J. 20, 85–98. https://doi.org/10.1080/01490450303883.

Caluwaerts, S., Termonia, P., Hamdi, R., Duchêne, F., Berckmans, J., Degrauwe, D., Wauters,
G., 2016. Monitoring the urban climate of the city of Ghent, Belgium. URBAN Clim.
NEWS, pp. 15–20.

Camuffo, D., Del Monte, M., Sabbioni, C., 1983. Origin and growth mechanisms of the sul-
fated crusts on urban limestone. Water Air Soil Pollut. 19, 351–359. https://doi.org/
10.1007/BF00159596.

Carter, N.E.A., Viles, H.A., 2005. Bioprotection explored: the story of a little known earth
surface process. Geomorphology 67, 273–281. https://doi.org/10.1016/j.
geomorph.2004.10.004.

Castanier, S., Le Métayer-Levrel, G., Perthuisot, J.-P., 1999. Ca-carbonates precipitation and
limestone genesis — the microbiogeologist point of view. Sediment. Geol. 126, 9–23.
https://doi.org/10.1016/S0037-0738(99)00028-7.

Chen, M.Y., Wu, S.H., Lin, G.H., Lu, C.P., Lin, Y.T., Chang, W.C., Tsay, S.S., 2004. Rubrobacter
taiwanensis sp. nov., a novel thermophilic, radiation-resistant species isolated from
hot springs. Int. J. Syst. Evol. Microbiol. 54, 1849–1855. https://doi.org/10.1099/
ijs.0.63109-0.

Chimienti, G., Piredda, R., Pepe, G., van der Werf, I.D., Sabbatini, L., Crecchio, C., Ricciuti, P.,
D'Erchia, A.M., Manzari, C., Pesole, G., 2016. Profile of microbial communities on car-
bonate stones of the medieval church of San Leonardo di Siponto (Italy) by Illumina-
based deep sequencing. Appl. Microbiol. Biotechnol. 100, 8537–8548. https://doi.org/
10.1007/s00253-016-7656-8.

Cnudde, V., Dewanckele, J., De Ceukelaire, M., Everaert, G., Jacobs, P., 2009. Gent…!
Steengoed! Academic Press, Gent.

Crispim, C.A., Gaylarde, C.C., 2005. Cyanobacteria and biodeterioration of cultural heri-
tage: a review. Microb. Ecol. 49, 1–9. https://doi.org/10.1007/s00248-003-1052-5.

Dakal, T.C., Arora, P.K., 2012. Evaluation of potential of molecular and physical techniques
in studying biodeterioration. Rev. Environ. Sci. Bio/Technology 11, 71–104. https://
doi.org/10.1007/s11157-012-9264-0.

De Kock, T., Boone, M., Dewanckele, J., De Ceukelaire, M., Cnudde, V., 2015. Lede stone: a
potential “global heritage stone resource” from Belgium. Episodes 38, 91–96. https://
doi.org/10.18814/epiiugs/2015/v38i2/004.

De Kock, T., Van Stappen, J., Fronteau, G., Boone, M., De Boever, W., Dagrain, F., Silversmit,
G., Vincze, L., Cnudde, V., 2017. Laminar gypsum crust on lede stone: microspatial
characterization and laboratory acid weathering. Talanta 162, 193–202. https://doi.
org/10.1016/j.talanta.2016.10.025.
De Muynck, W., De Belie, N., Verstraete, W., 2010. Microbial carbonate precipitation in
construction materials: a review. Ecol. Eng. 36, 118–136. https://doi.org/10.1016/j.
ecoleng.2009.02.006.

De Paepe, K., Kerckhof, F., Verspreet, J., Courtin, C.M., Van de Wiele, T., 2017. Inter-
individual differences determine the outcome of wheat bran colonization by the
human gut microbiome. Environ. Microbiol. 19, 3251–3267. https://doi.org/
10.1111/1462-2920.13819.

De Vrieze, J., Pinto, A.J., Sloan, W.T., Ijaz, U.Z., 2018. The active microbial community more
accurately reflects the anaerobic digestion process: 16S rRNA (gene) sequencing as a
predictive tool. Microbiome 6, 63. https://doi.org/10.1186/s40168-018-0449-9.

Després, V.R., Nowoisky, J.F., Klose, M., Conrad, R., Andreae, M.O., Pöschl, U., 2007. Charac-
terization of primary biogenic aerosol particles in urban, rural, and high-alpine air by
DNA sequence and restriction fragment analysis of ribosomal RNA genes. Biogeosci-
ences 4, 1127–1141. https://doi.org/10.5194/bg-4-1127-2007.

Després, V., Huffman, J.A., Burrows, S.M., Hoose, C., Safatov, A., Buryak, G., Fröhlich-
Nowoisky, J., Elbert, W., Andreae, M., Pöschl, U., Jaenicke, R., 2012. Primary biological
aerosol particles in the atmosphere: a review. Tellus Ser. B Chem. Phys. Meteorol. 64,
15598. https://doi.org/10.3402/tellusb.v64i0.15598.

Doehne, E., Price, C.A., 2010. Stone Conservation, an Overview of Current Research, 2nd
ed. Re. ed. Getty Conservation Institute, Los Angeles, CA.

Dyda, M., Decewicz, P., Romaniuk, K., Wojcieszak, M., Sklodowska, A., Dziewit, L.,
Drewniak, L., Laudy, A., 2018. Application of metagenomic methods for selection of
an optimal growthmedium for bacterial diversity analysis of microbiocenoses on his-
torical stone surfaces. Int. Biodeterior. Biodegradation 131, 2–10. https://doi.org/
10.1016/j.ibiod.2017.03.009.

Fahlgren, C., Hagström, A., Nilsson, D., Zweifel, U.L., 2010. Annual variations in the diver-
sity, viability, and origin of airborne Bacteria. Appl. Environ. Microbiol. 76,
3015–3025. https://doi.org/10.1128/AEM.02092-09.

Fang, Z., Yao, W., Lou, X., Hao, C., Gong, C., Ouyang, Z., 2016. Profile and characteristics of
culturable airborne bacteria in Hangzhou, Southeast of China. Aerosol Air Qual. Res.
16, 1690–1700. https://doi.org/10.4209/aaqr.2014.11.0274.

Flores, M., Lorenzo, J., Gómez-Alarcón, G., 1997. Algae and bacteria on historic monu-
ments at Alcala de Henares, Spain. Int. Biodeterior. Biodegradation 40, 241–246.
https://doi.org/10.1016/S0964-8305(97)00058-9.

Fong, N.J.C., Burgess, M.L., Barrow, K.D., Glenn, D.R., 2001. Carotenoid accumulation
in the psychrotrophic bacterium Arthrobacter agilis in response to thermal and
salt stress. Appl. Microbiol. Biotechnol. 56, 750–756. https://doi.org/10.1007/
s002530100739.

Gadd, G.M., 2017. Geomicrobiology of the built environment. Nat. Microbiol. 2, 16275.
https://doi.org/10.1038/nmicrobiol.2016.275.

Garrity, G.M., Holt, J.G., Battista, J.R., Rainey, F.A., da Costa,M.S., Nobre,M.F., 2001. PhylumBIV.
“Deinococcus-Thermus,”. Bergey's Manual® of Systematic Bacteriology. Springer New
York, New York, NY, pp. 395–420. https://doi.org/10.1007/978-0-387-21609-6_21.

Gaylarde, C., Baptista-Neto, J.A., Ogawa, A., Kowalski, M., Celikkol-Aydin, S., Beech, I., 2017.
Epilithic and endolithic microorganisms and deterioration on stone church facades
subject to urban pollution in a sub-tropical climate. Biofouling 33, 113–127. https://
doi.org/10.1080/08927014.2016.1269893.

Gorbushina, A.A., 2007. Life on the rocks. Environ. Microbiol. 9, 1613–1631. https://doi.
org/10.1111/j.1462-2920.2007.01301.x.

Graue, B., Siegesmund, S., Oyhantcabal, P., Naumann, R., Licha, T., Simon, K., 2013. The ef-
fect of air pollution on stone decay: the decay of the Drachenfels trachyte in indus-
trial, urban, and rural environments—a case study of the Cologne, Altenberg and
Xanten cathedrals. Environ. Earth Sci. 69, 1095–1124. https://doi.org/10.1007/
s12665-012-2161-6.

Greenberg, A.E., Clersceri, L.., Eaton, A.D., 1992. Standard Methods for Examination of
Water and Waste Water. 18th editi. American Public Health Association,
Washington DC.

Grossi, C.M., Brimblecombe, P., Esbert, R.M., Alonso, F.J., 2007. Color changes in architec-
tural limestones from pollution and cleaning. Color. Res. Appl. 32, 320–331. https://
doi.org/10.1002/col.20322.

Groth, I., Schumann, P., Weiss, N., Martin, K., Rainey, F.A., 1996. Agrococcus jenensis gen.
nov., sp. nov., a new genus of Actinomyceteswith diaminobutyric acid in the cell wall.
Int. J. Syst. Bacteriol. 46, 234–239. https://doi.org/10.1099/00207713-46-1-234.

Guilbert, D., Caluwaerts, S., Calle, K., Van Den Bossche, N., Cnudde, V., De Kock, T., 2019.
Impact of the urban heat island on freeze-thaw risk of natural stone in the built en-
vironment, a case study in Ghent, Belgium. Sci. Total Environ. 677, 9–18. https://
doi.org/10.1016/j.scitotenv.2019.04.344.

Gupta, R.S., Chander, P., George, S., 2013. Phylogenetic framework and molecular signa-
tures for the class Chloroflexi and its different clades; proposal for division of the
class Chloroflexi class. nov. into the suborder Chloroflexineae subord. nov., consisting
of the emended family Oscillochlorida. Antonie Van Leeuwenhoek 103, 99–119.
https://doi.org/10.1007/s10482-012-9790-3.

Gutarowska, B., Celikkol-Aydin, S., Bonifay, V., Otlewska, A., Aydin, E., Oldham, A.L., Brauer,
J.I., Duncan, K.E., Adamiak, J., Sunner, J.A., Beech, I.B., 2015. Metabolomic and high-
throughput sequencing analysis—modern approach for the assessment of biodeterio-
ration of materials from historic buildings. Front. Microbiol. 6, 979. https://doi.org/
10.3389/fmicb.2015.00979.

Han, M.-X., Fang, B.-Z., Tian, Y., Zhang, W.-Q., Jiao, J.-Y., Liu, L., Zhang, Z.-T., Xiao, M., Wei,
D.-Q., Li, W.-J., 2017. Nocardioides cavernae sp. nov., an actinobacterium isolated
from a karst cave. Int. J. Syst. Evol. Microbiol. 67, 633–639. https://doi.org/10.1099/
ijsem.0.001676.

Hanada, S., 2014. The phylum Chloroflexi, the family Chloroflexaceae, and the related
phototrophic families Oscillochloridaceae and Roseiflexaceae. In: Rosenberg, E.,
Delong, E.F., Lory, S., Stackebrandt, E., Thompson, F. (Eds.), The Prokaryotes. Springer
Berlin Heidelberg, Berlin, Heidelberg, pp. 515–532. https://doi.org/10.1007/978-3-
642-38954-2_165.

https://doi.org/10.1016/j.scitotenv.2020.139339
https://doi.org/10.1016/j.scitotenv.2020.139339
https://doi.org/10.1016/j.ibiod.2017.01.040
https://id.erfgoed.net/erfgoedobjecten/84664
https://doi.org/10.1016/j.femsle.2005.05.002
https://doi.org/10.1111/j.1574-6941.2006.00199.x
https://doi.org/10.1021/es500483w
https://doi.org/10.1007/s00253-012-4450-0
https://doi.org/10.1021/es062417w
https://doi.org/10.1021/es062417w
https://doi.org/10.1111/1462-2920.14024
https://doi.org/10.1007/978-4-431-53898-1_58
https://doi.org/10.1007/978-4-431-53898-1_58
https://doi.org/10.1080/01490450303883
http://refhub.elsevier.com/S0048-9697(20)32856-4/rf0055
http://refhub.elsevier.com/S0048-9697(20)32856-4/rf0055
https://doi.org/10.1007/BF00159596
https://doi.org/10.1007/BF00159596
https://doi.org/10.1016/j.geomorph.2004.10.004
https://doi.org/10.1016/j.geomorph.2004.10.004
https://doi.org/10.1016/S0037-0738(99)00028-7
https://doi.org/10.1099/ijs.0.63109-0
https://doi.org/10.1099/ijs.0.63109-0
https://doi.org/10.1007/s00253-016-7656-8
https://doi.org/10.1007/s00253-016-7656-8
http://refhub.elsevier.com/S0048-9697(20)32856-4/rf0085
http://refhub.elsevier.com/S0048-9697(20)32856-4/rf0085
https://doi.org/10.1007/s00248-003-1052-5
https://doi.org/10.1007/s11157-012-9264-0
https://doi.org/10.1007/s11157-012-9264-0
https://doi.org/10.18814/epiiugs/2015/v38i2/004
https://doi.org/10.18814/epiiugs/2015/v38i2/004
https://doi.org/10.1016/j.talanta.2016.10.025
https://doi.org/10.1016/j.talanta.2016.10.025
https://doi.org/10.1016/j.ecoleng.2009.02.006
https://doi.org/10.1016/j.ecoleng.2009.02.006
https://doi.org/10.1111/1462-2920.13819
https://doi.org/10.1111/1462-2920.13819
https://doi.org/10.1186/s40168-018-0449-9
https://doi.org/10.5194/bg-4-1127-2007
https://doi.org/10.3402/tellusb.v64i0.15598
https://doi.org/10.1016/j.ibiod.2017.03.009
https://doi.org/10.1016/j.ibiod.2017.03.009
https://doi.org/10.1128/AEM.02092-09
https://doi.org/10.4209/aaqr.2014.11.0274
https://doi.org/10.1016/S0964-8305(97)00058-9
https://doi.org/10.1007/s002530100739
https://doi.org/10.1007/s002530100739
https://doi.org/10.1038/nmicrobiol.2016.275
https://doi.org/10.1007/978-0-387-21609-6_21
https://doi.org/10.1080/08927014.2016.1269893
https://doi.org/10.1080/08927014.2016.1269893
https://doi.org/10.1111/j.1462-2920.2007.01301.x
https://doi.org/10.1111/j.1462-2920.2007.01301.x
https://doi.org/10.1007/s12665-012-2161-6
https://doi.org/10.1007/s12665-012-2161-6
http://refhub.elsevier.com/S0048-9697(20)32856-4/rf0185
http://refhub.elsevier.com/S0048-9697(20)32856-4/rf0185
http://refhub.elsevier.com/S0048-9697(20)32856-4/rf0185
https://doi.org/10.1002/col.20322
https://doi.org/10.1002/col.20322
https://doi.org/10.1099/00207713-46-1-234
https://doi.org/10.1016/j.scitotenv.2019.04.344
https://doi.org/10.1016/j.scitotenv.2019.04.344
https://doi.org/10.1007/s10482-012-9790-3
https://doi.org/10.3389/fmicb.2015.00979
https://doi.org/10.3389/fmicb.2015.00979
https://doi.org/10.1099/ijsem.0.001676
https://doi.org/10.1099/ijsem.0.001676
https://doi.org/10.1007/978-3-642-38954-2_165
https://doi.org/10.1007/978-3-642-38954-2_165


12 L. Schröer et al. / Science of the Total Environment 733 (2020) 139339
Heyrman, J., 2005. Six novel Arthrobacter species isolated from deteriorated mural paint-
ings. Int. J. Syst. Evol. Microbiol. 55, 1457–1464. https://doi.org/10.1099/ijs.0.63358-0.

Hiraishi, A., Ueda, Y., 1994. Rhodoplanes gen. nov., a new genus of phototrophic Bacteria
including Rhodopseudomonas rosea as Rhodoplanes roseus comb. nov. and
Rhodoplanes elegans sp. nov. Int. J. Syst. Bacteriol. 44, 665–673. https://doi.org/
10.1099/00207713-44-4-665.

Houghton, K.M., McDonald, I.R., Morgan, X.C., Morgan, H.W., Moreau, J.W., Hanssen, E.,
Power, J.F., Vyssotskii, M., Lagutin, K., Mitchell, K.A., MacKenzie, A.D., Stott, M.B.,
2015. Thermorudis pharmacophila sp. nov., a novel member of the class
Thermomicrobia isolated from geothermal soil, and emended descriptions of
Thermomicrobium roseum, Thermomicrobium carboxidum, Thermorudis peleae
and Sphaerobacter thermophilus. Int. J. Syst. Evol. Microbiol. 65, 4479–4487.
https://doi.org/10.1099/ijsem.0.000598.

Hunter, C.N., Daldal, F., Thurnauer, M.C., Beatty, J.T. (Eds.), 2009. The Purple Phototrophic
Bacteria, Photosynthetica, Advances in Photosynthesis and Respiration. Springer,
Netherlands, Dordrecht. https://doi.org/10.1007/978-1-4020-8815-5.

Jimenez-Lopez, C., Jroundi, F., Pascolini, C., Rodriguez-Navarro, C., Piñar-Larrubia, G.,
Rodriguez-Gallego, M., González-Muñoz, M.T., 2008. Consolidation of quarry
calcarenite by calcium carbonate precipitation induced by bacteria activated among
the microbiota inhabiting the stone. Int. Biodeterior. Biodegradation 62, 352–363.
https://doi.org/10.1016/j.ibiod.2008.03.002.

Jroundi, F., Gómez-Suaga, P., Jimenez-Lopez, C., González-Muñoz, M.T., Fernandez-Vivas,
M.A., 2012. Stone-isolated carbonatogenic bacteria as inoculants in bioconsolidation
treatments for historical limestone. Sci. Total Environ. 425, 89–98. https://doi.org/
10.1016/j.scitotenv.2012.02.059.

Kozich, J.J., Westcott, S.L., Baxter, N.T., Highlander, S.K., Schloss, P.D., 2013. Development
of a dual-index sequencing strategy and curation pipeline for analyzing amplicon se-
quence data on themiseq illumina sequencing platform. Appl. Environ. Microbiol. 79,
5112–5120. https://doi.org/10.1128/AEM.01043-13.

Krishnamurthi, S., Ruckmani, A., Pukall, R., Chakrabarti, T., 2010. Psychrobacillus gen. nov.
and proposal for reclassification of Bacillus insolitus Larkin & Stokes, 1967, B.
psychrotolerans Abd-El Rahman et al., 2002 and B. psychrodurans Abd-El Rahman
et al., 2002 as Psychrobacillus insolitus comb. nov., Psychrobacillus. Syst. Appl.
Microbiol. 33, 367–373. https://doi.org/10.1016/j.syapm.2010.06.003.

Krumbein, W., Gorbushina, A., 2009. Some aspects of biological weathering and air pollu-
tion some aspects of biological weathering and air pollution. The Effects of Air Pollu-
tion on Cultural Heritage. Springer US, Boston, MA, pp. 127–145. https://doi.org/
10.1007/978-0-387-84893-8_5.

Laiz, L., Miller, A.Z., Jurado, V., Akatova, E., Sanchez-Moral, S., Gonzalez, J.M., Dionísio, A.,
Macedo, M.F., Saiz-Jimenez, C., 2009. Isolation of five Rubrobacter strains from
biodeteriorated monuments. Naturwissenschaften 96, 71–79. https://doi.org/
10.1007/s00114-008-0452-2.

Li, Q., Zhang, B., He, Z., Yang, X., 2016. Distribution and diversity of bacteria and fungi col-
onization in stone monuments analyzed by high-throughput sequencing. PLoS One
11, e0163287. https://doi.org/10.1371/journal.pone.0163287.

Li, Q., Zhang, B., Wang, L., Ge, Q., 2017. Distribution and diversity of bacteria and fungi col-
onizing ancient Buddhist statues analyzed by high-throughput sequencing. Int.
Biodeterior. Biodegradation 117, 245–254. https://doi.org/10.1016/j.
ibiod.2017.01.018.

Li, Q., Zhang, B., Yang, X., Ge, Q., 2018. Deterioration-associatedmicrobiome of stonemon-
uments: structure, variation, and assembly. Appl. Environ. Microbiol. 84, 2680–2697.
https://doi.org/10.1128/AEM.02680-17.

Liu, H., Hu, Z., Zhou, M., Hu, J., Yao, X., Zhang, H., Li, Z., Lou, L., Xi, C., Qian, H., Li, C., Xu, X.,
Zheng, P., Hu, B., 2019. The distribution variance of airbornemicroorganisms in urban
and rural environments. Environ. Pollut. 247, 898–906. https://doi.org/10.1016/j.
envpol.2019.01.090.

Llop, E., Alvaro, I., Gomez-Bolea, A., Marine, M., Sammut, S., 2013. Biological crusts con-
tribute to the protection of Neolithic Heritage in the Mediterranean region. In:
Rogerio-Candelera, M.A., Lazzari, M., Cono, E. (Eds.), Science and Technology for the
Conservation of Cultural Heritage. CRC Press, London, pp. 33–36. https://doi.org/
10.1201/b15577-9.

Macedo, M.F., Miller, A.Z., Dionísio, A., Saiz-Jimenez, C., 2009. Biodiversity of cyanobacteria
and green algae on monuments in the Mediterranean Basin: an overview. Microbiol-
ogy 155, 3476–3490. https://doi.org/10.1099/mic.0.032508-0.

Mansch, R., Bock, E., 1996. Simulation of microbial attack on natural and artificial stone.
Microbially Influenced Corrosion of Materials. Springer Berlin Heidelberg, Berlin, Hei-
delberg, pp. 167–186. https://doi.org/10.1007/978-3-642-80017-7_13.

Mansch, R., Bock, E., 1998. Biodeterioration of natural stone with special reference to ni-
trifying bacteria. Biodegradation 9, 47–64. https://doi.org/10.1023/a:
1008381525192.

Marvasi, M., Cavalieri, D., Mastromei, G., Casaccia, A., Perito, B., 2019. Omics technologies
for an in-depth investigation of biodeterioration of cultural heritage. Int. Biodeterior.
Biodegradation 144, 104736. https://doi.org/10.1016/j.ibiod.2019.104736.

McCabe, S., Smith, B., Adamson, C., Mullan, D., McAllister, D., 2011. The ‘greening’ of nat-
ural stone buildings: quartz sandstone performance as a secondary indicator of cli-
mate change in the British Isles? Atmos. Clim. Sci. 01, 165–171. https://doi.org/
10.4236/acs.2011.14018.

McMurdie, P.J., Holmes, S., 2013. Phyloseq: an R package for reproducible interactive anal-
ysis and graphics of microbiome census data. PLoS One 8, e61217. https://doi.org/
10.1371/journal.pone.0061217.

McNamara, C.J., Perry, T.D., Bearce, K.A., Hernandez-Duque, G., Mitchell, R., 2006. Epilithic
and endolithic bacterial communities in limestone from a Maya archaeological site.
Microb. Ecol. 51, 51–64. https://doi.org/10.1007/s00248-005-0200-5.

Meier, A., Singh, M.K., Kastner, A., Merten, D., Büchel, G., Kothe, E., 2017. Microbial com-
munities in carbonate rocks-from soil via groundwater to rocks. J. Basic Microbiol.
57, 752–761. https://doi.org/10.1002/jobm.201600643.
Meng, H., Luo, L., Chan, H.W., Katayama, Y., Gu, J.-D., 2016. Higher diversity and abun-
dance of ammonia-oxidizing archaea than bacteria detected at the Bayon Temple of
Angkor Thom in Cambodia. Int. Biodeterior. Biodegradation 115, 234–243. https://
doi.org/10.1016/J.IBIOD.2016.08.021.

Meng, H., Katayama, Y., Gu, J.D., 2017. More wide occurrence and dominance of
ammonia-oxidizing archaea than bacteria at three Angkor sandstone temples of
Bayon, Phnom Krom and Wat Athvea in Cambodia. Int. Biodeterior. Biodegrad. 117,
78–88. https://doi.org/10.1016/j.ibiod.2016.11.012.

Miller, A.Z., Sanmartín, P., Pereira-Pardo, L., Dionísio, A., Saiz-Jimenez, C., Macedo, M.F.,
Prieto, B., 2012. Bioreceptivity of building stones: a review. Sci. Total Environ. 426,
1–12. https://doi.org/10.1016/j.scitotenv.2012.03.026.

Mitchell, R., Gu, J.-D., 2000. Changes in the biofilm microflora of limestone caused by at-
mospheric pollutants. Int. Biodeterior. Biodegradation 46, 299–303. https://doi.org/
10.1016/S0964-8305(00)00105-0.

Montaño-Salazar, S.M., Lizarazo-Marriaga, J., Brandão, P.F.B., 2018. Isolation and potential
biocementation of calcite precipitation inducing bacteria from Colombian buildings.
Curr. Microbiol. 75, 256–265. https://doi.org/10.1007/s00284-017-1373-0.

Montero-Calasanz, M.C., Göker, M., Pötter, G., Rohde, M., Spröer, C., Schumann, P.,
Gorbushina, A.A., Klenk, H.-P., 2012. Geodermatophilus arenarius sp. nov., a
xerophilic actinomycete isolated from Saharan desert sand in Chad. Extremophiles
16, 903–909. https://doi.org/10.1007/s00792-012-0486-4.

Oksanen, J., Blanchet, F.G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D., Minchin, P.R.,
O'Hara, R.B., Simpson, G.L., Solymos, P., Stevens, M.H.H., Szoecs, E., Wagner, H., 2019.
Vegan: community ecology package. R package version 2.5-5. https://cran.r-project.
org/package=vegan.

Ortega-Calvo, J., Saiz-Jimenez, C., 2006. Microbial degradation of phenanthrene in two
European cathedrals. FEMS Microbiol. Ecol. 22, 95–101. https://doi.org/10.1111/
j.1574-6941.1997.tb00360.x.

Otlewska, A., Adamiak, J., Gutarowska, B., 2014. Application of molecular techniques for
the assessment of microorganism diversity on cultural heritage objects. Acta Biochim.
Pol. 61, 217–225. https://doi.org/10.18388/abp.2014_1889.

Overmann, J., Abt, B., Sikorski, J., 2017. Present and future of culturing bacteria. Annu. Rev.
Microbiol. 71, 711–730. https://doi.org/10.1146/annurev-micro-090816-093449.

Piñar, G., Ettenauer, J., Sterflinger, K., 2014. “La vie en rose”: A review of the rosy discolor-
ation of subsurface monuments. In: Saiz-Jimenez, C. (Ed.), The Conservation of Sub-
terranean Cultural Heritage. CRC Press, Leiden, pp. 113–124. https://doi.org/
10.1201/b17570-16.

Rappé, M.S., Giovannoni, S.J., 2003. The uncultured microbial majority. Annu. Rev.
Microbiol. 57, 369–394. https://doi.org/10.1146/annurev.micro.57.030502.090759.

Reddy, G.S.N., Garcia-Pichel, F., 2007. Sphingomonas mucosissima sp. nov. and
Sphingomonas desiccabilis sp. nov., from biological soil crusts in the Colorado Pla-
teau, USA. Int. J. Syst. Evol. Microbiol. 57, 1028–1034. https://doi.org/10.1099/
ijs.0.64331-0.

Reddy, G.S.N., Manasa, B.P., Singh, S.K., Shivaji, S., 2013. Paenisporosarcina indica sp. nov.,
a psychrophilic bacterium from a glacier, and reclassification of Sporosarcina antarc-
tica Yu et al., 2008 as Paenisporosarcina antarctica comb. nov. and emended descrip-
tion of the genus Paenisporosarcina. Int. J. Syst. Evol. Microbiol. 63, 2927–2933.
https://doi.org/10.1099/ijs.0.047514-0.

de la Rosa, J.P.M.M., Warke, P.A., Smith, B.J., 2013. Lichen-induced biomodification of cal-
careous surfaces: bioprotection versus biodeterioration. Prog. Phys. Geogr. Earth En-
viron. 37, 325–351. https://doi.org/10.1177/0309133312467660.

Saiz-Jimenez, C., 1993. Deposition of airborne organic pollutants on historic buildings.
Atmos. Environ. Part B. Urban Atmos. 27, 77–85. https://doi.org/10.1016/0957-1272
(93)90047-A.

Sand, W., Bock, E., 1991. Biodeterioration of mineral materials by microorganisms—bio-
genic sulfuric and nitric acid corrosion of concrete and natural stone. Geomicrobiol
J. 9, 129–138. https://doi.org/10.1080/01490459109385994.

Schabereiter-Gurtner, C., Piñar, G., Vybiral, D., Lubitz, W., Rölleke, S., 2001. Rubrobacter-
related bacteria associated with rosy discolouration of masonry and lime wall paint-
ings. Arch. Microbiol. 176, 347–354. https://doi.org/10.1007/s002030100333.

Schloss, P.D., Gevers, D., Westcott, S.L., 2011. Reducing the effects of PCR amplification and
sequencing artifacts on 16S rRNA-based studies. PLoS One 6, e27310. https://doi.org/
10.1371/journal.pone.0027310.

Siegesmund, S., Weiss, T., Vollbrecht, A., 2002. Natural stone, weathering phenomena,
conservation strategies and case studies: introduction. Geol. Soc. London, Spec.
Publ. 205, 1–7. https://doi.org/10.1144/GSL.SP.2002.205.01.01.

Steiger, M., 2016. The geochemistry of nitrate deposits: I. Thermodynamics of Mg(NO3)
2–H2O and solubilities in the Na+–Mg2+–NO3––SO42––H2O system. Chem. Geol.
436, 84–97. https://doi.org/10.1016/j.chemgeo.2016.04.028.

Stewart, E.J., 2012. Growing Unculturable Bacteria. J. Bacteriol. 194, 4151–4160. https://
doi.org/10.1128/JB.00345-12.

Urzi, C., 2004. Blastococcus saxobsidens sp. nov., and emended descriptions of the
genus Blastococcus Ahrens and Moll 1970 and Blastococcus aggregatus Ahrens
and Moll 1970. Int. J. Syst. Evol. Microbiol. 54, 253–259. https://doi.org/
10.1099/ijs.0.02745-0.

Viles, H., 2012. Greening stone conservation: exploring the protective role of plants and
microbes. 12th International Congress on the Deterioration and Conservation of
Stone. Columbia University, New York.

Villa, F., Vasanthakumar, A., Mitchell, R., Cappitelli, F., 2015. RNA-based molecular
survey of biodiversity of limestone tombstone microbiota in response to atmo-
spheric sulphur pollution. Lett. Appl. Microbiol. 60, 92–102. https://doi.org/
10.1111/lam.12345.

Vlaamse Milieumaatschappij, 2019. Jaarrapport Lucht Emissies en concentraties van
luchtverontreinigende stoffen.

Warscheid, T., Braams, J., 2000. Biodeterioration of stone: a review. Int. Biodeterior. Bio-
degradation 46, 343–368. https://doi.org/10.1016/S0964-8305(00)00109-8.

https://doi.org/10.1099/ijs.0.63358-0
https://doi.org/10.1099/00207713-44-4-665
https://doi.org/10.1099/00207713-44-4-665
https://doi.org/10.1099/ijsem.0.000598
https://doi.org/10.1007/978-1-4020-8815-5
https://doi.org/10.1016/j.ibiod.2008.03.002
https://doi.org/10.1016/j.scitotenv.2012.02.059
https://doi.org/10.1016/j.scitotenv.2012.02.059
https://doi.org/10.1128/AEM.01043-13
https://doi.org/10.1016/j.syapm.2010.06.003
https://doi.org/10.1007/978-0-387-84893-8_5
https://doi.org/10.1007/978-0-387-84893-8_5
https://doi.org/10.1007/s00114-008-0452-2
https://doi.org/10.1007/s00114-008-0452-2
https://doi.org/10.1371/journal.pone.0163287
https://doi.org/10.1016/j.ibiod.2017.01.018
https://doi.org/10.1016/j.ibiod.2017.01.018
https://doi.org/10.1128/AEM.02680-17
https://doi.org/10.1016/j.envpol.2019.01.090
https://doi.org/10.1016/j.envpol.2019.01.090
https://doi.org/10.1201/b15577-9
https://doi.org/10.1201/b15577-9
https://doi.org/10.1099/mic.0.032508-0
https://doi.org/10.1007/978-3-642-80017-7_13
https://doi.org/10.1023/a:1008381525192
https://doi.org/10.1023/a:1008381525192
https://doi.org/10.1016/j.ibiod.2019.104736
https://doi.org/10.4236/acs.2011.14018
https://doi.org/10.4236/acs.2011.14018
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1007/s00248-005-0200-5
https://doi.org/10.1002/jobm.201600643
https://doi.org/10.1016/J.IBIOD.2016.08.021
https://doi.org/10.1016/J.IBIOD.2016.08.021
https://doi.org/10.1016/j.ibiod.2016.11.012
https://doi.org/10.1016/j.scitotenv.2012.03.026
https://doi.org/10.1016/S0964-8305(00)00105-0
https://doi.org/10.1016/S0964-8305(00)00105-0
https://doi.org/10.1007/s00284-017-1373-0
https://doi.org/10.1007/s00792-012-0486-4
https://cran.r-project.org/package=vegan
https://cran.r-project.org/package=vegan
https://doi.org/10.1111/j.1574-6941.1997.tb00360.x
https://doi.org/10.1111/j.1574-6941.1997.tb00360.x
https://doi.org/10.18388/abp.2014_1889
https://doi.org/10.1146/annurev-micro-090816-093449
https://doi.org/10.1201/b17570-16
https://doi.org/10.1201/b17570-16
https://doi.org/10.1146/annurev.micro.57.030502.090759
https://doi.org/10.1099/ijs.0.64331-0
https://doi.org/10.1099/ijs.0.64331-0
https://doi.org/10.1099/ijs.0.047514-0
https://doi.org/10.1177/0309133312467660
https://doi.org/10.1016/0957-1272(93)90047-A
https://doi.org/10.1016/0957-1272(93)90047-A
https://doi.org/10.1080/01490459109385994
https://doi.org/10.1007/s002030100333
https://doi.org/10.1371/journal.pone.0027310
https://doi.org/10.1371/journal.pone.0027310
https://doi.org/10.1144/GSL.SP.2002.205.01.01
https://doi.org/10.1016/j.chemgeo.2016.04.028
https://doi.org/10.1128/JB.00345-12
https://doi.org/10.1128/JB.00345-12
https://doi.org/10.1099/ijs.0.02745-0
https://doi.org/10.1099/ijs.0.02745-0
http://refhub.elsevier.com/S0048-9697(20)32856-4/rf0455
http://refhub.elsevier.com/S0048-9697(20)32856-4/rf0455
http://refhub.elsevier.com/S0048-9697(20)32856-4/rf0455
https://doi.org/10.1111/lam.12345
https://doi.org/10.1111/lam.12345
http://refhub.elsevier.com/S0048-9697(20)32856-4/rf0465
http://refhub.elsevier.com/S0048-9697(20)32856-4/rf0465
https://doi.org/10.1016/S0964-8305(00)00109-8


13L. Schröer et al. / Science of the Total Environment 733 (2020) 139339
Zanardini, E., Abbruscato, P., Ghedini, N., Realini, M., Sorlini, C., 2000. Influence of atmo-
spheric pollutants on the biodeterioration of stone. Int. Biodeterior. Biodegradation
45, 35–42. https://doi.org/10.1016/S0964-8305(00)00043-3.

Zanardini, E., May, E., Inkpen, R., Cappitelli, F., Murrell, J.C., Purdy, K.J., 2016. Diversity of
archaeal and bacterial communities on exfoliated sandstone from Portchester Castle
(UK). Int. Biodeterior. Biodegrad. 109, 78–87. https://doi.org/10.1016/j.
ibiod.2015.12.021.
Zhang, X., Ge, Q., Zhu, Z., Deng, Y., Gu, J.-D., 2018. Microbiological community of the Royal
Palace in Angkor Thom and Beng Mealea of Cambodia by Illumina sequencing based
on 16S rRNA gene. Int. Biodeterior. Biodegradation 134, 127–135. https://doi.org/
10.1016/j.ibiod.2018.06.018.

https://doi.org/10.1016/S0964-8305(00)00043-3
https://doi.org/10.1016/j.ibiod.2015.12.021
https://doi.org/10.1016/j.ibiod.2015.12.021
https://doi.org/10.1016/j.ibiod.2018.06.018
https://doi.org/10.1016/j.ibiod.2018.06.018

	Differential colonization of microbial communities inhabiting Lede stone in the urban and rural environment
	1. Introduction
	2. Materials and methods
	2.1. Sampling
	2.2. Material characterization: Colour and soluble salt content
	2.3. Isolation, cultivation and identification
	2.4. 16S rRNA gene sequencing
	2.5. Acid production of the isolates

	3. Results
	4. Discussion
	5. Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgement
	Appendix A. Supplementary data
	References


