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Abstract >

In order to explore the role of bacteria in the alteration o ned glass windows, and especially

al samples were collected on
conservation workshop. Cultivable

!E A sequencing. Similarity values ranged from

stained glass of different colors, both on site
bacterial communities were identified by 1€
99 to 100% to known bacteria. Sequence
depending on the sampling site. The

showed different bacterial communities
2d genera were Arthrobacter, Micrococcus,

Paenibacillus and Bacillus. S dentified bacteria are known for their weathering
potential.

Keywords

Stained glass, bacteri eration, manganese, browning, weathering

1. INTRODUCTI

The conservation of stai glass windows exposed over centuries to episodes of rain and high
hum implies the understanding of the weathering phenomena that undermine their stability
over ti echanisms underlying glass alteration involve i) the interdiffusion, or ion
exchang modifier ions (mainly alkalis) and hydrogenated species (H", H3O*, H>O)
from the environment and ii) hydrolysis of the silicate network iono-covalent bonds (Si—O-Si

or Si—O—Al). These mechanisms lead to the formation, at the surface, of an altered layer of glass
that is hydrated, porous, and alkali-depleted (Sterpenich and Libourel, 2001; Verney-Carron et
al., 2015, 2017; Sessegolo et al., 2017, 2018). The alkali leached from the glass further react
with atmospheric gasses and might form salts at the surface of the glass, such as carbonates
(calcite) and sulphates (gypsum, syngenite) (Lombardo et al., 2010; Gentaz et al., 2016). The
alteration kinetics depend on the environmental conditions such as hygroscopic conditions, pH,
temperature, rainfall intensity and composition, as well as on the glass surface original state
(Wolff-Boenisch et al., 2004; Alloteau et al., 2017, 2019; Sessegolo et al., 2019, 2020; Majérus
et al., 2020). The composition of glass is also a key-feature (Wolff-Boenisch et al., 2004;
Cailleteau et al., 2008; Alloteau et al., 2020).
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Another factor that should be taken into account is the effect of microorganisms. They can
indeed cause physico-chemical damages to the surfaces of the materials they use as a support
for living (Perez y Jorba et al., 1980; Krumbein et al., 1991; Drewello and Weissmann, 1997;
Gorbushina and Palinska, 1999; Carmona et al., 2006; Rodrigues et al., 2014; Weaver et al.,
2021). Microorganisms are also suspected to play a significant role in the widespread pathology
called “browning phenomenon”. This latter appears as brown spots at the surface of the glass
(Schalm et al., 2011; Ferrand et al., 2015), is caused by the oxidation of manganese (originally
introduced in the composition in order to obtain colorless or murrey glass (Gliozzo, 2016;
Bidegaray et al., 2019; Rossano et al., 2022)) and might be linked to microbiological activity
(Perez y Jorba et al., 1980; Orial et al., 2007).

In order to further explore the role of microorganisms in glass weathering and i
phenomenon, a first step is to get an overview of the inhabiting microbial popu
glass surfaces. A few studies previously identified several species of i
stained glass windows in Germany (Rolleke et al., 1999; Schab&iter ) e
Spain (Carmona et al., 2006; Pifar et al., 2013) and Italy (Marvasi 1.,
2013 showed that the bacterial communities on stained glass were far

fungal communities, and these communities included bacte 0
activities able to cause biodeterioration phenomena. Thus, conc

bacteria has probably long been underestimated in the alt 0
to identify mechanical effect of fungi with their hypha n rks on the glass surface.

Although of importance for the study of the effect o isms, these previous works
often employed sampling techniques destructi glass substrate that discourage the

browning

., 2001),

¢ diverse than the
ossess metabolic
ed that the role of
ass, compared to the easier

has been realized in France to date, despite onsiderable stained glass heritage. Moreover,
in order to have a more realistic represen &
original places in historical buildings, which
ions of the bays.

glass, both deposited and ffected by the browning phenomenon or not, in order to
identify the bacteria p ially those likely to participate in the alteration of glass.
The aim of the pr 0:1) analyze the bacterial communities present on historical
glass coming fro i nch sites without recurring to destructive sampling, ii)

AND METHODS
2.1 Sampling sites

Samples were collected in situ from the Royal Chapel of Versailles Castle (ile-de-France
region) and from the church of Saint-Etienne in Bar-sur-Seine (Grand-Est region) during their
restoration campaigns giving an access to the windows with scaffoldings. A few panels of
stained glass coming from Lachalade Abbey church (Grand-Est region) and Wissembourg
Abbey church of Saint-Pierre-et-Saint-Paul (Grand-Est region) were also sampled in a
conservation workshop (Atelier Parot, Bourgogne Franche-Comté region) shortly after their
removal from the buildings and before proceeding to their conservation treatments (Figure 1).

Concerning the in situ samplings, both Versailles and Bar-sur-Seine have a warm temperate
climate, with an annual medium temperature around 12 °C, with respectively 682 and 661 mm
of rainfall and 1902 and 1894 hours of sunlight (data MétéoFrance). Different locations were
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sampled in order to eventually observe differences in the microbial population by changing the
exposure conditions. The factors taken into account were the color of the glass pieces
(colourless and murrey glasses were preferentially sampled), the internal or external
localization of the sampled windows and the geographical exposure. Special attention was
given to realize the sampling on original not restored glass pieces when the information was
available. These strategies were obviously subjected to the limitations given by the access to
the stained glass and were variable depending on the sampling site.

The Royal Chapel in Versailles Castle was constructed between 1700 and 1710 at the end of
the reign of Louis XIV. Five samples were collected on the external face of the site coming
from different expositions: three samples at North-East (B11-2p.68, B11-2 p.11, B11-1 p.15)

the internal face: two from the north (B91-2 p.17, B91-2p.17 blue) and one fr
2 p.17). The sampling was carried out on wide unpainted colorless sheet of g

The Church of Saint-Etienne of Bar-sur-Seine and its stained-
during the 16" century. An equal number of samples were
internal faces (seven samples each) with different expositio
(B101_LD_P7_FI, B101_LC_P7_FI, B101_LD_P7_F
B103_LC_R9 FI, B103_LD P4 FE, B103_R16_FI, I), two samples from the
east (B100_LD_P7_FI and B100_LD_P7_FE) an the south(B104_R17-FI,
B104_R17_FE, B104_LB_P4_FE). The site are mainly painted and
samplings were realized on unpainted surfa as possible (Figure 2 D), E), F)).

on external and
ples from the north
_FE, B103_R16_FE,

Concerning the stained glass panels in ervation workshop, one panel was from
Wissembourg and three others fro Storage conditions in the workshop were
around 18-20 °C and 50 % relati , in a dark sheltered space with occasional

artificial and natural lightening. sses from these two sites both suffer from the
browning phenomenon, thus es were collected on the brown spots.

The Abbey church of
the 13" century. Four
face of the glass (

a gothic church and its stained glass windows date from
ollected, two on the internal face and two on the external
inally with East exposition).

The construc e Cistercian Abbey of Lachalade lasted from the 12% to the 14™ century
i om the 14" century. Two samples, both on the internal face, for each
sen for this study (B5P4, BOR4, B6P3, all of them originally with East
exposit ected (Figure 2 1), J), K)).

The complete list of the collected samples is available in Table 1.
2.2 Sampling methodology, cultivation and isolation of bacteria

Each sample was taken with a sterile cotton swab (sampled surface approximatively 1 cm?),
then inoculated in Petri dishes (diameter 8 cm) containing Lisogen Broth supplemented with
agar (5 g/l NaCl, 5 g/l yeast extract, 10 g/l peptone). The samples were kept at environmental
temperature following sampling, and only a few hours elapsed from swabbing to cultivation.
The inoculated Petri dishes were incubated at 30 °C for 3 days. Then, bacterial strains that
developed on Petri dishes were separated through sub-cultures (Leplat et al., 2017, 2020). The
isolated bacterial strains were identified to the species level through molecular identification.

2.3 DNA extraction, PCR amplification and sequencing
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DNA (deoxyribonucleic acid) was extracted as described by (Edel et al., 2001). fD1 and rP2
primers were used to amplify the 16S ribosomal DNA (16S rDNA) region (Weisburg et al.,
1991). PCR was performed in 25 pl reactions, with 1.5 pul of each 10 mM primer (Eurogentec,
Seraing, Belgium), 1 ul of template DNA, 0.2 ul of Taqg DNA polymerase 5 U/ul (Invitrogen,
Carlsbad, USA), 2.5 ul of 10X Taq DNA polymerase buffer, 0.75 ul of MgCl> 50 mM, 2.5 ul
of 2 mM dNTPs (Thermo scientific, Waltham, USA) and 15.05 ul of distilled sterile water.
Amplifications were performed on a 5 PrimeG thermocycler (Antylia Scientific, Vernon Hills,
USA) with the following parameters: a 5 min step at 94 °C, followed by 35 cycles at 94 °C for
30 s, at 56 °C for 45 s, and at 72 °C for 90s, and a final 10 min extension at 72 °C. PCR
products were sequenced by Genoscreen (Lille, France) using the same primer set. Isolates were
identified by BLASTn comparison to the NCBI GenBank database (Altschul et al., 1990; Clark
et al., 2016). The generated sequences were deposited in the Genbank da under the
numbers OP574250 to OP574343 (Tables S1 to S6 in Supplementary Materia

2.4 Data treatment N
2.4.1 Sequence alignment and phylogenetic analysis \
A phylogenetic tree was built to compare the isolated strain$s to ce strains known to
lity
1

perform manganese oxidation. The sequences of a too poor not included in the
tree. The sequences related to reference strains (Yang e were downloaded from the
at

NCBI GenBank database. Multiple sequence align performed using the FFT-NS-2
alignment strategy from the MAFFT v. 7 web server ., 2019). The uninformative
gaps and ambiguous regions were removed usi cks program v. 0.91.1 implemented
in the NGPhylogeny.fr service(Talavera and.Ca 7; Lemoine et al., 2019; Leplat et
al., 2021). The maximum likelihood (ML) is was performed using the PhyML software
with a GTR model of nucleotides substi 100 bootstraps to verify the branches
robustness (Guindon et al., 201

2.4.1 Beta diversity of bacterial un

The B-diversity, i.e. the divers he bacterial communities between samples, was assessed

through Principal Co e A sis (PCoA, package ape; function pcoa; (Legendre and
the ‘determination of the Bray-Curtis distance (package vegan;
ray; (Legendre and Legendre, 2012)) using R 4.0.1 (R core team,

Gallagher, 2001)) bas
etho
2014),. The significance ferences obtained between sampling groups was assessed with
PERMANO 99
I t n

function vegdist;
utations; package vegan; function adonis; (Anderson, 2001)). The
e th sampling sites and between identified species was assessed through
g based on the Bray-Curtis distance (package stats; function hclust,
(Legendre and Legendre, 2012)) and the results were presented through an
heatmap representation.

3. RESULTS

102 bacterial strains were isolated and identified by sequencing: 23 strains were isolated from
Versailles samples, 47 from Bar-sur-Seine samples, 17 from Wissembourg samples and 15
from Lachalade samples (Tables S1 to S6 in Supplementary Materials).

The in situ sampling sites were characterized by different comparative abundances of recovered
bacteria depending on internal face (IF) and external face (EF). For the site of Bar-sur-Seine,
seven samples were made on the internal face (IF) and seven samples on the external face (EF).
The majority of bacteria that developed on culture media came from the external face of the
stained glass (31 from EF and 16 from IF). For the site of Versailles only 3 samples out of 8
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were collected in IF and 5 bacterial strains developed from them, while 18 bacterial strains
developed from the 5 samples collected on EF.

Most of the sequences showed at least 99 % of similarity with the sequences given in GenBank,
and were clearly identified at the species level. Other sequences also showed a high similarity,
but were only identified at the genus level because of the phylogenetic proximity between
several species regarding the 16S rDNA. Thus, these bacteria were grouped in “clusters” for
the statistical data treatment. For example, the Paenibacillus amyloliticus cluster grouped
bacteria for which the species was impossible to differentiate among 6 phylogenetic close
species. Finally, some sequences presented lower similarity percentages because of a poor
quality of these sequences, but they allow to identify the kind of bacteria without a certain
identification (<97 % of similarity).

The bacterial communities detected on the sites of Bar-sur-Seine and Lacha
based on bacterial Phyla, with a majority of Actinobacteria“and 1
Proteobacteria and Firmicutes, but with inversed proportions (Fi
Materials). In Bar-sur-Seine, 66 % of the bacteria were Actinob i e Firmicutes
and 15 % were Proteobacteria. In Lachalade, 67 % of the ba inobacteria, 20 %
were Proteobacteria and 13 % were Firmicutes. The abundance of recovered bacteria was
completely different in Versailles and Wissembourg sa . In'Versailles, 87 % of the
bacteria belonged to the phylum of Firmicutes, 9 % to Ac terta:and 4 % to Proteobacteria.
Concerning the site of Wissembourg, 100 % of the identi bacteria were Actinobacteria.

pplementary

The most frequently isolated bacterial spec
study were Arthrobacter spp. and Micrococeus
were the most frequently isolated species oing to Firmicutes. Isolated a-Proteobacteria
were Sphingomonas spp. and Agrob or example, while y-Proteobacteria were
Pantoea spp., and Psychrob 1-S6 in Supplementary Materials). The
phylogenetic tree displaying th eria together with some Mn-oxidizing bacteria
from the literature showed t acter crystallopoietes, which was only isolated from the
stained glass of Wissembo
only recovered specie <nown Mn-oxidizing bacteria (Fig. S2 in Supplementary
Materials). In partic lus spp. isolated on stained glass in this study seemed
phylogenetically re erence Bacillus spp. known to be Mn-oxidizing.

belong Actinobacteria encountered in this

ates Analysis (PCoA) showed that the samples were generally grouped
the stained glass (Fig. 3). The PERMANOVA test associated to this
the sampling site had a significant effect on bacterial community
aversely, the PCoA expressed no difference between sampling areas in external

The Principal Coo
ending on the origi

or internal face.

Bar-sur-Seine and Lachalade represent two distinct groups in the PCoA analysis (Fig. 3).
However, their proximity highlights similarities that can be explained in terms of Phyla
distribution.

The samples from the Versailles site and the samples from Wissembourg formed two different
and distant groups isolated from the other two sites. However, one sample from Versailles was
positioned next to the group of Lachalade and Bar-sur-Seine and two external samples from
Versailles (13 and 14) were also distant from the other Versailles samples.

The hierarchical clustering study also underlined the importance of the original building
location factor in the composition of bacterial communities (Fig. 4). The communities from
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Versailles and Wissembourg being clearly separated from the ones coming from Lachalade and
Bar-sur-Seine and from each other. Bacterial communities in Versailles samples were strongly
affected by the predominance of the Paenibacillus amyloliticus cluster, while samples from
Wissembourg site were strongly affected by the presence of Arthrobacter crystallopoietes, this
species being the only one identified from this site, and the heatmap showed a low bacterial
diversity for these two sites (Fig. 4). On the contrary, the sites of Bar-sur-Seine and Lachalade
had more diversified bacterial communities. The dendrogram on the columns gives the
proximity among the different bacterial clusters. Some clusters were specific to certain sites
like A. crystallopoietes for Wissembourg and P. amyloliticus for Versailles. Other clusters, like
the Micrococcus luteus cluster, were more transversally distributed and were recovered in
samples from Versailles, Lachalade and Bar-sur-Seine. This result explained why one sample
from Versailles superimposed with the group of samples from Lachalade and -Seine in
the PCoA study (Fig. 3).

4. DISCUSSION ®
4.1 Bacterial diversity on the sampled stained glass

The results showed that the bacterial communities on stained glass were different depending on
the geographical localization of the monuments. The dif etween the sites of Bar-sur-
Seine and Versailles can mainly be explained by diffe ounding environments, as the
two sites have almost identical weather conditions t the year, with an annual average
temperature of 12°C, =700 mm of rainfall;, and = hours nlight.

The site of Versailles showed a predominance of Paenibacillus species, with a few

Micrococcus, Pantoea, and Bacillus. Paenibacillus species are often associated to soil and plant

roots (Grady et al., 2016; Cho et al. » Jeong al., 2019) and their presence might be

explained by the proximity to the Ve surrounding the Chapel.

The site of Bar-sur-Seine shows iability among the identified species. This site was
ifference between bacterial communities depending on

he sampled surface. Thus, the same number of samples
xternal exposition. The results showed that more

were collected in
microorganisms d

through the atmospheric agents. This could be supported by the presence on the external face
of bacteria associated to soil and plants, like for example the genera Paenibacillus,
Agrobacterium, Agreia, Plantibacter and Kocuria (Leyval and Berthelin, 1989; Takarada et al.,
2008; Tuo et al., 2019), probably coming from the surrounding vegetation, the St. Etienne
church being located in a rural area. On the contrary, species on the internal face, bacteria
mainly belonged to the Sphingomonas, Micrococcus, Staphylococcus and Arthrobacter. The
only work to our knowledge that attempted to differentiate the bacterial communities from
internal and external faces of stained glass was performed by Marvasi et al., 2009. They also
isolated cultivable bacteria and they only identified bacteria belonging to Firmicutes phylum
(Bacillus, Paenibacillus) from the external faces of the windows, while no Firmicutes were
found on the internal face of the windows, suggesting a different microbial presence in the
confined environment of the Church. Our study did not display such contrasted results.
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Firmicutes were identified on both external and internal faces. However, in Bar-sur-Seine, no
Paenibacillus nor Bacillus were found in the internal face, although they were detected on the
external face. The only Firmicutes recovered from internal face were Staphylococcus spp.
which are generally linked to the presence of humans in the Church (Gorbushina et al., 2004;
Otto, 2009; Rakotonirainy et al., 2016). Moreover, in Versailles, Paenibacillus spp. were found
both in external and in internal face, but this might be explained, as stated before, by the close
proximity to the gardens and the frequent air exchange with the exterior related to the masses
tourism that make Versailles’s site a special one, allowing the penetration of plant-associated
bacteria also in the interior of the building.

The bacteria from the genus Frigobacterium, Psychrobacter glacincola and Brachybacterium

arcticum isolated from the site of Bar-sur-Seine both in internal and external fac ferentially
in the northern exposition) are associated to tempered and cold environmen marine
environments and hypogeum (Bowman et al., 1997; Agogué et al., 2005;Sg t al.;2008;
Ettoumi et al., 2016), which suggests that they can resist to ample&mpe ‘ ariations. This

characteristic is compatible with microorganisms living on stained-gl
example to low temperature and atmospheric agents during wi
bacteria are halotolerant (i.e. resistant to the presence of salts
on archaeological walls and hypogeum (Saiz-Jimenez and Lai illo-Gonzélez et al.,
2016; Grottoli et al., 2020). These characteristics are als al the “system stained-
glass window” where salts (secondary phases) can be uring the glass alteration process
by reaction of leached glass elements with atmospheric c nts (Lombardo et al., 2010;
Gentaz et al., 2016; Majérus et al., 2020).

he identified
previously found

The panels coming from the site of Lach: ere only sampled on the internal face. The
species identified for this site correspond ma )

Arthrobacter is composed of 8 pecies ecologically diverse and with metabolic
versatility and adaptability (Cacciari i
observation, the sites of La ar-sur-Seine share some similarities concerning the
identified Phyla, but the P akes into account the information of the species, allowed
discriminating at a fi communities from Lachalade and Bar-sur-Seine. The
similarity betwee o sites was given by the presence of bacteria from the genus
Arthrobacter an icr: cus present in both sites and representing the majority of the
identified ge achalade panels.

urg panel was sampled on the two faces (internal/external). The only bacterial species
el was Arthrobacter crystallopoietes, belonging to the Actinobacteria
Phylum. s isolates of this species were recovered from both faces of the panel.
crystallopoietes is known for its ability to survive to extreme desiccation and long
starvation (Ensign, 1970; Boylen, 1973), which are conditions compatible to an “extreme
environment” such as stained-glass windows.

Independently from the site, and as already noticed in the case of Bar-sur-Seine, some bacteria
found on stained glass are typically associated to the natural flora of human skin such as
Staphylococcus hominis, Staphylococcus epidermidis, Acinetobacter Iwoffi (Gorbushina et al.,
2004; Regalado et al., 2009; Rakotonirainy et al., 2016). Their presence was probably caused
by the manipulation of the stained glass (for example during the transportation of the object for
the ones in the workshop), or simply by the presence of the public in their direct environment
as they were mainly found on internal face samplings.
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Several species identified in this study were previously identified on other cultural heritage
sites. Bacillus muralis was first described on mural paintings (Heyrman and Swings, 2001) and
it has since been found on other mural paintings but also on organic materials (Pepe et al., 2010;
Pangallo et al., 2013). In the same way, Arthrobacter parietis, Arthrobacter tumbae,
Arthrobacter crystallopoietes, Bacillus simplex, Micrococcus luteus, Arthrobacter agilis and
different species of Paenibacillus were previously found on mural paintings, stones and stained
glass (Heyrman et al., 1999, 2000, 2005; Rolleke et al., 1999; Heyrman and Swings, 2001;
Gorbushina et al., 2004; Marvasi et al., 2009; Pangallo et al., 2009; Urzi et al., 2010; Pinar et
al., 2013; Mihajlovski et al., 2017; Tescari et al., 2018). Concerning stained-glass windows,
Rolleke et al., 1999 identified bacteria on German sites belonging to the Flexibacter,
Nitrosospira, Arthrobacter, Micrococcus, Streptomyces, Frankia and Geodermatophilus. The
bacteria identified by Marvasi et al. 2009 belong to Bacillus, Paenibacillus,
Leucobacter genera. Pinar et al. 2013 identified complex bacterial communi
Methylobacterium, Ralstonia, Acinetobacter, Micrococcus, Prevgella, ] elftia and
Arthrobacter.

The comparison of the results from these previous works and the SN w to identify
a subgroup of bacterial genera recurrently found on stai indows, such as the

Arthrobacter, Micrococcus, Bacillus and Paenibacillus.

It is important to remind that glass composition chan ough. the ages due to the raw
materials used for glass production (Tite et al., 200 land et al., 2006; Verita, 2006;
Adlington et al., 2019). In this study, it le to associate the microbiological
sampling with a systematic study of the compesition o lass because sampling of the glass
material was not allowed. This factor the not be fully considered but it definitely
deserves to be investigated because 1) 2 composition can cause a selection of the
bacterial communities’ development
Plymale et al., 2021), and ii) reei

different glass compositions are affected diversely
ir exudates (Koestler et al., 1987; Drewello and

Weissmann, 1997; Rodrigue Valbi et al., 2022). However, some considerations
can be done on the basis o nown about the evolution in the use of glass composition
in France through the basis of the color of the sampled glass pieces. In Medieval

times, stained glas i rthern France/central Europe are mostly made with potash-
lime glass because of th
observed (D d Frank, 1972; Dungworth, 2012; Adlington et al., 2019). In the 12"-13®
centuries, stained-gl dows like the ones from Wissembourg were made with glass with
50 wt% SiO2) and high amounts of calcium and potassium (around 15 wt%

h) (Sterpenich and Libourel, 2001). In the 14" century, stained-glass
windows nes from Lachalade and Bar-sur-Seine generally have a similar composition
us centuries, but with silica content slightly increasing, and with higher amounts
of calcium and lower amounts of potassium (Adlington et al., 2019). In the late medieval time,
beginning from the 15® century, the silica rate increases, as well as lime content, while
potassium and sodium concentrations decrease to obtain High Lime Low Alkali glass (HLLA)
(Schalm et al., 2007; Dungworth, 2012; Trichereau et al., 2022). In the 18th century, glass
production is completely changing with the introduction of glass casting. In stained-glass
windows like the ones from Versailles, glass sheets may have been produced by blowing or by
casting as both techniques coexisted (Hamon, 2005). In their composition, the amounts of silica
rise up to 65-70 wt%, with varying amounts of CaO, and K>O (Schalm et al., 2007; Dungworth,
2012).
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The similar bacterial communities between Lachalade and Bar-sur-Seine might then be
explained by a similar substrate, since both these sites have stained glass dating from the 14"
century. Nevertheless, this kind of comparison should be supported with more data in future
works.

If the composition of the studied stained glass is not known, the different colours of the glass
on which bacteria were preferentially sampled are also reflecting chemical variations in the
composition of the glass substrates. Colourless and murrey glasses were preferentially targeted
in this study, in order to improve the understanding of the browning phenomenon occurring on
colourless and murrey glass pieces, wich are likely to contain Mn. Nevertheless, two samples
were collected for comparison on a blue glass at Bar-sur-Seine, while one sample was collected
on a painted glass at Versailles (see Table 1). It is worth noticing that the only s collected
on a painted glass (blue paint, in internal face of the Versailles windows) d

development of cultivable bacteria. This could be attributed to the alread tor of

“internal face”, but another possible explanation could be the pres&ce of ' its rich-
lead-chemical composition (Schalm et al., 2009) that could have g effect on
microbial colonization. Similarly, no cultivable bacteria were detected 1 nple collected
on blue glass (unpainted, but colored in the mass) in interna i - —Selne while the
sample collected on external face on the same blue glass only showed the presence of
Arthrobacter parietis, a strain that was previously identi parable environments like

mural paintings.

By contrast, the identification of only o
strain known for its Mn-oxidizing ability (
glass from the Wissembourg panel (Dougla
explained by the presence of Mn in

specie obacter crystallopoietes, a bacterial
ebo et al., ; Yang et al., 2013) on the murrey
ank, 1972; Trichereau et al., 2022) could be
aitroduced as a chromophore in the glass

The composition of bacterial ities could also change with time (the bacterial
communities living on the e ss windows a hundred or two hundred years ago may
differ from the ones living ss today) and with environmental conditions. This
could especially be a ¢ e sampling realized on the stained glass removed and stored
in the conservation /hich represents a change of environmental conditions as
compared with stained in i

4.2 On the s i nd identification methodology

the past were able to collect microbiological samples on stained-glass
windo ifferent methodologies. Rolleke et al., 1999 identified bacteria on German
by sequencing excised bands of 16S rDNA fragments after Denaturing Gradient
oresis (DGGE). For that study, 5-10 mg of glass were dissolved in water and
subjected to freeze-thawing cycles in order to lyse the bacterial cells for DNA extraction. Pifiar
et al., 2013 grinded 0.2-0.25 g of glass from Spanish stained glass to obtain a powder that was
added to the lyse matrix for DNA extraction, the 16S rRNA fragments were then identified by
DGGE. Marvasi et al., 2009 used a non-destructive sampling method with contact plates filled
with Nutrient Agar with 1 % glucose for the sampling of microorganisms on an Italian stained
glass, then they obtained isolated strains by subculture and identified the bacteria through
DGGE of 16S rRNA fragments and sequencing. In the present work, a non-destructive
sampling method was chosen as well, allowing to collect a limited amount of biological sample,
but compatible with the difficulties of accessibility to the bays. The protocol applied here is
simple and is standardly used on other kinds of monuments (Leplat et al., 2019) and can be
easily used in the future in a wider project in order to extend the knowledge of microorganisms
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living on French stained-glass windows. However, the culture of the microorganisms results in
a loss of information since only 1% of microorganisms are cultivable (Laiz et al., 2003). This
limit has to be considered and the protocol could be completed by direct DNA extraction from
the cotton-swab followed by metagenomic analyses. However, the results obtained in this study
were in agreement with the existing literature, and the most frequently genera found on stained-
glass windows on this basis could be identified as Bacillus, Paenibacillus, Arthrobacter and
Micrococcus.

4.3 Bacteria and weathering potential

The microorganisms identified on stained glass windows may not all be involved in alteration
phenomena. In the environment, bacteria, fungi, lichen and plants all produce organic acids and
chelating molecules, such as siderophores, which can strongly affect mi
weathering by increasing the solubility and mobility of elements (Staudigel-et.al.
and Holmstrom, 2014; Perez et al., 2015, 2016, 2019; Valbi et al., 2022). mi rganisms
are able to release organic acids such as oxalic, citric, acetic, fumari i
cause bioalteration by changing the pH of the environment o
environment (Gadd, 1999; Neaman et al., 2005; Hausrath et
Salek et al., 2013). Several kinds of bacteria are reported in literature to be able to produce
siderophores, such as the genus Pseudomonas, Streptomy, dia, Arthrobacter, Erwinia,
Vibrio, Altermona, Micrococcus, Paenibacillus an s, ecially the siderophores
belonging to the families of hydroxamates and catech iermann et al., 2000; Pena et al.,
ere . al al., 2015; Grady et al., 2016).
Some of these genera were identified on sta hrobacter, Bacillus, Micrococcus,
Paenibacillus) and could then have a weathering potential linked to the production of these
chelating molecules. Moreover, the weather: bility of some of the identified species was

ruso et al., 2013;

dissolution of minerals such a; f dspar, quartz, and Fe-bearing glass through the
production of organic acids and

potential of Bacillus spp. o
Paenibacillus spp. on
Zhou et al., 2010; Li
spp. and Shping
phosphates,
for ple

3 erpentine (Song et al., 2007; Yao et al., 2013) and of
and other rocks (Modak et al., 1999; Vasan et al., 2001;

tudied for their ability to promote the dissolution of
1otite in the soil to improve the bioavailability of mineral nutrients
Berthelin, 1989; Vassilev et al., 2006; Uroz et al., 2007).

A complete revi the glass-colonizing organisms is lacking in the literature, as stated in the
recent revie icrobial interactions with silicate glass by (Weaver et al., 2021). Crossing
s obtained in the present work and the literature previously cited, Arthrobacter,
Bacillus and Paenibacillus could be considered as the bacterial genera most likely to be able to
contribute to the alteration of stained glass windows as for today’s state of knowledge. Notably,
the finding of the Mn-oxidizing species Arthrobacter crystallopoietes, which was isolated from
the murrey glass of Wissembourg suffering from the browning phenomenon could be crucial
for the understanding of this pathology, especially since this species has already been identified
on stained glass once before (Marvasi et al., 2009). The microbiological samples on the
Wissembourg panel were specifically sampled on the dark spots caused by the browning
phenomenon. Thus, the selection of A. crystallopoietes is an encouraging lead for the
investigation of the occurence of this pathology, that has to be further investigated. In the frame
of a more targeted study of the browning phenomenon, future work should involve a larger in
situ sampling of medieval stained glass windows affected by this pathology. The study of the




457
458
459

460

461
462
463
464
465
466
467
468
469
470

471

472
473
474
475
476
477
478
479
480
481

482

483

484
485
486

487
488
489

490
491

492
493
494

495
496
497

effect of A. crystallopoieties on glass alteration also deserves further investigation; this
cultivable strain could thus be suitable for future laboratory-based glass bioalteration
experiments.

S. CONCLUSIONS

This work focused on the identification of bacteria at the surface of French stained-glass
windows and aimed to be a first non-exhaustive screening of the microorganisms likely to be
present on stained glass. The bacterial diversity was investigated by DNA extraction from
cultivated bacteria, and by amplification and sequencing targeting the 16S rDNA region. The
differences observed among the sampling sites showed that the sampling method used allowed
studying the microbial diversity without invasive sampling of the glass. Severa era known
for their weathering potential on mineral substrates were identified: cterium,
Sphingomonas, Acinetobacter, Arthrobacter, Bacillus and Paenibacillus. In-pa
oxidizing species Arthrobacter crystallopoietes and its interaction with ate or its
involvement in the browning phenomenon need further investigation
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Table 1 List of all the samples collected, with information about the internal/external exposure
(Int./Ext.), the geographical exposure (E=East, NE=North-East, S=South), the colour and the
origin of the piece. The exposure information is also reported for Wissembourg and Lachalade,
but it is not applicable(*) in these sites because the panels were stored in the conservation




857  workshop. All the samplings were effectuated at least 3cm away from any metal
858  casings/bindings and on unpainted surfaces, except when indicated.

Site Sample Exposure Glass colour Ori gin;(ll/restor
Versailles VER_B11-2_P68 Ext., NE Colourless unknown
VER _B11-2 P11 Ext., NE Colourless unknown
VER_B11-1_P15 Ext., NE Colourless unknown
VER_B91-2_P17_FI Int., N Colourless unknown
VER_B91- Int.. N Colourless, unknown
2 _P17_FI_blue** " blue painted
VER_B4-2_P68 Ext., N Colourless own
VER_B4-2_P17_FI Int., S Colourles
VER_B4-1_P15 Ext., S
Bar-sur-Seine  BAR_B100_LD_P7_FI Int., E
BAR_B100_LD_P7_FE Ext., E original
BAR_BI101_LD_P7_FI Int., NE original
BAR_B101_LC_P7_FI Int., NE original
BAR_B101_LD_P7_FE Ext., olourless original
BAR_B101_LC_P7_FE olourless original
BAR _B103 R16_FE Colourless original
BAR_B103_R16_FI Colourless original
BAR_B103_LC_R9_FI Colourless
BAR_B103_LD P4_ Colourless original
BAR B103 L . Colourless original
BAR_B104_LB‘P4. F Colourless original
Colourless original
Colourless original
Wissembourg Murrey original
Murrey original
Murrey original
2 Murrey original
Lac _B5P4_1 Colourless original
AC_B6P3_2 Colourless original
LAC _BOR4 1 Colourless original
LAC_BOR4_2 Colourless original
859
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861
862
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Figure 1 Map of France with the position of the four sites sampled in sifu (red) or after
deposition (green), and the restoration workshop (blue) included in this study.

Figure 2 A) Plan of the Versailles Chapel (Didier, 2017) with location of the sampling points
and pictures of two sampled glass pieces on B) internal face of panel B91-2 p.17 in transmitted
light, and C) external face of panel B4-2 p.68 in reflected light. D) Plan of the church of Bar-
sur-Seine (Prache et al., 1992) with location of the sampling points, and pictures of E) panel
B101_LD_P7 on internal face, transmitted light and F) panel B101_LC_P7 on external face,
reflected light. G) Plan of Wissembourg Abbey (Hérold and Gatouillat, 1994) with original
location of the sampled glass, and picture taken at the restauration workshop dits Atelier
Parot) of the tracery BOR3 on H) internal face and I) external face. J) Plan of e Abbey
(Vincent-Petit, 2016) with original location of the sampled glass, and pie
restauration workshop of K) tracery BOR4 and L) panel BSP4 béth in ight. The

sample names include information about the sampling site (VER—BA\ C), the type of

structure (B=bay, P = panel, R = tracery).

Figure 3 Principal Coordinates Analysis (PCoA) results s
by bacterial communities similarities. The factors tak
and the “external/internal” exposure of the sampled pa

Figure 4 Heatmap of bacterial communitie % ing to each sample at the genus level. The
most abundant genera are labelled in vhile the less abundant genera are labelled in
dark blue. The dendrograms roximity between the different samples and the
proximity between identified bacterial
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P. septica

P. barengoltzii

B. nealsoniiPlanococcus sp.
P.amylolyticus cluster
S.aureus

B. muralis/simplex cluster
Agrobacterium cluster
A.pratensis
C.michiganensis
A.tumefaciens
Microbacterium cluster
Psychrobacter cluster
Arthrobacter sp.
Pseudoclavibacter cluster
Plantibacter cluster
A.agilis cluster
F.faeni
S.warneripasteuri
A. luteolus

S. hominis

Awouoxe)]

P.macquariensis

B. galactosidilyticus
T.luteus
B.arcticum

B. tyrofermentans
M. kitamiense

K. rhizophila

S. inulinus

M. luteus cluster
Sphingomonas sp.
S. epidermidis
A.oryzae
S.aerolata
S.mucosissima

Not identified

B. aryabhattai cluster
A. parietistumbae
A. Iwoffii

R. salmoninarum
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