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Abstract

Rosy discoloration has affected the stone steps in the main spiral staircase of the Sully-sur-
Loire castle donjon for many years now. This study monitors the development of the
coloration and the environmental climatic conditions in the staircase to understand the
conditions favoring the presence of this rosy discoloration. High-throughput sequencing was
performed on healthy stone and on pink pigmented stone to identify the agent responsible for
this discoloration. The results suggest that the rosy discoloration is the mark of a former
degradation process which is now inactive, and that bacteria were the main agent of the pink
patina formation. Nitiliruptor was the main genus identified in the pink parts of the staircase.
This is the first time that this bacterial genus has been linked to a cultural heritage
biodeterioration process. There was no evidence that this bacterial genus was responsible for
the development of the pink patina, but it could have replaced it as a subsequent evolution of
the process.

Keywords

Cultural heritage preservation, stone biodeterioration, rosy discoloration, high-throughput
sequencing, Nitriliruptor sp., climatic monitoring

1. Introduction

Stone is one of the main and oldest materials used for artistic expression in the field of
cultural heritage. It was already used during the upper Paleolithic (between 50 000 and 10 000
years ago) as a support for engraving and sculpting in shelters and caves (Abadia and
Morales, 2013). The use of stone ranges from monumental constructions to the sculpture of
small statues.

The different types of stone used in the field of cultural heritage include marble, limestone,
sandstone and granite, and even man-made stones such as brick, mortar or concrete. Whatever
the type of stone used, they are all subject to some degree of biodeterioration (Warscheid and
Braams, 2000). This process is defined as an undesirable change in the properties of material
caused by the activity of biological agents (Hueck, 1965). The intensity of the biodeterioration
process on stone monuments depends on the intrinsic properties that define the bioreceptivity
of each stone (Guillitte, 1995; Miller et al., 2012), combined with the effects of climatic
changes and air pollution (Brimblecombe and Grossi, 2009; Caneva et al., 1995; Thornbush
and Viles, 2006).

The detrimental effects of organisms on stone monuments may be aesthetic, chemical and/or
physical (Scheerer et al., 2009). For example, the secretion of inorganic and organic acids by
organisms on stones leads to a process known as biocorrosion. This results in the dissolution
of the mineral matrix of the stone and the precipitation of salts, possibly causing physical
stress in the stone (McNamara and Mitchell, 2005; Warscheid and Braams, 2000). Organisms
can also enter the stone via pores in the material, causing mechanical damage and changing
the physical properties of the structural material (Scheerer et al., 2009; Sterflinger and Pifiar,
2013).
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Different types of organisms can be involved in biodeterioration, with both macro and
microorganisms observed. Phototrophic microorganisms such as algae and cyanobacteria are
generally considered as the initial colonizers (pioneer organisms) and produce colored patinas
and incrustations on stone monuments (Crispim and Gaylarde, 2005; Macedo et al., 2009),
whilst lichens grow much more slowly (Hoppert and Konig, 2006). The presence of these first
colonizers facilitates colonization by chemo-organotrophic bacteria and fungi (Gorbushina et
al., 2005; Li et al., 2016), which are strongly involved in the physical and chemical
deterioration process of stone monuments (Pinheiro et al., 2018; Salvadori and Municchia,
2016). Some chemo-organotrophic organisms have also been found on stone monuments
without the presence of pioneer organisms, and use organic matter derived from rock mineral,
airborne particles or products used in preceding restorations (Scheerer et al., 2009; Warscheid
and Braams, 2000). Higher plants are macro-organisms, and may thus play a role in the
biodeterioration of stone monuments by an initial colonization of monuments by pioneer
plants (herbaceous annuals and perennials) that cause minor damage and are then replaced by
shrubs or trees, which can cause substantial physical damage (Korkan¢ and Savran, 2015;
Lisci et al., 2003).

Within the biodeterioration process, the phenomenon of rosy discoloration of stones and wall
paintings has attracted increasing amounts of interest over recent years (De Felice et al., 2010;
Ettenauer et al., 2014; Gurtner et al., 2000; Imperi et al., 2007; Laiz et al., 2009; Pifar et al.,
2014b; Tescari et al., 2018b). This type of discoloration has been described in subterranean
and non-subterranean environments and has been widely reported in central and southern
Europe (Pifar et al., 2014a). Actinobacteria belonging to Rubrobacter genus were found to be
involved in discoloration in most of these cases (Jurado et al., 2012; Laiz et al., 2009; Nugari
et al., 2009; Schabereiter-Gurtner et al., 2001). In some other cases, other pink pigmented
bacteria such as Arthrobacter, Rhodococcus or Methylobacterium were identified (Pifar et al.,
2014b; Tescari et al., 2018a; Tescari et al., 2018b). The common link between the different
monuments affected by the development of pink biofilms seems to be water infiltration (Pifiar
et al., 2014a). The crystallization of salts that occurs with these infiltrations may offer optimal
growth conditions for halophilic microorganisms in addition to their own destructive effect on
the stone.

In France, rosy discolorations are observable in Sully-sur-Loire castle. It is far from being the
only monument affected by this phenomenon in France, but it is one of the first to have been
intensively studied (Berdoulay and Salvado, 2009). The castle is one of the monuments listed
by UNESCO in the Loire Valley in 2000. It is located in the far eastern sector of the area
listed by UNESCO in the Loiret region. There has been a castle at this location on the left
bank of the Loire since the 12 century, but the construction of the current castle began at the
end of the 14™ century. Additions and transformations were carried out until the 19" century.
Large reconstructions occurred in the 20" century after a great fire in 1918 and damage from
bombings during World War II. The castle is made of white tufa, which was the stone
typically used as a building material in the Loire Valley during the Renaissance period. Tufa
is a yellowish-white, porous and very fine-grained siliceous limestone with a small amount of
clayey minerals (Janvier-Badosa et al., 2015). The geometrical and symmetrical distribution
of the rosy discoloration on the stones of Sully-sur-Loire castle made it a remarkable study
case to compare and determine the conditions affecting its development.

The aim of this study was to confirm or exclude a biological origin for rosy discoloration,
and, if applicable, identify the organisms responsible for the biofilm development. In a second
step, we sought to compare the environmental conditions in areas of stone affected by rosy
discoloration with those observed in healthy areas to widen our knowledge of the factors that
lead to this phenomenon.
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2. Materials and Methods

2.1 Study area

The rosy discoloration has only been observed on indoor stones and mainly in the “escalier
d’honneur”: the main spiral staircase of the donjon (Fig.1a). Not all the steps are affected to
the same extent by pink coloration, which is mainly located between the first and the second
floor, on the underside of the steps and exclusively on the outer part of the steps (Fig. 1b). The
steps range from those with no pink coloration to those with almost 75 % of their surface
affected by pink coloration.

Two of the most severely affected steps between the first and the second floor were chosen
for this study. This area had the further advantage of being closed to the public. The first step
was used for colorimetric and climatic monitoring (Fig. 2), while the second was sampled for
metagenomic microbial analysis.

2.2 Colorimetric monitoring

Colorimetric monitoring was used to characterize the initial differences between the white
area (unaffected) and the pink area (affected) of a given stone step and then to monitor the
progression of the coloration within and between these two sections through time according to
different factors. The chosen step was first divided into two parts: white and pink
(Supplementary fig. 1). Four measurement sections were then delineated within each of these
two sections: i) section scratched with a scalpel to remove the outside layer of the stone then
covered to hide it from direct light; ii) section scratched but not covered; iii) section covered
but not scratched; iv) control section left unscratched and not covered. Scratching removed
the coloration in the pink section and would thus enable us to observe any return of this
coloration. Covering was carried out to check for a possible role of light in the development
of the pink coloration. The first colorimetric measurements were made in September 2014
before and after scratching, then colorimetric progression was regularly checked over a three-
year period: in May 2015, January 2016, July 2017 and January 2018.

The measurements were made in each defined section with a Chroma meter CR-410 (Konica
Minolta, Tokyo, Japan), which uses the L*a*b* CIE 1976 color space under D65 illuminant,
and 10° observer. Each measurement returns three values assessed on a sample with a 5 cm
diameter: the L* value for lightness (O=black, 100=white); the a* value for the green-red
component (-120=green, 120=red); and the b* value for the blue-yellow component (-
120=blue, 120=yellow). Each color value was obtained using the mean of two replicated
measurements.

2.3 Raman spectroscopy

Raman spectroscopy was used on the pink powder obtained after scratching the stone to
characterize the pigment involved. Analysis was performed using an InVia confocal Raman
microscope (Renishaw, Wotton-under-Edge, UK) equipped with a 785-nm laser diode and a
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50x lens at a power of 10 % (5.05 mW). Raman spectra were obtained by accumulating 50
acquisitions of 10 s.

2.4 Climatic monitoring

The climatic conditions were monitored on the same step as the colorimetric measurements
(Supplementary fig. 1). The temperature inside the stone was monitored by drilling a hole in
the pink and white sections and installing a Telog R-3300 probe (Trimble Inc., Sunnyvale,
USA). This probe records temperatures between -20 and 60 °C with a resolution and an
accuracy of 0.01 °C. Environmental conditions were monitored by hanging a Telog R-2162
probe (Trimble Inc., Sunnyvale, USA) between the two areas to measure air temperature and
relative humidity. This probe records temperatures between -30 and 80 °C with a resolution of
0.12 °C and an accuracy of 0.4 %, and records relative humidity between 5 and 95 % with a
resolution of 0.1 % and an accuracy of 2 %. Each probe recorded a measurement once every
two hours. The environmental data collected in this study was then compared to reference
data for outdoor temperature and relative humidity were collected from a website
(www.historique-meteo.net).

2.5 Microbiological analysis
2.5.1 Sampling

Samples were taken from the white and pink areas of the same step for high-throughput
sequencing analysis of microbiological populations. Three samples were taken from the white
area (W1, W2 and W3) and from the pink area (P1, P2, P3). Samples were collected by
scratching a 25 cm? surface with a scalpel, providing a fine powder.

2.5.2 Total genomic DNA extraction and high-throughput sequencing

Bacterial, fungal and eukaryotic communities were identified for each sample. Total genomic
DNA was extracted from the samples and from an outgroup (O) composed of non-filtered
autoclaved water (“dead DNA” remained in the sample) using FastDNA™ Spin Kit for soil
(MP Biomedicals, LLC, Santa Ana, USA), according to the manufacturer’s instructions.
High-throughput sequencing library preparation and Illumina Miseq (Illumina, San Diego,
USA) sequencing were conducted by Genoscreen (Lille, France). The Metabiote protocol
(Genoscreen, Lille, France) was used to prepare and barcode the twenty-one libraries (6
samples + 1 outgroup x 3 microbial communities), and targeted the 16S ribosomal V3 and V4
DNA hypervariable regions, the ITS1/ITS2 DNA region and the 18S ribosomal DNA region
for bacteria, fungi and eukaryotes, respectively. The twenty-seven libraries were then pooled
for single-run sequencing. Sequencing was performed with 4 pM of the pooled library using a
300-bp paired-end sequencing protocol on the [llumina MiSeq platform.

2.5.3 Processing of high-throughput sequencing data

The data were demultiplexed using CASAVA software (Illumina, San Diego, USA). After
primer removal, the sequences with a low Phred quality score (Q<30) were removed and the
overlapping paired-end reads were assembled using FLASH software (Mago¢ and Salzberg,
2011). Finally a QIIME 2 2018.11 pipeline was used to remove chimeric sequences, cluster
the sequences in operational taxonomic units (OTUs; quality-filter and deblur plugins; g-score
and denoise-16S/denoise-other functions) and taxonomically classify the obtained OTUs
(plugin feature-classifier; function classify-consensus-vsearch; (Bolyen et al., 2018)). The
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taxonomic classification of bacterial, fungal and eukaryotic OTUs was achieved using
Greengenes database (McDonald et al., 2012), the UNITE database (Nilsson et al., 2018) and
the SILVA database (Quast et al., 2013), respectively.

2.6 Statistics
2.6.1 Colorimetric monitoring

Statistical analyses were carried out using R 3.2.5 with a =5 % (R Core Team, 2014). The
results of colorimetric measurements were analyzed by a generalized linear mixed model
(GLMM). The GLMM is a suitable analytical tool for non-normal data collected from
complicated designs involving random and fixed effects.

Four qualitative variables were used to design the GLMM, namely the Color area (two
modalities corresponding to the health status of the sampling area: White for the healthy part
of stones and Pink for the pink part of stones); Covering (two modalities: Yes for samples that
had been covered during the monitoring and No for all others); Scratching (two modalities:
Yes for samples which had been scratched prior to monitoring and No for all others); and
Measurement date (six modalities corresponding to the six measurement dates, i.e. Sept. 2014
before scratching, Sept. 2014 after scratching, May 2015, Jan. 2016, July 2017, and Jan.
2018).

The GLMM for this study was:
Link(pijxim) = Nijkim = 0 + i + fj + yx + 01 + Yk + 0201 + Y01 + aityi:Or + Wijkl + Eijkim

where 6 is the general effect, ¢; is the effect of Color area, f; is the effect of Covering, yi is
the effect of Scratching, o, is the effect of Measurement date, ai:yr is the effect of the
interaction between Color area and Scratching, o;:0; is the effect of the interaction between
Color area and Measurement date, yi:0; is the effect of the interaction between Scratching and
Measurement date, a;:yi:01 is the effect of the triple interaction between Color area,
Scratching and Measurement date, wiju is the experimental error associated to each
measurement and &;un 1S the residual error. The effects of other interactions between variables
were not included in the model because they do not provide supplementary information. a, f,
7, 0, oy, a0, y:0 and a:y:0 were considered as fixed effects, while ¢ was considered as a
random effect. The term #;jum is known as the linear predictor. This term is obtained by
applying the variable pjjum to the link function of the model. The choice of the link function
depends on the pjjun distribution law. The identity link function is suitable for values provided
by colorimetric measurements, i.e. continuous data, either positive or negative (Wolfinger and
O'connell, 1993). GLMM parameters were estimated using the penalized quasi-likelihood
(PQL) technique (MASS package; glmmPQL function; Wolfinger and O'connell, 1993). A
Wald chi-square test was performed to determine the significance degree of each explanatory
variable in the GLMM (car package; Anova function; Fox, 2015). The GLMM was completed
with a Tukey’s post-hoc test in order to check the significance of differences between means
(Ismeans package; Ismeans function; Bretz et al., 2016).

2.6.2 Climatic monitoring

The temperatures recorded in the white and pink areas of stone and in the air were compared
through a one-way analysis of variance (ANOVA; stats package; aov function; Fisher, 2006)
after checking the homogeneity of distribution variances with a Bartlett test (stats package;

6
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bartlett.test function; Bartlett, 1937). This statistical test checks if the means of several
samples are equal, and is useful to compare three or more means. The ANOVA test was
completed by post-hoc analysis to rank the different means. The significance of differences

between means was assessed using Tukey’s range test (multcomp package; glht function;
Faraway, 2002).

The relative air humidity values were used to calculate dew points to check for potential
condensation on the surface of the stone (weathermetrics package; function
humidity.to.dewpoint).

2.6.3 Alpha and beta diversity of microbial communities

Alpha diversity, i.e. the diversity of microbial species in each sample, and beta diversity, i.e.
the difference in microbial communities between samples, were identified using QIIME 2
2018.11. After generating a phylogenetic tree (phylogeny plugin; align-to-tree-mafft-fasttree
function), the Shannon’s diversity index and the Pielou’s evenness index were calculated to
characterize alpha diversity (diversity plugin; core-metrics-phylogenetic function; Hill, 1973),
while beta diversity was assessed through principle coordinates analysis (PCoA) based on the
determination of the Bray-Curtis distance (diversity plugin; core-metrics-phylogenetic
function; Legendre and Gallagher, 2001). The significance of the groups obtained was then
assessed with a Kruskal-Wallis non-parametric test for alpha diversity indexes (diversity
plugin; alpha-group-significance function; Hollander and Wolfe, 1999), and with
PERMANOVA for beta diversity (999 permutations; diversity plugin; beta-group-
significance function; Anderson, 2001).

3. Results

3.1 Colorimetric monitoring

Scratching the surface of the stone sufficed to completely remove any visible evidence of pink
coloration. The colors in both the white and pink areas showed no sign of change over the
three and a half years of monitoring: the scratched sections did not become pink again, and no
changes were observed in the colors of the white and pink areas on each of the two steps.

The results of the general linear mixed models designs were the same for the three dimensions
of the L*a*b* color space (Table 1): Color area, Scratching and Measurement date and
interactions between these factors all had a significant effect on the model, whereas Covering
did not. The effect of factors was more pronounced for L* and b* variables than for a*
variable. The measurements recorded in the unscratched pink area and the first measurement
made in September 2014 (i.e. before scratching) in the scratched pink area showed that the
pink area was characterized by a lower L* value and higher a* and b* values than those
recorded in the white area (Fig. 3 and supplementary fig. 2). The difference was statistically
supported for L* and b*, but not for a*. The difference recorded between sections that had not
been scratched remained the same throughout the study. Measurements recorded after
scratching in September 2014 showed that the scratching led to an increase in the L* value
and a decrease in a* and b* values in the pink and white areas. This difference in the
evolution of scratched areas was statistically supported by L* and b* values for the pink area
and only by the L* value for the white area. Finally, these differences remained statistically
stable in terms of L* and a* values for all studied modalities from after scratching in
September 2014 until the end of the colorimetric study in January 2018. The differences
remained statistically stable in terms of b* value from the second date of assessment, May
2015, until the end of the study. In other words, the significant effect of the Date factor was

7
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almost entirely supported by the differences observed at the first date of assessment before
and after scratching and the color did not evolve until the end of the study, confirming visual
observations.

3.2 Raman spectroscopy

After baseline correction and removal of stone-related noise, Raman spectroscopy revealed
the presence of a pigment belonging to the family of carotenoids in the pink powder scratched
from the step (Supplementary fig. 3). Carotenoids are usually characterized by three peaks
corresponding to C—CH bending, C-C stretching and C=C stretching. C—C and C=C
stretching were clearly identifiable at 1151 and 1506 cm™!, and C=CH3 bending was also
present at 1003 cm™.

3.3 Climatic monitoring

The room temperature in the staircase ranged from 3.22 to 27.33 °C during the study (Table
2). Climatic monitoring showed that the room temperature was linked to the outside
temperature (Supplementary fig. 4a): the seasonal variations in temperature had a clear impact
on room air temperature, with low temperatures recorded during winter and warm
temperatures during summer. Daily room temperature variations due to day/night alternation
were less marked than those observed outdoors. Moreover, the room temperature was warmer
during winter and cooler during summer than the outside temperatures. The relative humidity
of room air ranged from 30.01 - 89.2 %. As observed for room temperature, variations in
relative humidity of room air followed those recorded for outside relative humidity, although
these values are lower than those recorded for outdoor relative humidity. Indoor relative
humidity remained between 45 and 65 % for most of the year and rarely exceeded 80 %
(Supplementary table 1).

The surface temperature in the white area and in the pink area followed room temperature
variations (Supplementary fig. 4b), but the temperature was significantly warmer in the pink
area than in both the white area and the room air (Supplementary table 2). The ANOVA study
also showed that the temperature in the white area was significantly lower than the room
temperature. However, this result should be considered with caution as the interval value was
lower than the accuracy of the ambient probe. Finally, the calculation of dew points from
ambient relative humidity and surface temperatures showed that no condensation could have
been formed at the surface of the step during the year of climatic monitoring.

3.4 Alpha and beta diversity of microbial communities

The only perceptible alpha diversity difference between the white and the pink areas was
related to bacterial communities (Supplementary table 3). Bacterial richness (Shannon index)
and equitability (Pielou’s index) were higher in the pink area than in the white area, and this
difference is almost significantly supported (Supplementary table 4). No alpha diversity
difference was observed between sampling areas for fungal and eukaryote communities.

The study of beta diversity among bacterial communities clearly separated samples into two
groups on the first PCoA axis (Supplementary fig. 5): communities sampled in the pink area
shift to positive values on this axis as compared to communities sampled in the white area.
The community assessed in the outgroup sample was separated from the two other groups by
shifting to positive values on the second PCoA axis. The PERMANOVA test associated to the
study of beta diversity confirmed that the sampling area had a significant effect on bacterial
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community composition, even if the post-hoc test failed to separate the white and pink areas
(Supplementary table 5). Conversely, the PCoA expressed no difference between sampling
areas in fungal and eukaryotes communities, with the communities of some samples located
closer to the outgroup sample than to other samples in the same area.

The assignment of OTUs revealed that the majority of the bacteria found in the white and in
the pink area were Actinobacteria, while the outgroup sample was dominated by
Proteobacteria. Among Actinobacteria, the communities of white area samples were largely
dominated by the genus Rubrobacter, while the communities of pink area samples were
largely dominated by the genus Nitriliruptor (Fig. 4). Low proportions of Rubrobacter were
also detected in pink area and low proportions of Nitriliruptor were also detected in white
area. All other bacterial taxa detected in white and pink areas were in low proportions.

The phylogenetic analysis of fungal and eukaryotes communities did not produce significant
differences between samples, especially regarding pink-pigmented yeasts or algae.

4. Discussion

4.1 Bacterial origin of rosy discoloration

The most important result of this study is the confirmation of the biological origin of the rosy
discoloration affecting the stone staircase in Sully-sur-Loire castle. Raman spectroscopy
assessment of the pink pigment produced on the stone revealed the characteristic bands of
C=C and C-C stretching and C—CH bending of carotenoids (De Oliveira et al., 2010). Next-
generation sequencing did not reveal any differences between fungal communities and more
generally between eukaryote communities on pink and white areas. Conversely, the
composition of bacterial communities was strongly related to the type of sampling area. This
result is in accordance with past studies that assigned such discoloration to bacterial biofilms
(Pinar et al., 2014a). Actinobacteria was the most abundant phylum identified in both pink
and white areas in our study. This phylum has already been widely reported in studies that
focused on the deterioration of stone in general (Gorbushina, 2007; McNamara and Mitchell,
2005; Zanardini et al., 2016), and on rosy discoloration in particular (Ettenauer et al., 2014;
Laiz et al., 2009; Tescari et al., 2018b). Nitriliruptor was the main bacterial genus identified
in the pink area, while Rubrobacter was the main genus identified in the white area. This
result differs from those obtained in past studies in which Rubrobacter was generally the main
genus associated with rosy discoloration (Jurado et al., 2012; Laiz et al., 2009; Nugari et al.,
2009). The unusual nature of this result led us to duplicate the study with new samples, but
the second batch of samples gave the same result (data not shown). Nitriliruptor is an
haloalkaliphilic actinobacterium first identified in soda lakes (Sorokin et al., 2009). This
single species genus has also been reported in saline-alkali soil (Peng et al., 2017) and in arid
soil (Neilson et al., 2012). The only reference of Nitriliruptor in the field of cultural heritage
was in mineral crystals found on the skin of an 18" century mummy (Krakova et al., 2018).
Consequently, this first evidence of the role played by Nitriliruptor in stone deterioration is of
interest. This bacterial genus has been poorly studied to date, but numerous highly similar
environmental clones of this genus have been identified, suggesting that this organism is quite
abundant in nature despite being rare in culture collections (Goodfellow et al., 2012a).

4.2 Possible replacement of the main agent of rosy discoloration by Nitriliruptor sp.
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The main data about Nitriliruptor in relation with this study is that this species is not known
to produce pink pigment, with available strains described as colorless (Goodfellow et al.,
2012b). Moreover, the colorimetric assessment of the white and the pink areas showed no
evolution of the color in each area during the period of monitoring from the day the stone was
scratched in September 2014 and January 2018. The only significant change in color was
recorded at the beginning of the experiment between the measurements before scratching and
the measurements after scratching. This suggests that the process leading to the formation of
the rosy discoloration of stones was already finished at the beginning of the experiment and
that the presence of Nitriliruptor may indicate a subsequent evolution of this process.
Bacterioruberin-related carotenoids are frequently associated to Rubrobacter sp. and to the
rosy discoloration phenomenon on stones (Imperi et al., 2007). In our study, the position of
the bands in the Raman spectrum obtained from the pink powder corresponds to that expected
for bacterioruberin-related carotenoids (Jehlicka et al., 2013; Marshall et al., 2007). A
plausible hypothesis is that the rosy discoloration may have been produced under the action of
Rubrobacter strains, which may have then been replaced by Nitriliruptor strains; the pigments
usually remain very stable on the materials, even if the causative microorganisms are already
dead (Pifar et al., 2014a). The development of pink biofilms on stone has often been linked to
water infiltrations and the formation of salt crystals (Pifiar et al., 2014a). Carotenoids are
known to protect the cells against photo-oxidative damage and to act as membrane stabilizers
against salt stress (Kocher and Miiller, 2011). The development of Rubrobacter would
therefore be favoured when desiccation occurs through temperature increase and salt
formation (Imperi et al., 2007; Laiz et al., 2009; Schabereiter-Gurtner et al., 2001).
Interestingly, the ecological niche of Nitriliruptor seems to be very close to that of
Rubrobacter; we have already mentioned that Nitriliruptor has been found in environments
with high salinity. The studies that highlighted the presence of Nitriliruptor strains in a habitat
also detected Rubrobacter strains (Ma and Gong, 2013; Neilson et al., 2012). The
Nitriliruptor development on the staircase of Sully-sur-Loire could therefore be a natural
progression of the Rubrobacter development under such environmental conditions. Further
studies about physicochemical properties of the stone should be performed to determine
whether particular conditions had favoured the development of Nitriliruptor. This 1is
particularly important in the light of this bacterial genus’ ability to use short-chain organic
acids, amides and aliphatic nitriles as energy and carbon sources (Goodfellow et al., 2012b).
On the other hand, Rubrobacter was also detected on stones that did not suffer from rosy
discoloration (Chimienti et al., 2016; Li et al., 2016; Zanardini et al., 2019). It is not therefore
impossible that Rubrobacter DNA was detected in the white area of the staircase, especially
since the production of carotenoids by microorganism can vary largely according to
environmental conditions (Calegari-Santos et al., 2016; Fong et al., 2001).

The genus Nitriliruptor so far includes only one species (Sorokin et al., 2009). Considering
that the study of V3-V4 16s rRNA region is not accurate enough to provide species definition
(Bukin et al., 2019), and that Actinobacteria are frequently carotenoid producers (Klassen,
2010), the possibility that Nitriliruptor sp. detected on the staircase is a new undescribed
carotenoid producer species cannot either be dismissed. The production of carotenoid by this
species could also vary largely according to environmental conditions. A shotgun
metagenomics approach would help to answer this question in future studies by reconstructing
the partial genome of the most prevalent species in the samples thus testing the presence of
carotenoid synthesis genes.

4.3 Environmental factors involved in the development of rosy discoloration
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Previous studies have noted that the development of pink biofilms has often been linked to
problems of water infiltration and salt crystallization, and in some cases could be associated
with the combined effect of an increase in temperature and the sudden decrease in water
availability when the infiltration problem is solved (Imperi et al., 2007; Laiz et al., 2009). The
climatic monitoring of the staircase showed that no condensation theoretically occurred at the
surface of the stone during the year of study: indeed, the temperature recorded at this surface
stayed above the dew point. Moreover, the relative humidity in the staircase air appeared
relatively adequate in terms of conservation conditions. It released between 45 and 65 % of
humidity more than 60 % of the time, which corresponds to the relative humidity values
generally advised for conservation (D’Agostino et al., 2014; Merello et al., 2012).
Nevertheless, this humidity range could be problematic if nitrates are present: sodium nitrate
and magnesium nitrate crystallize when relative humidity drops below 60 % (Arnold and
Zehnder, 1991). However, no efflorescence had been noted in the staircase during the
observations and the presence of soluble salts was not assessed during this study. The origin
of the water and of possible salt crystallization is most likely the result of external rainfall
seeping through the external wall of the staircase. The location of the biofilm at the surface of
the staircase steps supports this hypothesis: only the external part of the steps is affected, and
the upper part of the staircase seemed to be more affected than the lower part. The
administrators of the castle confirmed that external infiltration occurred through the roof of
the stairwell, and that the problem had since been resolved. This reinforces the hypothesis that
the rosy discoloration observed at the stone surface of the staircase corresponds to a past
phenomenon which no longer occurs. Finally, the climatic monitoring showed that the
temperature at the stone surface in the pink area was slightly higher than the temperature in
the white area. This could have emphasized the desiccation phenomenon and favoured the
development of Rubrobacter in the pink area (Imperi et al., 2007; Schabereiter-Gurtner et al.,
2001).

These observations may explain the distribution of the pink area on the staircase surface and
could indicate the action of several factors: the infiltration of external water through the wall,
the subsequent formation of salts through crystallization and dissolution process, and the
microclimatic differences of temperature occurring at the surface of the staircase.

5. Conclusions

The study confirms that the rosy discoloration occurring at the surface of the spiral staircase
was due to bacterial growth. Bacteria belonging to Rubrobacter genus may have been the
main producer of pink pigment, before being replaced by bacteria from the Nitriliruptor
genus. Further studies about the physicochemical properties of the stone should be performed
to determine if specific conditions favored the development of Nitriliruptor.
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Table 1: Effect of the qualitative variables on L*a*b* color space values, assessed with a
Wald X? test associated with GLMMs.

L a b
Source of X-value p-value X-value p-value X-value p-value
variation
Color area (Co) 802 <0.001*** 71 <0.001*** 366 <0.001***
Covering (C) 1.2 0.26 2.1 0.15 0.2 0.65
Scratching (S) 1052 <0.001*** 44 <0.001*** 768 <0.001***
Date (D) 1062 <0.001*** 57 <0.001*** 1163 <0.001***
Co:S 255 <0.001*** 19 <0.001*** 291 <0.001***
Co:D 27 <0.001*** 22 <0.001*** 78 <0.001***
S:D 423 <0.001*** 21 <0.001*** 264 <0.001***
Co:S:D 74 <0.001*** 13 0.02* 74 <0.001***

*p < 0.05, ¥ p < 0.0, #* p < 0.001

Table 2: Summary of climatic data assessed on the stone steps between September 2014 and
January 2018.

Temperature (°C) Relative humidity (%)
Color area Minimum Mean Maximum Minimum Mean Maximum
White 3.22 14.35 25.78 ) “) )
Pink 4.44 15.39 26.67 -) “) )
Room air 322 14.66 27.33 30.01 58.95 89.2
Outdoor -3 12.53 35 43 80.65 98

(-): parameter not assessed

17



722

723

724
725

726
727

728
729
730
731
732

733
734

735
736
737

738
739
740

Captions for Figures

Figure 1: Location of the study area in Sully-sur-Loire castle.

The study focused on the stones of the “escalier d’honneur” of the donjon (a). The cross-
section of the “escalier d’honneur” shows the location of the pink discoloration (b).

3D model realized with SketchUp 2016 from plans, video recordings and pictures.

Figure 2: Half-pink step chosen for colorimetric and climatic monitoring.

The picture shows the distribution of the rosy discoloration on the outer part of the stairs.

Figure 3: 3D representation of the colorimetric monitoring of the stone step in the L*a*b*
colour space.

Values are depicted for the pink and in the white areas, scratched (crosses) or not (circles),
between September 2014 and January 2018.

Figure 4: Heatmap of bacterial communities according to each sample at the genus level.
W: white sample; P: pink sample; O: outgroup sample.

The most abundant genera are labelled in pale blue, while the less abundant genera are
labelled in dark blue. The dendrograms show the proximity between the different samples and
the proximity between identified bacterial genera.
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