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Editorial on the Research Topic
Microbes and cultural heritage: from biodiversity to applications

Cultural heritage (CH) objects are not inert witnesses of the past; they are dynamic
ecological niches shaped by continuous interactions between materials, environmental
conditions, and living microorganisms. Manuscripts, wooden artifacts, stone monuments,
wall paintings, leather objects, and archaeological remains provide substrates for microbial
colonization. These microorganisms can drive aesthetic alteration, material weakening,
salt-mediated damage, enzymatic degradation, and pigment formation, threatening
historical integrity. At the same time, they provide insights into biodiversity, ecological
adaptation, and innovative conservation strategies.

The Research Topic “Microbes and cultural heritage: from biodiversity to applications”
brings together 11 contributions that collectively advance the field of heritage microbiology.
Rather than focusing solely on descriptive surveys of microbial diversity, these studies
integrate ecological perspectives with conservation science. By combining modern
analytical approaches with material and environmental studies, the contributions
demonstrate that understanding microbial biodiversity is essential not only for diagnosing
biodeterioration processes but also for designing sustainable and informed preservation
strategies. Taken together, the studies illustrate the ongoing transition of heritage
microbiology from a descriptive discipline toward a more predictive and application-
oriented field.

Cultural heritage as a substrate-specific microbiome

A central theme emerging from this Research Topic is that each heritage
material hosts a distinct, substrate-driven microbiome. Material composition,
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physicochemical properties, microclimate, and human contact
shape microbial community assembly. As a result, cultural heritage
objects function as highly specialized microbial ecosystems shaped
by both environmental and anthropogenic factors.

Zhou et al. investigated the characteristic “peachy spots” on
ancient Kaihua paper. Their results revealed that bacteria, rather
than fungi, were strongly associated with stain formation. Acid-
producing and pigment-forming genera such as Methylobacterium
and Rubrobacter were enriched in affected areas, suggesting
that metabolic activity linked to acidification and pigment
synthesis may drive discoloration processes in historical paper.
This work highlights the importance of linking microbial
identity with functional potential in order to clarify deterioration
mechanisms. Similarly, Alonso-Reyes et al. conducted the first
comprehensive survey on microbial communities associated with
historical artifacts from Argentinas Museum of Independence.
The study revealed structured microbial biofilms dominated by
Gram-positive taxa, with particularly high diversity detected on
a nineteenth- century albumen photograph. The protein-rich
composition of photographic material likely created favorable
conditions for microbial growth. In addition, the presence
of human- associated microorganisms on frequently handled
objects underscored the influence of visitor interaction on
museum microbiomes. Archaeological contexts further expand
this perspective. Chen et al., analyzed microbial communities
associated with soils from the Sanxingdui sacrificial pits. Distinct
bacterial and fungal taxa were linked to processes such as
organic matter degradation and potential bronze biocorrosion.
Differences between surrounding soils and artifact-associated
samples indicated that burial activities and material composition
shape localized microbial assemblages. Together, these studies
demonstrate that cultural heritage materials support highly
specialized microbial communities whose composition reflects
both environmental context and substrate chemistry.

Keystone taxa and functional
mechanisms of biodeterioration

Beyond identifying microbial diversity, several contributions
address the functional mechanisms that drive biodeterioration.
Understanding these mechanisms is essential for developing
effective conservation strategies. Ma, Zhang et al. investigated
epilithic biofilms colonizing the Leizhou Stone Dog monuments.
Their analysis identified phototrophic bacteria and nitrifying
microorganisms as keystone taxa of these biofilms. The study
suggested that metabolic activity related to nitrogen cycling and
phototrophic growth plays an important role in the deterioration
of stone surfaces. These findings emphasize that the intensity of
biodeterioration depends not only on microbial diversity but also
on the metabolic functions performed by dominant taxa.

Wall paintings represent another vulnerable substrate. In a
comparative study of the Maijishan and Mogao Grottoes, Ma,
Chen et al. reported that bacterial communities differed markedly
between sites. These differences were primarily driven by variations
in substrate composition and microclimatic conditions. Humid
environments favored proliferation of Actinobacteria, whereas arid
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conditions selected xerotolerant microorganisms. The absence of a
shared core microbial community between the two sites highlights
the strong influence of environmental filtering in shaping wall-
painting microbiomes. Complementing this work, Nir et al.
documented extensive microbial colonization on sgraffito wall art.
Their observations revealed complex biofilm composed of bacteria,
cyanobacteria, and fungi interacting with plaster and cement
substrates. The heterogeneous distribution of microbial growth
across the surface further illustrated how local environmental
conditions influence colonization patterns. Together, these studies
highlight the need for long-term monitoring and site-specific
evaluation when assessing biodeterioration risks. Organic materials
were also examined from a functional perspective. Wang et al.
studied traditional shadow puppetry artifacts composed primarily
of collagen-rich hide. The authors identified microorganisms
capable of degrading collagen, a process that can lead to severe
structural damage in leather-based heritage objects. Importantly,
the study also explored antimicrobial compounds capable of
inhibiting dominant degraders, illustrating how functional
microbial analysis can inform targeted conservation strategies.

Environmental drivers and
treatment-induced microbial shifts

Environmental conditions and conservation treatments
themselves can influence microbial dynamics on heritage surfaces.
Several contributions in this Research Topic highlight the
importance of considering these ecological responses. Tichy et
al. monitored microbial changes associated with salt-removal
treatments applied to historic buildings. Their results showed that
shifts in salt composition altered the structure of microbial biofilms,
with bacterial populations responding particularly strongly to these
changes. The mineral composition also influenced both salt
retention and microbial diversity. These findings demonstrate
that conservation treatments may modify microbial ecosystems
and therefore require careful ecological evaluation. In the earthen
exhibition hall of the Terracotta Warriors Museum, Wang,
Hou et al. examined how environmental factors shape fungal
communities. Several genera, including Penicillium, Aspergillus,
and Talaromyces were associated with specific microclimatic
conditions. The authors also tested volatile allicin as a potential
antifungal treatment, showing inhibitory effects on several
strains. Such findings illustrate how environmentally compatible
biocontrol strategies may help mitigate microbial growth on

sensitive heritage materials.

From diagnosis to innovation:
microbial-informed conservation

Several studies in this Research Topic emphasize translational
applications and the development of sustainable conservation
strategies informed by microbiological knowledge. Krasnicki
et al. evaluated the effectiveness of ethanol mist treatment for
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disinfecting historical leather artifacts from the Auschwitz-
Birkenau State Museum. The treatment significantly reduced
microbial contamination while preserving the structural integrity
of the leather. This study demonstrates that carefully designed
disinfection strategies can successfully balance microbial control
with material conservation. Dumbravi et al. explored protective
coating for wooden objects incorporating silver nanoparticles
within polymeric materials. These coatings showed antimicrobial
and anti-biofilm properties while maintaining compatibility with
the treated surfaces. Such innovations highlight the growing
convergence between microbiology, materials science, and
conservation technology.

Together, these applied studies signal an important shift in
conservation practice. Rather than relying on broad sterilization
approaches, modern strategies increasingly aim to manage
microbial communities in ways that are compatible with both the
material substrate and the surrounding environment.

Toward a visionary and sustainable
heritage microbiology

The contributions gathered in this Research Topic demonstrate
that heritage microbiology has become an integrative discipline
linking biodiversity research with conservation practice. Cultural
heritage materials can be understood as dynamic microbial
ecosystems shaped by environmental conditions, material
properties, and human activity.

Climate change adds further urgency to this field of research.
Intensified rainfall-drought cycles, salt crystallization events, and
fluctuating humidity increasingly reshape microbial ecosystems
on cultural heritage surfaces. Microbial communities respond
rapidly to these stresses, often shifting toward halotolerant,
stress-adapted, or pigment-producing taxa that can accelerate
deterioration processes.

At the same time, microorganisms associated with heritage
materials are not merely agents of decay. They can also provide
valuable information about historical production techniques,
storage conditions, and environmental exposures experienced by
objects over time. In this sense, microbial communities may serve
as biological archives that complement traditional historical and
archaeological evidence.

Ultimately, the contributions presented in this Research
Topic illustrate the evolvement of heritage microbiology from
a discipline focused primarily on documenting biodeterioration
toward one capable of predicting, monitoring, and managing
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microbial processes in cultural heritage environments. Through
continued interdisciplinary collaboration among microbiologists,
conservators, material scientists, and archaeologists, this emerging
field will play an increasingly important role in safeguarding
humanity’s material legacy.
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Microbes on the “peachy spots”
of ancient Kaihua paper:
microbial community and
functional analysis

Yanjun Zhou?, Yan Shi?, Yanyan Huang? and Jiang Zhong*2*

!Department of Microbiology and Microbial Engineering, School of Life Sciences, Fudan University,
Shanghai, China, ?Institute for Preservation and Conservation of Chinese Ancient Books, Fudan
University, Shanghai, China

Kaihua paper is a type of precious hand-made paper in China that has been
used throughout Chinese history. Due to its extraordinary whiteness and fine
texture, it was adopted by the imperial palace in the reign of Emperor Kang Xi
and Yong Zheng of the Qing Dynasty of China in the 17th and 18th century. It is
stained by a special type of yellowish-brown spot after years of storage, which
is called a “peachy spot.” The formation of such spots remains unclear, although
complicated physicochemical processes or microbial activities might be involved.
We performed nondestructive sampling and high-throughput sequencing on
peachy spot surfaces, unstained areas, and air samples in the stack room to
analysis the the bacterial and fungal communities, and performed prediction
of functional genes of the bacterial communities. The results showed that
peachy spot formation was mainly related to bacterial communities rather than
fungal communities. Significantly more potential acid- producing, acidophilic
or cellulase-producing bacteria, such as, Streptococcus, Staphylococcus, and
Lysinibacillus, and pigment-producing bacteria, such as Methylobacterium
and Rubrobacter, were identified in the peachy spot samples. Prediction of the
functional genes of the bacterial community also suggested the production of
acidic substance pigments. These findings provide new insights into the pigment
formation mechanism in ancient paper and open an opportunity to develop new
strategies to preserve the ancient paper documents.

KEYWORDS

microbial community, traditional Chinese handmade paper, biodeterioration, Kaihua
paper, functional prediction

1 Introduction

Paper, as a carrier of human thought, art and history, is critical in human society. Paper
relics, like all other cultural heritage materials, are nonrenewable and will degenerate over
time. Thus, preserving paper relics is a cultural and technological challenge.

Microbial deterioration of paper materials has always been a focus in the preservation of
paper relics (Cappitelli et al., 2010). Early studies on the biodegradation of cultural heritage
have been carried out for approximately a century (Sterflinger et al., 2018), using mostly
culture-dependent methods and microscopic observations (Mitchell and McNamara, 2010).
Fungi, especially filamentous fungi, are considered the most important organisms in microbial
hazards. Due to technical limitations, only culturable microbes, which represent only a small

8 frontiersin.org
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part of the total microbes, were studied (Amann et al., 1995). These
culturable strains were probably not the dominant microbes that
caused paper damage. In recent years, new methods have been applied
to study the microbial community on various historical relics,
including paper, parchment, storeroom objects, and photographic
materials (Sclocchi et al., 2016; Migliore et al., 2017; Liu et al., 2018;
Pinar et al., 2020; Branysova et al., 2022). Genomic analysis based on
high-throughput sequencing is becoming a powerful approach to
study the diversity and impact of microorganisms on historical objects
(Krakova et al., 2018; Sterflinger et al., 2018; Beata, 2020).

Traditional Chinese handmade paper was made of plant fiber,
following slightly different processes depending on the geographical
area and historical period of production. The sources of plant fiber
include bark, straw, and bamboo. Moreover, paper is often coated with
gelatin or other substances to make it impermeable to ink (Area and
Cheradame, 2011). These diverse organic and inorganic components
in paper provide substrates for microbial growth and reproduction
under favorable conditions, which in turn destroys the structure of the
paper (Sterflinger, 2010). Therefore, different types of paper may favor
different microorganisms that settle on its surface, resulting in
different structures of microbial communities and ultimately different
kinds of damage.

Kaihua paper is a unique type of ancient paper preserved to this
day that is famous for its delicate and white and thin characteristics. It
was one of the most valuable royal papers in the Qing Dynasty,
especially during the reign of the three emperors, Kangxi, Yongzheng
and Qianlong (1662-1795 A.D.). The plant fiber used to make Kaihua
paper was from the family Thymelaeaceae. Ancient Kaihua paper
commonly developed isolated or coalescent yellowish-brown spots,
which are called “peachy spots” Such spots affect the paper greatly and
may lead to irreversible loss of historical content. Morphologically,
peachy spots resemble the well-studied “foxing spots,” a common
damage to paper cultural relics (Meynell and Newsam, 1978). Among
the many hypotheses about foxing formation, metals and
microorganisms are considered the two major causes (Choi, 2007).
However, the role of microorganisms in the formation of “peachy
spots” on Kaihua paper remains unknown.

In this study, culture-independent high-throughput sequencing
was used to identify bacterial and fungal communities on Kaihua
paper affected by peachy spots. The potential roles of bacterial and
fungal groups in the formation of peachy spots were explored by
correlation analysis and prediction of functional genes of the
microbial community.

2 Materials and methods
2.1 Tested paper samples

Three sets of ancient books made of Kaihua paper preserved in
Fudan University Library were selected for this study (Figure 1). These
books came from the reign of Emperor Kang Xi and Yong Zheng and
Qian Long of the Qing Dynasty of China in the 18th century and have
been kept in the same stack room for rare ancient books for a long
time without being touched. The temperature of the stack room is kept
at 16 ~20°C and the humidity at 50 ~ 60%. Although the books are in
relatively good condition, there are obvious peachy spots on each set
of books.
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2.2 Sampling method

The sampling areas most suitable for the study were chosen and
evaluated carefully, and the sampling protocol was designed to
minimize impact to the paper. A sterilized polyester fiber swab
(SwwipTM, Cleanmo, Shenzhen, China) was selected as the sampling
tool (swab head size: 4.0mm x 11.0 mm, total length: 70.0 mm). The
swab head was fully moistened with 20pL of sterilized wetting
solution (0.15M NaCl and 0.1% Tween-80, dissolved in ultrapure
water) and used to gently wipe the preselected sampling position 20
times to collect the microorganisms on the paper surface. Then, the
swab head was peeled off using sterile tweezers and immediately
transferred into the PowerBead extraction tube in the MOBIO
PowerSoil DNA Isolation Kit (Mo Bio, Carlsbad, CA, USA). For each
set of books, three samples of peachy spots and one sample of
unstained area of the inner page were collected.

To exclude interference from airborne microorganisms of the
stack room at the time of sampling, the indoor air sedimentation
sample were independently collected as the control. Three sterilized
polyester fiber swabs were moistened as other sample swabs and
allowed to stand on the sampling bench during the sampling, which
lasted about 1h. At the end of the sampling, the heads of three swabs
were peeled off and transferred into a single extraction tube for DNA
extraction and amplification process, following the same procedure as
the other samples to keep consistency.

Samples were stored in a —20°C freezer, and DNA extraction was
performed within 12h.

2.3 DNA extraction and sequencing

For DNA extraction, each sample was processed using the MOBIO
PowerSoil DNA Isolation Kit following the manufacturer’s instructions
with minor modifications. The C6 solution provided by the kit was
replaced with sterile TE buffer to minimize DNA degradation.

Sequences of the 16S rDNA and ITS rDNA were amplified for
bacteria and fungi, respectively, using primer sets of 515F
(GTGCCAGCMGCCGCGGTAA)/806R (GGACTACHVGGGTWTC
TAAT) for the V4 region of 16S rDNA (Kuczynski et al.,, 2011) and
ITS5-1737F  (GGAAGTAAAAGTCGTAACAAGG)/ITS2-2043R
(GCTGCGTTCTTCATCGATGC) for region 1 of ITS rDNA
(Bellemain et al., 2010). The amplification was conducted according
to the following program: initial denaturation at 94°C for 5min,
20 cycles of denaturation at 94°C for 45s, annealing at 50°C for 30s,
and extension for 90 s at 72°C, final extension at 72°C for 10 min. Then
the same amplification was performed once again to add the barcode
sequences to the primers for sample distinction after sequencing.

The concentration, total amount and purity of the amplification
products were determined, and then the qualified amplification
products were sequenced on the Illumina MiSeq (300-bp paired-end
reads) platform (Illumina Inc., San Diego, United States) by Novogene
Bioinformatics Technology Co., Ltd. (Beijing, China).

2.4 Data processing

The QIIME platform (Caporaso et al., 2010) was used to filter the
acquired sequences to remove low quality (Q value less than 20), short
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FIGURE 1

Representative images of the “peachy spots” of Kaihua paper from three sets of ancient books. (A) Zhu Zi Quan Shu dated approximately 1713—
1717 A.D. (B) Zhu Pi Yu Zhi dated approximately 1713-1717 A.D. (C) Yu Zhuan Xing Li Jing Yiin Manchu dated approximately 1732-1738 A.D.

length (shorter than 250bp) and chimeric sequences. The sequences
were split according to their taxonomy and assigned to operational
taxonomic units (OTUs) at the 97% similarity level using MOTHUR'
(Schloss et al., 2009). The representative sequences of these OTUs
were classified within the SILVA database release 119 for bacteria and
UNITE for fungi (Abarenkov et al., 2010).

2.5 Microbial community analyses and
functional gene prediction

The QIIME platform was used to analyze the bacterial and fungal
community structure and composition on the normalized OTU
dataset. Rarefaction curves were created to assess sampling efficiency.
Three alpha diversity indexes, Chao 1, PD value and Shannon index,
were calculated to reflect the overall diversity and complexity of the
microbial community.

Multivariate analyses on the OTU dataset were performed using
the UniFrac unweighted metric in QIIME. Principal coordinates
analysis (PCoA) was performed to show the differences between the
sample sets. Species abundance clustering heatmaps were used to
analyze the microbial composition structure.

Tax4Fun was implemented to predict the functional differences
between unstained areas and peachy spots. Tax4Fun is an R package
that links 16S rRNA gene sequences with the functional annotation
of sequenced prokaryotic genomes, which is realized with a nearest-
neighbor identification based on a minimum 16S rRNA sequence
similarity (Affhauer et al., 2015). It was used to predict the functional
genes from the 16S rDNA information of “peachy spots” groups and
samples from unstained area based on the Silva database, and the
KEGG functional annotation abundance table was obtained. Then
STAMP software (Parks et al., 2014) was used to screen for genes with
significant differences in abundance between “peachy spots” samples
and unstained samples. Only differences with p valuesless than 0.05
were reported.

1 http://www.mothur.org/
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2.6 Statistical analyses

All statistical analyses were conducted in the R environment
(v3.4.3; http://www.r-project.org/), and all statistical tests were
considered significant at p values less than 0.05. Two-way nested
ANOSIM (analysis of similarity) was used to test for significant
differences in microbial composition (Clarke and Warwick, 1994).
Wilcoxon’s test was used to compare the relative abundance between
the unstained areas and peachy spots.

3 Results

3.1 Sequencing quality, rarefaction curve
and alpha diversity

Samples were taken from the surface of three sets of ancient books
made of Kaihua paper: Zhu Zi Quan Shu, Zhu Pi Yu Zhi, and Yu
Zhuan Xing Li Jing Yi in Manchu. Sequencing of the amplicon
libraries of 16S rDNA and ITS rDNA yielded a total of 1,656,407 raw
reads belonging to bacteria and fungi. After quality trimming and
assigning reads to their respective samples, 789,811 high-quality 16S
rDNA sequences and 810,781 high-quality ITS rDNA sequences were
obtained for 13 samples, including 9 samples of peachy spots, 3
samples of unstained areas, and 1 stack room air sample (Table 1).

The rarefaction curves confirmed the efficiency of the sampling
(Figures 2A, 3A). In the bacterial part, the alpha diversity index of the
peachy spots was significantly higher than that of the unstained group
(p<0.05), and the alpha diversity indexes of the three groups of peachy
spot samples were very close to each other, with no significant
differences. The diversity of the bacterial community at the peachy
spots was significantly higher than that of the unstained area of the
same book (Figures 2B-D). However, no consistent difference was
found in the diversity of the fungal community between peachy spots
and unstained areas (Figures 3B-D). In addition, there was a significant
within-group difference in the Chaol index and PD value in the KTa
group (Figures 3B,D), indicating that the fungal community structure
varied greatly between spots in the same book. It seemed that peachy
spots on Kaihua paper were more related to bacteria than fungi.
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TABLE 1 Summary of sample information and high-quality sequences.

Sample Sampling area High-quality High-quality
sequence (16S) sequence (ITS)
KTal Zhu Zi Quan Shu “peachy spots” 84,153 73,858
KTa KTa2 Zhu Zi Quan Shu “peachy spots” 62,210 75,413
KTa3 Zhu Zi Quan Shu “peachy spots” 51,495 62,134
KTb1 Zhu Pi Yu Zhi “peachy spots” 69,066 51,474
KTb KTb2 Zhu Pi Yu Zhi “peachy spots” 53,649 55,645
KTb3 Zhu Pi Yu Zhi “peachy spots” 54,788 54,764
KTcl Yu Zhuan Xing Li Jing Yi in Manchu “peachy spots” 68,239 48,333
KTc KTc2 Yu Zhuan Xing Li Jing Yi in Manchu “peachy spots” 74,378 74,693
KTc3 Yu Zhuan Xing Li Jing Yi in Manchu “peachy spots” 25,497 69,569
Ka Zhu Zi Quan Shu unstained area 67,128 59,748
K Kb Zhu Pi Yu Zhi unstained area 84,958 83,747
Kc Yu Zhuan Xing Li Jing Yi in Manchu unstained area 50,844 50,514
Control Control indoor air 43,406 50,889
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FIGURE 2
Rarefaction curves and alpha diversity index of bacterial communities of 9 “peachy spot” samples, 3 unstained samples and 1 air sample. (A) Rarefaction
curves; (B) Chaol index; (C) Shannon index; (D) PD value. The alpha diversity of the KT group (KTa, KTb and KTc) was significantly higher than that of
the K group (p <0.05).
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FIGURE 3
Rarefaction curves and alpha diversity index of fungal communities of 9 “peachy spot” samples, 3 unstained samples and 1 air sample. (A) Rarefaction
curves; (B) Chaol index; (C) Shannon index; (D) PD value.

3.2 Microbial community structure on the
“peachy spots”

Species annotation was performed on all bacterial and fungal
OTUs. Most identified bacteria belonged to the phyla Bacillota,
Pseudomonadota, and Actinomycetota (Supplementary Table S1). All
identified fungi belonged to 7 phyla. The phylum Ascomycota occurred
with the highest abundance in all samples, followed by Basidiomycota
and Zygomycota (Supplementary Table S2).

The top 35 most abundant genera of either bacteria or fungi were
used for cluster analysis (Figure 4). The heatmap showed that the
bacterial communities of high abundance were quite similar within
peachy spot groups KTa, KTb, and KTc and were clearly different from
the unstained group (K group) and the air deposition sample (control)
(Figure 4A). Peachy spot groups had significantly higher proportions
of Bacillota, such as Methylobacterium, Christensenellaceae,
Streptococcus, Lysinibacillus, Staphylococcus and Lactobacillus, than the
unstained group and air deposition sample (Figure 4A). In addition,
Rubrobacter of Actinobacteria was also significantly aggregated in
peachy spots, whereas the proportion of other genera of Actinobacteria
and Pseudomonadota was relatively low (Figure 4A). Among the
unstained paper samples, Paenibacillus and Bacillus were more

Frontiers in Microbiology

prominent (Figure 4A). In the air deposition sample, there were
significantly more Escherichia-Shigella (Figure 4A).

Furthermore, the clustering of the species abundance of fungi
varied greatly. No significant similarity was found between different
peachy spot groups or between peachy spot groups, the unstained
paper group, and the air deposition sample (Figure 4B), indicating that
fungi might not be the main cause of peachy spots. Aspergillus, which
was frequently found on ancient books, aggregated in the air sample
but not in the paper samples (Figure 4B). In addition, the proportions
of Cercospora and Fusarium were also higher in the air deposition
sample than in all paper samples (Figure 4B). In the unstained paper
group, there were high abundances of Cladosporium, Neurospora and
Talaromyces (Figure 4B). These genera include multiple species that
are common plant endophytes.

To reveal the differences in community structure between
peachy spot areas and unstained areas, we conducted PLS-DA to
compare the composition of both bacteria and fungi in all samples.
The results showed that the microbial community (both bacteria
and fungi) on the paper surface could be completely separated
from that of the indoor air of the stack room (Figure 5). The
bacterial community of peachy spot samples could also
be separated from the unstained paper samples (Figure 5A),
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PLS-DA (partial least squares discrimination analysis) of bacterial communities (A) and fungal communities (B).

whereas the fungal community of these two sets of samples
overlapped (Figure 5B). Moreover, the bacterial community
structures of the peachy spot groups were relatively close to each
other, and the difference within each group was less than that of
fungi (Figure 5). These results also suggested that the formation of
peachy spots may be directly related to the bacterial community
but not to the fungal community.

3.3 Functional gene prediction

To elucidate the potential contribution of the bacteria to the
formation of peachy spots, we defined the peachy spot samples in all
books as the peachy spot group (KT) and the samples from unstained
area of the inner page in all books as the unstained paper group (K).
The R package Tax4Fun was used to predict functional genes in the
bacterial community from the 16S rDNA data of the two groups.
STAMP was used to screen for genes with significant differences in
abundance between groups.

The abundance of some gene ortholog groups, such as mineral
absorption, riboflavin metabolism, carotenoid biosynthesis, and lysine
biosynthesis, was significantly higher in the peachy spot group than
in the unstained paper group (Figure 6). This also suggested that the
bacterial community at the peachy spots area might be associated with
the accumulation of pigments and the increased production of
acidic substances.

4 Discussion

Ancient paper was made of many organic and inorganic
compounds that can be used by bacteria and fungi. Traditionally,
groups of fungi, including Penicillium, Aspergillus, Trichoderma,
Chaetomium and Alternaria, were considered important for paper
damage (Arai, 2000; Nitiu et al., 2020), as they are relatively easy to
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observe and culture. However, they may not necessarily be the key
microbes that cause paper damage.

Most previous studies have also linked fungi to the cause of paper
stains. Microscopic observation of the presence of mycelia has been
used as a criterion to determine whether a stain is due to mold or
mildew damage. The presence of UV fluorescence is used as a standard
to define “foxing spots” (Meynell and Newsam, 1978; Koochakzaei
and Alizadeh Gharetapeh, 2021), but fluorescence is also considered
by other researchers as a factor in the formation of “foxing” spots
(Bicchieri et al., 2001; Figueira et al., 2020). The peachy spots on the
Kaihua paper resemble foxing spots by description, although in our
previous tests, no UV fluorescence was observation at the spots (data
not shown).

In this study, we used high-throughput sequencing technology to
determine the bacterial and fungal communities on the surface of
peachy spots and compared them with unstained surfaces as well as
air samples from a stack room. The results showed that the abundance
of Penicillium was not significantly higher in the position of peachy
spots than that without it. The abundance of Aspergillus in the air
deposition sample of the stack room was even higher than that of
peachy spot samples. This implied that these typical filamentous fungi
might have come from the stack room environment where the ancient
books were stored but had not stably established on the surface of
Kaihua paper and thus were not related to the formation of peachy
spots. Cercospora and Fusarium were also found to be relatively
abundant in the air deposition sample, both of which have multiple
species that are pathogenic to plants (Daub and Ehrenshaft, 2000;
Rampersad, 2020; Sinha et al., 2023). These fungi may come from
other contaminated ancient books or old wooden bookshelves and
furniture and pose a potential threat to paper (Simsekli et al., 1999;
Gravesen, 2000; Pinar et al., 2013). In addition, high abundances of
Cladosporium, Neurospora and Talaromyces were found in the
unstained paper samples, and multiple species of these genera belong
to plant endophytes (Tian et al., 2009; Yamagiwa et al., 2011; Nitiu
et al., 2020).
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Predicted KEGG ortholog groups with significant differences (p < 0.05) in relative abundance between the “peachy spots” and unstained paper.

The results suggested that the formation of peachy spots on  2007; Ettenauer et al., 2014). And Actinomycetes have been reported

Kaihua paper might be more related to bacteria than fungi. The role  to possibly utilize insoluble matrix components and penetrate
of bacteria in the conservation and preservation of paper relics has ~ materials in parchment and canvas paintings and even increase the
long been neglected or underestimated. In recent years, more attention ~ water solubility of the matrix for further utilization (Pavic¢ et al., 2015;
has been given to bacterial communities, where the bacterial genera ~ Lech, 2016).
Bacillus, Clostridium, Pseudomonas, Micrococcus, Actinomyces and Nevertheless, other bacteria commonly present on paper relics
Cellulophaga were often found to be related to paper damage (Krakova ~ were not abundant (below 1% for Clostridium and Pseudomonas) or
etal, 2012; Dunca et al,, 2014; Lech, 2016; Szulc et al., 2018; Raeisnia  even absent (Micrococcus and Cellobacteria) in peachy spot samples.
etal,, 2022; Pavlovic et al., 2023). In this study, we found significantly =~ Instead, bacteria with acid-producing, acidophilic or cellulase-
more Actinomycetes of the genus Rubrobacter in peachy spot groups.  producing potential, including Lactobacillus, = Streptococcus,
Species of the genus Rubrobacter has previously isolated from  Staphylococcus, and Lysinibacillus, and bacteria with pigment-
deteriorated monuments (Pinar et al,, 2013) and the carotenoid  producing potential, such as Methylobacterium (van Aken et al., 2004;
pigments they produce has been found to have a causal relationship Jadivukkarasi et al., 2018), were found to be highly abundant in
with the rosy discoloration of ancient wall paintings (Imperi et al,,  peachy spots.
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The result of functional gene prediction with Tax4fun
supported the hypothesis regarding the role of bacteria in peachy
spot formation. The abundance of predicted bacterial gene
orthologs involved in the biosynthesis and metabolism of
riboflavin, carotenoids and flavonoids was significantly higher in
the peachy spot groups than in the unstained paper group. Some
bacteria have the capability to produce organic acids and various
enzymes to hydrolyze the paper components (Pavi¢ et al., 2015),
making the material easier to be colonized by more microbes, and
the addition of pigment-producing bacteria may further help the
stain formation. It is also possible that the chemical composition
of peachy spot areas promoted the survival of certain bacteria and
shaped the structure of the bacterial community.

The results obtained in the present study also showed that
bacteria and fungi not only coexist in the microenvironment of the
paper surface but also form relatively stable communities in each
group. This may be because the paper itself continues to exert
selective pressure on microorganisms. Studies of purple spots on
ancient parchment hypothesized a succession model, starting from
halophilic archaea, followed by halotolerant bacteria and
actinomycetes, and then fungi (Migliore et al., 2019). Similarly,
peachy spots on Kaihua paper may be the result of synergy and
competition between different kinds of archaea, bacteria, and fungi.
Their succession caused stains and the aging of Kaihua paper after
a long time. Some archaea have been found to produce pink
pigments in previous study (Mazzoli et al., 2018; Tichy et al., 2023).
Although archaea were not investigated in this study, they could
have played a role in the biodeterioration of Kaihua paper. The
accumulation of bacteria with potential acid- and pigment-
producing ability may be a relatively late phenomenon in the
process of peachy spot formation. The results also remind us that
without timely intervention, the bacteria at peachy spots will
continue to destroy precious cultural relics.

Although studies based on DNA sequencing provide clues for the
peachy spots, they may not tell the current microbial activities on the
paper. Part of the detected DNA may be the remains of dead cells that
have not been degraded completely. This gives us an opportunity to
investigate the microbial community involved in the formation of
peachy spots, but it also increases the difficulty of analyzing the
process. One solution is to analyze RNA, which is much less stable
than DNA. However, we found that the concentration of RNA
recovered from the paper surface using noninvasive methods was too
low to study. Due to the limitation of sample numbers and the lack of
integrated analysis of multiple omics, the exact mechanism of peachy
spot formation needs to be further studied.

In summary, through nondestructive sampling and high-
throughput sequencing, it was found that the bacterial community on
the peachy spots on Kaihua paper significantly differed from that on
the unstained paper and the air in the stack room. No such difference
was found in the fungal community. Bioinformatics analysis and
functional gene prediction indicated that the formation of peachy
spots may be mainly related to bacteria rather than fungi. The bacterial
community may be mostly responsible for acidic substance and
pigment accumulation in paper. The mechanisms of peachy spot
formation are rather complex, and therefore, an increase in sample
size and multiomics joint analysis will be useful to reveal the key
microorganisms and their that

succession process cause

this phenomenon.
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Microbial diversity in earthen site
of exhibition Hall of pit no. 1 at
the terracotta warriors Museum
in Emperor Qinshihuang'’s
mausoleum site museum and its
correlation with environmental
factors

Cen Wang?, Lilong Hou?, Nan Jiang?, Yu Wang?, Xiaofen Mao*,
Ping Zhou*, Yin Xia* Yuanyuan Wang?, Chuyue Chen?
Xinyu Yang?, Qiang Luo** and Jiao Pan™

!Key Laboratory of Archaeomaterials and Conservation, Ministry of Education, Institute for Cultural
Heritage and History of Science and Technology, University of Science and Technology Beijing,
Beijing, China, 2Ministry of Education Key Laboratory of Molecular Microbiology and Technology,
Department of Microbiology, College of Life Sciences, Nankai University, Tianjin, China, *Institute of
Applied Ecology, Chinese Academy of Sciences, Shenyang, China, “Emperor Qinshihuang'’s
Mausoleum Site Museum, Key Scientific Research Base of Ancient Polychrome Pottery Conservation
of State Administration of Culture Heritage, Shaanxi Xi'an, China

Introduction: Earthen sites are essential cultural relic resources, and site
museums are a fundamental component of China’s cultural heritage protection.
The mausoleum of the Qin Shi Huang Emperor is one of the largest, most
peculiar, and richest imperial tombs in the world. The exhibition hall of the
burial pit No. 1 of the Terra Cotta Warriors is the earliest exhibition hall built and
opened to the public. However, after years of excavation and open exhibitions,
the earthen site of the Emperor Qinshihuang’'s Mausoleum Site Museum has
deteriorated to varying degrees due to changes in the modern environment.
There is an urgent need to control microbial diseases and protect the earthen
site.

Methods: We analyzed the physical and chemical properties and bioindicators
of the collected soil samples. We also established a metagenomic library and
conducted a correlation analysis between microbial community composition
and environmental factors. Cultivable fungi obtained from air and soil samples
were identified, and allicin volatile gas fungistasis test was conducted.

Result: Research has found that four different areas of the exhibition hall have
different types of microbial diseases owing to their different environments. The
main pathogenic fungi in earthen site may lead to potential microbial diseases
that affect important cultural relics such as the Terra Cotta Warriors. Penicillium,
Aspergillus and Talaromyces showed relatively specific growth in relation to
environmental factors and showed a better raw growth advantage.Allicin gas
had a inhibitory effect on 12 types of fungi, therefore allicin gas had a potent
inhibitory effect on the growth of the most culturable fungal hyphae.

Discussion: This study provides basic data for the study of microbial diversity
in the exhibition hall of Pit No. 1 at the Terracotta Warriors Museum in Emperor
Qinshihuang’s Mausoleum Site Museum. It provides a reference for future
protection work, which is of great significance.
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1 Introduction

Earthen sites are historical sites built with soil as the main building
material and are important evidence of ancient human activity
(Xiaoying et al., 2016; Kong et al., 2019; Xia Yin et al., 2023). There are
nearly 1, 000 earthen sites in China according to the statistics of
Chinas early key cultural relics protection institutions (Luo Xilian
et al., 2018). Meanwhile, more than 80 Chinese earth sites are on the
World Heritage List (2019) published by UNESCO (Briseghella et al.,
2020). However, these earthen sites are often extremely fragile, and
many are being degraded as a result of inappropriate excavation
processes and unsuitableprotective environments (Richards et al.,
2020; Yumin et al., 2020). Due to the diversity of topography,
hydrological environments, climatic environments and built forms of
earthen sites, the protection of different earthen sites should vary
according to their characteristics (Chonggen et al, 2020). Site
museums are a fundamental part of cultural heritage conservation in
China (Gu et al., 2013). For example, a cultural museum has been built
on the site in order to protect the Jinsha Site Museum (Zhu and Kan,
2009; Wei et al., 2019). The same is true of the Emperor Qinshihuang’s
Mausoleum Site Museum. The protection of the burial pits of the
Terracotta Warriors belongs to the in-situ protection of the site, which
is the protection of the earthen site by most of the site museums in
China (Zhang et al., 2009). Prior to excavation, the cultural relic
artifacts as well as the earthen site were rarely affected by the external
atmospheric environment and remained in a very stable preservation
environment for many years (Zhuangbo et al., 2022). However,
exposed sites are susceptible to damage from the surrounding
environment, such as changes in temperature and humidity (Xilian
etal, 2019; He et al,, 2021; Zhang et al., 2022). The impact of human
activities such as visits and archaeological research on earthen sites
can lead to destabilization of microbial populations. Therefore the
protection of soil sites should be emphasized.

Currently, research focuses on the effects of physical and
chemical factors on the degradation of earthen sites (Ma et al., 2020;
Xudong et al., 2020; Germinario and Oguchi, 2021). Instead, little
attention has been paid to the interaction of biological factors,
especially microorganisms, in the degradation of earthen sites.
Characterizing the microbial communities living in artifacts,
particularly the identification of the most destructive microorganisms,
will provide a basis for standardized microbiological control of
protected earthen sites (Yang et al., 2020). Currently, only 1% of
microorganisms can be cultured under laboratory conditions, so that
methods for genome characterization is an important tool for
determining the diversity and composition of microbial communities
and functions (Sauro et al., 2018), such as metagenomics data
assembly and analyses. It is an experimentally validated method for
studying microbial communities in environments provides a
powerful method, and has been successfully used to determine the
composition and diversity of microbial communities from different
environments (Alam et al., 2021), such as samples from river mud,
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groundwater and soil (Elena et al., 2019; Zaouri et al., 2020; Jiaxian
et al., 2021). He Jintao had use the metagenomics data assembly to
analyze the assembly processes of microbial communities in stone
biodeterioration of the West Lake UNESCO world heritage area in
China (Jintao et al., 2022).

Understanding how environmental factors affect the soil microbial
community can also be achieved at the same time as accurately
understanding how the microbial community affects the earthen sites
(Carini et al., 2020). For example, carbon and nitrogen in the soil may
affect the growth and metabolism of microorganisms through a
variety of direct or indirect effects, and even change the structure of
the microbial community in the soil as a whole, while microorganisms
may be involved in nitrogen metabolism and decomposition in the
soil (Jiang et al., 2013). There are two sources of fungal diseases on the
surface of soil sites. On the one hand, many of the soils were not
specially treated during the construction process, and the earthen sites
contain many fungal spores, on the other hand the dispersal of mold
spores brought by fallout and visitor activities (Xingqun et al., 1999).
These spores cause damage to the earthen sites when the museum soil
is moist and at the right temperature, and the fungal spores utilize the
organic matter in the soil as a nutrient resuscitation for survival. There
are a number of earth sites have been affected by various
microorganisms or have undergone microbial degradation. Microbial
diseases have emerged at archaeological sites in Liangzhu City, and
there is a strong correlation between microbial diversity and the
physical and chemical properties of the soil. The presence of
Acidibacter may cause the continuous degradation of organic matter
in the soil, such that the soil loses its original structure, becomes loose,
and easily falls off (Jing et al., 2019). With an increase in the degree of
degradation of the Jinsha soil site, the soil microbial community and
functional diversity also flourished, and many types of bacteria are
involved in the soil degradation process (Tongtong et al., 2017). The
microbial community on the surface of the Lidu wine cellar site was
determined and analyzed, and its dominant fungi mainly include
filamentous fungi and yeast (Wu Fasi et al., 2012). The corrosive fungi
on the surface of the Western Zhou Tomb Site in Dahekou, Yicheng,
Shanxi Province, mainly belong to Pseudomonas and Alternaria (Yin
etal., 2013).

The Qin Shi Huang Emperor mausoleum, built from 247 to
208BC, is one of the largest, most peculiar, and richest imperial
mausoleums in the world. It fully reflects the artistic wisdom of the
Han working people in ancient China more than 2000 years ago and
is a precious resort for the Chinese nation. On March 4, 1961, the
mausoleum of the Qin Shi Huang Emperor was announced by the
State Council as the first batch of major historical and cultural sites to
be protected at the national level. The Qin Shi Huang Mausoleum and
the Terra Cotta Warriors Pit were approved by UNESCO for inclusion
on the World Heritage List in December 1987. The No. 1 Pit exhibition
hall is a typical semi-open museum. It is the first exhibition hall built
and opened to the public at the Emperor Qinshihuang’s Mausoleum
Site Museum and is the largest core exhibition hall.
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However, after years of excavation and open exhibition, the
earthen sites and unearthed cultural relics of the Emperor
Qinshihuang’s Mausoleum Site Museum have also deteriorated to
varying degrees due to changes in the modern environment, resulting
in the ruins unable to maintain their original state (Qiang et al., 2021).
A large number of microorganisms and various coarse and fine
particles to gather in the exhibition hall of Pit 1. The aggregation of
flocs promotes the adsorption of these microorganisms and particles
on the surface of the site, causing the accumulation of dark sediment
on the surface and leading to further destructive effects such as
biological corrosion, biodegradation, and pigment pollution produced
by microorganisms. Luo et al. isolated and identified four main fungi
in flocs: Aspergillus niger, Aspergillus flavus, Penicillium oxalate, and
Alternaria alternata. The diversity of fungal communities in the flocs
was analyzed, with Alternaria and Aspergillus occupying an absolute
advantage (Qiang et al., 2021). There is an urgent need to study and
control microbial diseases and protect the earthen site of the Emperor
Qinshihuang’s Mausoleum Site Museum.

Choosing plant-based antifungal agents from actual plants is safer
and more environmentally friendly (Al-Qahtani et al., 2022). Plant
volatile oil, which is widely found in roots, bark, stems, leaves, flowers,
and fruits, is composed of terpenes, ketones, epoxides, esters, acids,
alcohols, and sulfides and has good antibacterial, antifungal, antiviral,
and antioxidant effects (Basile et al., 2009; Thotathil et al., 2023).
Yang’s treatment with allicin interfered with the biosynthesis, glucose
catabolism, and oxidative stress of the cell membrane and cell wall of
Trichosporon alfredii, proving that allicin had a favorable effect on
fungal inhibition (Yang et al., 2023).

In July 2022, we investigated the soil at the Terra Cotta Warriors
archaeological site. We divided the exhibition hall of Pit 1 of the Terra
Cotta Warriors into four areas: excavation, canopy, the surface under
the restoration, and the surface of the restoration. The locations are
shown in Figure 1. We found a large amount of flocculent material in
the restoration area, consistent with previous research results. Soil
samples will be collected to analyze soil physical and chemical
properties and bioindicators. A metagenomic library was established,
and the species and functional diversity of each sample were analyzed.
At the same time, a correlation analysis was conducted between the
composition of microbial communities and environmental factors.
The main culturable fungi obtained from the two samples were
isolated, purified, and identified. A volatile gas fungistasis experiment
was conducted to test whether allicin could inhibit the growth of these
fungi. Our research provides basic data for the long-term protection
of the exhibition hall of Pit 1 of the Terra Cotta Warriors in the
Emperor Qinshihuang’s Mausoleum Site Museum and puts forward
protection suggestions for microbial diseases. This provides relevant
data on the impact of microorganisms on earthen site protection and
the planning of earthen site protection strategies.

2 Materials and methods
2.1 Sample collection
Pit No. 1 at the Terracotta Warriors Museum is divided into four

areas: excavation area (EX), canopy area (CE), restoration area (RE),
and restoration area surface (RS). The excavation area (EX) is the pit
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in which the Terracotta Warriors archaeological excavations are
carried out, in which the soil may come into direct contact with the
Terracotta Warriors and other artifacts. The rammed earth walls in the
canopy area (CE) effectively supported the huge roof of the trellis,
ensuring that it would not collapse, and played an important role in
the protection of the Terracotta Warriors. Scaffolding wood filled with
green paste mud, with moisture, anticorrosive effect. The restoration
area (RE) and the surface of the restoration area (RS) are the areas
where the terracotta warriors were restored and exhibited next to the
terracotta pits. The samples of RE were collected from the soil about
10 cm below the top soil layer (RS). Gray flocs were found in all four
areas, and many flocs accumulated on the restoration area surface.
Three parallel samples were collected from each area using sterile
spoons and placed in sealed bags. Soil samples were collected from
each area at specific locations, times, and temperatures, as listed in
Table 1. Some were transported to the laboratory using ice bags,
whereas others were transported to the laboratory using dry ice. Those
transported in ice bags were stored in a 4°C refrigerator, while those
transported with dry ice were stored in a — 80°C refrigerator.

2.2 Isolation and purification of cultivable
fungi(microbial isolation, cultivation, and
identification)

Twelve soil samples were diluted 103 times, and the diluted soil
suspension was separately applied to the PDA (Potato dextrose agar
medium) medium, with three replicates for each medium of each
sample. After 3 days of culture at 28°C, a single fungal colony was
selected, inoculated in the new PDA medium, and cultured at 28°C
for 3days again until pure strains were obtained for subsequent
experiments. All pure microorganisms were stored at —80°C.

2.3 Metagenomics data assembly and
analyses

Total microbial genomic DNA was extracted using the DNeasy
PowerSoil Kit (QIAGEN, Netherlands)
manufacturer’s instructions. The quantity and quality of extracted

Inc.,, following the
DNA were measured using a NanoDrop ND-1000 spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, United States) and agarose
gel electrophoresis, respectively. The extracted microbial DNA was
processed to construct metagenome shotgun sequencing libraries with
insert sizes of 400 bp using the Illumina TruSeq Nano DNA LT Library
Preparation Kit. Each library was sequenced using the Illumina HiSeq
X-ten platform (Illumina, United States) using the PE150 strategy at
Personal Biotechnology Co., Ltd. (Shanghai, China) (Huang
etal., 2021).

The raw sequencing reads were processed to obtain quality-
filtered reads for further analysis. Sequencing adapters were removed
from sequencing reads using Cutadapt (v1. 2. 1). Low-quality reads
were trimmed using a sliding-window algorithm. Sequencing reads
were aligned to the host genome using Burrow-Wheeler Aligner
(BWA) to remove host contamination. Once quality-filtered reads
were obtained, they were assembled de novo to construct a
metagenome for each sample using the Iterative De Bruijn graph
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FIGURE 1
Environmental images of soil sampling locations. Excavation Area (EX), Canopy Area (CE), Restoration Area (RE), Restoration Area Surface (RS).

TABLE 1 Environmental information of soil sample collection locations.

Sampling location EX CE RE RS

Location description T24, G10 T24, Q9 Open space on the northwest Open space on the northwest
(West Section) (West Section) side of the restoration area side of the restoration area

Time 10:30 10:00 9:30 8:40

Real-time temperature 23.9°C 30.9°C 28.2°C 28.2°C

Real-time relative humidity 79.8% 56.6% 21.02% 21.02%

assembler for sequencing data with highly uneven depth. All coding
regions (CDS) of the metagenomic scaffolds longer than 300 bp were
predicted using MetaGeneMark. The CDS sequences of all samples
were clustered using Cluster Database at High Identity with Tolerance
(CD-HIT) with 90% protein sequence identity to obtain a
non-redundant gene catalog. The gene abundance in each sample was
estimated using soap coverage based on the number of aligned reads.
The lowest common ancestor taxonomy of the nonredundant genes
was obtained by aligning them against the NCBI NT database using
BLASTN (e-value <0. 001). Similarly, functional profiles of
non-redundant genes were obtained by annotation against the KEGG,
EggNOG, and CAZy databases using the DIAMOND alignment
algorithm at Shanghai Personal Biotechnology Co., Ltd. (Shanghai,
China) (Huang et al., 2021).
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2.4 Analysis of species diversity and
functional diversity of microorganisms in
soils of different regions

Analysis was performed using GenesCloud, a free online platform
for data analysis." QIIME was used to determine the composition and
abundance distribution of each sample at each classification level
(domain, phylum, class, order, family, genus, and species), integrate
the species annotation information of contig sequences with the
abundance table in each sample, and obtain the species abundance

1 https://www.genescloud.cn
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table of each sample at each classification level. Based on the
sequencing results, the composition of the microbial communities in
the soil samples was analyzed at the genus level to conclude.

The common and unique functional groups of each sample were
analyzed. Based on the composition spectrum of the underlying
functional units annotated in each functional database for each sample,
the R software was used to calculate and visually present the number of
common and unique functional class groups for each sample using
Venn diagrams. Principal coordinate analysis (PCoA) was used to
analyze the functional beta diversity of each sample. This was done to
obtain the spatial distribution characteristics of the sample functional
composition and quantify the differences between the samples.

2.5 Analysis of the physical and chemical
properties of the environmental factor and
association analysis

Twelve soil samples of approximately 100 g each were sent to the
Institute of Applied Ecology, Chinese Academy of Sciences, for
chemical, physical, and bioindicator determination.

The soil texture and structure, water content, trace element content,
heavy metal content, organic carbon content, microbial carbon content,
phosphorus-related hydrolase, and carbon-related hydrolase were mainly
measured as environmental factors for the correlation analysis. Soil pH
(water) was determined with a glass electrode (pH 700 Bench Meter,
Eutech Instruments) at a ratio of 1:2. 5. Soil total carbon (C), nitrogen
(N), and sulfur (S) were measured using an automatic element analyzer
(Analyzer vario MICRO cube, Elementar, Germany). The trace metals
were extracted using 0. 1M BaCl2 and determined using Inductively
Coupled Plasma Optical Emission Spectrometer (ICP-OES). Microbial
biomass carbon(MBC) was obtained using the chloroform fumigation
direct extraction method. o-glucosidase activity () and f-
glucosidase activity (B) were obtained by the p-nitrophenol
method. Cellobiohydrolase activity (CBH), xylosidase activity,
phosphomonoesterase I (ALP)and II (ACP) were determinedis obtained
by the p-nitrophenylphosphate method, and phosphodiesterase (PDEs)
by the bisnitrophenylphosphate method.

An environmental factor association analysis heat map was
plotted using heat map tools on the GenesCloud platform.” The tool
was developed using the pheatmap package (V1. 0. 8), which was
slightly modified to improve the layout style. The data were normalized
by z-scores. The package uses popular clustering distances and
methods implemented in the dist and hclust functions in R. Based on
the species annotations of each sample in the database at the genus
level and the obtained soil physicochemical property analysis results,
the correlation between each sample species and the environment was
visually presented using a heatmap.

2.6 Antimicrobial experiment of volatile
allicin gas

The antimicrobial effect of allicin volatile gas was determined using
a dichotomy plate with culturable fungi that were isolated and purified

2 https://www.Genescloud.cn
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as the experimental object (Huang et al., 2019). A PDA medium was
poured on one side of a split plate. After medium solidification, a fungal
coating with a diameter of approximately 8 mm was applied to the
culture medium. The air concentration of allicin was 625 pL/L when
50 uL allicin was added to the other side; the volume of the 90 mm
culture dish was about 80 mL. An equal amount of sterile distilled water
was used as a negative control to observe the inhibitory effect.

2.7 Bacterial growth culture and heavy
metal ion stress growth culture

During the excavation of the Terracotta Warriors, many copper
weapons were unearthed, so there are high levels of copper in the soil,
especially in the excavated areas(the average value is 48.760 mg/kg).
Macrogenomic sequencing analysis showed that Cupriavidus were
found in the excavation area where a large number of copper artifacts
had been buried. Therefore, we carried out further analyses of the
Cupriavidus alkaliphilus.

For the particular bacterium C. alkaliphilus, which was isolated and
obtained from the excavation area and account for 0. 15% of species
diversity, even in the excavation areas the percentage reaches 6. 75%.
We performed the growth curve of this strain. One ring of activated
C. alkaliphilus plaque was inoculated into the 50 mL LB liquid medium,
incubated at 37°C, 180rpm for 16, and reserved for use. The sterilized
LB liquid medium was divided into 18 100mL sterilized triangular
bottles, each filled with 20mL of liquid, sealed with air-permeable sealing
film, and labeled and numbered; one bottle was labeled as the control
and stored at 4°C, and the other 17 bottles were labeled as 0, 2, 4, 6, 8, 10,
12, 14, 16, 18, 20, 22, 24, 26, 28, 30, and 32h. Each bottle was inoculated
with the above-mentioned bacterial seed solution at an inoculum of 10%
(V/V), and shake cultivation was performed for 16h at 37°C and 180 rpm
and the corresponding bottles were taken out according to the labels at
the corresponding time and then preserved in the refrigerator at 4°C for
the measurement of the ODg, nm values by photoelectrophoresis
turbidimetry. Three parallel groups were established at each time point.
The measurements were performed until a plateau was reached.

The LB liquid medium was prepared by adding CuSO,-5H,0 so
that the Cu®* concentration gradient was 5, 7. 5, 10, 20, 25, and
30mg/L (in terms of pure Cu*), and 17 triangular flasks of each
concentration were labeled as 0, 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, 24,
26, 28, 30, and 32h. In addition, the LB liquid medium without any
heavy metal ions was used as the control, and the pre-cultured
bacterial solution was inoculated into the above medium at an
inoculum of 10% (V/V) and placed on a shaker (180 rpm) at a constant
temperature (37°C) for the shake flask culture. The corresponding
flasks were taken out at the corresponding times according to their
labels and stored in the refrigerator at 4°C. Three parallel groups were
established at each time point. Measurements were taken until a
plateau was reached.

2.8 Measuring bacterial growth by the
photo turbidimetric method and plotting
growth curves and growth histograms

After sampling the bacterial growth culture solution, the
wavelength of the UV-visible spectrophotometer was adjusted to

600 nm. The ODgy,r, value of the bacterial solution of C. alkaliphilus
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at different incubation times was determined, and the average value
of each sample was taken thrice. The range of the spectrophotometer
was 0. 0000-3. 0000; if the mass concentration of the bacterial
suspension was too large, it was diluted at appropriate times, and the
incubation time, dilution times, and ODg,,,, value were recorded. The
incubation time of C. alkaliphilus served as the horizontal coordinate,
the average ODjgonnm value of the measured bacterial solution was used
as the vertical coordinate, and the growth curve of C. alkaliphilus was
drawn. Using the Cu** concentration as the horizontal coordinate and
the ODgoum Vvalue as the vertical coordinate, the histogram of the
maximum amount of growth of Cu*'-C. alkaliphilus was plotted.

3 Results

3.1 Cultivable fungi isolation, cultivation,
and identification

In July 2022, we collected three soil samples from the excavation,
canopy, restoration area, and restoration area surface in the exhibition
hall of the Terra Cotta Warriors Burial Pit No. 1 of the Emperor
Qinshihuang’s Mausoleum Site Museum. A total of 12 samples were
collected. Following separation and purification, 28 cultivable fungi
were identified and classified. Of these, 16 were identified in previous
experiments (Qiang et al., 2021) and may be the main pathogenic
fungi, as shown in Table 2. The plate photographs and
photomicrographs of the fungi isolated from the soil are presented in
Figure 2.

3.2 Fungal community analysis
The microbial diversity results obtained from the above-

mentioned 12 samples were analyzed. The results are shown in
Figure 3, where they rank among the top 20 in terms of genus-level

10.3389/fmicb.2024.1378180

abundance. Penicillium, Aspergillus, Lipomyces, Alternaria, and
Fusarium accounted for the largest proportion. Among the 20 genera
present in the largest proportions, Penicillium, Aspergillus,
Alternaria, Fusarium, Talaromyces, and Trichoderma were obtained
in isolation and purified. The analysis of the microbial community
composition in the 12 soil samples showed that the top ten
microorganisms in abundance were all bacteria, as shown in the
Figure 3. Among these, Nocardioides, Amycolatopsis, Arthrobacter,
Pseudonocardia, and Streptomyces accounted for the largest
proportion. The abundance of fungi and bacteria in the soil suggests
the potential harm to soil sites and even to the Qin Terracotta
Warriors.

TABLE 2 Identification results of cultivable fungi isolated and purified
from soil samples.

QWS-1 Penicillium chrysogenum 100.00% MK841451.1
QWS-2 Simplicillium aogashimaense 100.00% MT860448.1
QWS-3 Penicillium corylophilum 99.89% MH876147.1
QWS-4 Aspergillus niger 99.82% KT192262.1
QWS-5 Aspergillus versicolor 99.80% KP940477.1
QWS-6 Aspergillus flavus 99.42% MT509808.1
QWS-7 Aspergillus sydowii 99.69% KJ524908.1

QWS-8 Aspergillus puulaauensis 99.68% AP024448.1
QWS-9 Alternaria alternata 99.69% KT207688.1
QWS-10 Fusarium proliferatum 98.27% MG274295.1
QWS-11 Fusarium fujikuroi 99.90% CP023090.1
QWS-12 Fusarium solani 99.77% MT579869.1
QWS-13 Fusarium incarnatum 100.00% MT560229.1
QWS-14 Talaromyces funiculosus 99.77% MH876669.1
QWS-15 Trichoderma longibrachiatum 100.00% MT520608.1
QWS-16 Trichoderma harzianum 99.27% MN611195.1

FIGURE 2

Plate photos and micrographs of isolated and purified fungi (Inner diameter of the medium is 5cm, The scale in the micrograph is 10pm).
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FIGURE 3
Microbial diversity results of soil samples (A represents fungal genus-level diversity results, B represents bacterial genus-level diversity results).
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Venn plots of the number of common and unique species groups in
the collected samples from the four regions were drawn, and PCoA
analysis on their beta diversity was performed to quantify the differences
between the samples. From Figure 4 shows that the excavation area
contains more unique species, whereas the excavation area (EX) and
canopy area (CE) contain more of the same species. There were significant
differences in species between the excavation area (EX) and surface area
(RS) of the restoration area and other groups. The species group differences
between the two samples in the canopy area (CE) and restoration area (RE)
were relatively small, and the similarity was relatively high.

3.3 Analysis of the functional diversity of
microorganisms
The KEGG Metabolic Pathway Database is the core database of

KEGG. This database systematically categorizes metabolic pathways
into seven major categories: metabolism, genetic information
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processing, environmental information processing, cellular processes,
organic systems, human diseases, and drug development. By
integrating the annotated the KO database of soil microorganisms
with the gene abundance matri, the top three pathways ranked in
abundance were found to be related to metabolism, genetic
information processing, and cellular processes. The corresponding KO
abundance of each protein was obtained, as shown in Figure 5A.

The EggNOG database is managed by the European Molecular
Biology Laboratory, which uses the Smith-Waterman comparison
algorithm to annotate the functions of orthologous groups of genes. A
relative abundance diagram is shown in Figure 5B. The top three are amino
acid transportation and metabolism, energy production and conversion,
replication, recombination, and restoration area. Using the EggNOG
annotation of soil sample microorganisms, the bias and composition of
microbial protein production in excavated soil can be analyzed, providing
data support for various mechanisms and functions of research.

The CAZy database focuses on carbohydrate-active enzymes that
degrade, modify, and generate glycosidic bonds. This is a professional
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database used to study related enzymes. Based on the similarity of
amino acid sequences in protein domains and their corresponding
functions, CAZy divides these carbohydrate-active enzymes into six
major functional protein modules: glycoside hydrolases, glycosyl
transferases, polysaccharide lyases, carbohydrate esterases, auxiliary
oxidoreductases, and carbohydrate-binding modules. A relative
abundance diagram is shown in Figure 5C. The top three modules were
glycoside hydrolase, glycosyltransferase, and carbohydrate-binding
modules. By annotating the CAZy database of soil microorganisms in
excavation pits, the bias and composition of microbial carbohydrate
enzyme systems can be fully analyzed, providing data support for the
study of pathways such as microbial degradation and metabolism.
Venn plots of the number of common and unique functional
groups in the collected samples from the four regions were drawn, and
PCoA analysis on their beta diversity was performed to quantify the
differences between the samples, as shown in Figure 6. The excavation
area contains a relatively large number of unique species and functional
components. The species group differences between the two samples in
CE and RE were relatively small, and the similarity was relatively high.

3.4 Correlation analysis between
microorganisms and soil physical and
chemical properties

The soil macroelement content was the lowest in the remediation
area, but no significant differences among the sampling points were
found, as shown in Figure 7A. The soil moisture content, pH, and
microbial biomass carbon content in the excavation area were significantly
higher than those at the other sampling points, indicating that soil
conditions, such as humidity and pH, are more conducive to microbial
growth in the area, as shown in Figures 7B,C. The activity of soil carbon-
related hydrolase is the highest in the surface sampling area. In particular,
a- and p-glucosidases indicate that the hydrolysis of soil organic matter in
this area increases, which is not conducive to the stability of soil mass, as
shown in Figure 7D. This result was consistent with the metagenomic
sequencing results from the CAZy database. Similar to carbon-related
hydrolase, the activity of soil phosphorus-related hydrolase was the
highest at the surface sampling point, followed by the excavation area,
which proves that the hydrolysis of soil organic matter in this area
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increased, which is not conducive to land stability, as shown in
Figure 7E. The proportion of silt particles in the soil at each sampling
point was highest, followed by those of sand and clay particles. The
proportion of silt particles in the soil of the excavation area was the
highest, whereas that of clay particles decreased. The risk of soil erosion
in this area was high, as shown in Figure 7E. Available nutrients in the soil
are crucial for the growth of soil microorganisms. There was no significant
difference in the alkali-hydrolyzed nitrogen content of the soil at each
sampling point. The soil of the excavation and canopy area had the highest
contents of available phosphorus and potassium, which could provide
effective nutrients for microbial activities, as shown in Figure 7G. Due to
the alkalinity of the soil, there is a carbonation reaction when adding acid,
which increases the determination of soil organic carbon content. The
results showed that the total carbon content of the soil was 11. 83-15.
27%, whereas the organic carbon content was only 3. 39-11. 32%. In
particular, in the excavation area, the organic carbon content was only 21.
9% of the total carbon content, as shown in Figure 7H.

The following environmental factors most closely related to microbial
growth activities were screened: a- glucosidase activity (o) and
B-glucosidase activity (). The correlation between water content (H,0),
soil pH (pH), microbial biomass carbon (MBC), available phosphorus
(P), and available potassium (K) was analyzed with the genera of
dominant fungi and bacteria, and a heat map was drawn (Figure 8).
alkaline
phosphomonoesterase, microbial biomass carbon, and organic carbon in

Soil  a-glucosidase  activity, cellobiose  hydrolase,
the total carbon ratio significantly correlated with the content of dominant
fungi and were mostly positively correlated. There was a significant and
mostly negative correlation between the soil moisture content and
dominant fungal content. Penicillium, Aspergillus, Talaromyces,
Filamentomyces, and Phialosimplex differed from the other genera. Soil
a-glucosidase activity, available phosphorus, available potassium, water
content, microbial biomass carbon, and powder and copper content
significantly correlated with the content of dominant bacteria, with most
of them being negatively correlated. Soil P-glucosidase activity,
phosphodiesterase, sand content, cadmium ion concentration, and
selenium ion concentration significantly correlated with the content of
dominant bacteria, with most of them being positively correlated. The
relationship between Nocardioides and Cupriavidus and soil properties
was more specific. The correlation analysis of soil property factors with

dominant fungi and bacteria provided data support for analyzing the
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function of microorganisms in the soil of the Emperor Qinshihuang’s
Mausoleum Site Museum and their impact on soil sites.

3.5 Antimicrobial experiment of allicin
volatile gas

Dichotomy was used to determine the antifungal effect of allicin
volatile gas. Sterile distilled water was used as the negative control. The
inhibitory effect was observed when the air concentration of allicin
was 625 uL/L. As shown in Figure 9, under normal growth conditions
of fungal hyphae in the negative control group, allicin gas had a potent
inhibitory effect on the growth of the most culturable fungal hyphae.
Allicin gas had a potent inhibitory effect on 12 types of fungi.

3.6 Growth curve and growth volume
histogram of Cupriavidus alkaliphilus

The culture of C. alkaliphilus was carried out by traditional shaking
cultivation, and its growth was measured by the phototurbidimetric
method at ODy, nm using an uninoculated pure medium as a negative
control. The growth curves and amounts of C. alkaliphilus at different
Cu** concentrations are shown in Figure 10. With an increase in Cu®
concentrations, the acclimatization period of C. alkaliphilus was
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significantly prolonged, and its growth in the culture containing Cu**
was lower than that in the culture without copper ions.

4 Discussion

We analyzed the physical and chemical properties and bioindicators
of soil samples from earthen sites in the exhibition hall of the Terra Cotta
Warriors burial pit No. 1 of the Emperor Qinshihuang’s Mausoleum Site
Museum. A metagenomic library was established, the species diversity
of the microbial community was analyzed, and functional diversity was
predicted. Simultaneously, we analyzed the correlation between the
microbial community composition and environmental factors. This
study provides basic data for the prevention and treatment of microbial
diseases in soil sites in the exhibition hall of the Terra Cotta Warriors
burial pit No. 1 of the Emperor Qinshihuang’s Mausoleum Site Museum
and is of great significance for protecting the soil site museum.

4.1 Analysis of microbial diseases in earth
site of Terra Cotta Warriors Pit No.1

The mausoleum of Emperor Qin Shi Huang was built more
than 2, 000 years ago. The Terra Cotta Warriors were discovered in
March 1974, and excavations began in July. The No. 1 Pit has been
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excavated three times on large scales (Ma et al., 2016). The
exhibition hall of the no. 1 Pit is the earliest semi-open exhibition
hall built and opened to the public at the Emperor Qinshihuang’s
Mausoleum Site Museum. The exhibition hall is a steel-frame
building. Apart from the necessary measures to avoid sunlight and
rain, there are no other environmental protection measures.
Sunlight can directly illuminate the site hall through glass
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windows, causing significant changes in temperature and humidity
in areas exposed to sunlight, may also cause the growth of some
photosynthetic microorganisms (Dexing, 2013; Binyaseen, 2022).
Owing to the large space in the exhibition hall, effective
temperature and humidity controls cannot be implemented. With
an increasing number of tourists and the entry of archaeological
excavation personnel, many microorganisms and various coarse
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and fine particles have gathered in the exhibition hall of Pit 1. The
aggregation of flocs further accumulates dark sediments on the
surface of the earthen site, leading to further microbial
contamination. Early scholars conducted targeted research. Zhang
et al. speculated that the surface sediment of the site and cultural
relics came from clothing fibers worn by many tourists. Li et al.
suggested that dust discharge from nearby industries, power plants,
and civilian furnaces also adds to the dust from Pit 1. Furthermore,
several poplar and willow trees are planted around the South Ring
Road of Pit 1 (Li Hua and Du Weisha, 2019). In the canopy and
restoration areas, especially on the surface of the restoration area,
these flocs can be observed to gather in large quantities, whereas
less flocs accumulates in the excavation area, because of its low
elevation and state of excavation. Therefore, PCoA revealed that
the species composition of the excavation area differed significantly
from that of the other three areas.
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4.2 Correlation between dominant fungi
and bacteria in Terra Cotta Warriors Pit No.
1 and environmental factors

Using heat maps, the GenesCloud tool was used to visualize the
correlation between dominant species and environmental factors in
each sample. Because all four areas are located in the same exhibition
hall, some of the physical properties of the soil are relatively similar. In
our study, a-glucosidase activity (a), p-glucosidase activity (B), the water
content, soil pH, microbial biomass carbon, available phosphorus, and
available potassium are closely related to microbial growth activities.
The relationship between Cupriavidus and soil properties was more
specific. Many copper weapons were unearthed during the excavation
of the Terra Cotta Warriors; therefore, there was high copper content in
the soil, especially in the excavation area. Cupriavidus sp. was identified
as a Cupriavidus alkaliphilus in later identification experiments, and it
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FIGURE 9

Antifungal effect of volatile allicin gas determined by dichotomy (Inner diameter of the medium is 9 cm) Fungal moss is 8mm in diameter).

has genes for resistance to nickel, zinc, arsenate, chromate, cobalt,
cadmium, and copper, as well as genes for the production of secondary
metabolites, such as bacteriocins, non-ribosomal synthesizing peptides,
iron carriers, and polyketides (Rojas et al., 2016). A large group of genes
essential for resisting and detoxifying several heavy metals has also been
identified (Kutralam-Muniasamy and Pérez-Guevara, 2019). Several
genes are involved in the resistance to and detoxification of heavy metals
in copper-greedy bacteria. Therefore, C. alkaliphilus can potentially
harm the metal cultural relics unearthed in the burial pits of the Terra
Cotta Warriors.

4.3 Possible potential hazards of
Cupriavidus alkaliphilus on copper artifacts

In our experiments, C. alkaliphilus was cultured using media
containing different concentrations of Cu**. When lower Cu** were
present, C. alkaliphilus had a shorter logarithmic period of growth
and a relatively faster growth rate. The acclimatization period of
C. alkaliphilus appeared to be significantly prolonged with
increasing concentrations of Cu®*. The growth level of C. alkaliphilus
was lower in cultures containing Cu** stress compared to those
without Cu?* ions. The presence of C. alkaliphilus could potentially
be harmful to metallic artifacts excavated from the burial pits of the
Terracotta Warriors.

4.4 The application value of allicin as an
antibacterial agent in the protection of
cultural relics

Choosing plant-based antifungal agents from actual plants is

safer and more environmentally friendly. In recent years,
domestic and international research has revealed multiple known
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and novel structural types of active plant-derived antibacterial
ingredients. It is ideal for developing plant-based antibacterial
agents and has received increasing attention from scholars.
Allicin (C¢H,,0S,) is an organosulfur compound with the
scientific name of diallyl thiosulfinate, is the main bioactive
component of garlic and exhibits broad-spectrum antibacterial
and antifungal activity. In this study, we used the dichotomy
method to determine the antifungal effect of volatile allicin gas,
which has a potent inhibitory effect on the mycelial growth of
most fungi. However, owing to the odor of allicin itself, we still
need to further improve this method by reducing the
concentration of allicin. However, because allicin has a potent
inhibitory effect on the mycelial growth of most fungi, it can
be regarded as a reference for the prevention of microbial diseases
in soil sites and cultural relics.

In the different areas of the exhibition hall of Pit 1, there are
terracotta warriors that are excavated, restored and conserved.
Therefore, the dominant fungi found in the earthen ruins may
be the cause of microbial damage to the precious cultural relics
of the Terra Cotta Warriors, with potential risks. Therefore, fungi
discovered at soil sites must be taken seriously by conservationists.
This study is of great significance for the protection of the Terra
Cotta Warriors and other precious cultural relics in the Emperor
Qinshihuang’s Mausoleum Site Museum.

5 Conclusion

The problem of microbial diseases in the earthen sites in the
exhibition hall of burial pit No. 1 of the Terra Cotta Warriors in
the Emperor Qinshihuang’s Mausoleum Site Museum is cannot
be ignored. The microbial diseases in different areas of the
exhibition hall differ because of the different environments. The
main pathogenic fungi in the earthen sites may cause microbial
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Growth curves and histograms of copper ion stress in the growth of Cupriavidus alkaliphilus.

diseases that affect essential cultural relics such as the Terra Cotta
Warriors. Cupriavidus alkaliphilus is abundant in the soil of the
excavation areas of exhibition halls and may pose a potential
hazard to excavated metallic artifacts. Allicin is expected to
become an effective bacteriostatic agent to prevent cultural relics,
such as the earthen sites and Terra Cotta Warriors, from being
persecuted by disease microorganisms. This study provides basic
data on the microbiological problems of earthen sites in the
exhibition hall of the Terra Cotta Warriors Burial Pit No. 1 in the
Emperor Qinshihuang’s Mausoleum Site Museum, which is of

Frontiers in Microbiology

great significance for the protection of the sites as well as for the
protection of the Terra Cotta Warriors and other precious
cultural relics in the museum.
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Introduction: The Sanxingdui site (Sichuan, China) is the typical representative of
the ancient Shu culture, which lasts from the late Neolithic to early Western Zhou.
The sacrificial pits are located in the core region of Sanxingdui site, and numerous
artifacts are unearthed including ivory, seashells, bronzes, pottery, jade, stone,
gold, bone, and horn products. The function of the pits and buried artifacts
has always been the focus, but the microbiome around artifacts attracts less
attention. Recently, the microbiome in buried ivory soil has just been identified;
however, the microbiome around other artifacts has never been studied. In term
of the unique perspective for interpretation the archaeological issues, the study
was carried out for: (1) the microbial diversity and community of soil in the lower
layer of artifacts in sacrificial pits, (2) the potential biodeterioration behavior of
organic and inorganic relics, and (3) the impact of sacrificial and burial activities
in different sacrificial pits on microbiome.

Methods: There were 45 soil samples around different artifacts in three sacrificial
pits and 12 raw soil samples inside or outside the sacrificial pit sampling from
Sanxingdui site. The microbial genomes were then identified and analyzed using
the next-generation high-throughput sequencing.

Results: The represented bacterial phyla were Proteobacteria, Actinobacteriota,
GAL15, Chloroflexi, Acidobacteriota, Methylomirabilota, Thermoplasmatota,
Crenarchaeota, Gemmatimonadota, and Firmicutes, and the represented
fungal phyla were Ascomycota, Mortierellomycota, and Basidiomycota. Further
microbial functional analysis found that the bacterial genera Sphingopyxis,
Limnobacter, and Streptomyces and the fungal genera Cladosporium,
Acremonium, and Mortierella were concerned with the degradation of organic
matter, while the genera Pseudomonas, Arthrobacter, Variovorax, Aspergillus,
and Penicillium might be related to the biocorrosion of bronzes. In addition, the
microbial composition and principal co-ordinate analysis (PCoA) demonstrated
the significant differences in microbial composition and structure between the
raw soil samples and the soil samples around the artifacts and also between the
soil samples in different sacrificial pits.

Discussion: It is important to understand the biodeterioration of the buried
artifacts and the sacrificial activities in Sanxingdui site according to the results
of microbial diversity and community. The combination of microbiology and
archaeology will shed light on the archaeological issues related to the ancient
human activities and behaviors.
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1 Introduction

Microbes are ubiquitous and are isolated from various
archaeological relics and cultural heritage, including bones (Kazarina
et al.,, 2019), dental calculi (Gancz et al., 2023), mural (He et al.,
2021), wooden relics (Liu et al., 2018; Cao et al., 2024), historical
textiles (Brzozowska et al., 2018), stone relics (Liu et al., 2020),
metallic antiquities (Junco et al., 1992), and pottery (Ren et al., 2023).
The combination of archaeology and microbiology promises to
provide an innovative perspective for the analysis and interpretation
of archaeological issues. On the one hand, microbial diseases of
cultural heritage have always been a research focus in the field of
archaeological heritage conservation (Li et al., 2017; He et al., 2021;
Zhang et al., 2023). The degradation and deterioration caused by
microbial activity are non-negligible and irreversible during the long-
term burial or open environments, resulting in the destruction of
economic, artistic, historical, and cultural value. The organic matter
is attacked and broken down by microbial metabolic pathways and
enzyme action, which is converted into simple organic acids, amino
acids, glucose and carbonates, etc., accelerating the energy flow and
nutrient cycle in the ecosystem (Yang et al., 2024). The most common
mechanism of biodeterioration on inorganic and metallic is
concerned with the formation of bacterial and fungi biofilms, which
are composed of cells, spores, fat globules, and dirt matter, and
gradually hardened into the sticky layers through the action of

cellular excretions (Swaroop et al.,, 2016). Numerous microbes are
inhabited in the biofilms, causing the physical and chemical damage
of metal, stone, or pottery relics via the release of various bioactive
natural products.

On the other hand, microbial community in the soil of
archaeological sites can serve as certain indicators of ancient human
activities. Some studies indicate that human consumption and
behavior habits leave traces on microbiome in archaeological
evidence (Margesin et al., 20165 Siles et al., 2018). Therefore, the
differences of microbial composition and structure at different
ancient human-impacted soil regions can be regarded as the unique
record of environmental changes and anthropogenic activities during
their formation, providing necessary information to archaeological
research over long time scales. Recently, the microbial community
inhabiting in soil from three archaeological human-impacted layers
at Monte Iato settlement (Sicily, Italy) has been investigated and
proved the distinction on microbial C-source utilization patterns and
structures reflecting different past human activities (Siles et al., 2018).
But the microbiome of archaeological soil has received less attention
than other remains. It is extremely necessary to identify the soil
microbial community of buried environments not only for assessing
microbial biocorrosion of burial artifacts but also for speculating on
human activities and burial behaviors at the time.

The Sanxingdui site (Figure 1) is located in Sanxing Village,
Sanxingdui Town, Guanghan City, Sichuan Province, China, on the
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FIGURE 1
Map of Sanxingdui site.
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south bank of the Yazi River and in the western suburbs of
Guanghan City. The site is regarded as an outstanding representative
of the ancient Shu culture for the late Neolithic to early Western
Zhou, selecting as one of the “Top 100 Archaeological Discoveries
of the Century” in China. The sacrificial area is situated on the
south bank of the Mamu River, covering an area of approximately
13,000 cm?. In 1986, two sacrificial pits, named No. 1 pit (K1) and
No. 2 pit (K2), were discovered in the first archaeological excavation.
Until 2019, six newly discovered sacrificial pits (numbered K3 to
K8) were found and excavated in 2020. The brief excavation reports
of the sacrificial area and sacrificial pit K4 have been published,
respectively, confirming that the "C dating of K4 is 3,148-2,966 cal.
BP. The artifacts unearthed from the sacrificial pits include ivory,
seashells, bronzes, pottery, jade, stone, gold, bone, and horn
products. The distribution and artifacts buried in K3, K4, and K8
are shown in Figure 2. The deposits of K3 and K4 are

10.3389/fmicb.2024.1489025

stratigraphically divided into rammed earth, ash layer, and artifact
layer, while deposit of K8 is more complex and divided into rammed
earth, ash layer, separation layer, and artifact layer. In the artifact
layer of K3, K4, and K8, the upper is the ivory, and the lower is the
other artifacts involving bronzes, gold, jade, pottery, etc. The
microbial community of the ivory soil has been detected in previous
study (Sun et al., 2024). But the microbial composition and
structure in the lower soil of artifact layer have received
little attention.

The aim of the study was to identify the microbial community in
the lower soil of artifact layer via high-throughput sequencing and
then to discuss the effect of sacrificial ceremony, sacrifice selection,
burial activities, and other activities at that time on microbial
composition and structure, simultaneously, to further evaluate the
possible biodeterioration of the buried artifacts, providing a basis for
the long-term preservation.

A

—_—z
"
N =
=

I sacrificial pits excavacd in 1986

- Sacrificial pits excavaed in 2019
and 2020
0 Sacrificial pits analyzed in the study
——— Archaeological exploration in 1986
——— Archacological exploration in 2020

FIGURE 2

(D) Sacrificial pit K8.

Distribution of sacrificial pits and images of artifacts in analyzed sacrificial pits. (A) Distribution of sacrificial pits. (B) Sacrificial pit K3. (C) Sacrificial pit K4.
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2 Materials and methods

2.1 Archaeological site and sample
collection

Archaeological excavations of the six new sacrificial pits K3 to K8
were conducted in October 2020. The sacrificial pits K3, K4, and K8
were selected as the subject of this study. The shape, size, and some
physical-chemical properties of the three sacrificial pits were
introduced in the previous reports (Sun et al., 2024). A brief
introduction to soil moisture content and pH value of buried
environment was as follows. The soil moisture content in K3 was
22.64%, and the pH was 7.16. The soil moisture content of K4 was
22.08%, and the pH was 7.18. The soil moisture content of K8 was
20.20%, and the pH was 7.19. During the excavations, five soil samples
(numbered “1-5, test sample) were collected from the lower of
artifact layer in K3, K4, and K8, respectively, for a total of 15 samples.
In addition, the raw soil samples (numbered “0,” control group A) at
the bottom of each pits in K3, K4, and K8 and one raw sample
(numbered “S_0;” control group B) outside the sacrificial pits were also
analyzed as control samples to comparative analysis. Soil samples were
gathered using sterile scalpel and collected into Corning centrifuge
tubes with —30°C storage temperature. As shown in Tables 1, 19
samples were categorized according to the excavated sacrificial pits
and the type of artifacts near its location. All samples were sequenced
three replicates to minimize errors and finally a total of 57 samples.

2.2 DNA extraction and amplicon generation

Total genomic DNA was extracted from 0.5 g soil samples using
the FastDNA® Spin Kit for Soil (MP Biomedicals, LLC, USA) as
recommended by the manufacturer’s instructions. The concentration
and purification of DNA samples were detected with NanoDrop 2000
(Thermo Fisher Scientific Inc., USA). The integrity of DNA was
examined using 1% agarose gel electrophoresis with the voltage of
5 V/cm for 20 min by the electrophoresis system JY-600C (Beijing
Junyi Electrophoresis Co., Ltd., China).

Subsequently, PCR amplification was conducted using ABI
GeneAmp® 9700 (Thermo Fisher Scientific Inc., USA). The primers
of bacteria were designed based on the V4 hypervariable regions of
16S rRNA with 515F 5'-GTGYCAGCMGCCGCGGTAA-3" and 806R
5-GGACTACNVGGGTWTCTAAT-3'(Peiffer et al, 2013). The
primers of fungi were amplified with the rRNA ITS1 hypervariable
regions of ITSIF 5-CTTGGTCATTTAGAGGAAGTAA-3" and
ITS2R 5-GCTGCGTTCTTCATCGATGC-3'(He et al., 2021). After
quality check of amplicons employing 2% agarose gel, the purification
was conducted with the AxyPrep DNA Gel Extraction Kit (Axygen
Scientific Inc., USA) according to the manufacturer’s instructions. The
amplicons were quantified using Quantus™ Fluorometer (Promega
Co., USA) for subsequent sequencing.

2.3 Library preparation and sequencing
The DNA libraries were established utilizing the NEXTFLEX

Rapid DNA-Seq Kit (BIOO Scientific Co., USA) in accordance with
the manufacturer’s instructions. The purified amplicons were pooling
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in equimolar amounts, and then, the DNA libraries were validated by
the Agilent Fragment Analyzer 5400 (Agilent Technologies, Inc.,
USA) with the approximate size 450 bp and 480 bp for bacteria and
fungi, respectively. After passing the test, sequencing was performed
on an Illumina MiSeq PE300 platform (Illumina, Inc., USA) at
Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China).

2.4 Data processing

The raw sequencing files were quality-filtered and merged by fastp
(version 0.19.6) (Chen et al.,, 2018) and FLASH (version 1.2.11)
(Magoc¢ and Salzberg, 2011), respectively, to select high quality data
and remove the adapters. Reads were excluded with the score < 20.
The optimized sequences were clustered into operational taxonomic
units (OTUs) employing UPARSE (version 7.1) (Edgar, 2013) at the
97% sequence similarity (Li et al., 2017).

The most abundant sequence of each OTU was selected as a
representative sequence, which was annotated the taxonomy via RDP
Classifier (version 2.13). The bacterial sequences were submitted to
the SILVA 138/16 s rDNA database' with the confidence threshold of
70%. Similarly, the fungal sequences were analyzed at the same
confidence threshold against the UNITE 8.0/its_fungi database.”

2.5 Statistical analysis

The bioinformatic analysis of all samples was carried out via the
Majorbio Cloud platform.* Alpha diversity (a-diversity, diversity within-
sample) of microbiome was assessed by Mothur (version 1.30.2) with
the indices of the observed richness (Sobs), the Chaol estimator (Chao
1), the Shannon diversity index (Shannon), the Simpson diversity index
(Simpson), and Pielou evenness index (Pielou_e). The Kruskal-Wallis
H-test was performed to examine the significant differences between
the different samples (*p < 0.05; **p < 0.01; ***p < 0.001). The beta
diversity (p-diversity, similarity and difference between groups of
samples) was visualized with principal co-ordinate analysis (PCoA)
based on the Bray-Curtis distance via the vegan package in R3.3.1. The
differences in microbial taxa of groups were performed by stats package
in R3.3.1 and scipy package in python v1.0.0.

3 Results
3.1 Evaluation of microbial sequencing data

In total, 3,922,031 bacterial sequences and 4,655,448 fungal
sequences were obtained from high-throughput sequencing for
analysis after verifying, with the average length 256 bp of former and
240 bp of latter. Subsequently, the low-abundance OTUs with <10
copies in all samples were filtered to improve the reliability of
microbial composition estimates (Bokulich et al., 2013; Nikodemova
et al,, 2023). Meanwhile, the number of effective sequences from all

1 https://www.arb-silva.de/
2 https://unite.ut.ee/
3 https://cloud.majorbio.com
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TABLE 1 Soil samples of sacrificial pits in Sanxingdui site.

10.3389/fmicb.2024.1489025

(€17e]0] ) Name Type Sampling location Brief description

K3_0 K3_0 Control group A Raw soil at the bottom of southeast of K3 —_

K3 K3_1 Test group Soil near a bronze figure and a jade object —_
K3_2 Test group Soil from the inner abdomen of a bronze dakouzun Near bronze
K3_3 Test group Soil at the top of a bronze figure Near bronze
K3_4 Test group Soil near a bronze eye-shaped object Near bronze
K3_5 Test group Soil at the bottom of a bronze figure with a Zun-vessel on its head Near bronze

K4_0 K4_0 Control group A Raw soil at the bottom of southwest of K4 —

K4 K4_1 Test group Soil near a pottery sherd Near pottery
K4_2 Test group Soil near a stone ware _
K4_3 Test group Soil near a bronze ware Near bronze
K4_4 Test group Soil near a bronze ware Near bronze
K4_5 Test group Soil near a pottery sherd Near pottery

K8_0 K8_0 Control group A Raw soil at the bottom of northeast of K8 _

K8 K8_1 Test group Soil inside a bronze lei Near bronze
K8_2 Test group Soil inside a bronze dakouzun Near bronze
K8_3 Test group Soil inside a bronze lei Near bronze
K8_4 Test group Soil near a bronze dakouzun Near bronze
K8_5 Test group Soil near a bronze ware Near bronze

S 0 S_0 Control group B Soil from the eastern slope outside pit K4, vertical depth 1 m —

samples was rarefied to the number of the sample with minimum
sequences, to minimize the effect of sequencing depth on the
subsequent bioinformatics analysis.

To ensure the sequencing quantity and depth were sufficient and
representative, the rarefaction curves of bacteria and fungi are given
in Supplementary Figure S1, which tended to flatten out, suggesting
that the sequencing data were able to comprehensively and truthfully
reflect the microbial composition and community. Meanwhile, the
Good’ s coverage (Supplementary Figures S1E,F) over 99.3% also
indicated the sequencing data of all samples were enough for the
follow-up analysis.

3.2 Alpha diversity of microbiome

The a-diversity of microbiome was characterized with Sobs, Chao
1, Shannon, Simpson, and Pielou_e indices, to assess the community
richness, diversity, and evenness. The larger the values of Sobs and Chao
1, the higher the community richness. The larger the Shannon value and
the smaller the Simpson value, the higher the community diversity.
Similarly, the closer the Pielou_e value is to 1, the higher the species
evenness. As shown in Table 2, the Sobs and Shannon indices of control
group S_0 were largest for both bacteria and fungi, which meant the
outside raw soil samples had the highest community richness and
diversity, while the Pielou_e index on fungi of control group S_0 was
smallest, meaning the lowest community evenness. As for the test
groups, group K4 indicated the best biodiversity. The order of bacterial
richness, diversity, and evenness in the lower of artifact layer was
K4 > K8 > K3, while fungi was different with the order of K4 > K3 > K8.

In terms of bacteria (Figure 3), almost all a-diversity indices
displayed a highly significant difference (p < 0.001) between group S_0
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and groups K3, K4, and K8. Group K3_0 and group K4_0 also
indicated a difference (p <0.05) or a highly significant difference
(p < 0.001) in Sobs, Shannon, and Pielous_e indices from the group K3
and group K4, respectively. Furthermore, group K3 and group K4 also
shown the statistical difference (p <0.05) on Sobs, Shannon, and
Pielous_e indices. The results demonstrated that the raw soil samples
outside sacrificial pits (control group B), the raw soil samples inside
sacrificial pits (control group A), and the test groups exhibited
statistical difference in bacterial richness, diversity, and evenness,
following the order: control group B > control group A > test group.
Referring to fungi, the Shannon and Pielou_e indices did not perform
the statistical difference, which meant the fungal diversity and evenness
of all samples were closed, but the Sobs index of control group S_0 also
shown the highly significant differences (p < 0.001) from other groups.
It was clearly observed that the statistical difference in a-diversity
of bacteria was much higher than that of fungi. In addition, the
statistical difference between different samples from the same
sacrificial pit in bacteria and fungi was still remained
(Supplementary Figures S2, S3), especially for control groups K3_0,
K4_0, and K8_0 and the test samples from corresponding sacrificial
pits. The results probably were caused by the different sampling
locations and the nearby artifacts in spite of the same sacrificial pit.

3.3 OTU characterization of microbiome

Through the trimmer and filtering methods, a total of 3,174
bacterial OTUs and 733 fungal OTUs were detected with high
reliability and accuracy. According to Venn plot (Figure 4), there were
2,212 bacterial OTUs and 402 fungal OTUs in the control group S_0,
which were much higher than other groups. In test groups, the order
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TABLE 2 «a-diversity index of soil samples.

10.3389/fmicb.2024.1489025

Sacrificial Name Bacteria Fungi
pit
Sobs Chaol Shannon Simpson Pielou_e sobs Chaol Shannon Simpson Pielou_e
K3_0 K3_0 620 674.52 475 0.03 0.74 18 18.000 2338 0.128 0.81
K3 K3_1 281 33538 3.05 0.10 0.54 4 43.200 1.909 0217 051
K3_2 443 563.01 357 0.07 0.59 34 38.667 1.253 0.412 036
K33 252 287.28 2.82 0.13 051 40 39.667 2553 0.134 071
K3_4 236 255.83 2.74 021 0.50 31 31.333 2075 0.224 0.60
K3_5 320 376.94 3.60 0.06 0.62 22 23.667 1.810 0.308 0.59
Average of K3 | / 306 363.69 3.15 0.11 0.55 34 35.307 1.920 0.259 0.55
K4_0 K4_0 1,063 1160.70 5.19 0.02 0.74 23 23.667 1.845 0273 0.58
K4 K4_1 875 1028.27 4.88 0.02 0.72 14 13.667 1.776 0.237 0.68
K4_2 487 591.53 3.87 0.05 0.63 44 44.333 2.263 0.167 0.60
K4_3 397 514.33 3.55 0.06 0.59 70 71.222 2616 0.114 0.62
K4_4 332 394.45 3.14 0.10 0.54 4 42,500 2303 0.165 0.62
K4_5 622 696.97 434 0.04 0.67 19 19.333 1.055 0.566 035
Average of K4 | / 543 645.11 3.96 0.06 0.63 38 38.211 2.003 0.250 0.58
K8_0 K8_0 414 480.97 3.06 0.12 051 30 30.000 1.831 0.290 0.54
K8 K8_1 457 548.47 3.58 0.09 0.58 17 17.000 2.189 0.188 0.78
K8_2 741 906.49 4.39 0.04 0.66 39 38.667 2.928 0.090 0.80
K8_3 286 347.91 2.48 0.23 0.44 27 27.000 1.104 0.498 0.34
K8_4 396 487.84 3.59 0.09 0.60 37 37.667 1.240 0.504 033
K8_5 312 345.94 357 0.06 0.62 19 18.667 1.155 0.555 039
Average of K8 | / 439 527.33 352 0.10 0.58 28 27.800 1.723 0.367 0.53
Outside pits ~ $-0 1767 | 1911.62 5.92 0.01 0.79 267 275.063 2656 0.290 0.47

All the values in the table are averages.

of the bacterial OTUs was following K4 > K8 > K3, and the order of
the fungal OTUs was K3 > K8 > K4.

More importantly, Figure 4 also displays the number of unique (in
side) or shared (in core) OTUs in different groups, which revealed the
similarity and overlap across sacrificial pits. Only 203 bacterial OTUs
and 8 fungal OTUs were common to all groups, while 580 bacterial
OTUs and 35 fungal OTUs were shared in groups K3, K4, and K8,
which indicated the test groups K3, K4, and K8 exhibited higher overlap
with each other rather than with control groups. Simultaneously, there
were also numerous OTUs shared between two of the sacrificial pits or
only appeared in one pits, suggesting the heterogeneity of the test groups
from different sacrificial pits on OTU level. The similar overlap and
differences were observed as well in OTU results of individual samples
(Supplementary Figure S4). Even though samples collected from the
same sacrificial pit, the OTUs of different samples still showed
differences. The results above probably indicated the impact of
excavation location and buried artifacts on soil microbiome.

3.4 ldentification and composition of
microbial community

To analyze the community composition and structure, the
microbial OTUs were further classified. The bacterial OTUs were
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divided into 42 phyla, 405 families, and 667 genera. As shown in
Figure 5, there were 18 dominant bacterial (relative abundance >1%)
phyla in groups. The top bacterial (relative abundance >2%) phyla
GAL15, Chloroflexi,
Acidobacteriota, Methylomirabilota, unclassified_k__norank_d__

were Proteobacteria, Actinobacteriota,
Bacteria, Thermoplasmatota, Crenarchaeota, Gemmatimonadota,
Firmicutes, and Nitrospirota, which were detected in all groups, and
the combined abundance of these bacteria exceeded 80%. The phyla
above were common to the samples of human archaeological remains.
The results indicated that the test and control groups were similar at
the phylum level in bacteria but differed in relative abundance.

The differences in bacterial community and composition among
different pits were further noticed at the genus level. There were 65
dominant bacterial (relative abundance >1%) genera in samples. It
should be noted that some norank and unclassified genera, such as
genera norank_f__norank_o__norank_c__norank_p__GALI5,
unclassified_d__Bacteria, and norank_f _norank_o__Gaiellales, were
identified in all groups but lacking the accurate identification
information. Thus, the bacteria only identified to order level were
filtered out. The bacterial composition showed the evident differences
between different groups. In group S_0, the top bacterial genera
(relative abundance >2%) were genera Arthrobacter (4.65%),
Streptomyces (3.07%), as well as genera norank_f__Nitrososphaeraceae

(5.75%), norank_f__Vicinamibacteraceae (3.48%),
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norank_f__Roseiflexaceae (3.66%), and
Gemmatimonadaceae (2.04%). In group K3_0, the genera
Sphingomonas (3.20%), Nitrospira (2.41%), and Candidatus_

Udaeobacter (2.02%) were found. Meanwhile, there were six top

norank_f_

bacterial genera including genera Cupriavidus (7.72%), Sphingopyxis
(5.19%), Variovorax (4.91%), Limnobacter (3.28%), Candidatus_
Methylomirabilis (3.26%), and Caulobacter (2.56%) in group K3.
Similarly, eight top bacterial genera including the genera Limnobacter
(9.20%), Cupriavidus (5.86%), Pseudomonas (4.20%), Bacillus (3.55%),
Methylotenera (2.63%), Variovorax (2.57%), Sphingopyxis (2.49%), and
Streptomyces (2.53%) were detected in group K4. In group K4_0, the
top bacterial genera were genera Sphingopyxis (4.42%), norank_f__
Gemmatimonadaceae (2.93%), Pseudomonas (2.65%), Variovorax
(2.63%), Pedobacter (2.37%), Luteimonas (2.32%), unclassified_f__
Comamonadaceae (2.30%), and Nitrospira (2.13%). Obviously, group
K3 and group K4 had more precise dominant bacterial genera with
higher abundance than group K3_0 and group K4_0, respectively. As
for group K8, the top bacterial genera were genera Candidatus_
Methylomirabilis (2.95%), Bacillus (2.45%), Arthrobacter (2.29%),
Variovorax (2.57%), and norank_f__Gemmatimonadaceae (3.60%),
while group K8_0 included more bacterial genera, such as genera
Hansschlegelia, Nocardioides, Pseudonocardia, Luteimonas, Variovorax,
Rhodococcus, and Olivibacter, accounting for 28.01, 11.97, 10.78,7.12,
6.88,5.42, and 2.13%, respectively.
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The fungal OTUs belonged to 12 phyla, 182 families, and 298
genera. There were only four dominant fungal phyla (relative
abundance >1%) which
Mortierellomycota, Basidiomycota, and an unclassified_k__Fungi

in groups, included Ascomycota,
(Figure 6). It is worth noting that Mortierellomycota was not detected
in groups K3_0 and K8, although it was more abundant in groups K3
and K4. At the genus level, the number of dominant fungal genera
(relative abundance >1%) was 46. Similar to the bacterial results, the
fungal genera in groups displayed the remarkable differences between
groups. In group S_0, the top fungal genera (relative abundance >2%)
were genera unclassified_f__Nectriaceae (28.92%), Neocosmospora
(22.23%), Microascus (5.76%), Nectria (4.31%), Fusarium (3.97%),
Penicillium (2.91%), Ilyonectria (2.32%), Purpureocillium (2.06%), and
Thelonectria (2.02%). The top fungal genera in group K3 were genera
Mortierella  (16.93%), Simplicillium (11.33%), Purpureocillium
(10.40%), unclassified_f__Nectriaceae (10.96%), Rhodotorula (7.78%),
Fusarium (6.61%), Robbauera (5.72%), Cladosporium (4.52%),
Aspergillus (4.05%), Cutaneotrichosporon (2.80%), Vishniacozyma
(2.79%), and Penicillium (2.35%), while the different fungi such as
genera Cephalotrichum (18.19%), unclassified_f__Cordycipitaceae
(12.71%),  Infundichalara  (7.00%), Engyodontium  (6.28%),
Dichotomopilus (5.87%), Xenochalara (4.85%), and Alternaria (2.68%)
were found in group K3_0. In group K4, the top fungal genera were
more concentrated in genera Ilyonectria, Mortierella, Simplicillium,
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Cladosporium, Acremonium, and Lecanicillium, with the relative
abundance of 34.29, 24.87, 10.29, 10.20, 7.70, and 4.51%, respectively.
The control group K4_0 shown the accordant fungi with group K4 in
addition to genera Cephalotrichum (42.38%) and Aspergillus (3.45%).
In group K8, genera Purpureocillium (31.76%), Clonostachys (14.96%),
Rhodotorula (6.65%), Cladosporium (4.63%),

Frontiers in Microbiology

unclassified_f__Plectosphaerellaceae (3.95%), Simplicillium (3.61%),
Penicillium (3.45%), and Aspergillus (2.41%) were the top fungal
genera. Apparently, the types and relative abundance of different fungi
in group K3 and group K8 differed obviously from group K3_0 and
group K8_0, respectively. In contrast, the groups K4 and K4_0
displayed a certain similarity in fungal community composition.
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Microbial distribution of soil bacteria. (A) Phylum level. (B) Genus level.
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3.5 Beta diversity of microbiome

The similarities and differences of bacterial and fungal
communities were evaluated via clustering using Bray-Curtis
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distance-based principal co-ordinate analysis (PCoA) on the OTU
level. The PCoA result of bacteria (Figure 7A) revealed that the
sacrificial pits of K3, K4, and K8 shown significant difference in
taxa biodiversity. Especially, group K4 exhibited the evident
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Microbial distribution of soil fungi. (A) Phylum level. (B) Genus level.
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differences from groups K3 and K8. Group K4 also shown a
dispersed distribution, which was closer to the control groups. As
for fungi (Figure 7B), the group K4, as well as group K4_0, also
performed significant difference with other groups, whereas it is
hard to distinguish the samples of groups K3 and K8, suggesting
that the fungal community between group K3 and group K8 was
similar. The microbial distribution and structure were also
performed by hierarchical (HCA,
Supplementary Figures S5, S6), which were consistent with the
PCoA results. Compared to group K4, group K3 and group K8
show higher similarity in bacteria and fungi communities and

clustering  analysis

taxa biodiversity.

In addition, it should be noted that the location of samples and
the material of artifacts around the samples, including pottery and
bronze, also affect the microbial diversity. As shown in
Figures 7C,D, the samples near pottery and bronze displayed the

10.3389/fmicb.2024.1489025

differences in bacterial biodiversity, but the distinction in fungi was

not observed.

3.6 Differences in microbial taxa and
composition

Based on the microbial results above, the differences in
community and composition were further investigated. The top 20
bacterial and fungal genera are exhibited in Figure 8. As for
bacteria, there were 15 genera manifesting the highly significant
difference (p < 0.001) in different groups. The genus norank_f__
norank_o__norank_c__norank_p__GAL15 was dominant in
groups K3, K4, and K8. The genera Candidatus_Methylomirabilis,
Sphingopyxis, and Cupriavidus were dominant in group K3. The
genera Limnobacter, Pseudomonas, and Bacillus were more
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abundant in group K4. The genera norank_f__Gemmatimonadaceae
and Candidatus_Methylomirabilis were more abundant in
group K8.

Similarly, 15 genera of fungi performed the highly significant
difference (p <0.001). The genera Robbauera, Fusarium, and
Rhodotorula were more abundant in group K3. The genera Ilyonectria
and Mortierella were dominant in group K4. In group K8, the
abundance of genera Purpureocillium and Clonostachys increased
markedly. From the results of difference analysis, it could be seen that
there were statistical difference in the abundance of different genera
in each sacrificial pit.

4 Discussion

Combining the results of a-diversity and OTU characteristics, it
has been known that the group S_0 shown the superior biodiversity
than test groups in sacrificial pits K3, K4, and K8 and also exhibited
the significant statistical difference in community richness, evenness,
and diversity simultaneously. Moreover, the microbial composition
of group S_0 exhibited a richer genera, which might be consistent
with the fact that the soil that has not been disturbed by humans. In
contrast, although there were differences in biodiversity between
sacrificial pits K3, K4, and K8, the differences were smaller than
those between group S_0. The more direct result was that the shared
OTUs among groups K3, K4, and K8 increased significantly
(Figures 5C,D). However, in terms of microbial community and
structure, groups K3 and K8 were more similar and quite different
from group K4 according to the PCoA results. Further comparing
the microbiome in the same sacrificial pit, it could be found that the
soil samples located in different artifacts exhibited the different
microbial composition and structure with the relatively dispersed
PCoA plots. In sacrificial pits K3, K4, and K8, we found that group
K4 has shown the most homogeneous microbial community with
the highest value of community evenness and most concentrated
PCoA plots. An interesting phenomenon was observed in fungi that
the order of fungal diversity was K4 > K3 > K8 based on the
a-diversity, but with the different OTUs order of K3 > K8 > K4,
which could be explained by the community evenness index of
Pielou_e (Table 1). The Pielou_e values of fungi in group K4 were
closer except for sample K4_5, also with the highest average of 0.58,
resulting in the most shared fungal OTUs in group K4. The results
demonstrated that the buried environment and the excavation
location were affected microbial diversity. Even within the same
sacrificial pit, the microbial composition and diversity were not
exactly the same.

4.1 Microbial function and feature in
sacrificial pits

A great number of bacteria and fungi exist in soil (Janssen et al.,
2002). It is one of the most crucial aim to identify and compare the
microbial community and composition of soil in different sacrificial
pits. In recent years, several investigations have been conducted in the
human archaeological remains (Philips et al., 2017). Some of the most
common soil bacteria are considered to be Firmicutes,

Actinobacteriota, Actinobacteria, Proteobacteria, Acidobacteriota,
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Methylomirabilota, Chloroflexi, Bacteroidota, and Nitrospirota
(Kazarina et al, 2019; Wei et al, 2022). The fungal phyla of
Ascomycota and Basidiomycota are dominated in human
followed by
Chytridiomycota, or Zygomycota (Margesin et al., 20165 Siles et al.,

archaeological  remains, Mortierellomycota,
2018; Voyron et al,, 2022). All bacterial and fungal communities
collectively reflect the serious impact of ancient anthropogenic
activities on soil environment.

In our results of bacteria, Proteobacteria were the most
widespread phylum in the test groups, followed by Actinobacteriota,
GAL15, Chloroflexi, Acidobacteriota, etc. (Figure 5). Proteobacteria
are the largest and phenotypically most diverse phylogenetic
lineage, which contain strictly anaerobic and aerobic species,
facultative aerobes, and microaerophiles to participate the carbon,
nitrogen, and sulfur cycles on Earth (Kersters et al., 2006). In
Sanxingdui sacrificial pits, Proteobacteria were dominated via
Alphaproteobacteria and Gammaproteobacteria. The former
included the genera Caulobacter, Hansschlegelia, Sphingomonas,
and Sphingopyxis. The latter contained genera Cupriavidus,
Limnobacter, Variovorax, Methylotenera, Pseudomonas, and
Luteimonas. Among them, genus Hansschlegelia, the most abundant
in group K8_0, represented a novel lineage of autotrophic
methanol-utilizing bacteria as the carbon and energy source in
plant and soil (Ivanova et al., 2007; Wen et al,, 2011). Genus
Sphingopyxis has been reported in catacombs (Alias-Villegas et al.,
2013), which is also widespread in diverse ecological environments,
including soil, sediment, water, and heavy metal contaminated sites
(Sharma et al., 2021). It has attracted considerable attention not
only for excellent ability to survive under extreme environments
but also for the ability to degrade organic matter. Therefore,
although the content of copper ion was high in the soil of sacrificial
pits, genus Sphingopyxis was still found dominantly in K3, K4, and
K4_0, probably indicating the presence and biodegradation of
organic matter. Genus Limnobacter is an obligately aerobic and
grew on various organic substrates, but it has been designated
chemolithoheterotrophs, which is able to grow by oxidation of
thiosulfate to sulfate (Spring et al., 2001). The capabilities might
indicate the presence of sulfide or degradation of organic matter in
sacrificial pits. Genus Variovorax generally inhabits soil and water
and plays an important role in the regulation of plant growth and
development (Finkel et al., 2020). Meanwhile, the genus is found in
the ancient apple seeds (Milanesi et al., 2019) and decaying woods
(Ghio et al,, 2012). Genus Variovorax, hence, is considered as a
possible source of hydrolytic enzymes to degrade cellulose.
Moreover, it should be noted that the genus is often detected after
bushfire (Smith et al., 2008). Therefore, the presence in all groups
except group S_0 might indicate the impact of high temperature
processes in the ash layer on bacteria.

Actinobacteriota, the second abundant bacterial phylum in our
results, are generally distributed across both terrestrial and aquatic
environments, as well as in the microbiome of higher eukaryotes. The
phylum shows the unrivalled metabolic versatility, producing highly
diverse bioactive natural products, but it must be noted that there were
lots of unclassified genera with high abundance in Actinobacteriota
in our results, such as genera ¢ norank_f__norank_o__norank_c__
MB-A2-108 and g__norank_f _norank_o__Gaiellales. Therefore, it is
difficult to analyze their properties and functions in the ecosystem.
Furthermore, the genera Streptomyces, Rhodococcus, Nocardioides, and
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Pseudonocardia were identified in sacrificial pits, which are found in
ancient wall painting, ancient seeds, wooden shipwreck, tomb, or cave
(Stakhov et al., 2008; Juanjuan et al., 2016; Liu et al., 2018; Sakr et al.,
2020). Among them, genus Streptomyces can cause the deterioration
of complex natural polymers via producing a great deal of enzymes
(Sakr et al., 2020). The genus was dominant in groups K4 and S_0,
probably indicating the presence of natural polymers. The phylum
Methylomirabilota plays a key role in global carbon and nitrogen cycle
as the methane oxidizing bacteria. The genus Candidatus_
Methylomirabilis participates in the cycle by oxygenic denitrification
and aerobic methane oxidation pathways (Sun et al., 2024). The
dominant abundance in groups K3 and K8 indicated that a certain
amount of organic matter probably was present in sacrificial pits.

In the part of fungi, Ascomycota were the most abundant fungal
phylum, with the genera Cladosporium, Aspergillus, Penicillium,
Simplicillium, Purpureocillium, Lecanicillium, and Acremonium.
Among them, the genera Cladosporium and Simplicillium, belonging
to family Cordycipitaceae, were dominant in all groups expect for
group S_0, suggesting the effect of human burial behavior and buried
artifacts. The genus Cladosporium is isolated in ancient wall painting
and beeswax drops on ancient papers (He et al., 2021; Pavlovic et al.,
2022), showing the proteolytic and lipolytic abilities in the process of
organic degradation. In addition, previous studies have indicated that
the genus Cladosporium is capable of hydrolyzing cellulose by the
production of cellulases (Leung et al., 2016; Li et al., 2019). The genus
Simplicillium is identified on the polychrome pottery figurines (Zhang
et al., 2023), resulting in the fading of the blue (azurite) and green
(malachite) pigments through the absorption of copper (II) ion.
Moreover, the genus has been proved to degrade tempera paintings
and artifacts made with dammar varnish and rock-art paintings
(Jurado et al., 2008). So genus Simplicillium is destructive to both
organic and inorganic materials. The genera Lecanicillium and
Acremonium belong to the order Hypocreales. Genus Lecanicillium
contains some entomopathogenic species, and some are capable to
degrade organic compounds (Fenice, 2016; Pozdnyakova et al., 2019).
For instance, Lecanicillium muscarium is a potent producer of
extracellular cold-resistant, chitin-hydrolyzing enzymes for the
degradation of chitin-rich materials (Fenice, 2016), but the degradative
properties of the genus Lecanicillium have been poorly studied. The
genus Acremonium is the environmental saprophytes in soil and
decaying plant material and is able to secrete a lot of cellulolytic
enzymes with high activity (Amiri et al., 2011; Hu et al., 2015). The
genus is found in ancient wall paintings (He et al., 2021), and the
dominant proportion in group K4 probably implied the degradation
of cellulose organic matter.

The genera Robbauera, Rhodotorula, Vishniacozyma, and
Cutaneotrichosporon, belonging to Basidiomycota, were found in K3
and K8, especially in group K3 with the dominant abundance. Among
them, genus Vishniacozyma has been identified as the core
composition during the spontaneous fermentation of ice wine,
probably relating to the fermentation process (Chen et al., 2020). As
the pigmented yeast, genus Rhodotorula is strict aerobic yeasts with
peculiarly metabolic characteristics. The genus is very important for
food industries because it can produce glycogen, lipids, and carotenoid
pigments during the growth phase (Herndndez-Almanza et al., 2014),
but it should be noted that the genus does not ferment carbohydrates
(Dworecka-Kaszak and Kizerwetter-Swida, 2011). In addition, genus
Mortierella, belonging to Mortierellomycota, was the core part in
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groups K3, K4, and K4_0. The genus is the widespread filamentous
fungi that can decompose various organic compounds such as
cellulose, hemicellulose, and chitin (Ozimek and Hanaka, 2021).

4.2 The biocorrosion of bronzes in
sacrificial pits

The problem of biocorrosion could not be ignored during
thousands of years of burial. Considering that the bronzes were the
most unearthed artifacts, the biocorrosion (also known as
microbiologically influenced corrosion, MIC) of bronzes was the
major concern. Some microbial taxa known to corrode metal material
or solubilizing metals from metal-bearing substrates were found. As
for bacteria, the genus Pseudomonas is repeatedly identified in
archaeological remains and cultural heritage (Li et al., 2018; Siles et al.,
2018; He et al., 2021; Pavlovi¢ et al., 2022). Numerous studies have
shown that the genus Pseudomonas contains nitrogen-fixing bacteria
and nitrate-reducing bacteria (NRB) (Dou et al., 2022; Wu et al,,
2023). The NRB can reduce nitrate under biocatalysis by transporting
the electrons into the cell cytoplasm and further cause the
biocorrosion. The genus Arthrobacter is an aerobic culturable bacteria
in soil and is also thought to be able to decompose various organic
matter (Yao et al.,, 2015). More importantly, the genus also contained
some species with excellent tolerance to excess heavy metal, which
formed biofilms and colonized on the surface of copper, resulting in
the pitting corrosion (Swaroop et al., 2016). The Variovorax sp. has
also been isolated from bacterial biofilms of copper pipes, probably
leading to the biodeterioration (Reyes et al., 2008), which might be the
reason why the genus was significant abundance in all sacrificial pits
and almost absent in control group S_0. In addition, the genus
Cupriavidus also shows the prominent resistance to high
concentrations of copper ion, and its growth initiation is strongly
stimulated by copper in some instances (Malkkar and Casida, 1987;
Gillan et al,, 2017). So it was reasonable that genus Cupriavidus was
present in groups K3, K4, and K8 in spite of the high concentration of
copper ion from bronzes.

Many fungal genera are also capable of corrosion metals. Recent
study has demonstrated that the conidia and hyphae of some fungi
adhere to the surface of the metal. They penetrate into the surface
layer of metal and go deep into the bulk, finally causing corrosion
damage with pitting, ulcers, and cavities (Belov et al., 2023). The genus
Penicillium was found in all groups and dominant in groups K3 and
K8, which has been proven to be able to solubilize several metals
including zinc, stannum, aluminum, plumbum, and copper (Siegel
et al,, 1983). The genus Aspergillus exhibits the marked tolerance to
copper and also shows the evident biocorrosion of copper metal
through proton-and ligand-mediated dissolution mechanisms,
causing obvious mass loss and surface etching (Zhao et al., 2020). This
was a good explanation for why the genus was the dominant fungi in
sacrificial pits. Genus Rhodotorula, dominant in groups K3 and K8,
unexpectedly, was also identified in biofilms that causes MIC in
copper pipes, probably meaning that the genus was involved in the
corrosion of bronzes (Reyes et al., 2008) in sacrificial pits. In addition,
the genus Cladosporium was also involved in the biodeterioration of
metal (Iverson, 1987).

As we all know, the MIC process of metals is related to the
formation of microbial biofilms, which can form on any metal
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surface. The bacterial and fungal colonization in biofilms can
modify the localized environment at the metal surface and cause
corrosion. Generally, there are two typical MIC processes, namely,
the extracellular electron transfer MIC (EET-MIC) and metabolite
MIC (M-MIC) (Dou et al., 2022). The former mainly utilizes EET
to transport the electrons in the corrosion process of sulfate-
reducing bacteria (SRB) and NRB because metal oxidation occurs
extracellularly while sulfate or nitrate reduction occurs
intracellularly with biocatalysis (Di, 2022). The genus Pseudomonas
and genus Arthrobacter are usually considered to corrode the
copper by EET-MIC. For example, Pseudomonas aeruginosa utilizes
copper as an electron donor, and the terminal electron acceptor is
nitrate, causing and accelerating the corrosion of bronzes (Dou
et al., 2022). The Arthrobacter sulfureus is electrochemically active
and is able to transfer electron through the membrane-associated
C-cytochromes or through conductive pili (Swaroop et al., 2016).
As for the other biocorrosion mechanism, the M-MIC often is
caused by corrosive metabolites such as organic acids secreted by
bacteria and fungi. The genus Variovorax in biofilm may destroy
copper by releasing acid metabolites. Moreover, more and more
research studies (Rao et al., 2002; Anjum et al., 2009; Amiri et al.,
2011) also demonstrate that the fungi such as genera Penicillium
and Aspergillus can generate varieties of organic acid metabolites
including citric acid, lactic acid, oxalic acid, malic acid, and
to dissolve and leach metals

gluconic acid effectively,

especially copper.

4.3 The effect of burial activity and artifact
material on microbiome

By comparing the results of microbial diversity of different groups,
it was clear to observe that the microbial composition and structure
of raw soil samples exhibited an significant difference from the test
samples in sacrificial pits K3, K4, and K8, meaning the microbial
community could be modified in the archaeological site because of the
buried man-made structure and artifacts. The results were consistent
with previous studies (Junco et al., 1992). Compared to the control
group S_0, there were many dominant bacteria and fungi, such as
genera Caulobacter, Sphingomonas, Sphingopyxis, Limnobacter,
Cladosporium, Acremonium, Simplicillium, and Mortierella in test
samples in sacrificial pits. Some of them were related to the
degradation of organic matter, indicating that there might be a certain
amount of organic matter ever buried in the sacrificial pits, such as
proteins, lipids, and carbohydrates. Unfortunately, as for organic
residues, only some textile traces were found on the surface of the
bronzes. Although a large amount of ivory was preserved, the collagen
in it was almost completely degraded (Honglin et al., 2022). More
investigations are needed to identify and demonstrate the presence of
different organics in sacrificial pits in the further. The other dominant
bacterial genera Pseudomonas, Arthrobacter, and Variovorax and
fungal genera Aspergillus and Penicillium in sacrificial pits were in
connection with the biocorrosion of bronzes, also revealing the impact
of the buried bronzes on microbiome. In addition, the phylum GAL15
was the primary bacteria in all sacrificial pits. The abundance of
bacteria GAL15 in different groups followed the distribution pattern:
raw soil outside pits (group S_0) < raw soil in pits (group K3_0, K4_0,
and K8_0) < test soil in artifact layer (groups K3, K4, and K8). These
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results demonstrated that the abundance of phylum GAL15 might
be related to the buried artifacts, especially for the bronzes in sacrificial
pits, which were consistent with previous findings in ivory layer of
Sanxingdui site (Sun et al., 2024). Unfortunately, none of family or
genus was matched in this phylum to in-deep analysis.

In addition, the proportion of buried artifacts of different
materials also affected the microbial community. The results of
p-diversity (Figure 7) indicated that the bacterial and fungal
communities of group K3 and group K8 were much closer, and both
differed significantly from those of group K4. This phenomenon
might result from the material of the buried artifacts. Based on the
excavation brief of sacrificial area of Sanxingdui site (Honglin et al.,
2022), there are 2,686 numbered artifacts in K3, of which bronzes
are the largest in number at 1,171, accounting for 43.60%. As for K8,
there are 5,210 artifacts unearthed as the publication of the brief
report, with 3,822 bronzes, accounting for 73.36%. Furthermore, the
brief excavation report of K4 has been published separately
(Danyang et al., 2024), which records the exact number of artifacts
in artifact layer. There are 1,118 artifacts found in artifact layer of
K4, with 468 pottery sherds and 348 bronzes. The proportions of
pottery and bronzes were 41.86 and 31.13%, respectively. The large
number of bronzes in K3 and K8, therefore, had a significant impact
on the microbial composition and structure, causing the evidence
differences from K4. Recent studies have revealed that the copper
contents in soil near bronzes in sacrificial pits of Sanxingdui site
increased several times (Jianguo et al.,, 2023). Many metals are
essential for life, such as copper, sodium, kalium, zinc, and iron,
while all metals can exert toxicity when presented above certain
threshold concentrations (Gadd, 2010). The high content of copper
ion in soil could inhibit the growth of certain microorganisms,
which led to the significant difference of bacterial and fungal
communities between different sacrificial pits, also between the
sacrificial pits and soil outside pits. The PCoA results of bronzes and
pottery sherds (Figures 7C,D) suggested the impact of copper ion
was more obvious on bacteria than fungi, with the more concentrated
distribution of the same type samples. Meanwhile, the bacterial
community of all raw soils either inside pits or outside pits was
closer to group K4, because of the lower proportion of the
bronzes in K4.

5 Conclusion

In summary, the bacteria were classified into 42 phyla, 405
families, 667 genera, and 3,174 OTUs, while the fungi were annotated
into 12 phyla, 182 families, 298 genera, and 733 OTUs. Some
microbes associated with the deterioration of organics and bronzes
were found in sacrificial pits, indicating that biodeterioration was the
important cause for the degradation and corrosion of sacrificial
offering or buried artifacts. Simultaneously, the analysis of the
microbial profiles of the soil samples from Sanxingdui site indicated
the significant differences in microbial diversity and community
between raw soil and soil around artifacts in sacrificial pits. The
differences of a-diversity, OTU characterization, microbial
composition, and community between raw soil groups and test
groups revealed the huge impact of human sacrificial and burial
activities on microbiome. The microbial diversity in artifact layer in
the sacrificial pits decreased, while the bacteria and fungi resistant
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to heavy metals and degrading organic matter increased. The
microbial diversity analysis, therefore, may be an available method
ancient remains and

to speculate and understand the

human activities.
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Reducing microbial
contamination on historical
leather artifacts at the
Auschwitz-Birkenau State
Museum using ethanol in the
form of mist

Krzysztof Krasnicki®, Natalia Pydyn'*, Aleksandra Papis?,
Krystyna Guzinska?, Dorota Kazmierczak?, Urszula Maciotek?®
and Anna Wawrzyk*

! Auschwitz-Birkenau State Museum, Oéwigcim, Poland, ?Lukasiewicz Research Network-Lodz Institute
of Technology, Lodz, Poland, *Analytical Laboratory, Institute of Chemical Sciences, Faculty of
Chemistry, Maria Curie-Sktodowska University, Lublin, Poland, “Department of Basic Biomedical
Science, Faculty of Pharmaceutical Sciences in Sosnowiec, Medical University of Silesia, Sosnowiec,
Poland

Purpose: The aim of the study was to evaluate the biocidal efficacy and
determine the influence of 90% ethyl alcohol applied in the form of a mist on
the surface of model and historical leather.

Materials and methods: The main object of the study were historical leather
shoes from the collections of the Auschwitz-Birkenau State Museum (A-BSM) in
Oéwigcim (Poland). Microorganisms found before on historical leather objects
in A-BSM were inoculated onto samples of model and historical leather. Ethanol
mist was applied with an airbrush with optimized parameters for 15 s at a
concentration of 90%. To increase the biocidal effectiveness, the samples were
sealed in a tight package and stored for 22 hours. The effect of disinfection
was assessed using culture-dependent methods. Changes on the surfaces was
assessed using SEM, FTIR, and XPS techniques.

Results: On surfaces inoculated with microorganisms in the following quantities:
10° — 108 CFU bacteria and 10° CFU fungi, a reduction of 99.51% to 99.99% was
observed. Ethanol disinfection had no negative effect on the surface morphology
and collagen structure.

Conclusions: Disinfection with ethanol applied in the form of mist can be
effectively used to eliminate microbiological contamination of historical objects
made of leather in A-BSM.

KEYWORDS

ethanol, biodeterioration, microorganisms, cultural heritage, disinfection

1 Introduction

The German Nazi concentration and extermination camp Auschwitz-Birkenau was
established in 1940. It was an important part of the drama of World War II and the result
of the genocidal policy of Nazi Germany. The huge number of victims, the vast area from
which people were brought, the industrial methods of killing people in gas chambers made
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A-BSM the most recognizable symbol of the Holocaust and the site
of Genocide in the world (Ambrosewicz-Jacobs et al., 2008).

In order to preserve the memory of the victims of the Nazi
regime, the A-BSM was established in the former camp area. The
institution’s activities focus on securing the remains of the former
camp, including personal items found after the camp was liberated,
which are often the only evidence of the presence of the people
who were imprisoned there or killed in gas chambers. The stolen
property consists largely of items containing leather elements.
These include shoes, suitcases, clothing and equipment, as well as
orthopedic supplies. Leather shoes are one of the largest groups of
objects in the Auschwitz Museum Collections (Figure 1).

The Museum’s activities focus on ensuring proper storage
conditions and conducting necessary conservation work on the
remains of the camp and its facilities. All facilities and their
elements require protection against deterioration processes in a way
that causes the least possible damage to their surfaces.

The metabolic activity of microorganisms is the one of
the factors causing the destruction of museum collections.
Contamination of historic objects is not only the result of
microflora floating in the air, although this microflora, including
bacteria and fungi, may affect the state of preservation of such
objects. There are also other factors that contribute to the
degradation of historic objects, including primary contamination.
Highly porous materials are more susceptible to microbial
colonization because of their capacity to absorb more water and
retain it in for longer periods of time. Surface roughness affects
the trapping of moisture and concentrates it in micro-fissures
where growth is usually more abundant. It also enables the
accumulation of particles - soot, organic and inorganic debris,
pollens, spores, and salts (Jacob et al., 2018). Microflora transferred
by air movement onto historical objects gradually inhabits
the microstructural discontinuities of the surface and, through
the emission of extracellular enzymatic substances, causes their
hydrolysis to simple organic compounds. The biodeterioration
of objects is initiated by the naturally occurring enzymatic
activity of microorganisms due to the secretion of enzymes from
groups such as cellulases, amylases, and proteases. As a result
of microbiological decomposition, discolouration, and biological
deposits may appear on historical objects, leading to structural
weakening and disruption of the continuity of the surface (Szostak-
Kotowa, 2004).

As a result of the conducted studies on the identification of
microorganisms occurring on historical objects in A-BSM several
species of bacteria were identified, including: Bacillus atrophaeus,
Bacillus  cereus, Bacillus licheniformis, Bacillus megaterium,
Bacillus simplex, Bacillus subtilis, Enterobacter sp., Micrococcus
luteus,

Pantoea agglomerans, Psychrobacillus psychrodurans,

Abbreviations: A-BSM, Auschwitz-Birkenau State Museum; ATCC, American
Type Culture Collection; ATR, Attenuated Total Reflectance; CFU, Colony
Forming Unit; ETO, Ethylene Oxide;
pectroscopy; MCT, Mercury Cadmium Telluride; MEA, Malt Extract Agar; PCA,

FTIR, Fourier Transform Infrared
Plate Counting Agar; PE, Polyethylene; SDA, Sabouraud Dextrose Agar; SEM,

Scanning Electron Microscopy; UHV, Ultra-High Vacuum; UV-C, Ultra Violet
C; XPS, X-ray photoelectron Spectroscopy.
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and the
following species of fungi were identified: Alternaria alternata,

Staphylococcus aureus, Staphylococcus — epidermidis,
Aspergillus - flavus, Aspergillus niger, Chaetomium globosum,
Cladosporium  cladosporioides, Epicoccum nigrum, Penicillium
chrysogenum, Rhizopus nigricans, Stephanoascus cifferrii, and
Trichoderma viride (Wawrzyk et al., 2018).

Microorganisms, due to complex adaptation mechanisms to
changing environmental conditions, are characterized by a wide
range of tolerance to changes in pH, temperature and humidity, and
a small amount of organic substances is enough for them to survive
and develop. Materials of animal or plant origin are particularly
susceptible to decomposition, i.e., those made of leather, wood,
paper, silk, or wool. The mechanism of biological decomposition
of organic materials is based on metabolic activity due to the
action of ligninocellulolytic enzymes in the case of wood and paper,
cellulases, keratinases, and esterases in the case of leather materials
and clothing (Mazzoli et al., 2018).

Therefore, a very important stage preceding the conservation
of historical objects is their examination and if there is such need—
decontamination. Currently, various disinfection methods are used
in museums. These include: washing with alcohol, spraying with
quaternary ammonium compounds or fogging with ethylene oxide.
Many of the biocidal substances used leave noticeable changes on
the surface of the disinfected object, which is not permissible in the
case of historical materials (Sequeira et al., 2012; Gutarowska et al.,
2017). The effect of disinfection may be the opposite of the expected
one and cause accelerated degradation processes (Ortiz et al., 2013).

Considering the conservation works, special attention should
be paid to the selection of disinfection methods for historic
objects that determine the safety of people performing renovation
works. The disinfectant cannot pose a greater threat than the
microorganisms it is used to eradicate. The disinfection commonly
used in museums so far is often harmful to human health, e.g.
ethylene oxide (ETO), highly effective and safe for most museum
objects, but at the same time toxic and carcinogenic to humans
(Wawrzyk et al., 2018).

Historical objects, depending on the material they are made
of, are inhabited by microorganisms with varying sensitivity
to disinfectants. Ethanol is a commonly known disinfectant in
medicine. Liquid ethanol in concentrations ranging from 60% to
90% has biocidal properties against bacterial, fungal, and viral
cells. Its action is based on the denaturation of microbial proteins,
leading to the disruption of cell wall continuity and the spilling of
cytoplasm into the extracellular environment (Gerba et al., 2024).

In medicine, ethanol is used in liquid form. In the case of
museum objects, prolonged contact of aqueous solutions with
historical surfaces is not recommended. Increased moisture level
could be an initiator of accelerated degradation processes which
would lead to irreversible changes in structure by dissolving
compounds sensitive to contact with aqueous solutions. The
molecular structure of ethanol, due to the presence of a hydroxyl
group, makes it a substance with a high redox potential, capable
to react with many organic substances, which is not desirable
in the case of surfaces of historical objects (Dai et al.,, 2025).
A concentration of 90% ethanol was introduced to accelerate
evaporation from the surface and thus shorten the time of action on
the surface in this study. Thanks to that, the humidity of the object
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FIGURE 1
Objects made of leather from the collections of the A-BSM in Oévvigcim (A) shoes (B) orthopedic prosthesis (C) suitcase. Photo: Sebastian Mrozek.

would not increase, otherwise soaking of the surface could make
them vulnerable to damage. The effectiveness of application of 90%
ethanol in the mist form to disinfect textiles was demonstrated by
us before (Wawrzyk et al., 2023).

Due to the biocidal effectiveness of liquid ethanol demonstrated
in the use of disinfection of abiotic surfaces, the effect of ethanol was
tested using a mist application.

The effectiveness of ethanol was studied using strains
isolated from the Museum’s objects and strains from the
American Type Culture Collection (ATCC). The bacteria used
were: Pantoea agglomerans, Staphylococcus aureus, and molds:
Alternaria alternata, Aspergillus niger, Penicillium chrysogenum,
and Aspergillus flavus. The species were selected based on
their frequency of occurrence, potential harmful effects on
human health, and adverse effects on objects. Fungi of the
genera Aspergillus, Alternaria, and Penicillium can cause chronic
inflammation in humans resulting from continuous exposure
to mold spores, and can also contribute to severe respiratory
infections (Hyde et al., 2018). Staphylococcus aureus may pose a
threat to human health through direct contact with contaminated
surfaces causing allergies and purulent leather infections (Tong
et al., 2015). Microorganisms with the ability to enzymatically
decompose cellulose and produce acids that contribute to the
progress of bio-deterioration on objects (A. alternata, A. flavus, A.
niger, and P. chrysogenum) were also selected for research (Di Carlo
et al,, 2016). Endotoxin produced by Pantoea agglomerans and
other Gram-negative bacteria present in leather dust is considered
to be the main cause of byssinosis, initiating acute and chronic
inflammation of endothelial cells (Dutkiewicz et al., 2016).

Conservation and disinfection works carried out on historical
objects cannot adversely affect their surface structure. Very precise,
accurate analyses of the surfaces should be carried out before
and after the use of the implemented disinfection techniques
2020b).
analysis—FTIR (Fourier Transform Infrared Spectroscopy), SEM

(Wawrzyk et al, Comprehensive physicochemical
(Scanning Electron Microscopy), and XPS (X-ray photoelectron
Spectroscopy) allowed for the assessment of possible changes in
the collagen structure and determination of the condition of the
layers covering the historical leather objects and thus to determine
whether the disinfection using ethanol in the mist form negatively
affected the surfaces of the tested leather surfaces.
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2 Materials and methods

2.1 Microbiological examination of
historical objects

For quantitative studies of microbial contamination of collagen
objects in A-BSM, 16 children’s shoes were used. Swabs were
taken from the outer surfaces of footwear made of degraded
collagen materials, vegetable-tanned grain leather that showed
visible signs of biodegradation. Material for analysis was collected
using sterile swabs from surfaces limited by a 25 cm? template,
and the swab was then placed in a transport tube. The number
of microorganisms was determined using the culture method with
serial dilutions. After transport to the laboratory, each collected
sample was suspended in 1 ml of sterile 0.85% physiological saline
solution and shaken thoroughly for 1 min. 100 pl of the sample was
plated on plates with certified solid, ready-made microbiological
media (BTL, Poland). Two different media were used: standard
agar for determining the total number of bacteria Plate Counting
Agar (PCA) and agar Malt Extract Agar (MEA) with malt extract
for determination of the number of filamentous fungi and yeasts.
The plates were incubated for 10 days at 26°C, and then the
bacterial colonies and the microscopically identified mold fungi
that grew on solid media were counted. The results were presented
as the number of colony-forming units per 100 cm? of the tested
surface.

2.2 Preparation of inoculum and leather
samples

A diagram showing the biocidal effectiveness of ethanol in the
form of mist research action plan is shown in the Figure 2.

Microorganisms from recognized culture collections (ATCC-
American Type Culture Collection) and isolated from the surface
of leather objects in the A-BSM collections were used to study the
biocidal efficacy of ethanol. The microorganisms were isolated in
previous studies, deposited in cryobanks of the A-BSM laboratory
and, after multiplication, used in this work. The mold fungi selected
for the study were inoculated on Sabouraud agar medium with
4% glucose (BTL, Poland). The plates were incubated at 25 £ 2°C
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FIGURE 2

Diagram of biocidal effectiveness of ethanol in the form of mist research.

TABLE 1 Concentrations of microbial suspensions applied to model and
historic leather samples.

Strain Concentration of
microbial suspension
[CFU/ml]
Alternaria alternata (A-BSM cryobank) 5.5 x 10°
Aspergillus flavus (ATTC 9643) 1.85 x 10°
Aspergillus niger (A-BSM cryobank) 2.30 x 10°
Pantoea agglomerans (A-BSM cryobank) 4.59 x 10
Penicillium chrysogenum (A-BSM cryobank) 1.88 x 10°
Staphylococcus aureus (ATTC 6538) 4.73 x 10

for 5 days. Suspensions were prepared from the cultures in sterile
water to obtain a density of approximately 10> — 106 CFU/sample.
The suspension obtained was diluted tenfold each time and the
number of CFU (Colony Forming Unit) was determined using the
plate count method. The bacteria were inoculated on Plate Count
Agar (BTL, Poland). The plates were incubated at 30 £ 2°C for 2
days. Suspensions were prepared from the cultures in sterile water,
diluted in peptone water and determined using the plate count
method to obtain a density of approximately 10° — 108 CFU/ml
on the sample.

The concentrations of the microbial suspension were used as
described in Table 1.

Historical leather samples of leather shoe dated to the first half
of the 20th century from A-BSM collection were used to optimize

Frontiersin Microbiology

the process. Studies were also performed on modern vegetable-
tanned pig grain leather, referred in this article as model leather.
Historical and model leather samples measuring 40 mm x 40
mm were prepared and were sterilized with a UV-C lamp before
experiment. The volume of 0.6 ml microbial suspension was applied
using a pipette onto the model and historic leather samples, and
then the samples were dried in a laminar flow cabinet until a
constant mass was obtained.

2.3 Application of ethanol in the mist form

The method of applying the ethanol in the mist form to
the surfaces of historical objects was established, optimized and
described before (Wawrzyk et al, 2023). The aforementioned
publication contains information on the process of optimizing the
application of ethanol mist, but the research was conducted on
textile material. The cotton used in those studies is a cellulose
material that has different properties and reacts differently with
biocides than the collagen materials included in this publication.
Briefly, the Paasche VL 0819 and VE 0707 dual-action airbrush
was selected, which allowed the most even spraying of 90% ethanol
in the form of a mist, assessed visually as the degree of surface
wetting, at a working pressure of 0.2 MPa and using a PA HEAD
VLH-5 nozzle with a 1.05 mm diameter tip. Ethanol was applied to
the material in the form of a mist from a distance of 16 cm from
the sample for 12 seconds on a surface of 16 cm?. As part of the
optimization of disinfection parameters after applying ethanol mist,
the samples were additionally stored in PE (Polyethylene) foil at
21°C £ 1°C for 22 £ 1 h to extend the effect of ethanol vapors.
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The distance between airbrush and sample was optimized to obtain
the most uniform application possible with little wetting and the
smallest possible losses resulting from ethanol dispersion.

2.4 Evaluation of the biocidal effectiveness
of ethanol in the form of mist

After application of ethanol, the samples were allowed to dry for
approximately 5 h in a vertical laminar airflow cabinet. Inoculated
skin samples without ethanol mist application were used as a
control. The microorganisms were then washed out by shaking for
5 min at 250 rpm in 100 ml of peptone water with the addition
of 2% Tween. Ten-fold dilutions were made and inoculated onto
media. Fungi were incubated on SDA (Sabouraud Dextrose Agar)
medium for 5 days at 25°C, and bacteria on PCA medium for 48
h at 30°C. Then, the number of microorganisms was determined
using the formula:

xC
M=—"" 100 (1)
v(ny + 0.1ny)d

Where:

M - number of bacteria/fungi on the sample [cfu/sample];

C- sum of colonies on all plates from the counted dilution;

v- volume of inoculation applied to each plate in ml;

n;- number of plates from the counted dilution;

n,- number of plates from the second counted dilution;

d- dilution index corresponding to the counted dilution.

If no colonies were detected on two plates, the result was
given as <100 or on a logarithmic scale <2. This means that no
microorganisms were present or were below the detection limit.

From the obtained number of microorganisms, the percentage
and logarithmic reduction were calculated:

The percentage reduction was calculated using the formula:

Reducion,% = (W — T)/W - 100 (2)

The logarithmic reduction was calculated using the formula:
Reduction logl0 = logT — logW (3)

Where:

W - number of bacteria on the model sample without alcohol
application examined at the same time as the samples with ethanol
application.

T - number of bacteria on the model or historical sample after
ethanol exposure.

2.5 Analysis of the chemical composition
of the surface after decontamination

2.5.1 Scanning electron microscopy

The examination using an electron microscope enabled
imaging of the surface topography of the analyzed leather samples
before and after the disinfection process. The device used in this
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study was a scanning electron microscope SEM: FEI Quanta 3D
FEG with a vacuum sputtering device Polaron SC7640 (Quorum
Technologies, Great Britain).

2.5.2 Fourier transform infrared spectroscopy

In order to investigate whether ethanol caused adverse changes
on the surface of the disinfected leather, Fourier-transform
infrared spectroscopy (FTIR) was applied, using a Nicolet 8700
FTIR spectrometer (Thermo Scientific, USA) with a Smart
Orbit™ diamond ATR (Attenuated Total Reflectance) module and
MCT (Mercury Cadmium Telluride) detector cooled with liquid
nitrogen. Before and after the application of ethanol in the form
of mist, spectra were collected from a 2-3 pum thick layer in the
range of 4,000-650 cm™! with a resolution of 4 cm™!. The ATR
spectra were subjected to ATR correction, scaled normalization,
and baseline. Spectra equivalent to transmission spectra were
obtained. The OMNIC 3.2 software (Thermo Scientific, USA) was
used for the tests.

2.5.3 X-Ray photoelectron spectroscopy

The determination of the chemical composition of the surface
layer of the samples before and after the decontamination process
with 90% ethanol solution was carried out using the XPS technique.
For this purpose, a multi-chamber UHV (Ultra-High Vacuum)
analytical system (Prevac, Poland) was used for the measurement.
The photoelectrons were excited by X-ray radiation with the
characteristic line Al Ko and energy of 1486.7eV, generated by the
VG Scienta SAX 100 lamp with an aluminum anode together with
the VG Scienta XM 780 monochromator. The operating parameters
of the X-ray lamp used: U = 12 kV, Ie = 30 mA.The photoelectrons
were recorded using the Scienta R4000 hemispherical analyzer. The
pressure in the analysis chamber during the measurements was
maintained at a level lower than 1.0E-8mbar. Basic parameters
of the analyzer for the survey spectrum: operating mode: sweep,
transition energy: 200eV, measured range of photoelectron binding
energy: 0-1350eV, measurement step: 0.5eV, collection time in a
single step: 200ms. In order to compensate for the electric charge
generated during the measurement, the samples were bombarded
with a beam of low-energy electrons. The recorded spectra were
processed using the Casa XPS Version 2.3.16 PR16 program. All
spectra were calibrated by determining the position of the Cls
carbon line for the energy of 284.5¢V.

3 Results

3.1 The number of microorganisms on
leather objects

The total number of bacteria on the historical children’s
shoes from A-BSM collections was 1.3 x 10°> CFU/100cm?. Fungi
contaminated these surfaces to similar extent as bacteria —1.26 x
10® CFU/100cm?.
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TABLE 2 Evaluation of the biocidal effectiveness of ethanol against selected strains for model and historic leather.

Sample type

applied [g]

Mass of ethanol

Cell count Reduction level

[cfu/sample]

log [cfu/
sample]
log %

Alternaria alternata (A-BSM cryobank) Model 0 2.05 x 10* 431 - -
Model 0.20 1.0 x 102 2.0 2.31 99.51
Historical 0.16 1.0 x 10? 2.0 2.31 99.51
Aspergillus flavus (ATTC 9643) Model 0 1.9 x 10° 5.26 - -
Model 0.18 9.5 x 10! 2.0 3.26 99.95
Historical 0.21 9.5 x 10! 2.0 2.36 99.95
Aspergillus niger (A-BSM cryobank) Model 0 6.0 x 10* 4.78 - -
Model 0.11 2.04 x 10? 2.0 2.48 99.66
Historical 0.22 1.02 x 107 2.0 2.78 99.83
Pantoea agglomerans (A-BSM cryobank) Model 0 6.77 x 10* 4.83 -
Model 0.21 1.02 x 10? 2.00 2.83 99.85
Historical 0.16 1.02 x 10? 2.00 2.83 99.85
Penicillium chrysogenum (A-BSM cryobank) | Model 0 1.04 x 10° 5.02 -
Model 0.19 1.04 x 107 2.0 2.98 99.90
Historical 0.13 1.04 x 10 2.0 2.98 99.90
Staphylococcus aureus (ATTC 6538) Model 0 1.25 x 10° 6,1 - -
Model 0.13 1.25 x 10? 2.00 4.10 99.99
Historical 0.12 1.25 x 10? 2.00 4.10 99.99

3.2 Biocidal efficacy of ethanol in the form
of mist

For each of the tested strains, a reduction of microbial
counts of more than 99.5% was demonstrated. The highest
reduction of 4.1 log was observed for the Staphylococcus aureus
strain. The lowest reduction of 2.31 log was observed for
the Alternaria alternata strain. The results are presented in
the Table 2.

3.3 Analysis of surface topography and
morphology

3.3.1 Scanning electron microscopy

In order to visualize the changes in surface topography and
morphology under the influence of 90% ethanol in the form of
mist applied to model and historical leather, dried immediately
after application and after 22 h of storage in a foil package,
examinations were performed under a SEM microscope. The model
leather I and historic leather I samples were control samples
that were not subjected to the decontamination process. The
model leather II and historic leather II samples were prepared
by applying a 90% ethanol solution to the surface, and the
measurement was performed immediately after the biocidal agent
had been applied and dried. For the model leather III and
historic leather III samples, the measurement was performed 22
h after disinfection with ethanol in the form of a mist after
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22 h of storage in ethanol vapors. Microscopic examinations
conducted using scanning electron microscopy on both model
(Figure 3) and historical (Figure 4) leather samples did not reveal
any significant differences in the structure of the tested material
in the analyzed samples. Moreover, the disinfection method
used did not have a significant effect on the surfaces of the
tested materials. No noticeable changes in the morphology of
the observed surfaces were found. It can therefore be concluded
that the disinfection technique used did not adversely affect the
physicochemical properties of the collagen fibers contained in the
disinfected samples.

3.3.2 Fourier transform infrared spectroscopy

The model leather I and historic leather I samples were
control samples that were not subjected to the decontamination
process. The model leather II and historic leather IT samples were
prepared by applying a 90% ethanol solution to the surface, and
the measurement was performed immediately after the biocidal
agent had been applied and dried. For the model leather III
and historic leather IIT samples, the measurement was performed
22 hours after disinfection with ethanol in the form of a mist
after 22 hours of storage in ethanol vapors. For all samples,
the measurement was performed on the top and bottom side of
the sample.

As a result of the measurements, the spectra of the model
material samples and the spectra of the historic material were
obtained. The spectra for the model material samples are shown
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FIGURE 3

of mist and drying after 22 h of storage in ethanol vapors.

Scanning Electron Microscopy (SEM) microscopic images of model leather at magnifications of 100, 500, and 5,000x: (A) model leather—control, (B)
model leather—after application of 90% ethanol in the form of mist and direct drying, (C) model leather—after application of 90% ethanol in the form

in Figures 5, 6. FTIR-ATR studies of model leather samples I, II,
III showed slight differences in the intensity of the IR spectral
bands. No changes in the band positions were observed due to
the use of ethanol. Figures 7, 8 show the spectra obtained for the
historic leather samples. For the historical leather top sample after
the use of ethanol exposed to long-term exposure to ethanol vapors,
a slight change in the band intensity was observed in relation to
the reference sample—new signals were observed in the area of
3,500 cm™, 3,400 cm™, 1,200-1,100 cm™! (Figure 7). The peaks of
historical leather I, historical leather II and historical leather III,
located at the same wavenumber value, overlap, which indicates no
significal differences between the samples treated with ethanol and
not treated (Figures 7, 8).
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3.3.3 Analysis of the chemical composition of the
surfaces

In order to fully illustrate the effect of disinfection with a
90% ethanol solution applied in the form of a mist on the
leather surfaces, an additional study was performed using the XPS
technique to determine the elemental composition of the outer
layers of the tested samples. Analysis of the spectral lines visible
in the spectra enabled the detection of elements contained in the
tested samples. The outer surface of the model leather contained
the following elements: carbon, nitrogen, oxygen, sodium, silicon,
sulfur, calcium, and phosphorus (Figure 9). The samples of historic
leather contained carbon, nitrogen, oxygen, sodium, aluminum,
magnesium, silicon, sulfur, calcium, and iron on their surface
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FIGURE 4

Scanning Electron Microscopy (SEM) microscopic images of historical leather at 100, 500, and 5,000x magnifications: (A) historical leather—control,
(B) historical leather—after application of 90% ethanol in the form of mist and direct drying, (C) historical leather—after application of 90% ethanol in

the form of mist and drying after 22 h of storage in ethanol vapors.

(Figure 10). In model leather samples, the vast majority of the
elemental composition expressed in mass percentages is carbon
and oxygen, which is due to the structure of the leather, mostly
composed of collagen (Figure 11). XPS studies performed in a
narrow range of binding energies showed the presence of the
following chemical bonds characteristic of carbon: C-C, C-O-
C, C=0, 0-C=0. Calcium present in the samples occurs in the
form of carbonates, while silicon in the form of silicon(IV) oxide.
No significant differences were found between not treated and
decontaminated model leather samples (Figure 9).

In the case of historic samples, among elements found in
model leather, aluminum, iron and sulfur were also determined,
which most likely constitute a secondary layer of the tested historic
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surface. The average analysis depth for an XPS measurement is
about 5 nm, so it mainly determines changes in the secondary
layer of the object. Analysis of samples of historic leather materials
also did not show any significant changes in the composition of
elements after disinfection with a 90% ethanol solution in the form
of mist (Figure 12).

XPS studies performed in a narrow range of binding energies
showed the presence of the following chemical bonds characteristic
of carbon: C-C, C-O-C, C=0, O-C=0, C-C, C-0O-C, C=0, 0-C=0,
C-C/C-HC-C/-C-N-, C-OH, C-O-C, C=0, COOR, C-C/C-H, C-C/
-C-§-/-C-N-, C-OH, C-0-C, C=0, and COOR. Calcium present on
the surface of the tested samples occurs in the form of carbonates,
while silicon in the form of SiO,.
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FIGURE 5

ATR spectra of the model leather samples, upper side: (A) superimposed, (B) with characteristic peaks marked; model leather | (red)—not subjected
to the decontamination process; model leather Il (green)—after applying ethanol and dried; model leather IIl (blue)—after 22 h of storage in ethanol

vapors.

4 Discussion

Leather is a common building material for historical objects
found in A-BSM, such as shoes or suitcases, which are often the
only remnant of their owners, victims of the concentration camp,
and therefore their historical value is priceless.

Microorganisms that may be harmful to human health and
have a destructive effect on the surfaces of historical objects are
identified on objects found in A-BSM. The presence of bacteria
and fungi, native to the museum environment, on the surfaces
of historical objects may pose a threat to the health of people
exposed to professional contact with such items (Skora et al., 2015).
Biodeterioration of leather objects involves the decomposition
of tannins, fats and proteins and may result in the appearance
of discolorations, stains, indentations and a weakening of the
strength (Rybitwa et al., 2020). In the current study, we detected
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an average of 1.26 x 10 cfu/100cm? of bacteria and 1.30 x 10°
cfu/100cm? of fungi on the leather surfaces of historical children’s
shoes. In addition, in 2020 we published data on microbiological
contamination of leather objects. On the surfaces of leather shoes,
the average number of bacteria ranged between 1.96 x 10°
and 7.61 x 10° cfu/100cm?, while fungi colonized these objects
in an average number of 2.33 x 10%-2.56 x 10* cfu/100cm?.
Thirty species of bacteria and 24 species of fungi were identified,
including microorganisms that could adversely affect the state of
preservation of the objects (e.g., P. agglomerans, A. pullulans)
and the health of workers carrying out conservation work (e.g.,
B. cereus, S. epidermidis) (Rybitwa et al., 2020). For comparison,
public utility areas are characterized by presence of microorganisms
in average number ranging from 10! to 10* cfu/m? (Wawrzyk
etal,, 2020a). Uneven distribution of microorganisms on historical
leather objects may result from various factors such as the chemical
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vapors.

ATR spectra of the model leather samples, back side: (A) superimposed, (B) with characteristic peaks marked; model leather | (red)—not subjected to
the decontamination process; model leather Il (green)—after applying ethanol and dried; model leather III (blue)—after 22 h of storage in ethanol

composition of the leather, its degree of preservation, biocides
used in the past and environmental conditions. Well-preserved
leather (e.g., impregnated with fats, waxes) is less susceptible to
colonization, because microorganisms have a harder time breaking
down hydrophobic protective substances. Damaged, dried out or
cracked leather creates microenvironments that are conducive
to the deposition of dust and moisture, which facilitates the
development of microorganisms.

Based on the results of previous studies (Rybitwa et al., 2020),
to analyze the biocidal effectiveness of ethanol in the form of mist,
we selected microorganisms occurring on the surfaces of leather
objects in A-BSM, potentially harmful to objects and human health,
such as Aspergillus flavus, Aspergillus niger, Pantoea agglomerans,
and Penicilium chrysogenum. Bacteria of the Staphylococcus genus
were also previously identified on leather objects (Rybitwa
et al., 2020), so for our research we used a health-threatening
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representative of this group, namely Staphylococcus aureus. In
addition, the mold fungus Alternaria alternata, often found on
historical objects in A-BSM (Kozirég et al, 2014; Rajkowska
et al., 2014; Wawrzyk et al,, 2020b, 2018), which produces acids
contributing to the progress of biodeterioration (Di Carlo et al.,
2016) and may also cause allergies in humans, was selected for our
study.

Biodegradation is a major problem in the protection of cultural
heritage, including historical leather objects, and traditional
biocides often have limited effectiveness due to microbial resistance
(Vadrucci et al,, 2020). A commonly used method of disinfecting
microbiological contamination of abiotic surfaces is spraying with
70% ethanol. It should be noted that this method is rarely
used in museums, because contact of aqueous solutions with
historical surfaces may adversely affect their surface, and ultimately
negatively affect its properties. As a result of wetting, the leather
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(blue)—after 22 h of storage in ethanol vapours.

ATR spectra of historical leather samples, top side: (A) superimposed, (B) with characteristic peaks and new ones marked with arrows; historical
leather | (red)—not subjected to the decontamination process; historical leather Il (green)—after applying ethanol and dried; historical leather Il

surface may shrink, stiffen, which leads to increased potential
fragility or a noticeable change in morphology. In earlier attempts
described in the literature, in order to use ethanol on historical
leather, tests were performed using 70%-80% alcohol. However,
promising results were obtained only as a result of applying a
compress for several hours and soaking the leather sample for 10
min in an aqueous alcohol solution. Satisfactory effectiveness was
achieved, although the author does not recommend this method
for use on cultural heritage objects (Scheerer, 2012). Therefore, it is
important to constantly search for alternative techniques that will
eliminate microorganisms and, at the same time, be safe for objects
containing collagen materials, enabling safe work of conservators
(Dignard and Mason, 2020).

The primary objective of the study was to test the biocidal
efficacy of ethanol in the form of mist applied to historical
leather materials, as well as its effect on modern leather materials.

Frontiers in Microbiology

In previous studies, we demonstrated almost 100% effectiveness
of disinfection of textile, cotton historical objects using 90%
ethanol in the form of mist, without damaging their surfaces
(Wawrzyk et al., 2023, 2024). We also used 90% ethanol in the
form of mist to reduce autochthonous microflora occurring on
paint layers in historical buildings located in the A-BSM area.
Thanks to this approach, the quantitative reduction of bacteria
was achieved in the range of 70.4%->99%, and fungi in the range
of 78.2%->99% (Wawrzyk et al, 2025). In order to optimize
the disinfection process and achieve a greater reduction in the
number of microorganisms, the method used in the conservation
of historic objects for paper disinfection was used: the time of
ethanol vapor exposure was extended to 22 h (Karbowska-Berent
et al., 2018). Our studies showed >99% reduction in the number
of all tested fungi (Aspergillus flavus, Aspergillus niger, Penicilium
chrysogenum, and Alternaria alternata) and bacteria (Pantoea
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agglomerans, Staphylococcus aureus) present on both model and
historic leather after disinfection with ethanol in the form of mist.

However, in museums, the implementation of innovative
disinfection techniques requires a thorough examination of the
potential consequences associated with such a process. In order to
assess the possible harmfulness of the disinfection method using
90% ethanol in the form of mist on the surfaces of historical objects,
a number of analyses were performed. The use of SEM microscopy
allows for the detection of surface damage and collagen structure
cracks, which could lead to mechanical weakening of the object,
through the loss of specific material properties and constitute a
place for initiation of the adhesion of microorganism cells, leading
to further biodeterioration. Scanning Electron Microscopy (SEM)
is a proven method for imaging cracks on surfaces in other areas of
science (Wawrzyk et al., 2021). The images obtained during SEM
observations did not show significant changes for samples in this
regard after using ethanol as a disinfection method.
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Collagen-based materials are very sensitive to degradation
and are mainly subject to hydrolysis and oxidation. Namely,
acid hydrolysis and photo-oxidation are the most common
causes of degradation of leather products. Several studies on
parchment have described typical features of hydrolysis, oxidation
and gelatinization observed using ATR-FTIR spectroscopy, which
is widely used in collagen degradation studies. ATR-FTIR
spectroscopy can detect changes in the amide I and amide II
bands, with an increase in the distance between wavenumbers
and the intensity ratio indicating oxidation, while changes in
the AI/AII ratio can indicate the type of hydrolysis (Vyskocilova
et al, 2019). FTIR measurements of examined samples did
not reveal any negative effect of disinfection with 90% ethanol
in the form of mist on the structure of disinfected leather
samples, both model and historical ones. Obtained results
indicate that the ethyl alcohol used in the study evaporated
to a large extent from the tested surfaces. Leather products
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consist of collagen fibers, which do not react significantly
with ethanol.

Complementary to FTIR measurements, XPS tests confirm the
lack of influence of disinfection of leather samples with a 90%
ethanol solution in the form of mist on the chemical structure of
the outer surface layer. The slight changes in the percentage content
of individual elements could have been caused by the presence of
ethanol on the surface of the samples, which did not evaporate
completely.

The obtained results allow to demonstrate the lack of
contraindications to the use of this technique for disinfection of
historical leather materials. Disinfection with ethanol applied in
the form of mist after optimizing the concentration, exposure
time and selection of the appropriate application technique can
be effectively used to eliminate microbiological contamination
of historical objects made of leather. What is important, like
every method dedicated to use on historical material, it requires
validation for specific objects.

Frontiers in Microbiology

The ethanol mist method does not require large financial
outlays, complicated equipment, or special precautions compared
to other methods used to protect cultural assets. Minimizing
mechanical damage reduces the risk of physical damage
to the leather surface. The mist form can allow for even
distribution of the substance, reaching hard-to-reach places.
It is a quick and easy-to-use method in museum, so it can be
practically implemented in current conservation tasks. Ethanol
evaporates quickly, which can reduce the risk of long-term
exposure to moisture on the material, and therefore can be
used to disinfect materials that should not be exposed to
aqueous solutions.

Ethanol effectively eliminates many types of microorganisms,
although as a disinfectant has limited effectiveness compared
to other waterless disinfection techniques because it requires
the presence of water to effectively denature proteins and its
rapid evaporation may leave microbial spores intact, whereas
methods such as gas disinfection (e.g., ethylene oxide) or
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UV radiation are more effective against a broad spectrum
of microorganisms, including spores. However, ethanol is less
toxic and less harmful to humans compared to methods using
ethylene oxide or ionization, which can be effective in eliminating
pathogens on surfaces, but have limited use in decontamination of
heritage objects.

To conclude, we proved that disinfection of historical leather
objects with the 90% ethanol in the mist form is biocidally
effective, for tested bacteria and fungi. Moreover, we were
first to demonstrate that this technique does not damage the
leather object’s surface structure, as examined by SEM, FTIR,
and XPS analyses. 90% ethanol evaporates quickly, so there is
no threat of soaking of the surface. This disinfection method
is also cheap, easy to use, convenient and highly available.
What is important, it requires validation before use on different
historic materials.
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Increased heavy rainfall followed by periods of drought due to climate change is
leading to more frequent salt-crystallization cycles. This not only leads to increased
salt-weathering on architectural surfaces of cultural heritage monuments, but
also creates an ideal ecological niche for the formation of biofilms by salt-loving
microorganisms. These biofilms, characterized by a distinctive pink coloration,
cause additional esthetic alterations to affected surfaces. In this study, mineral
poultices prepared with different clay minerals (sepiolite, kaolinite and vermiculite)
were developed and tested for a long-term (1 year) application on salt-weathered
surfaces, thus contributing to their preservation. The poultices were tested on
the surfaces of two historic buildings: the St. Virgil's Chapel in Vienna and the
Mauerbach Charterhouse in Lower Austria, both showing salt efflorescence and a
uniform pink biofilm. First, the poultices were tested to evaluate their salt retention
capacity, salt-weathering resistance and processability. The retention properties
of the poultices were examined by measuring their salt content throughout the
treatment using high performance liquid chromatography (HPLC) and continuous
flow analysis (CFA). Salt content was also measured on the wall surfaces before
and after treatment. Second, the effect of the desalination treatments on salt-
associated pink biofilms was also evaluated. The shifts within the biofilm communities
during and after the treatment were monitored by gPCR and long-read archaeal-
and bacterial-16S rRNA amplicon analysis using the Nanopore sequencing
technology. The results demonstrate that both the selected clay minerals and
the salt composition in the treated areas significantly influenced the salt storage
capacity of the poultices and their resistance to salt weathering. Fluctuations
in salt load and ionic composition during and after treatment affected biofilm
composition, with bacterial communities proving more sensitive than archaea to
these changes. Both gPCR and metataxonomic results show that the effects of
the poultices on the colonizing biofilms depend not only on the composition of
their microbial members, but also on external abiotic factors such as the chemical
composition and concentration of the salt mixtures on the surfaces. In addition,
the biodiversity within the biofilms shows to be affected differently depending
on the mineral clay used.
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1 Introduction

Time and climate change are two uncontrollable factors that
challenge the preservation of cultural heritage. Particularly in Central
Europe, increasing heavy rainfalls, alternating with periods of intense
drought, promotes the formation of salt efflorescence, which
endangers cultural heritage monuments (Leissner et al., 2015). This
phenomenon not only creates new ecological niches for halophilic
microorganisms, facilitating microbial growth on monument surfaces,
but also complicates restoration efforts in maintaining the integrity of
inorganic surfaces. It has been reported that the process of microbial
colonization in built cultural heritage heavily contaminated by salt
very often leads to the phenomenon of pinkish discolouration (Imperi
etal.,, 2007; Pinar et al., 2014; Tichy et al., 2023). This discolouration
is due to halophilic/halotolerant microbial communities producing
carotenoid pigments, mostly bacterioruberin (BR), which are
dispersed into the cultural heritage environment, causing the
characteristic pinkish appearance (Imperi et al., 2007; Ettenauer et al.,
2014; Tescari et al., 2018b; Cojoc et al., 2019; Basile et al., 2025). The
main players in the discolouration phenomenon are halophilic
bacteria (Saiz-Jimenez and Laiz, 2000; Schabereiter-Gurtner et al.,
2001) and archaea (Rolleke et al., 1998; Pinar et al., 2001), usually
embedded into a biofilm located either on top of the inorganic surface
or within the salt efflorescence itself. Halophilic communities, besides
causing esthetic damage through the pigment production, may also
contribute to the damage of architectural surfaces by changing the
inorganic surface properties through the process of biodegradation
(Schréer et al., 2021).

Salt crystallization exerts a destructive force on construction
materials (Arnold and Zehnder, 1991; Charola, 2000). To prevent
further degradation of affected cultural heritage surfaces,
remediation or mitigation of harmful salts is required (Charola and
Blduer, 2015). For the removal of salt efflorescence, a classical
approach includes the application of poultices (Verges-Belmin and
Siedel, 2005; Lubelli and Van Hees, 2010; Lenz, 2017), which
function based on diffusion and advection principles (Pel et al.,
2010). While the physical effects of desalination and stabilization
treatments on architectural surfaces are well-documented, even over
the long term (Zehnder, 2007; Heritage et al., 2013; Laue et al,
2021), less attention has been given to their biological impact. Few
studies have monitored microbial communities over extended
periods following salt reduction or bio-cleaning treatments (Bosch-
Roig et al., 2015; Pinna et al., 2018; Ranalli and Zanardini, 2021;
Pavlovi¢ et al.,, 2022). Long-term microbial monitoring after salt
reduction is essential, as variations in salt composition and ion
concentration shifts can influence microbial communities on
deteriorated surfaces (Adamiak et al., 2015; Tichy et al., 2023).
Additionally, for inorganic surfaces such as stone or mortar, it is
difficult to distinguish between damage caused by either physical
and/or chemical processes and that caused by microbiological
activity (Steiger et al., 2011). Therefore, when assessing treatment
effectiveness, both salt composition and concentration changes, as
well as their impact on microbial communities, must be monitored
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before, during, and after cleaning, desalination, or
consolidation treatments.

In this study, a long-term desalination treatment was applied to
salt-contaminated surfaces at two historic sites: St. Virgil’s Chapel and
the Charterhouse Mauerbach. Both

comprehensively analyzed for salt composition and associated

locations have been
microbial biofilms (Tichy et al., 2023). To mitigate salt-induced
damage, we applied mineral poultices composed of different clay
minerals—sepiolite, kaolinite, and vermiculite —for 1 year and
monitored the treatment over time. These minerals were selected due
to their distinct physicochemical properties relevant for salt extraction
(Bergaya and Lagaly, 2013). Sepiolite, a fibrous clay with high specific
surface area and porosity, facilitates capillary transport and salt
uptake. Kaolinite, a plate-like clay with lower cation exchange
capacity, offers dimensional stability and ease of handling.
Vermiculite, with its high ion-exchange capacity and swelling
behavior, can enhance ion mobility and retention. Such properties
suggest that these clays can support both effective salt removal and
adaptability to surface conditions in heritage conservation
applications. In addition, natural clays, especially kaolinite and
vermiculite used in this study, show antimicrobial properties
(Williams and Haydel, 2010; Londono et al., 2017) and could
be functionalised for the release of biocidal agents (Gallo et al., 20205
Pastor et al., 2020) in order to obtain better control of the microbiomes
associated with salt-weathered surfaces in heritage buildings.
However, the raw materials used in this study were not modified with
biocides. Similar clay materials have been used in desalination studies
targeting construction materials and artworks (Verges-Belmin and
Siedel, 2005; Lubelli and Van Hees, 2010), but a comparative
evaluation of different clays over long treatment periods remains
limited. Therefore, to assess their potential for a long-term application,
this study tested the salt retention capacity of each poultice, its
resistance to salt weathering and its handling properties. In addition,
the treatment effects on surface ion concentrations and on the
colonizing biofilms were monitored by metataxonomic profiling and
quantitative PCR.

2 Materials and methods

2.1 Description of the locations of treated
surfaces

The treatment was applied to two historic buildings. First of all,
the Chapel of St. Virgil (1,220/30 AD) Vienna (Austria), has been the
subject of numerous microbial investigations (Ripka et al., 2006; Pinar
et al,, 2009; Ettenauer et al., 2010) (Figure 1a). A more recent study
also included climatic and salt chemistry analyses (Tichy et al., 2023).
The chapel, located underground, exhibits severe salt damage,
primarily due to halite (NaCl) efflorescence. This results from water
infiltration following heavy rainfalls, which dissolves and transports
de-icing salts used in winter. The surface of the rendering is rough,
highly porous and structurally weakened due to progressive
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weathering. The poultices were tested on a previously investigated
vault, designated hereafter as V2 (Tichy et al., 2023).

The second site, the Charterhouse in Mauerbach (Lower Austria),
is a former monastery built in 1314, also previously studied (Tichy
et al,, 2023). Here, water ingress is caused by capillary forces (rising
damp). The investigated plastered surfaces of the walls are smooth
with negligible porosity. Poultices were applied in two rooms: M4,
which showed no visible salt efflorescence but contained gypsum, and
M6, which exhibited extensive salt efflorescence, primarily thenardite
(Na,SOy) (Tichy et al,, 2023).

2.2 Poultice compositions and application

Three clay minerals with distinct properties were selected for the
preparation of mineral poultices for desalination tests in the two
historical sites. The selected minerals were kaolinite, sepiolite and
vermiculite. The poultices remained on the surfaces for a total period
of 1 year. The clay minerals were combined with quartz sand and
perlite as additives. The addition of perlite serves the purpose of
reducing the overall weight of the mixture, which is an important
factor for the application on salt-damaged plaster structures. The
mixtures consisted of one volume part of each clay mineral, one
volume part of perlite, and two to three volume parts of quartz sand,
with the addition of 1-1.5 volume parts of water, to create a mixture
that was easily applicable. The proportion of quartz sand and water
was dependent upon the properties of the clay mineral.

Three test areas (each 400 cm?) were selected in each of the test
locations of the two sites (Figure 1b). The poultices were applied in a
1 cm-thick layer over a polyamide mesh (2 mm mesh size) using a
spatula. The intermediate layer of polyamide was inserted to facilitate
the removal of the poultice and thus protect the historic surfaces.

2.3 Sampling

Sampling of the different applied poultices was carried out at 1, 6,
and 12 months of treatment. At each time point, for each location and
poultice type, a 5 x 5 x 1 cm section of the poultice was aseptically
removed from the wall, placed into a petri dish (Figure 1c) and
transported on ice to the laboratory. Samples were stored at —20°C

10.3389/fmicb.2025.1603289

until further biological analysis. Before analysis, the poultices were
homogenized using a sterile scalpel to obtain a fine granular mass.

Sampling of the walls after 12 months of treatment with the
different poultices, hereafter referred to as “treated” (T) samples, was
following the same procedure described for untreated walls (“NT”
samples) in Tichy et al. (2023). Briefly, the treated pink biofilm surface
of 5 x 5 cm was scratched with a sterile scalpel, collecting the fine
obtained powder in a falcon tube, transported on ice to the laboratory
and stored at —20°C until further analysis.

2.4 DNA extraction, library preparation and
sequencing with Nanopore sequencing
platform

The DNA extraction, from poultices and wall surfaces, was done
in triplicate for each sample with the FastDNA Spin Kit for soil (MP
Biomedicals, Illkirch, France), as explained in Tichy et al. (2023). DNA
extracts of the poultices were pooled following a volume reduction
through a vacuum concentrator at 25°C (Savant SpeedVac DNA 130,
Thermo Fisher Scientific, Waltham, United States).

Full-length archaeal and bacterial 16S rRNA amplicons were
obtained through a first PCR round, using the primers 27F/1942R for
bacteria and SSU1ArF/SSUI000ArR for archaea, as explained by
Tichy et al. (2023) with the modification that only 30 cycles were used
in this study for the archaeal amplification. Afterwards the
amplification products were cleaned up with NucleoSpin Gel and PCR
Clean-up XS (Ref: 740611, MACHEREY-NAGEL, Diiren/Germany)
according to the instructions made by the manufacturer.

Then long-amplicon bacterial 16S rRNA gene library preparation
and sequencing was done according to the protocol of the Oxford
Nanopore  Barcoding  Kit  (SQK-PBK004, nested-pcr-
protocol-FFP_9038_v108_rev S_14Aug2019-minion-1) with all
extracted samples. The used primers were 27F and 1492R configured
with an adapter predefined by Oxford Nanopore Technologies
(Forward primer: 5-TTTCTGTTGGTG CTGATATTGC-27F-3";
Reverse primer: 5-ACTTGCCTGTCGCTCTATCTTC-1492R-3") and
synthesized by Eurofins Genomics. Moreover, this was also done
identically for the archaeal amplicons with the primers SSU1ArF/
SSU1000ArR including the Oxford Nanopore Technologies
specific adapters (Forward primer: 5-TTTCTGTTGGTG CTGATA

FIGURE 1

Example of the application of mineral poultices in St. Virgil's Chapel: (a) view from above of St. Virgil's Chapel; (b) application of mineral poultices [from
left to right: sepiolite; kaolinite; vermiculite]; (c) aseptically sampling procedure of poultices [5 x 5 cm?].
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TTGC-SSU1ArF-3’; Reverse primer: 5-ACTTGCCTGT CGCT
CTATCTTC-SSU1000ArR-3") also synthesized by Eurofins Genomics.
Detailed description of the Sequencing-PCR setup, primers, used
enzymes and devices can be found in Tichy et al. (2023).

Finally, the barcoded sequences were pooled (bacterial- and
archaeal-amplicons separately) in desired ratios to a total molar
concentration ranging between 50 and 100 fmol in 10 pL and ligated
to the provided sequencing adapters. The prepared libraries were
loaded onto the MinION flow cell FLO-MIN 106D R9 Version
(Oxford Nanopore Technologies, Oxford, UK). Sequencing was
performed on the MinION MKkIC device for 48 h.

2.5 Bioinformatic analyses

FASTS5 files, were basecalled using the Guppy basecalling software
(Oxford Nanopore Technologies, Oxford, UK, version
5.0.11 + 2b6dbff) with the high accuracy (HAC) model. FastQC
(v0.12.1) (Andrews et al., 2010) and Nanostat (1.6.0) (De Coster et al.,
2018) were used for quality control. Adapter, barcode, and primer
sequences were removed, and chimeric sequences were split using
Porechop (0.2.4) (Wick et al., 2017). A head and tail crop of 40 bases
and filtering for a mean quality score of 9 was done with NanoFilt
(2.8.0). Additionally, a length filtering was conducted for bacterial and
archaeal reads (1,000-1,600 bases for bacteria, 700-1,200 bases for
archaea, according to the expected length of the PCR product).

Emu (v3.4.4) (Curry et al, 2022) was used to perform
metataxonomic classifications with a combination of rrnDB v5.6
(Stoddard et al., 2015) and NCBI 16S RefSeq from 17 September 2020
(O’Leary et al, 2016). The resulting database comprises 49,301
sequences from 17,555 unique bacterial and archaeal species.

R version 4.3.2 and the packages pheatmap (version 1.0.12)
(Kolde, 2010), taxonomizer (version 0.10.7) (Sherrill-Mix, 2017),
phyloseq (McMurdie and Holmes, 2013), vegan (version 2.7-0)
(Oksanen et al., 2025), microbiome (Lahti and Shetty, 2017), ggplot2
(Wickham, 2016), and tidyverse (Wickham et al., 2019) were used to
perform relative abundance analysis, taxonomic clustering and the
different diversity indices.

The data for the non-treated samples are derived from NCBI
BioProject PRINA909753 (Tichy et al., 2023). Data derived from this
study are available under the NCBI BioProject accession
Number PRJNA1242577.

2.6 Quantitative PCR analyses

To quantify the bacterial and archaeal load in the wall surfaces
before and after the treatment, QPCR analyses were performed using
Bio-Rad iTaq Universal SYBR Green Supermix. The total reaction
volume was 10 pL. Each reaction mixture consisted of 1 pL template
DNA, 1 pL primer mix, 5 pL iTaq Universal SYBR Green Supermix
and 3 pL nuclease free water. The specific primers used for archaeal
detection were ARC344F (ACGGGGYGCAGCAGGCGCGA) and
ARC744R (CCSGGGTATCTAATCC), while bacterial quantification
was performed with the BAC338F (ACTCCTACGGGAGGCAG) and
BACB805R (GACTACCAGGGTATCTATCC) primers, synthesized by
Eurofins Genomics. Each sample was performed in triplicate. Thermal
cycling conditions followed the iTaq Universal SYBR Green Supermix
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protocol recommendations and Fluorescent Quantitative Detection
System (Hangzhou Bioer technology/Shanghai). The PCR parameters
included: 4 min denaturation at 95°C, followed by 40 cycles consisting
of 5s. denaturation at 95°C, 30 s. primer annealing and extension at
60°C. For the statistical analysis of the qPCR results between the
sampling locations, the statistics program XLSTAT 2023.1.6.1410 was
used [Two-sample t-test, significance level « = 0.05]. The ACt (delta
cycle threshold) values were calculated as follows: the mean Ct values
of the treated samples (T) minus the mean values of the non-treated
samples (NT).

2.7 Salt analysis

For the quantitative analyses of the salt composition High
Performance Liquid Chromatography (HPLC) and continuous flow
analysis (CFA) were used. The surface of 25 cm?® of treated wall
surfaces (T) and 25 cm® of the mineral poultices were analyzed.
Non-treated walls (NT) were previously examined (Tichy et al., 2023).
The collected material (poultices and historic surfaces) from the
standardized surface area of 25 cm? was weighed before and after
drying at 60°C and dissolved in 60 mL demineralised water (according
to VDE 0510). The samples were shaken for 3 min. and the
non-dissolved particles were allowed to settle for 60 min. Subsequently,
20 mL of supernatant, free of non-dissolved particles, was transferred
in a new 50 mL Falcon-Tube and stored at 7°C until analysis. Nitrate
detection followed the DIN EN ISO 13395 procedure, involving the
reduction of nitrate to nitrite using cadmium, followed by photometric
determination after a nitration reaction with 2,6-dimethylphenol in a
sulfuric/phosphoric acid solution via CFA.

Sulfate and Chloride ions were detected according DIN EN ISO
10304-1, using HPLC with ion separation and a conductivity detector
(IC). Sodium, potassium, calcium, and magnesium ions were quantified
in accordance with DIN EN 14911 using HPLC coupled with a
conductivity detector. Details of the analytical equipment are provided in
the Supplementary Table SI (Tichy et al., 2023). To standardize the
comparison of salt amounts detected on surfaces (cm?) and those
extracted within the mineral poultices (cm?), a conversion factor of 1:1
was applied, and all values are reported in pg/cm” aligning with the WTA
Guideline (Wissenschaftlich-Technische ~Arbeitsgemeinschaft fiir
Bauwerkserhaltung und Denkmalpflege, 2019), based on the mass of the
detected ionic species. The total retention capacity of ionic species in the
mineral poultices was calculated empirically as follows: all cations were
normalized to sodium ions (Na* eq.), and all anions to chloride ions (CI~
eq.), based on molar amounts. The total sum of anion and cation
equivalents was divided by two (simplified ion balancing through the
formation of mean values) and multiplied by the molar mass of sodium
chloride (NaCl), providing the empirical total salt retention capacity of
the mineral poultice in pg/cm?.

3 Results

3.1 Effectiveness of treatment using
different mineral poultices

The effectiveness of the three tested poultices (sepiolite, kaolinite,
and vermiculite) was evaluated in terms of their salt storage capacity
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and resistance to salt weathering. The salt concentration in the test
areas was measured before and after treatment to determine the
potential of the poultices to reduce salt content on the surfaces
(Figure 2; Supplementary Table S1).

The poultices were tested in two historic buildings, each
presenting distinct salt compositions and concentrations (see
methods section and Tichy et al., 2023). At the St. Virgil’s Chapel,
one of the vaults (V2) was examined, while at the Charterhouse of
Mauerbach, two rooms (M4 and M6) were investigated (see
methods section and Tichy et al, 2023). The three poultices
exhibited different behaviors regarding salt retention, extraction
and resistance to

efficiency, salt weathering at various

sampling points.

3.1.1 St. Virgil Chapel

At the beginning of the monitoring campaign the surfaces of the
St. Virgil Chapel were predominantly affected by halite (NaCl) salt
efflorescence, with sulfates present to lesser extent, as reported
previously (Tichy et al., 2023). Results show that all poultice mixtures
applied in the chapel of St. Virgil extracted and retained sodium (with
a max. in kaolinite after 6 months: 29716.8 pg/cm?) and chloride ions
12 months:  76798.2 pg/cm?)
(Supplementary Table S1) during the application period. Additionally,

(max. in vermiculite after
potassium, calcium, magnesium, nitrate, and sulfate accumulated in
all poultices (Figure 2a). Notably, all poultices exhibited significant
nitrate retention after 1 month, with values of 3336.2 pg/cm?
(sepiolite), 5099.9 pg/cm? (kaolinite), and 3835.6 pg/cm? (vermiculite),
which subsequently decreased (Figure 2a). Sulfate accumulation
peaked after 12 months, with maximum values of 6863.7 pg/cm?
(sepiolite), 3338.3 pg/cm? (kaolinite), and 3296.5 pg/cm? (vermiculite).

However, the type of clay mineral exerted a noticeable impact on
the ion retention properties, salt resistance, and final extraction
efficiency of the main salt, halite. The sepiolite poultice exhibited the
lowest performance with signs of salt-weathering after 1 month,
manifested as sanding, and also showed the lowest total salt extraction
amount (Figure 2a; Supplementary Figure S1). This poultice reached
after 6
(Supplementary Figure S1). However, the quantity of salts stored was

its ~maximum  salt accumulation months
found to be considerably lower in comparison to the other two
poultice mixtures (Figure 2a), as demonstrated by the ion
chromatography results, which displayed a reduced capacity for the
extraction of sodium ions (max. 11008.8 pg/cm?2) and chloride ions
(max. 38896.8 ug/cm2) in comparison with the other two
mineral clays.

The kaolinite poultice displayed a salt extraction capacity of max.
111805.9 pg/cm’® mass eq. NaCl and a higher resilience to salt pressure,
although its storage capacity was smaller to that of the vermiculite
poultice (Supplementary Figure S1). Furthermore, the results of the
analyses conducted after 6 months, showed the highest salt
accumulation load (Figure 2a), with the highest amount of retained
sodium (29716.8 pg/cm?) at this time and chloride (71007.8 pg/cm?)
after 12 months of the treatment (Supplementary Table S1).

Finally, the vermiculite poultice demonstrated the most effective
extraction and storage capacity (max. 118274.1 pg/cm’® mass eq.
NaCl), as well as the higher resistance to salt-weathering by
maintaining an intact surface and structure throughout the entire
study period (Supplementary Figure S1). This poultice retained a max.
of sodium (27367.2 pg/cm?) after 6 months and a max. of chloride
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(76798.2 pg/cm?) after 12 months of treatment (Supplementary
Table S1).

Regarding the effect of the poultices on the treated surfaces, a
reduction in sodium concentration (from 7754.4 pg/cm’ to 3009.6 pg/
cm’ for sepiolite) and stability in chloride values (from 12550.8 pg/cm?
to 11803.2 pg/cm’ for vermiculite) were observed. However, an
increase in other ions, particularly potassium, was detected, with
concentrations reaching up to 40 times the initial values
(Supplementary Table S1).

3.1.2 Charterhouse of Mauerbach

The test areas at the Charterhouse Mauerbach were located in two
distinct rooms, labeled M4 and M6, which presented distinct initial
salt conditions. M4 had minimal salt contamination, primarily
gypsum-related ions (Ca®* and SO,*"), whereas M6 exhibited extensive
salt efflorescence, dominated by sulfates, potassium, and sodium ions
(Supplementary Table S1).

3.1.2.1 Test area M4

Since M4 contained mainly gypsum-related salts, it was expected
that the poultices would primarily accumulate calcium and sulfate
ions (Figure 2b). Indeed, the results of the analyses demonstrated that
all poultices primarily extracted sulfate, with maximum values of
763.9 pg/cm’ (sepiolite), 379.0 pg/cm? (kaolinite), and 524.4 pg/cm?
(vermiculite). Calcium retention was highest in kaolinite after 6
months (444.0 pg/cm?). However, the accumulation of calcium ions
in the poultices was found to be lower than after the treatment directly
on the wall.

However, some differences were observed on the retention of
other ions depending on the mineral clay used. The sepiolite poultice
accumulated the highest concentrations of most ions after 1 month,
except for sulfate (with a maximum at 6 months) and chloride (which
peaked at 12 months, with 191.0 pg/cm?) (Supplementary Table S1;
Figure 2b).

The kaolinite-based poultice exhibited a distinct behavior. The
highest concentration of all total ions was observed after 6 months,
with the exception of nitrate ions, which showed their maximum
(39.3 pg/cm?) after 1 month (Supplementary Table S1; Figure 2b). The
kaolinite poultice extracted a multiple of the salt ions originally
present in the substrate, with the amount of sodium ions extracted
reaching up to 170 times the original quantity. However, the amount
of extracted sulfates was smaller after 12 months compared to those
after 1 and 6 months (Figure 2b).

Concerning the vermiculite poultice, the highest concentrations
of sodium (49.2 pg/cm?), potassium (109.4 pg/cm?), and magnesium
(56.2 pg/cm?’) ions were observed after a period of 1 month
(Supplementary Table S1; Figure 2b). Sulfate and calcium showed
their maximum retention at 6 months, and the highest quantities of
nitrates (17.8 pg/cm?®) and chlorides (20.6 pg/cm?) were recorded after
12-month period. In comparison to the initial value on the non-treated
surface area (NT), the poultice demonstrated the greatest storage
capacity for magnesium ions after 1 month, reaching a concentration
up to 14.1 times the initial value (Supplementary Table S1).

At the end of treatment, the treated surfaces exhibited increased
sulfate (1180.8-2001.6 pg/cm?), calcium (423.4-837.6 pg/cm?), and
magnesium (50.4-76.8 pg/cm®) concentrations, regardless of the
poultice used (Figure 2b). A slight increase in chloride ions was
observed in the area treated with the sepiolite poultice, while the
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original value of potassium ions was found to be found approximately
fourfold in the area treated with the vermiculite poultice
(Supplementary Table S1).

3.1.2.2 Test area M6

In the non-treated M6 test area, the most prevalent ions detected
before treatment were sulfate (7135.2 pg/cm?), potassium (2918.4 pg/
cm?), and sodium (1022.4 pg/cm?®) with a minor presence of calcium
(62.8 pg/cm?) (Supplementary Table S1). These ions were also
identified in considerable quantities within all poultices. However, the
poultices also demonstrated the accumulation of a greater quantity of
nitrate, chloride, and magnesium ions than initially present in the test
area (Figure 2c). At the end of the monitoring campaign (12 months)
all three poultices exhibited the highest accumulation of the dominant
salt ions within their matrix, specifically sulfate (1842.2-2937.6 pg/
cm?), potassium (278.4-1452.0 pg/cm?), and sodium (487.2—
1356.0 pg/cm?). The maximum concentration of chloride ions in all
poultices was detected after 6 months (51.6-197.0 pg/cm?).

Regarding salt accumulation in the poultices, the highest quantity
of extracted salts was observed in the mineral poultice made of
kaolinite after a 12-month period (Figure 2c). The kaolinite-based
poultice exhibited superior efficacy in accumulating the dominant
species of ions (sulfate, potassium and sodium), present on the
non-treated surfaces. In contrast, the sepiolite-based poultice was
more effective in accumulating chloride ions. Notably, individual
variations were observed among the poultices. The highest
concentration of magnesium ions (85.4 pg/cm?) was detected in the
sepiolite poultice after 1 month, whereas in the kaolinite poultice, the
highest concentration (8.4 pg/cm?) was recorded after 6 months.
Regarding nitrate extraction, the vermiculite poultice showed the
highest retention after 1 month (63.7 pg/cm?), whereas sepiolite and
kaolinite reached a maximum after 12 months (72.1 and 41.9 pg/cm?,
respectively; Supplementary Table S1).

At the end of the treatment, compared to the non-treated (NT)
areas, the treated (T) areas exhibited a significant decrease in the
concentrations of weathering ions. Sulfate decreased from 7135.2 pg/
cm? at the NT surface to 6.2-350.4 pg/cm? at the surface, sodium from
1022.4 to 8.6-205.4 pg/cm’, potassium from 2918.4 to 7.7-159.6 pg/
cm?, and calcium from 62.8 to 16.8-23.5 pg/cm?, regardless of the
poultice used (Figure 2c). Furthermore, a decrease in nitrate and
chloride concentrations was observed in the treated areas with
kaolinite and vermiculite, while a slight increase in magnesium ions
was detected in all treated areas (Supplementary Table S1).

3.2 Effect of the desalination treatment on
the surface-associated microbial
communities: a metagenomic monitoring

The second objective of this monitoring study was to investigate
how the changes in ion concentrations, during and after treatment,
affected the salt-associated biofilms on the treated surfaces. For this
purpose, the microbial communities present on the walls before and
after treatment, as well as on the different mineral poultices after 1, 6,
and 12 months of their application, were monitored using a
metagenomic approach. Therefore, long-read archaeal- and
bacterial-16S rRNA amplicon analysis employing the Nanopore

sequencing technology was conducted, as explained in the methods
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section. The microbial communities present on the walls before
treatment (indicated as non-treated) were previously identified and
their detailed composition is shown in Tichy et al. (2023).

3.2.1 Metagenomic monitoring in St. Virgil Chapel

3.2.1.1 Bacterial monitoring

The treatment with mineral poultices showed promising results
for the elimination/mitigation of some of the genera that were most
abundant on the V2 surface in the Virgil Chapel before treatment.
These genera, in particular, Salinisphaera, Methylohalomonas,
Marinobacter, Halomonas, Marinimicrobium, and Aliifodinibius,
generally showed a decrease in their relative proportions, or even in
some cases, a complete elimination from the wall after treatment
(Figure 3a). Salinisphaera and Methylohalomonas, which formed 40
and 10.5% of the microbial community on the wall before treatment,
disappeared completely from the surfaces after treatment, irrespective
of the used poultice. During treatment, Salinisphaera was detected in
the poultices sporadically and in low proportions, i.e., in the sepiolite
after 1 month (1.1%), and in the kaolinite and vermiculite after
12 months (1.8 and 0.7%, respectively). Methylohalomonas was only
detected in the vermiculite poultice, showing low proportions over
time (0.6-1.2%). Marinobacter, Halomonas and Marinimicrobium
showed a significant decrease in their relative proportion on the
treated walls. Marinobacter was even eliminated after treatment with
vermiculite. However, the proportions of these genera within the
poultices throughout the treatment was different. Marinobacter was
detected inside all three poultices over time with relatively low
concentrations in the case of sepiolite (3.9-4.3%), but an enrichment
of this genus was seen within the kaolinite (7.0-22.1%) and vermiculite
poultices (13.7-78.6%). The same trend was observed with the genus
Halomonas, which also showed an enrichment within the vermiculite
poultice (1.2-10.9%). In contrast, Marinimicrobium was not detected
in any of the poultices (Figure 3a). The genus Aliifodinibius (19.8%
before the treatment) showed a different behavior depending on the
poultice used. After treatment with sepiolite- and kaolinite-poultices,
there was a decrease in its proportion on the walls (1.8 and 9.7%,
respectively), but an increase after treatment with vermiculite (up to
35.4%). Furthermore, this genus was detected inside all the poultices
with proportions ranging from 0.7 to 3.3%. Finally, some other genera
that showed a low abundance in the untreated surface community
(below 1%), such as Alkalilimnicola, Magnetospira and Tepidicaulis
also disappeared completely from the treated surfaces and were not
detected during treatment in the poultices, with the exception of
Alkalilimnicola, which was detected in the vermiculite poultice at
6 months of treatment in low proportion (0.6%).

In contrast, an enrichment was observed for other genera,
compared to the surfaces prior treatment (Figure 3a). Bacilli, including
members of the genera Bacillus, Metabacillus, and Paenibacillus
showed an increase on treated surfaces, especially on areas treated with
sepiolite (up to 38.5, 20.7, and 3.4%, respectively) and kaolinite (up to
21.4,11.0, and 5.2%, respectively). During the treatment, members of
Metabacillus and Paenibacillus were scarcely detected within the
poultices with low relative proportions at different monitoring times,
but Bacillus showed to be especially enriched in the kaolinite poultice
after 12 months (20.0%). Members of Gracilimonas and Persicimonas
showed the same trend, with an increase in their relative proportions
in post-treated surfaces with kaolinite (up to 1.7 and 14.5%,
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measurements where the given genus was not detected above the set cut-off value. The samples include following letters for further description:
Poultice [P]; sepiolite [S]; kaolinite [K]; vermiculite [V]; non-treated [NT], after the treatment [T + S/K/V] within the time intervals after 1, 6, and 12

respectively) and even higher with vermiculite (7.2 and 40.6%,
respectively), but undetected in sepiolite-treated areas (Figure 3a).
However, during the treatment these two genera showed a different
trend, Gracilimonas was only identified after 6 months within the
vermiculite poultice at a low rate (1.3%), while Persicimonas showed
in general a strong enrichment in the mineral poultices, especially in
kaolinite (70.5-83.8% in the first half of the treatment) and vermiculite
after 12 months (51.6%). Finally, Rubrobacter increased its relative
abundance on kaolinite-treated surfaces (from 0.6 to 7.2%), and
showed an enrichment in the kaolinite and vermiculite poultices
during the treatment (ranging from 1.8 to 16.4%).

In addition, members of 15 other genera, which were either below
the detection level or not present on the untreated walls, emerged in
the bacterial community of the treated walls, especially in the
kaolinite- and/or sepiolite-treated surfaces with low relative
proportions (0.5-7.5%). Among them, were mainly members of the
Actinomycetota phylum, such as Haloechinothrix, Pseudonocardia and
Saccharopolyspora in addition of Alkalihalobacillus, Idiomarina and
Paenisporosarcina. Of these only Paenisporosarcina showed a
significant enrichment within the vermiculite poultice reaching a
proportion of 16.5% at the end of the treatment. Some genera were
generally detected only sporadically and in very low proportions
(<1%), these include members of the Bacillota phylum, such as
Cytobacillus, Neobacillus, Peribacillus, and Virgibacillus in addition to
Amycolatopsis,  Bradymonas, Prauserella, and
Rhodohalobacter (Figure 3a).

Interestingly, some genera were identified exclusively within the

Fulvivirga,

mineral poultices, which were not detected on the wall surfaces either
before or after treatment (Figure 3a). In this regard, only the genus
Acinetobacter was detected within all three mineral clays, with the
highest relative abundance in sepiolite (39.2%). However, in general,
the genera detected exclusively in the mineral poultices were different
according to the type of clay, indicating their possible origin in their
mineral composition. The poultice with the highest number of
bacterial genera was composed of sepiolite and contained the
following genera: Arthrobacter (1.7-4.1%), Herbaspirillum (6.3-9.5%),
Lacisediminimonas (1.1-1.3%), Massilia (1.0-1.3%),
Noviherbaspirillum (19.7-27.7%), Oxalicibacterium (1.1-1.5%),
Pseudoarthrobacter (2.1-7.2%) and Pseudomonas (1.1-1.5%). In
addition, the genus Prolinoborus (1.1-1.6% within the sepiolite
poultice), was also detected in the kaolinite poultice after 12 months
of treatment, but with a very low proportion (0.5%). The genus
Methyloceanibacter was detected within the poultices made of
kaolinite and vermiculite (4.1 and 1.1%, respectively, after 12 months)
and Ralstonia was found only in the vermiculite clay at the beginning
of the treatment (1.6%) and was not detectable thereafter.

3.2.1.2 Archaeal monitoring

The archaeal community composition of the non-treated surfaces
in area V2 was clearly dominated by the genus Halococcus (94.0% of
the total archaeal community) (Figure 3b). Interestingly, the relative
abundance of this genus was decreased in the treated surfaces after the
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application of any mineral poultice, showing a reduction to 86.7%
(sepiolite), 61.6% (vermiculite) and 55.4% (kaolinite). Monitoring of
the poultices during the period of treatment showed a strong
enrichment of Halococcus within the sepiolite and kaolinite poultices,
with relative values above 95% of the population. In the vermiculite
poultice, a different behavior was observed over time with values
ranging from 34.6 to 86.2%. Furthermore, the genera Natronomonas,
Halalkalicoccus and Halomarina (0.8, 0.6, and 0.5% in non-treated
surfaces, respectively) were completely eliminated from the surfaces
treated with the different poultices and were not detected within any
of them along the treatment (Figure 3b).

In contrast, the genera Halobacterium and Salarchaeum, which
showed the second highest abundance on the untreated surface (1.7
and 1.4%, respectively), underwent an increase in relative abundance
on the treated walls, with values ranging from 4.3 to 16.1%, depending
on the poultice used (Figure 3b). Their monitoring within the
poultices showed negligible values in the sepiolite and kaolinite clays,
but a significant enrichment in the vermiculite poultice.

Other genera, such as Haladaptus, Halarchaeum, Haloferax,
Halogeometricum, Halomicrobium, Halorientalis, and Haloterrigena
appeared sporadically in some of the treated areas and poultices, with
relatively low proportions (below 4%), indicating a slight increase in
diversity in the archaeal community during and after the treatment.

3.2.2 Metagenomic monitoring in Charterhouse
Mauerbach

3.2.2.1 Testing location M4

Seven genera that were present on the non-treated M4 test surface,
with relatively low proportions (0.6-3.6%), were no longer detected
on its surface during and after the desalination treatment, these genera
were Acidothermus, Actinoalloteichus, Amycolatopsis, Goodfellowiella,
Kutzneria, Saccharomonospora, and Saccharopolyspora. In contrast,
Rubrobacter, the most dominant genus on the surface of M4 before
the desalination treatment (86.3%), showed an increase in its relative
abundance on the treated surfaces ranging from 92.0 to 99.0%, while
within the mineral poultices, Rubrobacter only showed a remarkably
high proportion in sepiolite after 1 month (36.4%), and in vermiculite
after 12 months (27.9%) (Figure 4).

In addition, members of 6 other genera, not detectable in the
non-treated walls, were found in the bacterial community of the
vermiculite- and/or kaolinite-treated walls with low relative
proportions (0.6-2.2%). These are Acinetobacter, which also showed
a massive enrichment in all poultices during treatment (from 19.9 to
64.1%); Arthrobacter, also detected within all mineral clays (0.8-
2.5%); Massilia, only present on the kaolinite-treated surface and
enriched in this poultice (15.0-17.0%), Pseudarthrobacter, which
showed a significant enrichment in the vermiculite poultice (11.7-
18.6%); Pseudomonas, with a higher enrichment in the kaolinite
poultice (5.1-7.0%), and Yonghaparkia, associated with the vermiculite
poultice with percentages ranging 8.6-10.7% and transferred to the
treated surface (1.8%) (Figure 4).
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FIGURE 4
Heatmap showing the relative abundance in percentages of bacteria at the genus level (cut-off at 0.5%) for samples taken at the Charterhouse
Mauerbach [M4]. Heatmap colors correspond to the abundance values, the darker the color, the higher the relative abundance. NA denotes
measurements where the given genus was not detected above the set cut-off value. The samples include following letters for further description:
Poultice [P]; sepiolite [S]; kaolinite [K]; vermiculite [V]; non-treated [NT], after the treatment [T + S/K/V] within the time intervals after 1, 6, and 12
months.

Similar to what was observed in the St. Virgil Chapel, some
additional genera were detected only within the poultices, which were
not being transferred to the walls during the treatment. These genera
seem to be specifically related to the clay component of each poultice.
Thus, in the sepiolite and kaolinite clays, the following genera were
enriched above 1% of the population, respectively: Delftia,
Herbaspirillum, and Noviherbaspirillum. In the vermiculite poultice,
the genera enriched over 1% of the population within the clay were
Paracoccus, Pseudoxanthomonas, Sphingobium, and Sphingopyxis
(Figure 4).

Concerning the archaeal community at test site M4, members of
this community were shown to be at the limit of PCR detection, and
therefore, results were not consistent for reliable identification, neither
during the desalination treatment on the poultices, nor after treatment
on the treated surfaces (see also section 3.3. Quantitative
PCR analyses).

3.2.2.2 Testing location M6

The surface before and after the desalination treatment of the
testing location M6 was dominated by one highly abundant genus,
Haloechinothrix. However, this genus faced a reduction from 98.4%
toward the range of 67.1-79.3% in the treated surfaces (Figure 5a).
Moreover, Haloechinothrix showed a significant enrichment in the
mineral poultices of sepiolite (up to 48.4% after 6 months), kaolinite
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(19.5-27.4%), and partially in vermiculite (4.7-19.9%). In contrast,
Nocardiopsis, also detected on the non-treated surface (0.6%), increases
in proportion (up to 2.8%) on the surfaces treated with kaolinite and
vermiculite but disappears from the sepiolite-treated surface.

In addition, members of 12 other genera, which were either
below the detection level or not present on the untreated walls in M6,
were detected in the bacterial community on the treated walls
(Figure 5a). These genera appear sporadically on one or the other
treated surfaces with relative abundances below 5%, except
Nesterenkonia, which was found on all treated walls with proportions
between 5.2 and 19.1% and was also detected in all mineral poultices,
especially in the one composed of kaolinite (1-6.9%). Amycolaptosis
and Saccharomonospora were also identified on all treated surfaces
but with proportions between 0.9-2.5% and 1.1-1.4%, respectively.
The former was also detected during treatment within the sepiolite
(6 months) and kaolinite poultices (6 and 12 months). Prauserella
was only identified in the sepiolite-treated surface (0.6%), but not
within any poultice. Interestingly, most of the newly detected genera
were found on the vermiculite treated surface, such as Arthrobacter
(1.1%), which was also detected within all of the mineral poultices,
with similar proportions ranging from 2.4 to 8.8%. The genera
Paraccoccus (0.6%), Pseudoarthrobacter (0.9%), and Pseudomonas
(2%) also emerged in the vermiculite-treated area, and were also
detected within all mineral poultices, but always with a higher
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FIGURE 5
Heatmap showing the relative abundance in percentages of (a) bacteria and (b) archaea, at the genus level (cut-off at 0.5%) for samples taken at the
Charterhouse Mauerbach [M6]. Heatmap colors correspond to the abundance values, the darker the color, the higher the relative abundance. NA
denotes measurements where the given genus was not detected above the set cut-off value. The samples include following letters for further
description: Poultice [P]; sepiolite [S]; kaolinite [K]; vermiculite [V]; non-treated [NTI, after the treatment [T + S/K/V] within the time intervals after 1, 6,
and 12 months.

proportion within the vermiculite clay, reaching significant relative
proportions ranging from 5.2 to 23.3%. Pseudonocardia, Rubrobacter,
and Yonghaparkia (4.7, 0.6. and 2.9% on the vermiculite-treated
surface, respectively) were also detected within the poultices
composed of kaolinite and vermiculite, the first two genera only after
12 months of treatment (with proportions ranging 0.6-3.2%) and the
latter throughout the treatment, but again showing a higher
proportion in the vermiculite clay (4.8-6.2%). Finally, Streptomyces
was identified at a relative abundance of 1.6% also in the area treated
with vermiculite but was not detected in any of the poultices during
the desalination treatment (Figure 5a).

Similar to what was observed at the other test sites, some additional
genera were only detected inside the poultices, without transferring to
the walls during treatment. Six genera were detected inside all
poultices, regardless of the clay component, such as Acinetobacter,
especially enriched in the sepiolite clay (29.0-53.8%) but also with
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significant proportional values in the kaolinite (9.2-25.1%) and
vermiculite clays (8.7-10.6%); Herbaspirillum (from 0.7% in sepiolite
up to 1.8% in vermiculite), Massilia (from 0.5% in sepiolite up to 10.9%
in kaolinite) and Noviherbaspirillum (from 1.1% in sepiolite up to
10.1% in kaolinite). In addition, the genera Prolinoborus and
Sphingopyxis were also detected in all mineral clays, but in lower
proportions (between 0.5 and 2.6%). Five other genera were detected
in the kaolinite and vermiculite poultices in relatively low proportions
(between 0.5 and 3.4%) but not in sepiolite, namely Alkalihalobacillus,
Dietzia, Methylorubrum, Oxalicibacterium, and Pseudoxanthomonas
(Figure 5a). Finally, additional genera appeared exclusively on one or
the other mineral clay at different monitoring times. Thus, in the
sepiolite poultice, the genera Delftia (1.2-5.0%) emerged in addition to
Hydrogenophaga, Lysobacter, and Nocardioides (all three with
proportions below 1.0%). In the kaolinite poultice, the genera
Sphingomonas (1.2-1.4%) together with Sphingobium and Rhodococcus
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(both with proportions < 1.0%) were detected and lastly in the
vermiculite poultice, the genera Paenibacillus and Ramilibacter were
detected exclusively, but with proportions < 1.0%.

The archaeal community on the non-treated surface of test area M6
was absolutely dominated by members of the genus Halalkalicoccus
(99.9%) and likewise persisted during and after the desalination
treatment, both within the desalination poultices as well as on the treated
surfaces, irrespective of the mineral clay used (99.2-100.0%) (Figure 5b).

3.2.3 Diversity indices

In the St. Virgil Chapel, Shannon and Simpson’s diversity indices
showed a higher diversity for bacteria on the non-treated surface (NT)
of area V2, as well as on the surface treated with the sepiolite poultice
(TS) compared to the surfaces treated with kaolinite (TK) and
vermiculite (TV) (Figure 6a). In contrast, the diversity indices
calculated for archaea showed a lower diversity on non-treated
surfaces (NT) compared to that on treated surfaces. Only on the
surface treated with sepiolite (TS), the diversity was shown to
be almost equal (Shannon’s index) or even lower (Simpson’s index)
after treatment (Figure 6a). The results indicate that, in general,
treatment with mineral poultices led to a decrease in bacterial
biodiversity and to a slightly increase in archaeal biodiversity, the
effect of sepiolite not being as evident as for the other mineral clays.

In the Charterhouse Mauerbach, the diversity indices were
calculated for the two rooms tested, M4 and M6. In room M4, a similar
behavior to that of the V2 vault of the Virgil Chapel was observed, in
terms of bacterial diversity. The highest diversity was observed on the
non-treated surface (NT) compared to that of the treated surfaces.
After treatment, all diversity values decreased, but interestingly here,
and contrary to what was observed in V2, the greatest effect on
diversity was exerted by the sepiolite poultice (TS) (Figure 6b). In this
test room, diversity analyses could not be performed for archaea, as
they were present close to the detection limit.

10.3389/fmicb.2025.1603289

In room M6, contrary to what was observed in the other two test
areas, the lowest Shannon and Simpson’s diversity indices calculated
for bacteria were shown on the non-treated surface (NT), which
increased significantly after treatment with all mineral clays, especially
in the area treated with vermiculite (TV) (Figure 6¢). The diversity of
the archaeal community did not change drastically after treatment,
and remained extremely low, as only one species was detected with a
relative abundance above 99% during the whole monitoring period,
namely Halalkalicoccus paucihalophilus (Supplementary Figure S5).

3.3 Quantitative enumeration of microbial
community through gPCR analyses

qPCR analyses were performed before and after the application of
the mineral poultices with samples obtained from the different tested
areas of both buildings in order to have a (semi)-quantitative
monitoring of the possible increase or decrease of the microbial
community (bacteria and archaea) due to the treatment.

The samples for the qPCR analyses were taken from the surfaces
before (non-treated: NT wall samples) and immediately after removal
of the mineral poultice (treated: T wall samples). Results show that in
the St. Virgil Chapel, the desalination treatment increased the bacterial
Ct (cycle threshold) values on all treated surfaces, irrespective of the
mineral poultice used (|1.55-4.33| ACt) (Supplementary Table S2). In
contrast, the results of QPCR aimed at archaeal quantification only
showed a statistically relevant increase in Ct values after the treatment
with kaolinite and sepiolite minerals (|1.77-2.07| ACt). The general
increase in the Ct values indicates a decrease in both bacterial and
archaeal populations after the treatment with the mineral poultices at
the St. Virgil Chapel.

In the Charterhouse Mauerbach the two tested rooms M4 and M6
showed a different performance compared toward the St. Virgil
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Chapel. The treated areas in room M4 showed a significant decrease
of the Ct values of the bacterial populations for all types of mineral
poultices, compared to the values before treatment (|1.27-2.76| ACt,
Supplementary Table S2). The decrease in the Ct-value indicates an
enrichment of the bacterial population in M4 after treatment. In
contrast, the results for the archaeal population showed steady high
Ct values, with non-significant variations before and after treatment,
suggesting that the population of archaea in the microbial community
of this sample was close to the limit of detection.

The room M6 in the Charterhouse Mauerbach showed the opposite
results compared to M4. After the desalination treatment, the bacterial
Ct values in areas of M6 raised between |2.00| ACt (in T area with
kaolinite) and |2.36] ACt (in T area with the sepiolite poultice)
indicating a reduction in the bacterial population. However, in the area
treated with vermiculite, no significant change was observed in the Ct
values compared to those observed before treatment, indicating that
this clay mineral did not cause any quantitative change in the colonizing
microbial population in this area. In contrast, the Ct values of the gPCR
targeting the archaeal community decreased considerably on the
treated surfaces with respect to the non-treated ones, showing an
average decrease of |6.5] ACt in the areas treated with the sepiolite and
kaolinite poultices and |5.8| ACt in the area treated with the vermiculite
one, indicating an increase in the archaeal population in all treated areas.

4 Discussion

Long-term monitoring during and after any conservation
treatment is essential for assessing their effectiveness and identifying
potential secondary effects on both material surfaces and associated
microbial communities. Many conservation strategies primarily focus
on the immediate removal of salts, often neglecting the long-term
impact of ionic redistribution and microbial colonization (Verges-
Belmin and Siedel, 2005; Lubelli et al., 2018). However, changes in salt
composition and concentration can significantly alter the physical and
chemical properties of treated surfaces, influencing their susceptibility
to further deterioration (Sawdy et al., 2010). Moreover, previous
studies have shown that desalination treatments can shift microbial
community dynamics, which could potentially favor new
biodeterioration risks (Pinar et al., 2009; Pavlovi¢ et al., 2022).
Therefore, integrating long-term monitoring into preservation
protocols is essential to ensure that treatments provide sustainable and
effective protection and to prevent unwanted side effects. This study
shows that the long-term performance of different mineral poultices
varied depending on the type and initial concentration of salts present
on the surfaces and the clay mineral used in the poultices.

4.1 Long-term monitoring at the St. Virgil
Chapel

4.1.1 Effectiveness of poultice treatment in test
area V2

As briefly mentioned in the methods section, the chapel of St. Sant
Virgil is a hypogean environment subject to frequent water ingress.
This site presents a unique situation, as water infiltrates from the
upper surface after heavy rainfall, carrying de-icing salts from winter
applications. This process leads to inhomogeneous salt loads in the
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subsurface chapel and continuous formation of visible salt
efflorescence. The general condition of the wall surfaces in the chapel
has been previously described, as rough, highly porous and
structurally weak due to progressive salt weathering (Tichy et al.,
2023). Given the fragile state of the surfaces and the ongoing ingress
of water and salts, a long-term treatment was chosen to use mineral
poultices as a salt retention surface, aiming to mitigate the formation
of salt efflorescence on the wall surfaces. Inorganic mineral poultices
were selected, excluding any organic material, due to past incidents in
the chapel following desalination treatments with cellulose-based wet
poultices, which led to mold growth (Pinar et al., 2009). For this
reason, three mineral poultices (sepiolite, kaolinite, and vermiculite)
were applied for 1 year, and their salt retention capacity and resistance
to salt weathering were evaluated.

The results of the qualitative and quantitative salt analyses of the
three different mineral poultices on test area V2 confirmed their
effectiveness in retaining the primary salt, halite (NaCl) (Figure 2a).
However, the type of clay mineral significantly influenced the
properties and performance of the poultices. The sepiolite-based
poultice demonstrated the lowest performance on a permanently
moist substrate with a highly porous substrate It exhibited signs of
salt-weathering after just 1 month of treatment. Maximum salt
accumulation occurred at 6 months, but the total retained salt was
considerably lower compared to the other poultices. A similar trend
was observed in the poultice with kaolinite content, where sodium
and chloride were primarily stored during the initial 6 months, and an
accumulation of sulfate became evident only after 12 months. Finally,
the storage capacity of the vermiculite poultice showed to
be comparable to that of the kaolinite poultice, which was previously
reported for its extraction efficiency (Sawdy et al., 2010). However, the
vermiculite poultice showed a steady increase in stored ions
throughout the 12-month treatment period (Figure 2a), with nitrate
retention peaking after just 1 month.

Regarding resistance to salt-weathering, both vermiculite- and
kaolinite-base poultices showed salt efflorescences accumulating on
their surfaces after 6 months However, while the vermiculite poultice
maintained structural integrity, the kaolinite poultice exhibited
structural damage. In summary, vermiculite showed the best
performance in salt retention, likely due to its high ion-exchange
capacity (Verges-Belmin and Siedel, 2005), and demonstrated the
highest resistance to salt-induced degradation over the treatment
period in this location.

In summary, the application of the poultices at this site proved to
be successful in retaining the main weathering salt, namely halite, as
well as in displacing the formation of salt efflorescence to the surface
of the poultices, thus preventing its formation on the wall surfaces.
However, the observed changes in the salt composition in all tested
areas of V2 after treatment, regardless of the poultice used, require
careful interpretation. While the reduction of sodium chloride on the
wall surfaces through accumulation in the poultices is a positive
outcome, the increase in magnesium, calcium and potassium ions,
along with the rise in nitrate and sulfate ions can lead to new type of
salt damage, the long-term effects of which remain uncertain.

These results underline the limitations of mineral poultices as a
protective measure. Their effectiveness is strongly dependent on the
type and concentration of salts, as well as environmental factors such
as moisture ingress and substrate porosity. As shown in area V2,
structural degradation of some poultice types began within a few
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months, limiting their long-term serviceability. Although vermiculite
exhibited promising performance in both salt retention and
mechanical stability, its protective capacity is temporary and
contingent upon controlled environmental conditions. Consequently,
in this location, the application of mineral poultices should
be restricted to short- to medium-term interventions, ideally not
exceeding 12 months, and should be combined with regular
monitoring and timely removal. Their role as a protective system is
therefore context-dependent and should not be generalized without a
thorough site-specific evaluation.

4.1.2 Effect of mineral poultices on the microbial
community V2

As shown in the previous section, and in our previous work
(Tichy et al., 2023), the St. Virgil Chapel is dominated by salt
efflorescence composed mostly of halite (sodium and chloride ions,
Figure 2a). Treatment with the mineral poultices mitigated the
weathering damage of halite to the walls, but at the same time altered
the ion composition in the walls. On the one hand, anions (nitrates
and sulfates) and, on the other hand, cations (potassium, calcium and
magnesium) were drastically enriched up to 40 times in the case of
potassium, while chlorides showed no significant change and sodium
ions were reduced up to 61.2% (Supplementary Table S1). This led to
the second objective of this study, which was to monitor how the
application of the poultices, and the resulting ionic changes,
quantitatively and qualitatively affected the microbial community
established in this hypersaline environment.

The first effect observed in terms of the size of the bacterial
community, based on the qPCR results (Supplementary Figure S2)
was a significant quantitative reduction after the application of all
three mineral poultices. At this point it is important to mention that
we are aware of the biases that can be introduced in qPCR analyses by
dealing with DNA extracts from environmental samples and further
amplification using 16S rDNA targeted primers. Therefore,
interpretation of the results must be done carefully, considering this
approach only as semi-quantitative, due to the problematic of 16S
rDNA copy number variation, amplicon length and matrix effects. To
similar problematics in environmental metataxonomic approaches
we refer to (Whitman et al.,, 2018). Taking the aforementioned
considerations into account, these results show that the mineral
poultices were able to reduce the bacterial population size in the
associated biofilm in V2.

Diversity indices indicated a reduction in the bacterial biodiversity
after treatment, with the effect exerted by the sepiolite poultice being
less marked (Figure 6a). The application of the poultices also affected
the relative proportions of the different members of the bacterial
community. The native community was characterized by four main
genera 4, namely Aliifodinibius (A. roseus), Marinobacter (M. salarius),
Methylohalomonas (M. lacus), and Salinisphaera (S. aquimarina), in
addition to other microorganisms well adapted to hypersaline
conditions, such as members of the Halomonas. After the desalination
treatment the genera Methylohalomonas and Salinisphaera were
completely eliminated from the community colonizing the walls
(Figure 3a; Supplementary Figure S3A), while Aliifodinibius roseus was
able to increase its relative abundance only on the surface treated with
vermiculite but decreased its proportion in the areas desalinated with
sepiolite and kaolinite. Finally, the genus Marinobacter, in addition to
Halomonas, showed a decrease in their relative proportions, showing
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in general that all these dominant genera were affected by ion
displacement on the treated walls. Even if the main salt on the walls
after treatment was still halite (NaCl), in particular, the K*
concentration after treatment turned out to be higher (up to 40 times).
As described in depth in Tichy et al. (2023), the relative composition
of microbial communities in hypersaline environments can differ as a
function of the concentration of individual ions, such as the presence/
absence of K*. The increase in K* ions clearly leads to a shift in the
structure of the community from species that are able to tolerate high
salt concentrations by favoring the synthesis or uptake of compatible
solutes, such as Halomonas and Marinobacter, and hence their
decrease, toward those that favor the “salt-in” strategy, i.e., that
transport the available K* into the cells.

On the contrary, some genera present on the non-treated surfaces
with relative low proportions, such as the genera Bacillus, Metabacillus,
and Paenibacillus (Figure 3a), in addition to others that were below
the detection limit prior treatment, namely Alkalihalobacillus,
Cytobacillus, Neobacillus, Paenisporosarcina, Peribacillus, and
Virgibacillus, increased in their relative proportion, or emerged, in
some of the treated areas, especially in the sepiolite treated one. This
group of enriched microorganisms was found to belong to the phylum
Bacillota. The same was observed for another genus belonging to the
phylum Actinomycetota, namely Saccharopolyspora. All of them share
the common capacity of sporulation (Yumoto et al., 2003; Heyrman
et al., 2004; Heyrman, 2005; Yoon et al., 2005; Yoon and Oh, 2005;
Niederberger et al., 2009; Tang et al., 2009; Shi et al., 2011; Amoozegar
etal., 2013; Reddy et al., 2013; Patel and Gupta, 2020). One plausible
reason why some of these genera were not detected on the non-treated
surface is probably due to the fact that they were present in spore
form, which increases the difficulty for DNA extraction significantly
(Dineen et al., 2010). The increase in their relative abundance after the
treatment may consequently be due to spore germination, following
the observed ionic shift. It has been reported that spore germination
is possible in hypersaline environments, as in the case within this
monitoring, in which highly saline conditions persisted during and
after the treatment. In vitro experiments have shown germination of
Bacillus strains even with 4.8 M NaCl, due to a missing environmental
salt sensing mechanism (Nagler et al., 2014). The higher relative
abundances of spore-forming microorganisms, mainly at the
sepiolite-treated surfaces in V2, may be due to the aforementioned
ionic shift. Indeed, it has been proven that under higher saline
conditions, cations play a more important role than anions in
inhibiting germination (Nagler and Moeller, 2015). Moreover, it was
observed that the area treated with sepiolite showed lower values of
cations (sodium and potassium) than the areas treated with kaolinite
and vermiculite (Figure 2a). These cations (sodium and potassium)
and their homoeostasis play an important role during germination,
especially in the intrinsic outflow and following energy dependent
reimport of potassium (Swerdlow et al., 1981). Furthermore, during
the germination process, osmoprotectants are imported into the
spore, also including the de-novo synthesis of osmolytes (Nagler et al.,
2016). These osmoprotectants might be provided by the native
microbial community present at the tested area in V2, which contains
microorganisms capable of synthesizing osmolytes, as shown in Tichy
et al. (2023). However, due to the fact that the St. Virgil Chapel is a
hypogean environment, osmolyte precursors may also be supplied
externally, through the process of degradation of imported biogenic
residues (Boch et al., 1994).
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An enrichment in spore-forming bacteria, especially of the
phylum Bacillota, might have long-term implications. In this context,
the enormous biodiversity of the genus Bacillus comprises members
that show great versatility in the production of secondary metabolites.
These compounds are known for their natural antagonistic effects on
other potential biodeteriogenic invaders, including fungi and bacteria
(Caldeira, 2021). In addition, Bacillus species are known for their
ability to precipitate CaCO; (Jroundi et al., 2021). Due to the high
salinity conditions at sampling location V2, and the fact that some
carbonatogenic Bacillus species have been shown to be halotolerant
(Jroundi et al., 2017; Saiz-Jimenez and Laiz, 2000), leads to the possible
expectation, that Bacillus enrichment at this site does not have to
be considered as a biodeterioration risk, but even as a positive effect
that could contribute to the natural consolidation of the surface, thus
being favorable in the restoration treatment.

A reason why the “spore-forming community” did not show to
be as dominant in the areas treated with kaolinite and vermiculite
might be related to the introduction of a different community dynamic
through the presence of a microorganism with predatory behavior,
namely Persicimonas caeni (Wang et al., 2020), which was already
present in a moderate proportion on the V2 surface prior the treatment
(3.4%) and enriched in the kaolinite- and vermiculite-treated areas,
but not in the sepiolite (Figure 3a). Persicimonas caeni shows
bacterivory, i.e., the ability to feed on prokaryotic cells, as possible
feeding strategy related to the colonization of saline habitats (Mu et al.,
2020). Simultaneously Aliifodinibius roseus doubled its relative
abundance from 19.8 to 35.4% in the presence of this predator. This
co-occurrence, on the level of Bradymonadaceae, was also recently
reported in hypersaline soil samples (Vera-Gargallo et al., 2023). A
possible explanation for this co-occurrence would be either a possible
mutualistic halophilic survival strategy or that the prey-predator
relationship is in favor of Aliifodinibius, as described elsewhere (Gong
et al,, 2022; Wang et al., 2024). The strong oscillations within the
kaolinite and vermiculite mineral poultice, due to the presence of
Persicimonas caeni, could be related to the “kill-the-winner” model,
indicating that predatory fitness is reciprocally linked to the relative
abundance of these microrganisms (Cohen et al., 2021). Since prey
shape predator behavior (Chen et al., 2011), it has also been reported
that intraspecific diversity might increase within communities due to
predation (Nair and Velicer, 2021). However, this fact could not
be reported in our study, where bacterial diversity indices of kaolinite-
and vermiculite-treated surfaces in V2 presented lower numbers
compared to untreated areas (Figure 6a). These results suggest that the
enrichment of a predator in halophilic/halotolerant communities may
present an interesting potential for mitigating certain community
members and opens up future potential for shaping diversity indices
within these communities on cultural heritage monument surfaces.

Finally, in the wall area treated with kaolinite, sulfate ions reached
the highest concentration (Figure 2a). This coincided with a strong
increase of Rubrobacter bracarensis, from 0.6% in the native
community to 7.2% in the treated one. A possible explanation for the
enrichment of the treated surface by the genus Rubrobacter and
co-occurrence of extended amounts of sulfates will be given in detail
in the section (4.2.2, sampling location M4).

Concerning the genera that were identified exclusively or mostly
within the mineral poultices (Figure 3a), the most noteworthy was the
presence of the genus Acinetobacter within all three mineral clays,
especially in the sepiolite one. In the sepiolite mineral clay, Acinetobacter

Frontiers in Microbiology

10.3389/fmicb.2025.1603289

Iwoffii and johnsonii showed together a relative abundance of more than
25% during the whole sampling campaign (Supplementary Figure S3A).
A wide repertoire of functional characteristics concerning desiccation
(Zeidler and Miiller, 2019) and osmoregulation (Breisch et al., 2019;
Zhao et al, 2023) was reported for this ubiquitous species of
Acinetobacter (Bouvet and Grimont, 1986). Moreover, Acinetobacter
has been reported several times in the field of cultural heritage, related
to surfaces treatments (Jurado et al., 2010; Jroundi et al., 2017; Skipper
etal, 2022). However, throughout the treatment, it was observed that
the sepiolite poultice harbored a greater number of genera and species
that were only detected specifically within its matrix, such was the case
of two organisms associated with the nitrogen cycle, Herbaspirillum
seropedicae and Noviherbaspirillum denitrificans. H. seropedicae is
capable of N2 fixation (Baldani and Baldani, 1986) and shows
differentiated osmoregulation strategies on the genetic level (Pedrosa
etal, 2011), necessary for coping with the high salt concentrations in
the mineral poultice (Supplementary Table S1). This species was also
reported in other cultural heritage monuments (Haidau et al., 2022).
Vice versa N. denitrificans shows denitrifying capabilities (Ishii et al.,
2017). Other organisms present in lower proportion throughout the
monitoring only within the sepiolite poultice were, Arthrobacter,
Lacisediminimonas, Massilia, Oxalicibacterium, Pseudomonas, and
Pseudarthrobacter (specifically P phenanthrenivorans) (Busse and
Schumann, 2019). Also, for that last organism, osmolyte production
(Son etal., 2023) and the occurrence in the context of cultural heritage
monuments was reported (Skipper et al., 2022).

The kaolinite and vermiculite matrices were mostly inhabited by
three genera, namely Marinobacter, Persicimomas (P. caeni), and
Rubrobacter (R. bracarensis) (Figure 3a; Supplementary Figure S3A).
In these two poultices an interesting behavior was observed between
the relative proportions of the predatory bacteria P. caeni and
Marinobacter species, showing to be inversely related. Within the
kaolinite mineral, a strong enrichment of the predatory bacteria was
observed in the first 6 months of treatment, but their relative
abundance was drastically reduced within the matrix 12 months after
application (from 83.3 to 1.4%), related to a possible reduction of
available prey or nutrients. This was observed in parallel with an
increase in the proportion of Marinobacter, which is known to have a
higher salt tolerance (Green et al., 2006; Shi et al., 2011; Ng et al., 2014)
(Figure 3a; Supplementary Figure S3A). In contrast, in the vermiculite
poultice, a strong enrichment of Marinobacter species was observed
in the first 6 months of treatment (78.6%), along with a relatively low
proportion of P. caeni (2.1%), which experienced a very significant
increase in its proportion (51.6%) combined with a massive decrease
in Marinobacter species (13.7%) 12 months after application. The
indicative susceptibility of the genus Marinobacter to bacterivory was
already reported elsewhere (Selivanova et al., 2024), in addition to the
ability to carry predatory tools at the genetic level itself (Evans et al.,
2018). This ambivalence opens an interesting topic for further research
on the ability of Marinobacter species to act as prey or predator in
halophilic environments. Furthermore, the genus Marinobacter has
already been detected in cultural heritage hypogean environments,
linked to the close sea side (Jurado et al., 2022).

In line with what was observed in the bacterial population, the
archaeal community also showed a decrease in population after
treatment with the mineral poultices in the St. Virgil chapel, especially
in the areas treated with the sepiolite and kaolinite mineral clays, based
on the qPCR results

(Supplementary  Figure  S2;

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1603289
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Tichy et al.

Supplementary Table S2). However, the ionic shift appeared to have a
minor effect on the archaeal community structure. This community
was before and after the desalination treatment highly dominated by
the genus Halococcus (Figure 3b). This might be linked to the still
favorable saline conditions, especially the high concentrations of
sodium, potassium and chloride ions persisting after treatment
(Supplementary Table S1). The high frequency of different Halococcus
species within the sampling location V2 could lead to the result of an
archaeal sympatric community structure, due to the assumption that
these Halococci strains prefer similar environmental halophilic
conditions. After the treatment with the sepiolite poultice, the detected
Halococcus species were identical before/after the treatment, but with
some variations in their proportions, showing a general increase in the
proportion of H. dombrowskii and a decrease of H. salidifoniae and
H. gingdaonensis, whereas the areas treated with kaolinite and
vermiculite showed more evident community structure shifts
(Supplementary Figure S3B). In contrast to what was observed after
treatment with the aforementioned poultice, the relative proportion of
H. dombrowskii decreased after treatment with kaolinite and slightly
increased for vermiculite, and the proportions of other three species
gained more importance at that area. This was the case of Halobacterium
hubeiense with the need for NaCl in the range of 15-30% (w/v) and
able to utilize many different carbon and energy sources (Leon et al.,
2024), in addition of Halobacterium sp. DLI1, which is primarily
sustained by amino acids (Williams et al., 2014) and Salarchaeum
japonicum, which similarly does not metabolize sugars (Shimane et al.,
2011; Supplementary Figure S3B). Thus, the increase in protein-feeding
archaeal species may be related in this treated area to the large increase
in the predatory bacterium Persicimonas caeni, which could give rise
to a new ecological niche colonized by halophilic archaea that feed
preferentially on amino acids released after bacterial predation, as has
also been described elsewhere (Tschitschko et al., 2016). The fact of
these reported protein feeding strategies should be taken as warning,
especially concerning the degradation of proteinaceous binders by
microorganisms (Sterflinger and Pinar, 2013; Wu et al., 2022). These
results highlight the importance of not investigating bacteria and
archaea in halophilic environments individually, but simultaneously.
Concerning the genera that were mostly identified within the
mineral clay matrices, these were the same genera that were dominant
on the non-treated surface (Halococcus species), as well as those
enriched throughout the treatment, such as Halobacterium and
Salarchaeum in the vermiculite matrix. In addition, other genera, such
as  Haladaptus, Haloferax,
Halomicrobium, Halorientalis, and Haloterrigena sporadically emerged

Halarchaeum, Halogeometricum,
in some of the poultice matrices, with relatively low proportions
(below 4%), pointing to a slight increase in diversity in the archaeal
community during and after treatment.

4.2 Long-term monitoring at the
Charterhouse Mauerbach

4.2.1 Effectiveness of desalination treatment M4
In the test area M4, the primary weathering salt contaminating the
surfaces was calcium sulfate, as previously outlined. Although its
concentration was low, and salt efflorescences were not evident on the
surfaces, it was decided to treat them with the same mineral poultices
and for the same duration to allow for comparison. This decision was
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also based on the known potential of sulfates to cause significant
deterioration of inorganic building materials (Lubelli et al., 2018). The
different clay mixtures showed varying preferences in terms of
extraction and accumulation of different ions. The sepiolite-based
poultice demonstrated the highest ion accumulation after 1 month,
with a predominance of nitrate, calcium and magnesium ions,
compared to subsequent sampling points. Sulfate ions attained their
maximum level after 6 months, while chloride ions required 12
months to reach their peak (Figure 2b). The kaolinite poultice
demonstrated the best overall performance, reaching its maximum
salt concentration after 6 months. It preferentially accumulated
potassium and sodium ions in addition to calcium and sulfate. Nitrate
accumulation, as in the sepiolite poultice, was highest after 1 month
(Figure 2b). The vermiculite-based poultice exhibited suboptimal
outcomes, with overall salt extraction levels lower than those of the
other two mixtures (Figure 2b). However, the poultice demonstrated
a selective extraction of potassium and magnesium ions.

At the end of the treatment, all treated surfaces in M4 exhibited
an increase in calcium and sulfate ions, as well as magnesium,
compared to untreated areas (Supplementary Table S1; Figure 2b).
However, the area treated with the sepiolite poultice displayed the
lowest accumulation of these ions relative to the other two poultices
(Figure 2b). Overall, the long-term application of mineral poultices in
M4, where no initial salt efflorescence damage was present, resulted
in an unfavorable outcome, with higher ion concentrations
accumulating on the architectural surfaces after treatment.
Consequently, the treatment did not contribute to surface
consolidation and raised concerns regarding potential ionic
mobilization within the construction material (Verges-Belmin and
Siedel, 2005).

These observations highlight important limitations of the
material. In environments without visible efflorescence or with low
initial salt loads, mineral poultices may not only be ineffective but
could potentially redistribute salts into the substrate, as seen in M4.
This suggests that their suitability as a protective system is limited to
applications where active salt transport and surface crystallization
are evident.

4.2.2 Effect of mineral poultices on the microbial
community M4

The sampling location M4 in the Charterhouse Mauerbach
exhibits a unique attribute, the very low salt concentration (mainly
calcium sulfate) prior the desalination treatment and its increase after
the treatment with mineral poultices, as mentioned in the section
4.2.1. Therefore, it was interesting to evaluate how the increase in this
weathering salt, as well as in other ions, affects the colonizing
microbial community in both qualitative and quantitative terms.

The first observation was a significative increase in the size of the
based on the qPCR
(Supplementary Figure S2), which showed that the Ct-values

bacterial ~ community, results
decreased significantly for the treatment with sepiolite, kaolinite and
vermiculite (Supplementary Figure S2; Supplementary Table S2).
Regarding the effects of the increased concentration of ions on the
structure of the colonizing community at this site, prior treatment, the
surfaces were strictly colonized by mainly one organism of the genus
Rubrobacter. After the application of the mineral poultices, irrespective
of their mineral composition, the relative abundance of this genus was
even higher (Figure 4), being correlated with the increase in sulfate,
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and possibly magnesium, in all treated surfaces (Figure 2b). This is
also in accordance with the diversity indices calculated for this area,
which showed to be lower after the treatment (Figure 6b). A plausible
explanation for the correlation between the increase in sulfate and the
relative proportion of Rubrobacter might be the reported genetic
capability of members of this genus to mineralize sulfates through the
use of extracellular arylsulfatases (ARS) and choline-sulfatases
(Miralles et al., 2023). Furthermore, the in vitro growth medium for
this organism has been described as needing to be supplemented with
MgSO4 (Jurado et al.,, 2012).

The strong enrichment of Rubrobacter in this treated area may
also be due to the fact that the mobilized sulfate ions limit the growth
potential of other members of the community, even with higher water
availability than chloride, as reported for B. subtilis, which is able to
grow in simple saline brines containing more chloride ions than
sulfate ions (Stevens and Cockell, 2020). The even greater presence of
members of the genus Rubrobacter after treatment implies several
negative aspects, such as increased biofilm formation and pink
coloration on surfaces, two previously reported capabilities of this
bacterium (Tichy et al., 2023), which could represent an increased risk
of biodeterioration. Since this organism has been repeatedly detected
in previous studies approaching the similar phenomenon of pinkish
discoloration of cultural heritage in disparate geographic locations,
(Schabereiter-Gurtner et al., 2001; Imperi et al., 2007; Laiz et al., 2009;
Pinar et al., 2009; Basile et al., 2025), Rubrobacter is still a very
interesting target for further scientific research concerning the
osmoregulation and desiccation-resistance mechanisms in halophilic
environments, especially in those with sulfate dominance.

Regarding the microorganisms detected within all three mineral
poultices, and sporadically also on the treated walls, the most
abundant genus was Acinetobacter, being the most frequently detected
species Acinetobacter lwoffii and johnsonii. Interestingly, it was also
within the sepiolite clay where the highest abundance of this genus
was recorded, similar to that reported for testing site V2 (Figure 4;
Supplementary Figure 54). In addition, another microorganism was
detected in all three poultices, but not on the surfaces itself,
Prolinoborus fasciculus. The detection of that species needs to
be carefully taken into account, because the original publication
reports no tolerance toward NaCl (Pot et al., 1992). Moreover, there
was strong scientific effort and research toward its reclassification,
leading to a possible re-introduction as A. Iwoffii (Glaeser et al., 2020),
but ended up as officially rejected (Arahal et al., 2023). The same
applies for the genera Arthrobacter and Pseudarthrobacter, with
relative abundance below 2.3% on the treated surfaces of vermiculite
and kaolinite, and detected within all mineral clays in different
proportions. Both genera have been detected extensively on cultural
heritage monuments, (Laiz et al.,, 2000; Gutarowska et al., 2015;
Chimienti et al., 2016; Tescari et al., 2018a; Rosado et al., 2020; Pyzik
etal, 2021; Liu et al., 2023). The genus Arthrobacter and specifically
Arthrobacter sp. PGP41, has been reported to have the capability of
nitrogen fixation (Xu et al., 2018), osmolyte production based on
sugars as substrate (Han et al, 2021), and the possibility of
metabolizing sulfurized organic compounds (Kaur et al., 2022), which
might be related to the high amount of sulfates through the whole
monitoring in the sampling location M4 (Supplementary Table SI).
Additional genera detected within all mineral clays were Massilia, with
the species Massilia agri, which tolerates less NaCl (0-2% w/v)
(Chaudhary and Kim, 2017), and Pseudomonas, with the species
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Pseudomonas stutzeri. This last species is well-known not only for its
capability to remove nitrate salts, but also for its wide repertoire of
survival mechanisms in halophilic environments, extensively reported
elsewhere (Bosch-Roig et al., 2016). Furthermore, P. stutzeri was also
used, inoculated artificially on sepiolite poultices as carrier system, for
the nitrate salt removal on cultural heritage monument surfaces
(Ranalli and Zanardini, 2021).

Other genera appeared sporadically in one or the other clay, such
as Delftia tsuruhatensis (Shigematsu et al., 2003), with a reported
salinity tolerance based upon NaCl up to 4% (w/v) (Li et al., 2015),
and detected on porous limestone on cultural heritage monuments
(Jroundi et al., 2010). Furthermore, two genera, Herbaspirillum and
Noviherbaspirillum, which comprise species related to the nitrogen
cycle, such as H. seropedicae and N. denitrificans, were detected within
the sepiolite and kaolinite clays (Figure 4; Supplementary Figure S4).
These genera were also detected in the V2 testing site, but only within
the sepiolite clay.

Interestingly some genera were only detected within the
vermiculite clay, two Paracoccus species. One of them, P. marcusii, is
able to tolerate NaCl up to 6% (w/v) (Harker et al., 1998) and described
already on inorganic cultural heritage monuments surfaces (Ettenauer
etal, 2014). The second, P, sp. Arc7-R13 (Hollensteiner et al., 2023),
was classified as a P marcusii strain, both showing different tools on a
genetic level to tolerate high salt loads (Leinberger et al., 2021).
Interestingly, it was also reported for P. marcusii, that the formation of
biofilms by this species on mortar surfaces could be a non-permeable
barrier for salt ions (Lv et al., 2015). To our knowledge, this is the first
report of this species in the context of a desalination treatment of
surfaces affected by salt-weathering in the field of cultural heritage.
The fact that this species may contribute to making an impermeable
barrier for ions by forming part of a biofilm, opens the unresolved
question for future research as to whether microbial biofilms could
protect treated surfaces against future salt-weathering.

The genera Sphingobium, Sphingopyxis, and Yonghaparkia were
mainly detected within the vermiculite matrix. Sphingobium
yanoikuyae, a species detected in this study, is able to tolerate 3%,
(w/v) of salt (Lee et al., 2019) and it has been reported to feed on
sulphonated compounds (Aylward et al., 2013). This might be linked
to relatively high amounts of sulfates present (Supplementary Table S1).
Members of Sphingopyxis have shown the potential for heterotrophic
nitrification and aerobic denitrification when using ammonium,
nitrate or nitrite as the sole nitrogen source and exhibit a salinity
tolerance of up to 5%. Species of this genus are able to regulate osmotic
pressure and survive in high salinity environments by increasing
metabolic levels of sucrose and D-tagatose. All these features make the
members of this genus to be considered as excellent candidates for
nitrogen removal treatment in saline environments (Chen et al,
2022). Last but not least Yonghaparkia alkaliphila tolerates up to 7%
salt (tested as NaCl (w/v)) (Xie et al., 2021), and interestingly, elevated
CO, levels might be necessary for growth (Ueda et al., 2008).

Considering that the architectural surface under the mineral
poultice is made of lime putty (CaCOj), as previously reported (Tichy
et al, 2023), it could be hypothesized that the application of
vermiculite on a calcium carbonate surface together with atmospheric
CO, and water present would at first become acidic (Kaufmann and
Dreybrodt, 2007), and then the pH will be buffered by the vermiculite
poultice toward neutral end even slightly alkaline, as reported for
deionized water with pH 5.95 (Duman and Tung, 2008; Indrasumunar
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and Gresshoff, 2013). This would possibly explain the colonization of
Yonghaparkia alkaliphila capable of handling an alkaline pH up to 9
(Yoon et al., 2006).

4.2.3 Effectiveness of desalination treatment M6

As mentioned in the results section, test area M6 was characterized
by a high concentration of sulfates, in addition to sodium and
potassium, and with a minor presence of calcium ions. Salt
efflorescences, mainly of thenardite (Na,SO,) (Tichy et al., 2023) were
visible over the entire surface of this site. Studies have shown that
Na,SO, is one of the most destructive salt for sedimentary rocks and
granites (Goudie et al., 1970; Kwaad, 1970). Additionally, this was
investigated through the usage of saturated solutions of Na,SO,,
CaSO,, NaCl, and NaNO;, including a mixture of sea salts, evaluating
the resistance of sandstones and slate (Cooke, 1979; Lubelli
etal., 2018).

The results of this monitoring study showed that the kaolinite-
based poultice demonstrated the highest efficiency in removing the
dominant SO,*~, Na* and K* ions, while the vermiculite-based poultice
was less effective in retaining these ions (Supplementary Figure S1).
The treatment in test area M6 was the most successful in this long-
term study, showing that all clay poultices reached maximum salt
accumulation after 12 months and achieved an almost complete
reduction of weathering salts on the treated surfaces compared to
untreated areas. Overall, the kaolinite-based poultice showed the best
performance, followed by the vermiculite-based one. However, the
possible side effect observed after treatment in M6 was a slight
increase of magnesium ions on the treated surface
(Supplementary Table SI). Although this could be potentially
problematic and warrants further monitoring, the extent of damage
associated with magnesium sulfates, as well as potential testing biases,
remains under discussion (Lubelli et al., 2018).

These findings highlight both the potential and the limitations of
mineral poultices as protective treatments. While the long-term
application in M6 successfully reduced the concentration of damaging
salts, the duration of effectiveness appears limited to the period of
application, which in this study was 12 months. The performance
varied notably depending on the specific clay mineral, environmental
conditions, and salt composition.

4.2 4 Effect of mineral poultices on the microbial
community M6

As mentioned in the previous section 4.2.3, the application of
mineral poultices at test site M6 of the Charterhouse Mauerbach
showed very promising results in terms of mitigation or even total
removal of sulfates. Therefore, it was also interesting to know whether
this treatment could also mitigate the biofilm associated with the
efflorescence and how the ions shift would affect the community
structure colonizing the treated surfaces.

The semi-quantitative qQPCR analysis showed that the bacterial
community did indeed undergo a reduction in size after 12 months of
treatment on the surfaces treated with sepiolite and kaolinite, but no
significant reduction on the surface treated with vermiculite
(Supplementary Table S2). However, the diversity indices indicated a
significant increase in bacterial biodiversity after treatment,
irrespective of the mineral clay used (Figure 6¢). Concerning the
bacterial community structure, prior the desalination treatment the
sampling location M6 was strongly dominated by one bacterial genus,
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namely Haloechinothrix (with over 98% relative proportion)
(Figure 5a). Interestingly, after the treatment, the abundance of
alba
(Supplementary Figure S5A) decreased to levels between 67.1 and

Haloechinothrix, with the single detected species H.

79.3%, depending on the mineral clay applied (see Figure 5a).
Conversely, the number of bacterial community members and their
associated relative abundance including the genus Nesterenkonia,
(mainly N. xinjiangensis), as well as of the genus Saccharomonospora
(S. halophila) and Amycolaptosis (A. albispora and A. xuchangensis),
the last two being under the detection limit in the untreated walls,
increased in all treated areas (Figure 5a; Supplementary Figure S5).
According to their original description Haloechinothrix alba tolerates
9-23% (w/v) salt (tested with NaCl) and a pH range of 4.0-8.0 (Tang
et al., 2008), whereas Nesterenkonia xinjiangensis present a saline
tolerance of 0-25% (w/v) but a tolerance to pH 7.0-12.0 (Li et al,,
2004). In addition, the other emerging species such as S. halophila,
which was isolated from soil, tolerate 10-30% NaCl and a pH range of
pH 6.0-11.0 (Al-Zarban et al., 2002) and A. albispora, originally
isolated from deep-sea sediments, has been reported to tolerate 0-8%
(w/v) salinity and pH range of 5.0-11.0 (Zhang et al., 2016). The
results show that all emerging species tolerated similar salt levels to
the dominant Haloechinothrix species, but significantly higher pH
thresholds, indicating an adaptation to a more alkaline environment.
As mentioned before for the M4 site, through the action of the mineral
poultices on a calcium carbonate surface could raise the pH in the
poultice and also transiently on the treated surfaces.

Similar to what was observed in site M4, the main genera found
within some or all mineral poultices, and sporadically in low
proportions in the treated surfaces were, Acinetobacter, Arthrobacter,
Herbaspirillum,
Pseudathrobacter, and Pseudomonas, besides the dominant genus

Massilia,  Noviherbaspirillum,  Paracoccus,
Haloechinothrix (Figure 5a). The characteristics of these bacteria
found predominantly within the mineral clays have already been
explained in the paragraph 4.2.2. Consequently, it is observed that the
poultices with different mixtures of sepiolite, kaolinite or vermiculite
tend to contribute to and enrich a domestic microbial community
specific to each clay mineral, considering that the desalination
poultices were not sterilized before use, and therefore carried their
own microbial community in situ.

Regarding the archaeal community, the ion shift produced a
significant increase in this population in all treated areas
(Supplementary Figure S2), denoted by the marked decrease in Ct
values obtained by qPCR analysis after treatment. However, neither
the biodiversity (Figure 6¢) nor the structure of this community was
significantly affected. The archaeal community was shown to
be dominated before, during (within the poultices), and after the
desalination treatment by a single species, Halalkalicoccus
paucihalophilus, which is able to survive between 5 and 35% (w/v)
NaCl and a pH range of 6.0-8.5 (Liu et al., 2013).

Although the soluble amount of sulfate was successfully removed
during treatment with the mineral poultices, there was an additional
source of sulfate on the non-treated M6 surfaces, namely syngenite,
which are almost insoluble in water [solubility product of —7.2]
(Lothenbach and Winnefeld, 2006) (Supplementary Table S3). The
formation and occurrence of syngenite on calcareous surfaces of cultural
heritage has already been described (Matovic et al., 2012). Taking the
possible need of Halalkalicoccus paucihalophilus for sulfates into account
(according to the isolation region of this organism rich in sulfates; Salt
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Lake Lop Nur; Liu et al., 2013; Xiyu, 1987), syngenite can function as
hidden depot for that required mineral becoming available through
biomineralization, but more scientific effort is needed to demonstrate
this. In general, the shift after treatment toward microbial community
members with higher pH-tolerant capacities in combination with a
relatively high amount of free Ca** ions (16.8-23.5 pg/cm’) indicates a
possible increase in alkalinity. In addition, calcium ions have a positive
effect on archaeal cell aggregation (Kawakami et al., 2007). To conclude,
the sulfate load was removed from the walls and the microbial
communities of the biofilm were partially exchanged (bacteria against
archaea), resulting in a community possibly more flexibly adapted to
high alkalinity and salt fluctuations than the original community.

5 Conclusion

This study shows one of the few existing examples of long-term
monitoring of a desalination treatment, evaluating not only salt
retention capacities but also the effects of the ionic changes on
microbial communities colonizing the treated surfaces. Our results
show a clear influence of the type and initial concentration of
weathering salts on the performance of the clay mineral used. The
three monitored locations exhibited distinct scenarios, highlighting
the importance of comprehensive treatment approaches.

In V2, originally dominated by halite, the treatment outcome was
gradually positive. The NaCl concentration remained stable after
treatment, and its weathering effect on the surfaces was mitigated by
its accumulation within and on the poultices. However, an increase in
other ions altered the microbial community composition. gPCR
analysis showed a reduction in both bacterial and archaeal biofilms Ct
values, while metataxonomic data indicated a partial decline in
bacterial biodiversity, particularly in NaCl-adapted genera, alongside
an increase in halotolerant and/or spore-forming microorganisms that
thrived with the rise in K*, Ca®*, and Mg** or the decrease in Na*.
Among the tested poultices, the vermiculite-based one exhibited the
best salt retention capacity and the highest resistance to salt weathering
over the treatment period.

In M4, the treatment yielded the least favorable outcome. In this
area, which initially had a low concentration of CaSOy,, the poultices
facilitated the mobilization and accumulation of salts on the wall
surfaces, leading to increased concentrations of SO, K*, Ca®*, and
Mg* after treatment. This promoted further enrichment of the
dominant genus Rubrobacter, resulting in reduced microbial biodiversity
in the biofilm. The kaolinite-based poultice demonstrated the best
performance in terms of salt retention, whereas the sepiolite-based
poultice caused the least accumulation of ions on the treated surface.

In M6, the treatment was the most successful. A significant
reduction in SO4>~, K, and Na* on the treated surfaces led to an increase
in microbial biodiversity. The newly emerging microbial members were
possibly better adapted toward a more alkaline environment, likely due
to Ca*" solubilization. Overall, the treatment decreased bacterial
community size while increasing archaeal populations, which were more
suited to the altered conditions. In this case, the kaolinite-based poultice
showed the best performance in terms of salt reduction capabilities.

In summary, our findings indicate that no desalination treatment
should be applied without prior assessment of the surface properties,
salt composition, and colonizing microbial community. Several factors
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must be considered before selecting a clay material, including the
physical surface conditions and the concentration and chemical
composition of the salts present. Furthermore, microbial monitoring
should accompany these treatments to assess how changes in the
saline environment affect microbial communities, potentially favoring
specific microbial groups within biofilms. Additionally, this study
underscores the importance of conducting preliminary tests on
localized areas before implementing large-scale treatments on historic
surfaces. Finally, it is essential to report unsatisfactory results, as these
contribute to informed decision-making regarding the use of specific
clay materials in future conservation efforts based on empirical data.
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stone heritage from
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Nanjing, China, 2Department of Conservation Research, National Research Center for Conservation
of Ancient Wall Paintings and Earthen Sites, Dunhuang Academy, Dunhuang, China

Background: Outdoor stone heritage accounts for a large portion of UNESCO
World Heritage Sites and is an essential carrier of the ancient civilization of
our society. Unfortunately, they usually suffer from serious biodeterioration by
diverse microbial colonizers, especially when the environment is available. As
microbial communities evolve with the environment, it is important to link the
bio-deteriogens to biodeterioration processes accurately.

Methods: We used an integrative high-throughput sequencing and comparative
metabolomic approach to unravel the biodeterioration of the Leizhou Stone
Dog monuments.

Results: The divergence and similarity of the composition of microbial biofilms
colonizing the monuments indicated that photoautotrophic bacteria (e.g.
Leptolyngbya, Chroococcidiopsis, and Chloroplast) and nitrifying archaea (e.g., the
family Nitrososphaeraceae) and/or bacteria (e.g., Massilia and Bacillus) are the keystone
taxa governing the biodeterioration processes. Further, the correlation between the
keystone taxa and physicochemical properties confirmed the consistency of the
observations of the keystone metabolisms involved in the biodeterioration processes.

Conclusion: Our study highlights the necessity of a case-by-case diagnosis
of the keystone taxa and metabolisms before any therapy, advancing the
conservation science of cultural heritage.

KEYWORDS

biodeterioration, epilithic biofilms, stone heritage, keystone taxa, heritage
conservation

1 Introduction

As early as prehistoric times, rocks and carved stones have been used for making daily tools,
designing totems, and building shelters worldwide. For this reason, stone monuments are
considered the most crucial evidence of the past civilization of our society, as indexed by the
UNESCO World Heritage List.! Unfortunately, most stone monuments have been exposed to an
outdoor environment, leaving them at long-term risk from frequent environmental fluctuation,

1 https://whc.unesco.org/en/list/
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increasing atmospheric pollution, and climate change. Further, the
changing environment has dramatically exacerbated both abiotic and
biotic deterioration processes of outdoor stone monuments. Notably,
geomicrobiological activity and impact often evolve with changing
environmental factors, increasing the difficulty of conserving
stone monuments.

In most cases, outdoor stone monuments are substantially colonized
by colorful biofilms (Villa et al., 2022). The epilithic biofilms are composed
of archaea, bacteria, fungi, lichens, and microalgae with different
metabolic functions and trophic manners (Liu et al., 2020; Wu et al.,
2021). For example, phototrophic microorganisms, usually predominated
by cyanobacteria, have been widely observed to grow on stone
monuments (Rossi et al., 2012; Zhang et al., 2024). These microorganisms
can grow on outdoor stone monuments only relying on the availability of
water (Wang et al., 2025), and they are commonly reported as the pioneers
of microbial colonizers (Bellinzoni et al, 2003). Together with
phototrophs, some chemolithotrophs (e.g., ammonia-oxidizing bacteria
or archaea) can convert CO, into organic carbons to support the growth
of subsequent heterotrophs (e.g., most bacteria and fungi) in the biofilms.
Collectively, the members inside the biofilms drive the geochemical cycles
of carbon, nitrogen, and sulfur that are mainly from atmospheric
deposition (Mitchell and Gu, 2000), resulting in the continual
deterioration of stone by biogenic acids (Liu et al., 2020; Qian et al., 2024).
For example, our previous work showed that ammonia-oxidizing archaea
and bacteria cooperatively contribute to the production of nitric acid
responsible for the biodeterioration of stone monuments at the Bayon
Temple of Angkor Thom in Cambodia (Meng et al., 2016). We also found

10.3389/fmicb.2025.1600865

that sulfur-oxidizing bacteria (e.g., Sulfurovum and Acidiphilium) release
sulfuric acid, resulting in the blackening of basalt sculptures of the
Leizhou Stone Dog monuments (Wang and Liu, 2021).

Thanks to the multi-omics techniques, we can obtain much
microbial information on deteriorated monuments using minimal
samples. Although these culture-independent approaches allow us to
rapidly construct a public database of microbial information on the
biodeterioration of stone monuments, we need a case-by-case analysis
of the monuments as they are exposed to different environments.
However, we proposed the research priority of the keystone taxa in the
biofilms, which act as drivers of microbiome structure and functioning
(Banerjee et al., 2018) and as good indicators of pending community
shifts (Herren and McMahon, 2018).

Our focus is on the Stone Dog monuments located at the
Leizhou Peninsula in tropical South China, where a humid hot
climate prevails because of the influence of continental and
maritime monsoons as well as typhoons. Thus, microbial biofilms
thrive on the stone monuments due to the preferable temperature
and humidity over the year (Wang et al., 2021). Our previous work
showed that most of them suffer from severe biodeterioration
caused by diverse microorganisms, including fungi, cyanobacteria,
and sulfur-oxidizing bacteria (Wang and Liu, 2021; Wang et al.,
2021), resulting in a considerable loss of appearance (Figure 1).
However, our further work indicated that micro-environments
significantly affect community structures and biodeterioration
processes of epilithic biofilms on the monuments (Meng et al.,
2023). Contrary to our initial hypothesis of congruence between the

FIGURE 1

M0211, M0251, M0295, and M0307, respectively.

Sculptures of the Leizhou Stone Dog. (a) An overview of the sculptures displayed in a courtyard; (b—f) are the appearances of the sculptures M0137,
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biodeterioration of the monuments in the same yard, we observed
divergent physicochemical features of the soils at the bottom of the
monuments, highlighting the need for a nuanced framework
capturing the keystone microorganism-metabolite interplay.
Therefore, identifying the keystone taxa and metabolisms involved
in microbial biodeterioration of the monuments is essential to
bridge the link between microbial biofilm and biodeterioration in
cultural heritage microbiology research (Luo and Gu, 2025).

Here, we used an integrative high-throughput sequencing and
comparative metabolomic approach to unravel the biodeterioration of
the Leizhou Stone Dog monuments. To avoid the divergence of abiotic
deterioration, we selected the monuments in the same yard as the
subject. We tracked the divergent physicochemical features of the soils
at the bottom of the monuments and systematically compared the
divergence and similarity of the microbial composition of the biofilms
colonizing the monuments to identify the keystone taxa governing the
biodeterioration of each stone monument. Furthermore, the
correlation between the keystone taxa and physicochemical properties
was evaluated to check the consistency of the observations of the
species-based metabolisms of the keystone taxa, leading to the
biodeterioration of the monuments.

2 Materials and methods
2.1 Sample collection

Samples were collected in January 2024 in Leizhou (110°5'57”E,
20°54’56"N), Guangdong Province, China. The local climatic
conditions during the period were featured as follow: a typical
monsoon prevailing, an average temperature of 23°C, and an average
precipitation of 1,000 mm (relative humidity of about 70%), but no
precipitation in 1 week prior to sampling. Five sets of stone dog
sculptures suffering from deterioration in an open-air courtyard were
selected and coded M0137, M0211, M0252, M0295, and M0307,
respectively (Figure 1). Both the biofilm samples and soil samples were
collected for each sculpture. The epilithic biofilms colonizing each
sculpture were sampled in 5 cm x 5 cm squares via the non-destructive
method. Meanwhile, about 10 g of the soils at the bottom of the
sculpture were collected for chemical assays. All the samples were
packaged and stored at 4°C before laboratory-based analyses.

2.2 lon chromatography analysis

The base soil was thoroughly mixed before ion chromatography
analysis (Dick and Tabatabai, 1979). Briefly, 1 g of the soil sample was
added to 5 mL of distilled water. After 15 min of mixing on the vortex
followed by 5 min centrifugation at 1,000g, the supernatant was filtered
using the microporous membrane (0.22 pm in diameter) for subsequent
determination of anion and cation concentrations. Upon the detection
limit of ion chromatography, the initial concentration would be diluted
if necessary. Then, the prepared supernatant was injected into an ion
chromatograph to detect anion and cation concentrations. The
DionexTM AquionTM ICS 2100 (Thermo Fisher Scientific, MA,
United States) system determined the anion concentration with the
column TonPac™ AS19 (4 x 250 mm). The cation concentration was
examined using the Dionex™ ICS 6000 (Thermo Fisher Scientific, MA,
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United States) system, with the column IonPac™ CS12A (4 x 250 mm).
The entire detection was carried out at 25°C.

2.3 DNA extraction and sequencing

Following the manufacturer’s introduction, the ALFA-SEQ Soil
DNA Kit (50) (FINDROP, CN) was used to extract the genomic DNA
of biofilm samples. The concentration and purity were detected by
Thermo NanoDrop One (Thermo Fisher Scientific, MA, United States).

The V4-V5 regions of 16S rRNA genes were amplified using
specific primers (Bacteria: 515F-GTGCCAGCMGCCGCGGTAA,
907R-CCGTCAATTCMTTTRAGTT;  Archaea:  524F10extF-
TGYCAGCCGCCGCGGTAA, Arch958RmodR-YCCGGCGTTGAV-
TCCAATT), in which a 12-bp barcode was appended (Tamaki et al.,
2011; Pires et al., 2012). Primers were synthesized by Invitrogen
(Invitrogen, Carlsbad, CA, United States).

The length and concentration of the PCR products were detected
by 1% agarose gel electrophoresis. Samples with bright main strips
between 400-450 bp could be used for further assays. PCR products
were mixed in equidensity ratios according to the GeneTools Analysis
Software (Version 4.03.05.0, SynGene). Then, a mixture of PCR
products was purified with E.Z.N.A. Gel Extraction Kit (Omega, USA).

Sequencing libraries were generated using NEBNext® Ultra™ II
DNA Library Prep Kit for lllumina® (New England Biolabs, MA,
United States) following the manufacturer’s recommendations, and
index codes were added. The library quality was assessed on the
Qubit@ 2.0 Fluorometer (Thermo Fisher MA,
United States). Finally, the library was sequenced on an Illumina

Scientific,

Nova6000 platform, and 250 bp paired-end reads were generated
(Guangdong Magigene Biotechnology Co., Ltd. Guangzhou, China).
The high-throughput sequencing data supporting this study’s findings
were available in the National Center for Biotechnology Information
(NCBI) under accession no. PRINA1170002.

2.4 Bioinformatics and taxonomy analyses

Downstream analysis of high-throughput sequencing data was
carried out by QIIME2 (Quantitative Insights Into Microbial Ecology
2) (Bolyen et al., 2019). The primers were removed to obtain the
paired-end Clean Reads using Cutadapt software (Martin, 2011),
according to the primer information at the beginning and end of the
sequence. The paired ends sequencing data were denoised and spliced,
and chimeras were removed using the DADA?2 algorithm (Callahan
et al,, 2016). The sequence quality was controlled by specifying the
truncation length of the front and back ends. The quality statistics of
the spliced sequences were carried out, and the lowest value was
leveled. The operational taxonomic units (OTUs) were extracted at a
threshold of 97% of identity among the reads. The OTUs were classified
by the feature-classifier module in QIIME2 to obtain the taxonomy of
bacteria and archaea, referring to the Sliva 16S rRNA (v.138.2).

2.5 Statistical analysis

One-way analysis of variance (ANOVA) was performed to assess the
differences between chemical properties of the soils. Assuming the soils
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were mostly derived from underlying stone from biological activity, their
chemical properties were then analyzed against microbial metabolism
from biofilms using Waller-Duncan’s post hoc test in IBM SPSS v.25.0
(Chicago, IL, United States). Stacked columns were performed to display
bacterial and archaeal community structures using the “ggplot2” package
in R v.4.4.1.* The heatmap showing the differences in genus abundance
among different samples was standardized using the Z-Score method,
and the calculation formula was as follows:

x—
value=—-"-—

where y was the mean and ¢ was the standard deviation of the
data (Singh and Singh, 2020).

Taxonomic trees of the shared OTUs of bacteria and archaea were
generated by Cytoscape software with the node and edge files
calculated by R according to the shared OTU table. To better explain
the relationship between keystone taxa and biodeterioration,
we employed Mantel’s test to compare different phenotypes with
physicochemical properties of the base soils and identify the
correlation of consistent biological information from functional
results of metabolomic pathway analysis (Ten-Doméncech et al,
2021). Mantel’s test was carried out to examine the relationships
between the chemical properties and the structure of the core taxa
using the “linkET” and “ggplot2” packages (Huang, 2021). To mine
the metabolism information of the microbial community, the
algorithms PICRUSt2 and FAPROTAX were applied to predict the
functional potential of the bacterial and archaeal community by 16S
rRNA gene sequencing profiles. The PICRUSt2 predictions were
mapped to the annotated genes catalog of the Kyoto Encyclopedia of
Genes and Genomes (KEGG) database (Douglas et al., 2020). The
FAPROTAX algorithm extrapolated taxonomic profiles of microbial
communities into putative functional profiles based on a database of
cultured microorganisms (Louca et al., 2016).

3 Results

3.1 Physicochemical properties of the soils
under the bio-deteriorated monuments

Four anions (i.e., NO,~, Cl7, SO,?~ and NO;") and five cations (i.e.,
Mg*, NH,*, Na*, K* and Ca*") were detected among the five samples
(Figure 2). Generally, the contents of anions in each sample ranked as
NO;™ > SO, > CI” > NO,, with NO;™ and SO,*~ being almost 5 and
4 times the content of NO,~, respectively (Figure 2a). Moreover, the
contents of cations in each sample (except M0307) were ordered as
Ca* > K*>Na* > NH," > Mg*, with the contents of Ca** and K*
higher than the other three cations (p < 0.05, Figure 2b).

Despite the monuments located in the same yard, the content of
each cation or anion exhibited significant differences among the
samples (p < 0.05). For example, the contents of NO;~, SO,*~ and Cl~
in M0251 and M0307 were the highest and the lowest among the

2 https://www.r-project.org/
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samples, respectively. Similarly, the contents of cations in M0307 were
the lowest compared with those in the other samples. Also, the content
of Ca** in M0211 doubled that of Ca’* in the other four samples,
whereas K, Na*, and NH,* exhibited the highest content in M0251.

3.2 Diversity and composition of epilithic
biofilms on the monuments

We investigated the biodiversity and composition of epilithic
biofilms colonizing the monuments to unravel microbial communities
relevant to the biodeterioration of the monuments (Wang and Liu,
2021; Meng et al., 2023). Generally, the bacterial diversity was ranked
as M0295 > M0211 ~ M0251 > M0307 ~ M0137, whereas archaeal
diversity was ordered as M0251 =~ M0137 > M0295 ~ M0307 > M0211
(p < 0.05, Supplementary Figure S1).

Bacteria in all the biofilms mainly included eight phyla, such as
and Chloroflexi
(Figure 3a). Consistently, Proteobacteria were the predominant

Proteobacteria, Cyanobacteria, Firmicutes,
community, followed by two phototrophic phyla, Cyanobacteria and
Chloroflexi, accounting for 35-50% of bacterial populations in the
biofilms.

co-predominated and accounted for more than 90% of bacterial

Differentially, = Proteobacteria ~ and  Firmicutes
communities on the monument MO0307, which might be a
consequence of the distinctive physicochemical properties of the soil
under M0307. Moreover, the most abundant genera listed in order
were Massilia, Leptolyngbya_PCC-6,306, Exiguobacterium, Bacillus,
Acinetobacter, Chloroplast, Chthonomonas, Spirosoma,
Chroococcidiopsis_SAG_2023, Bryobacter and C0119 (Figure 3b).
Commonly, Massilia spp. were the predominant bacteria in all the
biofilms. Differently, Exiguobacterium, Bacillus, and Acinetobacter
predominated in bacterial communities on the monument M0307,
Leptolyngbya_PCC-6,306 predominated on M0137, M0211 and
M0295, Chloroplast on M0251 and Bacillus on M0137.

Archaeal communities in the biofilms mainly included four phyla
Crenarchaeota, Halobacterota, Nanoarchaeota, and Euryarchaeota,
with Crenarchaeota accounting for more than 95% of the populations
(Figure 3c). Interestingly, abundances of Halobacterota (~3%) and
Euryarchaeota (~2%) in the biofilm on M0307 were significantly higher
than the others. Moreover, archaeal populations were mainly affiliated
to seven genera, including two unclassified genera of Nitrososphaeraceae,
Ca. Nitrocosmicus, Halomarina, Nitrososphaera, Methanobacterium
and Nitrosotaleaceae (Figure 3d). Notably, archaeal populations of
M0295, M0211, M0251, and M0137 were purely predominated by an
unclassified genus of Nitrososphaeraceae, which shared 90% of archaeal
populations of M0307 with the other unclassified genus of
Nitrososphaeraceae. Besides, Ca. Nitrocosmicus accounted for 4% of
archaeal members of M0307 and 2% of archaeal members of M0295
and M0211. Members in the family Nitrososphaeraceae are typical
ammonia-oxidizing archaea that convert ammonia to nitrite (Bei et al.,
2024), while the latter could be further oxidized to nitrate by aerobic
nitrite-oxidizing bacteria (e.g., Bacillus spp.) (Abeliovich, 2006; Daims
etal., 2016). Thus, the predominance of the families Nitrososphaeraceae
and Bacillus explains the observation that the content of nitrate is
significantly higher than that of nitrite and/or ammonia in all the soils.

Although we had an overview of the microbial compositions of
the epilithic biofilms on the bio-deteriorated monuments, the core
taxa involved in the biodeterioration processes were still unclear. Thus,
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further exploration of the populations of the epilithic biofilms
colonizing the monuments is required to unravel the keystone taxa
that might lead to biodeterioration.

3.3 Keystone taxa of the epilithic biofilms

To figure out the keystone taxa relevant to the biodeterioration of
the monuments, we further extracted and compared the predominant
species across the biofilm communities. The distribution of the 15
most abundant OTU showed that members of the genera Massilia,
Exiguobacterium, Leptolyngbya, Acinetobacter, Bacillus,
Chroococcidiopsis and Chloroplast were the predominant bacterial
species of all the biofilm communities (Figure 4a). Specifically, the
predominant species in the biofilm M0137 were mainly affiliated to
the genera Massilia, Leptolyngbya, Bacillus, and two unclassified
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genera of the families Ktedonobacteraceae and Nostocaceae. Bacterial
communities of the biofilms M0211, M0251, and M0295 were mainly
predominated by Massilia spp., followed by Leptolyngbya spp.,
Chloroplast spp., and Leptolyngbya spp., corresponding to the biofilm.
Unlike the other biofilms, bacterial species in the biofilm M0307
mainly belonged to the two genera Exiguobacterium and Acinetobacter,
followed by Massilia and Bacillus. The observations of the most
abundant species were generally consistent with the composition of
bacterial genera, which further confirmed the potential keystone taxa
of these genera involved in the biodeterioration of the monuments.
Furthermore, we extracted the shared species across the
bacterial communities (Figure 4b). As a result, it showed that the five
biofilm samples shared only 81 species with most of the species
owned by individuals, especially M0295, M0211, and M0251,
suggesting the differentiation of bacterial communities among the
biofilm samples. To identify which shared 81 species represented
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each sample, we investigated their abundance distribution among
the biofilm samples. We found that these shared species mainly
belonged to the genera Massilia, Exiguobacterium, Bacillus,
Leptolyngbya, Acinetobacter, Chloroplast, Chroococcidiopsis,
Spirosoma and C0119 (Figure 4c). Together with the unassigned
members, they represented the most bacterial populations of each
sample, especially M0307 and M0137, indicating their possibility of
keystone taxa. Specifically, the shared Massilia spp. represented more
than 30% of bacterial populations of M0295, M0211, and M0251,
which was consistent with the distribution of the most abundant
species (Figure 4a). Besides the unassigned members, the shared
Massilia spp., Leptolyngbya spp., and Bacillus spp. represented 20,
10, and 5% of the populations of M0137, respectively. In particular,
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75% of the populations of M0307 were represented by the shared
Exiguobacterium spp. (25%), Acinetobacter spp. (20%), Massilia spp.
(18%) and Bacillus spp. (12%). These results outlined the keystone
taxa of the bacterial populations in each sample. Moreover, the
taxonomic tree of the shared 81 OTUs provided an overview of their
affiliation and abundances in all the biofilm samples (Figure 4d).
Based on the taxonomic tree, the shared Massilia spp. represented
28.3% of the total bacterial populations, followed by Exiguobacterium
(6.1%), Leptolyngbya (4.8%), Bacillus (4.8%), Acinetobacter (4.1%),
and Chloroplast (1.9%), which confirmed that they were the keystone
taxa involved in the biodeterioration of the monuments.

By contrast, the archaeal populations were relatively simple. The
most abundant 10 OTUs indicated that they were affiliated to the two
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FIGURE 4
Distribution of the keystone bacteria in the epilithic biofilms. (a) Distribution of the keystone species across the biofilms. Bubble color and size
represent the abundance distribution of each species. (b) Venn analysis of common and private bacterial populations among the biofilms. (c) Relative
abundance distribution of the shared 81 species across the biofilms. Others indicate the unclassified members. (d) Taxonomic trees of the shared
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reflects the relative abundance.

genera of the family Nitrososphaeraceae (Figure 5a), especially the
Nitrososphaeraceae gen. 1, suggesting their keystone taxa of the archaeal
populations. The archaeal species (OTU-1) predominated the archaeal
populations of all the biofilms, especially M0137, M0211, and M0295.
Another archaeal species (OTU-2) was the second predominant
member of the archaeal populations of M0251. Significantly, the
archaeal populations of M0307 were not only predominated by the
species (OTU-1) but also by other four species (i.e., OTU-2, OTU-3,
OTU-4, and OTU-5), indicating the differentiation of M0307 to the
other four biofilms. Moreover, the number of the shared species was
four, with M0307 owning the unique species (Figure 5b), further
suggesting its differentiation in the archaeal community. Unexpectedly,
the common species were all affiliated to Nitrososphaeraceae gen. 1 and
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represented more than 90% of the archaeal populations of the biofilm
samples, except M0307 (Figure 5¢). In M0307, the archaeal populations
were represented by Nitrososphaeraceae gen. 1 (48%) and
Nitrososphaeraceae gen. 1 (4%). Further, the taxonomic tree of the
shared archaeal OTUs confirmed Nitrososphaeraceae gen.1 as the
keystone taxa in all the biofilm samples (Figure 5d).

3.4 Correlations of keystone taxa with
biodeterioration

The Mantel’s test showed that the contents of Cl~, SO,>~ and NO;~
were significantly correlated with the contents of NH," (p < 0.05) and
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K* (p < 0.01), instead of Ca®* or Mg** (Figure 6). Moreover, the content ~ we found no potential keystone taxa correlated with
of CI” was extremely significantly correlated with the contents of SO~ SO,*~ (Figure 6b).
and NO;™ (p <0.001), while the content of K* was significantly
correlated with that of NH,* (p < 0.01).

In the bacterial keystone taxa (Figure 6a), the genera Spirosoma, 3.5 Potential metabolic processes involved
Chroococcidiopsis, and C0119 were highly significantly correlated with in biodeterioration
Na*, Ca’ and Mg** (p < 0.01), respectively, indicating they might
be the keystone taxa leading to mineral solutions of stone monuments Generally, there were no significant differences in the total
(Keshari and Adhikary, 2014; Yu et al., 2024). Importantly, the two ~ metabolisms in bacterial populations among the samples (Figure 7a),
genera Massilia and Bacillus were solely significantly correlated with ~ where amino acid metabolism, carbohydrate metabolism, and
NO,", whereas NO;~ was significantly correlated with Leptolyngbya, = metabolisms of cofactors and vitamins were the predominant
Acinetobacter, Chloroplast, and C0119, with Acinetobacter and  processes. Specifically, the differences were mainly found in C
Chloroplast correlated with NH," as well, suggesting they were  metabolisms rather than N and S metabolisms (Figure 7b). Bacterial
potential keystone bacteria involved in nitrification and/or  populations of the biofilm MO0307 were characterized by
denitrification (Qiao et al., 2020). Moreover, the most abundant  chemoheterotrophy and aromatic compound degradation. In contrast,
Nitrososphaeraceae gen 1 was significantly correlated with NO;~, but  bacterial populations of the other four biofilms consistently relied on

Frontiers in Microbiology 99 frontiersin.org


https://doi.org/10.3389/fmicb.2025.1600865
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Ma et al. 10.3389/fmicb.2025.1600865
a
Mantel's p Na®
<001 Massilia
0.01-005 NH,* Leptolyngbya_PCC_6306
~=0.05 Exiguobacterium
K* Bacillus
sl S Acinetobacter
<02 Mg* Chloroplast
— 02-04 Chthonomonas
Ca” i
— 04 Spirosoma
Chroococcidiopsis_SAG_2023
Cl-
Pearson'sr 4 Bryobacter
I i
1.0 C0119
NO, f
0.5
NO,-
00 ¢
-05 o ks
-1.0 ” A . 4 ' ' i
© + L9 & e ~ o e
P z x g 3 o g e 3
b
Mantel's p
Na*
= 0.01-0.05 Nitrososphaeraceae.gen. 1
>=0.05 NH,*
Nitrososphaeraceae.gen. 2
K
Ca. Nitrocosmicus
Mantel's r
— <02 Mg?* Halomarina
— =04
Ca? Nitrososphaera
cr Methanobacterium
Pearson’sr
' v Nitrosotal
itrosotaleaceae
NO,- /]
05
00 NO,
-05 30‘2_
-1.0 . . & * ! ! :
© r * S & I G 2 Ve
=z =z x = 8 O g g (cl))
FIGURE 6
Correlation networks between keystone taxa and physicochemical properties. (a) Correlations between keystone bacteria and physicochemical
properties. (b) Correlations between keystone archaea and physicochemical properties. Pearson'’s coefficient indicates the correlation between
different physicochemical properties, whereas the correlation of Mantel's test shows the effect of physicochemical properties on the keystone
bacterial and archaeal communities. Line thickness indicates the degree of correlation and p-value represents the degrees of significance, *p < 0.05,
**p < 0.01, and ***p < 0.001.

phototrophic processes, corresponding to the dominant phototrophic
taxa in epilithic biofilms (Méndez et al., 2024), such as Leptolyngbya
and Chroococcidiopsis.

Similarly, the general metabolisms of archaeal populations
among the samples also exhibited no differences, with amino acid

Frontiers in Microbiology

metabolism, carbohydrate metabolism, and metabolisms of
cofactors and vitamins predominated over the general
metabolisms (Figure 7c). Interestingly, aerobic ammonia oxidation
and nitrification were consistent characteristics of archaeal
populations of all the samples (Figure 7d), which further
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confirmed our observations of the keystone taxa of the family
Nitrososphaeraceae (Figure 6b).

4 Discussion

We used an integrative high-throughput sequencing and
comparative metabolomic approach to unravel the biodeterioration
of the Leizhou Stone Dog monuments. The divergence and similarity
of the microbial composition of the biofilms colonizing the
monuments were compared to identify the keystone taxa governing
the biodeterioration of each stone monument. The correlation
between the keystone taxa and physicochemical properties
confirmed the consistency of the observations. In addition, the
species-based functional information of the keystone taxa supported
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the potential metabolisms leading to the biodeterioration of
the monuments.

We examined the contents of soluble salts in the soils deposited at
the bottom of the bio-deteriorated monuments to track the potential
chemical processes involved in biodeterioration. Collectively, the
observations indicate that abundant nitrates and sulfates are
accumulated in the soils. The Mantel’s test showed that excessive
sulfuric and nitric acids might be needed to maintain the residual Ca*
or Mg?* in solution in the soils. Meanwhile, the significantly higher
contents of SO,>~ and NO;~ than those of Ca** and Mg** could also
support this inference (Figure 2). These observations suggest
significant differences in the contents of soluble minerals in the soils,
indicating that different intensities of deterioration occur on the
monuments. Such deterioration could be attributed to both abiotic
and biotic processes depending on the environment the monuments

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1600865
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Ma et al.

were exposed to (Liu et al., 2022b). The monuments were all in the
same yard and suffered the same abiotic impacts (Figure 1). Thus,
biodeterioration caused by epilithic biofilms on the monuments would
be the most likely reason to explain the differences in
these observations.

While physicochemical features elucidated the potential
deterioration processes, the divergence of microbial communities
highlighted the contributions of biotic deterioration rather than
abiotic deterioration because the monuments were exposed to the
same environment. Notably, the community compositions across the
biofilm samples indicated common and divergent populations for
each sample, consistent with our previous observation that the micro-
environment determines community structures and biodeterioration
processes of epilithic biofilms (Meng et al., 2023). For example, the
most abundant Nitrososphaeraceae gen 1 was significantly correlated
with NO;™ (Figure 6b), confirming that they were the keystone taxa
responsible for nitrification that have been reported to be responsible
for biodeterioration of stone monuments (Meng et al., 2016; Ding
et al,, 2021). Consistently, the two genera of Nitrososphaeraceae and
Ca. Nitrocosmicus were significantly relevant to Na" and K,
suggesting they are the keystone taxa responsible for the salt
efflorescences of the monuments (Mihajlovski et al., 2019). This
highlights the importance of the micro-environment in shaping the
biofilm community colonizing stone monuments and their
biodeterioration, suggesting the necessity of a case-by-case treatment
before any solution is used to protect from microbial attacks (Liu
etal., 2022a).

We also predicted the potential metabolisms of the keystone taxa
to further identify the C, N, and S metabolic pathways that might
be relevant to the biodeterioration. Collectively, the observations of
the potential metabolisms were consistent with the keystone taxa in
the biofilms colonizing the deteriorated monuments. Thus, we claimed
that photoautotrophy and/or chemoheterotrophy of bacterial
populations and nitrification of archaeal populations would be the
keystone metabolic processes leading to the biodeterioration of the

10.3389/fmicb.2025.1600865

Leizhou Stone Dog monuments (Figure 8). Future work aims to
elucidate causal mechanisms through complementary methods such
as mapping multi-omics data into metabolic pathways using
chromatographic techniques, stable notable labeling, and microbial
isolation studies, especially the keystone taxa. We acknowledge the
limitations of relying solely on direct species-based functional
prediction for metabolisms involved in biodeterioration, including the
inability to differentiate active microbes or determine metabolites, as
well as issues with sampling errors. Moving forward, implementing
this culture-independent technique alongside culture-dependent and
chemical techniques could provide a better understanding of the
complex biodeterioration processes of stone monuments (Liu
etal., 2022a).

Furthermore, incorporating longer timescales and expanded
climate representation will further refine our understanding of the
succession of the most relevant keystone taxa and metabolisms
involved in the biodeterioration of the stone monuments. For
example, continuous in-situ detection and comparison of the incident
radiation on the monument surfaces between different seasons could
greatly benefit a full explanation why the abundance or
photosynthetic yields of photoautotrophic microorganisms evolves
in the biofilms (Figueroa et al., 2017). Moreover, we observed some
cyanobacterial inhabitants of low light (Hauer et al., 2015), such as
Leptolyngbya and Chroococcidiopsis, which were also detected on
other cultural heritage stone buildings in tropical and subtropical
climates (Keshari and Adhikary, 2014; Ortega-Morales et al., 2019),
indicating that a upper-to-lower layer analysis of microbial
composition is required to confirm the divergence of spatial
distribution in the epilithic biofilms (Czerwik-Marcinkowska and
Massalski, 2018). Interestingly, despite having some abundant genera
in common with other observations (Silva et al., 2022), such as
Spirosoma and Massilia, their contribution to biodeterioration of
stone monuments is still unclear. However, the genus Massilia are
typical soil bacteria of the Oxalobacteraceae, but their members are
often pigmented bacteria (Yang et al., 2019), indicating their
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involving in discoloration of stone monuments. By integrating
keystone taxa and metabolism formulas into future mechanistic
models of biodeterioration diagnosis and therapy, we can gain a
focused picture of measures for the sustainable conservation of stone
monuments from microbial damage.

In conclusion, we have successfully identified the keystone taxa
and metabolisms involved in microbial biodeterioration of the
Leizhou Stone Dog monuments. We propose an integrative culture-
independent and culture-dependent approach to the necessity of a
case-by-case diagnosis of the keystone taxa and metabolisms before
any therapy, shedding light on the complex biodeterioration processes
of stone monuments and advancing the conservation science of
cultural heritage.
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Shadow puppetry, an integral and crucial component of China’s intangible cultural
heritage, currently faces the significant threat of microbial degradation. This is
primarily due to the organic materials used in its artifacts. This study centers on the
shadow puppets housed in the National Shadow Puppetry Museum in Chengdu. By
employing Scanning Electron Microscopy (SEM) and high-throughput sequencing
techniques, it has revealed a diverse array of co-existing microorganisms on the
surfaces of these puppets. These include species from genera such as Aspergillus,
Streptomyces, Nocardiopsis, Pseudomonas, and Saccharopolyspora, among others.
Eleven microbial species were successfully isolated, wherein four were identified as
predominant: Pseudomonas sp. WH. S-B1, Streptomyces sp. WH. S-B2, Nocardiopsis
sp. WH. S-B6, and Aspergillus fumigatus WH. S-F2. Notably, these four strains
demonstrated the ability to degrade collagen. The antimicrobial experiment results
indicated that 0.3% isothiazolinone-based antimicrobial agents BCO1 and 50 mg/
mL carvacrol exhibited a certain degree of antimicrobial activity against these
predominant strains. Overall, this research provides a robust foundation for the
conservation of shadow puppet artifacts. It does so by thoroughly analyzing the
mechanisms of microbial degradation and screening effective antimicrobial agents.

KEYWORDS

shadow puppetry artifacts, microbial degradation, microbial community, antimicrobial
agents, cultural relics preservation

1 Introduction

Shadow puppetry, a quintessential medium of China’s intangible cultural heritage, is
a multifaceted art form that seamlessly integrates painting, carving, opera, and the
esthetics of light and shadow (Liang et al., 2023; Huang et al., 2015; Yang et al., 2024).
The artifacts are primarily crafted from animal hides, such as cowhide and sheepskin,
through traditional processes encompassing tanning, carving, and dyeing (Duan et al.,
2024). Abundant in collagen and organic dyes, these artifacts act as “living fossils,”
meticulously documenting the evolution of ancient Chinese social culture, folk beliefs,
and artisanal techniques (Lei et al., 2023; Li and Cao, 2021; Liu et al., 2019). The existing
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shadow puppetry artifacts from the Ming and Qing dynasties not
only boast high artistic and esthetic value but also serve as
irreplaceable physical evidence for the study of ancient social and
cultural life (Prahmana and Istiandaru, 2021; Padovani, 2023;
Coar and Usta, 2009). Nevertheless, due to the organic
composition of shadow puppetry artifacts, they are highly
vulnerable to damage caused by temperature and humidity
fluctuations, pollutant erosion, and microbial activity during
long-term preservation (Zhang et al., 2024). Among these threats,
microbial-induced material degradation has become a critical
concern endangering the preservation of these cultural relics.
Conducting systematic research not only overcomes the empirical
limitations of traditional cultural relic preservation but also
provides theoretical frameworks for elucidating the degradation
mechanisms of organic cultural heritage (Sun et al., 2024;
Sterflinger and Pifar, 2013).

Recent investigations have demonstrated that microbial
communities inhabiting the surface of shadow puppet artifacts
can gradually deteriorate the collagen fiber network of leather.
This occurs through the secretion of metabolic byproducts such
as proteases and lipases, ultimately resulting in a loss of
mechanical integrity and the detachment of pigment layers (Perini
et al, 2019; Zugno et al., 2011; Strzelczyk et al., 1987).
International research efforts have identified key degrading
microbial groups. This includes fungi from the Aspergillus and
Penicillium genera, as well as Bacillus bacteria. Their metabolic
activities exhibit significant correlations with the pH and moisture
levels of the leather (Sterflinger, 2010). The most recent research,
utilizing metagenomic sequencing technology, has unveiled the
spatial heterogeneity of microbial communities. It has revealed
that microenvironments within the crevices of artifacts are
particularly susceptible to the formation of synergistic degradation
systems involving actinobacteria and fungi (Shi et al., 2020; Gadd
et al., 2024; Wang et al., 2023).

Nevertheless, the current systematic research on the microbial
deterioration of shadow puppet relics remains fraught with several
limitations. Firstly, the dynamic fluctuations of microbial
communities under varying environmental conditions have not
been comprehensively explored. Secondly, existing preventive and
control measures predominantly draw on the experiences from
the conservation of other cultural relic types. As a result, their
specificity and efficacy demand further in-depth investigation
(Zhang et al., 2022). Conducting a holistic analysis of microbial
deterioration in shadow puppet relics and formulating
scientifically robust prevention and control strategies are of
critical significance for the long-term conservation and cultural
heritage succession of these invaluable artifacts.

This research is centered on the shadow puppets housed in the
National Shadow Puppetry Museum in Chengdu. The majority of
these shadow puppet cultural relics were donated by individuals from
diverse backgrounds. Consequently, their preservation conditions
vary significantly, some of these artifacts are afflicted with microbial
contamination. Through painstaking investigation and sampling, a
systematic examination was carried out on the microbial degradation
processes occurring on the surfaces of these shadow puppet artifacts.
Subsequently, appropriate antimicrobial agents were screened,
thereby providing a foundation for the conservation and protection
of shadow puppet artifacts.
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2 Materials and methods

2.1 Sample collection and microbial
investigation

In October 2022 and March 2023, a microbiological survey was
conducted on shadow puppet artifacts stored in the repository of the
National Shadow Puppetry Museum in Chengdu. Crafted entirely
from cowhide, these shadow puppet samples were sourced from
various rural areas, primarily including Shaanxi, Sichuan, and Hebei.
The majority of the shadow puppets date back to the period spanning
from the Republic of China era to modern and contemporary times.
The artifacts were housed in a climate-controlled warehouse. The
temperature was maintained at 20 + 2°C, with a daily variation of less
than 2°C, while the humidity was kept at 50 + 5%, with a daily
fluctuation of less than 5%. The study detected microbial colonization
on the surfaces of certain cultural relics (Figure 1). To evaluate the
severity of microbial degradation, a grading system was established
based on the colony coverage area. Samples S1-S5 were classified as
having mild contamination, S6-S10 as moderate, and S11-S16 as
severe. Microbial plaques were collected from the shadow puppet
surface using sterile cotton swabs and then streaked onto Potato
Dextrose Agar (PDA), Luria-Bertani (LB), and Gauze’s No. 1 media
plates. These plates were transported to the laboratory for subsequent
microbial isolation and purification. Meanwhile, surface plaques were
carefully scraped with a sterile scalpel and placed into sterile EP tubes.
These samples were transported on dry ice to the laboratory and
stored at —80°C for subsequent amplicon sequencing and
metagenomic analysis. During the survey, the ambient temperature in
the repository was 18°C with a relative humidity of 56%.

2.2 Scanning electron microscope
observation

Microbial samples were collected from the surfaces of shadow
puppet artifacts and adhered to a substrate using carbon conductive
adhesive. The samples were then dried in a desiccator. Once dried,
each sample was mounted onto an SEM specimen stage. Gold
sputtering was performed at a current of 24 mA for 300s.
Subsequently, the samples were examined using a SEM, and images
were captured. The measurement parameters were set as follows:
electron high tension (EHT) at 15.0 kV, working distance (WD)
ranging from 9.5 to 10.7 mm, and magnification (Mag) between
2,000% and 10,000x.

2.3 Isolation and identification of
culturable microorganisms

For the isolation and cultivation of fungi, PDA medium (1.2%
potato extract, 2% glucose, 2% agar) was employed. LB medium (1%
tryptone, 0.5% yeast extract, 1% NaCl, 2% agar, pH7.2) was utilized for
bacterial isolation and cultivation. Gauze’s No.1 Medium (1% soluble
starch, 0.2% KNOs, 0.05% K,HPO43H,O, 0.05% MgSO,-7H,O,
0.001% FeSO4-7H,0, 2% agar, pH7.5) served as the growth medium
for actinomycetes. These microorganisms were incubated under
specific conditions: fungi were cultured at 28°C for 5 days, bacteria at
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FIGURE 1

S11-S16 showed severe contamination.

Microbial plague on shadow puppet relics. S1-S5 were categorized as having mild contamination, S6-S10 exhibited moderate contamination, and

37°C for 2 days, and actinomycetes at 28°C for 10 days. After the
incubation period, all microbial colonies that developed on the media
were systematically isolated and purified. Genomic DNA was then
extracted from these pure cultures and amplified using polymerase
chain reaction (PCR) to generate PCR products. For fungal
amplification, the primers ITS1 (5-TCCGTAGGTGAACCTGCGG-3")
and ITS4 (5-CCTCCGCTTATTGATATGC-3’) were used, while the
bacterial amplification employed primers 341F (5'-CCTACGGGAGG
CAGCAG-3") and 907R (5-CCCCGTCAATTCATTTGAGTTT-3").
The PCR reaction conditions remained uniform across all samples,
with the following reaction program: an initial denaturation step at
98°C for 3 min, followed by 33 cycles of 98°C for 10's, 57°C for 10s,
and 72°C for 50 s. A final extension step was conducted at 72°C for
5 min, and the samples were held at 4°C. The resulting PCR products
were sent to GENEWIZ (Beijing, China) for sequencing. Subsequently,
the sequence homology of the amplified fragments was analyzed using
tools available on the National Center for Biotechnology Information
(NCBI) platform. The obtained sequences have been deposited in
GenBank for public access and further research.

2.4 Amplicon sequencing and
metagenomic sequencing analysis

Samples S1-S10 exhibited relatively mild microbial contamination,

and their microbial compositions were analyzed using amplicon
sequencing. Conversely, samples S11-S16 presented more severe
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microbial challenges. To comprehensively examine both their
microbial communities and the leather degradation processes
mediated by these microorganisms, metagenomic sequencing was
employed. Total genomic DNA was extracted using the DNeasy
PowerSoil Pro Kit (QIAGEN, Germany; Cat. No. 47014), strictly
following the manufacturer’s protocols. The extracted DNA samples
were then submitted to NovoMagic Technology Co., Ltd. (Beijing,
China) for sequencing. The raw sequencing data are publicly available
in the NCBI Sequence Read Archive (SRA) under the study accession
number PRJNA1231699 and PRJNA1230850.

2.5 Detection of microbial collagen
degradation ability

When microorganisms were inoculated into a medium where
gelatin served as the sole nitrogen source (comprising 1% gelatin, 1%
glucose, 0.1% KH,PO,, 0.05% MgSO,-7H,0, 0.05% NaCl, 2% agar),
their growth on this medium indicated their capacity to degrade
collagen (Osathanunkul et al., 2013; Fuente et al., 2024).

2.6 Antimicrobial experiment
Building on previous experimental findings and relevant literature

(Wang et al,, 2024; Li et al., 2025), the antimicrobial agents selected for
this study were the isothiazolinone-based agent BC01 and carvacrol,
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TABLE 1 Antimicrobial agents used in the study.

Antimicrobial agents

Main components

Concentration

10.3389/fmicb.2025.1611451

Solvent Manufacturer

BCo1 3% Isothiazolinone 0.3% (m/v) H,0 Beijing Baicheng Wangda
Biotechnology Co., Ltd.
Carvacrol Carvacrol 50 mg/mL DMSO Macklin Biochemical Technology
Co., Ltd.
a principal component of a specific plant essential oil (Table 1). The ~ (Supplementary Figure S4). In-depth taxonomic profiling

experimental procedure was as follows: First, microorganisms were
uniformly spread across the appropriate culture medium.
Subsequently, four sterile filter paper disks, each with a diameter of
7 mm, were placed on the medium’s surface. Then, 5 pL of each
antimicrobial agent, along with the negative control solution, were
separately dispensed onto the filter paper disks. Finally, the inoculated
culture medium was transferred to the corresponding incubator for
cultivation. The presence and size of inhibition zones were observed
to assess the antimicrobial efficacy of the tested agents.

3 Results

3.1 SEM results of samples from the surface
of shadow puppet cultural relics

SEM analysis provided conclusive evidence for the presence of
microbial hyphae and spores (Figure 2). Significantly, both fungal and
actinomycete species were simultaneously detected in multiple
samples, including S1, S2, S7, and S14. This finding indicated that
diverse microbial community inhabited the surface of shadow puppet
cultural relics. These results strongly suggested that the visible
microbial colonies on the artifacts are the result of complex synergistic
interactions among multiple microbial species, rather than the growth
of a single organism. In addition to microbial structures, SEM imaging
also revealed the presence of insects on the surfaces of the shadow
puppets (Supplementary Figure S1). These insects, when crawling on
the puppets, can inadvertently transport microbial hyphae and spores,
thereby facilitating the spread and exacerbating the contamination of
these cultural artifacts by microorganisms. This biotic interaction
represents a significant threat to the long—term preservation of
shadow puppet cultural relics.

3.2 Microbial composition on the surface
of the shadow puppet cultural relics

High-throughput sequencing analysis of samples S1-S16
(Supplementary Figures S2-54) revealed the presence of diverse
microbial communities. Fungi predominantly belonging to the
phylum Ascomycota and bacteria primarily classified under
Actinobacteria were the dominant taxonomic groups on the surfaces
of these cultural relics (Supplementary Figures S2-54). Specifically,
Firmicutes accounted for 14.22% of the prokaryotic community in

samples S1-S5 (Supplementary Figure S2B), Proteobacteria

constituted 30.68% of prokaryotes in samples S6-S10
(Supplementary Figure S3B), and Pseudomonadota represented 5.05%
of the total microbial population in samples SI11-S16
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demonstrated significant variations in the dominant microbial
communities across different shadow puppet artifacts. Samples S1-S5
shared similar microbial profiles, with Aspergillus (fungi) and
Streptomyces (bacteria) as the predominant genera (Figures 3A,C). In
contrast, samples S6-S10 exhibited notable heterogeneity: Aspergillus
and Pseudomonas were enriched in S6; Pseudomonas was the
dominant genus in S7; S8 was characterized by the co-occurrence of
Aspergillus, Microascus, Pseudomonas, and Nocardia, S9 featured
elevated abundances of Aspergillus, Streptomyces, and Pseudomonas;
and S10 was dominated by Aspergillus, Arachnomyces, and
Streptomyces (Figures 3B,D). Metagenomic sequencing of samples
S11-S16 further identified prokaryote-dominated communities, with
Nocardiopsis, Streptomyces, Saccharopolyspora, Brevibacterium, and
Brachybacterium as the key taxonomic representatives (Figure 4).
These findings highlight the complex and diverse microbial
ecosystems associated with shadow puppet cultural relics, which may
have implications for their conservation and preservation.

3.3 Database annotation

To elucidate the potential degradation mechanisms of
microorganisms on shadow puppets, the sequencing results were
annotated across multiple databases. Analysis using the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database revealed that
metabolic pathways represented a significant proportion in each
sample, ranking among the primary functional categories. This
finding underscores the critical role of metabolic functions within
these microbial communities (Figure 5A). Functional annotation
based on the eggNOG database demonstrated that, while there was
a degree of similarity in the overall composition of functional
categories across samples, notable variations in specific proportions
were observed. Transcription, amino acid transport, metabolism,
and related categories were consistently highly represented in
multiple samples. For example, in sample S11, the category of
unknown function was the most abundant, followed by transcription,
amino acid transport and metabolism. In contrast, sample S12
showed elevated proportions of carbohydrate transport and
metabolism, inorganic ion transport and metabolism, among others
(Figure 5B). Examination of the Comprehensive Antibiotic
Resistance Database (CARD) revealed significant differences in the
relative abundance and composition of antibiotic-resistance genes.
Sample S13 exhibited the highest relative abundance, primarily
attributable to genes such as vanW gene in vanI cluster (Drug Class:
glycopeptide antibiotic), vanX gene in vanO cluster (Drug Class:
glycopeptide antibiotic), and vanY gene in vanA cluster (Drug Class:
glycopeptide antibiotic). Sample S15 also had a relatively high
relative abundance with a complex gene composition, including
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FIGURE 2
SEM results of samples from the surface of shadow puppet cultural relics.

genes such as aadA5 (Drug Class: aminoglycoside antibiotic). In
contrast, samples S11, S12, and S16 showed lower relative
abundances, characterized by dispersed gene components and minor
proportions. Sample S14 displayed a moderate relative abundance,
predominantly composed of genes like the vanY gene in vanG
cluster (Drug Class: glycopeptide antibiotic). These results illustrated
the distinct distribution patterns of antibiotic-resistance genes across
samples, providing essential data for understanding the
dissemination and evolution of these genes in different

environmental contexts (Figure 5C).

3.4 Isolation and identification of dominant
microorganisms

Eleven distinct microbial species were successfully isolated and
purified using standard microbiological culture techniques,
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including four bacterial strains, two actinomycete strains, and five
fungal isolates (Table 2). Among these, four strains—Pseudomonas
sp. (WH. S-B1), Streptomyces sp. (WH. S-B2), Nocardiopsis sp.
(WH. S-B6), and Aspergillus fumigatus (WH. S-F2)—corroborated
the findings from high-throughput sequencing data, confirming
their status as predominant microorganisms on the shadow puppet
artifacts (Figure 6). These four strains were thus selected for
further in-depth investigation. Growth assays on media
supplemented with gelatin as the sole nitrogen source demonstrated
that Pseudomonas sp., Streptomyces sp., Nocardiopsis sp., and
Aspergillus fumigatus were capable of utilizing gelatin for growth
(Figure 7). This phenotypic characteristic strongly suggests that
these four strains possess the metabolic potential to degrade
collagen, a major structural protein component of shadow puppets.
These results provide crucial insights into the biochemical
mechanisms underlying the deterioration of shadow puppet
cultural relics.

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1611451
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Wang et al. 10.3389/fmicb.2025.1611451

100 . B 100
80 80
g - g
S @ others _E @ others
s 60 Heteromita Z 60 Cladosporium
2 — Chlorophyceae 2 _— [ ] Chrysophyceae
f Cladaspo.rium 5 Tnchodemfa
2 40 — | Malassezia 2 40 Laboulbeniomycetes
K , | [ 3 Zagnvli;phyta k] ;richar;:anascus
o~ lammalia o~ uxarthron
Arachnomyces o Magnoliophyta
20  Microascus 20 Microascus
) Talaromyces .Aspergillus
o Aspergillus . Arachnomyces
0 0
S1 S2 S3 S4 S5 S8 S9 S10
Sample Name Sample Name
C 100 . — D 100 .
l
80 = 80
g g
g @ Others g @ others
T 60 Nocardiopsis B 60 @ Scdimentibacter
2 ® Sedimentibacter 2 Clostridium_sensu...
f) Microbacterium 5 Aeromonas
Z 40 [ XY taphylococcus 2 40 . Oceanobacillus
= © Tissierella = ' Sphingobacterium
§ © Natribacillus é . Virgibacillus
- Aliterella Nocardiopsis
20 Corynebacterium 20 Saccharopolyspora
[ 37 Virgibacillus Pseudomonas
Streptomyces o Streptomyces
0 0
S1 S2 S3 S4 S5 S9 S10
Sample Name Sample Name

FIGURE 3
The relative abundance of microorganisms on the surface of shadow puppet cultural relics. (A) Eukaryotes, sample S1-S5; (B) eukaryotes, sample S6—
S10; (C) prokaryotes, sample S1-S5; (D) prokaryotes, sample S6-S10.
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FIGURE 4
Relative abundance of microorganisms at the genus level on the surface of the Sample S11-S16.

3.5 Sensitivity of dominant microorganisms  testing: BCO1, an isothiazolinone-based antimicrobial agent currently
to different antimicrobial agents utilized in cultural heritage conservation, and carvacrol, a main
component of certain plant essential oils. The antimicrobial assay

To identify effective antimicrobial agents with minimal adverse  results indicated that 0.3% BCO01 and 50 mg/mL carvacrol exhibited
effects on cultural relics, two candidates were selected for laboratory  limited inhibitory activity against Pseudomonas sp. (WH. S-B1).
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TABLE 2 Molecular identification of strains isolated from the shadow
puppet artifacts.

oas Microorganisms Genbank
number
03 . . - - . WH. $-B1 Pseudomonas sp. PV569711
L 02s WH. S-B2 Streptomyces sp. PV569712
H I l WH. $-B3 Lysinibacillus fusiformis PV569713
2 02
2 WH. S-B4 Brachybacterium sp. PV569714
&
e WH. $-B5 Bacillus subtilis PV569715
] WH. S-B6 Nocardiopsis sp. PV569716
os WH. S-F1 Penicillium aethiopicum PV576011
WH. S-F2 Aspergillus fumigatus PV576012
0
st siz s13 su4 s1s st6 WH. S-F3 Cladosporium PV576013
cladosporioides
Sample Name
@ Organismal Systems @ Human Diseases WH. S-F4 Penicillium oxalicum PV576014
Cellular Processes @ Genetic Information Processing
Environmental Information Processing ' Metabolism
WH. §-F5 Gymnoascus sp. PV576015

oo)

Conversely, BC01 demonstrated notable antibacterial and antifungal
effects against Streptomyces sp. (WH. S-B2), Nocardiopsis sp.
(WH. S-B6), and Aspergillus fumigatus (WH. S-F2), with the most
pronounced effect observed against Nocardiopsis sp. Carvacrol showed
significant inhibitory efficacy against Streptomyces sp. and Nocardiopsis
sp. (Figure 8). These findings suggest that BCO1 and carvacrol hold
potential for application in the conservation of shadow puppet cultural
relics, warranting further investigation into their long-term efficacy
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FIGURE 5 Aspergillus, Streptomyces, Pseudomonas, and Nocardiopsis, is consistent
Database annotation results of each functional annotation: with international research on the microbial degradation of organic
(A) relative abundance of KEGG database at level 1in metagenome materials (Creangé, 2010; Pifiar et al., 2020; Bicchieri et al., 2019;

sequencing; (B) relative abundance of eggNOG database at levell in
metagenome sequencing; (C) relative abundance of CARD database
in metagenome sequencing. sp., Streptomyces sp., Nocardiopsis sp., and Aspergillus fumigatus) to

Pangallo et al., 2010). The ability of four selected strains (Pseudomonas

grow on media containing gelatin as the sole nitrogen source strongly
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FIGURE 6

The morphology of four microorganisms on the culture medium and under the microscope. (A) Pseudomonas sp., WH. S-B1, LB medium;

(B) Streptomyces sp., WH. S-B2, Gauze's No.1 medium; (C) Nocardiopsis sp., WH. S-B6, Gauze's No.1 medium; (D) Aspergillus fumigatus, WH. S-F2,
PDA medium; (E) WH. S-B1; (F) WH. S-B2; (G) WH. S-B6; (H) WH. S-F2.

FIGURE 7

The four microorganisms on the gelatin medium. (A) Pseudomonas sp., WH. S-B1; (B) Streptomyces sp., WH. S-B2; (C) Nocardiopsis sp., WH. S-B6;
(D) Aspergillus fumigatus, WH. S-F2.

FIGURE 8
The antimicrobial effects of 0.3% BCO1 and 50 mg/mL carvacrol. (A) DMSO; (B) 50 mg/mL carvacrol; (C) 0.3% BCO1; (D) H,O. Among them, DMSO and

H,O served as the negative controls. (A) Pseudomonas sp., WH. S-B1; (B) Streptomyces sp., WH. S-B2; (C) Nocardiopsis sp., WH. S-B6; (D) Aspergillus
fumigatus, WH. S-F2.

suggests their potential to degrade collagen, a major structural  critical factor in their deterioration. Previous studies have shown that
component of leather artifacts. Collagen degradation compromises the ~ microorganisms secrete proteases and lipases, which can break down
mechanical strength and structural integrity of shadow puppets, a  collagen fiber network and pigment layers (Zugno et al, 2011;
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Israclroming et al., 2012). In summary, the identification of these
degradation- associated microorganisms and their functional
capabilities provides fundamental insights into the mechanisms
underlying the deterioration of shadow puppet cultural relics.

Previous international studies have consistently identified Aspergillus
and Penicillium as dominant fungal genera and Bacillus as a key bacterial
genus involved in the degradation of various organic cultural relics (Yu
etal, 2022; Du et al., 2024; Zhang et al., 2021; Lao et al., 2024; Shao et al.,,
2023; Zhao et al,, 2023; Zhang et al,, 2023; Huang et al., 2021). In
contrast, while Aspergillus was also frequently detected in this study,
other genera including Pseudomonas, Streptomyces, and Nocardiopsis
emerged as significant contributors to the degradation of shadow puppet
relics. This divergence in microbial composition can be attributed to the
unique material properties of shadow puppet, which are predominantly
crafted from animal hides subjected to specialized tanning and dyeing
processes. These manufacturing techniques create a distinct ecological
niche that selects for specific microbial taxa, differentiating the microbial
communities associated with shadow puppets from those found on
other organic artifacts such as wooden objects or paper documents.
Recent advancements in metagenomic sequencing have highlighted the
spatial heterogeneity of microbial communities with cultural relics
(Gadd etal.,, 2024; Wang et al., 2023). Our study supports this emerging
paradigm, as significant variations in microbial composition were
observed across different shadow puppet samples (S1-S16). Although
the spatial heterogeneity of microenvironments within shadow puppets,
particularly in creases and folds where actinobacteria and fungi often
form synergistic degradation systems, was not explicitly investigated in
this study, it represents a promising avenue for future research. By
elucidating these similarities and differences with previous research, this
study contributes to a more comprehensive understanding of
microbial—mediated degradation processes in organic cultural heritage,
thereby facilitating the development of targeted conservation strategies.
In this study, the antibacterial agents 0.3% BCO1 and 50 mg/mL
carvacrol demonstrated promising in-vitro bacteriostatic activity against
the four selected microbial strains. However, their long-term efficacy and
safety in actual cultural heritage conservation scenarios remain
uncertain. Several critical aspects require further investigation. Firstly,
potential chemical interactions between these agents and the leather
materials of shadow puppets may occur. Such interactions could lead to
material degradation, color change, or other physical alterations over
time, potentially compromising the structural integrity of the artifacts.
Secondly, the impact of these agents on the esthetic and historical value
of shadow puppets needs to be carefully evaluated. Any treatment should
preserve the unique characteristics and historical significance of these
cultural relics without causing unintended damage. Furthermore, the
optimal application methods for ensuring uniform distribution and
sustained protection of these antibacterial agents have not been explored
in this study. Previous research (Chen et al., 2024; Xu et al., 2020) has
emphasized that the application techniques play a crucial role in the
effectiveness of conservation treatments. Inadequate application could
result in uneven protection, leaving certain areas of the artifacts
vulnerable to microbial attack. In conclusion, while the initial findings
on the antibacterial properties of BCO1 and carvacrol are encouraging,
comprehensive studies on their long-term performance, material
compatibility, and appropriate application methods are essential before
they can be safely and effectively implemented in the conservation of
shadow puppet cultural relics.
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5 Conclusion

This study investigated shadow puppets in the National Shadow
Puppetry Museum in Chengdu, identifying diverse co-existing
microorganisms on their surfaces and isolating four predominant
collagen-degrading strains. Antimicrobial experiments showed
that 0.3% isothiazolinone-based BCO1 and 50 mg/mL carvacrol
had antimicrobial effects to a certain extent. This research provides
a basis for shadow puppet artifact preservation against
microbial degradation.
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Introduction: Historical artifacts preserved in museums are invaluable cultural
treasures but are often susceptible to biodeterioration driven by microbial
colonization. Despite increasing awareness of microbial impacts on heritage
conservation, systematic microbiological studies of such objects remain limited,
particularly in Latin America.

Methods: This study presents the first comprehensive investigation of bacteria
inhabiting heritage artifacts from Casa Historica de la Independencia, Argentina’s
Museum of Independence. Samples were collected from a range of materials,
including wood, textiles, architectural elements, and exterior walls. Microbial
colonization was assessed using scanning electron microscopy (SEM), and bacterial
isolates were phenotypically and taxonomically characterized via VITEK MALDI-TOF
mass spectrometry. Selected isolates were further subjected to genomic analysis.

Results: SEM imaging revealed diverse and well-structured biofilms with intricate
three-dimensional architectures embedded in extracellular polymeric substances. A
total of 49 bacterial strains were isolated, predominantly Gram-positive genera such
as Bacillus, Micrococcus, and Kocuria. The 19th-century albumen print photograph
emerged as the most biodiverse artifact, yielding 21 distinct strains, including
extremophilic genera such as Streptomyces, Oceanobacillus, and Caldibacillus
thermoamylovorans. The albumen layer's protein-rich and halophilic properties
likely promoted microbial colonization. Notably, Pseudomonas species were
found exclusively on this photographic material. Human-associated taxa, such as
Staphylococcus epidermidis and Staphylococcus equorum, were primarily detected
in high-contact zones, while exterior surfaces exhibited unique microbial profiles,
including opportunistic pathogens.

Discussion: The findings highlight a complex and substrate-specific microbial
landscape across the museum’s collection. The presence of halophiles
and human-associated bacteria points to both intrinsic material properties
and external contamination sources. This study shows the importance
of incorporating microbiological data into conservation protocols. By
characterizing the artifact-associated microbiota, we contribute to the emerging
field of heritage microbiology and future bio-informed preservation strategies.
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1 Introduction

Museums serve a fundamental role in the conservation of cultural
heritage (CH), safeguarding irreplaceable artifacts that embody
humanity’s identity, memory, and history. Preventive conservation is
vital because cultural assets are inherently vulnerable to deterioration
processes that threaten their integrity (Gutarowska et al., 2014;
Grabek-Lejko et al., 2017; Negi and Sarethy, 2019; Baldan et al., 2021;
Liu et al., 2022). Microbial contamination is a common issue in
heritage collections, as both organic and inorganic materials can
be colonized by bacteria and fungi depending on their bioreceptivity
and environmental exposure. These microorganisms persist in
museum environments by adapting their versatile metabolisms to
low-nutrient conditions and limited light, and by tolerating subtle
microclimatic fluctuations that may occur despite environmental
controls. Indeed, microbes may have been present in the original piece
since its first production, as invisible part of the materials used to craft
the artifact. Microbes settle into specific ecological niches, often
remaining undetected until visible biofilm formation, discoloration,
or structural weakening became apparent. Over time, their activity
can cause significant damage to textiles, wood, paper, and other
organic materials, manifesting as discoloration, structural weakening,
odor, and cracking (Skora et al., 2015; Grabek-Lejko et al., 2017; Negi
and Sarethy, 2019). The consequences of microbial growth extend
beyond artifact damage, potentially diminishing monetary value, and
bringing about costly decontamination procedures (Sterflinger and
Pinar, 2013). Despite these challenges, the cultural and historical value
of many CH objects is immeasurable and cannot be quantified solely
in monetary terms.

Biodeterioration is defined as “any undesirable change in a material
brought about by the vital activities of organisms” (Perito and Cavalieri,
2018). While biodeterioration cannot be entirely halted, advances in
microbial ecology and technological interventions offer strategies to
mitigate its effects. A deeper understanding of microbial communities on
CH objects is critical for identifying their deteriorative mechanisms and
implementing effective control measures (Perito and Cavalieri, 2018;
Baldan et al., 2021). These aspects have become an important research
field for both, conservators and microbiologists (Adamiak et al., 2018).
This issue also raises occupational health concerns, as museum staff may
be exposed to harmful biological agents because of the quality of the
indoor air (Baldan et al,, 2021), or during the handling of contaminated
materials, such as paper, wood, and textiles (Borrego et al., 20105
Gutarowska et al., 2014; Stratigaki et al., 2024). Indeed, many studies
indicated that conservators, librarians, and archivists face risks related to
microbial exposure (Zielinska-Jankiewicz et al., 2008; Wiszniewska et al.,
2009; Karbowska-Berent et al., 2011; Baldan et al., 2021).

Traditional methods of investigating microorganisms on CH
objects have primarily been culture-dependent, offering insights into
their deteriorative roles. Recently, amplicon sequencing has emerged
as a powerful yet resource-intensive tool for microbial identification
(Krakova et al., 2012a, 2018). An alternative approach could be the
combination of the automated VITEK system for rapid biochemical
identification (Ksigzczyk et al., 2016), with whole-genome sequencing
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(WGS) for functional profiling of key strains. Scanning electron
microscopy (SEM) has also proven effective in biodeterioration
studies, providing visual insights into microbial activity on CH
surfaces (Diaz-Herrdiz, 2015; Puskarova et al., 2016; Elhagrassy, 2018;
Liu et al., 2018b; Stratigaki et al., 2024).

The National Museum “Casa Historica de la Independencia’
(CHM), located in San Miguel de Tucuman, Argentina, stands as a
vivid example of how heritage and identity intersect. Renowned as the
site where the independence of the United Provinces of the Rio de la
Plata was declared on July 9, 1816—a date later established as
Argentine Independence Day—the CHM is among the most visited
historical museums in the country (Chatruc, 2021). In addition to its
architectural significance, the museum preserves an extensive
collection of historical furniture, documents, a large library, and a
photographic archive. Among its most valuable items is Provincia de
Tucumdn by Arsenio Granillo, a 213-page volume commissioned by
Governor Federico Helguera. This rare publication (Granillo, 1872),
which includes original albumen prints depicting the city and its sugar
mills of photographer Angel Paganelli, features the only known
photograph of the museum’s original facade — a crucial visual
reference during the building’s restoration in 1943.

The objective of this study is to provide the first comprehensive
microbiological characterization of the CHM collections, using them as
models to investigate the role of cultivable bacteria in the biodeterioration
of heritage materials. We aim to identify and classify viable bacterial
strains colonizing historical artifacts and architectural elements,
determine the prevalence of specific taxa in relation to substrate types and
microenvironmental conditions, and assess the functional potential of
these microorganisms—particularly their capabilities for biodegradation
and resistance to environmental stressors. Additionally, this study seeks
to evaluate the potential biohazards posed by microbial communities in
museum environments, contributing to the development of more effective
preventive conservation strategies. To achieve these goals, we employed
an integrative approach combining scanning electron microscopy (SEM)
for visualizing microbial colonization, culture-dependent methods for
bacterial isolation, MALDI-TOF mass spectrometry for rapid taxonomic
identification, (WGS) for

and  whole-genome  sequencing

functional profiling.

2 Materials and methods

2.1 Brief description of the Casa Histérica
museum

The CHM is located in San Miguel de Tucumadn, the capital of

Tucumén Province, Argentina at a pedestrian zone with significant foot
traffic.' The Casa Historica is a preserved colonial-style building and

1 https://sketchfab.com/3d-models/museo-nacional-casa-historica-5b37f
88491c0456bbd15fe87f4b8b171
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functions as a museum, offering guided tours and exhibitions related to
Argentina’s independence and the revolutionary era. The museum
features four courtyards, a cistern, and native trees from the region. It
currently holds over 700 items in its collection including the original Act
of the Declaration of Independence and various other pieces such as
period furniture, weapons, personal items, dishware, religious artifacts,
paintings, portraits, coins, and commemorative plaques and medals
from the 18th and 19th centuries. The museun’s library contains classic
texts, recent historiographical debates, museum studies, conservation,
restoration, literature, journals and early provincial newspapers.
Moreover, the Museum conserves an extensive book library and a
photographic archive. Among the highlights is Provincia de Tucuman
by Arsenio Granillo, a 213-page book (Granillo, 1872) commissioned
by Governor Federico Helguera, features descriptive articles and news
about Tucuméan, accompanied by original albumen print photographs
by Angel Paganelli, depicting the city and its sugar mills.

2.2 Selection of the artifacts for the
sampling

Before sampling, an extensive survey and photographic
documentation were conducted to capture the condition of cultural
heritage items affected by different types of deterioration. This
preliminary assessment informed the selection of specific sampling
within the
cultural significance.

locations building and on key artifacts of

The initial phase of sampling took place in August 2019. Samples
were taken from the museum’s exterior, including facade elements like
the front door and painted walls (Figure 1A), which are subjected to
annual repainting, weathering, and urban pollution. Within the
museum, samples were taken from the window and furniture in the
“Salén de la Jura” (Figure 1B). Additional historical artifacts that
required preservation evaluations were also sampled (Table 1 and
Figure 1).

The Salén de la Jura or Hall of the Oath is a central room within
the CHM (Figure 1B). Samples for our study were collected from one
chair where congressmen sat and from the table where the Declaration
of Independence was signed; this furniture remains in its original
state, dating back to 1810. The wooden frame from the armrest and
backrest and the velvet-covered seat of one of the chairs were sampled
to assess the bacteria present on these distinct materials
(Figures 1C,D). The table’s wooden surface was swabbed in multiple
locations, especially in the areas less exposed to regular cleaning
(Figure 1E). Additionally, we took samples from biodeteriored zones
of one of the windows of the room, subjected to infestation by
woodworm eggs (Figures 1EG).

Juan Bautista Alberdi (1810-1884) was a distinguished statesman,
diplomat, and writer who played a pivotal role in shaping Argentina’s
political landscape. The Museum holds a captivating collection of
artifacts attributed to Alberdji, including a childhood suit made from
natural red silk which was sampled (Figures 1H,]I).

The second phase of sampling in December 2021 targeted a key
artifact from the CHM: the 1872 book Provincia de Tucumdn authored
by Dr. Arsenio Granillo (Figures 1]-L). Stored in a metallic safe case
to preserve its condition, this book has survived with minimal light
exposure, thermal fluctuations, and limited handling. Samples were
taken from both the albumen print and the paper support.
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2.3 Sampling procedures for direct material
observation and bacterial isolation

To conduct the sampling, a non-invasive approach was employed,
using precision tools to extract material samples without compromising
the structural integrity of the pieces. Micro-sampling techniques,
supported by visual documentation and environmental controls, were
used to assess the physical condition of the albumen prints and the rest of
the elements identify potential areas of degradation, such as yellowing,
flaking, or damage from previous handling.

For the direct observation of microorganisms on heritage objects,
freshly-open 3 M™ adhesive tape was used (Michaelsen et al., 2009).
Strips of 2-3 cm were cut in advance using sterile scissors under aseptic
conditions and sterilized by exposure to germicidal UV-C radiation for
15 min. Subsequently, the strips were gently adhered to the different
surfaces and then transferred to 2 mL tubes containing Karnovsky’s
fixative solution (2.66% w/v paraformaldehyde and 1.66% w/v
glutaraldehyde in 0.1 M phosphate buffer, pH 7.2), for transportation to
the lab. The tape sampling method was not used for the book of Granillo,
to avoid any undesired consequences over its conservation.

For isolation of individual bacterial strains, sample collection was
performed with dry and sterilized cotton swabs. The swab was passed
over the entire area of visibly damaged material; each swab covered
approximately a 10 cm” area to standardize sample collection.
Immediately after sampling, the swabs were used to inoculate plates
with Luria-Bertani (LB) agar media. In most cases, selective media were
used: parallel LB agar plates were supplemented with nalidixic acid
(10 pg mL™") and cycloheximide (10 pg mL™") to inhibit the growth of
Gram-negative bacteria and fungi, respectively (Rasuk et al., 2017).
However, in the case of the albumen book, only non-selective LB
medium was used to favor the recovery of a broader spectrum of
microbial taxa, including both Gram-positive and Gram-negative
bacteria. Parallel agar plates were supplemented with nalidixic acid
(10 pg mL") and cycloheximide (10 pg mL") to inhibit the growth of
Gram-negative bacteria and fungi, respectively (Rasuk et al., 2017). This
non-invasive method is considered essential for the study of collections
in museum environments (Michaelsen et al., 2009; Pifiar et al., 2015).
Once the colonies appeared, they were collected with a sterile loop for
purification and subsequent streaking allows generating axenic cultures.
We stored the cells in glycerol 20% at —20°C. Subcultures were
performed in LB broth for morphological and molecular identification
analysis. From the pure cultures of the bacterial isolates, macroscopic
practices were carried out to determine the structure of the colonies and
their pigmentation, and microscopic practices (optical and electronic)
of individual cells to establish shapes, sizes, and spatial arrangement.
Additionally, the Gram reactions of all isolates were recorded.

All isolated strains in this work are kept and curated in the CeBAC
collection (Cepario de Bacterias Ambientales del CIME), Catalogue
Urban Microbiome Strains, under the corresponding codes indicated
in Table 1.

2.4 Scanning electron microscopy (SEM)
For SEM studies, the adhesive tapes or pure axenic cultures of

isolated strains were fixed in a mixture of aldehydes (Karnovsky fixative)
overnight at 4°C, and were prepared following the processing method
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FIGURE 1

(A) Exterior facade of the museum. B. interior of the “Salén de la Jura,” (B) a historic room central to the declaration of Argentine independence. (C—E)
Furniture from the “Salén de la Jura”: (C) colonial chair; (D) detail of chair leg and surface during sampling; (E) table sampled for microbial analysis.
(F,G) window from the “Salén de la Jura”: (F) overview of the window structure; (G) close-up of the deteriorated frame during sampling. (H,I) Garment
belonging to Juan Bautista Alberdi: (H) general view of preserved trousers; (l) detail of fiber structure showing signs of microbial alteration. (J—L)
Nineteenth-century albumen print photo-book: (J) open view of interior; (K) detail showing biological staining and foxing; (L) close-up of albumen
photograph. (M) Historic wooden washing trough recovered from the museum'’s collection. (N) Main entrance door of the museum, sampled at the
lower panel. Ph: Cecilia Gallardo y Alejandro Torres.
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TABLE 1 Taxonomic classification, morphological description, and microscopy-based traits of bacterial strains isolated from the Casa Histérica de la
Independencia Museum (CHM).

Taxonomical Source Macroscopical characterization = Microscopical characterization
identification by
VITEK Colour Surface and Morphology Gram
texture
CH - 001 Micrococcus luteus SJ Chair (textile) Intense-yellow Smooth and creamy Coccoid (+)
CH - 002 Staphylococcus equorum SJ Chair (textile) Pale-yellow Smooth and creamy Coccoid (+)
CH - 003 Bacillus simplex SJ Chair (textile) Cream-colored Smooth and creamy Bacillus (+)
CH - 004 Bacillus licheniformis SJ Chair (textile) Cream-colored Smooth and creamy Bacillus (+)
CH - 005 Micrococcus sp. SJ Chair (wood) Orange Smooth and creamy Coccoid (+)
CH - 006 Kocuria rosea SJ Chair (wood) Orange Smooth and creamy Coccoid (+)
CH - 007 Unidentified SJ Chair (wood) Pale-yellow Smooth and creamy
CH - 008 Kocuria rosea SJ Table (wood) Orange Smooth and creamy Coccoid (+)
CH - 009 Micrococcus luteus SJ Table (wood) Intense-yellow Smooth and creamy Coccoid (+)
CH-010 Bacillus altitudinis/pumilus SJ Table (wood) Cream-colored Rough and mucoid Bacillus (+)
Washing trough
CH - 011 Staphylococcus equorum Pale-yellow Smooth and creamy Coccoid (+)
(wood)
Washing trough
CH - 012 Bacillus sp. Cream-colored Smooth and creamy Bacillus (+)
(wood)
Alberdi’s Suit (silk
CH-013 Actinomyces odontolyticus White Dry and hard Mycelium (+)
and lace)
SJ Window (blue
CH- 014 Micrococcus luteus Intense-yellow Smooth and creamy Coccoid (+)
painted wood)
SJ Window (blue
CH - 015 Microbacterium aurum Yellow Smooth and creamy Bacillus (+)
painted wood)
SJ Window (blue
CH - 016 Unidentified Yellow Smooth and creamy
painted wood)
Entrance door (blue
CH-017 Microbacterium aurum Yellow Smooth and creamy Bacillus (+)
painted wood)

Entrance door (blue

CH-018 Bacillus altitudinis/pumilus Pale-yellow Smooth and creamy Bacillus (+)
painted wood)
Entrance door (blue
CH - 019 Clostridium subterminale Yellow Smooth and creamy Bacillus (+)
painted wood)
Entrance door (blue
CH - 020 Micrococcus luteus Intense-yellow Smooth and creamy Coccoid (+)
painted wood)
Corynebacterium Entrance door (blue
CH - 021 Orange Smooth and creamy Bacillus (+)
pseudodiphtheriticum painted wood)
Entrance door (blue
CH - 022 Unidentified Yellow Smooth and creamy
painted wood)
Entrance door (blue
CH - 023 Kocuria rosea Orange Smooth and creamy Coccoid (+)
painted wood)
Corynebacterium Exterior walls (white
CH - 024 Intense-orange Smooth and creamy Bacillus (+)
pseudodiphtheriticum painted bricks)
Exterior walls (white
CH - 025 Kocuria rosea Orange Smooth and creamy Coccoid (+)
painted bricks)
Exterior walls (white
CH - 026 Turicella otitidis Yellow Smooth and creamy Bacillus (+)
painted bricks)
Exterior walls (white
CH - 027 Bacillus megaterium Cream-colored Smooth and hard Bacillus (+)
painted bricks)
Exterior walls (white
CH - 028 Kocuria rosea Orange Smooth and creamy Coccoid (+)
painted bricks)
(Continued)
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TABLE 1 (Continued)
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Taxonomical Source Macroscopical characterization = Microscopical characterization
|dent|\;||<1:_?zt}|(on by Colour Surface and Morphology Gram
texture
CH - 029 Bacillus altitudinis/pumilus GB Albumen print Cream-colored Smooth and creamy Bacillus (+)
CH - 030 Unidentified GB Albumen print Intense-orange Smooth and mucoid Coccoid (+)
CH - 031 Bacillus galactosidilyticus GB Albumen print Cream-colored Smooth and creamy Bacillus (+)
CH - 032 Pseudomonas sp. GB Albumen print Cream-colored Smooth and creamy Rod-shaped (=)
CH - 033 Pseudomonas sp. GB Albumen print Cream-colored Smooth and creamy Rod-shaped (=)
CH - 034 Pseudomonas sp. GB Albumen print Cream-colored Smooth and creamy Rod-shaped (=)
CH - 035 Kocuria rosea GB Albumen print Pale-yellow Smooth and creamy Coccoid (+)
CH - 036 Streptomyces griseus GB Albumen print White Dry and hard Mycelium (+)
CH - 037 Unidentified GB Albumen print Cream-colored Smooth and creamy Bacillus (+)
CH - 038 Kocuria rosea GB Albumen print Intense-orange Smooth and creamy Coccoid (+)
CH - 039 Bacillus galactosidilyticus GB Albumen print Cream-colored Smooth and mucoid Bacillus (+)
CH - 040 Pseudomonas sp. GB Albumen print Pale-yellow Smooth and mucoid Bacillus (+)
CH - 041 Bacillus thermoamylovorans GB Albumen print Cream-colored Smooth and creamy Bacillus (+)
CH - 042 Streptomyces sp. GB Albumen print Pale-cream Smooth and hard Mycelium (+)
CH - 043 Micrococcus luteus GB Albumen print Intense-yellow Smooth and creamy Coccoid (+)
CH - 044 Unidentified GB Albumen print Pale-yellow Smooth and mucoid (+)
CH - 045 Bacillus cereus group GB Albumen print Cream-colored Smooth and creamy Bacillus (+)
CH - 046 Staphylococcus epidermis GB Albumen print Cream-colored Smooth and dry Coccoid +)
CH - 047 Micrococcus luteus GB Albumen print Intense-yellow Smooth and creamy Coccoid +)
CH - 048 Unidentified GB Albumen print Orange Smooth and mucoid Coccoid (+)
CH - 049 Pseudomonas sp. GB paper sheet Cream-colored Smooth and creamy Rod-shaped (=)

This table presents 49 cultivable bacterial isolates recovered from heritage artifacts and architectural elements of the CHM. For each strain, the VITEK-based taxonomic assignment is listed.
The source column specifies the sampled object (e.g., photograph, textile, wood, and wall). Macromorphological traits, including colony color, surface appearance, and texture, were recorded
after 24-48 h growth on LB agar. Micromorphological observations, including Gram reaction and cell shape, were determined via light microscopy. Strains are curated in the CeBAC collection

under the specified isolate codes.

already previously described in Alonso-Reyes et al. (2021). During post-
fixation, samples were washed with 0.1 M phosphate buffer twice and
dehydrated in a graded concentration series of ethanol (50, 70, 90, and
100%), following acetone 100%. This was followed by critical point
drying (Denton Vacuum model DCP-1). The samples were then
mounted on aluminum supports and subjected to gold sputtering
(JEOL model JEC-1100) and examined using a Zeiss Supra 55VP
scanning electron microscope (Carl Zeiss NTS GmbH, Germany), in
the Electron Microscopy Core Facility (CIME-CONICET-UNT).

2.5 ldentification of microbial strains by
MALDI-TOF MS (VITEK)

MALDI-TOF analysis was performed with a bioMérieux VITEK
MALDI-TOF mass spectrometer (bioMérieux, France), and the spectra
were compared to the VITEK MS SARAMIS database for research use
only (RUO), version 4.09, using the SuperSpectra algorithm (referred
to here as MALDI-TOF MS). For MALDI-TOF MS analysis, a colony
from a pure plate with 24 h growth was applied to a slide and covered
with 1 pL of matrix solution (@-cyano-4-hydroxycinnamic acid) and
dried completely before analysis. The identification was considered
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definitive when the probability provided was >70%. This service was
provided by Laboratorios CIBIC in Rosario, Argentina.

2.6 DNA extraction

Eight representative bacterial genomes were selected for DNA
sequencing (Table 2) to represent the ecological and substrate diversity
of the CHM samples, including three isolates from outdoor surfaces,
two from the indoor furniture surfaces of the well-preserved Salon de
la Jura, and three strains from a uniquely preserved photographic
artifact. The selection was guided by phenotypic variability, distinct
cultural origin, and presumed relevance to biodeterioration processes,
as determined by preliminary MALDI-TOF MS identification and
morphological traits. The DNA was obtained using a commercial
extraction kit (DNA Puriprep B-kit for bacteria, Inbio Highway,
Argentina); following the manufacturer’s instructions. For Gram-
positive bacteria, the pellet was suspended in 162 pL of BRB buffer
and 18 pL of lysozyme, and then incubated for 30 min at 37°C. For
gram-negative bacteria, the use of lysozyme was omitted. Next, 200 pL
of BT buffer and 20 ul of proteinase K were added to each sample. It
was incubated for 30 min at 56°C. After, RNaseA (10 mg/mL), was
added and incubated for 30 min at 37°C. Then the lysis buffer (200 pL)
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was added, vortex pulsed for 10 s and the homogenate was incubated
for 10 min at 56°C. Then, 200 pL of 100% ethanol was added to each
sample, shaken by inversion, and transferred to a microcolumn. It was
centrifuged for 1 min at 12,000 g, and the filtrate was separated. Then,
two column washes were performed each with 500 pL of Blavl and
Blav2 buffer, respectively. Finally, the column was dried by centrifuging
for 3 min at 12,000 g. DNA elution was carried out with 60 pL of pH
9 elution buffer, equilibrated at 70°C. DNA concentration and quality
were measured using a pDrop plate (Thermo Scientific).

2.7 Genome sequencing, assembly, and
analysis

Whole genome sequencing service was performed by Novogene UK
services® using the [llumina Novaseq platform with pair-end 150 strategy.
Quality control of the reads was also performed by Novogene. The
Mumina reads were assembled using SPAdes assembler v. 3.15.4
(Bankevich et al., 2012), with—careful and—cov-cutoft auto options. The
resulting eight assemblies were uploaded to the NCBI database under the
Bioproject accession number PRINA1233209, and are also available at
Zenodo.? The sequencing process and quality control yielded
approximately 100 million reads and 15 Gb of data, with an average of 12
million reads and 1.88 Gb per genome. Assembly resulted in fewer than
115 contigs for all strains, except for the CH-041 strain, which had 200
contigs. The functional annotation was performed using Arche v. 1.0
(Alonso-Reyes and Albarracin, 2025) pipeline with—kegg option, and the
resultant KEGG identifiers (KO) were mapped through the KEGG
mapper reconstruct tool. The Arche pipeline, employing GeneMarkS-2
for gene prediction, achieved high annotation rates for protein-coding
sequences (CDS). The lowest annotation rate was observed in CH-026,
with ~85% of CDS annotated, while CH-036 reached approximately 97%
annotation. The genomic potential for the synthesis of secondary
metabolites was elucidated through antiSMASH v. 7.1.0 (Blin et al., 2023).
To estimate the taxonomic identity of each strain at genus level, 16 s-rRNA
and DNA gyrase B genes were retrieved from the genomes using barrnap
and blast tools, and then blasted against the NCBI NR database. For
complete taxa identification, average nucleotide identity (ANI) analysis
was performed using pyani (Pritchard et al., 2016), against genus-specific
genomes deposited in NCBI database. No statistical analyses were applied
in this study, as the focus was on descriptive microbial characterization
using microscopy; culture-based isolation, MALDI-TOF identification,
and genomic analyses.

3 Results

3.1 SEM analysis of microbial communities
on heritage objects and facade surfaces

Biofilms on heritage surfaces including furniture, wooden objects
(chair, table, window and washing trough) and textile garments were
analyzed using scanning electron microscopy (Figure 2). In all cases,

2 https://www.novogene.com/amea-en/
3 https://doi.org/10.5281/zenodo.15169295
4 https://www.genome.jp/kegg/mapper/reconstruct.ntml
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the adhesive tape sampling method proved to be a useful, simple, and
non-destructive technique for collecting microbial communities for
immediate imaging analysis. The surfaces of objects within and
outside the museum were highly colonized with microbes forming
well-structured biofilms.

Most observed biofilms exhibited three-dimensional cellular
organization and were surrounded by substantial amounts of extracellular
material. For instance, the wooden chair showed spindle or hazelnut-
shaped bacterial cells embedded in an abundant exopolysaccharide (EPS)
matrix (Figure 2A). The wooden table displayed a homogeneous bacterial
biofilm with coccoid units connected by thin, short filaments (Figure 2B).
In the wooden washing trough, compact coconut-shaped biofilms were
observed attached to wooden rests (Figure 2C), while forming an
interconnected by extracellular filaments or vesicles. Other areas revealed
a filamentous bacterial mantle (Figure 2F) likely belonging to the genus
Streptomyces or related Actinobacteria. On garments, microbial filaments
were much scarce (Figures 2G,H); they were adhered tightly to
deteriorated fibers of the clothing, with fibrous materials and deposits
visible at higher magnifications. In this sample, diverse fungal spores were
also found. In the window sample, we observed a biofilm formed by
heterogeneous microbial community dominated by large cocci and
compacted bacilli, with minimal extracellular material facilitating cell
interactions (Figure 2A).

The facade also showed high colonization of the surfaces by
biofilms; the entrance door exhibited a thick biofilm structure
composed of cocci, dividing bacilli, larger rough-surfaced bacilli, and
filamentous bacteria, all forming strongly interconnected aggregates
(Figure 2]). The exterior walls demonstrated consolidated coccoid
biofilms held together by EPS, likely offering protection against
environmental factors, while other regions showed sparse adherence
of bacilli in simple distributions.

3.2 Isolation and VITEK-MS-based
identification

A total of 49 bacterial strains were isolated from various samples
(Table 1 and Figures 3, 4), of which 12 were associated with the museum’s
exterior surfaces and 37 with interior environments. Each sampled niche
exhibited a distinct profile of bacterial taxa, reflecting the contrasting
conditions of outdoor and indoor environments. Moreover, each artifact
sampled from within the Casa Historica de la Independencia can
be regarded as an isolated microbial island, shaped by its unique
environmental conditions, material composition, age, usage and historical
context. The microbial communities inhabiting these artifacts form a
complex and dynamic microecosystem, where each niche harbors a
distinctive collection of bacteria specifically adapted to its substrate
(Figure 3). Gram-positive bacteria dominated the isolates, as expected
given the use of selective isolation media supplemented with antibiotics
to exclude fungi and gram-negative bacteria. The most prolific source of
isolates was the albumen photograph, where no inhibitors were used.
Here 21 distinct strains were recovered, predominantly from the genera
Bacillus, Oceanobacillus, and Streptomyces. In contrast, the Alberdi’s
garment gave a unique isolate: Actinomyces odontolyticus. Morphological
characteristics of each strain (texture, color, spore production) were
recorded to differentiate isolates (Table 1).

Four strains were isolated from the textile upholstery of a chair
(Micrococcus luteus, Staphylococcus equorum, Bacillus licheniformis
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TABLE 2 Genomic sequencing, assembly statistics, and taxonomic identification of selected bacterial strains isolated from the CHM.

Strain code
Isolation place Albumen picture Albumen picture Albumen picture SJ Chair (wood) SJ] Window Main door Main door Outside wall
Raw data (Gb) 14 1.5 1.6 2.3 2.1 2.2 1.8 2.2
Length after
4,277,215 3,925,509 7,608,646 3,319,459 3,250,763 3,907,984 3,187,239 3,685,277
assembly (bp)
Contigs
113 33 79 20 42 80 28 56
(>200 nt)
CDS 4,067 3,925 6,773 3,143 3,063 3,584 3,223 3,416
Annotated genes 3,664 3,737 6,577 2,887 2,766 3,208 2,988 2,909
Taxonomy with Bacillus Bacillus Corynebacterium
Streptomyces griseus Unidentified Microbacterium aurum Clostridium subterminale Turicella otitidis
Vitek thermoamylovorans galactosidilyticus pseudodiphtheriticum
Caldibacillus
Taxonomy with Oceanobacillus sp. Streptomyces globisporus Microbacterium Microbacterium aurum Pseudoclavibacter sp.
thermoamylovorans Kocuria rosea (16S) Bhargavaea ginsengi (16S)
16S/gyrB (gyrB) (16S) imperiale (16S) (16S) (16S)
(&yrB)
Taxonomy with Caldibacillus Streptomyces
Oceanobacillus kimchii Microbacterium sp. Microbacterium aurum Kocuria sp. Bhargavaea massiliensis Pseudoclavibacter sp.
ANI thermoamylovorans rubiginosohelvolus
Microbacterium Pseudoclavibacter
Caldibacillus Oceanobacillus kimchii Microbacterium sp.
Streptomyces arborescens Kocuria sp. Bhargavaea massiliensis helvolus PS02339
thermoamylovorans MSL p3-SID1558 DE14.009
Closest match in sp. f150 Leaves of Ricinus Duodenal mucosa of celiac Marseille-Q1000 human Danish slaughterhouse
185.1 Human back skin Geothermal springs
NCBI genomes Soil comunis disease patient urine GCA_902825275.1 wall
Spacecraft cleanroom ASM2514966v1 ASM1476380v1
ASM255143v1 (98.48%) ASM333966v1 ASM148375v1 (98.71%) (99.32%) ASM3001191v1
ASM2371276v1 (97.93%) (99.47%) (97.98%)
(87.82%) (87.11%)

This table summarizes key genomic features of eight representative bacterial isolates selected from distinct environments within the Casa Histérica de la Independencia Museum (CHM), including the albumen print photograph, museum furniture, and exterior
surfaces. For each strain, the table includes: (i) the isolation source (artifact or location), (ii) total amount of raw sequencing data generated (in gigabases), (iii) genome assembly length (in base pairs), (iv) number of assembled contigs >200 nt, and (v) predicted number
of protein-coding sequences (CDS). Whole genome sequencing was performed using Illumina NovaSeq PE150 technology. Assemblies were generated with SPAdes v3.15.4, and functional annotation was conducted using the Arche pipeline. Taxonomic identifications
were refined using VITEK-MS, 16S and gyrB gene markers, and ANI-based comparisons against reference genomes in NCBI.
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FIGURE 2

cocci and bacilli within surface depressions.

Scanning electron microscopy (SEM) of biofilms detected on heritage surfaces from the Casa Histérica de la Independencia Museum (CHM). Each
panel displays colonized materials sampled from key museum artifacts. Left subpanels show wide field images (5 pm scale), while right subpanels
present higher magnifications of microbial structures (500 nm scale). (A,a) Chair armrest showing spindle-shaped and hazelnut-like bacterial cells
embedded in an extracellular polymeric substance (EPS) matrix. (B,b) Table surface colonized by coccoid bacterial cells interconnected by thin
filaments (blue arrowheads). (C,c) Washing trough showing clusters of coconut-shaped biofilm-forming bacteria within cracks of the wood. (D,d)
Filamentous network likely corresponding to Actinobacteria (e.g., Streptomyces). (E,e) Homogeneous mat of short bacilli (red arrowhead), with
sporulated forms (yellow arrowhead) embedded in EPS. (F.f) Multispecies biofilm on wooden surface containing cocci (pink arrowhead), bacilli (red
arrowhead), and irregular morphologies (white arrowheads), with clear spatial organization. (G,g) Fibrous textile structure from Alberdi's garment with
bacterial filaments entangled with fabric strands. (H,h) Sparse colonization of textile fibers showing limited microbial structures and occasional debris.
(1i) Surface of a window plank with compact coccoid cells embedded in minimal EPS. (J,j) Main entrance door showing a consolidated biofilm of

and Bacillus simplex) while three strains were found on the wooden
frame of the same chair (Micrococcus sp., Kocuria sp. and one
unidentified strain). Additional 15 isolates were recovered from other
wooden elements, including the table (Kocuria rosea, Micrococcus
luteus, Bacillus altitudinis/pumilus), the window frame (Micrococcus
luteus, Microbacterium aurum and one unidentified strain), the
museums’s entrance door (Microbacterium aurum, Bacillus altitudinis/
pumilus,  Clostridium  subterminale, — Micrococcus  luteus,
Corynebacterium pseudodiphtheriticum, Kocuria rosea and one
unidentified strain) and a washing trough (Staphylococcus equorum
and Bacillus sp.) where meat of slaughter animals was prepared.

Finally, five strains were isolated from the front wall of the building
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made of white painted bricks (Corynebacterium pseudodiphtheriticum,
Kocuria rosea, Turicella otitidis, Bacillus megaterium).

3.3 Genome-based taxonomical
identification

Although VITEK MALDI-TOF MS was used for preliminary
identification, higher-resolution taxonomic resolution was achieved
using 16S rRNA and gyrB gene markers and refined through ANI
analyses, which provided species-level assignment where reference
genomes were available. The gyrB gene was used when the 16S-rRNA
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Illustration of the Casa Historica de la Independencia Museum (CHM) and sampling sites showing the distribution of bacterial taxa identified by VITEK-
MS. The schematic highlights the artifacts and surfaces sampled throughout the museum, with corresponding microbial taxa indicated by colored
symbols. Shapes and colors represent distinct bacterial species or genera. Each symbol corresponds to a taxonomic group (see legend, upper left).
Locations sampled include: (A) facade wall, (B) main door, (C) window frame (D—F). Furniture from the Salén de la Jura (chairs and table) (G). Wooden
washing trough (H). Alberdi's childhood garment (I). Albumen print book (photograph and paper surface). Symbols marked with an exclamation mark
(1) indicate species with reported pathogenicity to humans or plants, based on literature references (e.g., Staphylococcus epidermidis, Bacillus
licheniformis, Turicella otitidis, etc.). Gray diamonds denote unidentified isolates. All strain identifications are detailed in Table 1.
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gene was incomplete or truncated. ANI analyses were performed
using genus-specific genomes from the NCBI database for more
precise identification (Table 2).

VITEK identification results for most strains differed from
those obtained through MGs. Only strains CH-041 and CH-015
maintained the same species classification by both methods.
CH-036 was identified as belonging to the genus Streptomyces by
VITEK, MGs, and ANI, but the species differed between methods.
VITEK accurately classified CH-031 at the family level (Bacillaceae),
but MGs identified it at the genus level as Bacillus, whereas ANI
suggested Oceanobacillus. CH-021 and CH-026 only matched at the
class level (Actinomycetes) by both methods, while CH-019
matched at the phylum level (Bacillota). CH-007 could not
be classified by VITEK but was identified as Microbacterium by
MGs and ANIL. Significant differences were evident in species-level
classifications; MGs and ANI agreed on the species for CH-041
(Caldibacillus thermoamylovorans) and CH-015 (Microbacterium
aurum). In CH-031, where MGs did not yield a species classification,
ANI clustered it with Oceanobacillus kimchi due to >95% similarity
to a reference genome in the NCBI database (Richter and Rossello-
Mora, 2009). Notably, CH-007, and CH-026 did not align with any
reference genome above the 95% ANI threshold, suggesting they
might belong to novel species.
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Pairwise comparisons between the CHM genomes and publicly
available genomes revealed their closest phylogenetic matches
(Table 2). Most strains exhibited >97% sequence similarity; however,
CH-026 and CH-007 showed lower similarities of 87.11 and 87.82%,
respectively. Notably, three strains — Oceanobacillus kimchi CH-031,
Kocuria sp. CH-021, and Bhargavaea massiliensis CH-019 — showed
high-confidence matches to species commonly associated with the
human microbiome (Table 2). The G+ C content varied largely
between genomes, ranging from ~35% in CH-031 to ~72% in CH-021.

3.4 Functional annotation of genomes:
insights into biodeterioration and
environmental resilience

The functional annotation carried out using Arche led to useful
information regarding the genomic potential of the strains
(Figures 5A-E and Supplementary Tables S1-S15). Genes involved in
resistances to antibiotics, osmotic stress, and toxic metals were
reported from the annotation. Furthermore, relevant genes related to
the biodeterioration of the cultural heritage were found, such as those
required for the degradation of wood and paper, and the production
of pigments. Streptomyces sp. CH-036 revealed the highest numbers
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FIGURE 4

Morphological characterization of selected bacterial strains isolated from the CHM using colony morphology, Gram staining, and scanning electron
microscopy (SEM). Each row (A—H) corresponds to an individual bacterial strain: (A) CH-005 (Micrococcus sp.), (B) CH-003 (Bacillus sp.), (C) CH-010
(Bacillus sp.), (D) CH-011 (Staphylococcus sp.), (E) CH-013 (Streptomyces sp.), (F) CH-015 (Microbacterium aurum), (G) CH-021 (Kocuria sp.), (H) CH-
026 (Turicella otitidis). From left to right, each panel shows: (i) culture plate image on LB agar with colony pigmentation and texture; (i) enlarged view
of colony morphology; (iii) Gram-stained smear observed under light microscopy, indicating cell wall characteristics and arrangements; (iv) SEM
micrograph showing fine-scale cell morphology and surface features. All SEM images were acquired at 500 nm or 5 pm scale depending on cellular
dimensions. The combination of macroscopic, microscopic, and ultrastructural views allows accurate differentiation of morphotypes, aiding
taxonomic confirmation and highlighting structural diversity among strains colonizing museum artifacts.

of genes in all the systems mentioned before; except for toxic metal
resistance (the numbers are still relatively high). Moreover, CH-036
reported more than twice as many genes related to biodeterioration
(Figures 5D,E) as the rest of the strains studied. Particularly, those
genes related to the degradation of cellulose and production of
pigments, which are potentially harmful to paper documents, were
highly abundant in CH-036. Kocuria sp. CH-021 strain displayed a
high potential to resist both the osmotic and toxic metal stresses. A
relatively elevated number of cation transporters were annotated in
CH-021’s genome, and genes related to copper and chromate
homeostasis were also noticeable. Genes for the degradation of
cellulose and hemicellulose are also present, together with the
capability to produce some pigments. On the other hand, both
Oceanobacillus sp. CH-031 and Caldibacillus sp. CH-041 had a
reduced biodeteriorative potential; a tiny group of genes devoted to
pigment production and degradation of wood and paper were found
with none of the latter related to cellulose degradation. Finally,
CH-041 showed a clear toxic metal resistance profile considering the
coding-sequences found in the genome.

Further functional capabilities of relevance were studied, such as
the potential for the synthesis of secondary metabolites, and
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degradation of xenobiotics (Figure 5F). The results of the screening
with antiSMASH revealed Streptomyces sp. CH-036 as the most
diverse of the strains regarding to the hosting of biosynthetic gene
clusters (BGCs) devoted to the production of secondary metabolites.
Among the putative products of these BCGs are lanthipeptides, and
e-poly-L-lysines, both compounds with reported antimicrobial
properties (Repka et al., 2017; Wang et al., 2021). Other compounds
reported from CH-036 genome were desferrioxamin (Holden and
Nair, 2019), and isorenieratene, which is a light-induced yellow
pigment (Takano et al., 2005). On the other hand, KEGG identifiers
retrieved from the annotation of Kocuria sp. CH-021 genome revealed
several complete pathways for xenobiotic degradation, including those
for the degradation of benzoate, phenylacetate, xylene, and toluene.

4 Discussion

This study revealed significant microbial colonization on historical
artifacts and architectural surfaces, highlighting both the conservation
challenges and the potential scientific value of these microbial
communities. SEM analysis of historical artifacts showed extensive
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and xenobiotic degradation pathways (orange), inferred through antiSMASH and KEGG, respectively. Only six of the eight strains are shown in (F), as
CH-031 (Oceanobacillus kimchii) and CH-041 (Caldibacillus thermoamylovorans) did not display any detectable biosynthetic gene clusters or
xenobiotic degradation pathways under the criteria used by antiSMASH and KEGG. This analysis highlights CH-036 (Streptomyces sp.) and CH-021
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biofilm development in most samples. In some cases, like the Alberdi’s
garment, it was observed tightly adhered microbial filaments to
altered original material of the pieces, providing direct evidence of
biodeterioration processes that threaten cultural heritage.

Microbial colonization in the CHM is shaped by distinct
ecological niches, with differences observed between the outdoor
urban microbiome, the indoor museum microbiome, and the albumen
print book which remains stored in a metallic case. The exteriors,
primarily represented by microbial communities on the museum’s
facade, entrance door, and exterior walls, is continuously exposed to
fluctuating environmental conditions such as temperature variations,
UV radiation, precipitation, and air pollutants. In contrast, the
interiors comprise microbial communities inhabiting historical
furniture, textiles, and architectural surfaces within the controlled
indoor environment of the museum. These niches are characterized
by relatively stable temperature and humidity conditions, lower UV
exposure, and reduced air circulation. Finally, the book endures
minimal light exposure, thermal fluctuations, and limited handling
which could favor specialized communities.

It is important to acknowledge that the use of LB medium in the
isolation procedures likely introduced a bias toward fast-growing,
copiotrophic bacteria. While this approach successfully recovered
strains with potential relevance to biodeterioration processes, it
inevitably captures only a fraction of the microbial diversity present
in the sampled environments. The rich nutrient content of LB does not
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reflect the oligotrophic and substrate-specific conditions typically
found on cultural heritage materials. Consequently, slow-growing and
been

metabolically may have

underrepresented in our isolate collection. Future efforts could benefit

specialized microorganisms

from using selective or minimal media supplemented with heritage-
relevant substrates, such as albumin, cellulose, or lignin, to recover a
broader spectrum of metabolically active and ecologically relevant
taxa. Nonetheless, the genomic and phenotypic insights derived from
the isolates obtained here provide valuable initial data for
understanding microbial contributions to biodeterioration in museum
contexts. Finally, as such isolates may not fully represent the actively
growing  microbial responsible  for
biodeterioration, their ecological relevance should be interpreted with

community ongoing
caution and complemented by future culture-independent analyses
(Liu et al., 2022).

Worth to note is that the use of multiple complementary methods
for bacterial identification allowed us to assess the strengths and
limitations of each approach. While VITEK MALDI-TOF MS offered
rapid initial classification, its performance was constrained by the
scope of the clinical-focused database, potentially leading to
misclassification or low-resolution results for environmental isolates.
In contrast, genome-resolved methods based on 16S rRNA and gyrB
sequences, along with average nucleotide identity (ANI) comparisons,
provided superior accuracy and confidence in taxonomic assignment,
particularly for uncommon or novel strains. Therefore, for
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species-level resolution, ANI proved to be the most reliable method
in this study. This multi-method approach also allowed us to identify
potential novel species and refine our understanding of microbial
diversity associated with heritage materials.

The albumen prints in the book Provincia de Tucumén represent
a unique microenvironment, as even subtle microclimatic differences
can shape distinct microbial communities and deterioration patterns
(Meng et al., 2023). Composed primarily of denatured egg white
proteins, cellulose and salts they can be a suitable substrate for
microbial colonization and biodeterioration. Several strains isolated
from the CHM’s photo book were classified by VITEK, MGs, and ANI
as belonging to the genera Bacillus, Oceanobacillus, Microccocus,
Streptomyces, Staphylococcus and Kocuria (Table 1 and Figure 3). These
taxa were consistently reported as microbial contamination in
historical archives and audiovisual materials (Villalba et al., 2004;
Puskarova et al., 2016; Mazzoli et al., 2018; Branysova et al., 2023).
They have proven amylolytic, cellulolytic, proteolytic, and/or lipolytic
capacities related to biodeterioration of paper, photographs, and/or
other visual material which were mainly determined by culture-
dependent methods (Villalba et al., 2004; Branysova et al., 2023). The
amylolytic capacities can be used for the consumption of starch from
paper (used as a glue in its manufacturing) while the proteolytic
activity presents a threat especially to visual materials with a gelatinous
binder. Some species with cellulolytic properties pose a risk to
collodion visual materials (as the main component of collodion is
cellulose nitrate) while others have the ability to produce alkaline
serine proteases which are harmful to albumin materials (Villalba
et al., 2004; Branysova et al., 2023).

Notably, Pseudomonas strains were exclusively isolated from the
photograph, aligning with its role as a frequent contaminant in
photographic manufacturing due to its ability to metabolize gelatin
and resist silver nitrate (Gadd et al., 1989; Borrego et al., 2010; Krakova
etal., 2012b; Sterflinger and Pinar, 2013; Madigan et al., 2014; Grabek-
Lejko et al., 2017; Mazzoli et al., 2018; Warner Marien, 2022).
Pseudomonas spp. and Streptomyces spp. poses a risk not only because
of its potential catalytic properties, but also because of the ability of
some members to produce deteriorative pigments. For example, some
Streptomyces spp. ruined graphic art inside some Etruscan and Roman
tombs due to the production of violet pigments, while members of
Pseudomonas produced both green (in an alkaline environment) and
red (in acidic conditions) pigments during wool degradation of
historical textiles (Diaz-Herrdiz, 2015; Gutarowska et al., 2016;
Mazzoli et al., 2018). In accordance with culture-dependent methods,
genomic analysis over the strain Streptomyces sp. CH-036 (Table 2)
revealed strong capabilities to degrade components of paper
(Figure 5D). Moreover, a high number of genes for the biosynthesis of
several pigments were reported (Figure 5E) including isorenieratene
(Figure 5F), a light-induced pigment (Takano et al., 2005). A similar
pigment-related genes were found in Rubrobacter strains colonizing
the pink biofilms on frescoes from Georgian cathedrals, where their
persistence was linked to both light exposure and metabolic
adaptability (Basile et al., 2025). These findings should encourage
CHM authorities to implement precautionary measures that prevent
the exposure of the albumen print book to light, humidity, or warm
temperatures—conditions that could facilitate microbial proliferation.
In particular, humidity and water availability are widely recognized as
the primary drivers of microbial growth and subsequent
biodeterioration on cultural heritage surfaces. Recent evidence
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highlights that even subtle moisture levels can dramatically shape
microbial colonization and biochemical activity, especially in porous
materials and confined microenvironments in cultural heritage (Liu
et al., 2018a; Wang et al., 2025). Therefore, managing humidity is
critical not only for prevention, but also for potentially shifting
microbial activity toward less harmful states. Finally, preservation
strategies, including illumination control and environmental
stabilization, have proven effective in mitigating biodeterioration in
mural paintings at the Positano Roman Archaeological Museum
(Antonelli et al., 2024).

Resistance genes, including multidrug efflux systems and
detoxification enzymes, were reported in pigment-producing bacteria
from fresco biofilms, where they contributed to the resilience of
microbial communities against biocidal treatments (Basile et al.,
2025). Interestingly, the genome of Streptomyces CH-036 also showed
a strong antibiotic resistance profile of genes (Figure 5A). This finding
is noteworthy, as certain Streptomyces species present in museum
environments have been proposed to pose potential risks to the
human respiratory system (Borrego et al., 2010). Furthermore, it was
pointed out the importance of regular disinfection routines, after
several Bacillus spp., Staphylococcus spp., and Streptomyces spp. with
potentially pathogenic characteristics were reported in museum
collections (Gutarowska et al., 2014; Krasnicki et al., 2025). It is thus
important keep away threats to health from the CHM’s staff and
visitors, especially those who are immune-compromised. Protection
elements should be used in the manipulation of museum artifacts, and
the implementation of disinfection protocols must carefully balance
microbial control with material preservation. For instance, ethanol
mist has been validated as a biocidal method that significantly reduces
microbial load without damaging collagen structures, making it a
promising option for delicate heritage materials (Krasnicki et al.,
2025). Also, we encourage the adoption of appropriate measures to
avoid new infectious agents coming from the outside of the CHM.
Proof of the unprotected handling of the book of albumen print is the
presence of the commensal species Staphylococcus epidermis, related
to the human skin microbiome (Villalba et al., 2004). Also, a 99.47%
of similarity was found between the genomes of Oceanobacillus
kimchii CH-031 and Oceanobacillus kimchii p3-SID1558 isolated from
the human back skin (Table 2).

Some microbes having their optimal growth during the different
manufacturing processes of the photo book could have been preserved
via spores once the manufacturing conditions changed. Indeed, 7 of
the 17 strains from the book identified taxonomically by the VITEK
method are producers of endospores (Bacillus spp.) or resistance
spores (Streptomyces spp.). Both endospores and resistance spores are
metabolically inactive structures, extremely resistant to adverse
environmental conditions, such as high concentrations of salts,
absence of nutrients or low levels of humidity. The adaptive advantage
conferred on bacteria is to allow them to remain as spores for as long
as necessary until the conditions are suitable (Cano and Borucki, 1995;
Nicholson et al., 2000; Madigan et al., 2014). Apparently, this could
explain the isolation of the thermophilic strain Caldibacillus
thermoamylovorans CH-041which grows optimally at 50°C, a similar
finding previously reported for thermophilic Geobacillus spp. in
albumen supports (Puskarovd et al., 2016). The most likely hypothesis
is that the thermophile proliferated during the initial manufacturing
(Puskarova et al., 2016). Different methods were used to harden the
albumen layers, including steaming and storing the albumen-coated
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papers inside a warm hayloft for half a year. The temperature of a
hayloft can sometimes reach 50°C or more, providing an optimal
environment for the growth of CH-041 and other thermophiles
(Puskarova et al, 2016). Considering that CH-041 survived for
160 years under environmental conditions far cooler than the ~50°C
required for its optimal growth its successful reactivation today
suggests a level of genomic stability and preservation over time
(Schuenemann et al,, 2018; Bonczarowska et al., 2022). A deeper look
in to the genomics of CH-041 revealed a scarce amount of genes for
antibiotic resistance (Figure 5A), and biodeterioration (Figures 5D,E),
making it the most environment friendly strain reported for the CHM.

A particularly intriguing case was observed in Alberdi’s suit, a
19th-century silk and lace garment, where we identified a unique
bacterial strain, classified by VITEK as Actinomyces odontolyticus. This
filamentous bacterium is typically found in human microbiomes,
particularly in the oral cavity, and profuselyisolated from dental caries
(Batty, 1958). Manifestations of infection by A. odontolyticus include
thoracic, abdominal, pelvic and central nervous system disease (Razok
etal., 2022). Recently, it was proposed as driver of Colorectal Cancer
(Breau, 2024). Its presence on the textile suggests potential
contamination from human handling or storage conditions, a closed
cartoon box that avoids contamination and humidity changes.
Notably, the possibility that the original owner of the suit, Juan
Bautista Alberdi, introduced this bacterium as a child cannot be ruled
out, given the high prevalence of dental infections in toddlers and
young children. The genus Actinomyces sp. was previously cited in a
list of the most common bacteria responsible for biodeterioration of
cultural heritage (Grabek-Lejko et al., 2017). A more detailed study of
the strain, including genome sequencing should reveal with certainty
its taxonomic identity and toxicity, considering the hypothesis that it
could have originated from an infected person.

The museum’s wooden furniture is affected by frequent procedures
of cleaning and disinfection, as well as repairs and preventive actions
against wood decay. Frequently, the wooden material in the museum
is sensible to other pests, such as insects. For this reason, it is not
expected to these wooden items to suffer biodeterioration driven
primarily by bacteria. In spite of this, the isolates from the wooden
parts of the chair, table, window, washing trough, and main access
door could have cellulolytic or lignocellulolytic capabilities required
for the degradation of wood. The most commonly reported bacteria
associated with wood-decay environments are genera such as
Clostridium, and cosmopolitan taxa such as Bacillus (Liu et al., 2018b;
Pyzik et al., 2021), both isolated from the aforementioned elements
(Table 1). A notable high number of genes related to the breakup of
cellulose and hemicellulose were found in the genomes of
Microbacterium sp. CH-007, Kocuria sp. CH-021, and Microbacterium
sp. CH-015 (Figure 5D), which were isolated from the chair wood, the
entrance door and the window, respectively, (Table 1 and Figure 3).
This could be supporting some kind metabolic activity over the
wooden compounds of the furniture. Moreover, the strongest profiles
of metal resistances belong to CH-021 and CH-015, and are probably
the reflection of the chemical treatments used over the years to
preserve the wood from decay. Most of these wood preservatives
recruit toxic metals in their formulas, like copper chromate arsenate
(CCA) which was widely used in the past but now restricted due its
toxicity (Wozniak, 2022). Finally, SEM micrographs of the washing
trough showed the presence of filamentous bacteria probably from the
genus Streptomyces or related (Figure 2D). Previous studies showed
that filamentous actinomycetes are associated with wood decay (Antai
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and Crawford, 1981; Jayasinghe and Parkinson, 2008), while other
claim that their presence in wood could prevent worst scenarios of
biodeterioration like those caused by fungi (Mortabit et al., 2015; Cai
and Kuo, 2022).

One of the strains we isolated from the chair textile was classified
as Bacillus licheniformis, a species which is in the list of pathogens
infecting humans (Bartlett et al., 2022). B. licheniformis was reported
in several cases of infection, even in a patient with no history of any
immune deficiency (Haydushka et al, 2012). Another intriguing
species is Staphylococcus equorum, isolated from both the textile chair
and the washing trough. S. equorum is a commensal and obligate
aerobe usually found on the skin of various farm animals, such as
horses, dairy cattle and goats (Vermeersch et al., 2023; Reydams et al.,
2024; Senoussi et al., 2024). This microorganism probably has
colonized the seat and meat washing trough during the nineteenth
century, when people of the city interacted routinely with farm animals
and used horses as their primary vehicle or cattle as meat source.

Regarding the outdoor environment, which includes the main
entrance door and the outside wall, the microorganisms found there
are related to the street environment and human activity. For example,
the species identified by VITEK as Bacillus pumilus CH-018,
Clostridium subterminale CH-019, Corynebacterium
pseudodiphtheriticumm CH-024, Turicella otitidis CH-026, and
Micrococcus luteus CH-020 are either known human pathogens, or
related to the human microbiome (Stackebrandt et al., 1995; Bartlett
etal, 2022; Zhou et al., 2022; Ahamad et al., 2023). Furthermore, when
ANI comparisons are used the genome of the strain CH-019 shares a
99.32% of similarity with Bhargavaea massiliensis Marseille-Q1000
isolated from a urine sample in patients with urinary tract infections
(Table 2, Section 3.3). Likewise, ANI showed a 98.71% of similarity
between the genomes of CH-021 and Kocuria sp. CD08_4, an isolate
from the duodenal mucosa of a celiac disease patient (Munish et al.,
2017). Finally, CH-017 and CH-027 were both classified by Vitek as
B. pumilus and B. megaterium which have been reported as plant
pathogens in other work (Bull et al., 2012; Yuan and Gao, 2015).

The genomic profiles of some of the isolates reveal a promising
biotechnological potential beyond their role in biodeterioration.
Several Bacillus and Pseudomonas strains identified in this study have
previously been proposed as candidates for bioprecipitation of calcium
carbonate crystals, a process with practical applications in
biorestoration and consolidation of stone and plaster monuments.
Notably, Bacillus megaterium and Bacillus simplex, both detected
among the isolates, are among the most effective carbonate
bioprecipitators and are used in protective treatments for historical
architecture (Paramo-Aguilera, 2012; Pyzik et al., 2021). In addition,
members of the Bacillus genus have been suggested for use in
biotreatments of textiles and paper artifacts, particularly for their
enzymatic capabilities in cleaning and stabilizing cellulosic and
proteinaceous materials. Similarly, Micrococcus spp. are known for their
capacity to produce bioactive molecules and enzymes of interest to the
pharmaceutical and bioremediation industries, including antimicrobial
compounds and pollutant-degrading enzymes (Diaz-Herrdiz, 2015).

Importantly, our genomic analyses revealed that Streptomyces sp.
CH-036 and Kocuria sp. CH-021 harbor genes involved in the synthesis
of valuable secondary metabolites and the degradation of xenobiotic
compounds (see Figure 5F and section 3.4). These findings position these
strains as promising sources of novel biotechnological resources and
reinforce the concept of cultural heritage environments as overlooked
reservoirs of useful microorganisms. Further exploration of these isolates
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could yield new applications in conservation, biotechnology, and
environmental remediation.

While our investigation prioritized the culturable fraction of the
bacterial microbiome, primarily due to its accessibility and relevance
for subsequent genomic and phenotypic analyses, it is important to
recognize that fungal organisms also play a pivotal role in the
biodeterioration of cultural heritage biological origin (Zhgun et al.,
2020; Antonelli et al., 2024; Stratigaki et al., 2024; Krasnicki et al.,
2025). Fungi are well-documented agents of degradation, particularly
in cellulose- and protein-rich substrates, where their enzymatic
capabilities enable persistent and often aggressive colonization.
However, characterizing fungal communities typically requires distinct
culturing conditions, longer incubation times, and complementary
approaches such as ITS-based metabarcoding or cultivation on specific
mycological media. Considering these methodological divergences,
we prioritized a focused bacterial analysis in this first stage. Future
studies could expand the scope by integrating fungal community
profiling, thereby offering a more comprehensive understanding of the
microbial consortia contributing to heritage deterioration.

5 Concluding remarks and prospect

This study provides the first comprehensive microbiological survey
of the Casa Histdrica de la Independencia Museum, revealing a rich
and complex microbial landscape shaped by historical, material, and
environmental factors. Through the integration of scanning electron
microscopy, microbial isolation, MALDI-TOF MS, and genome
sequencing, we uncovered distinct bacteria inhabiting both outdoor
and indoor surfaces of cultural heritage significance. This work
advances the field of heritage microbiology and supports efforts to
safeguard culturally significant objects through a deeper understanding
of their microbial ecosystems. Future work should expand to
metagenomic and metatranscriptomic approaches, allowing for a
deeper exploration of microbial dynamics, functional activity, and
long-term succession on heritage substrates.
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Introduction: This study evaluates two innovative protective treatments
for wooden cultural heritage objects vulnerable to biodeterioration. The
first involves polyacrylic resin solutions embedded with silver nanoparticles
(AgNPs), while the second uses the siloxane-based coupling agent
3-mercaptopropyltrimethoxysilane (3-MPTMS) to enhance AgNP adhesion to
wood surfaces.

Methods: Antimicrobial, anti-biofilm, and anti-metabolic activities were assessed
using both qualitative and quantitative assays against biodeteriogenic strains
(Penicillium chrysogenum, Bacillus cereus, and Bacillus megaterium). Additional
analyses included extracellular nitric oxide (NO) production, phytotoxicity
testing on Allium cepa, and correlations with biochemical parameters.

Results: Polyacrylic resinsincorporating AQNPs exhibited significantantimicrobial
properties, with stronger effects against bacteria. Treatments combining
AgNPs with MPTMS or acrylic resins demonstrated enhanced inhibitory effect
on microbial viability, adhesion, and degradative enzymes secretion. Sub-
inhibitory concentrations of resin solutions modulated the extracellular NO
levels, correlated with metabolic stress responses. Notably, ecotoxicity testing
confirmed minimal phytotoxic impact, supporting the safety of these materials
for cultural heritage applications.
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Conclusion: The findings support the use of AgNP-enhanced polyacrylic resins
and silanized coatings as effective, non-destructive conservation strategies
for wooden heritage artifacts, offering durable protection against microbial
deterioration while maintaining environmental safety.

KEYWORDS

wood heritage objects, siloxane-based coupling agent, silver nanoparticles,
polyacrylic resins, antimicrobial, anti-biofilm, anti-metabolic

1 Introduction

Preserving wood heritage objects presents a formidable challenge
for conservators and researchers, given their high susceptibility to
biodeterioration, a process predominantly driven by microbial activity.
As an organic material, wood is particularly prone to colonization by
fungi, bacteria, and other microorganisms, leading to significant
structural damage, discoloration, and a gradual loss of cultural and
historical value (Cappitelli et al., 2020). Microbial deterioration
compromises the physical integrity of the artifacts and erodes the
cultural narratives they represent. The microbial community involved
in wood artifacts degradation comprises a variety of microbial species,
each of them presenting specific degradation mechanisms (Schrader
et al,, 2025). For instance, species such as Bjerkandera adusta,
Ganoderma lucidum, Irpex lacteus, Phanerochaete chrysosporium,
Pleurotus ostreatus, and Trametes versicolor classified as white rot fungi
compromise the structural integrity of wooden artifacts through the
secretion of lignocellulolytic enzymes, including endoglucanases,
cellobiohydrolases, and $-glucosidases. In contrast, brown rot fungi
such as Antrodia vaillantii, Coniophora puteana, Gloeophyllum
trabeum, and Serpula lacrymans produce non-enzymatic compounds
such as oxalic acid which diffuses in the plant cell wall and then
generates reactive oxygen species such as hydroxyl radicals that
depolymerize cellulose and hemicellulose (Martinez et al., 2005;
Eastwood et al., 2011; Alfieri et al., 2021; Schrader et al., 2025). In
addition to fungi, bacteria contribute notably to the decay of wooden
artifacts, especially in environments with limited oxygen availability—
such as waterlogged, buried, or highly humid conditions—where their
metabolic activity becomes more pronounced. Depending on their
mechanisms of wood tissue invasion, biodeteriorating bacteria are
classified into several functional groups, including cavitation bacteria,
tunneling bacteria, and erosion bacteria—each exhibiting distinct
metabolic adaptations that enable their survival under specific
environmental conditions (Chu et al., 2025; Wang et al., 2025).
Regardless of their classification, the growing demand for effective
conservation measures underscores the urgent need for innovative
strategies that can provide long-lasting protection against microbial
degradation while preserving the structural and esthetic integrity of
the wood (Cirone et al., 2023; Pournou, 2020).

Polyacrylic resins have been widely used in the conservation of
wooden artifacts due to their adhesive properties and ability to form
protective coatings as well as stability (Kyei et al., 2022). Overall,
polyacrylic resins are used in the treatment of the wood heritage
because of its capability to bind to the wood structure and even to
consolidate the fragile wood structure, to protect against moisture, UV
or even to assure a higher scratch-resistance (especially as composite
with silica, glass or wood flour) and these effects persist for long time.
They are reversible and insoluble in water but dissolve readily in
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organic solvents, which are commonly employed in conserving
wooden artworks. While highly resistant to extremes temperature,
acids, and alkali, acrylic resins can undergo degradation over time
from factors such as microbial activity, UV radiation, and mechanical
wear, leading to alterations in their physical and mechanical
characteristics (Cataldi et al., 2014; Cataldi et al., 2015). Nonetheless,
the use of these treatments alone frequently fails to provide
comprehensive protection against microbial colonization and the
ensuing biodeterioration processes (Campana et al., 2022; Ion et al.,
2018). Ongoing researches are now underway to pass from the
traditionally petrochemical based acrylic resins to bio-based feedstock
(Wen et al., 2023).

Recent advancements in improving the protective performance of
polyacrylic resins have emphasized the integration of antimicrobial
agents, including nanoparticles such as silver (AgNPs), titanium
dioxide (TiO,), and zinc oxide (ZnO) (Arya et al., 2019; De Caro et al.,
2024). For instance, TiO, and SiO, nanoparticles integrated into
acrylic resins significantly suppressed Streptococcus mutans and
Lactobacillus acidophilus, obtaining reductions of 98-99% in microbial
viability under UV exposure (Sodagar et al., 2016). Similarly, ZnO
NPs exhibit significant antimicrobial properties, effectively inhibiting
bacterial and fungal colonization when incorporated into thin-film
coatings or applied to heritage materials like paper and stone (Cinteza
and Tanase, 2021). Recent investigations have shown that the
incorporation of AgNPs into acrylic or silane-modified resin systems
considerably improves antibacterial protection on cultural heritage
substrates. In a 2024 study, AgNPs were biosynthesised in situ during
the synthesis of an acrylic polymer coating (by plant extract and
AgNOj; mixing). The resulting nanocomposite decreased microbial
load on stone heritage models by 2-4 log units compared to acrylic
alone (Lak et al., 2024). Furthermore, a treatment combining a
polyvinyl chloride-abietic acid (PVC-AA) copolymer with AgNPs was
developed to improve the characteristics of pine wood, with a focus
on dimensional stability, water repellence, and decay resistance. The
results showed that while the impregnation procedure did not improve
the wood’s physical qualities, the PVC-AA-AgNPs treatment did
greatly increase resistance to T. versicolor and C. puteana,
demonstrating its potential as a protective treatment for wooden
historical objects (Can and Hazer, 2022).

AgNPs are recognized for their high antimicrobial activity and
broad-spectrum efficacy, being effective against bacteria, fungi, and
viruses. These features make AgNPs an ideal additive for conservation
materials, including resins, specifically designed to protect wood from
microbial colonization and subsequent damage and deterioration
(Baglioni et al., 2021). The antimicrobial properties of AgNPs are
attributed to their ability to release silver ions, which can interact with
microbial cell membranes, proteins, and DNA, leading to cell damage
and death (Rai et al., 2009). Despite their efficacy, the integration of
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AgNPs into conservation materials presents significant challenges.
One primary concern is represented by NPs cytotoxicity, which could
adversely impact both the artifacts and the surrounding environment.
Consequently, their use in conservation requires careful assessment
and rigorous evaluation to balance their protective benefits against any
possible risks (Silva et al., 2017). One significant concern is the
potential for phytotoxic effects, which could arise from the release of
silver ions or other chemical interactions involving the siloxane-based
coupling agents. Phytotoxicity could lead to unintended damage to the
wood or surrounding organic materials, compromising the long-term
safety and integrity of the conserved artifacts. Therefore, a
comprehensive evaluation of these materials must include not only the
assessment of their antimicrobial efficacy but also of their potential
impact on the artifacts and the environment (Ameen et al.,, 2021).
Plant-based (green synthesis) AgNPs (PB-AgNPs) offers a
biocompatible and environmentally sustainable alternative to
conventional chemical methods. This process utilizes phytochemicals
such as polyphenols, flavonoids, and terpenoids as natural reducing
and capping agents, enabling NP formation under mild conditions
while significantly reducing ecological and human health risks
(Travani et al., 2014). Biologically produced AgNPs are often regarded
as eco-friendly alternatives because they minimize the use of
hazardous chemicals. However, they can still present ecotoxicological
concerns, including alterations to soil microbial communities,
accumulation in plant tissues, and disruption of key ecological
processes such as nitrogen cycling and organic matter breakdown
(Colman etal., 2014; Ottoni et al., 2020). Among the biological agents
used for green synthesis, are particularly advantageous due to their
rapid growth, ability to secrete bioactive enzymes, and natural
resistance to heavy metals. Various fungal species, such as Fusarium,
Aspergillus, Trichoderma, Cladosporium, Ganoderma, and the wood-
degrading Gloeophyllum striatum have been effectively utilized in the
biosynthesis of AgNPs with antimicrobial properties (Cui et al., 2022;
Wronska et al., 2023; Al-Zaban et al., 2021; Osorio-Echavarria et al.,
2021; Santos et al., 2021; Zawadzka et al., 2021; Tonczyk et al., 2025).
In terms of biological safety, NPs exhibit dose-dependent and cell-
type-specific cytotoxicity. Cytotoxicity mechanisms often involve
oxidative stress, DNA damage, and cell cycle arrest through
interactions with proteins and nucleic acids (Ribeiro et al., 2018).
Factors such as particle size, crystallinity, surface functionalization,
and aging-related silver ion release further modulate toxicity (Wang
etal,, 2014; Kittler et al., 20105 Siddiqi et al., 2018). AgNPs synthesized
using Pseudomonas putida showed no cytotoxicity on Hep-2 cells at
concentrations up to 25 pug/mL, but caused 70% cell death at 100 pg/
mL (Gopinath et al., 2017). Similarly, Khorrami et al. (2018) found
that biosynthesized AgNPs induced 70% cell death in MCF-7 breast
cancer cells at 60 pg/mL, while exhibiting much lower toxicity toward
noncancerous L-929 cells. The lower toxicity compared to other
commercial NPs could be possibly due to better encapsulation and
biocompatible surface coatings (Khan et al., 2020). The minimal
toxicity to normal cells at low doses reinforces the potential of green
AgNPs for selective anticancer applications (Ghabban et al., 2022).
Siloxane-based coupling agents are organosilane compounds
(OS) that exhibit very good properties like fire retardancy, resistance
to microbial degradation, and increased weathering stability (Liu
et al,, 2023). Wood substrates treated with OS demonstrate
improved functional performance, since these agents can enhance
the surface thereby

hydrophobicity, reducing moisture
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absorption—a critical factor in microbial growth and
biodeterioration (Aziz et al., 2021; Alfieri et al., 2021). OS are
derived from silane (SiH4) by substituting one or more hydrogen
atoms with organic or functional groups, yielding the general
RpSiHsn  (eg.,
trimethylsilylamine, chrolosilane, trimethoxysilane) (Liu et al,
2023; Broda et al., 2019; Panov and Terziev, 2009). These R groups—
such as alkyl, amino, sulthydryl, methoxy, glycidyloxy, or vinyl—

formula trymethylsilane, tetravinylsilane,

provide compatibility with organic materials, making OS
compounds effective coupling agents between organic and inorganic
phases. Given their bi-functional molecular structure, upon
hydrolysis, one end of the silane molecule reacts with inorganic
substrates or hydroxyl-rich wood surfaces, while the other end may
engage in covalent bonding with polymer matrices. This amphiphilic
nature enhances interfacial compatibility between nanoparticles and
polymeric phases (Jamil et al., 2018). Recent studies have
highlighted the synergistic potential of OS compounds, especially
when combined with nanoparticles or other bioactive agents, in
enhancing wood durability. OS-treated wood is increasingly utilized
across diverse sectors, structural

including engineering,

architectural finishing, furniture manufacturing, electronic
components, and aerospace materials (Liu et al., 2023).

By combining AgNPs with silanization agents, it is possible to
create a dual-functioning resin that not only inhibits microbial
colonization but also strengthens the physical barrier against
environmental factors that contribute to wood degradation (Ferreira
etal., 2023; Nayaki et al., 2023). Similarly, OS treatments might enhance
the biological resistance of thermally modified wood. Although thermal
treatment reduces moisture content and increases initial resistance to
biological agents, this effect diminishes over time. The addition of silane
treatments post-thermal modification was found to extend and
reinforce the wood’s resistance to microbial attack (Kamperidou, 2019).
Oscillating techniques are used to improve OS treated wood durability,
water resistance and to assure biological protection.

In this context, the present study aims to evaluate the efficacy of
two distinct protective formulations for wood heritage conservation.
The first formulation is based on polyacrylic resins incorporating
AgNPs, while the second involves surface modification using the
siloxane-based coupling agents 3-mercaptopropyltrimethoxysilane
(3-MPTMS), to facilitate enhanced binding of AgNPs. Both
formulations are intended to protect wooden heritage objects from
biodeterioration. The study focuses on investigating their antimicrobial,
anti-biofilm, and anti-metabolic activities and their correlation with
microbial and biochemical parameters, using treated wood model
systems. Additionally, the formulations are evaluated for their
preservation efficacy and potential phytotoxicity, with the overarching
goal of assessing their suitability as integrated solutions for extending
the longevity of wooden artifacts susceptible to microbial degradation.

2 Materials and methods

2.1 Synthesis of AgNPs

Synthesis of AgNPs using Classical method, at room temperature
(AgNPc), Turkevich method (by reduction in the presence of
appropriate agents — AgNPt), and hydrothermal method (AgNPsol)
was described in our previous work (Corbu et al., 2023).
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Silver nitrate (AgNO;) was purchased from Sigma Aldrich,
polyvinylpyrrolidone (PVP), from Roth, and trisodium citrate
(Na;C4H;50;) from Alfa Aesar. All reagents and solvents were used
without further purification.

2.1.1 Synthesis of AgNPs by the classical method,
at room temperature (AgNPc)

A volume of 500 mL of 0.0001 M AgNO; solution was introduced
into a Berzelius beaker, then 30 mL of 0.02999 M trisodium citrate was
added. The solution thus obtained was left under continuous agitation
(600-700 rpm) for 12 min, at room temperature. After 12 min, 30 mL
of 0.00007 M PVP was added. The solution was stirred for 1 min
(200 rpm), after which 3 or 5mL of 0.1 M sodium borohydride
solution was added. The final mixture was stirred for 5-7 min, after
which 1.2 mL of 30% hydrogen peroxide was added. After adding
H.,0,, the obtained solution was stirred until a blue or emerald blue
color appeared. The concentration of the obtained NPs was 10 ppm.

2.1.2 Synthesis of AgQNPs by the Turkevich method
(AgNPY)

An amount of 0.01 g AgNO; was dissolved in 500 mL H,O. The
obtained solution was kept at 70-75° C under magnetic stirring for
75 min. To this solution was added dropwise a solution containing
0.30 g sodium salt of citric acid as reducing agent. When the solution
became slightly yellowish, 10 mL of PVP were added. The
concentration of the obtained NPs was 100 ppm.

2.1.3 Synthesis of AQNPs by the solvothermal
method (AgNPsol)

An amount of 0.888 g of PVP K 30 was added to 80 mL of PEG
400. The mixture was stirred and heated to 80° C until the obtained
solution became transparent. When the temperature reached 80° C,
2 mL of AgNO; with a concentration of 0.5 M was quickly added to
the mixture, under stirring. A dark yellow color was observed, and the
mixing continued at 80° C until the appearance of a dark brown color.
The mixture was poured into a Teflon vat, and the temperature
increased to 220° C while maintaining a constant pressure of 1 bar for
2 h. The reddish-brown mixture was cooled and then removed from
the vat. The concentration of the obtained NPs was 1,000 ppm.

2.2 Treatment of wooden materials

2.2.1 Treatment with 3-MPTMS of wooden
materials

In the case of treatment with 3-MPTMS (silane with -SH side
group), the wood samples were introduced in 35 mL silanization
solution (3-MPTMS), in a Berzelius flask and left under continuous
stirring (600-700 rpm) 1 h, at room temperature. Subsequently, the
wood samples were put in contact with the solution with Ag solution
of concentration 100 ppm (Agl100) for 1 h under continuous stirring
(600-700 rpm). In the final the wooden samples were removed from
AgNPs solution and dried at room temperature.

2.2.2 Treatment with based acrylic resin of
wooden materials

To be silanized, the beech wood materials were washed and dried
at 115° C for 2h. After washing and drying, the surfaces of
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standardized wood samples (1*1 cm?) were impregnated using a
painting brush with a commercial water-based acrylic resin, Adicril
ARD-795, containing 78% acrylic binder from Bear Quimica, with or
without AgNPs.

The samples were processed using a commercial water-based
acrylic emulsion, Adicril ARD-795, containing 78% acrylic binder
from Bear Quimica. The obtained emulsion was then mixed for
20 min using a Dispermat VMA mixer equipped with a 60 mm
diameter blade, operating at 1,000 rpm, with AgNPs at a
concentration of 10 ppm and 1,000 ppm. Four samples were
obtained according to Supplementary Table S1. Both AgNPc
samples, designated as AgNPc 3 mL (D1) and AgNPc 5 mL (D1),
were synthesized through the reduction of silver nitrate using
sodium borohydride (NaBH,4) and sodium citrate. The primary
difference between these samples lies in the varying sodium
borohydride content used during the synthesis of AgNP (Marinescu
etal., 2022).

All samples contain acrylic binder and three of them contain
different percentage of AgNPs characterized by variation of
concentration as indicated in Supplementary Table SI.

2.2.3 Characterization of wooden surfaces and
treated materials

Morphological and structural characterization of model surfaces
and treated materials were achieved using specific physico-chemical
methods: IR microscopy, Dynamic Light Scattering (DLS), scanning
electron microscopy (SEM) and transmission electron microscopy
(TEM). IR spectroscopy measurements were performed using a
Thermo Nicolet iS50 FTIR spectrometer equipped with a diamond
crystal-based ATR module capable of recording spectra over the
range of 400-4,000 cm™". To obtain a better signal-to-noise ratio, the
spectra were obtained by summing 16 scans recorded at a resolution
of 8 cm™. The acquisition time was set to 3 scans/s using a DTGS
type detector and automatic beam splitter for the ability to record
the spectrum, especially in transmission mode, in the range
10-25,000 cm™, i.e., from far IR to near IR. The DLS measurements
were done using a DELSA Max Pro, light scattering analyzer reusable
PEEK flow cells, BCI-3216-DMP, DLS detector angle (degree)
163.5°. The acquisition parameters for this technique were: 5s
acquisition time, 1 s read interval, with 15 s collection period for 3
acquisitions, at 10 Hz electric field frequency, with auto-attenuation
set at 0% level, normal laser mode, with set temp at 20° C. SEM
images were recorded using a Quanta Inspect F - FEI microscope
equipped with an EDX spectrometer. Morphological and structural
characterization of AgNPs was published previously by our team
(Corbu et al., 2023).

2.2.4 Evaluation of antimicrobial activity against
biodeteriogenic strains

2.2.4.1 Microbial strains

Biodeteriogenic strains were previously isolated and identified
using classical methods and MALDI TOF MS from Romanian cultural
heritage churches (Corbu et al., 2023). For this study we selected two
bacterial (i.e., Bacillus cereus and Bacillus megaterium encoded
C16156 and NS5-R) and two filamentous fungi strains (Penicillium
chrysogenum encoded NS4-2B and NS11-C) previously isolated from
wood cultural heritage objects.
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2.2.4.2 Qualitative antimicrobial activity of industrial
resins

A volume of 10 pL of the four aqueous solutions prepared from
the industrial acrylic styrene resin - ADICRIL ARD-795 (1% D1 3
mL AgNPsol, 1% D1 5 mL AgNPc, 0.1% S3 AgNPc and the base
coat acrylic resin) was distributed on Sabouraud Dextrose Agar
(SDA) in the case of filamentous fungi strains and, respectively, on
Mueller-Hinton agar (MHA) for the bacterial strains. After
incubation at 37° C for 24 h in the case of bacterial strains, and at
room temperature for 6 days in the case of fungal strains, the
growth inhibition zone around the disk was measured (mm)
(Gheorghe et al., 2021).

2.2.4.3 Quantitative antimicrobial evaluation of industrial
resins

The quantitative antimicrobial evaluation of industrial resins and
determination of minimum inhibitory concentration (MIC) values
were performed as previously described using twofold microdilutions
of the screened resins on RPMI (Roswell Park Memorial Institute)
1,640 medium in the case of filamentous fungi strains and Mueller-
Hinton Broth (MHB) for bacterial strains in 96 multi-well plates
(Corbu et al., 2023).

2.2.4.4 Microbial viability determination in the presence of
support materials treated with solutions containing NPs
and resins

For wood materials, quantitative evaluation of the antimicrobial
activity was evaluated by determining microbial viability in the
presence of wood materials treated with siloxane-based coupling
agents 3-MPTMS (L-MPTMS) and, respectively, silanization agent
+ silver nanoparticles (L-MPTMS-Ag100), adapted from previously
described methods (Suflet et al., 2024; Adetunji and Odetokun,
2012). Thus, wood fragments with a total area of 1 cm? treated with
siloxane-based coupling agents and, respectively, siloxane-based
coupling agents + AgNPs were immersed in culture medium
(RPMI 1640 for filamentous fungi and MHB for bacterial strains)
in a final volume of 2 mL, over which 1/0.5 McFarland suspension
of the filamentous fungi/bacterial strains in saline solution, was
added. After incubation (6 days at room temperature in the case of
filamentous fungi and 24 h at 37° C in the case of bacterial strains)
serial decimal dilutions (107'°) were inoculated on SDA culture
medium (100 pL/dilution) and, respectively, on MH agar (10 pL),
followed by incubation (48 h at room temperature and, respectively,
24 h at 37° C). At the end of the incubation period, cell viability
was determined as the percentage ratio between the number of
colony-forming units (CFU/mL) in each sample (in the presence
of functionalized materials) and the CFU/mL obtained in the
control (untreated microbial culture).

2.2.4.5 The influence of resins solutions and treated
wooden materials on the microbial adherence capacity to
the inert substratum

To evaluate the influence of resins solutions on the microbial
adherence capacity, the crystal violet microtiter method was used,
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followed by determination of microbial adherence capacity (Corbu
etal., 2024):

A
PICA% =100,
Ac

where As = the absorbance at 490 nm of the biofilm formed and
treated with sub-inhibitory concentration of resins solutions,

and Ac=the 490 nm of the
biofilm untreated.

absorbance at formed

The same protocol was applied for the colonized wood materials
after washing three times with saline solution and fixation with
methanol. The percentage of adherence capacity inhibition (PICA%)
was calculated according to the previous formula, where:

As = absorbance value of the adherence capacity to the treated
wooden material (AgNPs and resins and, respectively, wood materials
treated with L-MPTMS and L-MPTMS-Ag100);

Ac = absorbance value of the adherence capacity to the
untreated material.

To demonstrate the release of antimicrobial compounds into the
environment, the effect on the adherence capacity to the surface of the
inert substrate was determined in both cases.

2.2.4.6 The influence of wood materials and coatings on
extracellular nitric oxide

The extracellular nitric oxide (NO) was quantified using previously
reported methods with certain changes (Quinteros et al., 2016). The NO
release was evaluated by making a total nitrite spectrophotometric
analysis using the Griess reagent. After 24 h of incubation for bacteria
and 8 days for fungi suspension, 100 pL of the supernatant was collected
and centrifuged at 10,000 rpm for 10 min to remove cells. Then, 50 pL
of 2% sulphanilamide in 5% (v/v) HsPO4 and 50 pL of 0.1% N-(1-
naphthyl)-ethylenediamine aqueous solution were added to 50 pL of
supernatant. The mixture was incubated at room temperature for
30 min in the dark. The azo dye was quantified at A = 540 nm. All
measurements were performed in triplicate and results are expressed as
mean + SD. To measure the amount of nitric oxide, a calibration curve
with NaNO, values from 1 to 100 pM was created (R2 = 0.9991).

2.2.4.7 The influence of resins solutions on enzymatic and
organic acid production

Specific culture media supplemented with cellulose, Tween 20,
Tween 80, starch, milk and organic acids were inoculated with treated
and untreated microbial suspension followed by the determination of
the ratio of the colony diameter (C) to the diameter of the specific
inhibition zone occurring around the colony (D) (Corbu et al., 2021):

D2-C2

——x100,
D1-C1

Inhibition (%) =

where Cl—colony diameter of control strain, D1—inhibitory
effect zone diameter of control strain, C2—colony diameter of treated
strain, and D2—inhibitory effect zone diameter of treated strain.

Microbial strains cultivated in the presence of wooden materials
treated with AgNPs and resins and, respectively, wood materials
treated with MPTMS and MPTMS-Agl00 were evaluated also
regarding the influence against the production capacity to secrete
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organic acids and enzymes involved in the biodegradation process
(cellulase, phenoloxidase, esterase, caseinase and amylase) by
cultivation on specific culture media (Corbu et al, 2023). The
microbial culture grown in the presence of treated materials was
centrifuged 10 min, 10,000 rpm and the cell pellets were re-suspended
in saline water to an optical density equivalent to the 1 McFarland
standard. The obtained microbial suspensions were seeded spot
(10 pL) on the specific agar media. The seeded plates were then
incubated for 5 days/24 h at 22/37° C. The influence on the enzymatic
capacity and on the production of organic acids was evaluated
according to the same relationship used in the case of silanization
solution against the enzymatic or organic acid production.

2.2.5 Ecotoxicity of treated wood materials

To evaluate the ecotoxic effects of the wood material functionalized
with AgNPs and resins and, respectively, wood materials treated with
MPTMS and MPTMS-Ag100, the Allium assay was employed (Corbu
et al., 2023; Datcu et al., 2020). Allium cepa var. rubra bulbs were
carefully chosen based on their external morphology and physical
soundness. Prior to treatment, all viable bulbs were kept in tap water
at ambient temperature for 6 days to encourage root growth. For the
control group, bulbs were placed in distilled water, while the
experimental groups were exposed to the wood material
functionalized with AgNPs and resins and, respectively, wood
materials treated with MPTMS and MPTMS-Agl00. After a 24-h
exposure period, the bulbs were assessed measuring the fresh biomass
by weighing the bulbs on an analytical balance. The data were
subjected to statistical analysis using one-way ANOVA with Tukey’s
multiple comparisons test, with a single pooled variance, with
significance considered at p < 0.05.

2.2.6 Statistical analysis

Data are presented as mean * standard deviation (SD) and the
statistical analyses of antibacterial and anti-adherence activities, nitric
oxide (NO) content, enzymatic and organic acid production, and
ecotoxicity were performed using GraphPad Prism version 9 (GraphPad

10.3389/fmicb.2025.1642335

Software, San Diego, CA, United States). Dunnett’s and Tukey’s multiple
comparisons tests were used to correct for multiple comparisons between
control and test groups. The significance level was set at p < 0.05.

3 Results
3.1 Synthesis of AgNPs

The AgNPs were obtained using three different synthesis methods:
the classical one, performed at room temperature (AgNPc), Turkevich
method, involving reduction in the presence of appropriate agents —
AgNPt and the hydrothermal method (AgNPsol); the results of the
structural characterization by X-ray diffraction (XRD), FTIR, DLS,
SEM and UV-Vis spectroscopy has been published previously (Corbu
etal, 2023). AgNPs were in the nanometric range, while they provide
the prerequisites and had good stability because the predicted zeta
potential is between [—19.60 and —35.45 mV] which leads to a
sufficiently high repulsion to keep the suspension stable. In the TEM
images (Figure 1) recorded on the three types of AgNPs, it can easily
be observed that the size of NPs varies between 10 and 20 nm. By
corroborating these data with the DLS, it can be concluded that the
particles remain independent, without concerning coalescence.

3.2 Characterization of wooden surfaces/
materials treated

The morphological and structural characterization of the treated
surfaces was performed wusing appropriate physicochemical
techniques, specifically FTIR spectroscopy and SEM microscopy. For
the wood model materials (L), the surface exhibited a high degree of
homogeneity, with identical spectral maps observed across all four
monitored wavenumbers. Comparable results were obtained for the
samples treated with MPTMS and AgNPs, further confirming that the
wood surface was uniformly coated (Figure 2).

()

FIGURE 1
TEM images recorded on AgNPc (a), AgNPt (b), and AgNPsol (c).
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FIGURE 2
(a) FTIR microscopy recorded on (a) wooden model material (L), (b) L-MPTMS-Ag100 solutions, (c) L-Base coat acrylic resin, (d) L-0.1%S3 AgNPc, (e)

L-1%D1 3mL AgNPsol, (f) L-0.1%S3 AgNPc; (g) color scale bar to highlight the red to blue differences of the absorbances; for all the reference wood
surface and treated surfaces the video image as well as the four FTIR maps are indicated (3425-2,918; 1,597; 1,160 and 803 cm™).

The film morphology and depth penetration were investigated by ~ In the case of wood surfaces, SEM images show uniform surface
SEM microscopy, at higher magnification. SEM images of untreated ~ coverage but also an impregnation in the material structure. This
and treated samples provided information on the surface appearance. ~ coating effect is barely visible in cross-section, but the tangential
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longitudinal (TL) plane in Figures 3a-c clearly shows transverse pits
under the siloxane layer.

SEM images of wood surfaces treated with commercial water-based
epoxy resin show smooth resin deposits (Figure 4), indicating that the
cured resin forms a uniform coating. Both the surface deposits and the
coating on the cell walls act as physical barriers against moisture and

10.3389/fmicb.2025.1642335

wood-degrading organisms. While these barriers may initially inhibit
the escape of moisture and the intrusion of fungi, they are not entirely
impermeable; over time, both moisture and fungal agents may
eventually penetrate the protective layers.

EDX spectra (Figure 5) confirm the silanization of the surfaces by
the presence of the Si, but also that of AgNP. In both cases, these peaks

500pum

200pm

b) MPTMS-Ag100

¢) MPTMS-Agl100

FIGURE 3

(c) MPTMS-Ag100.

SEM images recorded on wooden model material treated with MPTMS solution containing AgNPs, at different magnifications. (a) L. (b) MPTMS-Ag100.
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FIGURE 4

SEM images recorded on wooden model material treated with commercial water-based acrylic resin, Adicril ARD-795, with and without AgNPs.
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FIGURE 5
EDX spectra recorded on wooden model material treated with MPTMS or epo

xy resin solutions with and without AgNPs solutions.

are clearly identifiable, and these elements are not present in the wood
reference materials neither in the base coat acrylic resin which means
that first, the silanization process was efficient and second, the AgNPs
retained well. Considering that MPTMS treatment means a
simultaneous surface modification with siloxane and thiol moieties,
certainly sulfur is also present, in a relative high amount, the ratio
between Si and S being proportional with their atomic weight. These
results can be explained considering that MPTMS possess a sensitive
hydrolytic center that reacts with organic and inorganic substrates to
form stable siloxanic covalent bonds and possess an additional thiolic
group with high affinity for silver. In the case of the EDX spectrum
recorded on the material treated only with the base coat acrylic resin, a
decrease in the intensity of the specific oxygen peak is observed as a
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result of the coating with acrylic resin while C and O are the major
elements and Na as minor element. Au should be ignored being used to
metalize the surface for getting better resolution during SEM analyses.

The liquid resin uptake (LU) showed a strong dependency on the
type of modification applied. In the case of beech wood, water
absorption remained significantly high, with the final mass after
immersion increasing by 100-160%. This indicates that treatments
with AgNPs and silanization using MPTMS do not effectively reduce
water uptake. Nevertheless, these treatments retain important benefits,
such as imparting antimicrobial properties, which may contribute to
the long-term resistance against microbial attack.

As shown in Supplementary Table S2, a noticeable reduction in
water absorption can be achieved through resin treatments. However,

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1642335
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Dumbrava et al.

such measures are primarily necessary under conditions of prolonged
exposure to high humidity or direct immersion in water.

Water absorption after 4 days of immersion did not result in any
visible degradation of the experimental wood models. In all cases, the
solutions obtained after 96 h showed no detectable reaction to chloride
testing for Ag” ions, indicating that ion release was minimal and
remained below the technical detection limit.

3.3 Antimicrobial activity of the resin
coatings and treated wood materials
against biodeteriogenic microorganisms

3.3.1 The effect of synthetic resin solutions on
the biodeteriogenic microorganism’s growth and
metabolic activity

Representative strains, previously characterized as highly relevant
as biodeteriogenic microbial models, were selected for determining
the impact of synthetic resin solutions on microbial growth
and metabolism.

3.3.1.1 Growth inhibition assessment

The qualitative evaluation of the antimicrobial activity of
polyacrylic resin solutions revealed that all three tested solutions
exhibit an inhibitory effect against the tested bacterial and fungal
biodeteriogenic strains after incubation. The antibacterial activity
against B. megaterium C16156 exhibited a decreasing trend in the
following order: 1% D1 3 mL AgNPsol > 1% D1 5 mL AgNPc > 0.1%
S3 AgNPc > base coat acrylic resin, indicating the superior efficacy of
AgNPs-based formulations, particularly those incorporating AgNPsol.

In contrast, for B. cereus C16156, the most pronounced
antibacterial effect was observed with the 1% D1 5 mL AgNPc,
followed by 1% D1 3 mL AgNPsol, and the base coat acrylic resin,
with an arbitrary inhibition unit of 2 (see Supplementary Table S3;
Supplementary Figure S1). In the case of fungal strains, the inhibitory
areas were no longer detectable after 5 days of incubation.

Following the quantitative assessment of antimicrobial activity,
the MIC values against the bacterial strains ranged from 1.56 to 4.08%,
indicating moderate to strong antimicrobial effects depending on the
formulation. The highest antibacterial efficiency was observed in the
case of 1% D1 3 mL AgNPsol (MIC = 1.56%) against B. megaterium
NS5-R strain, and 1% D1 5 mL AgNPc (MIC = 1.56%) against
B. cereus C16156 strain. These findings underscore the superior
efficiency of AgNP-enhanced coatings compared to both the base
acrylic resin and lower-concentration AgNP formulations.

In the case of the fungal strains, the MIC values exhibited a
notable variation between P. chrysogenum NS4-2B and NS11C strains.
For P. chrysogenum NS4-2B strain, all formulations including the base
coat and AgNP-containing variants demonstrate high MIC values
ranging from 20.83 to 25%, suggesting lower susceptibility of this
strain. Interestingly, 1% D1 5 mL AgNPc, although the most
concentrated, did not enhance antifungal activity and showed the
highest MIC (25%), indicating potential strain tolerance. Conversely,
P, chrysogenum NS11C strain was more sensitive to the AgNP-based
formulations, with MIC values ranging from 2.34 to 12.5%. The lowest
MIC (2.34%) was recorded for the 1% D1 5 mL AgNPc formulation,
followed by 0.1% S3 AgNPc (6.25%) and 1% D1 3 mL AgNPsol
(8.33%). The base coat alone exhibited an MIC of 12.5%, further
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highlighting the enhanced antifungal efficacy of biogenic AgNPs
against this fungal isolate. These findings confirm that the
antimicrobial efficacy of AgNPs is both formulation and strain-
dependent, with higher NP concentrations generally providing
improved inhibitory effects, especially against susceptible bacterial
and fungal strains (see Supplementary Table 54).

3.3.1.2 Influence on microbial adherence to the inert
surface

The anti-adherence potential (PICA%) of the tested resin solutions
was evaluated at sub-inhibitory concentrations (MIC/2 and MIC/4)
against selected bacterial and fungal strains. Among the bacterial
isolates, a notable reduction of the adherence capacity to the inert
substratum was observed. For B. cereus C16156, the 1% D1 5 mL
AgNPc demonstrated the highest anti-adherence effect, with PICA
values of 11.92% at MIC/2 and 13.92% at MIC/4 (p < 0.0001),
indicating a strong inhibitory response. In contrast, the base coat resin
showed a moderate effect (58.29% at MIC/2), while the 0.1% S3
AgNPc formulation exhibited no inhibitory activity and even exceeded
the control (PICA > 111%), suggesting a potential strain-specific
stimulatory response. For B. megaterium NS5-R, similar inhibitory
trends were obtained. The 1% D1 5 mL AgNPc again achieved the
most significant reduction in adherence, with PICA values of 11.96%
(MIC/2) and 20.79% (MIC/4) (p < 0.0001), while the base resin and
0.1% S3 AgNPc displayed variable and less effective results.

In contrast, the fungal strains exhibited divergent responses. For
P, chrysogenum NS4-2B, all tested formulations including those with
AgNPs enhanced adherence capacity relative to the untreated control.
Notably, 1% D1 5 mL AgNPc resulted in PICA values of 221.72%
(MIC/2) and 277.15% (MIC/4), indicating an undesirable stimulatory
effect on adherence and biofilm formation. Conversely, P. chrysogenum
NS11C responded favorably to the same formulation, with marked
inhibition of adherence capacity. The 1% D1 5 mL AgNPc reduced
PICA to 18.36% (MIC/2) and 10.65% (MIC/4) (p < 0.0001),
significantly outperforming both the base resin and the 0.1% S3
AgNPc treatments. In this case, the resin’s anti-adherence efficiency
appears to be strain-dependent, highlighting the variable biofilm
response mechanisms between fungal isolates (Figure 6) (see
Supplementary Table S5).

3.3.1.3 Influence on biodeteriogenic metabolic activity

To evaluate the potential protective role of the tested resin
solutions against microbial biodeterioration of cultural heritage
objects, was assessed their influence on the production of key
extracellular enzymes (esterases, proteases, amylases) and organic
acids. These biochemical markers are known contributors to the
degradation of organic and inorganic substrates, including historical
surfaces. The analysis was conducted at sub-inhibitory concentrations
(MIC/2 and MIC/4), and metabolic activity was quantified relative to
untreated controls.

In B. megaterium NS5-R, exposure to 0.1% S3 AgNPc significantly
stimulated organic acid production, reaching 142.86% at MIC/2 and
150% at MIC/4. In contrast, treatment with 1% D1 3 mL AgNPsol and
1% D1 5 mL AgNPc resulted in notable inhibition of acid production,
with MIC/2 values of 57.14 and 92.86%, respectively. Esterase activity
(targeting ester bonds in long-chain fatty acids) was most effectively
suppressed by the 1% D1 3 mL AgNPsol solution, which reduced
esterase TW20 production to 66.67% (MIC/2) and 88.89% (MIC/4),
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FIGURE 6
The anti-adherence activity of resin solutions tested against bacterial and microfungal strains (Dunnett's multiple comparisons test, **p < 0.01;
****p < 0.0001).

and TW80 to 95% (MIC/2) and 115% (MIC/4). The base coat resin
showed modest modulation of enzyme levels, while 0.1% S3 AgNPc
moderately increased esterase TW20 production to 188.89% (MIC/2),
suggesting a possible stress-induced response. Amylase activity, a
critical enzyme in polysaccharide degradation, was variably affected,
with the 1% D1 3 mL AgNPsol increasing secretion to 123.08% at
MIC/2 and 130.77% at MIC/4. In B. cereus C16156, the production of
all evaluated enzymes and acids demonstrated limited response, with
most values approximating 100%, regardless of formulation or
concentration (Figure 7) (see Supplementary Table 6). These findings
suggest an increased tolerance of this strain to the metabolic
modulation effects of the tested coatings.

In P. chrysogenum NS4-2B, a clear inhibitory effect was observed
in caseinase activity, with 0.1% S3 AgNPc reducing activity to 28.57%
at MIC/2, and the base coat acrylic resin and 1% D1 5 mL AgNPc,
both exhibiting comparable inhibitory effects at MIC/4. Notably,
esterase TW20 and TW80 production was completely suppressed at
MIC/2 by the 0.1% S3 AgNPc treatment. Additionally, organic acid
production was moderately reduced (to ~63-97%), while amylase
activity was strongly inhibited (0% at MIC/2 and MIC/4) by 1% D1 3
mL AgNPsol. In P. chrysogenum NS11C, the enzyme production
profile differed significantly. The most pronounced reduction in
amylase activity was again observed in the case of 0.1% S3 AgNPc
(MIC/2-33.33%; MIC/4-41.67%) and 1% D1 5 mL AgNPc solutions
(MIC/4-58.33%). Caseinase inhibition was also evident, particularly
at MIC/2 in the case of 0.1% S3 AgNPc (28%) and 1% D1 3 mL
AgNPsol solutions (75%). Interestingly, this strain demonstrated
higher tolerance to esterase inhibition, with values remaining above
40% for all formulations (Figure 7) (see Supplementary Table S7).

These findings indicate that the tested resin solutions, especially
0.1% S3 AgNPc and 1% D1 3 mL AgNPsol, can significantly inhibit
the secretion of enzymes and acids involved in microbial
biodeterioration, though the magnitude of inhibition is strain- and
enzyme-specific. This suggests a promising application of such
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coatings in the preventive conservation of heritage objects, particularly
when tailored to the microbial profile of the treated environment.

3.3.1.4 Extracellular nitric oxide release and correlation
with biodeteriogenic features

Considering that one of the ways by which AgNPs might inhibit
microbial adherence is the increased NO concentration in the
extracellular environment, was studied the effect of a sub-inhibitory
AgNPs concentration (MIC/4) on the extracellular release of NO for
all tested strains (Figure 8). In our study, it can be observed that
extracellular NO for fungal strains was significantly higher than for
bacteria, where concentrations of NO were below the limit of
detection. The treatment of P. chrysogenum NS4-2B strain with MIC/4
of 1% D1 5mL AgNPc exhibited a significantly higher concentration
of extracellular NO compared to untreated strain (p < 0.0001) as well
as to the resin base (p < 0.0001) and 0.1% S3 AgNPc (p < 0.0001)
treatments. The same trend was observed for the P. chrysogenum
NS11C fungal strain (Figure 8), but with lower values compared to
P, chrysogenum NS4-2B strain.

In the case of the P. chrysogenum NS11C strain, treatment with
resin base or AgNPs 0.1% S3 produces moderate growth. The highest
values were for the samples 1% D1 3 mL AgNPsol, which showed a
significant increase compared to the control and the other treatments
(p <0.001), and AgNPs 1% D1 5 mL, which had the highest level of
NO for this strain (p < 0.0001 compared to control). AgNPs induce
the release of NO depending on the type of AgNPs, suggesting an
effect dependent on the method of nanoparticle synthesis and dosage.

In the case of P. chrysogenum NS4-2B fungal strain, the results
were similar to those of the strain NS11C, but the released NO values
were higher for all treatments. The treatment with 1% D1 5 mL AgNPc
leads to the production of the highest concentration of NO
(1.87 £ 0.15 pM NaNO,), significantly higher than all other conditions
(p < 0.0001). All treatments with 0.1% S3 and resin lead to increased
levels compared to the untreated control (p < 0.0001). Therefore,
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***p < 0.001, ****p < 0.0001).

P. chrysogenum NS4-2B strain exhibits the highest capacity for NO
release in the presence of AgNPs.

The Pearson correlation was applied for each fungal strain with
the following parameters: PICA (%), caseinase, esterase T80, esterase
T20, organic acid and amylase. The relationship between extracellular
concentration of NO produced at levels of MIC/4 and microbial
adherence showed that the higher the NO content, the stronger the
adherence inhibition of P. chrysogenum NS11C strain (r = —0.30)
(Figure 8b). In the case of P chrysogenum NS4-2B strain, the
correlation was better but with the reverse trend, i.e., the higher the
concentration of NO, the better the adhesion (r = 0.87) (Figure 8c). In
the case of P. chrysogenum NS11C strain, direct correlations between
NO vs. caseinase activity (r = 0.81) and NO vs. esterase’s activity (120,
r=0.98 and T80, r = 0.82) have been obtained, i.e., the higher the
extracellular content of NO, the better the enzymatic activity. Esterase
and protease activity stimulation may be an adaptive mechanism for
substrate degradation and the release of nutrients needed for survival
in stressful environments. In response to NO, the inhibition of amylase
activity could indicate a selective control of enzymatic pathways or a
transfer of metabolic resources.

In the case of P chrysogenum NS4-2B strain (Figure 8c), the
following correlations can be highlighted: NO content vs. caseinase
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activity (r = —0.95), NO content vs. esterase activity (T20, r = 0.97;
T80, r = 0.46), and NO content vs. PICA (r = 0.87). Nitric oxide is a
crucial signaling molecule in eukaryotic organisms that controls
metabolism and cellular behavior in addition to mediating the stress
response. Compared to other fungi, P. chrysogenum NS4-2B strain
exhibits a different impact on biological processes due to increase NO
release, which is most likely brought on by AgNPs. The study found
that NO and adhesion capability had a strong positive correlation,
suggesting that NO may promote the formation of biofilms or surface
contact. NO may encourage ester breakdown, which is essential for
fungal metabolism and biodeterioration processes, as it is also strongly
linked to T20 esterase activity. Nonetheless, there was a significant
inverse relationship between NO and caseinase activity, suggesting a
metabolic regulatory mechanism whereby the strain reduces its
proteolytic activity in reaction to AgNPs.

3.3.2 Microbial viability and biodeteriogenic
activity on treated wood samples

3.3.2.1 Microbial growth

The first step of the evaluation involved assessing the viability of
microbial strains in the presence of treated materials by quantifying
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colony-forming units per milliliter (CFU/mL) after 24 h of contact for
bacterial strains, and after 6 days for microfungi. As illustrated in
Figures 9a,b, the percentage of microbial viability varied depending on
both the type of antimicrobial agent applied and the microbial
strain tested.

As shown in Figure 9a, treatment of wooden substrate with the silane-
functionalized formulation containing AgNPs (L-MPTMS-Ag100), led
to a marked and statistically significant reduction in bacterial viability
compared to both the untreated control and the growth control.
Specifically, the viability percentage of B. megaterium NS-5R decreased to
30.66% while for B. cereus C16156 the viability was reduced to 36.93%
reflecting a robust antimicrobial effect (p < 0.0001). This contrasts with
the L-MPTMS without AgNPs treatment which exhibited only partial
inhibition reducing bacterial viability to 78.78% for B. megaterium NS-5R
respectively, 76.06% for B. cereus C16156 (p < 0.05-0.01 depending on the
strain). However, the overall antibacterial effect of the treatment is
consistent, with differences recorded for the strains analyzed possibly
reflecting strain-specific differences in cell wall composition or subtle
variations in membrane lipid content, etc.

The fungal strains exhibited a more complex response. For the
fungal strain P. chrysogenum NS4-2B, exposure to untreated wood led
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to an increase in viability up to 131.60% likely due to its ability to
metabolize lignocellulosic compounds present in wood as
carbon source.

Yet, treatment with L-MPTMS alone showed moderate inhibitory
effect by reducing with the fungal viability to 91.08% compared to the
untreated material (Figure 9a; see Supplementary Tables S8, S9)
(p < 0.01). The inhibitory effect is likely not due to direct antifungal
activity but rather to reduced accessibility of lignocellulosic substrate
resulting from increased surface hydrophobicity and chemical
modification of the wood surface following L-MPTMS application.
Such surface alteration may hinder fungal adhesion and enzymatic
degradation processes, thereby limiting fungal proliferation. In case
of P. chrysogenum NS11C strain no significant alteration of fungal
viability were recorded proving once again that the impact of
L-MPTMS alone or supplemented with AgNPs is strain dependent.

As shown in Figure 9b the base coat acrylic resin failed to reduce
microbial viability appreciably across the strains tested. However,
adding AgNPs improved the outcomes. For B. cereus C16156 both 1%
D1 AgNP solutions formulated with 3 or 5 mL of AgNPs led to
significant reductions in viability to 86.19% and 88. 43% (p < 0.01).
Fungal strains demonstrated greater resistance to the applied
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resins (b) (Tukey's multiple comparisons test, *p < 0.05, **p < 0.01, ****p < 0.0001).

treatments. For the fungal strain, all tested acrylic resin formulations
led to a decrease in microbial viability relative to the untreated wood
(131.60 and 119.78%), though the reductions were not statistically
significant when compared with the growth control (see
Supplementary Tables S8, S9). Notably, the 1% D1 5mL AgNPc
formulation showed the greatest antifungal effect among resin
treatments, though the overall viability remained above 80% for both
fungal strains. Interestingly, a reduction of NS11C viability compared
to the untreated substrate was observed when base coat acrylic resin
treatment was applied probably due to the inaccessibility of nutrients
from the wooden material. Overall, the results indicate that AgNPs
enhance the antimicrobial properties of both silane- and resin- based
wood treatments, with bacterial strains being more susceptible than
fungal strains.

3.3.2.2 Adherence capacity of the biodeteriogenic strains
Based on the results obtained for microbial viability, the study
continued with determination of the impact of the treatments on
the microbial adherence capacity. As shown in Figure 10, treatment
of wood with L-MPTMS and the AgNPs enhanced L-MPTMS
significantly reduced microbial adhesion of both bacterial and
fungal strains (compared to the untreated material (p < 0.0001 for
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most comparisons). The most substantial reductions were recorded
in case of B. cereus C16156 and P. chrysogenum NS4-2B with
PICA% values decreasing to 61.78 and 56.93%, respectively,
following L-MPTMS treatment, and further down to 75.24 and
38.43% with  L-MPTMS-Agl00 (see
Supplementary Table S8). These results confirmed the above-
mentioned statement regarding the fact that the treatment with
L-MPTMS alters the physiochemical properties of wood surfaces

when  treated

in terms of hydrophobicity or surface roughness thereby impairing
microbial attachment. Adding AgNPs in the L-MPTMS-Ag100
formulation appears to amplify this anti-adhesive effect, possibly
through a combination of surface modification and the well-
documented antimicrobial activity of AgNPs which can inhibit
microbial surface colonization at early stages. Notably, the fungal
strain P. chrysogenum NS4-2B exhibited a strong response to the
AgNPs enhanced treatment, with PICA% reduced nearly by half.
The evaluation of microbial adherence capacity to resin-treated
wooden materials revealed that the base coat acrylic resin
treatment exhibited the most pronounced anti-adhesive effect
among the tested industrial resins. Specifically, a significant
reduction in surface colonization was observed for B. megaterium
NS5-R, with PICA% decreasing up to 50.13%. However, adding
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The inhibitory effect of wood material treated with industrial resins on the adhesion capacity of bacterial strains and filamentous fungal strains
(Dunnett's multiple comparisons test, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

AgNPs significantly reduced the adhesive capacity for 3 out of 4
strains, while for the fourth one, B. megaterium NS5-R, an increase
of the PICA% value was observed (114.58 in case of 1% D1 5mL
AgNPc respectively, 125.97% in case of 0.1% S3 AgNPc) (Figure 11,
see Supplementary Table S9).

Since large quantities of active antimicrobial compounds can
be released from the substrate in the presence of high humidity, the
study continued for determining the impact of these released
compounds on the adherence capacity to other substrates. According
to Figure 12, no significant changes in the adherence capacity of
bacterial strains to the inert substratum as a result of exposure to the
antimicrobial compounds released have been noticed. In the case of
the fungal strains, a decrease in the adherence capacity compared to
the untreated material presence has been observed. Thus, it can
be concluded that some of the antimicrobial compounds used to treat
surfaces reach the culture medium and interfere with the metabolism
of non-adherent cells, inhibiting their ability to further colonize the
surface. In case of wood material treated with MPTMS the adhesion
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of B. megaterium NS5-R to the inert substratum was moderately
inhibited by the L-MPTMS_Ag100 formulation, resulting in a PICA%
of 77.62%. Furthermore, B. cereus strain C16156B adhesion to the
inert substratum was enhanced, with PICA% values ranging from
109.86 to 130.96%. Fungal adhesion capacity was not significantly
inhibited, with only a slight reduction observed for the L-MPTMS
material, showing PICA% values around 83% (Figure 12a, see
Supplementary Table S8).

In contrast, regarding the wood material treated with acrylic
resins in the presence of NS5-R B. megaterium, compared to the
untreated material, all treatments incorporating 0.1% S3 AgNPc, 1%
D1 3 mL AgNPsol, 1% D1 5 mL AgNPc acrylic solutions slightly
inhibited the capacity to adhere to the inert substratum with PICA%
values around 91%. Meanwhile, for the B. cereus C16156 strain,
surface adhesion was stimulated in the presence of all the tested
materials, with PICA% values surpassing 116%, suggesting limited
inhibitory effects. For P. chrysogenum NS4-2b and NS11C fungal
strains, the adhesion capacity remained generally unaffected by most
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The inhibitory effect of compounds released from wood materials type (a) and wood materials type treated with acrylic resins (b) on the adhesion
capacity of bacterial and filamentous fungal strains to the inert substrate (Tukey's multiple comparisons test, *p < 0.05, **p < 0.01, ***p < 0.001).

treatments. However, a modest inhibitory effect was observed for
NS4-2b strain, particularly after treatment with 0.1% S3 AgNPc when
PICA% values decreasing to approximately 98% (Figure 12b, see
Supplementary Table S9).

3.3.2.3 Biodeteriogenic metabolic features

When exposed to the treated materials it was observed that the
AgNPs solution retained its functional bioactivity by significantly
reducing the secretion of organic acids by P. chrysogenum NS4-2B,
with up to 30% while for the P. chrysogenum NS11C a similar effect
was observed in case of esterase activity (up to 60% inhibition).
More precisely in the case of bacterial strains exposed to the
AgNPs coating solution completely inhibited the esterase activity
of B. megaterium NS 5-R strain and up to 30% for the B. cereus
C16156 strain (see Supplementary Table S10). These results suggest
that AgNPs maintain their impact on key metabolic pathways even
after being applied on the wooden surface as functionalized
coatings. Beyond esterase and organic acid production, further
enzymatic assays demonstrated that AgNP exposure also impaired
the activity of other extracellular enzymes critical for microbial
survival and competitiveness. Specifically, cellulase production was
completely inhibited in the presence of L-MPTMS in case of
B. megaterium NS5-R and B. cereus C16156 but highly simulated
when AgNPs were added (550% respectively, 180%). Overall, the
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results indicate that proteolytic and cellulolytic functions are
influenced by the treatment based on L-MPTMS with or without
AgNPs mediated stress. Although amylase activity showed variable
susceptibility, certain isolates exhibited significant reductions,
suggesting strain-specific sensitivity possibly linked to differences
in cell wall structure or enzyme regulation.

Treating the surface of the wood material with the resin solution
has a minor impact on the ability of microbial strains to secrete
enzymes or organic acids. However, a pronounced inhibitory effect
was observed in the case of the strain P. chrysogenum NS11C whose
ability to secrete caseinase and organic acids, respectively, was
inhibited in the presence of material treated with 0.1 S3 2020 solution
(71.42 and 70.49%). Similarly, the ability of B. cereus strain C16156 to
secrete esterase when cultured in the presence of 1%D1 5mL AgNPs
treated material was reduced to 54.55% (see Supplementary Table S11).
Beyond these prominent examples, other strains exhibited varying
degrees of sensitivity across enzymatic functions. Moderate reductions
were observed in amylase activity in case of bacterial isolates,
highlighting that while the inhibition is not universal, multiple
enzymatic pathways can be impacted depending on the treatment
composition, concentration and microbial target. The amylase
production was severely reduced in presence of 1% D1 5mL AgNPc
(to 39.39%) for B. megaterium NS5-R strain but no significant impact
was recorded for the B. cereus C16156 strain.
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3.3.2.4 Extracellular NO release and correlation with
biodegradative features

According to the data in Figure 13a, the addition of silver ions
(L-MPTMS_Ag100) decreases this response (p < 0.05), possibly due
to an antimicrobial effect; in contrast, P. chrysogenum NS4-2B and
NS11C fungal strains showed very low levels of NO, with no significant

10.3389/fmicb.2025.1642335

differences between treatments. The wood material, particularly the
silane-functionalized one (L-MPTMS), significantly stimulates the
extracellular release of NO in the case of bacterial strains (B. cereus
C16156 and B. megaterium NS5-R) when compared to the untreated
material (p < 0.0001). The NO release demonstrated how treatments
applied to wood surfaces impact microbial physiology, and the
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differences between bacteria and fungi highlight how specific the
response is depending on the type of microbe and the properties of
the surface. Therefore, keeping an eye on NO can be a helpful way to
assess how well antimicrobial treatments work on porous materials
like wood.

In the case of B. cereus C16156 strain, the correlations with
esterase and caseinase activities were not significant (Figure 13b).
Instead, the activity of cellulase and amylase decreases, and the
inhibition of adhesion increases with NO content increase. It is
noticeable that, in the case of B. megaterium NS5-R bacterial strain,
high concentrations of NO inhibit only esterase activity (Figure 13c).
Regarding P. chrysogenum NS4-2B strain, the acidity decreased with
increasing the NO content, which may indicate a decrease in the
degree of wood material degradation caused by acid hydrolysis
(Figure 13d). Enzyme inactivation such as esterase activity (r = —0.80)
and enhanced PICA (r=—0.53) might also result from the acid
pH. The variations in enzymatic activity and microbial adhesion
capacity recorded for B. megaterium NS5-R strain were different
(Figure 13¢) indicating that these correlations are highly dependent
on the microbial strains under investigation. NO can serve as either a
stimulant or an inhibitor, influencing processes such as substrate
adherence, polymer breakdown, and organic acid secretion. Increased
NO release in bacterial strains such as B. cereus C16156 may limit
carbohydrate breakdown and surface adherence, potentially through
oxidative stress defense mechanisms. B. megaterium NS5-R responds
differently, blocking esterases while boosting amylase activity,
indicating a distinct metabolic response to NO. A negative association
between NO and extracellular acidity in filamentous fungi may imply
a barrier in organic acid secretion, which reduces the effectiveness of
wood material decomposition. The diversity in P. chrysogenum NS11C
response indicates its high metabolic complexity and versatility.

In the case of resins, it can be observed that the treatment base can
significantly change the behavior of biodeteriogenic microorganisms.
Thus, in the case of bacterial strains a significant decrease in NO has
been observed compared to untreated material, practically the
treatment leading to the protection of cells from nitrosative stress. In
the case of fungi, it has been observed that the 1%D1 5 mL AgNPc
treatment leads to a significant increase in the extracellular NO
content (Figure 14a). The Pearson correlation showed that the higher
the NO content, the lower the enzymatic activity for amylase, esterase
and caseinase. For the bacterial strain B. cereus C16156 (Figure 14b),
an increase in extracellular NO content was associated with a strong
inhibition of caseinase activity (r = —0.79), whereas amylase activity
correlated positively with microbial adhesion (r = 0.82), implying that
this enzyme may play a functional role in the colonization process.
Furthermore, the acidity significantly influences the activity of these
enzymes, even though it is not directly correlated with the NO
content. In the case of B. megaterium NS5-R strain (Figure 14c), the
Pearson correlation showed that the activity of amylase was decreased
as the concentration of NO increases. In the case of this strain, a very
good correlation with PICA (%) can be observed, in the sense that the
higher the NO content, the greater the microbial adhesion. In the
instance of B. megaterium NS5-R strain (Figure 14c), high doses of
NO greatly favored adhesion (PICA, r = 0.92), but strongly hindered
amylase activity (r = —0.93), indicating an adaptive response in which
the cell prioritizes attachment over degradation activities.

For P. chrysogenum NS4-2B strain, it can be observed that the
acidity is inversely proportional to the extracellular content of NO and
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PICA, having the ability to inactivate caseinase (Figure 14d). A
negative correlation between NO and extracellular acidity (r = —0.58)
indicates that nitric oxide reduces the acidic environment, which
favors proteolytic activity (caseinase), given that higher acidity
correlates negatively with it (r = —0.77). In the case of P. chrysogenum
NS11C strain, the increase in acidity can lead to a reduction in
microbial adhesion (Figure 14e). P. chrysogenum NS11C fungal strain
had lesser correlations, but there was a very significant negative
association between microbial adherence and caseinase activity
(r=-0.98), indicating a possible metabolic trade-off between
colonization and extracellular enzyme synthesis.

Overall, the findings showed that NO release affects microbial
responses differently depending on the strain, inhibiting hydrolytic
enzymatic activity while also influencing adhesion and extracellular
acidity. NO interferes with biofilm development and can disperse
established biofilms through cell signaling pathways at low levels
(107°-10"°* mM). High NO concentrations (0.001-1 mM) remove
biofilms by directly killing embedded bacteria (Yang et al., 2018).

3.4 Ecotoxicity

The main objective of the ecotoxicity test in this study consists in
assessing the short-term impact on the bulbs of A. cepa, i.e., for 24 h,
after direct contact. In terms of fresh biomass, the weight of A. cepa
bulbs increased across all variants. Thus, Figures 15a,b reveal that
none of the coating solutions were significantly harmful related to the
control. Coating with resin 1%D1 5 mL AgNPc resulted in the lowest
biomass growth value when compared to the control, although this
was not statistically significant (p > 0.05) (Figure 15b). In the case of
silane coatings, the L-MPTMS-Ag100 variation resulted in a modest
decrease in A. cepa bulb biomass, although the p-value was higher
than 0.05 which is beneficial and can be attributed to the high affinity
of the thiol groups to the AgNPs surface. It may be stated that the
solutions provided do not exhibit phytotoxicity.

The increase in fresh biomass across all tested samples suggests
that the applied materials, whether acrylic resins with AgNPs or
silane-treated materials, did not cause a significant stress response on
plant metabolism throughout the 24 h exposure period. Surface
interactions, such as the affinity of thiols in silanes for AgNPs, can
influence the degree of Ag* ion release, as seen in L-MPTMS-Ag100
and 1% D1 AgNPc. However, the lack of significant decreases in fresh
biomass supports the notion that these materials do not exhibit acute
phytotoxicity and are thus compatible with plant biological media
under similar testing conditions.

4 Discussion

This study explored the antimicrobial and protective efficacy of
treatments combining commercial polyacrylic resins, silver
nanoparticles (AgNPs), and siloxane-based coupling agents
(3-MPTMS) for the conservation of wooden heritage materials.
Polyacrylic resins are widely used as surface coatings due to their
advantageous properties, including rapid drying time, optical clarity,
favorable mechanical strength, strong adhesion, and excellent
chemical stability (Cocca et al., 2004). Protective treatments employing
commercially available acrylic resins are not only easy to apply and
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Comparative results for the increase in fresh biomass of A. cepa bulbs after 24 h: (a) wood-based materials coated with silane-based coatings, and (b)
wood-based materials coated with acrylic resins. Statistical analysis method used was one-way ANOVA with Tukey’s multiple comparisons test, with a
single pooled variance (significant relevance was set *p < 0.05).

cost-effective, but also non-destructive to the treated surfaces. These
resins are capable of penetrating the substrate, providing structural
reinforcement and enabling deep impregnation, particularly in
microcracks and fissures, rather than forming a superficial coating
alone. The consolidation of wooden elements using resins is well
documented, for instance in the repair of wooden elements in Nanzen
Temple in Shanxi (Wang et al., 2023), as well as in the restoration of
ancient architectural heritage in Brazil and Spain (Da Silva Bertolini
et al., 2013; Vilches Casals et al., 2013).

Other polymer-based systems such as FEVE resins modified with
Ag20/OH-MWCNTS have also shown enhanced viscosity, thermal
stability, and antimicrobial activity against Trichoderma spp.,
Aspergillus niger, and white rot fungi (Teri et al., 2024). Similarly, the
use of polyacrylic resins enhanced with AgNPs and siloxane-based
coupling agent 3-MPTMS represents a potent strategy for combating
microbial contamination and preserving materials susceptible
to biodeterioration.

The role of the coupling agent is to create a bond between the silicon
in the siloxane groups (Si-MetOH) and the -OH hydroxyl groups on the
structure of the substrates. The siloxanes used possess a hydrolytic center
that reacts with inorganic substrates to form stable covalent bonds and
an organic group that modifies the physical interactions of the treated
substrates. Through hydrolysis and condensation reactions, alkoxy
groups of siloxanes eliminate water or alcohol to form a crosslinked
network, partially shrinking the pores of the treated surface through the
pore-lining effect (Marinescu et al., 2023). Terminal -SH moieties on the
siloxane molecules covalently bind to AgNPs, promoting self-assembly
and enhancing penetration into wood structure.

Compared to other coating systems, surface silanization methods
are easy to apply, cost-effective, non-destructive, and compatible with
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solvent systems (especially alcohol-based ones) that facilitate faster
evaporation and deeper substrate penetration. Siloxane-based
coupling agents are proposed as alternatives to benzotriazole due to
their hydrophobicity, transparency, and corrosion-inhibiting
properties, making them suitable for cultural heritage conservation
(Artesani et al., 2020). Silane coatings interact covalently with metal
surfaces when hydrolyzed, though achieving uniform films requires
multiple layers depending on substrate properties (Schreiber, 2000).

The combined application of AgNPs with silanization agents
enhances antimicrobial efficacy and mechanical reinforcement.
Silane-modified epoxy resins, for example, improve tensile strength
and reduce water absorption in viscose fabric composites (Rajan et al.,
2018). Similarly, advanced mortar coatings treated with silanization
agents have demonstrated exceptional durability under UV exposure,
offering long-term protection for historical buildings (Jelincic and
Gliveti¢, 2020). Nonetheless, high NP concentrations may alter the
visual appearance of treated substrates, requiring optimized
formulations (Ntelia and Karapanagiotis, 2020).

In our study, treatments combining AgNPs with MPTMS or
acrylic resins significantly reduced microbial viability, particularly for
bacterial strains such as Bacillus cereus and Bacillus megaterium. This
finding aligns with prior research showing that AgNPs disrupt
microbial membranes, produce reactive oxygen species, and damage
DNA (Rai et al,, 2009; Seth et al., 2012). Notably, untreated wood
enhanced the growth of P chrysogenum, emphasizing the
biodeteriogenic potential of fungal colonization.

Sub-inhibitory concentrations of resin solutions inhibited
bacterial adherence to inert substrata, with PICA% values
significantly lower than controls. This anti-adherence activity was
accompanied by increased oxidative stress, as evidenced by
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elevated extracellular nitric oxide (NO) levels, particularly in
fungal strains. These findings support the hypothesis that NO plays
a role in microbial stress responses and biofilm inhibition
(Bowman et al., 2011; Yang et al.,, 2018). In contrast, bacterial
strains produced lower extracellular NO, and AgNPs decreased NO
production while MPTMS increased it, suggesting distinct
nitrosative stress responses (Stern and Zhu, 2014).

Enzymatic activity was also influenced by treatment type and
microbial strain. The strongest inhibition of esterase and amylase
secretion was observed for fungal strains treated with 0.1% S3 and
1% D1 AgNPs. Bacterial esterase activity was completely inhibited
in B. megaterium and significantly reduced in B. cereus. These data
support the dose-dependent, species-specific effects of AgNPs on
microbial enzymatic systems (Quinteros et al., 2016).

The potential ecological impact of these treatments was
assessed using the Allium cepa test system. No significant
phytotoxic effects were observed, as all treated samples supported
normal biomass growth. This confirms the environmental safety of
these formulations, addressing concerns about the release of
AgNPs from treated surfaces (Ameen et al, 2021; Souza
et al., 2020).

Regarding NO, its multifunctional role in microbial physiology
was confirmed. While some microbial strains increase NO
production as a defensive response, others reduce it under AgNP
exposure. This differential response influences not only microbial
adhesion but also enzymatic activity and degradation potential.
Studies have shown that NO interacts with microbial enzymes,
potentially inactivating them via S-nitrosylation and impairing
pathogenicity (Brandes et al., 2007; Stern and Zhu, 2014).

The study was further extended to evaluate the inhibitory
efficacy of resin solutions applied to model materials, specifically
1 cm? wood fragments. Additionally, the analysis included a wood
model pre-treated with MPTMS and subsequently functionalized
with AgNPs synthesized via the Turkevich method (Ag100), which
demonstrated high levels of antimicrobial activity in a previous
study (Marinescu et al., 2022). The wood model materials treated
with L-MPTMS and L-MPTMS-Ag100 decreased the microbial
adhesion and enzymatic degradation. Our results are in agreement
with a previous study showing that organosilicon compounds can
preserve degraded wood by reinforcing structure and protecting
against further biodeterioration (Broda et al., 2023; Broda and
Plaza, 2023). The same effect was reported for 3-MPTMS and
AgNPs deposited on other substrates like cotton fabric, enhancing
its antimicrobial activity (Kim et al., 2011).

Similarly, the most effective resin formulation, 1% D1 5 mL
AgNPc, strongly inhibited microbial adherence and enzymatic
activity, supporting its suitability for conservation use. This aligns with
on AgNP-embedded
microspheres and other antimicrobial coatings that inhibit bacterial

findings catechol-formaldehyde resin
and fungal growth with low toxicity (Liu et al., 2024).

Finally, it is essential to consider the long-term fate of
nanoparticles. While AgNPs show great promise in conservation,
their ecological and toxicological profiles must be closely
monitored. Existing literature highlights the potential for AgNPs
to affect soil and plant microbiomes, but our findings show
minimal short-term phytotoxicity and support their use in
responsible, controlled conservation applications (Cvjetko et al.,
2017; Sajid et al., 2015).
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5 Conclusion

This study demonstrated that polyacrylic resins incorporating AgNPs
possess substantial antimicrobial properties, with notably stronger effects
against bacterial strains. The incorporation of AgNPs, particularly in
combination with MPTMS or polyacrylic matrices, significantly
enhanced the inhibition of microbial viability, adhesion, and the secretion
of degradative enzymes. Additionally, sub-inhibitory concentrations of
resin-based treatments modulated extracellular NO levels, indicating
activation of microbial stress responses. Importantly, ecotoxicological
evaluations confirmed that these functionalized materials exhibit minimal
phytotoxicity, supporting their environmental safety and suitability for use
in the conservation of cultural heritage. Furthermore, treatments applied
to wood model substrates, especially L-MPTMS and L-MPTMS-Ag100,
effectively reduced microbial adhesion and enzymatic degradation,
reinforcing their protective potential for organic heritage materials. These
findings support the application of AgNP-functionalized polyacrylic
resins as safe and effective antimicrobial coatings for the preservation of
cultural heritage objects, with both immediate and long-term implications
for biodeterioration control strategies.

Future studies should focus on assessing the efficacy of these
materials against a broader range of biodeteriogenic taxa, including
white rot fungi and erosion bacteria, within more complex microbial
communities. In addition, omics-based analyses and molecular-level
investigations (e.g., transcriptomics, proteomics, and metabolomics)
could provide deeper insight into antimicrobial mechanisms and
stress pathways. Lastly, long-term performance and environmental
stability of these treatments should be evaluated under simulated and
real environmental conditions, including fluctuations in temperature,
humidity, UV exposure, and microbial succession. Monitoring aging
behavior, leaching potential, and re-treatability will be essential for
validating the materials’ safety, durability, and compatibility with
conservation ethics and standards.
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Difference and environmental
drivers of bacterial communities
on wall paintings of the Maijishan
and Mogao Grottoes, China

Wenxia Ma'?, Qiqi Chen?, Fasi Wu**, Dongpeng He??,
Yulong Duan?, Yonggiang Yue®, Ji-Dong Gu®’, Xiaoyan Yang!
and Huyuan Feng?*
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China, 2MOE Key Laboratory of Cell Activities and Stress Adaptations, School of Life Sciences,
Lanzhou University, Lanzhou, Gansu, China, *National Research Center for Conservation of Ancient
Wall Paintings and Earthen Sites, Conservation Institute, Dunhuang Academy, Dunhuang, Gansu,
China, *Key Laboratory of Extreme Environmental Microbial Resources and Engineering, Gansu
Province, Northwest Institute of Eco-Environment and Resources, Chinese Academy of Sciences,
Lanzhou, Gansu, China, ®Institute of Maijishan Grottoes Art, Dunhuang Academy, Tianshui, Gansu,
China, °Environmental Science and Engineering Group, Guangdong Technion-Israel Institute of
Technology, Shantou, Guangdong, China, “Guangdong Provincial Key Laboratory of Materials and
Technologies for Energy Conversion, Guangdong Technion-Israel Institute of Technology, Shantou,
Guangdong, China

The Maijishan and Mogao Grottoes, both UNESCO World Heritage Sites along the
Silk Road, are increasingly threatened by microbial biodeterioration. To characterize
bacterial communities of different microbial damages on wall paintings and identify
environmental drivers, we combined high-throughput DNA/RNA sequencing
with microenvironmental monitoring and conducted a cross-site comparison.
At Maijishan, bacterial communities associated with black and white mycelia showed
no significant compositional differences within the same cave but varied markedly
between caves, indicating site-specific community assembly. Actinobacteria (>50%),
particularly Pseudonocardia and Actinomycetospora, predominated, while RNA-
based analysis revealed active populations of Escherichia and Stenotrophomonas,
likely introduced via exogenous contamination from animal activities. In contrast,
black spots from the Mogao Grottoes were dominated by Actinobacteria, Firmicutes,
and Proteobacteria, with Rhodococcus as a core genus. No core bacterial OTUs
were shared between the sites, suggesting strong microenvironmental filtering.
Multivariate analysis identified substrate properties (total organic carbon, total
nitrogen, pH) and microclimatic fluctuations (diurnal temperature/humidity ranges)
as critical drivers. Maijishan's persistently humid conditions (RH > 70% for over 180
days/ year) favored Actinobacteria proliferation, whereas Mogao's arid climate
(RH < 70% for over 240 days/year) selected for xerotolerant Firmicutes. These
results reveal distinct site-specific microbial colonization patterns and provide a
scientific basis for targeted conservation strategies to mitigate microbial damage
and preserve these invaluable wall paintings.

KEYWORDS

microbial damages, DNA-RNA high-throughput sequencing, relative humidity,
environmental monitoring, sustainable preservation

157 frontiersin.org


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2025.1657118&domain=pdf&date_stamp=2025-09-24
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1657118/full
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1657118/full
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1657118/full
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1657118/full
mailto:wufs@dha.ac.cn
mailto:fenghy@lzu.edu.cn
https://doi.org/10.3389/fmicb.2025.1657118
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2025.1657118

Ma et al.

1 Introduction

Wall paintings represent one of the most ancient and enduring
expressive forms of expression human creativity, bearing exceptional
artistic, scientific, and historical significance on a global scale. As
prominent components of grotto architecture, they provide rich
insights into the evolution of societies and civilizations (Garg et al.,
1995; Sansupa et al., 2023; Wu et al., 2022). However, these cultural
assets face increasing threats by biodeterioration, a process exacerbated
by global climate change characterized by rising temperature variability
and intensified hydrological extremes (Leissner et al., 2015; Liu et al.,
2020; Ding et al., 2022; Hu and Hewitt, 2024). Among the various
degradation agents, microbial activity plays a central role, driving
damage through both physicochemical and biochemical mechanisms.
Bacteria, in particular, are often the pioneering colonizers on wall-
painting surfaces (Cuezva et al.,, 2012; Ma et al., 2015; Meng et al., 2017;
Mihajlovski et al., 2017; Sugiyama et al., 2017; Ma C. et al., 2023). Their
metabolites, such as organic acids, pigments and extracellular
polymeric substances (EPS), which accelerate the aesthetic value and
structural integrity reducing (Abdel-Haliem et al., 2013; Cojoc et al.,
2019; Dominguez-Monino et al., 2017; Elhagrassy, 2018). Through
photoautotrophic or chemoautotrophic metabolism, bacterial
communities fix carbon and generate organic substrates, facilitating the
succession of heterotrophic fungi or archaea (Lan et al., 2010; Li et al.,
2021; Liu et al, 2020; Zhang et al., 2019). This trophic cascade
fundamentally reshapes microhabitat conditions, promoting secondary
colonization by other microorganisms (Xu et al.,, 2018).

Biodeterioration poses major challenges to wall painting
preservation, understanding these microbial communities is thus
essential for heritage conservation (Ciferri, 1999; Martin-Sanchez
etal., 2012; Ma et al.,, 2020; Pei et al., 2023). While previous research
has relied heavily on culture-dependent methods or DNA-based high-
throughput sequencing to characterize microbial diversity, these
approaches have limitations. DNA sequencing captures the total
community composition, including dormant or dead cells, but does
not directly reveal which members are metabolically active. RNA
enables the identification of taxa actively participating in
biodeterioration at the sampling moment, the integration of DNA and
RNA sequencing provides a more complete and dynamic view of
microbial communities by resolving both the taxonomic structure
(DNA) and the metabolically active fraction (RNA). Applying such an
integrated method significantly enhances our ability to investigate the
viability of these microbial communities and allows more accurate
assessment of microbial threats, thereby improving the scientific basis
for preventive conservation (Sanmartin et al., 2018; Meng et al., 20205
Liu W. et al,, 2022).

Microbial communities colonizing cultural heritage materials are
shaped by a complex interplay of environmental conditions, biological
and physicochemical factors (Dornieden et al., 2000; Wu et al., 2021;
Zhang et al., 2021). Previous studies have demonstrated that regional
climate type and microclimatic fluctuations are key determinants of
microbial diversity in heritage sites (Ding et al, 2022), with
temperature and precipitation patterns identified as key drivers of
microbial diversity (Biagioli et al., 2024; Chen and Gu, 2022; Liu et al.,
2018). Bacterial communities, in particular, tend to respond more
rapidly and sensitively to environmental variability than fungi, which
often display greater adaptability and resilience (Barnard et al., 2013;
Chen et al, 2023). This sensitivity means that climate-induced
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environmental shifts can trigger rapid changes in bacterial
assemblages, potentially leading to irreversible deterioration
trajectories (Viles and Cutler, 2012; Li et al., 2021; Ding et al., 2022).

This study investigates microbial biodeterioration at two
UNESCO World Heritage Sites along the Ancient Silk Road: the
Maijishan Grottoes and the Mogao Grottoes. In recent years, microbial
proliferations have been observed in Caves No. 28 and No. 30 at
Maijishan, appearing as black and white mycelial growths (Ma et al.,
2025). While black spot formations have previously been documented
in Cave No. 256 at Mogao (Ma W. et al., 2023). By comparing the
bacterial communities and microenvironmental conditions across
these geographically distinct sites (separated by over 1,400 km), this
study aims to: (1) elucidate taxonomic divergences between black and
white mycelia in Maijishan Grottoes; (2) identify site-specific bacterial
community signatures distinguishing the two sites; and (3) evaluate
the relative influence of geographic isolation versus environmental
filtering on bacterial community assembly. These findings aim to
advance our understanding of microbial biogeography in wall painting
environments and provide a scientific foundation for developing site-
specific conservation strategies.

2 Materials and methods
2.1 Description of study sites

The Maijishan Grottoes (34°05"-35°10'N, 104°35'-106°44'E), a
UNESCO World Cultural Heritage Site, are located in the Tianshui
Maiji Mountain, a part of Qinling Mountain range. This cultural site
comprises 221 caves, featuring 10,632 clay sculptures and
approximately 1,000 m* of wall paintings. Situated in a transitional
zone between subtropical and warm temperate climates, the region is
characterized by dense forest coverage, high humidity and stable
temperatures year-round. In contrast, the Mogao Grottoes (39°53'-
41°35'N, 92°13’-95°30'E), also designated as a UNESCO World
Cultural Heritage Site, are positioned along the eastern cliff of
Mingsha Mountain, approximately 25 km southeast of Dunhuang.
This site includes 735 caves, with over 45,000 m* of wall paintings and
2,400 sculptures, and is located in a cold desert climate zone marked
by low humidity, minimal precipitation, and high potential
evaporation (Figures 1A-C).

Both grotto complexes were constructed during the 4th century
CE (Maijishan: 384 CE; Mogao: 366 CE), with similar wall painting
techniques and materials. These include mineral pigments, natural
sediments, original binders (e.g., casein, animal glue, gelatin), and
plant fibers (e.g., hemp, wheat straw, cotton) used for structural
reinforcement. Microbial colonization and biodeterioration have been
observed to varying degrees in both the Maijishan Grottoes and the
Mogao Grottoes. This study focused on Cave No. 256 at the Mogao
Grottoes, where black spot deterioration is present (Figures 1D,5G),
and Caves No. 28 and No. 30 at the Maijishan Grottoes, which exhibit
black and white mycelial growth on wall paintings (Figures 1E,H,I).

2.2 Sampling

Caves No. 28 and No. 30, situated within the middle-lower
sections of the Maijishan Grottoes (Supplementary Figures S1B,C,F),
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temperature and relative humidity monitoring sites.

J O

Locations of the study site and typical microbial damages of the Maijishan Grottoes and the Mogao Grottoes in China. (A—C) The geographical
locations and exterior illustration of the Maijishan and Mogao Grottoes. (D,F) The appearance of Cave No. 256 and black spots on wall paintings at the
Mogao Grottoes. (G) Schematic diagram of sampling and environmental monitoring sites in Cave No. 256, the black and green triangles represent the
sampling sites for black-spots samples (BS) and no-spots samples (NBS), respectively, while the purple dots represent the temperature and relative
humidity monitoring sites. (E,I) White and black mycelium on the wall paintings of Caves No. 28 and No. 30 at the Maijishan Grottoes. (H) Schematic
diagram of sampling and environmental monitoring sites, the blue triangles represent the sampling sites, while the red and green dots represent the

SIA,D,J) and white
(Supplementary Figures S1E,G,H) mycelia colonizing wall

with black (Supplementary Figures

paintings. In August 2021, a total of 12 microbial samples
(each pair consisting of two samples) were collected from
colonized wall painting surfaces. Each sample was collected using
10 x 10 cm
(Supplementary Figures SIA,D,E,G-I). Each collected mycelia

sterile  forceps within a targeting area
sample was thoroughly mixed and equally divided: one portion for
DNA extraction (designated W1-W3 for white and B1-B3 for black
mycelia), and the other preserved in RNAlater (Qiagen, Germany)
for RNA analysis (designated W1R-W3R and B1R-B3R) to assess
viable metabolism. Sampling involved carefully removing only
mycelia without damage to paintings or restored materials, with
each weighed approximately 50 mg. Additionally, fragments of
non-colonized wall paintings (totaling 10-15 g) were collected from
both caves for physicochemical characterization. All samples were
stored in sterile Eppendorf tubes and transported to the laboratory
at Lanzhou University for further analysis. The sampling was
conducted under the authorization and supervision of professionals
from the Maijishan Grottoes Art Research Institute.

For comparative analysis, previously collected and sequenced
samples from Cave No. 256 at the Mogao Grottoes (Ma W. et al., 2023)
were re-analyzed, including black-spot samples (BS) and non-spot
(NBS) samples. These samples collected from the wall painting
surfaces with the same sampling method, with specific sample
information and detailed data provided in the previous publication

(Ma W. et al., 2023).
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2.3 DNA extraction, RNA extraction, and
MiSeq high-throughput sequencing analysis

Total genomic DNA and rRNA from each sample were extracted
using the PowerSoil® DNA Isolation Kit and PowerSoil® RNA Kit
(MO BIO Laboratories, United States), following the manufacturer’s
protocols. RNA was subsequently reverse-transcribed into
complementary DNA (cDNA) with the cDNA Synthesis Kit (Sigma-
Aldrich, United States). Nucleic acid concentrations (DNA/cDNA)
were quantified using a NanoDrop® ND-2000 spectrophotometer
(Thermo Scientific, United States), and integrity was verified by 1%
agarose gel electrophoresis. The bacterial V3-V4 regions of the 16S
rRNA gene were amplified using primers 338F/806R (Peiffer et al.,
2013). PCR conditions consisted of initial denaturation at 95°C for
3 min, followed by 35 cycles of 94°C for 30 s, 55°C for 30 s, and 72°C
for 45 s, with a final extension at 72°C for 10 min (detailed reaction
mixtures in Supplementary Table S1). Triplicate amplifications per
sample were pooled, purified with a Gel Extraction Kit (AXYGEN,
China), and quantified via QuantiFluor™-ST Fluorimeter (Promega,
United States). Libraries were prepared using the NEXTflex® Rapid
DNA-Seq Kit (Bioo Scientific, United States) and sequenced on an
Ilumina MiSeq PE300 platform (Majorbio Bio-Pharm Technology
Co., China).

Raw FASTQ data were processed with Trimmomatic (Bolger et al.,
2014) and FLASH (Mago¢ and Salzberg, 2011), with reads <50 bp
discarded and no assembly performed. High-quality sequences were
clustered into operational taxonomic units (OTUs) at 97% similarity
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via UPARSE (Edgar, 2013). Taxonomic classification of bacterial
OTUs was performed using the RDP Classifier against the SILVA and
UNITE v7.0 databases with a 70% confidence threshold.

2.4 Environmental data collection

Approximately 3 g of homogenized wall painting substrate from
the Maijishan Grottoes was oven-dried at 105°C until constant weight
to determine gravimetric moisture content (MC). pH and electrical
conductivity (EC) were measured using a Sartorius PB-10 pH meter
(1:5 w/v in deionized water) and Leici DDSJ-318 conductivity meter
(1:5 w/v in 1 M KCl), respectively. Total organic carbon (TOC) and
total nitrogen (N) were quantified by high-temperature combustion
(450°C and 1,250°C) using a Vario EL cube CHNS analyzer.

Continuous environmental monitoring was conducted from 2021
to 2022 in Caves No. 28 and No. 30 (Figure 1H). HOBO® U23-001
loggers recorded air (28-3, 30-3) and wall surface (28 N-S, 30 N-S)
temperature (T) and relative humidity (RH) at hourly intervals.
iButton® DS1923 sensors embedded in wall paintings measured
internal T and RH every 2 h (28 N-IN, 30 N-IN). The environmental
monitoring protocol in Cave No. 256 at the Mogao Grottoes followed
the same design as detailed in our previous study (Ma W. et al., 2023),
with monitoring locations shown in Figure 1G.

2.5 Statistical analysis

All statistical analyses were performed using SPSS 13.0. The
a-diversity indices (Shannon, Simpson, Ace, and Chao) were calculated
with MOTHUR (version 1.30.1) (Schloss et al., 2009). Redundancy
analysis (RDA) was conducted in R (v4.0.3) using the vegan package to
explore relationships between microbial communities and environmental

10.3389/fmicb.2025.1657118

variables. Sankey diagrams were generated with the ggalluvial package
within the R environment. Differences between sample groups were
tested with the Wilcoxon rank-sum test (p <0.05). Environmental
parameter visualizations were created using Origin 8.0 software.

3 Results and analysis

3.1 Bacterial community diversity and
taxonomic composition in Maijishan
Grottoes

High-throughput sequencing of the bacterial V3-V4 regions from
both DNA and c¢DNA libraries yielded 782,304 raw sequences,
clustered into 526 OTUs, with the specific sequence counts, OTU
numbers, and diversity indices for each sample presented in the
Supplementary Table S2. Alpha-diversity metrics revealed minimal
differences among the four sampling types (Black-DNA, Black-RNA,
White-DNA, White-RNA, p < 0.05, Wilcoxon rank-sum test), with the
Black-RNA group exhibiting the highest Shannon index, followed by
Black-DNA, White-DNA, and White-RNA (Supplementary Table S2).
Taxonomic classification identified 21 bacterial phyla, 182 families,
and 302 genera. The dominant phyla were Actinobacteria,
Proteobacteria, Cyanobacteria, and Firmicutes, with Actinobacteria
exceeding 50% relative abundance in all but one RNA sample (BIR).
RNA samples showed higher proportions of Proteobacteria,
suggesting elevated microbial viability (Figure 2A).

At the genus level, Pseudonocardia and Actinomycetospora
dominated, accounting for >60% relative abundance in most samples
(excluding W3R and BIR, Figure 2B). Pseudonocardia was
predominant in black mycelial and some white mycelial samples (B1,
B2, B2R, B3, B3R, W3, W3R), while Actinomycetospora was more
abundant in other white mycelial groups (W1, W1R, W2, W2R)
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FIGURE 2
community structures based on the 16S rRNA gene at DNA and RNA levels.
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Community structures of bacteria detected at DNA and RNA levels. (A,B) Bacterial phyla and genera. (C) The Sankey diagram of bacterial microbial
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(Figure 2C). Kruskal-Wallis H test revealed no significant taxonomic
differences among the four groups. Among the top ten most abundant
bacterial genera, Pseudonocardia and Actinomycetospora exhibited
similar content in four groups. Notably, RNA samples consistently
showed higher levels of Escherichia and Stenotrophomonas in bacterial
taxa, indicating higher microbial viability (Supplementary Figure S2).

3.2 Influence of environmental factors and
painting materials on bacterial
communities in Maijishan Grottoes

The wall painting substrates in Caves No. 28 and No. 30 exhibited
weak alkalinity (pH 8-9). Cave No. 28 showed lower moisture content
and electrical conductivity than Cave No. 30 but had higher total
organic carbon (TOC) and total nitrogen (N) levels (Table 1).

To identify key environmental drivers, variance inflation factor
(VIF) analysis employed to eliminate inappropriate factors (e.g.,
moisture content, MC) with a threshold of 10. Redundancy Analysis
(RDA) was then utilized to ascertain the relationships among microbial
samples, basic physicochemical characteristics, and environmental
factors (Figure 3A). While black and white mycelia showed no
significant compositional differences, samples clustered strongly by cave
origin regardless of mycelium color. In Cave No. 28, bacterial
community composition was primarily shaped by temperature and pH,
whereas in Cave No. 30, total nitrogen and electrical conductivity were
the dominant factors. To rigorously control the false discovery rate
(FDR) in high-dimensional correlation testing, we applied Benjamini-
Hochberg correction to all pairwise associations. Heatmap visualization
(Figure 3B) revealed that temperature (T) and relative humidity (RH)
exerted the most contrasting effects on community structure. Six
Actinobacterial genera, including unclassified_c_Actinobacteria,
Streptomyces, and norank_f Pseudonocardiaceae taxa displayed
significant positive correlations with T and negative correlations with
RH (q<0.0001, FDR-corrected),
unclassified_f Nocardioidaceae, Amycolatopsis, and unclassified_o__

while  Streptomonospora,
Micrococcales taxa showed positive correlations with T (q < 0.05,
FDR-corrected). Furthermore, total nitrogen (N) exhibited significant
negative correlations with unclassified_o__Micrococcales, Kribbella and
Actinophytocola (q < 0.05, FDR-corrected), whereas total organic
carbon (TOC) demonstrated pronounced positive association with
Actinophytocola (q < 0.05, FDR-corrected).

3.3 Comparison of bacterial composition in
samples from the Maijishan and Mogao
Grottoes

Comparative analysis of alpha-diversity revealed statistical
differences in bacterial diversity within black microbial samples

10.3389/fmicb.2025.1657118

between the Maijishan Grottoes and the Mogao Grottoes (p < 0.05,
Wilcoxon rank-sum test, Figures 4A-D). Both sites were dominated
by Actinobacteria, Proteobacteria and Firmicutes, but their relative
abundances exhibited site-specific patterns: Actinobacteria were more
abundant in Maijishan samples, whereas Proteobacteria and
Firmicutes showed higher abundance in Mogao samples (p < 0.05,
Wilcoxon rank-sum test, Figure 4E). Upset analysis revealed that
Maijishan groups (B-DNA, B-RNA, W-RNA, W-DNA) obtained 163,
175,187, and 303 OTUs respectively, significantly fewer than the OTU
numbers in Mogao samples (467 and 508 OTUs). Among these, 575
OTUs were detected only in the Mogao Grottoes samples, including
289 OTUs detected in both black spots and non-spots samples.
Additionally, 209 OTUs were detected only in the Maijishan Grottoes
samples, including 65 OTUs detected in both black mycelia DNA/
RNA and white mycelia DNA/RNA samples (Figure 5). Only 13 OTUs
were shared among the six types of samples from the two sites, none
of which could be resolved at the species level, and all had low
read counts.

Hierarchical clustering of the top 50 bacterial genera revealed site-
specific community composition (Figure 6). Maijishan samples
clustered by cave origin, one was for 5 samples collected from Cave
No. 30, the other group included 6 samples collected from Cave No.
28 (Figure 6A). Genera were organized into three main clusters,
Cluster 1, which
Actinomycetospora, Escherichia-Shigella, and Stenotrophomonas, was

included Rubrobacter, Pseudonocardia,
predominantly present across nearly all samples. Cluster 2, comprising
Nocardioides, Lysobacter, Amycolatopsis, etc., was primarily
concentrated in samples derived from Cave No. 28. In contrast,
Cluster 3, which
Achromobacter,

included  Saccharopolyspora, Rhodococcus,
exhibited no discernible
distribution pattern. In contrast, Mogao Cave No. 256 samples were

and Pseudomonas,

divided into two main groups based on sampling locations, the
samples located proximal to the tunnel passageway formed one group
(BS1, BS3, and NBS1), whereas interior-positioned samples formed
another (BS2, NBS2 and NBS3). Dominant genera formed two key
clusters: Cluster 1 included Escherichia-Shigella and Achromobacter,
Cluster 2 included Rhodococcus, Ralstonia, and Bacillus, distributed
across various samples.

3.4 Comparison of diurnal variation of
temperature in the Maijishan and Mogao
Grottoes

In Maijishan Grottoes, mean diurnal range of air temperature
(28-3, 30-3) were significantly higher than those of wall painting
surfaces (28 N-S, 30 N-S) and plaster layers (28 N-IN, 30 N-IN).
Within each cave system, the mean diurnal range of temperature of
wall painting surfaces exceeded plaster layers, indicating that air
temperature was more susceptible to external environmental

TABLE 1 Comparative analysis of physicochemical parameters of two caves at the Maijishan Grottoes.

Sampling cave pH MC (%) EC TOC TN
Cave No. 28 8.380 £ 0.221 3.133 1.470 £ 0.116 1.556 £ 0.104 0.255 £ 0.017 ‘
Cave No. 30 8.166 + 0.022 3.657 2.876 £ 0.122 1.156 £+ 0.089 0.107 £ 0.032 ‘

The pH, moisture content (MC), electrical conductivity (EC), total organic carbon (TOC) and total nitrogen (TN) of Cave No. 28 and Cave No. 30 in the Maijishan Grottoes.
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disturbances. Cave No. 30 experienced the most pronounced
thermal variability, with the mean diurnal range of air temperature
exceeding 5°C annually and peaking at 12°C during November-
December, markedly higher than equivalent periods in Cave No. 28.
Both caves exhibited minimal diurnal temperature fluctuations
(mean range < 2°C) across wall painting surfaces and plaster
substrates. However, Cave No. 30 displayed consistently elevated
temperature ranges at corresponding monitoring points relative to
Cave No. 28 (Supplementary Figure S3A). Contrastingly, the Cave
No. 256 of Mogao Grottoes demonstrated smaller mean diurnal
range of temperature across five monitoring points. Excluding cave
air (ESA), all measurement positions maintained sub-0.5°C
fluctuation thresholds, the west wall (WW) exhibited the highest
mean diurnal range of temperature in plaster layers for nearly half
the year (January, February, August, November, and December,
Supplementary Figure S3B).

3.5 Comparison of diurnal variation of
relative humidity in Maijishan and Mogao
Grottoes

RH data showed that the mean diurnal RH range at all plaster
layers monitoring points in both caves of Maijishan Grottoes
(2% ~ 10%) exceeded those in Mogao Grottoes Cave No. 256 of
(1% ~ 5%). In Maijishan, Cave No. 30 exhibited the highest RH
fluctuation in cave air (30-3), peaking at 23.32% in December, while
its plaster layer (30 N-IN) remained relatively stable humidity
(Figure 7A). Both caves showed higher daily RH variations on wall
painting surfaces than in plaster support layers, suggesting that surface
RH is more sensitive to ambient changes. At Cave No. 256 of Mogao
Grottoes, RH in cave air showed strong seasonal variation associated
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with precipitation (Figure 7B), with diurnal fluctuations ranging from
2.11% (February) to 9.80% (July). From February to October, RH
fluctuations in cave air exceeded those in plaster layers. The west wall
(WW) plaster layer displayed exceptional RH stability, with
fluctuations remaining below 2%, likely due to its location far from the
cave entrance and limited air exchange (Figure 7B).

Daily maximum RH frequency analysis showed that in Maijishan
Grottoes (Caves No. 28 and 30), RH most often fell within 70-80% at
all monitoring points (Table 2). In Cave No. 28, RH > 70% occurred
on 214 days at the plaster layer (28 N-IN), 207 days at the wall painting
surface (28 N-S), and 185 days in cave air (28-3). In Cave No. 30,
corresponding values were 209 days (30 N-IN), 202 days (30 N-S),
and 146 days (30-3), respectively. Extreme RH events (>90%) were
more common in Cave 28 and more frequent in plaster layers than on
wall painting surfaces. In contrast, at Mogao Cave No. 256, daily
maximum RH at most points fell within 20-30%, with RH > 70%
occurring only on a few days, and never exceeding 80% (Table 2).
Notably, the west wall (WW), showing visible water damage, had
73 days with RH > 60%, much higher than other plaster sites. The
northeast roof (NER) near the entrance remained RH < 60%
year-round.

4 Discussion

4.1 The core taxa and their biodeterioration
potential in Maijishan Grottoes

In this study, combined DNA-based and RNA-based Illumina
MiSeq sequencing was employed to comprehensively characterize both
total and metabolically active bacterial communities associated with
black and white mycelial biofilms in the Maijishan Grottoes. RNA-level
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Comparison of bacterial alpha diversity and dominant bacterial phyla between the Maijishan Grottoes and Mogao Grottoes by Wilcoxon rank-sum test.
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sequencing enabled insight into microbial activity, complementing
DNA-based community assessments and offering a more dynamic
perspective on active biodegradation risks (Meng et al., 2020; Li et al.,
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2021). Bacterial a-diversity and overall taxonomic profiles showed no
significant differences between black and white mycelia within
Maijishan Grottoes, suggesting that community composition alone
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cannot account for the observed phenotypic color variation (Langille
et al., 2013; Quince et al., 2017). The distinct coloration of black and
white mycelia might arise from a combination of microbial
communities, pigment production (e.g., melanins, carotenoids), and the
physicochemical properties of extracellular polymeric substances (EPS,
Hathaway et al., 2014; Qin and Xia, 2024; Zomer et al., 2024). Moreover,
mycelia sampled from the same cave shared highly similar bacterial
communities regardless of their color, indicating the dominant influence
of cave-specific microenvironmental conditions, and supporting that
microenvironmental parameters are the primary determinants of
bacterial community assembly (Lavoie et al., 2017).

Frontiers in Microbiology

Microbial biofilms across diverse cultural heritage sites often
shared microbial phyla (Hathaway et al., 2014; Duan et al., 2021).
Regarding bacterial community structures, Actinobacteria dominated
most samples in both DNA and RNA samples (except for sample
BI1R). Actinobacteria and Proteobacteria are typical phyla have been
widely documented in heritage environments such as caves or
subterranean sites (Jurado et al., 2005, 2008; Li et al., 2024). As prolific
producers of secondary metabolite producers, Actinobacteria
contribute to wall painting deterioration by releasing pigments, acids,
and antimicrobial compounds, thereby promoting chromatic biofilm
formation (Lepinay et al., 2018; Oliveira et al., 2017; Wang et al., 2012).
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ESR EE NWW

Proteobacteria serve as keystone chemoorganotrophic degraders,
functioning as sensitive biological indicators of active biodeterioration
(Ai et al., 2022; Khadka et al., 2017).

At the genus level, Pseudonocardia was particularly dominant in
samples from Cave No. 30, corroborating its established role as an
important taxon in wall paintings at the Maijishan Grottoes (Duan
et al,, 2017). This genus exhibited acidogenic metabolism capable of
modulating local pH to favor oligotrophic proliferation, a critical
adaptation enabling dominance in xeric wall painting substrates (Duan
et al, 2017; Stomeo et al., 2008). Pseudonocardia thrived in
subterranean heritage sites under harsh conditions, such as low light,
scarce organic matter, high salinity, elevated humidity and temperature
(Laiz et al., 1999), their rapid growth could lead to the formation of
white spots on wall paintings (Duan et al., 2021). Another dominant
genus, Actinomycetospora, was implicated in microbial outbreaks

Frontiers in Microbiology

across multiple caves of the Maijishan Grottoes (He et al., 2021).
Importantly, RNA sequencing revealed that Escherichia-Shigella and
Stenotrophomonas were substantially more abundant at the RNA-level
than in DNA profiles, indicating high metabolic activity despite their
relatively lower overall abundance. Thereinto, Escherichia-Shigella
(Proteobacteria) often associated with intestinal microbiota (Stoddard
etal., 1998; Wang et al., 2013), likely originate from animal vectors such
as rodents, birds, or arthropods inhabiting the forested surroundings
of the Maijishan Grottoes. These animals are likely to act as vectors for
microbial dispersal, introducing exogenous microorganisms (e.g.,
intestinal microbiota via excreta) into the cave ecosystem. Their activity
may exacerbate biodeterioration risks by altering microhabitat
conditions or facilitating organic matter accumulation, thereby
fostering microbial proliferation on wall paintings (Liu W. et al., 2022;
Bastian et al., 2010). Additionally, Rubrobacter was identified in
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TABLE 2 Daily maximum relative humidity distribution frequency of monitoring sites in investigative caves of two heritage sites.

Relative Monitoring sites
humidity
(%) Cave No. 256 of the Mogao Grottoes Cave No. 28 and 30 of the Maijishan Grottoes

ESA NER WW ESR NWW 28 N-IN 28 N-S 28-3 30 N-IN 30 N-S
0-10 0 0 0 0 0 0 0 0 0 0 0
10-20 75 1 0 87 65 0 0 0 0 0 0
20-30 119 189 130 97 105 0 0 1 0 0 2
30-40 64 90 70 69 68 13 23 26 8 23 25
40-50 45 55 62 45 42 33 28 28 45 32 34
50-60 32 30 30 34 45 56 48 71 72 61 66
60-70 25 0 65 32 33 49 59 54 3l 47 92
70-80 5 0 8 1 7 84 78 81 83 84 102
80-90 0 0 0 0 0 73 74 65 65 69 43
90-100 0 0 0 0 0 57 55 39 61 49 1

Six monitoring sites of Maijishan Grottoes comprising wall painting plaster layer of Cave No. 28 and Cave No. 30 (28 N-IN, 30 N-IN), wall painting surface of Cave No. 28 and Cave No. 30
(28 N-S, 30 N-S), air of Cave No. 28 and Cave No. 30 (28-3,30 N-3); Five monitoring sites of the Mogao Grottoes comprising one for air at the eastern part of the southern slope (ESA) and
four for wall painting at the north part of the eastern slope (NER), the west wall (WW), the eastern part of southern slope (ESR), and the northwest wall (NWW).

samples, aligning with findings from the Angkor Thom Bayon Temple
(Zhang et al., 2018) and other caves of the Maijishan Grottoes (Duan
et al,, 2017; He et al,, 2021), which was recognized as a core genus
associated with rosy discoloration on wall paintings, sandstone, and
masonry (Schabereiter-Gurtner et al., 2001; Imperi et al., 2007; Nugari
etal., 2009). Together, the RNA results demonstrate that a subset of the
bacterial community is actively engaged in processes with direct
biodeterioration potential, highlighting the importance of integrating
RNA data into conservation-oriented microbial risk assessments.

Under favorable growth conditions, microorganisms can colonize
on wall paintings by utilizing carbon sources, nitrogen sources, and
mineral nutrients derived from original painting materials and
restoration plasters (Meng et al., 2020). In this study, several
differences were observed in total organic carbon, total nitrogen, and
electrical conductivity between Cave No. 28 and Cave No. 30. These
differences might alter microenvironmental conditions (Li and Gu,
2022) and provide distinct nutrient substrates for microbial
proliferation (Imperi et al., 2007; Sterflinger and Pinzari, 2012).
Combining with cave-specific temperature and humidity,
microenvironmental conditions might lead the differences in
bacterial community composition between the two caves.

4.2 Difference of bacterial community and
their adaptions

Across both sites, Actinobacteria, Proteobacteria, and Firmicutes
were the core bacterial phyla associated with biodeterioration,
consistent with their recognized roles as pioneer colonizers across
diverse lithic heritage substrates (Li et al., 2017; Liu et al., 2019; Xing
etal, 2023). Actinobacteria was the dominant bacterial phylum at two
sites of this study. However, the relative abundance of Actinobacteria
in Mogao samples was markedly lower in the Maijishan Grottoes
samples. The Maijishan Grottoes exhibited sustained high humidity
levels year-round, with extreme humidity events exceeding 90%, which
are mainly attributed to their unique geographical setting characterized
by dense forest coverage, frequent precipitation, and limited cave
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ventilation (Yao et al., 2022). The observed variation in Actinobacteria
abundance may originate from their hydrophilic properties, the
persistently humid microenvironment promoted actinobacterial spore
germination and growth (Zvyagintsev et al., 2007). Conversely, samples
from the Mogao Grottoes exhibited a higher relative abundance of
Firmicutes. Certain members of the phylum Firmicutes, particularly
within the classes Bacilli (e.g., Bacillus) and Clostridia (e.g.,
Clostridium), are capable of forming endospores, which serve as a key
mechanism for surviving extreme environments such as drought.
These endospores possess a multilayered protective structure that
resists desiccation, high temperatures, and UV radiation, significantly
enhancing their survival rates under arid conditions (Setlow, 2007;
Mckenney et al., 2013). The arid climate of the Dunhuang region
selected for the desiccation-resistant metabolic strategies of Firmicutes,
enabling their ecological dominance in the Mogao Grottoes’ ecosystems
(Ma etal., 2015). Proteobacteria emerged as the dominant taxa driving
the biodeterioration processes on cultural heritage substrates,
particularly Alpha-proteobacteria, played a pivotal role in heritage
biodeterioration through their metabolic versatility and adaptive
strategies. Part of Proteobacteria exhibited oligotrophic capabilities,
enabling colonization of nutrient-poor stone surfaces via the utilization
of diverse organic compounds and UV-resistant pigment production
(Pinhassi and Berman, 2003; Yu et al,, 2024). At the genus level,
Rhodococcus was dominant in samples of the Mogao Grottoes, they
were also frequently documented in global heritage biodeterioration
cases. Conversely, Pseudonocardia dominated the samples of Maijishan
Grottoes, a genus commonly associated with wall paintings in caves
and tombs (Stomeo et al., 2008; Portillo et al., 2009; Liu W. et al., 2022).
Several (e.g.,
Pseudonocardia) exhibit strong adaptability to oligotrophic conditions

studies have confirmed that Actinobacteria
with limited organic nutrients. As pioneering colonizers in natural
caves, they initiate early growth and establish material foundations for
other microorganisms (Ciferri, 1999). Moreover, Pseudonocardia
actively modifies environmental pH through metabolic processes,
creating localized slightly alkaline microenvironments that promote
rapid proliferation, then contributed to biodeterioration (Portillo and

Gonzalez, 2011).
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Only 13 OTUs belonged to few overlapping bacterial genera were
identified between the two sites, revealing the possible role of site-
specific environmental conditions (e.g., humidity, temperature, and
substrate composition) in shaping bacterial community composition
on wall paintings, the microenvironment exerting selective pressure
on bacterial communities (Allen et al., 2020). Microbial damages to
wall paintings were typically shaped by the metabolic activities and
successional dynamics of diverse microbial communities, comprising
bacteria, fungi, and extracellular polymeric substances (EPS). Studies
indicated that bacteria play critical roles in microbial biofilms as
ecological modulators, dynamically reshaping the composition of
other biofilm-associated microorganisms (e.g., fungi, algae) in
response to microenvironmental fluctuations (Liu et al., 2020). In our
study, bacteria likely serve analogous functions: though not dominant
in white/black mycelia, they might respond to microenvironmental
variations and influence these mycelia on wall paintings.

4.3 Interplay between environments and
bacterial communities

The Maijishan Grottoes, situated in a forested mountainous region
with persistent high humidity, the temperature and RH fluctuations
might be predominantly influenced by seasonal changes and heat
exchange of cliff rock. The Cave No. 28 and Cave No. 30 maintained
RH > 70% for over half the year, creating ideal conditions for microbial
outbreaks and biodeterioration (He et al., 2022). Rainfall infiltration
through cliff fractures and monsoon-driven precipitation (July-
September) elevate RH to near 90% for >50 days annually, triggering
efflorescence, cracking, pigment layer exfoliation and plaster layers
destabilization via thermal expansion-contraction cycles (Bertolin
et al,, 2020; Li and Gu, 2022; Wang et al., 2025; Rivera et al., 2006).
Despite high microbial risk in the Maijishan Grottoes, the bacterial and
fungal concentrations (mean: 754 CFU/m’ and 645 CFU/m’,
respectively) maintained at a lower level (Duan et al., 2018). Air
microbial concentrations between 500 and 1,000 CFU/m? indicated
moderate visitor impact, belonging to balanced level, necessitating
moderate crowd control (Porca et al., 2011).

The Mogao Grottoes, located in a desert region with distinct
seasons, experienced extreme aridity and significant diurnal
temperature fluctuations. Cave No. 256 maintained a relatively lower
humidity, with RH This stable
microenvironment can inhibit microbial colonization, favoring

consistently below  70%.

heritage preservation (Loli and Bertolin, 2018). In addition, this cave
exhibited minimal daily temperature variation (diurnal range <1°C),
which typically supports microbial proliferation, but the arid conditions
(RH <70% for over two-thirds of the year) inhibited numerous
microbial growth (Spagnuolo et al., 2019; Sterflinger, 2010). Low
precipitation, intense solar radiation, and high evaporation accelerated
salt efflorescence on wall paintings via the migration of capillary water,
leading efflorescence and then induced painting layers detachment.
Microbial communities undergo niche selection on the wall paintings
with efflorescence progression, the drought-adapted taxa potentially
accelerating growth and deterioration (Ma et al., 2020).

In the Mogao Grottoes samples, more than half of the OTUs were
exclusively detected in the two types (BS, NBS) of samples from this
location, while at the Maijishan Grottoes, over one-third of the OTUs
were shared across all four sample types (W-DNA, B-DNA, W-RNA,
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B-RNA). The bacterial communities demonstrated significant
divergence in both diversity and structural composition at two sites,
with community characteristics showing strong spatial dependency on
sampling locations. The composition of microbial communities on
cultural heritage surfaces are also shaped by dynamic interactions
between substrate physicochemical properties (e.g., organic carbon
content, nitrogen content, electric conductivity) and site-specific
environmental stressors within the microenvironment such as pH,
temperature and humidity (Chen and Gu, 2022; Dias et al., 2023; Ding
etal, 2021; Duan et al,, 2018, 2021; Zhang et al., 2018). Among these
variables, environmental conditions emerged as an important
determinant, critically modulating both microbial taxonomic
dominance and their metabolic functionality across heritage ecosystems
(Biagioli et al, 2024). Concurrently, increasing global tourism
compounds risks through organic contamination and microclimatic
destabilization (Ai et al., 2022; Li et al., 2022). In these semi-enclosed
ecosystems, niche filtering overrides dispersal limitations (Saarela et al.,
2004; Vellend, 2010). Climatic parameters critically modulate the
ecological dominance of microbial taxa in heritage sites (Biagioli et al.,
2024). Bacterial communities exhibited remarkable adaptability and
resilience under different environmental stress, with their composition
dynamically adjusting to maintain stability in response to fluctuant
microenvironmental conditions (Chen et al., 2023).

5 Conclusion

This study revealed significant differences in bacterial
communities and drivers of microbes on wall paintings in the
Maijishan and Mogao Grottoes. Persistent high humidity and cliff
seepage in the Maijishan Grottoes might promote Actinobacteria
dominance (e.g., Pseudonocardia), their metabolic byproducts
(organic acids, pigments) might exacerbate painting layer
degradation. In contrast, the arid conditions of the Mogao Grottoes
selected for desiccation-tolerant Firmicutes (e.g., Bacillus) and
halophilic Proteobacteria (e.g., Halomonas), with salt efflorescence
posing a primary threat to integrity of wall paintings. Therefore,
site-specific microbial risks call for tailored conservation
interventions. For the Maijishan Grottoes, strategies should
prioritize humidity regulation (e.g., cyclic dehumidification) and
control of Actinobacterial spore. In addition, RNA-level analysis
identified metabolically active enteric bacteria (e.g., Escherichia) in
the Maijishan Grottoes, potentially introduced by wildlife, thus
more attention is necessary for the future preventative
conservation. The lack of shared dominant genera between two
heritage sites emphasizes the importance of localized microbial
surveillance and environment-specific preservation approaches.
These findings may advance our understanding of microbial
ecology in cultural heritage environments and potentially support
the development of evidence-based, sustainable conservation
strategies for ancient wall paintings.
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Background: The study focuses on a black and white sgraffito decoration
attached to a cement exterior wall in Kibbutz Yiftach, Israel. Since its creation
in 1971, the artwork has experienced weathering processes, resulting in peeling,
flaking, and the development of a microbial layer on the wall art decoration.
Before its restoration in 2022, this study was initiated, aiming to address three
primary questions: What is the composition of the microbial communities? What
is the distribution of these microbial communities throughout the wall, and how
do they interact with the substrate materials?

Methods: Complementary methods, including mineral analysis, microscopic
observations, and molecular techniques, were implemented to answer the study
questions.

Results: Five main groups of bacteria (e.g., Cyanobacteria, Actinobacteria,
Proteobacteria, Bacteroidota, and Chloroflexi), as well as various types of
fungi, were revealed. Nevertheless, although the same phyla were detected
across samples, each displayed distinct diversity at the order level. Microscopic
observations revealed the attachment of microbial components to both the
porous plaster and the rough cement.

Discussion: The study shows a well-developed microbial coating with a
localized colonization pattern, underscoring the need for continued long-term
monitoring of both the wall-art materials and their environmental conditions to
support data-driven conservation.

KEYWORDS

sgraffito, wall art, lime mortar, bio-weathering, next-generation sequencing (NGS)

1 Introduction

Sgraffito is a wall art technique commonly used in murals and architectural decoration
by applying layers of colored plaster or paint to a surface and then scratching or carving
away to reveal the layers underneath (Jagietto, 2022). The term “sgraffito” comes from the
Ttalian word “sgraffire,” meaning “to scratch” (Aldersey-Williams, 2013). This technique
can create a wide range of designs, from simple geometric patterns to more complex,
detailed images, and is notable for its ability to add depth and texture to a surface
through carved lines and shapes (Baker, 2007). The plaster components are mostly
composed of lime mortar, a traditional building material made by mixing lime, sand,

172 frontiersin.org


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2025.1664404
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2025.1664404&domain=pdf&date_stamp=2026-01-21
mailto:iritnir1@gmail.com
mailto:arielkus@bgu.ac.il
https://doi.org/10.3389/fmicb.2025.1664404
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1664404/full
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

Nir et al.

10.3389/fmicb.2025.1664404

FIGURE 1

(A) The original sgraffito bichromate wall painting titled “Bo-Shalom” (meaning “Come, Peace,” expressing a desire for peace), from its creation
period in 1971. (B) Deterioration patterns of the wall include dark coating and surface flaking. (C) The sgraffito wall art after the cleaning and

restoration project (2022).

and water (Elert et al., 2002). The way lime mortars are made
involves heating limestone (CaCO3) to turn it into quicklime
(CaO), then mixing it with water to make slaked lime, and
finally combining it with materials like sand to form the mortar
(Wojcieszak et al., 2024). Over time, lime mortar also absorbs
carbon dioxide from the air, contributing to a natural hardening
process known as carbonation (Campo et al., 2021). For centuries,
masonry construction has relied on its flexibility, breathability,
and durability (Ashurst, 1983; Carran et al., 2011; Mundy, 2013).
Initially, artists created sgraffito designs in monochrome black
and white, utilizing soot to create the dark black tone. The
sgraffito technique was popular in Italy during the Renaissance to
modernize medieval buildings and express religious views, with
examples such as the works of Andrea del Sarto and the Palazzo
Pitti in Florence (Ferguson, 2010; Jagielfo, 2022). Throughout the
1970s, Israel’s wall decoration artists predominantly employed this
approach. Halperin, a local artist knowledgeable in the European
sgraffito technique, devised a regional plaster combination that
included sand sourced from Nubian sandstone he gathered in the
Negev Desert, Israel. To evaluate the quality of the material he
created, he asked local artists to experiment with its application in
decorating building walls nationwide. These decorations featured
local symbolic motifs derived from the natural environment and
biblical narratives. The number of locations using the technology
decreased over time, and weathering processes began, causing the
structures to disintegrate. Simultaneously, a substantial initiative to
document and preserve the works has commenced (Farkash and
Tal, 2017).

Sgraffito, like many forms of wall art, is vulnerable to
deterioration processes, including biodeterioration. In this process,
living organisms such as fungi, bacteria, and algae colonize
the surfaces and pores of lime mortar, causing changes to the
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materials (Cassar, 2002). Microbial growth can lead to staining and
discoloration, negatively affecting the aesthetic value of historical
and heritage buildings (Gauri and Holdren, 1981; Gu, 2003; Liu
et al., 2020; Warscheid and Braams, 2000). In regions with high
moisture levels, the plaster and paint layers may absorb water,
encouraging the growth of microorganisms. Consequently, sgraffito
artworks can experience surface erosion and loss of image details
over time (Caron, 2015; Liu et al, 2022). Understanding the
mechanisms of microbial colonization and its impact is important
when designing conservation strategies for lime mortar structures
(McNamara et al,, 2010). This study focuses on a sgraffito wall
artwork adorning the concrete wall of a shelter in a northern Israeli
village called “Kibbutz Yiftach.” Created by a local artist, the piece
depicts children playing and dancing in the fields, images that evoke
a sense of peace and innocence. To emphasize this contrast and
express a desire for peace, the artist inscribed the Hebrew words
“Bo Shalom” (“Come Peace”) into the artwork. The artist carved the
figurative images through a layer of white plaster, revealing a layer
of black plaster underneath (Figure 1A). Since its creation in 1971,
the artwork has undergone a weathering process that resulted in a
black or dark green cover, loss of aesthetic value, and degradation of
the plaster material (Figure 1B). Notwithstanding its symbolic, local
communal importance and artistic distinctiveness, the opportunity
for cleaning and restoration of the piece did not emerge until
2022 (Figure 1C). Before starting the restoration, this study was
initiated, aiming to address three primary questions: What is
the composition of the microbial communities? What is their
distribution along the wall, and what are their interactions with the
substrate materials? The data obtained will expand our knowledge
regarding the microbial colonization of sgraffito wall decoration
and will serve as a basis for further long-term monitoring and
preservation of this unique wall art technique.
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2 Materials and methods

2.1 Study site and sampling

The sgraffito wall decoration entitled “Bo-shalom” is situated
on an external concrete wall, which is a part of a shelter complex
adjacent to school buildings in the “Kibbutz Yiftach” village,
located in northern Israel (Figure 1). Climatically, the area is
classified as a Mediterranean climate zone characterized by an
annual precipitation of approximately 530 mm, which primarily
occurs during the winter months. July is the hottest month in the
region, with an average temperature of about 27°C (81°F), while
January is the coldest at about 11°C (52°F). The climatic data were
sourced from the Kibbutz Yiftach meteorological station, which is
located about 500 m from the study site (33.1259°N, 35.5521°E),
and published on the Israel Meteorology Services (IMS) website?
(accessed 15.11.2025) (Israel Meteorological Service, 2025) and are
presented in Supplementary Table 1. Samples were collected at
four points along the wall decoration (Y1-Y4) and at four points
along the adjoining concrete wall (Y5-Y8), oriented in the same
direction, which were covered by spots of dark green and black
crust layer (Figure 2). The Samples were collected about a week
before the conservation project was conducted in August 2022.
A hammer and chisel, surface-sterilized with 70% ethanol were
used to collect slabs of about 4 cm in size. Each of the samples was
divided into two fragments. One fragment was used for molecular
analysis, and the other for microscopic and chemical study. The
samples were transferred to the environmental microbiology lab at
Ben Gurion University, Israel, for further analysis. Samples targeted
for microscopic and chemical examination were preserved at room
temperature, whereas those intended for molecular analysis were
kept cold at 4°C until processing (The testing methodologies
employed for each sample are specified in Supplementary Table 2).

1 https://ims.gov.il/en/node/310

10.3389/fmicb.2025.1664404

2.2 Wall-art materials characterization

To determine the materials that were used for the creation of
the Sgraffito, including the pigments that were used, X-ray powder
diffraction (XRD), X-ray fluorescence (XRF) analysis, and Raman
spectroscopy were implemented.

2.2.1 X-ray powder diffraction analysis

Phase analysis of the mural samples (Y1-Y4) was performed
using the XRD method. The samples were hand-ground using an
agate mortar and pestle to the consistency of fine silt as described by
Bish and Reynolds (1989). Samples were placed on a bias-cut quartz
plate, which gives no diffraction in the normal range for cement
or geologic materials, for analysis. The data were gathered using
an Empyrean II X-ray powder diffractometer (Malvern Panalytical,
Almelo, Netherlands) (Ko radiation, A = 1.541168) set to 40 kV
and 30 mA and with an attached X'Celerator linear detector. Data
was collected in Bragg-Brentano reflectance geometry from 10 to
80° 26, with a step size of 0.0334° and a counting time of 50 s
per step. Phase identification and Rietveld refinement for phase
quantification were both performed using HighScore Plus version
5.1 software, in combination with the ICDD Powder Diffraction
File database (PDF-5 +) (version 2024). The average error on the
quantitative analysis is £ 0.5 wt%.

2.2.2 X-ray fluorescence measurements

The XRF measurements were performed using an Axios XRF
Spectrometer (Malvern Panalytical, Ltd., Almelo, Netherlands).
Powder samples were mounted directly into the instrument, and
analysis of the emitted elemental fluorescence lines was performed
on the data as it was collected using the native Panalytical-provided
Omnian XRF analysis software.

2.2.3 Raman spectroscopy analysis
Micro-Raman spectroscopy was used to study the pigments
and mineral composition of representative samples (Y2 and Y4

Y1 Y2 Y4

FIGURE 2

Y5

Sampling site: the "Sgraffito” wall art and the adjacent concrete wall, indicating the positions of sampling points Y1-Y8 (above), together with
close-up photographs of the samples collected in this study (at the lower portion of the figure).

Concrete wall
Wl ol A e DI 4

Y8

Y6 N7
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from the mural and Y5-Y8 from the exposed concrete wall).
The measurements were taken using a LabRAM HR Evolution
Confocal Raman Microscope (Horiba Ltd., Kyoto, Japan), which
has a Syncerity CCD detector that is cooled to —60 °C and has
a resolution of 1,024 x 256 pixels. 785, 532, and 325 nm lasers
were used as excitation sources, with power on the sample ranging
from 4 to 80 mW for the 785 nm laser, 1-3.4 mW for the 532 nm
laser, and 0.3-0.15 mW for the UV laser. The 10x and 50x LWD
objectives were used to focus on the Vis and NIR lasers, and
the 40x for the UV laser. The confocal hole was set to 100 and
200 mm, using 600 and 1,800 gr/mm gratings for the visible and
UV ranges, respectively. Acquisition time ranged from 1 to 60 s.
LabSpec 6, version 6.5.1.24, was implemented to acquire baseline-
correct, denoise, and average the spectra using. Identification of
the compounds was performed either by comparing their spectra
with those obtained from Raman spectral databases (KnowItAll
Informatics Systems, 2025, John Wiley and Sons Inc., United States)
or by comparing them with Raman spectra in the literature.

2.3 Microscopic observations of the
biofilm structure

The samples collected from the wall decoration site were
initially examined under a light stereomicroscope (SMZ1500,
Nikon, Japan) at magnifications of up to 40x, without any
specific preparation (Supplementary File 3). This allowed us to
gather an overview of the morphological characteristics of the
biofilm. Images were captured using a digital camera (Nikon 1J5)
connected to the microscope for this purpose. To distinguish
between inorganic (e.g., substrate materials) and organic materials
(e.g., microbial cells) in the biofilm, a light polarized microscope
with polarized light (PPL) and cross-polarized light (XPL) was
used (DM1750, Leica Microsystems, Germany). Images were taken
using a Canon M6 Mall II digital camera. The Thermo Fisher
Verios 460L field-emission scanning electron microscope (FESEM)
coupled with Energy-Dispersive X-ray Spectroscopy (EDS) was
used to characterize the microbial cells-substrate interface. The
samples were prepared as follows: after fixation with 2.5% buffered
glutaraldehyde, the samples were subsequently dehydrated using an
ascending serial ethanol gradient and immersed in a hexamethyl-
disilazane (HMDS)/ethanol gradient solution at concentrations
of 25, 50, 75, 90, 95, and 100%. The treated specimens were
air-dried and then sputter-coated with a 20-nm layer of gold
using an EMITECH K575x sputtering device (Emitech Ltd.,
United Kingdom).

2.4 Taxonomic analysis of the biofilm
components using molecular methods

2.4.1 DNA extraction

Substrate samples (Y1, Y2, Y3, and Y4 related to lime mortar;
Y5, Y6, Y7, and Y8 related to concrete samples) were crushed in
a laboratory hood to obtain small aggregates using sterile pliers.
Aggregates (0.5 g) from each sample were transferred into separate
bead tubes for DNA extraction. DNA extraction was performed
using a MoBio PowerSoil DNA Isolation Kit (MoBio Laboratories,
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Inc., Carlsbad, CA, United States) following the protocol
supplied by the manufacturer. The purity and concentration of
DNA samples were determined using a NanoDrop ND-1000
spectrophotometer (NanoDrop Technologies, Wilmington, DE,
United States). The extracted DNA was submitted to the Genomics
and Microbiome Core Facility at Rush University, United States.

2.4.2 DNA sequencing

For bacterial community analysis, the V3-V4 hypervariable
region of the 16S rRNA gene was amplified using the primers
341F  (5-CCTACGGGNGGCWGCAG-3') and 806R (5'-
GACTACHVGGGTATCTAATCC-3') (Caporaso et al, 2011;
Klindworth et al, 2013). To study the fungal community, the
internal transcribed spacer (ITS) region was copied using the
primers ITSIF (5-CTTGGTCATTTAGAGGAAGTAA-3') and
ITS2R (5'-GCTGCGTTCTTCATCGATGC-3") (Gardes and Bruns,
1993; White et al.,, 1990). Amplicon sequencing was performed
on an Illumina MiSeq platform (Illumina Inc., San Diego, CA,
United States) with paired-end (2 x 300 bp) sequencing at the
Genomics and Microbiome Core Facility at Rush University,
United States.

2.4.3 Bioinformatic analysis

The DADA?2 pipeline (Callahan et al., 2016) was implemented
through QIIME 2 for quality filtering, denoising, chimera removal,
and amplicon sequence variant (ASV) identification. Based on
quality score profiles, we truncated the forward and reverse
reads at positions 250 and 225 bp, respectively. No bases were
trimmed from the start of the sequences (-p-trim-left-f 0, —p-
trim-left-r 0). The minimum overlap between paired-end reads
was set to 15 bp, and pseudo-pooling was employed for ASV
inference. Chimeric sequences were identified and removed using
the pooled method with a minimum fold parent abundance of
4. The maximum expected error (maxEE) filter threshold was
set to 4 for both forward and reverse reads. After denoising,
the feature table and representative sequences were summarized.
Taxonomy was assigned to ASVs using a naive Bayes classifier
trained on the Silva 99% reference database (Bokulich et al., 2018;
Quast et al, 2013; Yilmaz et al, 2014). Sequences classified as
mitochondria or chloroplasts were filtered out from the final feature
table and representative sequences. For the fungal ITS sequences,
the DADA?2 pipeline was implemented with modified parameters
to accommodate the higher variability and quality characteristics
of the ITS regions. Forward and reverse reads were truncated at
200 bp, with no bases trimmed from the start of the sequences.
The maximum expected error filter threshold was set to 5.0 for
both forward and reverse reads, and the minimum quality score
truncation threshold (-p-trunc-q) was disabled by setting it to 0.
The minimum overlap between paired-end reads was reduced to
10 bp to account for the variable length of the ITS region. ASVs
were inferred using the independent pooling method, and the
chimera checking step was disabled due to the high variability of the
ITS regions. Taxonomy was assigned to the resulting ASV's using
a naive Bayes classifier trained on the UNITE database version 10
(99% threshold, dated February 19, 2025) (Nilsson et al., 2019).

2.4.4 Statistical analysis

All the statistical analyses were conducted using QIIME 2
version 2021.4 (Bolyen et al., 2019). Raw sequence data were
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imported and demultiplexed using QIIME 2 standard procedures.
To quantify the differences between the studied microbial groups
colonizing the mural (Y1, Y2, and Y4) and the concrete (Y5,
Y6, and Y7) substrate samples, Bray-Curtis Principal Coordinate
Analysis (PCoA) was implemented along with the PERMANOVA
statistical test. Additionally, alpha diversity statistical measures
were implemented to describe the diversity within samples.

3 Results
3.1 Wall-art materials analysis

3.1.1 XRD analysis

Figure 3 illustrates the XRD analysis results of samples Y1,
Y2, Y3, and Y4 that were obtained from different points of the
mural materials. All the samples contain the predominant phases
of quartz (SiOz) and calcite (CaCOs3). Samples Y1 and Y3 have
dolomite [CaMg (CO3),], but Y4 is devoid of it. The remaining
trace phases consist of silicates, specifically the pyroxene mineral
augite [CaMg (SiAl),Og] or a solid-solution mixed phase from the
albite-anorthite feldspar series [(NaCa)Al(SiAl)3Og]. The present
phases are consistent with the minerals of lime mortar mixed
with sand. Other phases may be present that are amorphous and
therefore undetectable by XRD.

3.1.2 XRF analysis

Supplementary Table 4 displays the XRF analysis results,
encompassing components detected at concentrations
0.1%. Calcium and Silica are the predominant ingredients,

over

comprising 40-50% of the mural materials. These results
correspond with the knowledge of lime mortar constituents
(Manoharan and Umarani, 2022).

3.1.3 Raman spectroscopy analysis

Figure 4 and Supplementary Table 5 present results from
the Raman spectroscopy analysis of samples Y2 and Y4 that
were obtained from the mural and samples Y5, Y6, Y7, and Y8

10.3389/fmicb.2025.1664404

obtained from the adjacent concrete wall. The analysis identified
calcite (CaCO3), dolomite [CaMg(COs3)2], and quartz (SiO,),
which are the principal components of the lime mortar mixture.
Additionally, the hornblende (CaNa), (MgFeAl)s (AlSi)gO2; (OH),
silicates were determined. Other pigments and mineral phases
included amorphous carbon (a main constituent in coal used as
black pigment), hematite (a-Fe;O3), and goethite (a-FeOOH),
typical red and yellow-brown iron oxides, as well as anatase and
rutile, which are naturally occurring forms of crystalline titanium
oxide (TiO;) commonly used in white paints. Among organic
compounds, carotene, melanin, and chlorophyll were detected
in samples Y2, Y4, Y5, and Y6, suggesting potential microbial
colonization. In contrast, samples Y7 and Y8 showed only mineral
phases, likely due to strong fluorescence interference.

3.2 Microscopic observations of the
coating

Samples of the coated building materials (e.g., mortar and
cement) were examined using a range of microscopic techniques.
Stereoscopic light microscope enabled observation of black round
spots of fungi, lichen green-yellow thalli, and dark-green moss
leaves on the surfaces of samples Y2 and Y4, respectively
(Figures 5A,D). These observations indicate the presence of a well-
developed microbial community where early-stage photosynthetic
colonizers create conditions that allow subsequent vascular plant
growth. Scanning electron microscopy provided detailed insight
into the structure of the microbial coating. Figure 5C indicates
filaments attached to the substrate materials. Figure 5F shows
amorphous matrix binding to the substrate aggregates, which was
not chemically identified in his study. Polarized light microscopy
(Figures 5B,E) further distinguished organic structures (cells) from
inorganic matrix components under plain and cross-polarized
light, confirming microorganism attachment to the substrate
materials, which in turn may cause the disaggregation of the
mortar materials.

67500
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FIGURE 3

each sample. (B) Table summarizing the mineral composition

Concentration (wt%)

Compound Y1 Y2 Y3 Y4
Calcite CaCO, 28.9 7.6 23.8 10.4
Quartz Sio, 33.3 90.7 31.9 85.8

(Na,Ca)Al
Albite (SiAl),Og 6.4
Dolomite  (MgCa(CO,), 31.3
Pyoxene [(CaFeAl(SiO6)] 1.6
Augite  CaMg(SiAl),0, 15 3.4
Anathite Na-bearing 29.3
(B)

(A) A comparative plot of the diffractograms for the mural samples (Y1, Y2, Y3, and Y4), illustrating the XRD-detectable crystalline phases present in
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(A) Raman spectroscopy scattering analysis obtained from different points at Y2, Y4, Y5, Y6, Y7, and Y8 samples. The band position for every
constituent is marked as follows: A, anatase; R, rutile; C, calcite; AC, amorphous carbon; G, goethite; H, hematite; D, dolomite; *, chlorophyll and +,
carotene M, melanin, and p, proteins (B) Table of the minerals and pigments detected in each of the samples Y2, Y4, Y5, and Y8)

()

FIGURE 5

® "

Microscopic observations of samples obtained from the wall surface: (A,D) Light stereomicroscope images of the biofilm with x10 magnification.
(B,E) Images taken with cross-polarized light (XPL) demonstrate the phototrophic cells of the biofilm attached to the mortar aggregates (in light
blue) and to the cement fibers. (C) Scanning Electron Microscope (SEM) micrographs of microbial filaments (fungi) attached to the surface of a
concrete sample. (F) Scanning Electron Microscope image of microbial cells embedded in an amorphous matrix (black arrow) on the plaster
aggregates (black asterisks). White asterisks indicate the presence of microcavities between the aggregates.
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3.3 Characterization of the biofilm for 40-58%, while Actinobacteria dominates samples, Y2, Y6,
components using DNA sequencing and Y7, accounting for 35-45%. The phylum Proteobacteria
made up about 20-38% of the total, and the Chloroflexi phylum
accounted for 3-10% of the total bacterial types (Figure 6A). All the

DNA was extracted from all the samples collected. Samples
samples revealed Cyanobacteriales as the dominant order within

Y3 and Y8, however, did not produce DNA of sufficient quality ) ] ; } ) )
for sequencing. Consequently, libraries were acquired from six the Cyanobacterl.a (Figure 6B). The famlly-‘level identification
samples: Y1, Y2, Y4 (mural), and Y5, Y6, and Y7 (concrete). A total revealed two main groups that were found in all the samples.

of 182,545 high-quality sequences were obtained from the 168 Among these groups, the Chroococcidiopsaceae family was found

rRNA gene libraries after quality filtering, denoising, and chimera in amounts ranging from 8% in sample Y4 to 45% in sample

removal, with read counts ranging from 20,824 to 48,251 per Y2, while the Nostocaceae family was found in smaller amounts,
sample (mean = 30,424). For the ITS region, a total of 99,724 from 1% in sample Y7 to 30% in sample Y6. In the Actinobacteria

high-quality sequences were retained after processing, with read ~ 8rOUP» five families were the most common: Geodermatophilaceae,

counts ranging from 13,748 to 23,317 per sample (mean = 16,621). Micromonosporaceae, Nocardioidaceae, Pseudonocardiaceae,
Statistical analysis revealed that each sample contained a variety of ~ and Micrococcaceae, which constitute about 72-84% of the
microbes, and there were no specific groupings based on the types Actinobacteria community. The dominant class in samples Y1,
of materials used (e.g., lime mortar and concrete) (Figures 6C, 7C). Y% and Y7 was Geodermatophilaceae (35-48%), while in samples
Y6 and Y4, the Pseudonocardiaceae class was the most dominant
3.3.1 Bacterial taxa diversity (40-50%) (Figure 6B and Supplementary Table 6).
The study revealed 20 bacterial phyla and 181 bacterial genera
in six of the eight samples: Y1, Y2, Y4, Y5, Y6, and Y7. The 3.3.2 Fungal taxa diversity
analysis of the bacterial communities found four main groups: About 2-50% of the total ASVs retrieved were unidentified. All
Cyanobacteria, Actinobacteria, Proteobacteria, and Chloroflexi,  the samples included the Ascomycota phylum among the identified
which together made up about 88-92% of all the bacteria, along  taxa. In samples Y1, Y2, Y4, and Y6, the Ascomycota phylum
with a few other groups that each made up less than 5% of the = was dominant and present in more than 80% of the fungal taxa.
total. About 1-2% of the ASV's obtained were not assigned to any ~ (In samples Y1 and Y6, it is present in more than 95% of the
specific taxa and are marked as “others” (Figure 6). The Phylum  taxa). All samples exhibited a relatively low abundance of the
Cyanobacteria dominates samples Y1, Y4, and Y5, accounting  phylum Mortierellomycota, ranging from 2 to 18%. Approximately
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FIGURE 6

Relative abundance of bacterial communities at the phylum level (A) and order level (B). (C) Bray-Curtis dissimilarity PCoA plot of the bacterial
communities colonizing the wall art samples (Y1, Y2, and Y4) and the exposed concrete samples (Y5, Y6, and Y7).
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FIGURE 7

Relative abundance of fungi communities at the phylum level (A) and at the order level (B). (C) Bray-Curtis dissimilarity PCoA plot of the fungi
communities colonizing the wall art samples (Y1, Y2, and Y4) and the concrete samples (Y5, Y6, and Y7).
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1-7% of all the samples contained representatives from the
Basidiomycota. The phyla Chytridiomycota, Olpidiomycota, and
Blastocladiomycota were present in less than 1% of all the samples
(Figure 7A). At the order level, ASVs distribution varied among
sites. All the samples tested showed lichenized fungi in the
Lecanoromycetes group (Ascomycota), especially in samples Y1
(90%) and Y2 (80%). The distribution of the Candelariomycetes,
Eurotiomycetes, and Dothideomycetes was detected mostly in the
samples Y4, Y6, and Y7 (Figure 7B and Supplementary Table 7).

3.3.3 Comparison between microbial
colonization on the different substrates

Principal Coordinate Analysis (PCoA) was performed on
the six samples to explore differences in microbial community
composition. Originally, eight samples were collected, but two
failed to yield DNA of sufficient quality for sequencing, resulting
in a reduced sample size. The six samples present two groups
regarding the substrate material, mortar or cement. The analysis
revealed no clear separation between the samples in the ordination
space (Figures 6C, 7C). Additionally, PERMANOVA analysis using
Bray-Curtis dissimilarity indicated no significant compositional
differences between substrate types for either bacterial (p = 0.518)
or fungal (p = 0.743) communities (Supplementary Table 8).
Consistently, Kruskal-Wallis tests of alpha diversity showed no
significant differences between cement and rock samples for
observed features (bacteria: H = 0.048, p = 0.827; fungi: H = 1.19,
p = 0.275) or Shannon entropy (bacteria: H = 0.048, p = 0.827;
fungi: H = 0.43, p = 0.513). Although individual samples varied in
richness and diversity, no substrate-specific patterns were detected.
Together, these results indicate that microbial diversity is not
structured by substrate type and is more likely influenced by local
microenvironmental heterogeneity.

4 Discussion

Since 1971, the “Come, Peace” sgraffito has undergone
progressive weathering. Close examination showed a mature
microbial layer incorporating lichens and mosses, reaching
~0.5 cm thickness in several areas consistent with conditions
favoring biofilm development (e.g., humidity, substrate porosity)
(Liu et al., 2022; Sanmartin et al., 2021b). Moreover, the SEM
study pointed to microbial cells, filaments, and hyphae adhering
to construction particles. This may result in the removal of
material grains from the substrate, thereby weakening its integrity
over time. The chemical tests on the samples from the damaged
sgraffito showed that they mainly contained two substances: silica
oxide (quartz) and calcium carbonate (calcite). Silica oxide and
calcium carbonate are known as the major components comprising
lime mortars and cement concrete. Interestingly, the analytical
examination’s findings point to elevated concentrations of iron
oxides in the art materials. This finding may be explained by
the assumption that the sand used for the lime mortar mixture
originated from Nubian sandstone sourced from the Negev Desert
(Farkash and Tal, 2017; Weissbrod and Sneh, 1997).

Among the bacterial domain, Cyanobacteria, Actinobacteria,
and Proteobacteria were detected as the principal bacterial taxa.
This discovery agrees with established research concerning the
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bacterial communities surviving in building materials (Dyda et al.,
2019; Kukletova and Chromkova, 2018). The Cyanobacteria group
is crucial in biofilm formation as the primary energy producer
in this nutrient-deficient environment. Interestingly, Literella, a
cyanobacterium genus that was recently described within the
fissures and cracks of granite stones and rocks were detected in
all the samples (Jung et al., 2020). Four of the samples contained
members of the filamentous cyanobacterium genus Scytonema
which is already known as a colonizer of black crusts on building
materials (De Miguel et al., 1995; Gaylarde et al., 2004; Gaylarde
et al, 2007). Nostoc is a genus of filamentous cyanobacteria
that can survive on stone monuments due to their ability to
remain desiccated for months or years (Ramirez et al.,, 2011).
All the samples collected included members of the Actinobacteria
group, such as Blastococcus, Nocardioides, Micromonosporaceae,
and Pseudonocardia. Furthermore, we identified representatives
from Modestobacter, Micrococcaceae, and Geodermatophilus in five
of the samples. Actinobacteria, a prevalent soil bacterium, are
recognized as a significant group residing in building materials
(Abdulla et al., 2008; Saadouli et al., 2022; Urzi et al., 2004).

Concerning the fungi, the most represented phylum on
the examined walls is Ascomycota. Within the Ascomycota
phylum, the most prevalent groups were Lecanoromycetes,
Dothideomycetes, and Euromycetes. Lecanoromycetes are
lichen-forming fungi with a worldwide range, predominantly
found in cryptoendolithic colonies that inhabit stones and
rocks in both natural environments and man-made structures
(Cozzolino et al., 2021). In our study, we found the Teloschistaceae,
a substantial family of lichen-forming fungi, colonizing both the
lime mortar and concrete samples. Their ability to cause damage to
building materials has been recorded in marble structures, where
they may infiltrate up to 10 mm into the stone and disintegrate
the marble surface (Fuentes et al., 2021). The results revealed
other important taxa of Ascomycetes: Dothideomycetes and
Eurotiomycetes, which are part of the black meristematic fungal
communities (MCF) (De Leo et al., 2019; Selbmann et al., 2015;
Sert et al., 2007). Members of this fungal group, such as Knufia,
Coniosporium, and Cladosporium, were detected in all samples and
are already known for their ability to cause damage by penetrating,
degrading, and discoloring the stone surface. The production of
protective pigments, such as melanin and carotenoids, revealed
in various samples (Figure 4), further enhances their resilience
(Erdmann et al., 2022; Isola et al., 2015). Most rock-inhabiting
fungi can infiltrate between crystal structures (Figure 5E; Knabe
and Gorbushina, 2018; Rabbachin et al., 2024). Interestingly, we
identified taxa commonly referred to as sooty-mold fungi, such
as representatives from the Trichomeriaceae and Capnodiaceae
families (Chomnunti et al., 2014). Their presence may indicate an
alternative pathway for biofilm formation on the wall decoration
materials (Harding et al., 2009). We link this phenomenon to a
large tree that covered much of the wall surface before conservation
work began. The tree harbors a species of leaf aphids that feed
on its sap and secrete a sugary substance known as honeydew
(Meng et al., 2023).

Despite the disparity in material composition, which might
have resulted in variations in microbial populations, no significant
difference was found between the groups. This may be because
over the years, the biofilm was well developed, containing
microorganisms from all domains. Another reason could be
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attributed to the differentiation of microclimatic conditions along
the wall. In regions shaded by the adjacent Pistacia tree (Pistacia
palaestina), the coating appeared dark to black, while in locations
with slightly greater sun exposure, it also exhibited green patches
(Figure 2). Interestingly, a recent study of epilithic biofilms on
Stone Dog sculptures on the Leizhou Peninsula, China, found that
despite identical exposure within a small courtyard, the biofilms
exhibited high biodiversity and distinct community compositions
(Sanmartin et al., 2021a). This underscores the critical influence
of microenvironmental conditions and the need for precise
microclimatic measurements, including radiation and humidity
(Del Mondo et al., 2021; Sanmartin et al., 2021a).

5 Conclusion

The sgraffito wall decoration has experienced substantial
deterioration and weathering since its creation, significantly
diminishing the visibility of the artwork. Analytical results revealed
a well-established, diverse microbial community, including fungi,
bacteria, lichens, and mosses attached to the substrate. This process
may reduce the structural integrity of the wall-art materials.
Notably, variations in microbial composition appear to be more
closely linked to localized microclimatic conditions than to
the substrate materials themselves. Thus, future studies should
address microclimatic measures, physicochemical characteristics,
and metabolic functions of the microbial communities. Due to its
climatic exposure and porous composition, the artwork remains
vulnerable to microbial re-colonization. Therefore, sustained
biological monitoring combined with conservation expertise and
community engagement is essential for its long-term preservation.
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A Correction on
Extensive biofilm covering on sgraffito wall art: a call for
proactive monitoring

by Nir, I., Sharaby, A., Barak, H., Pavan, M. J., Friedlander, L. R., Multanen, V., and Kushmaro, A.
(2026). Front. Microbiol. 16:1664404. doi: 10.3389/fmicb.2025.1664404

Error in Figure 2

There was a mistake in Figure 2 as published. The sample numbers/location Y1, Y2, Y3,
and Y4 were missing from the upper section of Figure 2. The corrected Figure 2, with the
sample numbers Y1, Y2, Y3, and Y4, appears below.

The original version of this article has been updated.
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Y1

FIGURE 2
Sampling site: the "Sgraffito” wall art and the adjacent concrete wall, indicating the positions of sampling points Y1-Y8 (above), together with close-up
photographs of the samples collected in this study (at the lower portion of the figure).
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