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Abstract: The present work offers a contemporary synthesis of the application of the Oxford
Nanopore® MinlON™ within the context of cultural heritage biodeterioration investigations, while
also providing a comprehensive discussion of possible future perspectives for their utilization in
this research field. Owing to the distinctive characteristics of this device, the past few years have
witnessed the consistent increase on the application of this system in a variety of cultural heritage
materials. In fact, the technique has been useful to understand microbial biodeteriogens diversity
and some of their metabolic and biodeteriogenic features. Considering the immense potential for
application of this system, this manuscript explores and discusses further possibilities of the
technique, focusing on helping understand critical questions on the cultural heritage
biodeterioration area. Its application in various differential contexts, has opened doors for
prospective applications on other interesting sub-areas of research meriting future investigations,
including: biodeteriogens genome and transcriptome analysis, metatranscriptomics,
biodeteriorative metabolism studies, inter and intra kingdom interactions analysis, resistome
profiling, object history and context studies, in situ applications, bioprospecting and biotechnology.

Keywords: microbiome; MinION™; biodeterioration; -omics; next-generation-sequencing; cultural
heritage;

1. Introduction

Humanity’s cultural heritage artifacts, relics, and sites are susceptible to undesirable alterations
and significant damage due to the growth and metabolic activities of living organisms [1-3]. These
biodeterioration phenomena can manifest in both indoor settings (e.g.,, museums) and outdoor
environments (e.g., monuments), posing a serious threat to historical sites, properties and objects on
a global scale. Various materials, including paper, ceramics, textiles, glass and stone, as well as items
such as parchment, books, paintings, frescoes, stained glass, photographs, sculptures and funerary
accessories, can be colonized and deteriorated through microorganisms’ aesthetic, mechanical, acidic
and enzymatic actions [4]. Consequently, biodeterioration may arise from the influence of multiple
organisms (including bacteria, cyanobacteria, microalgae, archaea, fungi and lichens [4]), requiring
that protective measures are constantly considered, developed and implemented. Reliant on specific
conditions and the substrate type, some of these microorganisms can also contribute to the protection
of the materials, thus displaying a biodeteriorative/bioprotective dualistic effect/nature [5,6]. For
these reasons, molecular techniques, such as DNA sequencing, have been extensively applied for to
investigate, understand and monitor biological colonization on art objects and cultural heritage
monuments for more than two decades [7-9]. Accordingly, the current focus resides on the
application of Next-Generation-Sequencing (NGS) methodologies, since these techniques have
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powerfully expanded the possibility to characterize microbial communities in a cost-effective, rapid
and more comprehensive manner [10-16]. Owing to the peculiar characteristics of this device, the last
few years have seen the steady rise of the popular Oxford Nanopore® MinION™ sequencer in this
research area, which has been applied in a variety of cultural heritage materials [8,9,17]. The
MinlON™ device is a compact (Figure 1), portable, relatively affordable, long-read DNA/RNA
sequencer, offering an extensive range of applications. This technology operates on the principle of
nanopores (protein-based pores), which function as biosensors to detect negatively charged single-
stranded DNA or RNA molecules as they pass through a nanopore driven by an ionic current, with
subsequent decoding of electrical variations via computational algorithms [16]. Compared with other
NGS platforms, MinlON™ offers the advantages of a low startup cost, real-time sequencing,
portability and the ability to generate ultra-long reads useful for resolving complex genomic regions.
Nonetheless, classical disadvantages associated with the technique have been pointed as lower
accuracy and the need for robust bioinformatics tools. In this review article, we aim to provide a brief
updated summary of previous studies using the MinlON™ sequencer in the area of cultural heritage
biodeterioration (CHB), while simultaneously providing a holistic discussion of possible future
directions, additional applications and associated impacts of their utilization in this research field.

Figure 1. Example of an Oxford Nanopore® MinlON™ sequencer device.

2. Application of Oxford Nanopore® in Cultural Heritage Biodeterioration Studies

Constrains of conventional cultivation approaches (they primarily detect active forms while
neglecting to identify inactive (viable non-culturable) and non-viable states; in vitro culture
conditions may preferentially support the proliferation of rapidly growing opportunistic species,
thereby hindering the isolation of fastidious species; a substantial proportion of microorganisms exist
in symbiotic relationships; and isolated microorganisms may not exhibit the characteristics observed
in the original complex communities from which they were derived [4,7]), have hampered an holistic
analysis of microorganisms in cultural heritage materials. To address the limitations associated with
cultivation, researchers adeptly employed culture-independent molecular biology techniques, such
as fingerprinting via denaturing gradient gel electrophoresis (DGGE) or temperature gradient gel
electrophoresis (TGGE) in conjunction with clone libraries, or whole-cell hybridization (FISH), across
a diverse array of cultural heritage materials [4]. While these methodologies yielded valuable insights
and facilitated critical conservation decision-making processes for monuments worldwide, they also
encountered the limitation of offering (to varying extents) limited data. In fact, both cultivations
paired with molecular analysis, DNA-fingerprinting and the creation of clone libraries, also faced
additional constraints, such as the often labor-intensive and time-consuming nature of these
experimental protocols and the potential for inherent errors associated with several of these
techniques [4,7]. For these reasons, researchers rapidly transitioned to the emerging paradigms of
modern high-throughput next-generation sequencing (NGS) technologies that were being
developed, introduced and rendered commercially available in the 2000s. Later on, with the
development of long read sequencing devices and considering their associated advantages, a strong
focus was given to these methodologies. Beginning in 2020, a notable trend observed, with the
implementation, assessment and evaluation of the Oxford Nanopore® MinlON™ sequencer within
the CHB field. In fact, to date the Oxford Nanopore® MinlON™ sequencer has been employed across
an array of cultural heritage materials, encompassing stone monuments, granite chapels, salt-
weathered edifices, petroglyph sites, oil paintings, drawings, textiles, waxes, bronze sculptures,
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waterlogged archaeological wooden pirogues, iron nails from a whale skeleton, documents and
within museum settings (Table 1) [18-39]. Moreover, the sequencer has progressively evolved into
an essential element within the domain of microbial cultural heritage biodeterioration and
conservation research [8,9,17,40] and certain patterns regarding the utilization of this technology are
already observable. For instance, the prevalence of studies employing a metabarcoding methodology
is notable, with the most frequently sequenced genetic regions being the ITS, 16S and 285 rDNA.
Concurrently, the predominant subjects of study are related to stone materials and substrates

associated with museum environments (Figure 2).

Figure 2. Alluvial plot displaying a summary of works were Oxford Nanopore® MinlON"™ sequencer

Funeral related

ITS
PCR
ITS, 16S and 18S
ITS, 16S and others
Stone related
WGA

was applied in the cultural heritage biodeterioration field (SM: Shotgun metagenomics; PCR:
Polymerase chain reaction; WGA: Whole genome amplification; WG: Whole genome).

In addition, the most common keywords found in these works include: biodeterioration,
metagenomics, nanopore sequencing technology, building materials, stone, microbial community,
16s RNA ribosomal gene, microbiome, bacteria, nanopore sequencing technology, MinlON™,
microbiota and conservation (Figure 3). Moreover, through an examination of the most frequently
occurring terms in the abstracts of these publications (Figure 4), additional insights into the emerging
trends associated with the Oxford Nanopore® MinlON™ can be further elucidated. Indeed, a
significant emphasis in these studies is placed on the capacity of microorganisms to proliferate within
museum environments and artworks, the biodeterioration of stone substrates influenced by saline
conditions and the resistance mechanisms exhibited by biodeteriogens.
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Table 1. Cultural heritage biodeterioration studies conducted with the MinION™ sequencer. ?’5
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Figure 3. VOSviewer (https://www.vosviewer.com/) co-occurrence network displaying the main
keywords (appearing at least two times) from works regarding the application of the Oxford
Nanopore® sequencer in the cultural heritage biodeterioration area.
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Figure 4. VOSviewer (https://www.vosviewer.com/) co-occurrence network displaying the main
words (appearing at least two times in the abstract section) from works regarding the application of
the Oxford Nanopore® sequencer in the cultural heritage biodeterioration area.

Common workflows for the employment of the MinlON™ sequencer within CHB area typically
encompass: (1) sampling, DNA extraction and quantification; (2) library preparation according to the
selected protocol (including shotgun metagenomics, specific genes PCR or whole genome
amplification); and (3) sequencing followed by bioinformatic analysis (Figure 5). Additionally, the
library preparation process can incorporate supplementary steps such as barcoding, pooling, DNA
fragmentation, DNA end repair, transposase-based adapter ligation, or multiple displacement
amplification (MDA) to achieve an adequate yield of DNA [18-39]. The vast majority of the extant
literature employed an amplification step, either via PCR gene amplification or through whole
genome amplification (Table 1). However, the studies conducted by Li and colleagues [26] and Nir
and colleagues [27] adopted an amplification-free strategy, integrating a MinlON™ shotgun
metagenomics approach with Illumina sequencing. While shotgun metagenomics methodologies can
effectively mitigate PCR bias, further analysis of their inherent characteristics for this sequencer,
remains essential. In terms of bioinformatic analysis and the software utilized in CHB investigations,
there appears to be a discernible preference for the company’s EPI2ME / “What is in my pot” (WIMP)
workflow, which is the most frequently employed approach (Table 2).
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Figure 5. Common workflows for the application of MinION™ sequencer in the CHB area include.
Table 2. Bioinformatic approaches applied to the MinION™ sequencer data in the CHB area.
Ref
Study Bioinformatic approach iczre
Bastholm and Guppy; Porechop; Nanoplot; Nanofilt; minimap2; Racon; [18]
colleagues (2024) VSEARCH; Blastn
Beccaccioli and
colleagues (2023) Guppy; Porechop; BLASTN; KronaTools [19]
Brimblecombe and " .. P
colleagues (2022) EPI2ME / “What is in my pot” (WIMP) [20]
Delegou and colleagues
(2022) EPI2ME [21]
Derksen and colleagues . .
(2024) Guppy; Porechop; NanoFilt; Emu with UNITE database [22]
Grottoli ?;ég;’ueagues “AmpLIcon Sequencing Analysis” (ALISIA) [23]
Haedar and colleagues = Guppy; NanoPlot; Nanofilt; Centrifuge classifier with NCBI 16S [24]
(2024) RefSeq database; Pavian; KronaTools
Kisova 11
1sova ""(gg;oc; cagues Albacore; EPI2ME / “What is in my pot” (WIMP) [25]
Li and colleagues (2023) Guppy; NanoStat; Flye; Pilon; QUAST; cd-hit [26]
Nir a“éggg)eagues metaWRAP; Hybrid Spades; PROKKA [27]
Pavlovi¢ and colleagues EPI2ME / “What is in my pot” (WIMP); 28]
(2022a) yP '
Pavlovi¢and colleagues Albacore; EPI2ME / “What is in my pot” (WIMP) [29]
(2022b)
Pavlovi¢ 11
aviovic :‘2%‘;;)0 eagues EPI2ME / “What is in my pot” (WIMP); MetONTIIME [30]
Pin d coll
fnaranc cot eagues Guppy; EPI2ME / “What is in my pot” (WIMP) [31]
(2020a)
Piar and colleagues Guppy; EPI2ME / “What is in my pot” (WIMP) [32]

(2020b)
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Flany a?;);tcl);leagues Albacore; EPI2ZME / “What is in my pot” (WIMP) [33]
Rabbachin and ] .
colleagues (2022) Guppy; Centrifuge with custom database [34]
Rabbachin and ) .
colleagues (2023) Guppy; Centrifuge with custom database [35]
Rabbachin and )
colleagues (2024) Guppy; NanoFilt; Emu; UNITE [36]
Soltys a?zc(l);(()))l leagues Albacore; EPI2ZME / “What is in my pot” (WIMP) [37]
Tichy ar(lsoggileagues Guppy; Porechop; NanoStat; NanoPlot; Emu with NCBI 165 RefSeq  [38]
Timoncini and . o 5
colleagues (2022) EPI2ME / “What is in my pot” (WIMP) [39]

From the available literature, several studies utilized gene-targeted sequencing approaches to
analyze specific genomic regions such as ITS, 165 and 285 rDNA to study microbial communities
associated with cultural heritage artifacts and sites. Grottoli et al. [23] employed a targeted approach
using the ITS, 165, and 185 rDNA regions with the Oxford Nanopore® MinlON™ sequencer to study
the microbiomes in the Basilica di San Nicola’s hypogeum. They developed the “AmpLIcon
SequencIng Analysis” (ALISIA) bioinformatics tool, discovering limited overlap between their
sequencing data and culture-dependent methods. Kisova et al. [25] used metabarcoding of ITS, 165
and 285 rDNA to characterize microorganisms on funeral accessories, finding bacteria responsible
for metal corrosion and fungi that could degrade textiles. Soltys et al. [37] sequenced the same regions
to study the biodeteriorative microbiomes on an 18th-century wax seal, revealing a diverse
community of fungi contributing to lipid alterations and lead soap formation. Other studies focused
on the biodeterioration of various cultural materials using similar gene-targeted approaches. For
example, Plany et al. [33] analyzed the 16S and 285 rDNA regions to understand microbial
communities associated with corroded iron nails from a whale skeleton exhibit. Brimblecombe et al.
[20] and Derksen et al. [22] sequenced the ITS region to study fungal contamination in monastic
libraries, while Delegou et al. [21] used 165 rDNA sequencing to investigate the microbiota on the
Aedicule sepulcher’s building materials. Pavlovi¢ et al. [28,29] conducted multiple studies targeting
various genes (ITS, 16S rDNA, nirK, dsr, soxB and/or amoA) to analyze microbial influences on salt-
contaminated chapels and wax drippings on manuscripts, revealing complex relationships between
microbial communities and biodeterioration processes. Additionally, Haedar et al. [24] and Tichy et
al. [38] utilized 16S rDNA analysis to explore the microbial influences on patinas and rock paintings,
respectively, while Bastholm et al. [36] targeted the calmodulin gene to investigate Aspergillus growth
in museum repositories.

On the other hand, Whole-genome amplification (WGA) approaches were employed in several
studies to gain a more comprehensive understanding of microbial communities associated with
cultural heritage objects. Pinar and associates [31,32] were pioneers in employing a whole genome
amplification (WGA) methodology utilizing this sequencer within the context of CHB. This
advancement understandably marked a significant progression in comprehending both the
microbiome and their potential metabolic characteristics that contribute to the biodeterioration of
materials. They applied WGA to study microbiomes on various oil paintings and Leonardo da Vinci’s
drawings, while also developing a rapid WGA protocol, revealing significant microbiome differences
related to the artworks’ composition and conservation status and also highlighting the impact of
geographical factors on microbiome composition (providing a valuable reference for future
monitoring). Rabbachin et al. [34,35] also used WGA sequencing to study microbial communities on
petroglyphs in the Negev Desert and the Austrian Alps, identifying relationships between stone
microbiomes and biodeterioration processes and noting that biofilm removal could enhance
microbial recolonization cycles. In another study, Li et al. [26] applied a WGA approach using both
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[llumina and Nanopore® sequencing to investigate biofilms on stone cultural heritage sites in China.
Their findings elucidated the biofilms’ taxonomic profiles and the roles of microbial groups in
nitrogen and sulfur metabolism, which contribute to stone deterioration. Nir et al. [27] used the
sequencer to characterize a cyanobacterial metagenome from the Negev petroglyphs, while also
identifying genes crucial for survival in extreme environments and their contributions to
biodeterioration through elemental exchanges. Overall, these whole-genome studies provided a
more holistic understanding of the microbial communities and their roles in biodeterioration, offering
insights into developing more effective preservation strategies for cultural heritage conservation.

In light of the research that has been conducted so far, some consequently current gaps of the
application of the technique in this area can be identified and include the need: (1) to expand the
number of studies in supports less studied or not yet explored; (2) to conduct further discussions and
comparisons regarding bioinformatic pipelines and analysis; and (3) to proceed with the expansion
of application of WGA tailored studies, in order to deepen the knowledge of metabolic and resistance
characteristics of microorganisms. Moreover, other additional topics could also be further
investigated, such as the case of biodeteriogens metatranscriptomics, microbial ecology, on-site real-
time application and molecular monitoring; biotechnology focusing in preservation/restoration
efforts; and the monitoring of treatment efficiency through time.

3. Future Directions for Oxford Nanopore® Applications in Biodeterioration Studies

Pavlovi¢ and colleagues [17] conducted an initial examination of the first five scholarly articles
wherein the aforementioned technique was applied within this particular domain. The authors
further postulated that forthcoming investigations could emphasize in the exploration of metabolic
and degradative characteristics of cultural heritage microbiomes, the continued establishment of
biobanks, the consequences of climate change on microbial populations, the challenges associated
with bioinformatics and existing analytical pipelines, as well as the advancements being achieved in
sequencing capabilities of the devices. Moreover, over the past five years, the application of this
technique across a multitude of differential contexts has also facilitated potential further explorations
into other compelling sub-disciplines of research. These encompass, for example: genomic and
transcriptomic investigations of biodeteriogens, metatranscriptomic analyses, studies on
biodeteriorative metabolic processes, assessments of inter and intra-kingdom interactions,
comprehension of resistomes, biocodicological inquiries, analyses of object history and contextual
factors, in situ applications, as well as bioprospecting and biotechnological endeavors (Figure 6).

Genomics and

transcriptomics
Metatranscriptomics
Biotechnology W
| Biodeteriorative
. L Oxford Nanopore® metabolism insights
In situ application S sequencer

and bioprospecting future perspectives

o ) A Inter and intra
Biocodicology, object kingdom interactions

history and context

Resistome profiling
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Figure 6. Possible future directions for the Oxford Nanopore® application in biodeterioration
studies.

3.1. Biodeteriogens Genomics and Transcriptomics

Genome-wide and transcriptomic investigations can yield significant insights regarding the
genetic foundations and microbial mechanisms implicated in the process of biodeterioration.
However, a predominant contemporary challenge hindering progress in this field is the scarcity of
sequenced microbial genomes coupled with the scarcity of experimental transcriptomic data. For
instance, concerning black fungi (which represent a major problematic group of microorganisms
affecting stone), only a minimal number of genomes sourced from isolates derived from stone
monuments, currently exist [41,42]. Furthermore, the quantity of accessible transcriptomic studies
within this domain is considerably much lower.

In a recent investigation, Quach and colleagues [43] illustrated the efficiency of genome
sequencing in elucidating lifestyle adaptations and mechanisms of glass biodeterioration exhibited
by Curvularia eragrostidis through the Illumina sequencing technique. The authors successfully
characterized the metabolic pathways integral to the species” adaptations to its glassy environment,
as well as the genomic underpinnings associated with the biosynthesis of organic acids,
exopolysaccharides and enzymatic products that facilitate biodeterioration. Paiva and colleagues [44]
similarly employed the Illumina platform to sequence the genome of the microcolonial black fungus
Saxispiralis lemnorum and executed an extensive genomic analysis of the Aeminiaceae family. The
authors discovered not only various distinctive traits associated with extremotolerance, but also
metabolic characteristics that may hypothetically contribute to biodeterioration, including enzymatic
properties and capabilities for nitrate assimilation and sulfate reduction. Pei and colleagues [45]
investigated the genomic and transcriptomic attributes of Naumannella cuiyingiana AFT2T, which was
implicated in the lead-containing pigment discoloration of a 1500-year-old tomb wall painting in
China. The authors identified that the presence of Pb ions in the culture medium prompted alterations
in gene expression pertaining to metal ion transport and metabolism, as well as to TIpA family
protein disulfide reductases. Enzymes exhibiting disulfide-bond reducing capabilities and genes
encoding the transporter for divalent Pb ions were also underscored as critical components in the
discoloration process of this tomb wall. Wang and colleagues [46] examined the biodegradation
mechanisms employed by Fusarium solani NK-NH1 on the hull wood of the Nanhai No. 1 shipwreck.
The authors conducted whole genome sequencing of this isolate and successfully characterized the
key genes responsible for the degradation of cellulose and lignin.

Currently, the Oxford Nanopore® methodology has demonstrated its capability to sequence
entire bacterial and plasmid genomes without necessitating short-read sequencing [47]. In a
complementary manner, this technique has also been validated for its ability to procure near-
complete, telomere-to-telomere fungal genomes [48-50] and with the ongoing advancements in flow
cell technology, it is anticipated to yield enhanced outcomes in the imminent future. However, there
has been a notable absence of genomic or transcriptomic analyses pertaining to biodeteriogenic
microorganisms utilizing this system in CHB studies. Such an approach could represent a compelling
and advantageous application of the technique in forthcoming investigations, particularly in light of
the long-read capabilities of the device. Their implementation could potentially enhance (alongside
metatranscriptomics) the understanding of one of the predominant inquiries in the area: “What do
organisms do on and with the object?” [8].

3.2. Metatranscriptomics

While a substantial volume of research employing metagenomics or metabarcoding
methodologies exists, there remains a deficiency in metatranscriptomic investigations concentrating
on the biodeterioration of cultural heritage materials. As pointed by Sterflinger and Pifiar [8], this
methodological framework possesses the potential to significantly advance the field, as it would
facilitate an understanding of the biodeteriogenic and metabolic repercussions exerted by
microorganisms on an object under specified conditions. Zhang and associates [51] have examined
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the active RNA-level community located at the Beishiku Temple in China utilizing Illumina
sequencing data. The researchers identified a concordance between the findings derived from
metagenomic and metaproteomic methodologies, thereby affirming the influence of cyanobacteria in
the formation of biofilms on stone monuments at this site. While these are rather critical findings, the
Oxford Nanopore® sequencer has yet to be employed for metatranscriptomic investigations within
this domain, a subject that merits rigorous exploration, as the sequencer has demonstrated its
capability to conduct such analyses even under atypical conditions, such as those present at the
International Space Station (ISS) [52].

3.3. Biodeteriorative Metabolic Insights

Although a significant number of studies utilizing the sequencer have been executed with a
WGA approach (Table 1), the investigations conducted by Li and colleagues [26] and Nir and
colleagues [27] have delved more deeply into the biodeteriorative metabolic capabilities inferred
from metagenomic analysis data, through a shotgun metagenomics approach. In the first study, this
methodology facilitated an in-depth comprehension of the contributions of metabolic pathways to
biogeochemical nitrogen and sulfur cycling, which are known to substantially exacerbate stone
biodeterioration [53]. The latter investigation concentrated on the acquisition and characterization of
the metagenome of a cyanobacteria, yielding insights into genes implicated in element exchanges,
specifically ATPases and membrane transporters, which may play a pivotal role in weathering
processes. As such, it is evident that, notwithstanding the application of alternative NGS techniques
[54,55], such studies are indispensable for elucidating not only the microbial agents accountable for
biodeterioration but also their biodeteriorative mechanisms. Consequently, forthcoming studies
utilizing this sequencer within these domains may present an extensive array of opportunities and
contribute to addressing essential inquiries in the field, specifically regarding the mechanisms
underlying biodeterioration in distinct contextual settings.

3.4. Multi-Kingdom Interactions and Microbial Ecology

The biodeterioration of materials constituting cultural heritage may sporadically arise from the
influence of a single or a limited ensemble of microorganisms. However, the predominant
mechanisms underlying these processes are attributable to a multifaceted microbial consortium that
develops and exhibits intra- and inter-species interactions [56,57]. Indeed, the microbiome of cultural
heritage materials can be shaped by multi-kingdom mutualistic, competitive, and neutral
relationships [56,57], which in turn affect the biodeterioration phenomena that impact these
materials. Therefore, an enhanced comprehension of ecological networks can yield essential insights
regarding biodeteriorative microbes, thereby aiding in the prediction of their assemblages and
assisting in their management, protection and conservation [57].

Liu and colleagues [56] ascertained that interactions across multiple kingdoms dictated the
microbiome present within the subterranean Chinese Dahuting Han Dynasty Tomb. The researchers
discovered that Actinobacteria and Pseudonocardiaceae, through the emission of volatile geosmin, had
the capacity to attract Collembola, which facilitate their dispersal into the tomb’s interior from the
surrounding milieu (inter-kingdom mutualism). Additionally, the findings also underscored the
occurrence of intra-kingdom competition, as Pseudonocardiaceae flourish due to their production of
cellulases and potentially antimicrobial compounds. Yu and associates [57] performed a
metabarcoding meta-analysis encompassing approximately 1000 microbiomes sourced from cultural
heritage sites situated in diverse environmental contexts. The authors concluded that, on a global
scale, bacterial communities are predominantly shaped by overarching climatic factors, whereas the
predominance of fungal communities is primarily elucidated by localized habitat conditions. In one
of our recent investigations concerning a marble statue [58], we observed some unusual findings, as
multiple negative correlations were identified between Bacteria and Fungi at this monument. Given
that the majority of the Bacteria identified were Cyanobacteria, one would anticipate the presence of
more positive correlations, given their role in fostering the development of heterotrophs.
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Acknowledging the significance and necessity of comprehending climatic, and intra- and inter-
species ecological interactions to enhance the long-term preservation of cultural heritage materials,
prospective studies utilizing the Nanopore® sequencer (employing metagenomics and
metatranscriptomics in tandem, for instance) could provide additional pivotal insights into both the
microbiome and the metabolic characteristics that facilitate these interactions.

3.5. Cultural Heritage Resistome

The cultural heritage resistome, defined as the antimicrobial resistance genes (AMR or ARGs)
present within a community, has recently emerged as a significant area of scholarly interest in this
research field [26,59,60]. Understandably, investigations into the AMR genes associated with cultural
heritage monuments and artifacts are of considerable importance, as such studies facilitate the
comprehension of anthropogenic influences, the evaluation of resistance to preservation and
conservation practices, the tracing of contamination sources and even allow the enhancement of
public health management initiatives [26,59,60].

Li et al. [26] employed both the Illumina and Oxford Nanopore® sequencing technologies to
elucidate the microbiome and pivotal genetic frameworks within the Leshan and Feilaifeng stone
heritage sites. The authors innovatively utilized the Nanopore® sequencer within this context for the
first time, revealing significant abundances and diversity of genes associated with antibacterial
biocides and resistance to metals (specifically copper and quaternary ammonium compounds).
Furthermore, they verified that a variety of antimicrobial resistance genes and mobile genetic
elements are capable of being disseminated through horizontal gene transfer, ostensibly complicating
interventions on these relics. Interestingly, the authors also conducted a comparative analysis of both
methodologies, confirming the Nanopore® sequencer capacity to: (1) achieve average read lengths
that are considerably longer (8510 bp versus 304,680 bp from Illumina); (2) enhance contig results
(9390 versus 542,843 bp from Illumina); and (3) attain an overall superior average contig N50 value
in contrast to the exclusive application of Illumina reads [26]. In parallel, He et al. [59] investigated
the environmental resistome and mobilome at Feilaifeng stone heritage sites located in Hangzhou,
Zhejiang Province, China, utilizing the Illumina sequencing technique. The authors identified a
substantial and diverse array of AMR genes that confer resistance to pharmacological agents
(antibiotics), biocides, and metals within the studied substrates, inferring that anthropogenic
activities likely exert an influence on stone resistomes across various heritage stone areas. Moreover,
the authors noted that the stone resistome and mobilome possess the capacity to enhance their
adaptability and confer resistance to antimicrobials employed against biodeterioration. Ding et al.
[60] examined the pathogenicity characteristics and resistome profiles of the microbiome inhabiting
the Angkor sandstone monuments in Cambodia through the Illumina technique. The authors
identified a distinct assemblage of ARGs exhibiting cross-niche affiliations between the
environmental context and warm-blooded fauna. Additionally, they elucidated the mechanisms of
resistance present on these substrates and deliberated on their implications for public health in
relation to tourism at cultural heritage sites.

Given the critical nature and necessity of comprehending the resistance mechanisms associated
with treatments utilized in the conservation of materials of cultural heritage, as well as the AMR
threat to public health, further investigations employing this sequencer could yield profound insights
into visitor safety, thereby contributing to a one-health perspective and enhancing conservation
endeavors. Recently, this technique has been validated as a rapid, straightforward, and dependable
method for detecting such resistances [61] and its application in this field is poised to significantly
deepen our understanding of microbiome dynamics and resistance through the monitoring of
treatment efficacy.

3.6. Cultural Heritage Objects History

Molecular investigations have been documented to yield significant insights pertaining to the
historical context, manufacturing constituents, preservation conditions, geographic provenance and
potential adulteration of artistic artifacts [31,32,62,63]. Furthermore, such studies may offer critical
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evidence regarding the interactions between these relics and human engagement [62]. Consequently,
they hold substantial relevance in disciplines such as biocodicology, archaeology, criminology, as
well as in assessing human contamination resulting from physical handling [31,32,64,65]. Although
this remains an emergent field, efforts have been made to utilize the Oxford Nanopore® sequencer
for the identification of the microbiome and ancient animal DNA (aDNA) derived from a 15th-
century parchment housed within the Graphic Collection (Kupferstichkabinett) of the Academy of
Fine Arts in Vienna [63]. Conversely, the application of these methodologies has the potential to
enrich our comprehension of object context and to elucidate the dualistic influences of the
microbiome, encompassing both biodeteriorative and bioprotective aspects [65]. It is reasonable to
assert that this sub-discipline may pave the way for numerous applications of the sequencer that
merit further investigation.

3.7. On-Site Application

Owing to the portability, operational features, versatility and analytical velocity of the
sequencer, the platform facilitates on-site analytical procedures. Indeed, currently a wide range of
reports documenting such applications across diverse environmental contexts, including Ebola
surveillance in West Africa, water quality assessment, environmental microbiota analysis, SARS-
CoV-2 diagnostics and even aboard the International Space Station (ISS) [66-74], are available. The
methodology has further proven to be dependable in resource-constrained environments [72], a
condition that is likewise applicable to various cultural heritage sites globally. Moreover, WGS
analysis is poised to enhance the study of microbial threats to historical properties within developing
nations. Nonetheless, the potential of on-site capabilities within this specific research domain remains
to be thoroughly investigated. Recently, Tamames and collaborators [74] designed and evaluated an
in-situ protocol for Oxford Nanopore® metagenomic analysis in volcanic rocks (La Palma, Canary
Islands) and marine environments, achieving results in less than one day. Given such advancements,
the deployment of this technique for on-site analysis can present an extensive array of opportunities
within the realm of cultural heritage biodeterioration, including the surveillance of microbial
outbreaks and the implementation of rapid control measures [75,76]. In addition, while culture-
dependent approaches encounter limitations in delivering a comprehensive understanding of the
microbiome responsible for the biodeterioration of artifacts, they nonetheless provide valuable
insights as they facilitate the isolation of microbes for differential analysis, discovery of novel
microorganisms and enhancement of biological databases [77,78]. The sequencer has also proven
effective for in situ bioprospecting initiatives and microbial characterization [79], which, considering
the frequently uncharacterized elements of the microbiome associated with heritage materials [78],
could present valuable avenues for future alternative research paths.

3.8. Biotechnology and Restoration Efforts

From a biotechnological standpoint, green intervention strategies such as bioconsolidation and
biocleaning [78] may significantly benefit from the integration of this sequencer. Bioconsolidation is
defined as the array of methodologies that involve the utilization of bacteria to remediate
construction materials, emulating the natural bacterial precipitation of carbonates found in carbonate
rock formations [80-82]. Conversely, biocleaning is characterized by the investigation of microbial
metabolic processes that facilitate the removal of sulfates, nitrates and organic matter, aiming to
restore or enhance compromised stone surfaces [83]. In this context, the Oxford Nanopore® sequencer
could serve as a valuable tool for investigating and gaining deeper insights into the mechanisms
underlying bioconsolidation and biocleaning through genomic and transcriptomic analyses, which
could subsequently pave the way for genomic manipulation and enhancement of these beneficial
properties. Furthermore, contributions towards the potential implementation and enhancement of
alternative microbial-derived methodologies, including the utilization of antagonistic
microorganisms or bacteria capable of facilitating bioremoval, may also derive benefits from this
system [84-87]. Finally, the application of this methodology to evaluate the efficacy of biocide
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treatments also presents a promising perspective, as its utility has already been established with the
[lumina system [88].

4. Challenges in the Oxford Nanopore® Application in Biodeterioration Studies

While the application of sequencers offers a multitude of benefits for the investigation of
microbial communities present within cultural heritage materials, it is imperative to recognize several
inherent limitations. Notably, it is essential to consider that the comparatively high costs associated
with this technology may pose significant challenges for certain researchers, alongside the difficulties
encountered in securing appropriate reagent storage in resource-limited or remote environments, as
well as the requisite for robust internet connectivity to facilitate data analysis, which may impede the
broader implementation of this methodology [72]. Conversely, the occurance of sequencing
inaccuracies and the intricate nature of bioinformatics pipelines necessary for data analysis, can pose
additional obstacles for researchers employing this technique. At present, despite not being devoid
of errors, a substantial portion of the challenges associated with long-read sequencing has been to
some degree, effectively mitigated through the advent of various error correction software developed
in recent years [89], as well as the innovation of new flow cells. Indeed, the Oxford Nanopore®
systems rank among the most rapidly evolving NGS platforms currently available, with their
limitations being systematically enhanced. For instance, the newly developed flow cell R10.4.1
facilitates quality scores of Q20+, achieves exceptionally high accuracy levels (frequently exceeding
99%), and even accommodates Short Fragmented Mode (SFM) applications [64,90-93], which, in turn,
can provide an expanded array of analytical possibilities. However, there exists a lesser degree of
consensus regarding the bioinformatic analysis of the obtained data. Existing constraints and
critiques encompass: the necessity for user-friendly bioinformatics platforms; the substantial volume
of data generated, which can impose significant demands on IT resources [73]; and the accessibility
of methods and comprehensive databases pertinent to these analyses [88]. Furthermore, the standard
bioinformatics platforms, such as Epi2me, relies on the availability of an internet connection,
although offline applications have also been introduced [94]. Nevertheless, the ongoing evaluation
of alternative bioinformatic pipelines and databases both within and beyond the cultural heritage
biodegradation domain [19,23,95-102] represents a continual endeavor that will undoubtedly require
further analytical scrutiny and standardization in the foreseeable future. Moreover, while MinION™
provides advantages in terms of portability and capabilities for in-field analysis, the protocols for
sample preparation may necessitate optimization to guarantee reproducibility and dependable
outcomes in non-laboratory environments. Conversely, and to a lesser extent, the challenges
associated with executing routine procedures in situ, such as suboptimal DNA recovery from
environmental samples, warrant acknowledgment [74]. Although protocols aimed at enhancing
DNA extraction efficiency (e.g., [103]) have been formulated, they require further validation within
contexts of CHB. Addressing these limitations is undeniably critical to effectively ensure the
applicability of nanopore sequencing [89] in studies related to cultural heritage biodeterioration, as
well as to advance our comprehension of microbial interactions and degradation processes that affect
cultural heritage artifacts.

5. Conclusions

The utilization of Oxford Nanopore® MinlON™ sequencing technology in the field of cultural
heritage biodeterioration research has thus far revealed significant potential and adaptability. This
technology has been proficiently employed across a diverse array of materials, facilitating the
examination of various microbial communities and certain metabolic pathways implicated in their
biodeterioration processes. Current trends within this domain indicate a growing predisposition
towards studies that focus on gene amplification and an increased emphasis on materials associated
with stone. Prospective applications of this technique appear promising, as the characteristics of the
sequencer enable its use for in situ analyses and bioprospecting; for comprehensive genomic,
transcriptomic and environmental metatranscriptomic investigations of microorganisms to elucidate
active metabolic processes; to explore inter- and intra-kingdom microbial interactions; and to


https://doi.org/10.20944/preprints202406.1478.v3

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 September 2024 d0i:10.20944/preprints202406.1478.v3

15

reconstruct the historical context of objects. Moreover, resistome analysis of cultural heritage
materials can yield critical insights into antimicrobial resistance, thereby informing the development
and implementation of enhanced conservation strategies. In addition, the application of this
technology for biotechnology, holds the potential to refine innovative conservation methodologies.
In summary, this sequencer has established itself as an indispensable instrument in the domain of
cultural heritage conservation and the exploration of novel applications within this area can
significantly aid in the safeguarding of cultural heritage artifacts and sites for forthcoming
generations.
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