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Microbiomes play a dual role in the preservation and degradation of archaeological artifacts. Certain 
microbial communities, such as Aspergillus, Cladosporium, and Pseudomonas, contribute to 
biodeterioration through acid production, enzymatic degradation, and bio�lm formation. 
Conversely, species like Bacillus and Actinobacteria facilitate preservation via biomineralization and 
microbially induced calcite precipitation (MICP), reinforcing structural integrity. Recent 
advancements in metagenomics and proteomics have improved the characterization of microbial 
communities in heritage sites. However, challenges persist in distinguishing bene�cial from harmful 
microbiota and understanding their long-term ecological dynamics. While bio�lms contribute to 
biodeterioration in sites such as Lascaux Cave, controlled microbial bio�lms have been successfully 
applied in the Roman Catacombs to protect surfaces. Genetic engineering, including CRISPR-based 
modi�cations, holds potential for conservation but remains in its early stages of application. Digital 
heritage technologies, such as 3D scanning, Raman spectroscopy, and Fourier-transform infrared 
(FTIR) spectroscopy, provide non-invasive means to analyze microbial colonization patterns and 
biodeterioration processes. These approaches enable real-time monitoring and evidence-based 
conservation strategies. Sustainable microbiome-based conservation e�orts, such as bio 
mineralization using Bacillus spp., have been implemented at Angkor Wat, demonstrating microbial 
interventions' e�cacy in stabilizing heritage structures. This review explores the role of 
geoarchaeological microbiomes in artifact preservation and deterioration, highlighting the 
mechanisms through which microorganisms in�uence cultural heritage materials. By synthesizing 
current research on microbial interactions, conservation challenges, and technological 
advancements, it aims to provide insights into sustainable preservation approaches.
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Microorganisms are fundamental to Earth's ecosystems, driving 
processes such as nutrient cycling, such as nitrogen �xation, and 
organic matter decomposition. In archaeological contexts, 
microbial communities or microbiomes interact with artifacts, 
monuments, and historical structures, in�uencing their 
preservation and deterioration [1]. �e study of these 
interactions has led to the emergence of geoarchaeological 
microbiomes, a �eld dedicated to understanding microbial 
communities present in archaeological soils, artifacts, and built 
heritage [2].

 Geoarchaeological microbiomes consist of diverse 
microbial populations found in archaeological matrices, 
including soil, stone, wood, and metal artifacts. �e microbial 
composition varies among these matrices, with stone surfaces 
harbouring bio�lm-forming cyanobacteria, while metal artifacts 
are o�en colonized by sulfate-reducing bacteria that accelerate 
corrosion [3]. �ese microorganisms play a dual role: while some 
contribute to biodeterioration, leading to material degradation 
through acid production, bio�lm formation, and corrosion, 
others facilitate preservation through biomineralization, bio�lm 
stabilization, or microbial-induced calcite precipitation. 
Understanding these microbial interactions is crucial for 
developing conservation strategies that mitigate damage while 
harnessing protective microbial functions [3,4].

Role of protective microbial layers
Recent research has explored the potential of harnessing 
bene�cial microbial species to form protective layers on stone 
surfaces. Certain bacteria, such as those from the Bacillus 
genus, can induce the precipitation of calcium carbonate, 
leading to the formation of biogenic mineral layers that protect 
underlying surfaces. �is biocalci�cation process not only 
consolidates the stone material but also inhibits the 
colonization and spread of harmful fungi by reducing available 
niches and altering surface properties [32].

Conservation strategies
To mitigate microbial-induced deterioration, conservation 
strategies have been developed focusing on microbiome 
regulation

Promotion of protective species

Microbiological techniques aim to introduce or encourage the 
growth of bene�cial bacteria capable of biocalci�cation. By 
fostering these protective microbial layers, the structural 
integrity of the murals can be enhanced, and susceptibility to 
harmful microbial colonization reduced [33].

Microbiome regulation

Targeted removal of aggressive fungal species is achieved 
through the application of speci�c biocides or by altering 
environmental conditions to favour protective microbial 
communities. �is approach requires a delicate balance to 
ensure that interventions do not adversely a�ect the murals or 
the surrounding ecosystem [34].

Challenges and Future Perspectives
Managing microbiomes at archaeological sites is complex, as 
microbial communities can be both bene�cial and harmful. 

Accurately identifying microbial species is a major challenge, 
as environmental contamination can obscure native microbial 
populations. Studies using 16S rRNA sequencing face 
ampli�cation biases, complicating taxonomic pro�ling and 
leading to inaccurate microbiome reconstructions. Bio�lms 
present a conservation paradox. Some bio�lms act as 
protective layers against environmental stressors, while others 
degrade surfaces through organic acid and enzymatic activity. 
�e complexity of microbial interactions, including those 
between bacteria, fungi, and archaea, makes conservation 
e�orts challenging. E�ective strategies must balance bio�lm 
removal with the preservation of protective microbial layers 
[35].

 Genetic engineering, including CRISPR-Cas9, is being 
explored to enhance bene�cial microbial traits and suppress 
harmful ones. However, its application to conservation is in the 
early stages and requires further technological advancements. 
Another approach involves arti�cially seeding microbiomes 
tailored for artifact protection. By designing synthetic microbial 
communities, harmful organisms can be outcompeted, leading 
to stable, protective bio�lms. 3D scanning and modelling of 
microbiome-covered sites provide non-invasive ways to 
document microbial colonization over time. �is digital 
approach enables real-time monitoring of microbial dynamics 
and aids in the development of targeted conservation strategies 
without direct sampling [36].

Conclusions
Microbiomes exhibit a dualistic role in cultural heritage 
conservation, acting as agents of both preservation and 
degradation. Certain microbial communities contribute to 
biodeterioration through processes like bio�lm formation and 
acid production, leading to material decay. Conversely, speci�c 
microbes have been identi�ed that can induce protective e�ects, 
such as the precipitation of calcium carbonate, which reinforces 
structural integrity. 

 Addressing these complex interactions necessitates an 
interdisciplinary approach, integrating microbiology, materials 
science, and archaeology. Such collaboration enables a 
comprehensive understanding of microbial dynamics and their 
impact on artifacts, facilitating the development of e�ective 
conservation strategies. For instance, insights into microbial 
colonization patterns can inform preventive measures, while 
materials science contributes to the creation of compatible 
conservation materials.

 Embracing sustainable conservation strategies is imperative 
for the long-term preservation of cultural heritage. �is includes 
leveraging bene�cial microbial properties, such as employing 
bio mineralization processes to stabilize deteriorated structures. 
Additionally, incorporating eco-friendly materials and methods 
aligns conservation practices with environmental sustainability 
goals. By fostering interdisciplinary research and adopting 
sustainable methodologies, we can enhance the preservation of 
cultural artifacts, ensuring their endurance for future 
generations.
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 Recent studies underscore the signi�cant impact of 
microbial activity on cultural heritage. For example, in the 
Mayan historical monuments of the Yucatán Peninsula, 
microbial colonization has contributed to stone surface 
degradation [5]. Conversely, some microbial communities aid 
in stone preservation via biocalci�cation and extracellular 
polymeric substance (EPS) biostabilization, a process in which 
microbial secretions form protective bio�lms that stabilize the 
surface. �e application of molecular techniques like 
metagenomics and proteomics has advanced the 
characterization of these microbiomes, o�ering insights into 
their functional potential in heritage conservation [6].

 Despite advancements, challenges remain in fully 
deciphering microbial interactions with cultural artifacts. �e 
ecological dynamics of microbial communities at heritage sites 
are not well understood, and the long-term e�ects of microbial 
activity on preservation remain uncertain. Additionally, 
di�culties in distinguishing harmful from bene�cial microbial 
species complicate conservation e�orts, particularly in 
long-term monitoring and intervention strategies [7].

 �is review explores the role of geoarchaeological 
microbiomes in artifact preservation and degradation, their 
interactions with archaeological sites, and recent advancements 
in heritage microbiome research. By synthesizing current 

knowledge, it aims to support evidence-based conservation 
strategies that leverage microbial processes for the protection of 
cultural heritage, with an emphasis on applying 
microbiome-based interventions for sustainable preservation.

Role of Microbiomes in Archaeological Sites
Microorganisms play a pivotal role in the preservation and 
degradation of archaeological artifacts. �eir interactions with 
materials such as metals, stones, and organic compounds can 
lead to either deterioration or protection, depending on the 
microbial species and environmental conditions. Notably, sites 
like the Lascaux Cave in France have faced severe 
microbial-driven degradation, while Ajanta Caves in India have 
shown instances where bio�lms have contributed to both 
preservation and deterioration [8].

Microbial interactions with artifacts
Degradation: Certain microbes contribute to the deterioration 
of artifacts through various mechanisms:
Acid production 
Microorganisms such as fungi and bacteria can produce organic 
acids that corrode materials like stone and metal. For instance, 
Aspergillus niger secretes citric acid, leading to the 
solubilization of mineral components in calcareous stones, 
thereby accelerating decay [9].

Enzymatic activity
Hydrolytic enzymes produced by microbes can degrade organic 
materials. Fungi producing cellulase, amylase, gelatinase, and 
pectinase are highly active in the biodegradation of cultural 
heritage materials. Notably, in Egyptian tombs, fungal enzymatic 
degradation has led to visible damage on ancient mural 
paintings [10].
Bio�lm formation

Microbial bio�lms, comprising communities of bacteria and 
fungi, adhere to artifact surfaces, trapping moisture and 
promoting physical and chemical deterioration. �e Lascaux 
Cave has experienced fungal bio�lm formation, resulting in 
pigment discoloration [11].

Preservation: Conversely, certain microbial activities can 
contribute to the preservation of artifacts:

Biomineralization
Some bacteria induce the precipitation of minerals, forming 
protective layers on artifact surfaces. For example, Bacillus 
species can precipitate calcium carbonate, creating a protective 
crust over stone artifacts. A case study from Angkor Wat 
revealed that certain Bacillus strains contributed to the 
structural stability of stone monuments [12].
Protective bio�lms
Bene�cial microbial bio�lms can act as barriers against 
environmental factors, reducing the impact of moisture and 
pollutants. Controlled bio�lm applications have been explored 
in Italy’s Roman Catacombs, where selected microbial 
communities were used to limit biodeterioration [13].
Microbial species involved in preservation
Several microbial taxa are notable for their roles in the 
preservation of cultural heritage materials:

Actinobacteria

Known for their ability to produce antimicrobial compounds, 
they can inhibit the growth of detrimental microbes on 
artifacts.

Pseudomonas spp.

Certain strains have been associated with the formation of 
stable bio�lms that protect surfaces from environmental 
degradation.

Bacillus spp.

�ese bacteria are capable of inducing biomineralization 
processes, leading to the formation of protective mineral layers 
on artifacts [14].

Factors influencing microbial communities
�e composition and activity of microbial communities in 
archaeological contexts are in�uenced by various 
environmental factors:

Soil composition and pH

�e chemical makeup and acidity or alkalinity of the soil 
signi�cantly a�ects microbial diversity and activity. Soils rich in 
organic matter support diverse microbial populations, while pH 
in�uences the solubility of nutrients and the viability of 
di�erent microbial taxa [15].

Humidity and climate

Moisture levels and climatic conditions are critical 
determinants of microbial growth. High humidity and warm 
temperatures generally promote microbial proliferation, which 
can lead to increased biodeterioration of artifacts. Recent 
studies have highlighted the impact of climate change, showing 
that rising temperatures and shi�s in humidity patterns are 
altering microbial colonization trends at heritage sites [16].

Material composition

�e intrinsic properties of artifacts, including their organic or 
inorganic nature, porosity, and chemical composition, dictate 
their susceptibility to microbial colonization. Organic materials 
like wood and textiles are more prone to microbial attack, 
whereas the mineral composition of stones can in�uence which 
microbial species colonize their surfaces [17].

Mechanisms of Microbial Preservation
Microorganisms play a critical role in both the preservation and 
degradation of cultural heritage materials. Understanding the 
microbial mechanisms that contribute to artifact stabilization is 
essential for the development of e�ective conservation 
strategies. Certain microbial processes facilitate the protection 
of archaeological materials by forming mineral-binding 
bio�lms, inhibiting biodeteriorative species, and chemically 
stabilizing artifacts [11].

 A signi�cant preservation mechanism is microbially 
induced calcite precipitation (MICP), which facilitates the 
formation of mineral-binding bio�lms. �is process is 
primarily mediated by Bacillus species, which hydrolyze urea, 
generating carbonate ions that react with environmental 
calcium ions to form calcium carbonate (calcite) [18]. �e 
precipitated calcite crystals �ll microscopic pores and cracks in 

stone artifacts, thereby reinforcing their structural integrity and 
reducing vulnerability to weathering and erosion. Studies have 
demonstrated that MICP e�ectively decreases the porosity of 
monumental stones, thereby limiting the in�ltration of water 
and pollutants that contribute to deterioration [19].

 Another crucial mechanism is microbial antagonism, 
wherein bene�cial microbial communities outcompete 
harmful, biodeteriorative microorganisms through competitive 
exclusion. Protective microbes inhibit colonization by 
degradation-inducing species by depleting nutrients and 
producing antimicrobial compounds [20]. For example, certain 
bacterial strains secrete metabolites that suppress the growth of 
fungi known to degrade organic materials in archaeological 
structures. By establishing dominant microbial populations, 
these bene�cial species help maintain artifact stability and 
minimize biodeterioration [21].

 Microbially induced chemical stabilization is another 
preservation mechanism that plays a key role in artifact 
protection, particularly in metal artifacts. Bioleaching processes 
mediated by specialized microbial communities enable the 
removal of harmful metal ions responsible for corrosion. By 
sequestering reactive ions, these microbes prevent oxidation 
and mineral dissolution, thereby mitigating structural 
degradation. Furthermore, some bacteria can transform soluble 
metal ions into stable, insoluble forms, reducing their mobility 
and reactivity. �is transformation minimizes the formation of 
corrosive compounds, ensuring the long-term stability of 
metallic heritage objects [22].

 Distinguishing between bene�cial and harmful microbial 
communities is a central challenge in conservation science. 
While some microorganisms actively contribute to 
preservation, others accelerate decay through acid production, 
enzymatic degradation, and bio�lm formation. For instance, 
certain fungi generate organic acids that dissolve mineral 
components in artifacts, leading to irreversible damage. �us, 
conservation e�orts must prioritize strategies that sustain 
protective microbial communities while mitigating the impact 
of harmful species. �is requires a thorough understanding of 
the microbial ecology of cultural heritage materials, as well as 
the environmental factors that in�uence microbial colonization 
and activity [23].

Analytical Techniques for Studying Archaeological 
Microbiomes
�e study of archaeological microbiomes has advanced 
signi�cantly with the integration of various analytical techniques 
that enable the characterization of microbial communities 
associated with artifacts and historical sites. �ese methodologies 
encompass microbial DNA sequencing, imaging modalities, 
stable isotope analysis, and non-destructive approaches, 
collectively enhancing our understanding of microbial roles in 
the preservation and degradation of cultural heritage [24].

Microbial DNA sequencing methods
Microbial DNA sequencing has become a cornerstone in 
microbiome research, facilitating the identi�cation and 
characterization of microbial diversity within archaeological 
contexts. Two primary approaches are employed:

16S rRNA gene sequencing
�is targeted method ampli�es and sequences the 16S 
ribosomal RNA gene, a conserved region presents in all bacteria 
and archaea, allowing for taxonomic identi�cation and 
assessment of microbial community composition [25].
Metagenomics
�is comprehensive approach involves the direct sequencing of 
total DNA extracted from a sample, enabling the identi�cation 
of all microbial genes present. Metagenomics provides insights 
into both the taxonomic diversity and functional potential of 
microbial communities, revealing metabolic pathways and 
ecological roles [26].
Imaging techniques
Advanced imaging techniques are crucial for visualizing 
microbial interactions with artifacts at microstructural levels:
Electron Microscopy
Scanning Electron Microscopy (SEM) and Transmission 
Electron Microscopy (TEM) provide high-resolution images of 
microbial cells and bio�lms on artifact surfaces. �ese 
techniques enable the observation of bio�lm architecture, 
microbial colonization patterns, and interactions with substrate 
materials, o�ering insights into biodeterioration processes [27].
Raman spectroscopy
�is non-destructive technique utilizes inelastic scattering of 
monochromatic light to identify molecular compositions. In 
archaeological microbiome studies, Raman spectroscopy 
detects microbial-induced mineralogical changes, such as 
biomineralization processes, aiding in understanding microbial 
contributions to artifact preservation or degradation [28].
Stable isotope analysis
Stable isotope analysis involves measuring the ratios of stable 
isotopes (e.g., carbon, nitrogen) within materials to infer 
biogeochemical processes. In the context of archaeological 
microbiomes, this technique can:
Identify microbial metabolic activity
Variations in isotope ratios can indicate speci�c microbial 
metabolic processes, such as sulfate reduction or 
methanogenesis, which may in�uence artifact preservation.
Trace environmental conditions

Isotopic signatures can re�ect past environmental conditions, 
o�ering insights into the depositional environment and 
potential microbial interactions over time [28].
Non-destructive microbiome analysis
Preserving the integrity of archaeological artifacts while 
studying their associated microbiomes necessitates 
non-destructive analytical methods:
Surface swabbing

Gentle swabbing collects microbial samples from artifact 
surfaces without causing damage, allowing for subsequent DNA 
extraction and analysis.

In situ spectroscopy
Techniques like Fourier-transform infrared spectroscopy 
(FTIR) and Raman spectroscopy enable the analysis of 

microbial communities and their metabolic products directly 
on artifacts, minimizing the need for sample removal [29].

Case Study of Ajanta Caves
�e Ajanta Caves, located in Maharashtra, India, are a series of 
30 rock-cut Buddhist monuments dating from the 2nd century 
BCE to the 5th century CE. Renowned for their intricate 
sculptures and murals, these caves have been designated a 
UNESCO World Heritage Site. However, they face signi�cant 
preservation challenges, notably due to microbial degradation.

Challenges of microbial degradation
�e deterioration of the Ajanta murals is exacerbated by the 
proliferation of microbial communities, including fungi and 
bacteria. �e murals were executed on substrates comprising 
mud plaster mixed with organic materials such as paddy husks 
and vegetable �bers, overlaid with lime, kaolin, or gypsum. �is 
organic-rich base provides an ideal environment for microbial 
colonization. Microorganisms, particularly fungi, metabolize 
these organic components, leading to structural weakening and 
visible damage to the paintings. Environmental factors, such as 
water seepage, further exacerbate microbial growth, 
compromising the integrity of the murals [30].

Identification of microbial communities
Studies have identi�ed various microbial taxa present on the 
cave surfaces. Fungal species such as Aspergillus, Penicillium, 
and Cladosporium have been detected, along with bacterial 
genera including Bacillus and Pseudomonas. �ese 
microorganisms contribute to biodeterioration through 
enzymatic activities that degrade organic binders and pigments 
[Figures 1 and 2]. Advanced molecular techniques, including 
DNA sequencing, have facilitated the detailed characterization 
of these microbial communities, enhancing our understanding 
of their roles in the degradation processes [31]. 
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harbouring bio�lm-forming cyanobacteria, while metal artifacts 
are o�en colonized by sulfate-reducing bacteria that accelerate 
corrosion [3]. �ese microorganisms play a dual role: while some 
contribute to biodeterioration, leading to material degradation 
through acid production, bio�lm formation, and corrosion, 
others facilitate preservation through biomineralization, bio�lm 
stabilization, or microbial-induced calcite precipitation. 
Understanding these microbial interactions is crucial for 
developing conservation strategies that mitigate damage while 
harnessing protective microbial functions [3,4].

Role of protective microbial layers
Recent research has explored the potential of harnessing 
bene�cial microbial species to form protective layers on stone 
surfaces. Certain bacteria, such as those from the Bacillus 
genus, can induce the precipitation of calcium carbonate, 
leading to the formation of biogenic mineral layers that protect 
underlying surfaces. �is biocalci�cation process not only 
consolidates the stone material but also inhibits the 
colonization and spread of harmful fungi by reducing available 
niches and altering surface properties [32].

Conservation strategies
To mitigate microbial-induced deterioration, conservation 
strategies have been developed focusing on microbiome 
regulation

Promotion of protective species

Microbiological techniques aim to introduce or encourage the 
growth of bene�cial bacteria capable of biocalci�cation. By 
fostering these protective microbial layers, the structural 
integrity of the murals can be enhanced, and susceptibility to 
harmful microbial colonization reduced [33].

Microbiome regulation

Targeted removal of aggressive fungal species is achieved 
through the application of speci�c biocides or by altering 
environmental conditions to favour protective microbial 
communities. �is approach requires a delicate balance to 
ensure that interventions do not adversely a�ect the murals or 
the surrounding ecosystem [34].

Challenges and Future Perspectives
Managing microbiomes at archaeological sites is complex, as 
microbial communities can be both bene�cial and harmful. 

Accurately identifying microbial species is a major challenge, 
as environmental contamination can obscure native microbial 
populations. Studies using 16S rRNA sequencing face 
ampli�cation biases, complicating taxonomic pro�ling and 
leading to inaccurate microbiome reconstructions. Bio�lms 
present a conservation paradox. Some bio�lms act as 
protective layers against environmental stressors, while others 
degrade surfaces through organic acid and enzymatic activity. 
�e complexity of microbial interactions, including those 
between bacteria, fungi, and archaea, makes conservation 
e�orts challenging. E�ective strategies must balance bio�lm 
removal with the preservation of protective microbial layers 
[35].

 Genetic engineering, including CRISPR-Cas9, is being 
explored to enhance bene�cial microbial traits and suppress 
harmful ones. However, its application to conservation is in the 
early stages and requires further technological advancements. 
Another approach involves arti�cially seeding microbiomes 
tailored for artifact protection. By designing synthetic microbial 
communities, harmful organisms can be outcompeted, leading 
to stable, protective bio�lms. 3D scanning and modelling of 
microbiome-covered sites provide non-invasive ways to 
document microbial colonization over time. �is digital 
approach enables real-time monitoring of microbial dynamics 
and aids in the development of targeted conservation strategies 
without direct sampling [36].

Conclusions
Microbiomes exhibit a dualistic role in cultural heritage 
conservation, acting as agents of both preservation and 
degradation. Certain microbial communities contribute to 
biodeterioration through processes like bio�lm formation and 
acid production, leading to material decay. Conversely, speci�c 
microbes have been identi�ed that can induce protective e�ects, 
such as the precipitation of calcium carbonate, which reinforces 
structural integrity. 

 Addressing these complex interactions necessitates an 
interdisciplinary approach, integrating microbiology, materials 
science, and archaeology. Such collaboration enables a 
comprehensive understanding of microbial dynamics and their 
impact on artifacts, facilitating the development of e�ective 
conservation strategies. For instance, insights into microbial 
colonization patterns can inform preventive measures, while 
materials science contributes to the creation of compatible 
conservation materials.

 Embracing sustainable conservation strategies is imperative 
for the long-term preservation of cultural heritage. �is includes 
leveraging bene�cial microbial properties, such as employing 
bio mineralization processes to stabilize deteriorated structures. 
Additionally, incorporating eco-friendly materials and methods 
aligns conservation practices with environmental sustainability 
goals. By fostering interdisciplinary research and adopting 
sustainable methodologies, we can enhance the preservation of 
cultural artifacts, ensuring their endurance for future 
generations.
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 Recent studies underscore the signi�cant impact of 
microbial activity on cultural heritage. For example, in the 
Mayan historical monuments of the Yucatán Peninsula, 
microbial colonization has contributed to stone surface 
degradation [5]. Conversely, some microbial communities aid 
in stone preservation via biocalci�cation and extracellular 
polymeric substance (EPS) biostabilization, a process in which 
microbial secretions form protective bio�lms that stabilize the 
surface. �e application of molecular techniques like 
metagenomics and proteomics has advanced the 
characterization of these microbiomes, o�ering insights into 
their functional potential in heritage conservation [6].

 Despite advancements, challenges remain in fully 
deciphering microbial interactions with cultural artifacts. �e 
ecological dynamics of microbial communities at heritage sites 
are not well understood, and the long-term e�ects of microbial 
activity on preservation remain uncertain. Additionally, 
di�culties in distinguishing harmful from bene�cial microbial 
species complicate conservation e�orts, particularly in 
long-term monitoring and intervention strategies [7].

 �is review explores the role of geoarchaeological 
microbiomes in artifact preservation and degradation, their 
interactions with archaeological sites, and recent advancements 
in heritage microbiome research. By synthesizing current 

knowledge, it aims to support evidence-based conservation 
strategies that leverage microbial processes for the protection of 
cultural heritage, with an emphasis on applying 
microbiome-based interventions for sustainable preservation.

Role of Microbiomes in Archaeological Sites
Microorganisms play a pivotal role in the preservation and 
degradation of archaeological artifacts. �eir interactions with 
materials such as metals, stones, and organic compounds can 
lead to either deterioration or protection, depending on the 
microbial species and environmental conditions. Notably, sites 
like the Lascaux Cave in France have faced severe 
microbial-driven degradation, while Ajanta Caves in India have 
shown instances where bio�lms have contributed to both 
preservation and deterioration [8].

Microbial interactions with artifacts
Degradation: Certain microbes contribute to the deterioration 
of artifacts through various mechanisms:
Acid production 
Microorganisms such as fungi and bacteria can produce organic 
acids that corrode materials like stone and metal. For instance, 
Aspergillus niger secretes citric acid, leading to the 
solubilization of mineral components in calcareous stones, 
thereby accelerating decay [9].

Enzymatic activity
Hydrolytic enzymes produced by microbes can degrade organic 
materials. Fungi producing cellulase, amylase, gelatinase, and 
pectinase are highly active in the biodegradation of cultural 
heritage materials. Notably, in Egyptian tombs, fungal enzymatic 
degradation has led to visible damage on ancient mural 
paintings [10].
Bio�lm formation

Microbial bio�lms, comprising communities of bacteria and 
fungi, adhere to artifact surfaces, trapping moisture and 
promoting physical and chemical deterioration. �e Lascaux 
Cave has experienced fungal bio�lm formation, resulting in 
pigment discoloration [11].

Preservation: Conversely, certain microbial activities can 
contribute to the preservation of artifacts:

Biomineralization
Some bacteria induce the precipitation of minerals, forming 
protective layers on artifact surfaces. For example, Bacillus 
species can precipitate calcium carbonate, creating a protective 
crust over stone artifacts. A case study from Angkor Wat 
revealed that certain Bacillus strains contributed to the 
structural stability of stone monuments [12].
Protective bio�lms
Bene�cial microbial bio�lms can act as barriers against 
environmental factors, reducing the impact of moisture and 
pollutants. Controlled bio�lm applications have been explored 
in Italy’s Roman Catacombs, where selected microbial 
communities were used to limit biodeterioration [13].
Microbial species involved in preservation
Several microbial taxa are notable for their roles in the 
preservation of cultural heritage materials:

Actinobacteria

Known for their ability to produce antimicrobial compounds, 
they can inhibit the growth of detrimental microbes on 
artifacts.

Pseudomonas spp.

Certain strains have been associated with the formation of 
stable bio�lms that protect surfaces from environmental 
degradation.

Bacillus spp.

�ese bacteria are capable of inducing biomineralization 
processes, leading to the formation of protective mineral layers 
on artifacts [14].

Factors influencing microbial communities
�e composition and activity of microbial communities in 
archaeological contexts are in�uenced by various 
environmental factors:

Soil composition and pH

�e chemical makeup and acidity or alkalinity of the soil 
signi�cantly a�ects microbial diversity and activity. Soils rich in 
organic matter support diverse microbial populations, while pH 
in�uences the solubility of nutrients and the viability of 
di�erent microbial taxa [15].

Humidity and climate

Moisture levels and climatic conditions are critical 
determinants of microbial growth. High humidity and warm 
temperatures generally promote microbial proliferation, which 
can lead to increased biodeterioration of artifacts. Recent 
studies have highlighted the impact of climate change, showing 
that rising temperatures and shi�s in humidity patterns are 
altering microbial colonization trends at heritage sites [16].

Material composition

�e intrinsic properties of artifacts, including their organic or 
inorganic nature, porosity, and chemical composition, dictate 
their susceptibility to microbial colonization. Organic materials 
like wood and textiles are more prone to microbial attack, 
whereas the mineral composition of stones can in�uence which 
microbial species colonize their surfaces [17].

Mechanisms of Microbial Preservation
Microorganisms play a critical role in both the preservation and 
degradation of cultural heritage materials. Understanding the 
microbial mechanisms that contribute to artifact stabilization is 
essential for the development of e�ective conservation 
strategies. Certain microbial processes facilitate the protection 
of archaeological materials by forming mineral-binding 
bio�lms, inhibiting biodeteriorative species, and chemically 
stabilizing artifacts [11].

 A signi�cant preservation mechanism is microbially 
induced calcite precipitation (MICP), which facilitates the 
formation of mineral-binding bio�lms. �is process is 
primarily mediated by Bacillus species, which hydrolyze urea, 
generating carbonate ions that react with environmental 
calcium ions to form calcium carbonate (calcite) [18]. �e 
precipitated calcite crystals �ll microscopic pores and cracks in 

stone artifacts, thereby reinforcing their structural integrity and 
reducing vulnerability to weathering and erosion. Studies have 
demonstrated that MICP e�ectively decreases the porosity of 
monumental stones, thereby limiting the in�ltration of water 
and pollutants that contribute to deterioration [19].

 Another crucial mechanism is microbial antagonism, 
wherein bene�cial microbial communities outcompete 
harmful, biodeteriorative microorganisms through competitive 
exclusion. Protective microbes inhibit colonization by 
degradation-inducing species by depleting nutrients and 
producing antimicrobial compounds [20]. For example, certain 
bacterial strains secrete metabolites that suppress the growth of 
fungi known to degrade organic materials in archaeological 
structures. By establishing dominant microbial populations, 
these bene�cial species help maintain artifact stability and 
minimize biodeterioration [21].

 Microbially induced chemical stabilization is another 
preservation mechanism that plays a key role in artifact 
protection, particularly in metal artifacts. Bioleaching processes 
mediated by specialized microbial communities enable the 
removal of harmful metal ions responsible for corrosion. By 
sequestering reactive ions, these microbes prevent oxidation 
and mineral dissolution, thereby mitigating structural 
degradation. Furthermore, some bacteria can transform soluble 
metal ions into stable, insoluble forms, reducing their mobility 
and reactivity. �is transformation minimizes the formation of 
corrosive compounds, ensuring the long-term stability of 
metallic heritage objects [22].

 Distinguishing between bene�cial and harmful microbial 
communities is a central challenge in conservation science. 
While some microorganisms actively contribute to 
preservation, others accelerate decay through acid production, 
enzymatic degradation, and bio�lm formation. For instance, 
certain fungi generate organic acids that dissolve mineral 
components in artifacts, leading to irreversible damage. �us, 
conservation e�orts must prioritize strategies that sustain 
protective microbial communities while mitigating the impact 
of harmful species. �is requires a thorough understanding of 
the microbial ecology of cultural heritage materials, as well as 
the environmental factors that in�uence microbial colonization 
and activity [23].

Analytical Techniques for Studying Archaeological 
Microbiomes
�e study of archaeological microbiomes has advanced 
signi�cantly with the integration of various analytical techniques 
that enable the characterization of microbial communities 
associated with artifacts and historical sites. �ese methodologies 
encompass microbial DNA sequencing, imaging modalities, 
stable isotope analysis, and non-destructive approaches, 
collectively enhancing our understanding of microbial roles in 
the preservation and degradation of cultural heritage [24].

Microbial DNA sequencing methods
Microbial DNA sequencing has become a cornerstone in 
microbiome research, facilitating the identi�cation and 
characterization of microbial diversity within archaeological 
contexts. Two primary approaches are employed:

16S rRNA gene sequencing
�is targeted method ampli�es and sequences the 16S 
ribosomal RNA gene, a conserved region presents in all bacteria 
and archaea, allowing for taxonomic identi�cation and 
assessment of microbial community composition [25].
Metagenomics
�is comprehensive approach involves the direct sequencing of 
total DNA extracted from a sample, enabling the identi�cation 
of all microbial genes present. Metagenomics provides insights 
into both the taxonomic diversity and functional potential of 
microbial communities, revealing metabolic pathways and 
ecological roles [26].
Imaging techniques
Advanced imaging techniques are crucial for visualizing 
microbial interactions with artifacts at microstructural levels:
Electron Microscopy
Scanning Electron Microscopy (SEM) and Transmission 
Electron Microscopy (TEM) provide high-resolution images of 
microbial cells and bio�lms on artifact surfaces. �ese 
techniques enable the observation of bio�lm architecture, 
microbial colonization patterns, and interactions with substrate 
materials, o�ering insights into biodeterioration processes [27].
Raman spectroscopy
�is non-destructive technique utilizes inelastic scattering of 
monochromatic light to identify molecular compositions. In 
archaeological microbiome studies, Raman spectroscopy 
detects microbial-induced mineralogical changes, such as 
biomineralization processes, aiding in understanding microbial 
contributions to artifact preservation or degradation [28].
Stable isotope analysis
Stable isotope analysis involves measuring the ratios of stable 
isotopes (e.g., carbon, nitrogen) within materials to infer 
biogeochemical processes. In the context of archaeological 
microbiomes, this technique can:
Identify microbial metabolic activity
Variations in isotope ratios can indicate speci�c microbial 
metabolic processes, such as sulfate reduction or 
methanogenesis, which may in�uence artifact preservation.
Trace environmental conditions

Isotopic signatures can re�ect past environmental conditions, 
o�ering insights into the depositional environment and 
potential microbial interactions over time [28].
Non-destructive microbiome analysis
Preserving the integrity of archaeological artifacts while 
studying their associated microbiomes necessitates 
non-destructive analytical methods:
Surface swabbing

Gentle swabbing collects microbial samples from artifact 
surfaces without causing damage, allowing for subsequent DNA 
extraction and analysis.

In situ spectroscopy
Techniques like Fourier-transform infrared spectroscopy 
(FTIR) and Raman spectroscopy enable the analysis of 

microbial communities and their metabolic products directly 
on artifacts, minimizing the need for sample removal [29].

Case Study of Ajanta Caves
�e Ajanta Caves, located in Maharashtra, India, are a series of 
30 rock-cut Buddhist monuments dating from the 2nd century 
BCE to the 5th century CE. Renowned for their intricate 
sculptures and murals, these caves have been designated a 
UNESCO World Heritage Site. However, they face signi�cant 
preservation challenges, notably due to microbial degradation.

Challenges of microbial degradation
�e deterioration of the Ajanta murals is exacerbated by the 
proliferation of microbial communities, including fungi and 
bacteria. �e murals were executed on substrates comprising 
mud plaster mixed with organic materials such as paddy husks 
and vegetable �bers, overlaid with lime, kaolin, or gypsum. �is 
organic-rich base provides an ideal environment for microbial 
colonization. Microorganisms, particularly fungi, metabolize 
these organic components, leading to structural weakening and 
visible damage to the paintings. Environmental factors, such as 
water seepage, further exacerbate microbial growth, 
compromising the integrity of the murals [30].

Identification of microbial communities
Studies have identi�ed various microbial taxa present on the 
cave surfaces. Fungal species such as Aspergillus, Penicillium, 
and Cladosporium have been detected, along with bacterial 
genera including Bacillus and Pseudomonas. �ese 
microorganisms contribute to biodeterioration through 
enzymatic activities that degrade organic binders and pigments 
[Figures 1 and 2]. Advanced molecular techniques, including 
DNA sequencing, have facilitated the detailed characterization 
of these microbial communities, enhancing our understanding 
of their roles in the degradation processes [31]. 
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Microorganisms are fundamental to Earth's ecosystems, driving 
processes such as nutrient cycling, such as nitrogen �xation, and 
organic matter decomposition. In archaeological contexts, 
microbial communities or microbiomes interact with artifacts, 
monuments, and historical structures, in�uencing their 
preservation and deterioration [1]. �e study of these 
interactions has led to the emergence of geoarchaeological 
microbiomes, a �eld dedicated to understanding microbial 
communities present in archaeological soils, artifacts, and built 
heritage [2].

 Geoarchaeological microbiomes consist of diverse 
microbial populations found in archaeological matrices, 
including soil, stone, wood, and metal artifacts. �e microbial 
composition varies among these matrices, with stone surfaces 
harbouring bio�lm-forming cyanobacteria, while metal artifacts 
are o�en colonized by sulfate-reducing bacteria that accelerate 
corrosion [3]. �ese microorganisms play a dual role: while some 
contribute to biodeterioration, leading to material degradation 
through acid production, bio�lm formation, and corrosion, 
others facilitate preservation through biomineralization, bio�lm 
stabilization, or microbial-induced calcite precipitation. 
Understanding these microbial interactions is crucial for 
developing conservation strategies that mitigate damage while 
harnessing protective microbial functions [3,4].

Role of protective microbial layers
Recent research has explored the potential of harnessing 
bene�cial microbial species to form protective layers on stone 
surfaces. Certain bacteria, such as those from the Bacillus 
genus, can induce the precipitation of calcium carbonate, 
leading to the formation of biogenic mineral layers that protect 
underlying surfaces. �is biocalci�cation process not only 
consolidates the stone material but also inhibits the 
colonization and spread of harmful fungi by reducing available 
niches and altering surface properties [32].

Conservation strategies
To mitigate microbial-induced deterioration, conservation 
strategies have been developed focusing on microbiome 
regulation

Promotion of protective species

Microbiological techniques aim to introduce or encourage the 
growth of bene�cial bacteria capable of biocalci�cation. By 
fostering these protective microbial layers, the structural 
integrity of the murals can be enhanced, and susceptibility to 
harmful microbial colonization reduced [33].

Microbiome regulation

Targeted removal of aggressive fungal species is achieved 
through the application of speci�c biocides or by altering 
environmental conditions to favour protective microbial 
communities. �is approach requires a delicate balance to 
ensure that interventions do not adversely a�ect the murals or 
the surrounding ecosystem [34].

Challenges and Future Perspectives
Managing microbiomes at archaeological sites is complex, as 
microbial communities can be both bene�cial and harmful. 

Accurately identifying microbial species is a major challenge, 
as environmental contamination can obscure native microbial 
populations. Studies using 16S rRNA sequencing face 
ampli�cation biases, complicating taxonomic pro�ling and 
leading to inaccurate microbiome reconstructions. Bio�lms 
present a conservation paradox. Some bio�lms act as 
protective layers against environmental stressors, while others 
degrade surfaces through organic acid and enzymatic activity. 
�e complexity of microbial interactions, including those 
between bacteria, fungi, and archaea, makes conservation 
e�orts challenging. E�ective strategies must balance bio�lm 
removal with the preservation of protective microbial layers 
[35].

 Genetic engineering, including CRISPR-Cas9, is being 
explored to enhance bene�cial microbial traits and suppress 
harmful ones. However, its application to conservation is in the 
early stages and requires further technological advancements. 
Another approach involves arti�cially seeding microbiomes 
tailored for artifact protection. By designing synthetic microbial 
communities, harmful organisms can be outcompeted, leading 
to stable, protective bio�lms. 3D scanning and modelling of 
microbiome-covered sites provide non-invasive ways to 
document microbial colonization over time. �is digital 
approach enables real-time monitoring of microbial dynamics 
and aids in the development of targeted conservation strategies 
without direct sampling [36].

Conclusions
Microbiomes exhibit a dualistic role in cultural heritage 
conservation, acting as agents of both preservation and 
degradation. Certain microbial communities contribute to 
biodeterioration through processes like bio�lm formation and 
acid production, leading to material decay. Conversely, speci�c 
microbes have been identi�ed that can induce protective e�ects, 
such as the precipitation of calcium carbonate, which reinforces 
structural integrity. 

 Addressing these complex interactions necessitates an 
interdisciplinary approach, integrating microbiology, materials 
science, and archaeology. Such collaboration enables a 
comprehensive understanding of microbial dynamics and their 
impact on artifacts, facilitating the development of e�ective 
conservation strategies. For instance, insights into microbial 
colonization patterns can inform preventive measures, while 
materials science contributes to the creation of compatible 
conservation materials.

 Embracing sustainable conservation strategies is imperative 
for the long-term preservation of cultural heritage. �is includes 
leveraging bene�cial microbial properties, such as employing 
bio mineralization processes to stabilize deteriorated structures. 
Additionally, incorporating eco-friendly materials and methods 
aligns conservation practices with environmental sustainability 
goals. By fostering interdisciplinary research and adopting 
sustainable methodologies, we can enhance the preservation of 
cultural artifacts, ensuring their endurance for future 
generations.

Disclosure statement 
No potential con�ict of interest was reported by the authors.

References
1. Mazzoli R, Giu�rida MG, Pessione E. Back to the past:“�nd the 

guilty bug—microorganisms involved in the biodeterioration of 
archeological and historical artifacts”. Appl Microbiol Biotechnol. 
2018;102:6393-6407. https://doi.org/10.1007/s00253-018-9113-3 

2. Junier P, Joseph E. Microbial biotechnology approaches to 
mitigating the deterioration of construction and heritage materials. 
Microb Biotechnol. 2017;10(5):1145-1148.                 . 
https://doi.org/10.1111/1751-7915.12795 

3. Joseph E. Microorganisms in the deterioration and preservation of 
cultural heritage. Springer Nature, 2021.            .  
https://doi.org/10.1007/978-3-030-69411-1 

4. May E, Jones M, Mitchell J. Heritage microbiology and science: 
microbes, monuments and maritime materials. Royal Society of 
Chemistry, 2008.

5. Bauer MA, Kainz K, Ruckenstuhl C, Madeo F, Carmona-Gutierrez 
D. Murals meet microbes: at the crossroads of microbiology and 
cultural heritage. Cell Microbiol. 2021;8(12):276.         .  
https://doi.org/10.15698/mic2021.12.765 

6. Beata G. �e use of-omics tools for assessing biodeterioration of 
cultural heritage: A review. J Cult Herit. 2020;45:351-361. 
https://doi.org/10.1016/j.culher.2020.03.006 

7. Pyzik A, Ciuchcinski K, Dziurzynski M, Dziewit L. �e bad and the 
good—microorganisms in cultural heritage environments—an 
update on biodeterioration and biotreatment approaches. Mater. 
2021;14(1):177. https://doi.org/10.3390/ma14010177 

8. Gu JD, Katayama Y. Heritage and Protection. Microorganisms in 
the Deterioration and Preservation of Cultural Heritage, 2021.

9. Kip N, Van Veen JA. �e dual role of microbes in corrosion. ISME J. 
2015;9(3):542-551. https://doi.org/10.1038/ismej.2014.169 

10. Abdel-Maksoud G, Abdel-Nasser M, Sultan MH, Eid AM, Alotaibi 
SH, Hassan SE, et al. Fungal biodeterioration of a historical 
manuscript dating Back to the 14th century: an insight into various 
fungal strains and their enzymatic activities. Life. 2022;12(11):1821. 
https://doi.org/10.3390/life12111821 

11. Alexander SA, Schiesser CH. Heteroorganic molecules and 
bacterial bio�lms: Controlling biodeterioration of cultural heritage. 
ARKIVOC: Online Journal of Organic Chemistry, 2017.

12. Jroundi F, Gonzalez-Muñoz MT, Rodriguez-Navarro C. Protection 
and consolidation of stone heritage by bacterial carbonatogenesis. 
Microorganisms in the Deterioration and Preservation of Cultural 
Heritage, 2021:281-299.

13. Urzì C, De Leo F, Krakova L, Pangallo D, Bruno L. E�ects of biocide 
treatments on the bio�lm community in Domitilla's catacombs in 
Rome. Sci Total Enviro. 2016;572:252-262.         .  
https://doi.org/10.1016/j.scitotenv.2016.07.195 

14. Urzì C. On microbes and art: the role of microbial communities in 
the degradation and protection of cultural heritage A report on the 
International Conference on Microbiology and Conservation 
(ICMC 1999), Florence, 16–19 June 1999. Environ Microbiol. 1999; 
1(6):551-553. https://doi.org/10.1046/j.1462-2920.1999.00075.x 

15. Naz M, Dai Z, Hussain S, Tariq M, Danish S, Khan IU, et al. �e soil 
pH and heavy metals revealed their impact on soil microbial 
community. J Environ Manag. 2022;321:115770.         .  
https://doi.org/10.1016/j.jenvman.2022.115770 

16. C. Gaylarde C. In�uence of environment on microbial colonization 
of historic stone buildings with emphasis on cyanobacteria. Herit. 
2020;3(4):1469-1482. https://doi.org/10.3390/heritage3040081 

17. Palla F. Cultural Heritage Environments: Monitoring Strategy for 
Preventive Conservation of Cultural Assets and Human Health 
Protection. J Basic Appl Sci. 2024;20:137-142.          . 
https://doi.org/10.29169/1927-5129.2024.20.14 

18. Prajapati NK, Agnihotri AK, Basak N. Microbial induced calcite 
precipitation (MICP) a sustainable technique for stabilization of 
soil: A review. Materials Today: Proceedings. 2023;93:357-361. 
https://doi.org/10.1016/j.matpr.2023.07.303 

19. Ortega-Villamagua E, Gudiño-Gomezjurado M, Palma-Cando A. 
Microbiologically induced carbonate precipitation in the 
restoration and conservation of cultural heritage materials. Mol. 
2020;25(23):5499. https://doi.org/10.3390/molecules25235499 

20. Hibbing ME, Fuqua C, Parsek MR, Peterson SB. Bacterial 
competition: surviving and thriving in the microbial jungle. Nat Rev 
Microbiol. 2010;8(1):15-25. https://doi.org/10.1038/nrmicro2259 

21. Caldeira AT. Green mitigation strategy for cultural heritage using 
bacterial biocides. Microorganisms in the deterioration and 
preservation of cultural heritage, 2021:137.

22. Kooli WM, Comensoli L, Maillard J, Albini M, Gelb A, Junier P, et 
al. Bacterial iron reduction and biogenic mineral formation for the 
stabilisation of corroded iron objects. Sci Rep. 2018;8(1):764. 
https://doi.org/10.1038/s41598-017-19020-3 

23. Ster�inger K, Ettenauer J, Piñar G. Microbes, science, art and 
conservation, who wins the game. Science, Technology and 
Cultural Heritage; Rogerio-Candelera: London, UK. 2014:191-204.

24. Pinar G, Ster�inger K. Two decades using molecular techniques to 
study biodeterioration of cultural heritage: An amazing 
biotechnological development. InConserving Cultural Heritage 
2018. 299-301p.

25. Schriefer AE, Cli�en PF, Hibberd MC, Sawyer C, Brown-Kennerly V, 
Burcea L, Klotz E, Crosby SD, Gordon JI, Head RD. A 
multi-amplicon 16S rRNA sequencing and analysis method for 
improved taxonomic pro�ling of bacterial communities. J Microbiol 
Methods. 2018;154:6-13. https://doi.org/10.1016/j.mimet.2018.09.019 

26. Pérez-Cobas AE, Gomez-Valero L, Buchrieser C. Metagenomic 
approaches in microbial ecology: an update on whole-genome and 
marker gene sequencing analyses. Microb Genom. 
2020;6(8):e000409. https://doi.org/10.1099/mgen.0.000409 

27. Relucenti M, Familiari G, Donfrancesco O, Taurino M, Li X, Chen 

R, et al. Microscopy methods for bio�lm imaging: focus on SEM 
and VP-SEM pros and cons. Biol. 2021;10(1):51. 
https://doi.org/10.3390/biology10010051 

28. Smith DC. A review of the non-destructive identi�cation of diverse 
geomaterials in the cultural heritage using di�erent con�gurations of 
Raman spectroscopy. https://doi.org/10.1144/GSL.SP.2006.257.01.02 

29. Adrian L, Marco-Urrea E. Isotopes in geobiochemistry: tracing 
metabolic pathways in microorganisms of environmental relevance 
with stable isotopes. Curr Opin Biotechnol. 2016;41:19-25. 
https://doi.org/10.1016/j.copbio.2016.03.018 

30. Roby RK, Wiscovitch‐Russo RA, Hart R, Appel AE, Kazmi MA, 
Huber T, et al. Sampling techniques and genomic analysis of 
biological material from artworks. J Forensic Sci. 
2025;70(2):476-489. https://doi.org/10.1111/1556-4029.15701 

31. Singh M. Microclimatic condition in relation to conservation of 
cave no. 2 murals of Ajanta. Curr Sci. 2011:89-94.

32. Rosado T, Mirão J, Candeias A, Caldeira AT. Microbial communities 
analysis assessed by pyrosequencing—a new approach applied to 
conservation state studies of mural paintings. Anal Bioanal Chem. 
2014;406(3):887-895. https://doi.org/10.1007/s00216-013-7516-7 

33. Nazel T. Bioconsolidation of stone monuments. An overview. 
Restoration of Buildings and Monuments. 2016;22(1):37-45.

34. Perito B, Marvasi M, Mastromei G. Bacterial mineralization of 
calcium carbonate for conservation of stone artworks. InIOP 
Conference Series: Materials Science and Engineering, 2020. 
012090 p. https://doi.org/10.1088/1757-899X/949/1/012090 

35. Pinna D. Coping with biological growth on stone heritage objects: 
methods, products, applications, and perspectives, 2017.

36. Liu X, Qian Y, Wang Y, Wu F, Wang W, Gu JD. Innovative 
approaches for the processes involved in microbial biodeterioration 
of cultural heritage materials. Curr Opin Biotechnol. 
2022;75:102716. https://doi.org/10.1016/j.copbio.2022.102716 

 Recent studies underscore the signi�cant impact of 
microbial activity on cultural heritage. For example, in the 
Mayan historical monuments of the Yucatán Peninsula, 
microbial colonization has contributed to stone surface 
degradation [5]. Conversely, some microbial communities aid 
in stone preservation via biocalci�cation and extracellular 
polymeric substance (EPS) biostabilization, a process in which 
microbial secretions form protective bio�lms that stabilize the 
surface. �e application of molecular techniques like 
metagenomics and proteomics has advanced the 
characterization of these microbiomes, o�ering insights into 
their functional potential in heritage conservation [6].

 Despite advancements, challenges remain in fully 
deciphering microbial interactions with cultural artifacts. �e 
ecological dynamics of microbial communities at heritage sites 
are not well understood, and the long-term e�ects of microbial 
activity on preservation remain uncertain. Additionally, 
di�culties in distinguishing harmful from bene�cial microbial 
species complicate conservation e�orts, particularly in 
long-term monitoring and intervention strategies [7].

 �is review explores the role of geoarchaeological 
microbiomes in artifact preservation and degradation, their 
interactions with archaeological sites, and recent advancements 
in heritage microbiome research. By synthesizing current 

knowledge, it aims to support evidence-based conservation 
strategies that leverage microbial processes for the protection of 
cultural heritage, with an emphasis on applying 
microbiome-based interventions for sustainable preservation.

Role of Microbiomes in Archaeological Sites
Microorganisms play a pivotal role in the preservation and 
degradation of archaeological artifacts. �eir interactions with 
materials such as metals, stones, and organic compounds can 
lead to either deterioration or protection, depending on the 
microbial species and environmental conditions. Notably, sites 
like the Lascaux Cave in France have faced severe 
microbial-driven degradation, while Ajanta Caves in India have 
shown instances where bio�lms have contributed to both 
preservation and deterioration [8].

Microbial interactions with artifacts
Degradation: Certain microbes contribute to the deterioration 
of artifacts through various mechanisms:
Acid production 
Microorganisms such as fungi and bacteria can produce organic 
acids that corrode materials like stone and metal. For instance, 
Aspergillus niger secretes citric acid, leading to the 
solubilization of mineral components in calcareous stones, 
thereby accelerating decay [9].

Enzymatic activity
Hydrolytic enzymes produced by microbes can degrade organic 
materials. Fungi producing cellulase, amylase, gelatinase, and 
pectinase are highly active in the biodegradation of cultural 
heritage materials. Notably, in Egyptian tombs, fungal enzymatic 
degradation has led to visible damage on ancient mural 
paintings [10].
Bio�lm formation

Microbial bio�lms, comprising communities of bacteria and 
fungi, adhere to artifact surfaces, trapping moisture and 
promoting physical and chemical deterioration. �e Lascaux 
Cave has experienced fungal bio�lm formation, resulting in 
pigment discoloration [11].

Preservation: Conversely, certain microbial activities can 
contribute to the preservation of artifacts:

Biomineralization
Some bacteria induce the precipitation of minerals, forming 
protective layers on artifact surfaces. For example, Bacillus 
species can precipitate calcium carbonate, creating a protective 
crust over stone artifacts. A case study from Angkor Wat 
revealed that certain Bacillus strains contributed to the 
structural stability of stone monuments [12].
Protective bio�lms
Bene�cial microbial bio�lms can act as barriers against 
environmental factors, reducing the impact of moisture and 
pollutants. Controlled bio�lm applications have been explored 
in Italy’s Roman Catacombs, where selected microbial 
communities were used to limit biodeterioration [13].
Microbial species involved in preservation
Several microbial taxa are notable for their roles in the 
preservation of cultural heritage materials:

Actinobacteria

Known for their ability to produce antimicrobial compounds, 
they can inhibit the growth of detrimental microbes on 
artifacts.

Pseudomonas spp.

Certain strains have been associated with the formation of 
stable bio�lms that protect surfaces from environmental 
degradation.

Bacillus spp.

�ese bacteria are capable of inducing biomineralization 
processes, leading to the formation of protective mineral layers 
on artifacts [14].

Factors influencing microbial communities
�e composition and activity of microbial communities in 
archaeological contexts are in�uenced by various 
environmental factors:

Soil composition and pH

�e chemical makeup and acidity or alkalinity of the soil 
signi�cantly a�ects microbial diversity and activity. Soils rich in 
organic matter support diverse microbial populations, while pH 
in�uences the solubility of nutrients and the viability of 
di�erent microbial taxa [15].

Humidity and climate

Moisture levels and climatic conditions are critical 
determinants of microbial growth. High humidity and warm 
temperatures generally promote microbial proliferation, which 
can lead to increased biodeterioration of artifacts. Recent 
studies have highlighted the impact of climate change, showing 
that rising temperatures and shi�s in humidity patterns are 
altering microbial colonization trends at heritage sites [16].

Material composition

�e intrinsic properties of artifacts, including their organic or 
inorganic nature, porosity, and chemical composition, dictate 
their susceptibility to microbial colonization. Organic materials 
like wood and textiles are more prone to microbial attack, 
whereas the mineral composition of stones can in�uence which 
microbial species colonize their surfaces [17].

Mechanisms of Microbial Preservation
Microorganisms play a critical role in both the preservation and 
degradation of cultural heritage materials. Understanding the 
microbial mechanisms that contribute to artifact stabilization is 
essential for the development of e�ective conservation 
strategies. Certain microbial processes facilitate the protection 
of archaeological materials by forming mineral-binding 
bio�lms, inhibiting biodeteriorative species, and chemically 
stabilizing artifacts [11].

 A signi�cant preservation mechanism is microbially 
induced calcite precipitation (MICP), which facilitates the 
formation of mineral-binding bio�lms. �is process is 
primarily mediated by Bacillus species, which hydrolyze urea, 
generating carbonate ions that react with environmental 
calcium ions to form calcium carbonate (calcite) [18]. �e 
precipitated calcite crystals �ll microscopic pores and cracks in 

stone artifacts, thereby reinforcing their structural integrity and 
reducing vulnerability to weathering and erosion. Studies have 
demonstrated that MICP e�ectively decreases the porosity of 
monumental stones, thereby limiting the in�ltration of water 
and pollutants that contribute to deterioration [19].

 Another crucial mechanism is microbial antagonism, 
wherein bene�cial microbial communities outcompete 
harmful, biodeteriorative microorganisms through competitive 
exclusion. Protective microbes inhibit colonization by 
degradation-inducing species by depleting nutrients and 
producing antimicrobial compounds [20]. For example, certain 
bacterial strains secrete metabolites that suppress the growth of 
fungi known to degrade organic materials in archaeological 
structures. By establishing dominant microbial populations, 
these bene�cial species help maintain artifact stability and 
minimize biodeterioration [21].

 Microbially induced chemical stabilization is another 
preservation mechanism that plays a key role in artifact 
protection, particularly in metal artifacts. Bioleaching processes 
mediated by specialized microbial communities enable the 
removal of harmful metal ions responsible for corrosion. By 
sequestering reactive ions, these microbes prevent oxidation 
and mineral dissolution, thereby mitigating structural 
degradation. Furthermore, some bacteria can transform soluble 
metal ions into stable, insoluble forms, reducing their mobility 
and reactivity. �is transformation minimizes the formation of 
corrosive compounds, ensuring the long-term stability of 
metallic heritage objects [22].

 Distinguishing between bene�cial and harmful microbial 
communities is a central challenge in conservation science. 
While some microorganisms actively contribute to 
preservation, others accelerate decay through acid production, 
enzymatic degradation, and bio�lm formation. For instance, 
certain fungi generate organic acids that dissolve mineral 
components in artifacts, leading to irreversible damage. �us, 
conservation e�orts must prioritize strategies that sustain 
protective microbial communities while mitigating the impact 
of harmful species. �is requires a thorough understanding of 
the microbial ecology of cultural heritage materials, as well as 
the environmental factors that in�uence microbial colonization 
and activity [23].

Analytical Techniques for Studying Archaeological 
Microbiomes
�e study of archaeological microbiomes has advanced 
signi�cantly with the integration of various analytical techniques 
that enable the characterization of microbial communities 
associated with artifacts and historical sites. �ese methodologies 
encompass microbial DNA sequencing, imaging modalities, 
stable isotope analysis, and non-destructive approaches, 
collectively enhancing our understanding of microbial roles in 
the preservation and degradation of cultural heritage [24].

Microbial DNA sequencing methods
Microbial DNA sequencing has become a cornerstone in 
microbiome research, facilitating the identi�cation and 
characterization of microbial diversity within archaeological 
contexts. Two primary approaches are employed:

16S rRNA gene sequencing
�is targeted method ampli�es and sequences the 16S 
ribosomal RNA gene, a conserved region presents in all bacteria 
and archaea, allowing for taxonomic identi�cation and 
assessment of microbial community composition [25].
Metagenomics
�is comprehensive approach involves the direct sequencing of 
total DNA extracted from a sample, enabling the identi�cation 
of all microbial genes present. Metagenomics provides insights 
into both the taxonomic diversity and functional potential of 
microbial communities, revealing metabolic pathways and 
ecological roles [26].
Imaging techniques
Advanced imaging techniques are crucial for visualizing 
microbial interactions with artifacts at microstructural levels:
Electron Microscopy
Scanning Electron Microscopy (SEM) and Transmission 
Electron Microscopy (TEM) provide high-resolution images of 
microbial cells and bio�lms on artifact surfaces. �ese 
techniques enable the observation of bio�lm architecture, 
microbial colonization patterns, and interactions with substrate 
materials, o�ering insights into biodeterioration processes [27].
Raman spectroscopy
�is non-destructive technique utilizes inelastic scattering of 
monochromatic light to identify molecular compositions. In 
archaeological microbiome studies, Raman spectroscopy 
detects microbial-induced mineralogical changes, such as 
biomineralization processes, aiding in understanding microbial 
contributions to artifact preservation or degradation [28].
Stable isotope analysis
Stable isotope analysis involves measuring the ratios of stable 
isotopes (e.g., carbon, nitrogen) within materials to infer 
biogeochemical processes. In the context of archaeological 
microbiomes, this technique can:
Identify microbial metabolic activity
Variations in isotope ratios can indicate speci�c microbial 
metabolic processes, such as sulfate reduction or 
methanogenesis, which may in�uence artifact preservation.
Trace environmental conditions

Isotopic signatures can re�ect past environmental conditions, 
o�ering insights into the depositional environment and 
potential microbial interactions over time [28].
Non-destructive microbiome analysis
Preserving the integrity of archaeological artifacts while 
studying their associated microbiomes necessitates 
non-destructive analytical methods:
Surface swabbing

Gentle swabbing collects microbial samples from artifact 
surfaces without causing damage, allowing for subsequent DNA 
extraction and analysis.

In situ spectroscopy
Techniques like Fourier-transform infrared spectroscopy 
(FTIR) and Raman spectroscopy enable the analysis of 

microbial communities and their metabolic products directly 
on artifacts, minimizing the need for sample removal [29].

Case Study of Ajanta Caves
�e Ajanta Caves, located in Maharashtra, India, are a series of 
30 rock-cut Buddhist monuments dating from the 2nd century 
BCE to the 5th century CE. Renowned for their intricate 
sculptures and murals, these caves have been designated a 
UNESCO World Heritage Site. However, they face signi�cant 
preservation challenges, notably due to microbial degradation.

Challenges of microbial degradation
�e deterioration of the Ajanta murals is exacerbated by the 
proliferation of microbial communities, including fungi and 
bacteria. �e murals were executed on substrates comprising 
mud plaster mixed with organic materials such as paddy husks 
and vegetable �bers, overlaid with lime, kaolin, or gypsum. �is 
organic-rich base provides an ideal environment for microbial 
colonization. Microorganisms, particularly fungi, metabolize 
these organic components, leading to structural weakening and 
visible damage to the paintings. Environmental factors, such as 
water seepage, further exacerbate microbial growth, 
compromising the integrity of the murals [30].

Identification of microbial communities
Studies have identi�ed various microbial taxa present on the 
cave surfaces. Fungal species such as Aspergillus, Penicillium, 
and Cladosporium have been detected, along with bacterial 
genera including Bacillus and Pseudomonas. �ese 
microorganisms contribute to biodeterioration through 
enzymatic activities that degrade organic binders and pigments 
[Figures 1 and 2]. Advanced molecular techniques, including 
DNA sequencing, have facilitated the detailed characterization 
of these microbial communities, enhancing our understanding 
of their roles in the degradation processes [31]. 
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Microorganisms are fundamental to Earth's ecosystems, driving 
processes such as nutrient cycling, such as nitrogen �xation, and 
organic matter decomposition. In archaeological contexts, 
microbial communities or microbiomes interact with artifacts, 
monuments, and historical structures, in�uencing their 
preservation and deterioration [1]. �e study of these 
interactions has led to the emergence of geoarchaeological 
microbiomes, a �eld dedicated to understanding microbial 
communities present in archaeological soils, artifacts, and built 
heritage [2].

 Geoarchaeological microbiomes consist of diverse 
microbial populations found in archaeological matrices, 
including soil, stone, wood, and metal artifacts. �e microbial 
composition varies among these matrices, with stone surfaces 
harbouring bio�lm-forming cyanobacteria, while metal artifacts 
are o�en colonized by sulfate-reducing bacteria that accelerate 
corrosion [3]. �ese microorganisms play a dual role: while some 
contribute to biodeterioration, leading to material degradation 
through acid production, bio�lm formation, and corrosion, 
others facilitate preservation through biomineralization, bio�lm 
stabilization, or microbial-induced calcite precipitation. 
Understanding these microbial interactions is crucial for 
developing conservation strategies that mitigate damage while 
harnessing protective microbial functions [3,4].

Role of protective microbial layers
Recent research has explored the potential of harnessing 
bene�cial microbial species to form protective layers on stone 
surfaces. Certain bacteria, such as those from the Bacillus 
genus, can induce the precipitation of calcium carbonate, 
leading to the formation of biogenic mineral layers that protect 
underlying surfaces. �is biocalci�cation process not only 
consolidates the stone material but also inhibits the 
colonization and spread of harmful fungi by reducing available 
niches and altering surface properties [32].

Conservation strategies
To mitigate microbial-induced deterioration, conservation 
strategies have been developed focusing on microbiome 
regulation

Promotion of protective species

Microbiological techniques aim to introduce or encourage the 
growth of bene�cial bacteria capable of biocalci�cation. By 
fostering these protective microbial layers, the structural 
integrity of the murals can be enhanced, and susceptibility to 
harmful microbial colonization reduced [33].

Microbiome regulation

Targeted removal of aggressive fungal species is achieved 
through the application of speci�c biocides or by altering 
environmental conditions to favour protective microbial 
communities. �is approach requires a delicate balance to 
ensure that interventions do not adversely a�ect the murals or 
the surrounding ecosystem [34].

Challenges and Future Perspectives
Managing microbiomes at archaeological sites is complex, as 
microbial communities can be both bene�cial and harmful. 

Accurately identifying microbial species is a major challenge, 
as environmental contamination can obscure native microbial 
populations. Studies using 16S rRNA sequencing face 
ampli�cation biases, complicating taxonomic pro�ling and 
leading to inaccurate microbiome reconstructions. Bio�lms 
present a conservation paradox. Some bio�lms act as 
protective layers against environmental stressors, while others 
degrade surfaces through organic acid and enzymatic activity. 
�e complexity of microbial interactions, including those 
between bacteria, fungi, and archaea, makes conservation 
e�orts challenging. E�ective strategies must balance bio�lm 
removal with the preservation of protective microbial layers 
[35].

 Genetic engineering, including CRISPR-Cas9, is being 
explored to enhance bene�cial microbial traits and suppress 
harmful ones. However, its application to conservation is in the 
early stages and requires further technological advancements. 
Another approach involves arti�cially seeding microbiomes 
tailored for artifact protection. By designing synthetic microbial 
communities, harmful organisms can be outcompeted, leading 
to stable, protective bio�lms. 3D scanning and modelling of 
microbiome-covered sites provide non-invasive ways to 
document microbial colonization over time. �is digital 
approach enables real-time monitoring of microbial dynamics 
and aids in the development of targeted conservation strategies 
without direct sampling [36].

Conclusions
Microbiomes exhibit a dualistic role in cultural heritage 
conservation, acting as agents of both preservation and 
degradation. Certain microbial communities contribute to 
biodeterioration through processes like bio�lm formation and 
acid production, leading to material decay. Conversely, speci�c 
microbes have been identi�ed that can induce protective e�ects, 
such as the precipitation of calcium carbonate, which reinforces 
structural integrity. 

 Addressing these complex interactions necessitates an 
interdisciplinary approach, integrating microbiology, materials 
science, and archaeology. Such collaboration enables a 
comprehensive understanding of microbial dynamics and their 
impact on artifacts, facilitating the development of e�ective 
conservation strategies. For instance, insights into microbial 
colonization patterns can inform preventive measures, while 
materials science contributes to the creation of compatible 
conservation materials.

 Embracing sustainable conservation strategies is imperative 
for the long-term preservation of cultural heritage. �is includes 
leveraging bene�cial microbial properties, such as employing 
bio mineralization processes to stabilize deteriorated structures. 
Additionally, incorporating eco-friendly materials and methods 
aligns conservation practices with environmental sustainability 
goals. By fostering interdisciplinary research and adopting 
sustainable methodologies, we can enhance the preservation of 
cultural artifacts, ensuring their endurance for future 
generations.
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Figure 2. Fungal degradation of organic compounds in murals

 Recent studies underscore the signi�cant impact of 
microbial activity on cultural heritage. For example, in the 
Mayan historical monuments of the Yucatán Peninsula, 
microbial colonization has contributed to stone surface 
degradation [5]. Conversely, some microbial communities aid 
in stone preservation via biocalci�cation and extracellular 
polymeric substance (EPS) biostabilization, a process in which 
microbial secretions form protective bio�lms that stabilize the 
surface. �e application of molecular techniques like 
metagenomics and proteomics has advanced the 
characterization of these microbiomes, o�ering insights into 
their functional potential in heritage conservation [6].

 Despite advancements, challenges remain in fully 
deciphering microbial interactions with cultural artifacts. �e 
ecological dynamics of microbial communities at heritage sites 
are not well understood, and the long-term e�ects of microbial 
activity on preservation remain uncertain. Additionally, 
di�culties in distinguishing harmful from bene�cial microbial 
species complicate conservation e�orts, particularly in 
long-term monitoring and intervention strategies [7].

 �is review explores the role of geoarchaeological 
microbiomes in artifact preservation and degradation, their 
interactions with archaeological sites, and recent advancements 
in heritage microbiome research. By synthesizing current 

knowledge, it aims to support evidence-based conservation 
strategies that leverage microbial processes for the protection of 
cultural heritage, with an emphasis on applying 
microbiome-based interventions for sustainable preservation.

Role of Microbiomes in Archaeological Sites
Microorganisms play a pivotal role in the preservation and 
degradation of archaeological artifacts. �eir interactions with 
materials such as metals, stones, and organic compounds can 
lead to either deterioration or protection, depending on the 
microbial species and environmental conditions. Notably, sites 
like the Lascaux Cave in France have faced severe 
microbial-driven degradation, while Ajanta Caves in India have 
shown instances where bio�lms have contributed to both 
preservation and deterioration [8].

Microbial interactions with artifacts
Degradation: Certain microbes contribute to the deterioration 
of artifacts through various mechanisms:
Acid production 
Microorganisms such as fungi and bacteria can produce organic 
acids that corrode materials like stone and metal. For instance, 
Aspergillus niger secretes citric acid, leading to the 
solubilization of mineral components in calcareous stones, 
thereby accelerating decay [9].

Enzymatic activity
Hydrolytic enzymes produced by microbes can degrade organic 
materials. Fungi producing cellulase, amylase, gelatinase, and 
pectinase are highly active in the biodegradation of cultural 
heritage materials. Notably, in Egyptian tombs, fungal enzymatic 
degradation has led to visible damage on ancient mural 
paintings [10].
Bio�lm formation

Microbial bio�lms, comprising communities of bacteria and 
fungi, adhere to artifact surfaces, trapping moisture and 
promoting physical and chemical deterioration. �e Lascaux 
Cave has experienced fungal bio�lm formation, resulting in 
pigment discoloration [11].

Preservation: Conversely, certain microbial activities can 
contribute to the preservation of artifacts:

Biomineralization
Some bacteria induce the precipitation of minerals, forming 
protective layers on artifact surfaces. For example, Bacillus 
species can precipitate calcium carbonate, creating a protective 
crust over stone artifacts. A case study from Angkor Wat 
revealed that certain Bacillus strains contributed to the 
structural stability of stone monuments [12].
Protective bio�lms
Bene�cial microbial bio�lms can act as barriers against 
environmental factors, reducing the impact of moisture and 
pollutants. Controlled bio�lm applications have been explored 
in Italy’s Roman Catacombs, where selected microbial 
communities were used to limit biodeterioration [13].
Microbial species involved in preservation
Several microbial taxa are notable for their roles in the 
preservation of cultural heritage materials:

Actinobacteria

Known for their ability to produce antimicrobial compounds, 
they can inhibit the growth of detrimental microbes on 
artifacts.

Pseudomonas spp.

Certain strains have been associated with the formation of 
stable bio�lms that protect surfaces from environmental 
degradation.

Bacillus spp.

�ese bacteria are capable of inducing biomineralization 
processes, leading to the formation of protective mineral layers 
on artifacts [14].

Factors influencing microbial communities
�e composition and activity of microbial communities in 
archaeological contexts are in�uenced by various 
environmental factors:

Soil composition and pH

�e chemical makeup and acidity or alkalinity of the soil 
signi�cantly a�ects microbial diversity and activity. Soils rich in 
organic matter support diverse microbial populations, while pH 
in�uences the solubility of nutrients and the viability of 
di�erent microbial taxa [15].

Humidity and climate

Moisture levels and climatic conditions are critical 
determinants of microbial growth. High humidity and warm 
temperatures generally promote microbial proliferation, which 
can lead to increased biodeterioration of artifacts. Recent 
studies have highlighted the impact of climate change, showing 
that rising temperatures and shi�s in humidity patterns are 
altering microbial colonization trends at heritage sites [16].

Material composition

�e intrinsic properties of artifacts, including their organic or 
inorganic nature, porosity, and chemical composition, dictate 
their susceptibility to microbial colonization. Organic materials 
like wood and textiles are more prone to microbial attack, 
whereas the mineral composition of stones can in�uence which 
microbial species colonize their surfaces [17].

Mechanisms of Microbial Preservation
Microorganisms play a critical role in both the preservation and 
degradation of cultural heritage materials. Understanding the 
microbial mechanisms that contribute to artifact stabilization is 
essential for the development of e�ective conservation 
strategies. Certain microbial processes facilitate the protection 
of archaeological materials by forming mineral-binding 
bio�lms, inhibiting biodeteriorative species, and chemically 
stabilizing artifacts [11].

 A signi�cant preservation mechanism is microbially 
induced calcite precipitation (MICP), which facilitates the 
formation of mineral-binding bio�lms. �is process is 
primarily mediated by Bacillus species, which hydrolyze urea, 
generating carbonate ions that react with environmental 
calcium ions to form calcium carbonate (calcite) [18]. �e 
precipitated calcite crystals �ll microscopic pores and cracks in 

stone artifacts, thereby reinforcing their structural integrity and 
reducing vulnerability to weathering and erosion. Studies have 
demonstrated that MICP e�ectively decreases the porosity of 
monumental stones, thereby limiting the in�ltration of water 
and pollutants that contribute to deterioration [19].

 Another crucial mechanism is microbial antagonism, 
wherein bene�cial microbial communities outcompete 
harmful, biodeteriorative microorganisms through competitive 
exclusion. Protective microbes inhibit colonization by 
degradation-inducing species by depleting nutrients and 
producing antimicrobial compounds [20]. For example, certain 
bacterial strains secrete metabolites that suppress the growth of 
fungi known to degrade organic materials in archaeological 
structures. By establishing dominant microbial populations, 
these bene�cial species help maintain artifact stability and 
minimize biodeterioration [21].

 Microbially induced chemical stabilization is another 
preservation mechanism that plays a key role in artifact 
protection, particularly in metal artifacts. Bioleaching processes 
mediated by specialized microbial communities enable the 
removal of harmful metal ions responsible for corrosion. By 
sequestering reactive ions, these microbes prevent oxidation 
and mineral dissolution, thereby mitigating structural 
degradation. Furthermore, some bacteria can transform soluble 
metal ions into stable, insoluble forms, reducing their mobility 
and reactivity. �is transformation minimizes the formation of 
corrosive compounds, ensuring the long-term stability of 
metallic heritage objects [22].

 Distinguishing between bene�cial and harmful microbial 
communities is a central challenge in conservation science. 
While some microorganisms actively contribute to 
preservation, others accelerate decay through acid production, 
enzymatic degradation, and bio�lm formation. For instance, 
certain fungi generate organic acids that dissolve mineral 
components in artifacts, leading to irreversible damage. �us, 
conservation e�orts must prioritize strategies that sustain 
protective microbial communities while mitigating the impact 
of harmful species. �is requires a thorough understanding of 
the microbial ecology of cultural heritage materials, as well as 
the environmental factors that in�uence microbial colonization 
and activity [23].

Analytical Techniques for Studying Archaeological 
Microbiomes
�e study of archaeological microbiomes has advanced 
signi�cantly with the integration of various analytical techniques 
that enable the characterization of microbial communities 
associated with artifacts and historical sites. �ese methodologies 
encompass microbial DNA sequencing, imaging modalities, 
stable isotope analysis, and non-destructive approaches, 
collectively enhancing our understanding of microbial roles in 
the preservation and degradation of cultural heritage [24].

Microbial DNA sequencing methods
Microbial DNA sequencing has become a cornerstone in 
microbiome research, facilitating the identi�cation and 
characterization of microbial diversity within archaeological 
contexts. Two primary approaches are employed:

16S rRNA gene sequencing
�is targeted method ampli�es and sequences the 16S 
ribosomal RNA gene, a conserved region presents in all bacteria 
and archaea, allowing for taxonomic identi�cation and 
assessment of microbial community composition [25].
Metagenomics
�is comprehensive approach involves the direct sequencing of 
total DNA extracted from a sample, enabling the identi�cation 
of all microbial genes present. Metagenomics provides insights 
into both the taxonomic diversity and functional potential of 
microbial communities, revealing metabolic pathways and 
ecological roles [26].
Imaging techniques
Advanced imaging techniques are crucial for visualizing 
microbial interactions with artifacts at microstructural levels:
Electron Microscopy
Scanning Electron Microscopy (SEM) and Transmission 
Electron Microscopy (TEM) provide high-resolution images of 
microbial cells and bio�lms on artifact surfaces. �ese 
techniques enable the observation of bio�lm architecture, 
microbial colonization patterns, and interactions with substrate 
materials, o�ering insights into biodeterioration processes [27].
Raman spectroscopy
�is non-destructive technique utilizes inelastic scattering of 
monochromatic light to identify molecular compositions. In 
archaeological microbiome studies, Raman spectroscopy 
detects microbial-induced mineralogical changes, such as 
biomineralization processes, aiding in understanding microbial 
contributions to artifact preservation or degradation [28].
Stable isotope analysis
Stable isotope analysis involves measuring the ratios of stable 
isotopes (e.g., carbon, nitrogen) within materials to infer 
biogeochemical processes. In the context of archaeological 
microbiomes, this technique can:
Identify microbial metabolic activity
Variations in isotope ratios can indicate speci�c microbial 
metabolic processes, such as sulfate reduction or 
methanogenesis, which may in�uence artifact preservation.
Trace environmental conditions

Isotopic signatures can re�ect past environmental conditions, 
o�ering insights into the depositional environment and 
potential microbial interactions over time [28].
Non-destructive microbiome analysis
Preserving the integrity of archaeological artifacts while 
studying their associated microbiomes necessitates 
non-destructive analytical methods:
Surface swabbing

Gentle swabbing collects microbial samples from artifact 
surfaces without causing damage, allowing for subsequent DNA 
extraction and analysis.

In situ spectroscopy
Techniques like Fourier-transform infrared spectroscopy 
(FTIR) and Raman spectroscopy enable the analysis of 

microbial communities and their metabolic products directly 
on artifacts, minimizing the need for sample removal [29].

Case Study of Ajanta Caves
�e Ajanta Caves, located in Maharashtra, India, are a series of 
30 rock-cut Buddhist monuments dating from the 2nd century 
BCE to the 5th century CE. Renowned for their intricate 
sculptures and murals, these caves have been designated a 
UNESCO World Heritage Site. However, they face signi�cant 
preservation challenges, notably due to microbial degradation.

Challenges of microbial degradation
�e deterioration of the Ajanta murals is exacerbated by the 
proliferation of microbial communities, including fungi and 
bacteria. �e murals were executed on substrates comprising 
mud plaster mixed with organic materials such as paddy husks 
and vegetable �bers, overlaid with lime, kaolin, or gypsum. �is 
organic-rich base provides an ideal environment for microbial 
colonization. Microorganisms, particularly fungi, metabolize 
these organic components, leading to structural weakening and 
visible damage to the paintings. Environmental factors, such as 
water seepage, further exacerbate microbial growth, 
compromising the integrity of the murals [30].

Identification of microbial communities
Studies have identi�ed various microbial taxa present on the 
cave surfaces. Fungal species such as Aspergillus, Penicillium, 
and Cladosporium have been detected, along with bacterial 
genera including Bacillus and Pseudomonas. �ese 
microorganisms contribute to biodeterioration through 
enzymatic activities that degrade organic binders and pigments 
[Figures 1 and 2]. Advanced molecular techniques, including 
DNA sequencing, have facilitated the detailed characterization 
of these microbial communities, enhancing our understanding 
of their roles in the degradation processes [31]. 

Figure 1. Bacterial Degradation of Organic Compounds in Murals
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Microorganisms are fundamental to Earth's ecosystems, driving 
processes such as nutrient cycling, such as nitrogen �xation, and 
organic matter decomposition. In archaeological contexts, 
microbial communities or microbiomes interact with artifacts, 
monuments, and historical structures, in�uencing their 
preservation and deterioration [1]. �e study of these 
interactions has led to the emergence of geoarchaeological 
microbiomes, a �eld dedicated to understanding microbial 
communities present in archaeological soils, artifacts, and built 
heritage [2].

 Geoarchaeological microbiomes consist of diverse 
microbial populations found in archaeological matrices, 
including soil, stone, wood, and metal artifacts. �e microbial 
composition varies among these matrices, with stone surfaces 
harbouring bio�lm-forming cyanobacteria, while metal artifacts 
are o�en colonized by sulfate-reducing bacteria that accelerate 
corrosion [3]. �ese microorganisms play a dual role: while some 
contribute to biodeterioration, leading to material degradation 
through acid production, bio�lm formation, and corrosion, 
others facilitate preservation through biomineralization, bio�lm 
stabilization, or microbial-induced calcite precipitation. 
Understanding these microbial interactions is crucial for 
developing conservation strategies that mitigate damage while 
harnessing protective microbial functions [3,4].

Role of protective microbial layers
Recent research has explored the potential of harnessing 
bene�cial microbial species to form protective layers on stone 
surfaces. Certain bacteria, such as those from the Bacillus 
genus, can induce the precipitation of calcium carbonate, 
leading to the formation of biogenic mineral layers that protect 
underlying surfaces. �is biocalci�cation process not only 
consolidates the stone material but also inhibits the 
colonization and spread of harmful fungi by reducing available 
niches and altering surface properties [32].

Conservation strategies
To mitigate microbial-induced deterioration, conservation 
strategies have been developed focusing on microbiome 
regulation

Promotion of protective species

Microbiological techniques aim to introduce or encourage the 
growth of bene�cial bacteria capable of biocalci�cation. By 
fostering these protective microbial layers, the structural 
integrity of the murals can be enhanced, and susceptibility to 
harmful microbial colonization reduced [33].

Microbiome regulation

Targeted removal of aggressive fungal species is achieved 
through the application of speci�c biocides or by altering 
environmental conditions to favour protective microbial 
communities. �is approach requires a delicate balance to 
ensure that interventions do not adversely a�ect the murals or 
the surrounding ecosystem [34].

Challenges and Future Perspectives
Managing microbiomes at archaeological sites is complex, as 
microbial communities can be both bene�cial and harmful. 

Accurately identifying microbial species is a major challenge, 
as environmental contamination can obscure native microbial 
populations. Studies using 16S rRNA sequencing face 
ampli�cation biases, complicating taxonomic pro�ling and 
leading to inaccurate microbiome reconstructions. Bio�lms 
present a conservation paradox. Some bio�lms act as 
protective layers against environmental stressors, while others 
degrade surfaces through organic acid and enzymatic activity. 
�e complexity of microbial interactions, including those 
between bacteria, fungi, and archaea, makes conservation 
e�orts challenging. E�ective strategies must balance bio�lm 
removal with the preservation of protective microbial layers 
[35].

 Genetic engineering, including CRISPR-Cas9, is being 
explored to enhance bene�cial microbial traits and suppress 
harmful ones. However, its application to conservation is in the 
early stages and requires further technological advancements. 
Another approach involves arti�cially seeding microbiomes 
tailored for artifact protection. By designing synthetic microbial 
communities, harmful organisms can be outcompeted, leading 
to stable, protective bio�lms. 3D scanning and modelling of 
microbiome-covered sites provide non-invasive ways to 
document microbial colonization over time. �is digital 
approach enables real-time monitoring of microbial dynamics 
and aids in the development of targeted conservation strategies 
without direct sampling [36].

Conclusions
Microbiomes exhibit a dualistic role in cultural heritage 
conservation, acting as agents of both preservation and 
degradation. Certain microbial communities contribute to 
biodeterioration through processes like bio�lm formation and 
acid production, leading to material decay. Conversely, speci�c 
microbes have been identi�ed that can induce protective e�ects, 
such as the precipitation of calcium carbonate, which reinforces 
structural integrity. 

 Addressing these complex interactions necessitates an 
interdisciplinary approach, integrating microbiology, materials 
science, and archaeology. Such collaboration enables a 
comprehensive understanding of microbial dynamics and their 
impact on artifacts, facilitating the development of e�ective 
conservation strategies. For instance, insights into microbial 
colonization patterns can inform preventive measures, while 
materials science contributes to the creation of compatible 
conservation materials.

 Embracing sustainable conservation strategies is imperative 
for the long-term preservation of cultural heritage. �is includes 
leveraging bene�cial microbial properties, such as employing 
bio mineralization processes to stabilize deteriorated structures. 
Additionally, incorporating eco-friendly materials and methods 
aligns conservation practices with environmental sustainability 
goals. By fostering interdisciplinary research and adopting 
sustainable methodologies, we can enhance the preservation of 
cultural artifacts, ensuring their endurance for future 
generations.
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 Recent studies underscore the signi�cant impact of 
microbial activity on cultural heritage. For example, in the 
Mayan historical monuments of the Yucatán Peninsula, 
microbial colonization has contributed to stone surface 
degradation [5]. Conversely, some microbial communities aid 
in stone preservation via biocalci�cation and extracellular 
polymeric substance (EPS) biostabilization, a process in which 
microbial secretions form protective bio�lms that stabilize the 
surface. �e application of molecular techniques like 
metagenomics and proteomics has advanced the 
characterization of these microbiomes, o�ering insights into 
their functional potential in heritage conservation [6].

 Despite advancements, challenges remain in fully 
deciphering microbial interactions with cultural artifacts. �e 
ecological dynamics of microbial communities at heritage sites 
are not well understood, and the long-term e�ects of microbial 
activity on preservation remain uncertain. Additionally, 
di�culties in distinguishing harmful from bene�cial microbial 
species complicate conservation e�orts, particularly in 
long-term monitoring and intervention strategies [7].

 �is review explores the role of geoarchaeological 
microbiomes in artifact preservation and degradation, their 
interactions with archaeological sites, and recent advancements 
in heritage microbiome research. By synthesizing current 

knowledge, it aims to support evidence-based conservation 
strategies that leverage microbial processes for the protection of 
cultural heritage, with an emphasis on applying 
microbiome-based interventions for sustainable preservation.

Role of Microbiomes in Archaeological Sites
Microorganisms play a pivotal role in the preservation and 
degradation of archaeological artifacts. �eir interactions with 
materials such as metals, stones, and organic compounds can 
lead to either deterioration or protection, depending on the 
microbial species and environmental conditions. Notably, sites 
like the Lascaux Cave in France have faced severe 
microbial-driven degradation, while Ajanta Caves in India have 
shown instances where bio�lms have contributed to both 
preservation and deterioration [8].

Microbial interactions with artifacts
Degradation: Certain microbes contribute to the deterioration 
of artifacts through various mechanisms:
Acid production 
Microorganisms such as fungi and bacteria can produce organic 
acids that corrode materials like stone and metal. For instance, 
Aspergillus niger secretes citric acid, leading to the 
solubilization of mineral components in calcareous stones, 
thereby accelerating decay [9].

Enzymatic activity
Hydrolytic enzymes produced by microbes can degrade organic 
materials. Fungi producing cellulase, amylase, gelatinase, and 
pectinase are highly active in the biodegradation of cultural 
heritage materials. Notably, in Egyptian tombs, fungal enzymatic 
degradation has led to visible damage on ancient mural 
paintings [10].
Bio�lm formation

Microbial bio�lms, comprising communities of bacteria and 
fungi, adhere to artifact surfaces, trapping moisture and 
promoting physical and chemical deterioration. �e Lascaux 
Cave has experienced fungal bio�lm formation, resulting in 
pigment discoloration [11].

Preservation: Conversely, certain microbial activities can 
contribute to the preservation of artifacts:

Biomineralization
Some bacteria induce the precipitation of minerals, forming 
protective layers on artifact surfaces. For example, Bacillus 
species can precipitate calcium carbonate, creating a protective 
crust over stone artifacts. A case study from Angkor Wat 
revealed that certain Bacillus strains contributed to the 
structural stability of stone monuments [12].
Protective bio�lms
Bene�cial microbial bio�lms can act as barriers against 
environmental factors, reducing the impact of moisture and 
pollutants. Controlled bio�lm applications have been explored 
in Italy’s Roman Catacombs, where selected microbial 
communities were used to limit biodeterioration [13].
Microbial species involved in preservation
Several microbial taxa are notable for their roles in the 
preservation of cultural heritage materials:

Actinobacteria

Known for their ability to produce antimicrobial compounds, 
they can inhibit the growth of detrimental microbes on 
artifacts.

Pseudomonas spp.

Certain strains have been associated with the formation of 
stable bio�lms that protect surfaces from environmental 
degradation.

Bacillus spp.

�ese bacteria are capable of inducing biomineralization 
processes, leading to the formation of protective mineral layers 
on artifacts [14].

Factors influencing microbial communities
�e composition and activity of microbial communities in 
archaeological contexts are in�uenced by various 
environmental factors:

Soil composition and pH

�e chemical makeup and acidity or alkalinity of the soil 
signi�cantly a�ects microbial diversity and activity. Soils rich in 
organic matter support diverse microbial populations, while pH 
in�uences the solubility of nutrients and the viability of 
di�erent microbial taxa [15].

Humidity and climate

Moisture levels and climatic conditions are critical 
determinants of microbial growth. High humidity and warm 
temperatures generally promote microbial proliferation, which 
can lead to increased biodeterioration of artifacts. Recent 
studies have highlighted the impact of climate change, showing 
that rising temperatures and shi�s in humidity patterns are 
altering microbial colonization trends at heritage sites [16].

Material composition

�e intrinsic properties of artifacts, including their organic or 
inorganic nature, porosity, and chemical composition, dictate 
their susceptibility to microbial colonization. Organic materials 
like wood and textiles are more prone to microbial attack, 
whereas the mineral composition of stones can in�uence which 
microbial species colonize their surfaces [17].

Mechanisms of Microbial Preservation
Microorganisms play a critical role in both the preservation and 
degradation of cultural heritage materials. Understanding the 
microbial mechanisms that contribute to artifact stabilization is 
essential for the development of e�ective conservation 
strategies. Certain microbial processes facilitate the protection 
of archaeological materials by forming mineral-binding 
bio�lms, inhibiting biodeteriorative species, and chemically 
stabilizing artifacts [11].

 A signi�cant preservation mechanism is microbially 
induced calcite precipitation (MICP), which facilitates the 
formation of mineral-binding bio�lms. �is process is 
primarily mediated by Bacillus species, which hydrolyze urea, 
generating carbonate ions that react with environmental 
calcium ions to form calcium carbonate (calcite) [18]. �e 
precipitated calcite crystals �ll microscopic pores and cracks in 

stone artifacts, thereby reinforcing their structural integrity and 
reducing vulnerability to weathering and erosion. Studies have 
demonstrated that MICP e�ectively decreases the porosity of 
monumental stones, thereby limiting the in�ltration of water 
and pollutants that contribute to deterioration [19].

 Another crucial mechanism is microbial antagonism, 
wherein bene�cial microbial communities outcompete 
harmful, biodeteriorative microorganisms through competitive 
exclusion. Protective microbes inhibit colonization by 
degradation-inducing species by depleting nutrients and 
producing antimicrobial compounds [20]. For example, certain 
bacterial strains secrete metabolites that suppress the growth of 
fungi known to degrade organic materials in archaeological 
structures. By establishing dominant microbial populations, 
these bene�cial species help maintain artifact stability and 
minimize biodeterioration [21].

 Microbially induced chemical stabilization is another 
preservation mechanism that plays a key role in artifact 
protection, particularly in metal artifacts. Bioleaching processes 
mediated by specialized microbial communities enable the 
removal of harmful metal ions responsible for corrosion. By 
sequestering reactive ions, these microbes prevent oxidation 
and mineral dissolution, thereby mitigating structural 
degradation. Furthermore, some bacteria can transform soluble 
metal ions into stable, insoluble forms, reducing their mobility 
and reactivity. �is transformation minimizes the formation of 
corrosive compounds, ensuring the long-term stability of 
metallic heritage objects [22].

 Distinguishing between bene�cial and harmful microbial 
communities is a central challenge in conservation science. 
While some microorganisms actively contribute to 
preservation, others accelerate decay through acid production, 
enzymatic degradation, and bio�lm formation. For instance, 
certain fungi generate organic acids that dissolve mineral 
components in artifacts, leading to irreversible damage. �us, 
conservation e�orts must prioritize strategies that sustain 
protective microbial communities while mitigating the impact 
of harmful species. �is requires a thorough understanding of 
the microbial ecology of cultural heritage materials, as well as 
the environmental factors that in�uence microbial colonization 
and activity [23].

Analytical Techniques for Studying Archaeological 
Microbiomes
�e study of archaeological microbiomes has advanced 
signi�cantly with the integration of various analytical techniques 
that enable the characterization of microbial communities 
associated with artifacts and historical sites. �ese methodologies 
encompass microbial DNA sequencing, imaging modalities, 
stable isotope analysis, and non-destructive approaches, 
collectively enhancing our understanding of microbial roles in 
the preservation and degradation of cultural heritage [24].

Microbial DNA sequencing methods
Microbial DNA sequencing has become a cornerstone in 
microbiome research, facilitating the identi�cation and 
characterization of microbial diversity within archaeological 
contexts. Two primary approaches are employed:

16S rRNA gene sequencing
�is targeted method ampli�es and sequences the 16S 
ribosomal RNA gene, a conserved region presents in all bacteria 
and archaea, allowing for taxonomic identi�cation and 
assessment of microbial community composition [25].
Metagenomics
�is comprehensive approach involves the direct sequencing of 
total DNA extracted from a sample, enabling the identi�cation 
of all microbial genes present. Metagenomics provides insights 
into both the taxonomic diversity and functional potential of 
microbial communities, revealing metabolic pathways and 
ecological roles [26].
Imaging techniques
Advanced imaging techniques are crucial for visualizing 
microbial interactions with artifacts at microstructural levels:
Electron Microscopy
Scanning Electron Microscopy (SEM) and Transmission 
Electron Microscopy (TEM) provide high-resolution images of 
microbial cells and bio�lms on artifact surfaces. �ese 
techniques enable the observation of bio�lm architecture, 
microbial colonization patterns, and interactions with substrate 
materials, o�ering insights into biodeterioration processes [27].
Raman spectroscopy
�is non-destructive technique utilizes inelastic scattering of 
monochromatic light to identify molecular compositions. In 
archaeological microbiome studies, Raman spectroscopy 
detects microbial-induced mineralogical changes, such as 
biomineralization processes, aiding in understanding microbial 
contributions to artifact preservation or degradation [28].
Stable isotope analysis
Stable isotope analysis involves measuring the ratios of stable 
isotopes (e.g., carbon, nitrogen) within materials to infer 
biogeochemical processes. In the context of archaeological 
microbiomes, this technique can:
Identify microbial metabolic activity
Variations in isotope ratios can indicate speci�c microbial 
metabolic processes, such as sulfate reduction or 
methanogenesis, which may in�uence artifact preservation.
Trace environmental conditions

Isotopic signatures can re�ect past environmental conditions, 
o�ering insights into the depositional environment and 
potential microbial interactions over time [28].
Non-destructive microbiome analysis
Preserving the integrity of archaeological artifacts while 
studying their associated microbiomes necessitates 
non-destructive analytical methods:
Surface swabbing

Gentle swabbing collects microbial samples from artifact 
surfaces without causing damage, allowing for subsequent DNA 
extraction and analysis.

In situ spectroscopy
Techniques like Fourier-transform infrared spectroscopy 
(FTIR) and Raman spectroscopy enable the analysis of 

microbial communities and their metabolic products directly 
on artifacts, minimizing the need for sample removal [29].

Case Study of Ajanta Caves
�e Ajanta Caves, located in Maharashtra, India, are a series of 
30 rock-cut Buddhist monuments dating from the 2nd century 
BCE to the 5th century CE. Renowned for their intricate 
sculptures and murals, these caves have been designated a 
UNESCO World Heritage Site. However, they face signi�cant 
preservation challenges, notably due to microbial degradation.

Challenges of microbial degradation
�e deterioration of the Ajanta murals is exacerbated by the 
proliferation of microbial communities, including fungi and 
bacteria. �e murals were executed on substrates comprising 
mud plaster mixed with organic materials such as paddy husks 
and vegetable �bers, overlaid with lime, kaolin, or gypsum. �is 
organic-rich base provides an ideal environment for microbial 
colonization. Microorganisms, particularly fungi, metabolize 
these organic components, leading to structural weakening and 
visible damage to the paintings. Environmental factors, such as 
water seepage, further exacerbate microbial growth, 
compromising the integrity of the murals [30].

Identification of microbial communities
Studies have identi�ed various microbial taxa present on the 
cave surfaces. Fungal species such as Aspergillus, Penicillium, 
and Cladosporium have been detected, along with bacterial 
genera including Bacillus and Pseudomonas. �ese 
microorganisms contribute to biodeterioration through 
enzymatic activities that degrade organic binders and pigments 
[Figures 1 and 2]. Advanced molecular techniques, including 
DNA sequencing, have facilitated the detailed characterization 
of these microbial communities, enhancing our understanding 
of their roles in the degradation processes [31]. 
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Microorganisms are fundamental to Earth's ecosystems, driving 
processes such as nutrient cycling, such as nitrogen �xation, and 
organic matter decomposition. In archaeological contexts, 
microbial communities or microbiomes interact with artifacts, 
monuments, and historical structures, in�uencing their 
preservation and deterioration [1]. �e study of these 
interactions has led to the emergence of geoarchaeological 
microbiomes, a �eld dedicated to understanding microbial 
communities present in archaeological soils, artifacts, and built 
heritage [2].

 Geoarchaeological microbiomes consist of diverse 
microbial populations found in archaeological matrices, 
including soil, stone, wood, and metal artifacts. �e microbial 
composition varies among these matrices, with stone surfaces 
harbouring bio�lm-forming cyanobacteria, while metal artifacts 
are o�en colonized by sulfate-reducing bacteria that accelerate 
corrosion [3]. �ese microorganisms play a dual role: while some 
contribute to biodeterioration, leading to material degradation 
through acid production, bio�lm formation, and corrosion, 
others facilitate preservation through biomineralization, bio�lm 
stabilization, or microbial-induced calcite precipitation. 
Understanding these microbial interactions is crucial for 
developing conservation strategies that mitigate damage while 
harnessing protective microbial functions [3,4].

Role of protective microbial layers
Recent research has explored the potential of harnessing 
bene�cial microbial species to form protective layers on stone 
surfaces. Certain bacteria, such as those from the Bacillus 
genus, can induce the precipitation of calcium carbonate, 
leading to the formation of biogenic mineral layers that protect 
underlying surfaces. �is biocalci�cation process not only 
consolidates the stone material but also inhibits the 
colonization and spread of harmful fungi by reducing available 
niches and altering surface properties [32].

Conservation strategies
To mitigate microbial-induced deterioration, conservation 
strategies have been developed focusing on microbiome 
regulation

Promotion of protective species

Microbiological techniques aim to introduce or encourage the 
growth of bene�cial bacteria capable of biocalci�cation. By 
fostering these protective microbial layers, the structural 
integrity of the murals can be enhanced, and susceptibility to 
harmful microbial colonization reduced [33].

Microbiome regulation

Targeted removal of aggressive fungal species is achieved 
through the application of speci�c biocides or by altering 
environmental conditions to favour protective microbial 
communities. �is approach requires a delicate balance to 
ensure that interventions do not adversely a�ect the murals or 
the surrounding ecosystem [34].

Challenges and Future Perspectives
Managing microbiomes at archaeological sites is complex, as 
microbial communities can be both bene�cial and harmful. 

Accurately identifying microbial species is a major challenge, 
as environmental contamination can obscure native microbial 
populations. Studies using 16S rRNA sequencing face 
ampli�cation biases, complicating taxonomic pro�ling and 
leading to inaccurate microbiome reconstructions. Bio�lms 
present a conservation paradox. Some bio�lms act as 
protective layers against environmental stressors, while others 
degrade surfaces through organic acid and enzymatic activity. 
�e complexity of microbial interactions, including those 
between bacteria, fungi, and archaea, makes conservation 
e�orts challenging. E�ective strategies must balance bio�lm 
removal with the preservation of protective microbial layers 
[35].

 Genetic engineering, including CRISPR-Cas9, is being 
explored to enhance bene�cial microbial traits and suppress 
harmful ones. However, its application to conservation is in the 
early stages and requires further technological advancements. 
Another approach involves arti�cially seeding microbiomes 
tailored for artifact protection. By designing synthetic microbial 
communities, harmful organisms can be outcompeted, leading 
to stable, protective bio�lms. 3D scanning and modelling of 
microbiome-covered sites provide non-invasive ways to 
document microbial colonization over time. �is digital 
approach enables real-time monitoring of microbial dynamics 
and aids in the development of targeted conservation strategies 
without direct sampling [36].

Conclusions
Microbiomes exhibit a dualistic role in cultural heritage 
conservation, acting as agents of both preservation and 
degradation. Certain microbial communities contribute to 
biodeterioration through processes like bio�lm formation and 
acid production, leading to material decay. Conversely, speci�c 
microbes have been identi�ed that can induce protective e�ects, 
such as the precipitation of calcium carbonate, which reinforces 
structural integrity. 

 Addressing these complex interactions necessitates an 
interdisciplinary approach, integrating microbiology, materials 
science, and archaeology. Such collaboration enables a 
comprehensive understanding of microbial dynamics and their 
impact on artifacts, facilitating the development of e�ective 
conservation strategies. For instance, insights into microbial 
colonization patterns can inform preventive measures, while 
materials science contributes to the creation of compatible 
conservation materials.

 Embracing sustainable conservation strategies is imperative 
for the long-term preservation of cultural heritage. �is includes 
leveraging bene�cial microbial properties, such as employing 
bio mineralization processes to stabilize deteriorated structures. 
Additionally, incorporating eco-friendly materials and methods 
aligns conservation practices with environmental sustainability 
goals. By fostering interdisciplinary research and adopting 
sustainable methodologies, we can enhance the preservation of 
cultural artifacts, ensuring their endurance for future 
generations.
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 Recent studies underscore the signi�cant impact of 
microbial activity on cultural heritage. For example, in the 
Mayan historical monuments of the Yucatán Peninsula, 
microbial colonization has contributed to stone surface 
degradation [5]. Conversely, some microbial communities aid 
in stone preservation via biocalci�cation and extracellular 
polymeric substance (EPS) biostabilization, a process in which 
microbial secretions form protective bio�lms that stabilize the 
surface. �e application of molecular techniques like 
metagenomics and proteomics has advanced the 
characterization of these microbiomes, o�ering insights into 
their functional potential in heritage conservation [6].

 Despite advancements, challenges remain in fully 
deciphering microbial interactions with cultural artifacts. �e 
ecological dynamics of microbial communities at heritage sites 
are not well understood, and the long-term e�ects of microbial 
activity on preservation remain uncertain. Additionally, 
di�culties in distinguishing harmful from bene�cial microbial 
species complicate conservation e�orts, particularly in 
long-term monitoring and intervention strategies [7].

 �is review explores the role of geoarchaeological 
microbiomes in artifact preservation and degradation, their 
interactions with archaeological sites, and recent advancements 
in heritage microbiome research. By synthesizing current 

knowledge, it aims to support evidence-based conservation 
strategies that leverage microbial processes for the protection of 
cultural heritage, with an emphasis on applying 
microbiome-based interventions for sustainable preservation.

Role of Microbiomes in Archaeological Sites
Microorganisms play a pivotal role in the preservation and 
degradation of archaeological artifacts. �eir interactions with 
materials such as metals, stones, and organic compounds can 
lead to either deterioration or protection, depending on the 
microbial species and environmental conditions. Notably, sites 
like the Lascaux Cave in France have faced severe 
microbial-driven degradation, while Ajanta Caves in India have 
shown instances where bio�lms have contributed to both 
preservation and deterioration [8].

Microbial interactions with artifacts
Degradation: Certain microbes contribute to the deterioration 
of artifacts through various mechanisms:
Acid production 
Microorganisms such as fungi and bacteria can produce organic 
acids that corrode materials like stone and metal. For instance, 
Aspergillus niger secretes citric acid, leading to the 
solubilization of mineral components in calcareous stones, 
thereby accelerating decay [9].

Enzymatic activity
Hydrolytic enzymes produced by microbes can degrade organic 
materials. Fungi producing cellulase, amylase, gelatinase, and 
pectinase are highly active in the biodegradation of cultural 
heritage materials. Notably, in Egyptian tombs, fungal enzymatic 
degradation has led to visible damage on ancient mural 
paintings [10].
Bio�lm formation

Microbial bio�lms, comprising communities of bacteria and 
fungi, adhere to artifact surfaces, trapping moisture and 
promoting physical and chemical deterioration. �e Lascaux 
Cave has experienced fungal bio�lm formation, resulting in 
pigment discoloration [11].

Preservation: Conversely, certain microbial activities can 
contribute to the preservation of artifacts:

Biomineralization
Some bacteria induce the precipitation of minerals, forming 
protective layers on artifact surfaces. For example, Bacillus 
species can precipitate calcium carbonate, creating a protective 
crust over stone artifacts. A case study from Angkor Wat 
revealed that certain Bacillus strains contributed to the 
structural stability of stone monuments [12].
Protective bio�lms
Bene�cial microbial bio�lms can act as barriers against 
environmental factors, reducing the impact of moisture and 
pollutants. Controlled bio�lm applications have been explored 
in Italy’s Roman Catacombs, where selected microbial 
communities were used to limit biodeterioration [13].
Microbial species involved in preservation
Several microbial taxa are notable for their roles in the 
preservation of cultural heritage materials:

Actinobacteria

Known for their ability to produce antimicrobial compounds, 
they can inhibit the growth of detrimental microbes on 
artifacts.

Pseudomonas spp.

Certain strains have been associated with the formation of 
stable bio�lms that protect surfaces from environmental 
degradation.

Bacillus spp.

�ese bacteria are capable of inducing biomineralization 
processes, leading to the formation of protective mineral layers 
on artifacts [14].

Factors influencing microbial communities
�e composition and activity of microbial communities in 
archaeological contexts are in�uenced by various 
environmental factors:

Soil composition and pH

�e chemical makeup and acidity or alkalinity of the soil 
signi�cantly a�ects microbial diversity and activity. Soils rich in 
organic matter support diverse microbial populations, while pH 
in�uences the solubility of nutrients and the viability of 
di�erent microbial taxa [15].

Humidity and climate

Moisture levels and climatic conditions are critical 
determinants of microbial growth. High humidity and warm 
temperatures generally promote microbial proliferation, which 
can lead to increased biodeterioration of artifacts. Recent 
studies have highlighted the impact of climate change, showing 
that rising temperatures and shi�s in humidity patterns are 
altering microbial colonization trends at heritage sites [16].

Material composition

�e intrinsic properties of artifacts, including their organic or 
inorganic nature, porosity, and chemical composition, dictate 
their susceptibility to microbial colonization. Organic materials 
like wood and textiles are more prone to microbial attack, 
whereas the mineral composition of stones can in�uence which 
microbial species colonize their surfaces [17].

Mechanisms of Microbial Preservation
Microorganisms play a critical role in both the preservation and 
degradation of cultural heritage materials. Understanding the 
microbial mechanisms that contribute to artifact stabilization is 
essential for the development of e�ective conservation 
strategies. Certain microbial processes facilitate the protection 
of archaeological materials by forming mineral-binding 
bio�lms, inhibiting biodeteriorative species, and chemically 
stabilizing artifacts [11].

 A signi�cant preservation mechanism is microbially 
induced calcite precipitation (MICP), which facilitates the 
formation of mineral-binding bio�lms. �is process is 
primarily mediated by Bacillus species, which hydrolyze urea, 
generating carbonate ions that react with environmental 
calcium ions to form calcium carbonate (calcite) [18]. �e 
precipitated calcite crystals �ll microscopic pores and cracks in 

stone artifacts, thereby reinforcing their structural integrity and 
reducing vulnerability to weathering and erosion. Studies have 
demonstrated that MICP e�ectively decreases the porosity of 
monumental stones, thereby limiting the in�ltration of water 
and pollutants that contribute to deterioration [19].

 Another crucial mechanism is microbial antagonism, 
wherein bene�cial microbial communities outcompete 
harmful, biodeteriorative microorganisms through competitive 
exclusion. Protective microbes inhibit colonization by 
degradation-inducing species by depleting nutrients and 
producing antimicrobial compounds [20]. For example, certain 
bacterial strains secrete metabolites that suppress the growth of 
fungi known to degrade organic materials in archaeological 
structures. By establishing dominant microbial populations, 
these bene�cial species help maintain artifact stability and 
minimize biodeterioration [21].

 Microbially induced chemical stabilization is another 
preservation mechanism that plays a key role in artifact 
protection, particularly in metal artifacts. Bioleaching processes 
mediated by specialized microbial communities enable the 
removal of harmful metal ions responsible for corrosion. By 
sequestering reactive ions, these microbes prevent oxidation 
and mineral dissolution, thereby mitigating structural 
degradation. Furthermore, some bacteria can transform soluble 
metal ions into stable, insoluble forms, reducing their mobility 
and reactivity. �is transformation minimizes the formation of 
corrosive compounds, ensuring the long-term stability of 
metallic heritage objects [22].

 Distinguishing between bene�cial and harmful microbial 
communities is a central challenge in conservation science. 
While some microorganisms actively contribute to 
preservation, others accelerate decay through acid production, 
enzymatic degradation, and bio�lm formation. For instance, 
certain fungi generate organic acids that dissolve mineral 
components in artifacts, leading to irreversible damage. �us, 
conservation e�orts must prioritize strategies that sustain 
protective microbial communities while mitigating the impact 
of harmful species. �is requires a thorough understanding of 
the microbial ecology of cultural heritage materials, as well as 
the environmental factors that in�uence microbial colonization 
and activity [23].

Analytical Techniques for Studying Archaeological 
Microbiomes
�e study of archaeological microbiomes has advanced 
signi�cantly with the integration of various analytical techniques 
that enable the characterization of microbial communities 
associated with artifacts and historical sites. �ese methodologies 
encompass microbial DNA sequencing, imaging modalities, 
stable isotope analysis, and non-destructive approaches, 
collectively enhancing our understanding of microbial roles in 
the preservation and degradation of cultural heritage [24].

Microbial DNA sequencing methods
Microbial DNA sequencing has become a cornerstone in 
microbiome research, facilitating the identi�cation and 
characterization of microbial diversity within archaeological 
contexts. Two primary approaches are employed:

16S rRNA gene sequencing
�is targeted method ampli�es and sequences the 16S 
ribosomal RNA gene, a conserved region presents in all bacteria 
and archaea, allowing for taxonomic identi�cation and 
assessment of microbial community composition [25].
Metagenomics
�is comprehensive approach involves the direct sequencing of 
total DNA extracted from a sample, enabling the identi�cation 
of all microbial genes present. Metagenomics provides insights 
into both the taxonomic diversity and functional potential of 
microbial communities, revealing metabolic pathways and 
ecological roles [26].
Imaging techniques
Advanced imaging techniques are crucial for visualizing 
microbial interactions with artifacts at microstructural levels:
Electron Microscopy
Scanning Electron Microscopy (SEM) and Transmission 
Electron Microscopy (TEM) provide high-resolution images of 
microbial cells and bio�lms on artifact surfaces. �ese 
techniques enable the observation of bio�lm architecture, 
microbial colonization patterns, and interactions with substrate 
materials, o�ering insights into biodeterioration processes [27].
Raman spectroscopy
�is non-destructive technique utilizes inelastic scattering of 
monochromatic light to identify molecular compositions. In 
archaeological microbiome studies, Raman spectroscopy 
detects microbial-induced mineralogical changes, such as 
biomineralization processes, aiding in understanding microbial 
contributions to artifact preservation or degradation [28].
Stable isotope analysis
Stable isotope analysis involves measuring the ratios of stable 
isotopes (e.g., carbon, nitrogen) within materials to infer 
biogeochemical processes. In the context of archaeological 
microbiomes, this technique can:
Identify microbial metabolic activity
Variations in isotope ratios can indicate speci�c microbial 
metabolic processes, such as sulfate reduction or 
methanogenesis, which may in�uence artifact preservation.
Trace environmental conditions

Isotopic signatures can re�ect past environmental conditions, 
o�ering insights into the depositional environment and 
potential microbial interactions over time [28].
Non-destructive microbiome analysis
Preserving the integrity of archaeological artifacts while 
studying their associated microbiomes necessitates 
non-destructive analytical methods:
Surface swabbing

Gentle swabbing collects microbial samples from artifact 
surfaces without causing damage, allowing for subsequent DNA 
extraction and analysis.

In situ spectroscopy
Techniques like Fourier-transform infrared spectroscopy 
(FTIR) and Raman spectroscopy enable the analysis of 

microbial communities and their metabolic products directly 
on artifacts, minimizing the need for sample removal [29].

Case Study of Ajanta Caves
�e Ajanta Caves, located in Maharashtra, India, are a series of 
30 rock-cut Buddhist monuments dating from the 2nd century 
BCE to the 5th century CE. Renowned for their intricate 
sculptures and murals, these caves have been designated a 
UNESCO World Heritage Site. However, they face signi�cant 
preservation challenges, notably due to microbial degradation.

Challenges of microbial degradation
�e deterioration of the Ajanta murals is exacerbated by the 
proliferation of microbial communities, including fungi and 
bacteria. �e murals were executed on substrates comprising 
mud plaster mixed with organic materials such as paddy husks 
and vegetable �bers, overlaid with lime, kaolin, or gypsum. �is 
organic-rich base provides an ideal environment for microbial 
colonization. Microorganisms, particularly fungi, metabolize 
these organic components, leading to structural weakening and 
visible damage to the paintings. Environmental factors, such as 
water seepage, further exacerbate microbial growth, 
compromising the integrity of the murals [30].

Identification of microbial communities
Studies have identi�ed various microbial taxa present on the 
cave surfaces. Fungal species such as Aspergillus, Penicillium, 
and Cladosporium have been detected, along with bacterial 
genera including Bacillus and Pseudomonas. �ese 
microorganisms contribute to biodeterioration through 
enzymatic activities that degrade organic binders and pigments 
[Figures 1 and 2]. Advanced molecular techniques, including 
DNA sequencing, have facilitated the detailed characterization 
of these microbial communities, enhancing our understanding 
of their roles in the degradation processes [31]. 
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