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Abstract

This study investigates the antifungal properties of essential oils derived from plants
in the Lamiaceae family for the preservation of historical structures affected by black
microcolonial fungi in the Ancient City of Side, located in Southern Anatolia. Black
microfungi, known for their role in the biodeterioration of cultural heritage, were iso-
lated from corroded historical structures. The study specifically focused on essential
oils extracted from Origanum majorana L., Origanum minutiflorum O. Schwarz & P.H.
Davis, and Mentha longifolia L. subsp. typhoides (Brig.) Harley. The antifungal activity
of these essential oils was evaluated under in vitro conditions at three concentrations
(0.1%, 1%, and 3%). Microfungal cell counts were performed before and after the
application of the essential oils. The results demonstrated a concentration-dependent
antifungal effect, with higher concentrations (3%) showing the most significant
inhibition of fungal growth. Essential oils from O. majorana, O. minutiflorum, and M.
longifolia effectively suppressed the growth of Coniosporium, Sarcinomyces, and
Phaeococcomyces species, which are major contributors to the biodeterioration of
historical structures in the study area. These findings highlight the potential of essen-
tial oils as eco-friendly and sustainable antifungal agents for the conservation of cul-
tural heritage. By mitigating black microfungal colonization, these natural compounds
offer a promising alternative to synthetic biocides, aligning with the growing demand
for environmentally friendly preservation methods. Further research is recommended
to explore their long-term efficacy and practical applications in the field of cultural
heritage conservation.

1. Introduction

Historical buildings and artifacts are invaluable cultural assets that preserve the leg-
acy of past civilizations. However, these structures face constant threats from various
environmental factors, including air pollution, temperature fluctuations, humidity,
wind, heavy rain, and biological agents such as fungi. Along with fungi, other major
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biological agents responsible for the deterioration of historical monuments include
cyanobacteria, algae, lichens, and bacteria. These microorganisms often co-colonize
stone surfaces, leading to both structural and aesthetic damage [1-6], including
cracks, exfoliation, discoloration, and surface abrasions, which diminish both the aes-
thetic appeal and structural integrity of historical monuments over time [7—-10].

Efforts to mitigate these deteriorative effects have focused on developing preser-
vation methods that are both effective and safe for materials such as marble, sand-
stone, and limestone. Chemical treatments, including naturally derived compounds
such as plant essential oils, have been widely used; however, these chemical appli-
cations often pose risks to the structural integrity of these materials and the surround-
ing environment. In recent years, there has been growing interest in sustainable
chemical alternatives, particularly plant-derived essential oils, which are considered
safer than traditional synthetic chemicals [11-17].

Plants and their derivatives have long been utilized across various industries,
including medicine, perfumery, cosmetics, and food production, for their diverse appli-
cations ranging from therapeutic uses to culinary flavoring [18-21]. Among these,
the Lamiaceae family is particularly notable for its aromatic and medicinal properties.
This family, which is abundant in the Mediterranean region, contains plants with
active compounds whose composition is influenced by genetic factors, climate, envi-
ronmental conditions, and cultural practices [22,23].

Essential oils derived from Lamiaceae plants exhibit potent antibacterial, antifungal,
and antiseptic properties. Their antifungal activity is primarily attributed to their ability to
disrupt fungal membranes through interactions with cell-bound lipophilic compounds,
leading to alterations in membrane structure and function. This disruption inhibits fungal
growth and metabolic activities [14,24,25]. Additionally, essential oils interfere with
enzymatic reactions within microbial cells, reduce nutrient uptake, and suppress fungal
proliferation [26—29]. In restoration applications, it is important to consider not only the
efficacy and toxicological properties of biocides, but also their potential interactions with
the substrate. The literature recommends standardized approaches and comparative
analyses to assess the effects of biocides on stone materials [30,31]

Microfungi, particularly black microcolonial fungi, pose significant threats to histor-
ical artifacts. These fungi mechanically perforate stone surfaces and cause structural
deterioration through acid secretion and physical expansion within stone matrices
[32,33]. Once adhered to stone surfaces, fungal hyphae penetrate crystal structures,
forming colonies within cracks and voids. This process generates internal pressures
that lead to stone cracking, fragmentation, and eventual structural loss, perpetuating
the cycle of contamination and degradation [8,34].

The use of essential oils represents a promising avenue for mitigating the detri-
mental effects of microfungi on historical structures. These natural compounds offer
a sustainable and environmentally friendly alternative to synthetic biocides, which,
while effective, can have adverse effects on the structural integrity of historical
materials, human health, and the environment. Synthetic chemicals may also disrupt
non-target beneficial organisms, soil microflora, and soil fertility, further emphasizing
the need for safer alternatives [17,35].
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This study focuses on evaluating the antifungal effects of essential oils derived from plants in the Lamiaceae family.
Specifically, the research investigates the impact of these oils on the growth and development of black microcolonial fungi
belonging to the genera Coniosporium, Sarcinomyces, and Phaeococcomyces, which are significant contributors to the
biodeterioration of historical artifacts [8,33,36,37]. The primary objectives of this study are twofold: first, to assess the
efficacy of essential oils in inhibiting the growth of these fungi, thereby protecting historical structures from further fungal-
induced deterioration; and second, to promote the use of natural essential oils as sustainable alternatives to synthetic
chemicals in the preservation of cultural heritage.

By exploring the antifungal efficacy of essential oils from Lamiaceae plants, this research contributes to the develop-
ment of safer and more sustainable methods for protecting historical artifacts against fungal degradation. Furthermore, it
underscores the importance of integrating natural compounds into conservation practices, thereby promoting the preser-
vation of both cultural heritage and natural ecosystems.

2. Materials and methods

This study aimed to evaluate the antifungal properties of essential oils extracted from Origanum majorana, Origanum
minutiflorum, and Mentha longifolia subsp. typhoides on historical artifacts affected by black microcolonial fungi. The
research focused on fungal species such as Coniosporium, Sarcinomyces, and Phaeococcomyces, which are known to
contribute to the biodeterioration of historical structures in the Ancient City of Side (Antalya, Turkiye).

Essential oils were extracted from the plants using a Clevenger apparatus and tested in vitro against fungal isolates.
The oils were applied at three concentrations (0.1%, 1%, and 3%) to assess their antifungal efficacy. Fungal cell counts
were conducted before and after treatment to evaluate the inhibitory effects of the essential oils. Statistical analyses were
performed to determine significant differences in antifungal activity among the tested concentrations.

2.1. Extraction of essential oils

The plants collected from Antalya Ahmetler Canyon and Saklikent were dried and stored in sterile glass jars for later use.
For the identification of plant species, the following references were consulted: Flora of Turkey by Davis [24]; Davis et al.
[38]; “A Study on the Flora and Vegetation of Melik and Kaldirim Mountains and Their Surroundings (Manavgat-ibradi/
Antalya)” by Cinbilgel [39].

The plants were collected during different seasons, corresponding to their developmental stages, and dried under con-
trolled conditions (Fig 1). The dried plant materials were mechanically ground into smaller pieces using a laboratory grinder.
Essential oils were extracted using a Clevenger apparatus through hydrodistillation. The extracted oils were collected in ster-
ile glass tubes, labeled with the plant species and extraction date, and stored at 4°C in a refrigerator until further use (Fig 2).

Fig 1. a. Drying of O. majorana before extraction. b. M. longifolia (dried). c. O. minutiflorum (dried).

https://doi.org/10.1371/journal.pone.0338615.9001
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Fig 2. a. b Powdering of O. majorana, c. Clevenger Device (double), d. Essential oil from O. majorana.

https://doi.org/10.1371/journal.pone.0338615.9002

2.2. Isolation and cultivation of microfungi

Corroded stone samples were collected from historical monuments in the Ancient City of Side. The samples were carefully
removed using a hammer and scalpel and placed in labeled envelopes indicating the date and location of collection. In
the laboratory, the stone particles were washed with 70% ethanol to remove surface contaminants and examined under a
stereomicroscope. Black microfungal colonies were isolated using sterile cannulated needles and inoculated onto dichlo-
ran rose bengal agar (DRBC, MERCK, Darmstadt, Germany).

As the fungal colonies developed, they were transferred to malt extract agar (MEA, MERCK, Darmstadt, Germany) to
obtain pure cultures. Final cultures were grown on MEA and Czapek agar (CzA, MERCK, Darmstadt, Germany) media
to ensure the absence of contamination. Microfungal species were identified based on macroscopic and microscopic
morphological characteristics, cross-referenced with the molecularly confirmed identifications from Sert et al. (2007) [Ref.
34: Sert H, Simbdal H, Sterflinger K. Microcolonial fungi from antique marbles in Perge/Side/Termessos (Antalya/Turkey).
Antonie van Leeuwenhoek. 2007;91:217-227]. This prior study, co-authored by one of the present manuscript’'s authors,
utilized molecular genetic methods for species identification at the identical archaeological sites and on the same marble
substrata as our current work. Our observed morphotypes were directly compared and matched with these established
molecularly characterized taxa, ensuring robust and consistent species assignments. Additionally, the fungal identification
was supported by the taxonomic keys and descriptions provided in Dematiaceous Hyphomycetes and More Dematia-
ceous Hyphomycetes [40,41] (Fig 3a—d).

2.3. TTC (Triphenyl Tetrazolium Chloride) application

To assess fungal viability, stone particles infected with black microfungi were treated with essential oil solutions at concen-
trations of 0.1%, 1%, and 3%. The solutions were prepared with distilled water and applied directly to the stone particles
using a spraying method. For the control group, untreated areas of the same samples were subjected to the same cul-
turing and TTC procedures. After treatment, the stone particles were incubated in tubes containing 0.2% TTC solution at
28°C for 24—48 hours. The tubes were wrapped in aluminum foil to prevent light exposure. Following incubation, areas
that turned red indicated the presence of viable fungal cells. The treated stone particles were examined under a micro-
scope to observe the development of fungal hyphae in detail (Fig 4).

2.4. Collection and counting of spores

Fungal colonies approximately 3mm in diameter were scraped using a sterile scalpel and transferred to sterile tubes
containing 1% Tween 80 solution(polysorbate 80, solubilizer). The suspension was homogenized using a vortex mixer,
and spores were collected. The collected spores were counted using a Thoma counting chamber, and a suspension was
prepared to contain 1076 spores/mL in each 1 mm3.

PLOS One | https://doi.org/10.1371/journal.pone.0338615 January 5, 2026 422



https://doi.org/10.1371/journal.pone.0338615.g002

Fig 3. Monuments heavily infected by black microfungi in Side Antique City a. Lion statute b. Column title c. Colonies of microcolonial fungi
on marble floor of column title.

https://doi.org/10.1371/journal.pone.0338615.9003

Fig 4. TTC application a. Stone sample in TTC solution b. Observation at stereo microscope after applicatioon.

https://doi.org/10.1371/journal.pone.0338615.9g004

One milliliter of the spore suspension was spread onto the surface of MEA plates using a sterile Drigalski spatula. Sub-
sequently, 50 uL of essential oil solutions at different concentrations (0.1%, 1%, and 3%) were pipetted onto the medium.
The plates were incubated at 28°C for 48 hours. For the control group, spore suspensions prepared with Tween 80
solution but without essential oils were plated. After incubation, fungal growth was evaluated by counting cells on Thoma
slides using conventional colony counting methods in microbiology. All trials were carried out in triplicates.

2.5. Statistical analysis

The data were analyzed using the Duncan Multiple Range Test to compare the means of antifungal activity across differ-
ent concentrations of essential oils. Descriptive statistics were presented as mean and standard deviation values. The
assumption of normality was evaluated using the Shapiro-Wilk test, and the assumption of homogeneity of variances was
assessed with Levene’s test. For the analysis of differences among more than two groups of numerical data, one-way
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analysis of variance (ANOVA) was performed. In cases where significant differences were found, pairwise comparisons
were conducted using Tukey’s HSD test. All analyses were performed using SAS 9.4 software. A p-value of <0.05 was
considered statistically significant.

3. Results and discussion

This study investigated the antifungal effects of essential oils extracted from Origanum majorana, Origanum minutiflorum,
and Mentha longifolia subsp. typhoides on black microcolonial fungi isolated from historical monuments in the Ancient
City of Side. The fungal species Coniosporium, Sarcinomyces, and Phaeococcomyces were cultured on malt extract agar
(MEA) and Czapek agar (CzA) media, and the effects of essential oils at concentrations of 0.1%, 1%, and 3% were eval-
uated. The results demonstrated significant antifungal activity, with higher concentrations of essential oils showing greater
inhibitory effects.

3.1. General observations and TTC test results

The application of essential oils to stone samples infected with black microfungi revealed varying levels of fungal vitality.
Samples exhibiting vitality turned red after the TTC (Triphenyl Tetrazolium Chloride) test, as TTC acts as a vital dye that
is reduced to red-colored formazan in metabolically active cells. This color change provided a clear indication of fungal
viability and allowed for the assessment of the antifungal effects of the essential oils.

Microscopic and macroscopic observations of black microcolonial fungi grown in the laboratory are presented in Figs
5-8. The spore counts of Coniosporium, Sarcinomyces, and Phaeococcomyces species before and after treatment with
essential oils are detailed in Tables 1-6. Statistical analyses, including the Duncan Multiple Range Test, revealed signifi-
cant differences in fungal growth inhibition across the tested concentrations.

3.2. Essential oil applications on fungi

The slow-growing Phaeococcomyces species, which inhabits rocks and forms dark brown to black colonies, exhibited
significant sensitivity to essential oil treatments (Fig 5). The number of spores before treatment, after treatment with
Tween 80 (1% solution), and after essential oil applications at concentrations of 0.1%, 1%, and 3% are provided in Table
1. Statistical analyses (Table 2) revealed that higher concentrations of essential oils, particularly 3%, resulted in a marked
reduction in spore counts.

Fig 5. Phaeococcomyces sp. (1 month development) a. on MeA, b. on CzA c. Conidiophore.

https://doi.org/10.1371/journal.pone.0338615.9005
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Fig 6. a. Coniosporium sp. 1 month development (MeA) b. 2 month development (CzA); c. 1 month development (DRBC).

https://doi.org/10.1371/journal.pone.0338615.9006

Fig 7. a. Coniosporium sp. a. Conidiophores (40x), b. Conidiospores (100x).

https://doi.org/10.1371/journal.pone.0338615.9007

The pronounced antifungal effect on Phaeococcomyces may be attributed to its thinner and more permeable cell walls,
which facilitate the penetration of essential oil compounds. This finding aligns with previous studies highlighting the sus-
ceptibility of certain fungal species to essential oils due to differences in cell wall composition [17,42].

The Coniosporium species, characterized by its black, meristematic thallus and moriform colonies, displayed moderate
sensitivity to essential oil treatments. Colonies grown on MEA exhibited a black, dry, and cerebriform texture, while those
on CzA were flat with irregular margins. Microscopic observations revealed pale brown to dark brown hyphae with cylindri-
cal to spherical cells and varying cell wall thicknesses (Figs 6 and 7).

Spore counts before and after treatment with Tween 80 (1%) and essential oils at concentrations of 0.1%, 1%, and 3%
are presented in Table 3 and variance analysis and Duncan’s multiple range test results of Conisporium species pre-
sented in Table 4.

Statistical analyses indicated that while all concentrations inhibited fungal growth, the 3% concentration was the most
effective. However, the antifungal effect was less pronounced compared to Phaeococcomyces, likely due to the thicker
and more robust cell walls of Coniosporium species.
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Fig 8. Sarcinomyces sp. (1 month development) a. MeA, b. Conidiospore c. MeA d. DRBC e. CzA.

https://doi.org/10.1371/journal.pone.0338615.9008

Table 1. Spore numbers of Phaeococcomyces species before and after the applications A. HA 1016, B. HA 1023, C. HA 1024.
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Table 2. Variance analysis and Duncan’s multiple range test results of Phaeococcomyces species (The same letter space icons are not sig-

nificantly different).

Source of change DF Tip Il SS Average square F Value Pr>F
Essence 9 18400,557 2044,5063 6,21 <.0001
Source Sd KT KO F P
Model 9 18400,557 2044,5063 6,21 <.0001
Tolerance 90 29639,411 329,32679
Adjusted total 99 48039,968
Duncan Grouping Meaning N Essence
A 48.133 10 9
A
A 46.839 10 6
A
B A 39.900 10 3
B A
B A 38.565 10 8
B A
B A C 34.976 10 5
B C
B D C 28.215 10 2
D C
E D C 19.999 10 4
E D C
E D C 19.681 10 7
E D
E D 15.427 10 1
E
E 5.294 10 10

https://doi.org/10.1371/journal.pone.0338615.t002

Colonies of Sarcinomyces species grown on MEA appeared dark grey to black, transitioning to a cerebriform texture
with age. On CzA, colonies initially appeared black and soft, later developing pale grey aerial mycelium with irregular mar-
gins (Fig 8). These morphological characteristics are consistent with previous descriptions of Sarcinomyces species [41].

Spore counts before and after treatment with Tween 80 (1%) and essential oils at concentrations of 0.1%, 1%, and
3% are provided in Table 5. Statistical analyses (Table 6) revealed significant growth inhibition at higher concentrations,
with the 3% concentration showing the greatest effect. However, the antifungal activity was less pronounced compared to
Phaeococcomyces, likely due to differences in cell wall structure and composition.

The line plot illustrates the effect of increasing concentrations (0.1%, 1%, 3%) of three different essential oils (O. majo-
rana, O. minutiflorum, M. longifolia) on the spore counts of fungal species of Phaeococcomyces, Coniosporium, Sarcino-
myces (Fig 9). In all fungal species, a marked decrease in spore count was observed as the essential oil concentration
increased. Notably, O. minutiflorum at 3% concentration exhibited the highest antifungal activity, particularly against Phae-
ococcomyces and Coniosporium. These results demonstrate that the antifungal efficacy of essential oils is concentration-

dependent and that certain combinations are more effective than others.
The heatmap provides a visual summary of spore count variations across all fungal species and essential oil com-
binations at different concentrations (Fig 10). The lowest spore counts are indicated by darker colors, while higher

counts are shown in lighter shades. Notably, O. minutiflorum at 3% concentration resulted in the lowest spore counts for
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Table 3. Number of spores of Coniosporium sp. before and after the applications A. HA 1001, B. HA 1002, C. HA1003, D. HA1004 E. HA 1005, F.

HA 1013, G. HA 1015, H. HA 1018, i. HA 1019, J. HA 1025.
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Table 4. Variance analysis and Duncan’s multiple range test results of Conisporium species.

Source of change DF Tip Il SS Average square F Value Pr>F
Essence 9 18400,56 2044,50631 6,21 <.0001
Source Sd KT KO F P
Model 9 18400,557 2044,50631 6,21 <.0001
Tolerance 90 29639,411 329,32679
Adjusted total 99 48039,968
Duncan Grouping Meaning N Essence
A 48.133 10 9
A
A 46.839 10 6
A
B A 39.900 10 3
B A
B A 38.565 10 8
B A
B A C 34.976 10 5
B C
B D C 28.215 10 2
D C
E D C 19.999 10 4
E D C
E D C 19.681 10 7
E D
E D 15.427 10 1
E
E 5.294 10 10

https://doi.org/10.1371/journal.pone.0338615.t004

Phaeococcomyces and Coniosporium. This visualization allows for the rapid identification of the most effective combina-
tions and clearly demonstrates the potential of essential oils against biodeteriogenic fungi.

Table 7 shows the results of the normality test (Shapiro-Wilk) and Levene’s test for each fungal genus at each essential
oil dose. This table evaluates the normality (Shapiro-Wilk test) and homogeneity of variances (Levene’s test) of the differ-
ences obtained before and after the application of various essential oil doses for three different fungal genera (Coniospo-
rium, Sarcinomyces, and Phaeococcomyces). Since the assumption of normality (p>0.05) and homogeneity of variances
(p>0.05) were met for all three fungal species, the use of parametric methods appears to be appropriate.

Comparison of essential oil concentrations in terms of the difference (Before-After) in cell count for the genus Conio-
sporium are specified in Table 8 and bar graphs are shown in Fig 11. This table compares the effects of different types and
doses of essential oils on the difference in cell count before and after essential oil application in the genus Coniosporium.
According to the ANOVA results, there are statistically significant differences in cell count changes among the essential oil
treatments (p<0.0001). This indicates that the different types and concentrations of oils applied have a significant effect
on Coniosporium.

The Tukey HSD multiple comparison test indicated group differences with letters:

The lowest effect was observed in the control group (c). The highest difference was found in the M. longifolia 3% and
O. minutiflorum 3% groups (a). These groups are statistically different from the control group.

Moderate effects were observed in groups such as O. majorana 3%, O. minutiflorum 1%, M. longifolia 1%, and O.
majorana 1%, which are included in groupings like ab and abc.
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Table 5. Number of spores of Sarcinomyces species before and after the applications A. HA 1006, B. HA 1007, C. HA 1008, D. HA 1009, E. HA
1010, F. HA 1011, G. HA 1012, H. HA 1017, i. HA 1021.
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Table 6. Variance analysis and Duncan’s multiple range test results of Sarcinomyces species.

Source of change DF Tip Ill SS Average square F Value Pr>F
Essence 9 18400.55677 2044.50631 6.21 <.0001
Source Sd KT KO F P
Model 9 18400.55677 2044.50631 6.21 <.0001
Tolerance 90 29639.41116 329.32679
Adjusted total 99 48039.96793
Duncan Grouping Meaning N Essence
A 48.133 10 9
A
A 46.839 10 6
A
B A 39.900 10 3
B A
B A 38.565 10 8
B A
B A C 34.976 10 5
B C
B D C 28.215 10 2
D C
E D C 19.999 10 4
E D C
E D C 19.681 10 7
E D
E D 15.427 10 1
E
E 5.294 10 10

https://doi.org/10.1371/journal.pone.0338615.t006

n?=0.325, meaning that 32.5% of the variance can be attributed to the type and dose of essential oil applied.

This can be considered a medium to large effect size (according to Cohen [43]: 0.01 =small, 0.06 =medium,
0.14=large).

Comparison of essential oil concentrations in terms of the difference (Before-After) in cell count for the genus Sarcino-
myces are shown in Table 9; bar graphs are presented in Fig 12.

ANOVA analysis showed that there are statistically significant differences in the change in Sarcinomyces cell count
among different types and doses of essential oils (p=0.013). This indicates that the treatments applied have a significant
effect on fungal cell counts.

According to the results of the Tukey HSD test: The lowest effect was observed in the control group (b), which is sta-
tistically different from the others. The highest effect was obtained with O. majorana 3% and M. longifolia 3% applications
(group a); there is no statistical difference between these two groups, but both are different from the control group. All
other treatments (ab) showed values close to both the high-dose groups and the control group, and therefore statistically
overlap with both group a and group b.

An n? value of 0.222 indicates that the effect of the treatment is between medium and large (According to [43] —
0.01=small, 0.06 =medium, 0.14 =large effect).

Comparison of essential oil concentrations in terms of the difference (Before-After) in cell count for the genus Phaeo-
coccomyces are specified in Table 10 and bar graphs are shown in Fig 13.
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Line Plot of All Fungus + Essential Oil Combinations
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Fig 9. Line plot illustrating the antifungal effects of different essential oils (O. majorana, O. minutiflorum, M. longifolia) at various concentra-
tions (0.1%, 1%, 3%) on species of Phaeococcomyces, Coniosporium, Sarcinomyces.

https://doi.org/10.1371/journal.pone.0338615.9009

The results demonstrate that essential oil type and concentration have a highly significant effect on the change in
Phaeococcomyces cell count (p<0.0001).
Tukey HSD test:

» The greatest antifungal effect was observed with O. minutiflorum 3%, M. longifolia 3%, and O. majorana 3% (group a),
which produced the largest cell-count reductions.

» The lowest effect occurred in the control group (group €e), which differed significantly from all other groups.

* All remaining treatments fell into various intermediate groups, with the 1% doses generally showing moderate effects
(groups ab, bc, cde, etc.).

n?=0.915 indicates an extremely large effect size, meaning that 91.5% of the variance can be attributed to the essen-
tial-oil type and dose applied. According to Cohen'’s classification [43], this represents a very large effect, underscoring the
strong biological impact of the treatments.

3.5. Broader implications for cultural heritage preservation

Cultural heritage sites are highly susceptible to biodeterioration caused by microorganisms such as algae, mosses,
lichens, bacteria and fungi. Traditional chemical biocides, while effective, pose significant risks to the environment and
human health. In contrast, essential oils, which are rich in bioactive secondary metabolites, offer a natural and environ-
mentally friendly alternative for controlling biodeteriogenic microorganisms [42,44—47].
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Heatmap of All Fungus + Essential Oil + Concentration Combinations
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Fig 10. Heatmap illustrating the spore counts of different fungal species and essential oil combinations at various concentrations (0.1%,

1%, 3%). Darker colors represent lower spore counts (higher antifungal efficacy), while lighter colors indicate higher spore counts (lower antifungal
efficacy).

https://doi.org/10.1371/journal.pone.0338615.9010

The results of this study demonstrated that essential oils derived from O. majorana, O. minutiflorum, and M. longifolia
effectively inhibited the growth of black microcolonial fungi. Among the tested oils, O. minutiflorum at a 3% concentration
exhibited the highest antifungal activity, followed by M. longifolia. These findings are consistent with previous research
highlighting the antifungal properties of essential oils against biodeteriogenic fungi [17,42].

3.6. Practical considerations for essential oil application

While essential oils show great promise for the preservation of historical artifacts, their application must be carefully
controlled. Over time, essential oils undergo chemical changes, including increased peroxide content, acidity, and
resinification, which can alter their physical properties and potentially damage stone surfaces. Therefore, it is crucial to
use essential oils at optimal concentrations tailored to the specific oil and the material being treated.

Recent studies have further highlighted the potential and challenges of using essential oils and related biotechnological
approaches in the conservation of cultural heritage. For example, Mohamed et al. [48] investigated a mixture of essential
oils (Origanum vulgare, Moringa oleifera, and Cinnamomum verum) for controlling fungal deterioration in wall paintings
and found that oregano oil exhibited the strongest antifungal effect, with optimized mixtures achieving complete inhibition
of all tested fungal strains. Importantly, their study also addressed cytotoxicity and colorimetric changes, noting that while
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Table 7. The results of the normality test (Shapiro-Wilk) and Levene’s test for each fungal genus at each essential oil dose.

Shapiro Wilk Levene Test
P P
Differences (Before-After) Coniosporium O. majorana %0.1 0,451 0,206
O. majorana %1 0,622
O. majorana % 3 0,623
O. minutiflorum %0.1 0,245
O.minutiflorum %1 0,678
O.minutiflorum %3 0,122
M.longifolia %0,1 0,178
M. longifolia %1 0,217
M.longifolia %3 0,337
Control 0,050
Differences (Before-After) Sarcinomyces O. majorana %0.1 0,150 0,255
O. majorana %1 0,339
O. majorana % 3 0,559
O. minutiflorum %0.1 0,061
O.minutiflorum %1 0,183
O.minutiflorum %3 0,273
M.longifolia %0,1 0,407
M. longifolia %1 0,434
M.longifolia %3 0,193
Control 0,053
Differences (Before-After) Phaeococcomyces O. majorana %0.1 0,053 0,083
O. majorana %1 0,060
O. majorana % 3 0,865
O. minutiflorum %0.1 0,132
O.minutiflorum %1 0,125
O.minutiflorum %3 0,241
M.longifolia %0,1 0,262
M. longifolia %1 0,988
M.longifolia %3 0,531
Control 0,220

https://doi.org/10.1371/journal.pone.0338615.t007

Table 8. Comparison of essential oil concentrations in terms of the difference (Before-After) in cell count for the genus Coniosporium.

Esansiyel Yag N Mean Standard Deviation p Tukey’s HSD Effect size (partial eta squared)
O. majorana %0.1 10 138900 111837,63 <0,0001 bc 0,325
O. majorana %1 10 242800 127248,49 abc

O. majorana % 3 10 338400 168086,75 ab

O. minutiflorum %0.1 10 174400 166212,18 abc

O.minutiflorum %1 10 309900 206395,76 ab

O.minutiflorum %3 10 404800 189863,58 A

M.longifolia %0,1 10 170600 147328,96 abc

M. longifolia %1 10 340900 255941,16 ab

M.longifolia %3 10 424000 261411,55 A

Control 10 45400 51171,17 C

Different letters within a column indicate a statistically significant difference between essential oil doses (p<0.05).

https://doi.org/10.1371/journal.pone.0338615.t008
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Fig 11. Bar graphs (with standard errors) of essential oil concentrations in terms of the difference (Before-After) in cell count for the genus

Coniosporium.

https://doi.org/10.1371/journal.pone.0338615.9011

Table 9. Comparison of essential oil concentrations in terms of the difference (Before-After) in cell count for the genus Sarcinomyces.

Esansiyel Yag N Mean Standard Deviation p Tukey’s HSD Effect size (partial eta squared)
O. majorana %0.1 10 216000,0000 188504,64185 0,013 ab 0,222
O. majorana %1 10 270666,6667 174255,55945 ab

O. majorana % 3 10 348000,0000 185671,75337 a

O. minutiflorum %0.1 10 213333,3333 199799,89990 ab

O.minutiflorum %1 10 257333,3333 201519,22985 ab

O.minutiflorum %3 10 315111,1111 193904,90224 ab

M.longifolia %0,1 10 154000,0000 154576,84173 ab

M. longifolia %1 10 243111,1111 160290,70812 ab

M.longifolia %3 10 348666,6667 129143,33123

Control 10 55222,2222 64806,97836 b

Different letters within a column indicate a statistically significant difference between essential oil doses (p<0.05).

https://doi.org/10.1371/journal.pone.0338615.t009

essential oils are effective, some may cause color alterations on sensitive substrates, emphasizing the need for careful
selection and testing of oils for conservation purposes [48].
Similarly, the study by Yao et al. According to [49] focused on the enhanced production of fungal laccase enzymes,
which are relevant for biotechnological applications in biodeterioration control and cleaning of cultural heritage materials.
Their work demonstrates the growing role of enzyme-based and microbial approaches as complementary or alternative
strategies to essential oil treatments [49]. However, as also noted in the literature, complete eradication of fungal contami-
nation was not achieved, and potential effects on material properties must be considered. These comparisons underscore
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Fig 12. Bar graphs (with standard errors) of essential oil concentrations in terms of the difference (Before-After) in cell count for the genus
Sarcinomyces.

https://doi.org/10.1371/journal.pone.0338615.9012

Table 10. Comparison of essential oil concentrations in terms of the difference (Before-After) in cell count for the genus Phaeococcomyces.

Esansiyel Yag N Mean Standard Deviation p Tukey’s HSD Effect size (partial eta squared)
O. majorana %0.1 10 79666,67 35809,68 <0,0001 cde 0,915
O. majorana %1 10 210000,00 19798,99 bed

O. majorana % 3 10 399000,00 49122,30 a

O. minutiflorum %0.1 10 48666,67 28936,71 de

O.minutiflorum %1 10 287333,33 61329,71 ab

O.minutiflorum %3 10 407333,33 47721,41 a

M.longifolia %0,1 10 112666,67 95001,75 cde

M. longifolia %1 10 231666,67 92001,81 bc

M.longifolia %3 10 401666,67 27319,10

Control 10 12000,00 8717,80 e

The results demonstrate that essential oil type and concentration have a highly significant effect on the change in Phaeococcomyces cell count
(p<0.0001).

https://doi.org/10.1371/journal.pone.0338615.t010

the need for further research into optimizing essential oil formulations, evaluating their long-term impacts, and integrating
them with other biotechnological methods for effective and sustainable conservation of cultural heritage.

Khaled et al. [50] demonstrated that a mixture of oregano, rosemary, and mint essential oils achieved up to 99.65%
inhibition of Penicillium digitatum growth in citrus fruits, highlighting the strong antifungal potential of Lamiaceae-derived
oils in food preservation. Similarly, our study showed that essential oils from Lamiaceae species exhibited significant anti-
fungal activity against biodeteriogenic black fungi on cultural heritage stones. While both studies emphasize the efficacy
and biosafety of essential oils, Khaled et al. focused on postharvest disease control in agriculture, whereas our research
addresses the conservation of cultural heritage materials. Together, these findings underscore the broad applicability
of plant essential oils as green biocidal agents in both food safety and heritage conservation contexts.In line with these
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Fig 13. Bar graphs (with standard errors) of essential oil concentrations in terms of the difference (Before-After) in cell count for the genus
Phaeococcomyces.

https://doi.org/10.1371/journal.pone.0338615.9013

recent findings, our study confirms the significant antifungal activity of Lamiaceae-derived essential oils against black
microcolonial fungi on historical monuments.

In addition to essential oils, various alternative methods have been explored for the removal of biological colonization
on stone monuments. One such method involves the use of dimethyl sulfoxide (DMSQO), as described by Toreno et al.
(2018), who developed a low-impact cleaning technique for stone surfaces affected by microbial growth. While DMSO-
based treatments have demonstrated effectiveness in reducing microbial colonization, they may present certain limita-
tions, such as potential chemical interactions with stone substrates and the need for careful handling due to their solvent
properties. In comparison, plant-derived essential oils offer a more environmentally sound and sustainable approach, with
lower toxicity and reduced environmental impact. However, the present study found that although essential oils signifi-
cantly reduced the number of black microcolonial fungi, complete eradication was not achieved, suggesting that repeated
or combined treatments may be necessary for optimal results. Further comparative studies are needed to fully assess the
long-term efficacy, material compatibility, and practical applications of essential oils versus other cleaning agents such as
DMSO in the conservation of cultural heritage [51].

The findings of this study suggest that essential oils, when used in controlled doses, can provide an effective and envi-
ronmentally friendly solution for the protection and restoration of cultural heritage sites. Future research should focus on
the long-term effects of essential oil treatments and their interactions with different types of stone materials.

4. Conclusions

This study highlights the potential of essential oils derived from Origanum majorana, Origanum minutiflorum, and Mentha
longifolia subsp. typhoides as effective antifungal agents for the preservation of historical monuments. The results demon-
strated that these natural compounds exhibit significant antifungal activity against black microcolonial fungi, including
Coniosporium, Sarcinomyces, and Phaeococcomyces, which are major contributors to the biodeterioration of cultural heri-
tage. Among the tested essential oils, O. minutiflorum at a 3% concentration showed the highest inhibitory effect, followed
by M. longifolia.
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The findings underscore the importance of eco-friendly and sustainable alternatives to synthetic biocides in the con-
servation of historical artifacts. Essential oils not only provide an tabenvironmentally safe solution but also align with the
growing demand for sustainable preservation methods that minimize harm to both cultural heritage and the surrounding
ecosystem.

Future research should focus on the long-term efficacy of essential oil treatments under real-world conditions, includ-
ing their interactions with different types of stone materials and environmental factors. Although this study focused on the
antifungal efficacy of essential oils. In restoration applications, it is also important to consider the interactions between
biocides and the substrate. In recent years, standardized approaches and comprehensive analyses have been developed
to assess the potential impacts of biocides on stone materials [31]. Future studies should investigate the long-term effects
and possible side effects of essential oils on stone surfaces in detail. Additionally, further studies are needed to optimize
application methods and concentrations to ensure maximum effectiveness while preventing potential adverse effects on
the structural integrity of historical materials.

By integrating natural compounds such as essential oils into conservation practices, this study contributes to the devel-
opment of innovative and sustainable strategies for protecting cultural heritage from biodeterioration, ensuring its preser-
vation for future generations.

Acknowledgments

We would like to thank the Ministry of Culture and Tourism for granting permission for sample collection. We are also
grateful to Asst. Prof. Dr. ilker Cinbilgel for his help in identifying plant species, and Prof. Dr. Hiiseyin Cetin for his help in
extracting essential oils.

Author contributions

Investigation: Hatice Yildiz Acar.
Methodology: Hatice Yildiz Acar.

Project administration: Hacer Bakir SERT.
Resources: Hatice Yildiz Acar.
Supervision: Hacer Bakir SERT.

Writing — original draft: Hatice Yildiz Acar.

References

1. Eckhardt FEW. Solubilization, Transport, and Deposition of Mineral Cations by Microorganisms - Efficient Rock Weathering Agents. The Chemistry
of Weathering. Springer Netherlands. 1985. p. 161-73. https://doi.org/10.1007/978-94-009-5333-8 10

2. Liu X, QianY, Wu F, Wang Y, Wang W, Gu J-D. Biofilms on stone monuments: biodeterioration or bioprotection?. Trends Microbiol. 2022;30(9):816—
9. https://doi.org/10.1016/j.tim.2022.05.012 PMID: 35752563

3. Sert HB, Sumbdil H, Sterflinger K. Microcolonial fungi from antique marbles in Perge/Side/Termessos (Antalya/Turkey). Antonie Van Leeuwenhoek.
2007;91(3):217-27. https://doi.org/10.1007/s10482-006-9111-9 PMID: 17080290

4. Gorbushina AA. Life on the rocks. Environ Microbiol. 2007;9(7):1613-31. https://doi.org/10.1111/].1462-2920.2007.01301.x PMID: 17564597

5. Rakotonirainy MS, Lavédrine B. Screening for antifungal activity of essential oils and related compounds to control the biocontamination in libraries
and archives storage areas. Int Biodeterioration Biodegradation. 2005;55(2):141-7. https://doi.org/10.1016/j.ibiod.2004.10.002

6. Pio TF, Macedo GA. Cutinases: properties and industrial applications. Adv Appl Microbiol. 2009;66:77-95. https://doi.org/10.1016/S0065-
2164(08)00804-6 PMID: 19203649

7. Gaylarde C, Little B. Biodeterioration of stone and metal - Fundamental microbial cycling processes with spatial and temporal scale differences. Sci
Total Environ. 2022;823:153193. https://doi.org/10.1016/j.scitotenv.2022.153193 PMID: 35122860

8. Sterflinger K, Little B, Pinar G, Pinzari F, de los Rios A, Gu J-D. Future directions and challenges in biodeterioration research on historic materials
and cultural properties. Int Biodeterioration Biodegradation. 2018;129:10-2. https://doi.org/10.1016/j.ibiod.2017.12.007

PLOS One | https://doi.org/10.137 1/journal.pone.0338615 January 5, 2026 20/22



https://doi.org/10.1007/978-94-009-5333-8_10
https://doi.org/10.1016/j.tim.2022.05.012
http://www.ncbi.nlm.nih.gov/pubmed/35752563
https://doi.org/10.1007/s10482-006-9111-9
http://www.ncbi.nlm.nih.gov/pubmed/17080290
https://doi.org/10.1111/j.1462-2920.2007.01301.x
http://www.ncbi.nlm.nih.gov/pubmed/17564597
https://doi.org/10.1016/j.ibiod.2004.10.002
https://doi.org/10.1016/S0065-2164(08)00804-6
https://doi.org/10.1016/S0065-2164(08)00804-6
http://www.ncbi.nlm.nih.gov/pubmed/19203649
https://doi.org/10.1016/j.scitotenv.2022.153193
http://www.ncbi.nlm.nih.gov/pubmed/35122860
https://doi.org/10.1016/j.ibiod.2017.12.007

PLO\Sﬁ\\.- One

10.

1.

12.
13.
14.

15.

16.

17.

18.

19.
20.
21.
22.
23.

24,
25.

26.
27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

Urzi C, Krumbein WE. Microbiological impacts on the cultural heritage. Durability and change: The science, responsibility, and cost of sustaining
cultural heritage. 1994. p. 107-35.

Urzi C, Pinna D. Coping with biological growth on stone heritage objects: Methods, products, applications, and perspectives. Lausanne: Apple
Academic Press. 2017.

Antonelli F, Bartolini M, Plissonnier M-L, Esposito A, Galotta G, Ricci S, et al. Essential Oils as alternative biocides for the preservation of water-
logged archaeological wood. Microorganisms. 2020;8(12):2015. https://doi.org/10.3390/microorganisms8122015 PMID: 33339447

Avoxa. Moéglicher Wirkmechanismus fiir antientziindliche Wirkung. Pharmazeutische Zeitung. 2004.

Bal Y. Bitkilerden etken madde izolasyonu ve 6zelliklerinin belirlenmesi. Osmangazi University. 2001.

Di Vito M, Sclocchi M, Girolamo A, Mondello F. Application of essential oils in cultural heritage: State of the art. Il Congresso Nazionale Societa
Italiana Ricerca sugli Oli Essenziali S.I.R.O.E. 2015.

Fidanza MR, Caneva G. Natural biocides for the conservation of stone cultural heritage: A review. Journal of Cultural Heritage. 2019;38:271-86.
https://doi.org/10.1016/j.culher.2019.01.005

Jeong SH, Lee HJ, Kim DW, Chung YJ. New biocide for eco-friendly biofilm removal on outdoor stone monuments. Int Biodeterioration & Biodegra-
dation. 2018;131:19-28. https://doi.org/10.1016/j.ibiod.2017.03.004

Krakowska-Sieprawska A, Kietbasa A, Rafinska K, Ligor M, Buszewski B. Modern methods of pre-treatment of plant material for the extraction of
bioactive compounds. Molecules. 2022;27(3):730. https://doi.org/10.3390/molecules27030730 PMID: 35163995

Di Martino P. Antimicrobial agents and microbial ecology. AIMS Microbiol. 2022;8(1):1—4. https://doi.org/10.3934/microbiol.2022001 PMID:
35496989

GraBmann J. Antioxidative Eigenschaften atherischer Ole. Technische Universitit Miinchen. 2000.

Tanker M. Farmakognozi. Ankara: Ankara University, Faculty of Pharmacy. 1990.
Ucan F. DL-Limonenin mayalar Gzerine antifungal etkisi. Cukurova University. 2008.
Baytop T. Turkiye'de bitkiler ile tedavi: gegmiste ve bugiin. 2 ed. istanbul: Nobel Tip Kitapevi. 1999.

Biger A, Ozkan G, Ergen A. Lavanta bitkisi giceklerinden siiperkritik CO2 ile ugucu yaglarin ekstraksiyonuna basincin etkisi. GU Fen Bilimleri Der-
gisi. 2003;16(4):717-23.

Davis PH. Flora of Turkey and the East Aegean Islands. Edinburgh: Edinburgh University Press. 1965.

Karakaya S, El SN, Karag6zIli N, Sahin S. Antioxidant and antimicrobial activities of essential oils obtained from oregano (Origanum vulgare ssp.
hirtum) by using different extraction methods. J Med Food. 2011;14(6):645-52. https://doi.org/10.1089/jmf.2010.0098 PMID: 21314366

Evren M, Tekguler B. Ugucu yaglarin antimikrobiyal 6zellikleri. Elektronik Mikrobiyoloji Dergisi. 2011;9(3):28—40.

Gravesen S, Frisvad JC, Samson RA. Micro-fungi: Damaging effects on building materials. Copenhagen: Munksgaard. 1994.

Geweely NS, Afifi HA, Ibrahim DM, Soliman MM. Efficacy of Essential Oils on Fungi Isolated from Archaeological Objects in Saqgara Excavation,
Egypt. Geomicrobiology Journal. 2018;36(2):148-68. https://doi.org/10.1080/01490451.2018.1520938

Purssell E. Antimicrobials. In: Hood P, Khan E, editors. Understanding pharmacology in nursing practice. Switzerland: Springer Nature; 2020. p.
147-65.

De La Paz J, Larionova M, Maceira MA, Borrego SF, Echevarria E. Control of biodeterioration using a fraction isolated from leaves of Ricinus com-
munis Linn. Pharmacol Online. 2006;3:462—6.

Al-Gaoudi HA, Marouf MA, Badry N, Rehan M. Design innovative strategies for coating archaeological linen textiles surface to achieve protective
multifunctional properties. J Cultural Heritage. 2023;59:274—-86. https://doi.org/10.1016/j.culher.2023.01.002

De Leo F, Marchetta A, Urzi C. Black fungi on stone-built heritage: current knowledge and future outlook. Appl Sci. 2022;12(8):3969. https://doi.
0rg/10.3390/app12083969

Sterflinger K, Krumbein WE. Dematiaceous fungi as a major agent for biopitting on Mediterranean marbles and limestones. Geomicrobiology J.
1997;14(3):219-30. https://doi.org/10.1080/01490459709378045

Isola D, Bartoli F, Meloni P, Caneva G, Zucconi L. Black Fungi and Stone Heritage Conservation: Ecological and Metabolic Assays for Evaluating
Colonization Potential and Responses to Traditional Biocides. Appl Sci. 2022;12(4):2038. https://doi.org/10.3390/app12042038

Rotolo V, De Caro ML, Di Carlo E, Giordano A, Palla F. Plant extracts as green potential strategies to control the biodeterioration of cultural heri-
tage. Int J Conservation Sci. 2016;7:839—46.

SERT HB, SUMBUL H, STERFLINGER K. Sarcinomyces sideticae, a new black yeast from historical marble monuments in Side (Antalya, Turkey).
Botanical J Linnean Society. 2007;154(3):373-80. https://doi.org/10.1111/j.1095-8339.2007.00658.x

Sert HB, Sumbdl H, Sterflinger K. A new species of Capnobotryella from monument surfaces. Mycol Res. 2007;111(Pt 10):1235—41. https://doi.
org/10.1016/j.mycres.2007.06.011 PMID: 17997298

Davis PH, Mill RR, Tan K. Flora of Turkey and the East Aegean Islands. Edinburgh: Edinburgh University Press. 1988.

Ginbilgel i. A Study on the Flora and Vegetation of Melik and Kaldirim Mountains and Their Surroundings (Manavgat-ibradi/Antalya). [MSc Thesis].
Akdeniz University, Antalya, Turkey. 2012.

PLOS One | https://doi.org/10.1371/journal.pone.0338615 January 5, 2026 21/22



https://doi.org/10.3390/microorganisms8122015
http://www.ncbi.nlm.nih.gov/pubmed/33339447
https://doi.org/10.1016/j.culher.2019.01.005
https://doi.org/10.1016/j.ibiod.2017.03.004
https://doi.org/10.3390/molecules27030730
http://www.ncbi.nlm.nih.gov/pubmed/35163995
https://doi.org/10.3934/microbiol.2022001
http://www.ncbi.nlm.nih.gov/pubmed/35496989
https://doi.org/10.1089/jmf.2010.0098
http://www.ncbi.nlm.nih.gov/pubmed/21314366
https://doi.org/10.1080/01490451.2018.1520938
https://doi.org/10.1016/j.culher.2023.01.002
https://doi.org/10.3390/app12083969
https://doi.org/10.3390/app12083969
https://doi.org/10.1080/01490459709378045
https://doi.org/10.3390/app12042038
https://doi.org/10.1111/j.1095-8339.2007.00658.x
https://doi.org/10.1016/j.mycres.2007.06.011
https://doi.org/10.1016/j.mycres.2007.06.011
http://www.ncbi.nlm.nih.gov/pubmed/17997298

PLO\Sﬁ\\.- One

40.
41.
42.

43.
44.

45.

46.
47.

48.

49.

50.

51.

Ellis MB. Dematiaceous hyphomycetes. Kew Surrey: Commonwealth Mycological Institute. 1971.
Ellis MB. More dematiaceous hyphomycetes. Kew Surrey: Commonwealth Mycological Institute. 1976.

Sand W. Microbial mechanisms of deterioration of inorganic substrates—A general mechanistic overview. Int Biodeterioration Biodegradation.
1997;40(2—4):183-90. https://doi.org/10.1016/s0964-8305(97)00048-6

Cohen J. Statistical power analysis for the behavioral sciences. 2nd ed. Hillsdale, NJ: Lawrence Erlbaum Associates. 1988.

Ghalem BR, Mohamed B. Antibacterial activity of leaf essential oils of Eucalyptus globulus and Eucalyptus camaldulensis. African J Pharmacy
Pharmacol. 2008;2:211-5.

Guiamet PS, De La Paz JN, Arenas PM, Gomez de Saravia SG. Differential sensitivity of Bacillus sp. isolated from archive materials to plant
extracts. Pharmacology Online. 2008;3:649-58.
Leung AY, Foster S. Encyclopedia of common natural ingredients. 2nd ed. New York: John Wiley & Sons. 1996.

Pifar G, Sterflinger K. Natural sciences at the service of art and cultural heritage: an interdisciplinary area in development and important chal-
lenges. Microb Biotechnol. 2021;14(3):806—9. https://doi.org/10.1111/1751-7915.13766 PMID: 33566430

Mohamed AA, Ahmed MA, Korayem AS, Abu-Hussien SH, Rashidy WB. Antifungal, toxicological, and colorimetric properties of Origanum vulgare,
Moringa oleifera, and Cinnamomum verum essential oils mixture against Egyptian Prince Yusuf Palace deteriorative fungi. BMC Biotechnol.
2025;25(1):4. https://doi.org/10.1186/s12896-024-00940-8 PMID: 39773618

Zhang Y, Wang Y, Li X, Li Y, Wang X, Wang L, et al. Antifungal and biocidal properties of natural compounds for cultural heritage conservation.
Scientific Reports. 2023;13: 10456. https://doi.org/10.1038/s41598-023-36542-1

Khaled R, Mohamed S, Mohamed A, Khairy A, Elhariry H, Bakry A, et al. Optimization, characterization and biosafety of oregano, rosemary and
mint oil mixture against Penicillium digitatum in citrus using L-optimal mixture design. AMB Express. 2025;15(1):14. https://doi.org/10.1186/s13568-
024-01806-0 PMID: 39871007

Toreno G, Prieto B, Silva B, Sanmartin P. A low-impact cleaning technique for the removal of biological growth on stone monuments: The use of
dimethyl sulfoxide (DMSO). Sci Total Environ. 2018;615: 345-54. https://doi.org/10.1016/j.scitotenv.2017.09.293

PLOS One | https://doi.org/10.1371/journal.pone.0338615 January 5, 2026 22122



https://doi.org/10.1016/s0964-8305(97)00048-6
https://doi.org/10.1111/1751-7915.13766
http://www.ncbi.nlm.nih.gov/pubmed/33566430
https://doi.org/10.1186/s12896-024-00940-8
http://www.ncbi.nlm.nih.gov/pubmed/39773618
https://doi.org/10.1038/s41598-023-36542-1
https://doi.org/10.1186/s13568-024-01806-0
https://doi.org/10.1186/s13568-024-01806-0
http://www.ncbi.nlm.nih.gov/pubmed/39871007
https://doi.org/10.1016/j.scitotenv.2017.09.293

