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Abstract: Stones of historical monuments exposed to the open air deteriorate over the course of
time depending on physical, chemical, and biological factors acting in co-association. Among the
biological factors, microorganisms play a key role in the deterioration process of stones. Detecting the
level of microbial activity on stones is an essential step in diagnostic and monitoring studies of
stone biodeterioration, and aids in controlling the performance of treatments applied to the stones.
Therefore, this study aimed to develop a practical and rapid method for the determination of
microbial activity on historical stones and use this method on the Mount Nemrut monuments (MNMs)
(Adiyaman, Turkey). For that purpose, the fluorescein diacetate (FDA) hydrolysis method, frequently
employed for soil environments, was adapted for the estimation and assessment of total microbial
activity to understand whether microorganisms posed a potential risk for the biodeterioration of
the limestones and sandstones of the MNMs. The traditional plate count method was also applied
simultaneously to the same stone samples to compare and assist in the interpretation of the results
of the FDA hydrolysis method, which relies on the quantitative determination of bacterial and
fungal colonies in nutrient agar and malt extract agar medium, respectively. The results of the FDA
hydrolysis and plate count methods showed consistency. The total microbial activity determined
by the FDA hydrolysis method was low for both types of stone samples. In addition, the plate
count method showed low bacterial and fungal counts on all of the samples. This revealed that
microbial activity did not play an important role in the stone deterioration process on the MNMs,
although different lichen species were frequently observed on both the sandstones and the limestones.
Hence, further investigation must be undertaken for determination of their long-term behavior and
effects on the stones of the MNMs. On the other hand, the results of the FDA hydrolysis and plate
count methods showed correlation. Lower bacterial counts were observed when lower enzymatic
activity was observed in the stone samples, and likewise, higher bacterial counts were observed
when higher enzymatic activity was observed. Consequently, the application of the FDA hydrolysis
method was determined to be reliable for the estimation of total microbial activity on historical stones.
The method had obvious advantages in terms of its rapid measurement rate and sensitivity, even on
small samples.

Keywords: biodeterioration; microorganisms; microbial activity; plate count method; fluorescein
diacetate (FDA); historical stone; Mount Nemrut monuments; World Heritage Site

1. Introduction

While looking attentively at the stones of a historical building or monument, few stones appear as
sound and little affected. As a matter of fact, one can easily observe gradual deterioration undergoing in
the majority of stones, such as cracks, deformation, detachment, material loss, discoloration and deposit,
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and biological colonization as well [1]. Among these deterioration types, biological colonization,
defined as the “colonization of stone by plants and microorganisms such as bacteria, cyanobacteria,
algae, fungi and lichen”, has endangered the survival of historical monuments for many years [1]
(p.64). Biological colonization also includes influences by other organisms, such as animals nesting on
and in the stones [1], as well as insect pests [2].

Environmental factors like rain, snow, wind, solar radiation, humidity, and temperature
fluctuations are known to affect the habitation, growing, and expansion of microorganisms on
rock surfaces [1,3]. Moreover, the existence of organic and inorganic energy sources together with
optimum environmental conditions will favor the colonization of microorganisms in and on stone
surfaces. The activities of these microorganisms could bring about different stone deterioration
problems, such as powdering, scaling, biopitting, detachment, dissolution, solubilization, patina, and
crust, which affects the durability of historic stone materials over the long-term [2,4,5]

Recent research has revealed that biological agents may lead to stone deterioration, either acting
alone or in co-association with other types of decay factors [5,6]. Therefore, obtaining information about
the level of microbial activity is significant in terms of evaluating potential deterioration problems
and taking preventive measures; however, when the level of microbial activity is high in stones,
characterization of the species also becomes necessary in order to develop appropriate biocontrol
procedures [7,8].

Since most of the methods conducted to determine the level of microbial activity were developed
for the assessment of microorganisms from various environments and industrial areas such as soil,
freshwater, food, medical, drinking water, etc. [8], optimization of these methods is needed for their
employment on the stones of historical monuments. Moreover, of these methods, few can be conducted
with small amounts of samples [8] and to date, none have been proven to be completely satisfactory
for determination of the viability and total microbial activity of microorganisms in different types of
stones [7,9].

This study aimed to develop a practical and rapid method for the measurement of total microbial
activity in stones, so as to evaluate the contribution of microorganisms to existing stone deterioration
problems in the case of the Mount Nemrut monuments (MNMs). Furthermore, this study was
conducted to eliminate the need for a biocidal treatment in addition to other types of conservation
treatments that were studied in the same case (http://nemrut.org.tr/en/aim-and-scope/).

2. Materials and Methods

2.1. Description of the Studied Sites

Sampling was carried out on the MNMs, located in the town of Kahta, Adiyaman (Turkey), which
have particular importance as a result of being on the United Nations Educational, Scientific, and
Cultural Organization World Heritage List since 1987 (https://whc.unesco.org/en/list/448/) (Figure 1).

King Antiochus I (69-31 BC), of the Commagene Kingdom, constructed monumental statues and
a conical shape tumulus with crushed limestone pieces on the MNMs (N 0°1'4.27”, E 0°0'22.2536").
At an altitude of 2206 m, this site comprises 3 terraces—west, east, and north. There are giant limestone
and sandstone statues and 2 rows of sandstone stelae on the east and west terraces (Figure 1) [10,11].

The MNMs suffer from prevailing harsh climatic conditions with wetting-drying and
freezing—thawing processes that have led to the decay of the stones at the site [11]. The types
of decay observed at the site comprise micro and macro karstic features, dissolution, pitting,
biological colonization, and color change on the limestone statues [11], and flaking/scaling, granular
disintegration, cracking, back weathering, depositions, rounding/notching, and biological colonization
on the sandstone statues and stelae [12].
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Figure 1. (a) Location of the Mount Nemrut Monuments (MNMSs) on a map of Turkey (Google Maps,
accessed 29 Apr. 2020), (b) east terrace, and (c) west terrace of the MNMs (©OK. Goze Akoglu 2009).

2.2. Sampling

Crustose, foliose, and fruticose lichens have been frequently observed on the stones of the
MNMs [11]. Therefore, while investigating the level of microbial activity on stone surfaces that had no
visible biological coverings, deteriorated limestones and sandstones with lichen on the surface were
also sampled to prevent any loss of information (Figure 2).

Figure 2. Representative photographs of the limestones and sandstones with lichen: (a) limestone and
(b) sandstone on the east terrace (©Elif Sirt Ciplak 2009).
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The number and size of the samples were arranged in a way so as to not to lead any type of
damage to the monuments; therefore, they were limited to 17 samples (10 limestone, 7 sandstone),
each less than 1 X 1 X 1 cm in size. Stone samples were taken using sterile equipment to avoid cross
contamination and coded by numbering the first letter of the type of stone (L1, S1, etc.). Samples were
stored at 4 °C until use.

2.3. Determination of Biological Activity

Since the 1980s, the fluorescein diacetate (FDA) hydrolysis method has been widely applied for
the assessment of total microbial activity in soil ecosystems [13,14]. Although the first applications
of the FDA hydrolysis method were mainly in the field of soil microbiology this method can now
efficiently determine a wide range of microorganisms, such as bacteria, fungi, algae, and lichen, in
other environments, such as freshwater, forest, and marine environments, as a result of subsequent
modifications and improvements over the course of time [15-17]. Since microbial diversity in a soil
habitat is considered to have similar and even richer microbial diversity in comparison with stone
surfaces, this method was adapted and applied to determine the level of microbial activity on stone
surfaces as well [18], as a response to the need for a practical and standardized method with high
precision for the assessment of activities of microbial populations.

The method fundamentally measures the amount of fluorescein that is formed as a result of
FDA hydrolysis by the enzymatic activities of microorganisms [19]. In more detail, when FDA (3’, ¢’
-diacetyl-fluorescein) is hydrolyzed by various enzymes, such as protease, lipase, and esterase, it
releases fluorescein molecules, which form a colored end product [15]. These molecules can be
measured successfully between 475-510 nm using a spectrophotometer [14,16,18]. The FDA hydrolysis
method has been assumed to estimate the level of total microbial activity on stone surfaces since the
aforementioned enzymes, responsible for the conversion of FDA to fluorescein, are widespread in
bacteria, fungi [13], algae [20], and lichens [21].

The plate count method, on the other hand, has widespread application in the field as the
traditional gold standard method, and it is also applicable for the determination of microbial activities
on stone surfaces [19,22,23]. In this study, the FDA hydrolysis and plate count methods were used;
the FDA hydrolysis method was applied as the main analytical tool and the plate count method was
used to assess the performance of the FDA hydrolysis method regarding its application in the field of
stone biodeterioration. In fact, before choosing a methodology to be used as a support and verification
tool for the FDA hydrolysis method, 3 criteria were defined. The first was the reliability of the method
and wide area of usage, especially for environmental samples. Even though the plate count method has
a disadvantage with regards to quantifying only culturable bacteria [24], it is still the preferred choice
for the routine determination of microbial numbers from food to environmental samples. The second
was with regards to counting only living microorganisms, excluding dead ones and debris. The plate
count method also met this criterion by quantifying colonies generated by active bacterial and fungal
species. The last was regarding workability with any amount/concentration [25]. This criterion was
crucial since the samples to be collected from historical monuments had to be as few and as small as
possible. Eventually, the plate count method, adapted from the study of Jaton [22], was conducted for
determination of the level of microorganisms, as bacteria and fungi, colonizing on stone.

While using the plate count method as a verification tool for the FDA hydrolysis method, the
interpretation and comparison of values, CFU per g of stone and ug fluorescein per g of stone, were
made considering the limitations of both methodologies.

The FDA hydrolysis and plate count methods were conducted on 2 different types of stones,
i.e., limestones and sandstones, located on the east and west terrace of the MNMs, to assess the
suitability of the FDA hydrolysis method adapted for use on stones, and to determine whether the
level of microbial activity was a potential risk for the eventual loss of integrity of historical materials.
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2.3.1. Fluorescein Diacetate (FDA) Method

Buffer solution, FDA stock solution, and fluorescein stock solution were prepared accordingly [18],
and samples collected from the MNMs were crushed into a fine powder in a sterile agate mortar. Each
powdered stone sample (in the range of 1 to 2 g) was placed into a glass flask and 15 mL of phosphate
buffer (60 mM, pH of 7.5) was added. Next, 0.2 mL of FDA stock solution (1000 ug FDA/mL) was
added to initiate the reaction. At the same time, blanks were prepared without the addition of FDA
substrate. The samples were shaken thoroughly by hand and placed in an oven at 30 °C for 30 min.
After this incubation period, the powdered samples were centrifuged (Rotofix 32A, Hettich Zentrifugen,
Kirchlengern, Germany) at 4000 rpm for 3 min. The supernatants of these samples were filtered
through Whatman no. 40 filter paper and the filtrates were measured at 490 nm using an Optima
SP-3000 Plus UV-Vis spectrophotometer (Mettler Toledo, Columbus, OH, USA) [18].

A terminator, used to stop the hydrolysis reaction at a specific time, was not used in this study,
since the number of samples allowed for the spectrophotometric measurements to be conducted at
one time [13]. Thus, a decrease in the amount of fluorescein with the addition of a terminator was
prevented in the spectrophotometric measurements.

Following measurement of the absorbance of fluorescein released from the FDA, the concentration
of fluorescein (ug fluorescein/mL) was calculated using the calibration graph produced from the
standard O to 5 ug fluorescein/mL [18]. Next, the amount of fluorescein in 1 mL of solution was
calculated for 1 g of stone in order to reach a comparable unit (ug fluorescein/g) with the plate
count method.

2.3.2. Plate Count Method

In this method, 1 g of powdered stone sample was put into a glass tube and 9 mL of sterile distilled
water was added to obtain a dilution of 10:1. Once this dilution was obtained, serial dilutions (107! to
107°) were produced by transferring 100 uL of the diluted solution into 900 pL of sterile distilled water,
until obtaining a dilution of 10:6. Afterwards, triplicate mediums were inoculated with the 100 uL
dilute solution from each dilution. The mediums used in this study were nutrient agar medium (8 g of
nutrient broth and 7.5 g/L of agar powder) for the bacteria and malt extract agar medium (50 g of malt
extract powder and 15 g/L of agar powder) for all of the types of fungi. The nutrient agar medium was
incubated at 30 °C for 1 week and the malt extract agar medium was incubated at 24 °C for 4 days [22].

After the incubation period, petri dishes containing between 30 and 300 colonies were counted,
since less than 30 colonies was not acceptable statistically, and more than 300 colonies on a plate
was likely to produce colonies that would be too close to each other to be distinguished as a distinct
colony-forming unit (CFU). Following colony counting, the CFU in 1 g of the original sample was
calculated as follows, and expressed as CFU/g of stone [22]:

N=(C3)xDxV

N—CFU per gram or mL

C—Total colony count of 3 petri dishes
D—Dilution factor

V—Transferred volume (mL)

3. Results

3.1. Spectrophotometric Measurements

Spectrophotometric measurements were performed on the powders of the deteriorated limestones
and sandstones with and without lichens on their surfaces. The results of the fluorescein contents are
given in Tables 1 and 2.
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Table 1. Spectrophotometric measurement results of the samples without lichens on their surfaces.

Concentration Enzymatic Activit
Sample Code  Absorbance (490 nm) (ug Fluorescein/mL) ( pg);luorescein/g)y
S1 0.076 0.38 3.14
S2 0.125 0.63 5.17
S3 0.089 0.45 7.36
L1 0.074 0.37 6.12
L2 0.157 0.79 6.49
L3 0.157 0.79 6.49
14 0.105 0.53 4.34
L5 0.214 1.07 9.32

Table 2. Spectrophotometric measurement results of the samples with lichens on their surfaces.

Concentration Enzymatic Activity

Sample Code  Absorbance (490 nm) (ug Fluorescein/mL) (ug Fluorescein/g)

54 0.661 3.31 54.67
S5 1.210 6.06 50.02
S6 0.755 3.78 31.22
S7 0.175 0.88 260
L6 1.519 7.60 1134.90
L7 1.295 6.48 899.46
L8 0.356 1.79 708.75
L9 1.044 5.22 721.83
L10 0.497 2.49 20.55

When the results of the samples with and without lichens were compared, there was a significant
difference between the values; the enzymatic activity for samples without lichens ranged from 3.14
to0 9.32 ug fluorescein/g of stone, whereas samples with lichens had rather high values, ranging from
20.55 to 1134.90 pg fluorescein/g of stone (Tables 1 and 2).

Considering the microbial activity in relation to the substrate type, samples without lichens (51-53
and L1-L5) on their surfaces had enzymatic activity values in the range of 3.14-7.36 ug fluorescein/g of
stone for the sandstones and 4.34-9.32 pg fluorescein/g of stone for the limestones, as presented in
Table 1.

On the other hand, samples with lichens (54-57 and L6-L10) had values in the range of
20.55-1134.90 pg fluorescein/g of stone for the limestones and 31.22-260 ug fluorescein/g of stone for
the sandstones, as presented in Table 2.

3.2. Plate Count Method

Colonies of aerobic heterotrophic bacteria and fungi were counted in nutrient agar medium and
malt extract agar medium, respectively. The total number of bacteria for samples without lichens
ranged from 1.20 x 10* to 8.02 x 10* CFU/g of stone, whereas samples with lichens had relatively high
values (except for sample S4), ranging from 7.24 x 10* to 20.57 x 10* CFU/g of stone (Table 3).

On the other hand, the number of colonies of fungi on the malt extract agar medium was not in
the range of the countable numbers (30-300), and were less than the lower limit. All of the samples
had counts similar to <2 x 10® CFU/g of stone for both the sandstone and limestone samples.

Considering the type of stone, the bacterial counts ranged between 1.40 x 10* and 2.60 x 10* CFU/g
for the sandstones, and 1.20 x 10% and 8.02 x 10* CFU/g of stone for the limestones without lichens,
whereas samples with lichens had counts in the range of 0.6 x 10* to 13.5 x 10* CFU/g of stone for
sandstones and 10.30 x 10* to 22.20 x 10* CFU/g of stone for the limestones (Table 3).
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Table 3. Determination of the aerobic heterotrophic bacteria as colony forming unit (CFU) per gram of
stone in all of the samples.

Samples without Lichens Samples with Lichens
Sample Code Total Number of Bacteria Samole Code Total Number of Bacteria
P (x10* CFU/g of Stone) P (x10* CFU/g of Stone)

S1 1.40 S4 0.6
S2 2.40 S5 11.0
S3 2.60 S6 13.5
L1 3.90 S7 7.24

L2 1.20 L6 20.57
L3 4.70 L7 19.9
L4 6.90 L8 222
L5 8.02 L9 10.3
L10 11.3

3.3. Enzymatic Activity/Total Microbial Activity and Total Number of Bacteria

Samples (L6-L8) with high enzymatic activity (1134.90, 899.46, and 708.75 ug fluorescein/g)
also had quite high bacterial counts (20.57 x 10%, 19.9 x 10%, and 22.20 x 10* CFU/g) (Tables 2 and 3).

At the same time, samples (51, L4, and 52) with low enzymatic activity (3.14, 4.34, and 5.17 pg
fluorescein/g) had relatively low bacterial counts (1.40 X 104, 6.90 x 10%, and 2.40 x 10* CFU/g)
(Tables 1 and 3).

4. Discussion

The FDA hydrolysis method was applied to determine the total microbial activity (fluorescein
concentration) of natural microflora on deteriorated limestones and sandstones with and without
lichens on their surfaces. Unlike in other methodologies [13,15,18], a solvent for terminating the
hydrolysis reaction was not used in this experimental procedure due to the number of samples that
could be measured simultaneously. Therefore, any decrease in the amount of fluorescein concentration
was accordingly prevented. Skipping the step of stopping the hydrolysis reaction was critical, especially
in samples with low biological activity, because determination of the presence of microorganisms was
important, even at a low concentration.

The fluorescein concentration values were observed to be significantly different for the samples
with and without lichens. Much higher values were obtained in samples with lichens (20.55 to
1134.90 pg fluorescein/g). However, the difference was regarded as normal since the FDA hydrolysis
reaction was known to also be catalyzed by symbiotic partners of lichens, fungi (mycobiont), and algae
and/or cyanobacteria (photobiont) (Tables 1 and 2) [21,24-26].

When examined in more detail, samples without lichens had almost the same or lower enzymatic
activity, as an indication of the low biological activity uniformly distributed on the stone surfaces
(Table 1) [27]. On the other hand, enzymatic activity values ranging from 20.55 to 1134.90 pg
fluorescein/g in the samples with lichens referred to the variety of physiological states of the lichens,
which could have been related with the type of partners in this symbiotic living form, their adaptation
capacity to changing environmental conditions [28], the type of stone [28,29] and their locations on
these substrates as well (Table 2).

Regardless of the type of stone, i.e., limestones or sandstones, the samples without lichens
had a low fluorescein concentration (3.14-7.36 pg fluorescein/g for the sandstones and 4.34-9.32 ug
fluorescein/g for the limestones) (Table 1). However, the fluorescein concentration in the samples
with lichens was higher in the limestone substrate, with the highest values as 899.46 (L7), 721.83 (L9),
708.75 (L8), and 1134.90 (L6) png fluorescein/g (Table 2). This suggested that the lichens colonized on
limestones that displayed higher metabolic activity as a consequence of their water content at the
time of sampling, resulting in a maintained active metabolism until they were analyzed, because the
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enzymes responsible for FDA conversion are known to be easily effected by changing environmental
conditions [27].

The plate count method was conducted simultaneously with the FDA hydrolysis method to
determine the quantity of aerobic heterotrophic bacteria and fungi on the same stone samples.
The contribution of this method was significant in terms of assisting the interpretation of the results
of the FDA hydroylsis method, determined as fluorecein per gram of stone, since few studies have
measured the fluorescein concentration for the estimation of biological activity on stone surfaces [30-32].

The results of the plate count method indicated that bacterial (0.6 X 10% - 22.2 x 10* CFU/. g) and
fungal (<2 x 103 CFU/g) activities were low on the stones of MNMs [6]. Even though bacterial and
fungal counts were not significantly different in the samples with and without lichens, the results still
varied remarkably within each sample group. Samples with lichens had relatively higher (except for
S4) bacterial numbers, which could have been related to the lichens acting as a pioneer organism that
favored the growth of bacteria species (Table 3) [33,34].

Sandstones had bacterial numbers that were relatively lower (1,40 x 10*-2,60 x 10* CFU/g ) than
the limestones, which displayed a slight increase (7.24 x 10*-13.5 x 10* CFU/g, except S4) with the
existance of lichens. Likewise, it was observed that the bacterial activity values on the limestones
were the highest when covered with lichens (10.30 x 10*-22.20 x 10* CFU/g) (Table 3). The relatively
higher bacterial activity levels on limestone surfaces could have been related to the irregular surfaces
of the limestones, as a result of weathering, because microcavities on limestones could facilitate the
attachment, growth, distribution, and resistance to atmospheric conditions [5,35]. On the other hand,
the material properties of stones has also been known to affect the preference and colonization of
bacteria on different substrates. However, in the case of the MNMs, the mentioned differences in the
quantity of bacteria between the limestones and sandstones were not so significant that it required
further discussion.

The performance of the FDA hydrolysis method was examined by comparing its values with
those of the plate count method. Quantitative differences in the results of these methods were evident,
depending on the diversity of the microbial communities existing on the stone surfaces and the
efficiency of the methods for the measurement of microbial activities on the stone substrates.

Since the plate count method is a culture-dependent method and does not provide information
about the entire microbial community of the stone surfaces, it can only detect bacteria and fungi
that are culturable under laboratory conditions. Therefore, when comparing the results of the FDA
hydrolysis and plate count methods, they should not be considered to have a direct relationship.
Obtaining high bacterial and fungal numbers in samples with high enzymatic activity, and also
observing low enzymatic activity in samples with low bacterial and fungal counts, would verify the
applicability of the FDA hydrolysis method for use on stones. However, it would not be suitable
to always expect low enzymatic activity when bacterial and fungal counts are low, since the FDA
hydrolysis method represents the total microbial activity, comprising algae, cyanobacteria, and lichens,
in addition to bacteria and fungi.

In the case of the MNM stones, the relationship between the FDA hydrolysis and plate count
method results was as anticipated—the stone samples showed lower enzymatic activity (S1, L4, and
S2) when bacterial counts were low, and higher enzymatic activity (L6-L8) when bacterial counts were
high (Tables 1-3). These correlations not only verified the sensitivity, but also increased the reliability
of the FDA hydrolysis method for measurement of total microbial activity on stone surfaces.

The results obtained from both experiments showed that microbial activity was low on limestone
and sandstone surfaces, but this does not mean that their activity will remain constant in the
future [36,37]. Development of a practical and efficient method to use in long-term monitoring studies
is important for this reason. It is especially crucial to detect microbial activity before it reaches a
critical level in the case of the MNMSs. On the other hand, lichens seemed to be responsible for the
biodeterioration problem on the sandstones and limestones of the MNMs, as their microbial activity
was proven by the fluorescein concentration measurements.
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5. Conclusions

The level of microbial activity on stone surfaces was examined to understand if microorganisms
played a role in the decay process of the stones of MNMs, and their stone deterioration problems
were investigated.

Although the microbiological experiments began with the plate count method, its inefficiency for
estimation of the total microbial activity on the stone surfaces led to the use of the FDA hydrolysis
method, which is widely used in soil environments. The method was successfully conducted on the
stones of the MNMs. With the joint interpretation of the results, it was concluded that microbial activity
did not play an important role in the existing stone deterioration problems on the MNMs when the
stone surfaces were not covered with lichens. On the other hand, lichens were frequently observed
on both the limestones and sandstones of the MNMs. Therefore, investigation of the role of these
organisms on stone deterioration and their long-term behavior remains crucial. In future studies,
methods may be conducted for the performance assessment of potential biocidal treatments on lichens.

Herein, it was shown that FDA hydrolysis is a reliable method for estimation of the total microbial
activity on stone substrates. It was able to determine the level of microbial activity on different types of
stones, which is crucial for diagnostic and monitoring studies of stone biodeterioration in a range of
historical monuments. The method had obvious advantages in terms of its rapid measurement rate
and sensitivity, even in small samples. In addition, the practicality of this method makes it appropriate
for cultural heritage conservators with minimum scientific equipment and consumables.
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