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Abstract

Aged varnish layers distort the original appearance or integrity of easel paintings and they
must be removed in most cases. Toxic solvents (harmful to conservators, the artwork and the
environment) are frequently used. To seek an alternative to these harmful products, here we
assay the use of safe bacteria as biocleaning agents. Three bacteria (further here identified as
Microbacterium oxydans, Acinetobacter johnsonii and Micrococcus luteus) were isolated from
the 18"-century easel painting “The Glorification of Saint Teresa of Jesus by Christ and the
Virgin, accompanied by founding saints,” School of José Vergara (1726-1799) with damaged
Dammar varnish. In the laboratory, the three isolates and a bacterium widely used in
biocleaning (Pseudomonas stutzeri) were grown in oligotrophic broth media supplemented
with powdered Dammar resin to assess their tolerance and ability to grow using the Dammar
resin components as an energy source. Then, the four bacteria were applied with 2% agar-agar
to Dammar varnish mook-ups for 1, 2, 3 and 4 hours to test their degradative capacity. The
biological treatment efficiency was analyzed by visual examination, grazing light photography,
colorimetric and infrared (FTIR) spectroscopy measurements. According to noticeable changes
in FTIR spectra, indicating an alteration of the varnish structure, coupled with the presence of
bacteria on the surface, P. stutzeri, A. johnsonii and M. luteus are promising for bioremoval of
dammar varnish. In addition, naked-eye change assessment showed more intense changes by
Acinetobacter johnsonii.
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Introduction

Varnishes have historically been broadly applied in the artistic field to protect the layers
of polychromy after drying but also to give them aesthetic values such as brilliance, saturation
and depth [1]. Varnishes are applied on a painted surface as a liquid layer that, when it dries,
remains as a thin and transparent film, shiny and flexible, which provides luster and protection.
Their characteristics depend on the materials used, which can be natural or synthetic resins and
have varied in terms of compositional materials throughout history.

Dammar varnish on easel paintings (the object of this study) became common from the
mid-19" century onwards and was used as a varnish for paintings or varnishing artworks. This
varnish is widely used as a paint contact coating in multilayer varnishes and it is used for the final
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protection in conservation and restoration treatments of works generally dated before the middle
of the 19" century [2]. It is used due to its great compatibility with the pictorial material and for
respecting the synthetic varnishes used as surface coating [2].

Dammar is a resin, generally referring to a group of natural triterpenoid resins exuded
from the family Dipterocarpaceae trees [3]. Dammar resin and, in general, triterpenoid resins
have been extensively studied and analyzed through different instrumental techniques, but despite
this, the macromolecular components of which they are composed are not yet fully understood
[3]. Dammar resin generally comprises 62.5% polycadinene, the polymeric part often called resin
and 23% resin acids. This resin contains numerous triterpene derivatives, among which
dammardienol and hydroxydammarenone are the main ones; the primary acids are dammarenolic
acid, oleanolic acid and ursonic acid [3].

Over time, the Dammar varnish layer on easel paintings can suffer physical and chemical
degradation, causing discoloration and yellowing. This varnish degradation must be removed
because it alters the original artwork's perception and meaning (see e.g., [4]). Chemical products
are often used to remove the varnish layers, which are harmful not only to the restorer and the
environment but also to the artworks, as it is unknown what effect they will have over time.

Biotechnology represents an attractive and sustainable alternative to traditional cleaning
agents for conserving cultural heritage materials. In this sense, biorestoration uses enzymes and
live bacteria for bioconsolidation and biocleaning [5]. Enzymes have been used more than live
bacteria on paper, canvas and paintings for biocleaning treatments. The first applications of
enzymes in restoration interventions dated from the 1970s and were on paper artworks [5-7],
applying amylases and proteases (two classes of hydrolases) in gel form or by immersion to
remove organic glues or starch adhesives. Later, the use of enzymes was extended to polychrome
artworks, being mainly used to remove organic glues, starch adhesives, repaintings (with protein
and oil binders), drying oils and acrylic resins such as Paraloid B-72 (see, e.g., [8, 9]). In addition,
enzymes (mainly alpha-amylase and, to a lesser extent, protease) have been used to remove
animal glues and starch adhesives from ancient textiles (see e.g., [10-12]).

Biocleaning works with enzymes have hardly been carried out on easel paintings.
Amylases and proteases were used to remove glue residues of linings, lipases for removing oil-
resinous patinas on oil canvas paintings and protein and oil-based overpainting and proteolytic
enzymes to remove egg white residues [7]. A few studies have also been done on varnishes.
Gelled microbial protease has been used to remove an oil resin varnish from a 15th-century
tempera [9]. Bellucci and colleagues reported the elimination of aged Paraloid B-72 with lipase
(extracted from Candida cylindracea) from two artworks, a 15M-century tempera on panel and a
19%_century oil on canvas [8].

This paper presents an experimental preliminary approach to evaluate the potentiality of
four live bacteria (three isolated from an 18th-century oil on canvas painting and one widely used
in biocleaning studies) for the biocleaning of altered Dammar varnishes affecting easel paintings.
This first attempt represents a promising eco-friendly alternative for removing altered film-
forming agents affecting historical easel paintings, which should in the near future be investigated
and optimized further.

Experimental part
Materials
The 18%-century oil on canvas painting, “The Glorification of Saint Teresa of Jesus by

Christ and the Virgin, accompanied by founding saints,” School of José¢ Vergara (1726-1799),
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with altered and aged Dammar varnish, was used to isolate and select putative bacterial strains
with Dammar varnish biocleaning potential (Fig. 1). Three microsamples (M1, M2 and M3, of
an approximate size of 0.5x0.5mm) were taken with a sterilized scalpel from different areas of
the painting (Fig. 1) and placed in Eppendorf tubes to isolate the bacterial strains for the feasibility
trials. Eppendorf tubes contained M9 mineral medium (M9 broth (75.2g/L Na,HPO4.2H>0, 30g/L
KH,PO4, 5g/L NaCl, 5g/L NH4Cl) + MgSO4 (IM) + CaCl, (1M)) and Nutrient Broth (NB)
medium (2g/L yeast extract, 5g/L peptone, 5g/L sodium chloride). Both media were used
separately in triplicate for the experiments. Test tubes were incubated for 19 days at 28°C, after
which most showed turbidity. Then, to isolate the grown bacteria, 100 pL of each test tube were
plated in triplicate on Nutrient Agar (NA, NB plus 15g agar) Petri dishes and incubated at 28°C
for five days. At the end of this period, three morphologically different strains were isolated, one
from each of the samples (M1, M2 and M3) taken from the painting. Furthermore and for a
comparative purpose, Pseudomonas stutzeri CECT 930 was included in the trials, as it is widely
used in biocleaning, with good results on paintings (see, e.g., [13]).

Fig. 1. “The Glorification of Saint Teresa of Jesus by Christ and the Virgin, accompanied by founding saints,” School
of José Vergara (1726-1799). Three red circles indicate the sampling points (micro samples M1, M2 and M3)

To test the potential use of the four target bacteria as Dammar varnish removal agents,
Dammar varnish mook-ups were prepared by applying the varnish with a soft brush on regular
white ceramic tiles (15cmx15cm) because it is an inert and smooth support, which can also be
easily sterilized with alcohol and exposure to UV-C light for 30 minutes.

Methods

Identification of the three bacterial strains isolated by DNA sequencing

Genomic DNA was purified from cell cultures during the exponential growth phase to
identify the best-performing strains and stored on Whatman FTA™ Indicating Micro Cards for
bacterial isolates by STAB Vida Lda (Portugal). Fragments of the bacterial 16S rDNA gene
containing the variable regions V1 to V9 in bacterial samples were PCR amplified using
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previously described primers and reported PCR conditions [ 14]. Sequences were trimmed, edited
and checked against the GenBank database by BLAST search, which applied a similarity score
of > 99.0% to identify the microorganisms.

Screening assays: Adaptation and growth of the four bacteria with Dammar varnish

The three isolates of bacteria and Pseudomonas stutzeri CECT 930 were separately grown
with (and thus adapted to) Dammar varnish fragmented and sterilized, following the protocol
described by Sanmartin and Bosch-Roig [15] in test tubes of 40mL containing 150puL of
inoculated bacterial solution at a concentration of 1.0x10® colony-forming units (CFUs)/mL and
20mL of oligotrophic broth medium (M9 mineral medium or Nutrient Broth (NB) medium). Test
tubes were incubated at 28°C and checked after 3, 10, 17, 26 and 53 days for visually detectable
effects, such as turbidity (indicative of bacterial growth), color change and biofilm formation,
recorded at the same times as the CFUs were counted and pH measured. The experiments were
performed in quadruplicate. Also, five negative controls (without inoculum, i.e., bacterium) were
used for each combination to check the results obtained.

Biocleaning assays with the adapted microorganisms and assessment

Adapted bacteria were applied to Dammar varnish mook-ups prepared to test their
degradative capacity. One mock-up for each bacterium was divided into four parts corresponding
to the treatment times of 1, 2, 3 and 4 hours each and for each treatment time, there were four
replicates. In each replicate, 100uL of bacterial solution at a concentration of 1.0x10® colony-
forming units (CFUs)/mL was applied and then covered with a 1.8x1.8cm square of cold sterile
2% agar-agar. After each of the test times, a sterilized spatula and tweezers were used to remove
the agar. A final cleaning step was done on the surface with a swab and sterile water to remove
the bacterial remains completely.

Physical changes visible to the naked eye following biological treatment were evaluated
and photographed with a Nikon D300 digital camera. Hereafter, color changes were quantified
using a Minolta CM2600D colorimeter and the CIELAB color system [16], which represents each
color using three coordinates: L*, lightness of color, which varies from 0 (absolute black) to 100
(absolute white); a*, associated with changes in redness—greenness (positive a* is red and
negative a* is green) and b*, associated with changes in yellowness—blueness (positive b* is
yellow and negative b* is blue). Three color measurements (taking the coordinates L*, a* and
b*) were done on each replicate before and after the bacterial treatment. The total color difference
(AE*,,) was also calculated as follows: AE*,, = (AL*? + Aa*?+ Ab*?)"2 where AL* = L*; - L*;
Aa*= a*; - a*; and Ab*=b*; - b*), rdenotes the end of the experiment and ¢ denotes the beginning
of the experiment.

Physical and chemical changes in the Dammar varnish and the presence of the selected
bacteria were evaluated for infrared (FTIR) spectroscopy analysis. The ALPHA 1II
spectrophotometer and the OPUS spectra analysis software were used to monitor the changes in
the Dammar resin before and after using the four bacteria.

Results and discussion

Target bacteria isolated

From each of the three samples (M1, M2 and M3), a morphologically different colony was
isolated. The isolated colonies were successfully identified, revealing bacterial DNA sequences
that were identified as belonging to Microbacterium oxydans (100% similarity in nucleotide
identity with accessions MK942422.1) isolated from M1, Acinetobacter johnsonii (99.77%
similarity in nucleotide identity with accessions MN826586.1) isolated from M2 and
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Micrococcus luteus (99.85% similarity in nucleotide identity with accessions MN826453.1)
isolated from M3.

Microbacterium oxydans [17] is a gram-positive bacterium with a bacilli shape that does
not form spores or show motility and colonies show yellow pigmentation on nutrient agar. They
have aerobic metabolism and can hydrolyze gelatin and casein [18]. Studies have also reported
their use in treating heavy metal waste and for reusing the remains of brown seaweed [19].

Acinetobacter johnsonii is a gram-negative bacterium with a short bacilli shape in the
growth phase, becoming more colloid or spherical in the stationary phase. They are arranged in
pairs, chains or irregular groups and can vary in staining, size and arrangement. 4. johnsonii is
non-motile, does not form spores and is an obligate aerobic bacterium. It is widely distributed in
nature, with water and soil being their main ecological niches. Most strains do not reduce nitrates
to nitrites and use various organic compounds as a carbon source [20]. 4. johnsonii has been
described as a carbonatogenic bacterium commonly found in Mediterranean calcareous rocks and
can induce calcium carbonate precipitation in deteriorated stones [21, 22]. Also, in calcareous
cave walls, a close relationship between its metabolism and the calcification process has been
proven [22].

Micrococcus luteus is a gram-positive bacterium with a coccoid shape, yellowish pigment,
non-motility and obligate aerobic. It is widely distributed in nature, found in soil, dust, water, air
(commonly found on environmental monitoring plates) and even in mammalian skin and humans.
M. luteus is known to colonize textiles and has been isolated from historical objects, such as
bricks, wood, oil paintings, linen and papyrus masks (see, e.g., [23]). M. luteus has been identified
as a cause of biodeterioration in oil paintings [24, 25]. Gupta and colleagues [26] used a strain of
M. luteus for the degradation of high-density polyethylene (HDPE), obtaining promising results
given the bacteria's efficient biofilm-forming capacity and potential for degradation of this
material.

Lastly, the bacterium chosen because it is widely used in biocleaning, with good results
on paintings [13, 15], Pseudomonas stutzeri is a gram-negative bacterium, rod-shaped, that does
not form spores and is widely distributed in the environment.

Screening assay results of the four target bacteria are presented in Table 1. Only in the
Nutrient Broth (NB) medium and not in the M9 mineral medium, did the four bacteria start to
grow from the 3rd day of culture onward. They achieved high growth, an increase of turbidity
and biofilm formation from the 10th day of culture onward (Table 1 and Fig. 2).

Table 1. Screening assay results over a 53-day growth period. Sample code: D: Dammar varnish + P: Pseudomonas
stutzeri, M: Microbacterium oxydans, A: Acinetobacter johnsonii, ML: Micrococcus luteus + M9: mineral medium,
NB: Nutrient Broth medium. Result code: f= film of M9 salts, T: turbidity, B = biofilm formation - = absence of
bacterium, + = moderate bacterium growth (countable plate count colonies <300CFU ml™); ++ = high bacterium growth
(uncountable plate count colonies >300CFU ml™")

Incubation Period (days)

Sample 3 10 17 26 53
DPM9 -f -f -f -f -f
DMM9 -f -f -f -f -f
DAM9 -f -f -f -f -f
DMLM9 -f -f -f -f -f
DPNB +TB ++TB ++TB ++TB ++TB
DMNB +TB ++TB ++TB ++TB ++TB
DANB +TB ++TB ++TB ++TB ++TB
DMLNB +TB ++TB ++TB ++TB ++TB
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Pseudomonas stutzeri

I #

Microbacterium oxydans

Fig. 2. Test tubes with NB medium over 10-day and 53-day growth periods show the same appearance

Between the 3rd and 10th day, the pH increased from 6-7 to 7-8. None of the four bacteria
incubated in M9 was able to grow in 53 days, showing an absence of turbidity in all the replicas.
The only visually detectable effect throughout the experiment was an M9 broth salt film on the
Dammar resin fragments. The absence of bacterial growth and a salt film were also present in the
controls of M9 (without bacterium). No pH changes were recorded in the M9 tests.

Biocleaning tests evaluation

Figure 3 shows the visually detectable effects of the biological treatment, which were
observable by the naked eye, provoked by the four bacteria and compared with the control without
bacteria.

Micrococcus luteus Control (without bacterium)

Fig. 3. Dammar varnish samples after 4 hours of bacterial treatment
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Visible changes in pinhole formation occurred mainly in the resin treated with Acinetobacter
johnsonii, which led to a bigger size hole formation, suggesting the highest biodeterioration capacity.
Pseudomonas stutzeri and Micrococcus luteus also showed some, but minor, alteration, while
Microbacterium oxydans had a very similar result to the bacteria-free control.

Color measurements were carried out on the same samples to ensure no detectable color
change due to the effect of bacteria, as the aim is to eliminate the Dammar varnish but not to
introduce side effects. Table 2 shows the partial (AL*, Aa* and Ab*) and total (AE*y) color
differences. According to colorimetry criteria, a color difference between 0.73 and 1 CIELAB
units is an approximate threshold or just a noticeable difference (jnd), constituting the lower
perception limit in an individual with normal color vision [27]. Table 2 shows that very few
samples reach this minimum noticeable color change limit. In addition, the overall low value of
the color differences does not follow a logical pattern, with the color change sometimes being
greater after less than after more hours of treatment. These results indicate that the treatment
leaves no residue and does not alter the color, so it can be considered an innocuous treatment.

Table 2. Partial (AL*, Aa*, Ab*, CIELAB units) and total (AE*,,, CIELAB units) color differences after bacterial
treatment. Differences above the threshold of 0.73 CIELAB units are shown in bold and underlined

Time of application
1h | 2h | 3h [ 4h
Replica of the sampling point
1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4
AL* | 0.44|0.72 |1 0.33 | 0.44] 0.65]0.27 | 0.67 | 0.46 ] 0.520.43 [ 0.22 | 0.55] 0.12 {0.70 | 0.47 | 0.38
Aa* |-0.16|- 0.14|-0.14|-0.17]-0.15|-0.11|-0.17{-0.13]-0.21|-0.16{-0.20{-0.14]-0.11{-0.11{-0.10{-0.08

P. stutzeri
Ab* 10.01]-0.160.05{0.01|-0.12|-0.12{-0.14{-0.10}-0.08| 0.06 | 0.05 |{-0.08] 0.07 {-0.19{-0.07{-0.05
AE*,,]1 0.47] 0.75 [ 0.36|0.47] 0.68 {0.31]0.70 |0.4910.57 {0.46|0.30{0.57] 0.18 | 0.73 | 0.49 | 0.39
AL* ]0.30] 0.56 |0.28 {0.34] 0.34|0.73 {0.37 {0.45]0.85|0.47 {0.49|0.46] 0.14 | 0.31 | 0.53 |-0.04
Aa* ]-0.05|-0.07 |-0.06{-0.09]-0.06-0.06(-0.10{-0.12}-0.08|-0.09(-0.07|-0.09}-0.13 |-0.13|-0.10(-0.09
M. oxydans

Ab* ]10.06 |-0.12 |-0.09(-0.01] 0.00 |-0.15]| 0.06 |-0.03]-0.31{-0.02|-0.17{-0.04] 0.06 | 0.03 |-0.02| 0.10
AE*,,] 0.31]0.58 [0.30|0.35]0.34|0.75|0.39|0.46 ] 0.910.48 | 0.520.47] 0.20 | 0.34 | 0.54 | 0.14
AL* 10.26 | 0.46 |0.45|0.33]0.36|0.43|0.51{0.31]0.33{0.24 (0.47|0.27] 0.59 |-0.27| 0.50 |-0.06
Aa* |-0.11(-0.11]-0.12{-0.11}-0.11]-0.11{-0.10{-0.12}-0.11{-0.12{-0.11{-0.09]-0.10|-0.22|-0.04|-0.12
Ab* ]10.10 |-0.01 (-0.04| 0.00 |-0.04|-0.04|0.01 |-0.05]-0.05| 0.00 |-0.18|-0.05]-0.16| 0.65 |-0.39/-0.06
AE*;,] 0.30] 0.47 |0.47|0.34]0.38|0.45]0.52|0.33]0.35|0.27]0.520.29] 0.62 | 0.74 | 0.71 | 0.15
AL* 10.52| 0.28 | 0.56{0.64] 0.59{0.32|0.83 (0.57]0.94 (0.65|0.42|0.45] 0.42 | 0.30 | 0.50 | 0.29
Aa* 1-0.08(-0.10]-0.13|-0.11}-0.10]-0.10{-0.13{-0.05}-0.11{-0.12{-0.11{-0.12}-0.10|-0.11|-0.12|-0.12
Ab* ]-0.23(-0.06 |-0.09|-0.16]-0.17|-0.08|-0.09{-0.13}-0.21{ 0.01 {-0.17|-0.02]-0.02|-0.02|-0.09|-0.04
AE*;,] 0.58 1 0.30 [0.58 |0.67]0.62|0.35|0.84|0.59]0.97 | 0.66 | 0.46 | 0.47] 0.43 | 0.32|0.52|0.32

A. johnsonii

M. luteus

FTIR spectra of the Dammar varnish before (control) and after 1, 2, 3 and 4 hours of
bacterial treatment are shown in figure 4.
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Fig. 4. FTIR spectra of the dammar varnish samples. The arrows indicate the characteristic peaks of the dammar varnish
used to track bacterium-induced changes and the squares indicate bands associated with bacterium presence
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The spectrum of the dammar varnish shows an intense absorption band at 1713cm,
assigned to stretching vibrations of C=0 groups from aldehydes, ketones and carboxylic acids
[28], which decreased in intensity and a shoulder, which increased in intensity with increasing
the hours of treatment, at about 1730cm’! can also be observed in the spectra of Dammar varnishes
treated with Pseudomonas stutzeri, Acinetobacter johnsonii and Micrococcus luteus. These
changes are associated with a degradation of the resin. The structural degradation of dammar
resin was evidenced by the decrease of the bands at 1459 and 1379cm™!, which imply a reduction
of the C—H bending vibration modes of methyl and methylene species. The two bands at 1180
and 1154cm™ assigned to saturated C—C stretching vibrations decrease in intensity, suggesting
triterpenoid scissions during degradation. Bands near 2342 and 2360cm™, related to amino acids
and phosphorus compounds, such as the absorbance peak at 2358cm’! that illustrates the -C=N
stretching, are related to the presence of bacterial biofilm on the Dammar varnish sample.
According to the FTIR results, only three tested bacteria have potential biodegradation capacity,
leaving out Microbacterium oxydans.

Conclusions

Here, we conducted a feasibility study involving the search for live bacteria capable of
degrading Dammar varnish. The study constitutes a first approach to the biocleaning of Dammar
varnish with the use of microorganisms and a step forward towards extending the use of bacteria in
removing materials from works of art that have lost their properties, making their removal necessary.

The use of sustainable and non-toxic materials has been making its way in the field of
conservation and restoration of cultural property thanks to the awareness of restorers, not only in
terms of health but also in terms of all those residues that can affect the environment and the
artwork. The use of microorganisms is an option that needs further research on its possible uses
and a tool that can be valuable in the path towards more sustainable interventions, extending its
use increasingly also to organic artworks.

Based on the tests carried out and the results obtained, biocleaning could be effective in
the removal of Dammar varnish using Pseudomonas stutzeri, Acinetobacter johnsonii and
Micrococcus luteus, which led to alteration of the varnish structure and no appreciable color
change due to treatment with bacteria. In addition, the naked eye change assessment showed more
intense changes by Acinetobacter johnsonii, making it the one with the highest potential.
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