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ABSTRACT

This paper investigates the potential of clove (Eugenia caryophyllata) essential oil (C-EO) as a wood
protection system for use in cultural heritage conservation. The preventive and curative antifungal efficacy of
C-EO was compared to a boron containing wood preservative (Diffusit S) in two laboratory tests on Europe-
an beech (Fagus sylvatica) and Scots pine sapwood (Pinus sylvestris) mini-blocks. Non-sterile, air-infected
wood samples were employed in the first test, while wood samples with active attack, as result of inocula-
tion with three fungal strains isolated from cultural heritage sites, in the second test. Untreated controls and
C-EO-treated wood blocks were incubated up to 150 days to monitor and quantify fungal growth. The
experimental results showed antifungal efficacy of C-EO to be higher than that of the boron wood preservative
at the concentrations used. Concentrations of C-EO 5 % - 10 % in ethyl alcohol prevented mould growth for at
least 150 days, while a concentration of 10 % delayed or suppressed active attack by decay fungi. This effect,
determined up to 90 days of incubation, was dependant on the type of fungus.
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INTRODUCTION

Biodeterioration by fungi represents a major risk factor for wood cultural heritage (CH) (Sterflinger 2010,
Alfieri et al. 2016, Sabatini et al. 2018, Lee et al. 2018) in any situation when the moisture content in wood is
above the 20 % threshold (Brischke and Alfredsen 2020, Eaton and Hale 1993, Broda 2020). This may be the
case not only in outdoors but also in particular indoors situations when atmospheric relative humidity (RH)
cannot be controlled and maintained under 55 % RH, which is generally regarded as the threshold line for
fungal growth in museums (Sterflinger 2010). Such conditions are often present inside the monuments in open
air museums.
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A range of fungi are involved in wood colonisation and subsequent biodeterioration. Mould (Zygomycota
or Ascomycetes) and staining fungi (4scomycota and Deuteromycota) are usually the first colonisers; they
disfigure wood without affecting wood strength, though wood permeability might be increased (Eaton and
Hale 1993, Morris 2011, Lie ef al. 2019a, Lie et al. 2019b, Broda 2020). In contrast, wood-decay fungi be-
longing to three major groups: brown rot (Basidiomycota), white-rot (Basidiomycota) and soft-rot (4scomyco-
ta-fungi imperfecti) cause degradation of structural wood polymers via characteristic enzymatic and non-en-
zymatic processes, resulting in specific chemical changes and patterns of wood tissue degradation, visible at
microscopic and macroscopic levels, and can result in significant loss of strength (Eaton and Hale 1993, Morris
2011, Broda 2020, Pandey and Pitman 2003, Brischke et al. 2014, Fackler ef al. 2010, Fackler and Schwan-
ninger 2012). Disfigurement by moulds, which can also be a source of mycotoxins affecting human health,
and decay are a threat to wood cultural heritage (abbreviated CH) and have to be prevented or cured. The best
way of preventing fungal degradation of wood CH, whenever possible, is controlling the environmental condi-
tions to avoid wetting of wood (preventive or passive conservation), but, when this first option is not possible,
biocides are employed for preventive and /or curative treatments (active conservation) (Kakakhel ez al. 2019).

Advanced techniques and classical methods are currently widely employed to evaluate the diversity of
microbial / fungal communities responsible for CH biodeterioration (Sabatini et al. 2018, Lee et al. 2018,
Kim et al 2016, Adamiak et al. 2018, Zhang et al. 2019), while novel necessary developments look to al-
ternative biocides effective against this attack. These include green biocides from natural resources, such as
essential oils (EOs), (Kakakhel ez al. 2019), which have been recognised as potential eco-friendly alternatives
to conventional chemical preservatives due to their proven biocidal properties. Concerns related to conserva-
tors-restorers health (Varnai ef al. 2011) are in favour of employment of EOs in CH conservation, as chemical
treatments applied should be efficient while non-toxic and non-destructive (Stupar et al. 2014). Nevertheless,
potential toxicity and safety issues related to EOs have to be thoroughly analysed (Lis-Balchin 2006).

Worldwide research has focussed on the antifungal potential/efficiency of several EOs from different
vegetal resources, such as: clove (Eugenia caryophyllata), ajowan (Carum opticum), dill (Anethum graveo-
lens), Egyptian geranium (Pelargonium graveolens), lemongrass (Cymbopogon flexuosus), rosemary (Ros-
marinus officinalis), tea tree (Melaleuca alternifolia), thyme (Thymus zygis) birch (Betula pendula), lavender
(Lavandula angustifolia), oregano (Origanum vulgare), sweet flag (Acorus calamus), savory (Satureja hort-
ensis), sage (Salvia officinalis), against various types of fungi, including mould and decay fungi responsible
for wood biodegradation (Yang and Clausen 2007, Zyani et al. 2011, Panek et al. 2014, Xie et al. 2017, Bah-
mani and Schmidt 2018, Broda 2020). The antifungal activity of EOs against wood degrading fungi has been
associated to their complex chemical composition (Bakkali et al. 2008, Wang et al. 2005, Zhang et al. 2016),
mainly to some of their majoritarian components, such as: carvacrol, thymol, eugenol and cinnamalde-
hyde (Xie et al. 2017). Clove essential oil (C-EO) extracted from Eugenia caryophyllata is one of the EOs
showing potential for antifungal wood bioprotection due to its high content (67-78 %) in eugenol (Xie et
al. 2017, Borrego et al. 2012). The antifungal properties of C-EO has been demonstrated by different types
of tests, mostly screening tests on culture medium (Zyani et al. 2011, Panek et al. 2014, Xie et al. 2017,
Reinprecht et al. 2019, Borrego et al. 2012), and less frequently tests on wood samples (e.g. Panek ef al. 2014).
Different fungal strains, including white rot (e.g. Trametes hirsuta, Trametes versicolor, Thielavia hyalocarpa),
brown rot (e.g. Laetiporus sulphureus, Coniophora puteana, Cladosporium cladosporioides, Serpula lacry-
mans) and mould fungi (e.g. Aspergillus niger, Penicillium brevicompactum, Alternaria alternata, Chaetomi-
um globosum), were employed in these tests.

Potential of various EOs, including C-EO, for applications in CH conservation, such as stone monuments,
(Jeong et al. 2018), documentary heritage (Borrego et al. 2012, Pictrzaka et al. 2017), or textiles disinfection
(Matusiak et al. 2018), has been reported in literature. However, when looking at wood CH conservation,
literature references are rather scarce and they usually report on the efficiency of different EOs (including or
not C-EO) against fungal strains isolated from CH sites, determined in vitro via mycological screening tests on
culture media (Zyani et al. 2011, Stupar et al. 2014, Wu and Chou 2018).

Although screening tests on agar medium offer the advantage of a quick and simple method of
assessing the fungicidal potential of new products, there are also some limitations and controversy related to
their suitability for testing products for wood protection against decay fungi (Eaton and Hale 1993) and tests
on impregnated wood (e.g. mini-block) should be employed for validation. Also, testing in conditions relevant
for real applications is important.

Based on the literature reviewed in this paper, from 17 papers reporting antifungal efficiency of various
EOs, only four report on antifungal efficiency of EO applied to wood samples (Panek ef al. 2014, Reinprecht
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and Vidholdova 2017, Yang and Clausen 2007, Bahmani and Schmidt 2018) and even fewer considered in the
testing protocol the potential application of EOs for wood CH conservation with some specific particularities,
such as, for instance, natural air-borne fungal infection of wood (Bahmani and Schmidt 2018).

The present research aimed at testing the efficacy of C-EO in preventive and curative antifungal treatments
as necessary and applied in wood conservation practice, considering some particular aspects of this field:

- both preventive and curative treatments against fungal attack (moulds, decay) might be necessary de-
pending on the conservation state of the wood material and the environmental conditions it is exposed to;

- cultural heritage sites, as well as, conservation-restoration laboratories are likely to be rich in fungal spo-
res including those of wood colonising fungi, which may cause airborne infection of new/sound wood material
(Sterflinger 2010, Alfieri et al. 2016, Sabatini et al. 2018, Kim et al. 2016) and consequent risk of attack in
wet conditions;

- in restoration, new wood employed for repair of decayed parts or completion of missing ones will fre-
quently be in contact with viable spores or mycelium which under the right conditions may re-activate.

Accordingly, two types of mycological laboratory tests were designed and carried out, in order to compare
the efficacy of C-EO against a boron-based biocide, considered as reference in this research: (1) on un-decayed
(new) wood, naturally infected via airborne spores and (2) on wood part-decayed by rot fungi isolated from
CH. Both tests were based on a common principle: small samples of untreated (control) and treated wood
were employed as inoculum on a sterile culture medium and emerging fungal development was monitored and
evaluated.

MATERIALS AND METHODS
Materials

Clove (Eugenia caryophyllata) essential oil (C-EO), as a commercial product (100 %), available on the
Romanian market under the label of “Steaua Divina”, was employed in this research. It was diluted with ethyl
alcohol (96 %) at volumetric ratios of 5:100 and 10:100, resulting two treatment solutions, referred to as C-EO
5 % and C-EO 10 % in this paper.

In our comparison, the reference product was Diffusit S (Wolman product), a boron based wood preserva-
tive, currently employed in wood conservation practice. Diffusit S was diluted to 5 % and 10 % w/v in water,
concentrations which are commonly employed for preventive and curative treatments in wood conservation
practice.

Wood samples

Planed blocks of 20mm x 20mm x Smm on the longitudinal, radial and tangential directions, respectively,
were prepared of sound European beech (Fagus sylvatica) wood and Scots pine sapwood (Pinus sylvestris),
usually employed in biological tests as non-durable references. The samples were processed, then stored, in
the workshop and restoration laboratory atmosphere and were not sterilised before testing. Prior to treating and
testing, all samples were conditioned at 20 °C and 65 % RH in a Feutron climatic chamber to constant weight.

Methods
Laboratory test 1-preventive treatment of new, air-infected wood

This test focused on the efficiency of the tested products in preventing a fungal attack of new wood, con-
sidering its potential natural infection by airborne spores. Batches of 8 non-sterilised blocks of each wood
species were treated, by immersing them for 2 hours (at 20 °C) in either the C-EO or Diffusit S solutions at 5 %,
10 %, while 8 blocks of each wood species were kept untreated as controls. Solutions uptakes for blocks were
calculated by determination of difference in weight before and immediately after treatment. The samples were
then re-conditioned in the climatic chamber until they reached a constant weight. Forty Petri dishes containing
sterile malt extract/agar-agar culture medium (MEAA: 40 g malt extracts ROTH and 20 g agar-agar ROTH for
1 litre distilled water) were prepared. Two test samples were placed directly on the media in each Petri dish,
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resulting 4 Petri dishes for each variant. Immediately after placing the samples, the dishes were sealed with
parafilm and incubated in a Climacell chamber at 22 °C and 70 % RH. The microbial colonisation of blocks
was examined after 50, 73, 100, 118, 142 and 150 days. After this period, the blocks were removed, cleaned of
mycelium, sterilised and reconditioned.

Laboratory test 2-curative treatment of decayed wood

This test focused on the efficiency of the tested products in curative treatments against active attack by
decay fungi. Decayed samples were prepared by inoculating blocks with three decay fungal strains from CH
sites. These were previously isolated from degraded wood from historic buildings in Brasov old town or old
furniture pieces, which presented clear macroscopic evidence of degradation by decay fungi. Isolation was
achieved by the classical cultivation method on (MEA) culture medium, often applied for studying fungi
from cultural heritage (e.g. Sterflinger 2010, Lee et al. 2018, Kim et al. 2016, Zhang et al. 2019, Stupar et al.
2014). The isolated fungi were coded FC1-W, FC1-B and S-W, considering the source of the degraded wood
employed as inoculum for fungal isolation and some visible differentiating features of the mycelium growth
during the isolation procedure by sub-culturing (Zhang et al. 2019, Alborés et al. 2018, Al-Jaradi et al. 2018).

Un-decayed European beech (Fagus sylvatica) and Scots pine sapwood (Pinus sylvestris) blocks (of di-
mensions described in the materials section) were exposed to the three fungal strains (2-3 blocks/species/
fungal strain) in Petri dishes (prepared with sterile MEAA culture medium), which were centrally inoculated
with one of the strains. The Petri dishes were incubated for 140 days at 22 °C and 70 % RH. After this period,
the samples were removed and the fungal mycelium removed from the block surfaces.

After this step, one block of each wood species/fungal strain was kept as a degraded untreated control,
while the others were sectioned into 2 or 3 smaller pieces for curative treatments with C-EO or Diffusit S
solutions. Treatment was by total immersion of the decayed wood samples for 30 minutes at room temperature
in the respective solutions (C-EO 10 %, Diffusit S 10 %). After removing the excess of the treating solution
with blotting paper the samples were placed on freshly prepared, sterile MEAA culture medium (one sample/
dish) and re-incubated. For each wood species/fungal strain were prepared one control sample (degraded, not
treated), two degraded samples treated with C-EO and two degraded samples treated with Diffusit S. The effi-
ciency of the treatments applied was evaluated by monitoring fungal development after 7, 42 and 90 days. The
samples were then removed, cleaned of mycelium, sterilised by heating and re-conditioned.

FTIR analyses (not presented in this paper) performed on the decayed controls following inoculation
with the three isolated strains (FC1-B, FC1-W, S-W) and incubation highlighted chemical changes in wood
structure affecting the main wood components. Based on the specific chemical changes revealed by FTIR, in
accordance to literature (Pandey and Pitman 2003), it was concluded that the three strains were most likely Ba-
sidiomycete decay fungi as follows: FC1-B and FC1-W brown-rot fungi and S-W a selective white-rot fungus.

Digital quantification of fungal development and indices calculation
A digital method to quantify the area of mycelium growth, based on ImageJ software (ImageJ] databa-
ses, 2020) was developed and applied. The area covered by the mycelium was evaluated in relation to the

whole area of the plate (Petri dish). A quantitative percentage indicator of fungal development, named fungal
coverage area (FCA, %), was calculated as follows (Equation 1):

FCA =100><i (%) (1)
4,

where: A _—area covered by the mycelium; A — whole area of the plate (Petri dish)
Based on the FCA values, absolute and relative indices of reduction of fungal development (IRD, %) were

calculated to highlight and compare the antifungal activity of the tested products (C-EO and the reference pro-
duct), similarly to a previous publication of the authors (Pop et al. 2020) (Equation 2):
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IRD —abs =100 x FCA

FC4

control

— F C14Treated (2)

Where: FCA . FCA _  —represent the calculated fungal coverage area values for the untreated control
samples and, respectively, the treated samples (Equation 3).

FCA —FCA
IRD —rel =100 x ’4;;2 CE-0 G)

reference

Where: FCA ., FCA_ ., —represent the calculated fungal coverage area values for the samples treated
with the reference product and, respectively, the samples treated with C-EO.

RESULTS AND DISCUSSION

Laboratory test 1- preventive treatment of new, air-infected wood

The results of this test are illustrated in Figure 1 (European beech) and Figure 2 (Scots pine), which
compare images and FCA values of fungal development on untreated controls and the corresponding samples
treated with Diffusit S and C-EO (solutions of 5 and 10% concentration).

Fungal growth, most likely moulds, on the control European beech and Scots pine sapwood blocks was
evident after one week’s incubation and evolved rapidly over time. A diversity of fungi covered the plates
(FCA=100 %) after 50 days for both European beech (Figure 1) and Scots pine (Figure 2). The types of fungi
colonising plates differed for beech and pine blocks. This could be explained by the processing of blocks at
different times. Also, some blue stain might have been present on the Scots pine sapwood samples and par-
ticularities in the susceptibility of different wood species to various fungi, both moulds and decay fungi, have
to be considered (Eaton and Hale 1993, Morris 2011, Lie ef al. 2019a, Lie et al. 2019b, Brischke et al. 2014,
Reinprecht 2010).

This test on new wood samples demonstrated that viable fungal spores were present in the environment the
blocks were processed and stored causing their natural air-infection. To prevent fungal growth it is important
wood does not wet up and exceed 20 % moisture content (MC) (Brischke and Alfredsen 2020), but when this
condition can not be ensured preventive antifungal treatments should be considered.

These results are supported by literature data on the large variety and variability of airborne fungi in
cultural heritage sites and the influence of air circulation, environmental factors, climatic conditions and sea-
sons on the fungal community (Kim ef al. 2016). Several studies on contamination of wood artworks from
museums or other environments and evaluation of the microbial communities involved clearly showed the
role of fungi in wood degradation and their great diversity (Sabatini et al. 2018, Zhang et al. 2019). Moreover,
characteristic succession patterns or interactions and competition aspects should be considered in a dynamic
process of wood fungal colonisation and degradation (Alfieri ef al. 2016, Morris 2011, Jonsson et al. 2008,
Ottosson et al. 2014, Hiscox et al. 2018, Ujor et al. 2018). Moulds grow very fast compared to wood decay
fungi on MEA and it is very likely that this was more or less a test of mould inhibition (i.e. the mould could
have outcompeated any basidiomycetes present). The aspect of the control samples after the test, with quite
intense black surface discolouration but no other indication of degradation, support the idea that only mould
fungi were activated in this test. This was confirmed by FTIR investigation of the control samples (not pre-
sented in this paper): proteins absorption bands associated to the fungal cellular content were present on the
discoloured wood surfaces, whilst no chemical changes could be detected on their cleaned subsurfaces, which
means that no decay fungi were active.

The treatment with the reference product Diffusit S, showed a different influence on the two wood species



regardless of the concentration. In the case of European beech wood (Figure 1), fungal development was de-
layed for 2 weeks, though by 50 days the level of colonisation was similar to untreated blocks. In the case of
Scots pine sapwood (Figure 2) the situation was different with no fungal development even at 150 days. This
could be explained by differences in absorption between species, this being 255 kg/m® - 330 kg/m?® for Scots
pine sapwood and 190 kg/m?® - 216 kg/m? for European beech. Higher uptakes were found using solutions at
5 % concentration. Differences in the fungal communities developed on the two types of wood species and in
their resistance / sensitivity to the boron-based preservative employed should also be considered. Literature
indicates that boron compounds act primarily as inhibitors of enzymatic processes and fungal growth and that
they act more as fungistatics rather than fungicides (Eaton and Hale 1993). Moreover, their antifungal effi-
ciency depends on the type of fungi: boron compounds are more effective against wood decaying fungi than
against moulds (Reinprecht 2010).

C-EO solutions seemed more efficient though differences were observed between the species. In the case
of European beech fungal development was observed, on one plate from 4 replicates for C-EO 5 %, resulting
an average FCA of 23,2 %, after 140 days of incubation. In the case of Scots pine sapwood, the treatment
with C-EO 5 % was very efficient, without any sign of fungal growth throughout the test (150 days). When
C-EO was employed at 10 % concentration, the treatment was effective for both European beech and Scots
pine sapwood, without any fungal development (FCA=0 %). In the treatment with C-EO the absorption of
solutions ranged from 155-165 kg/m? for Scots pine sapwood, and 206 kg/m? - 209 kg/m® for European beech
wood, which were lower, at least in the case of Scots pine sapwood, than for the Diffusit solutions. The effica-
cy of C-EO in preventing mould growth on wood was also demonstrated by previous studies (Reinprecht and
Vidholdova 2017, Panek et al. 2014).

Incubation

Control

g

Diffusit S 5%

3

g

European beech (Fagus sylvatica)
CEO5%

Diffusit $ 10 %

g

C-E010%

FCA 0% 0% 0%

Figure 1: Lab test 1- European beech wood (Fagus sylvatica): influence of Diffusit S and C-EO solutions
(5, 10 %) on fungal development after 50, 100 and 150 days incubation, as a result of natural/incidental infec-
tion of new sound wood in laboratory conditions; calculated fungal coverage area values (FCA, %) included.
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Figure 2: Lab test 1- Scots pine (Pinus sylvestris) sapwood: influence of Diffusit S and C-EO solutions (5 %)
on fungal development after 50, 100 and 150 days incubation, as result of natural/incidental infection of new
sound wood in laboratory conditions; calculated fungal coverage area values (FCA, %) included.

Data for European beech blocks suggests that C-EO was more efficient than Diffusit S in preventing
growth of airborne mould fungi at retentions used. Alcoholic solutions of C-EO (5 % - 10 %) should be em-
ployed for this purpose, in accordance to the risk of fungal infestation, the environmental conditions and the
natural durability of the wood species. However, more research is needed to validate these results, including
some ageing tests.

Laboratory test 2-treatment against active attack by decay fungi

The results of this test are illustrated in Figure 3, Figure 4 and Figure 5, which compare images and
FCA values of fungal development on untreated decayed controls and the corresponding samples treated with
Diffusit S and C-EO (solution of 10 % concentration). The decayed control samples were prepared in the lab
(section 2.2.2), by employing three decay fungal strains: FC1-W (brown-rot), FC1-B (brown-rot), S-W (selec-
tive white-rot) isolated from cultural heritage.

For all decayed control samples (Figure 3, Figure 5), fungal growth was evident after 7 days of incubation
for both European beech and Scots pine sapwood blocks, more advanced in the case of the white-rot fungal
strain 3 (S-W), which appeared to be faster growing, especially on European beech. This might be explained
by the preference of white—rots for hardwoods compared to softwoods. The calculated FCA values after 7 days
of incubation were maximum for the fungal strain 3 (S-W): 84 % for European beech, respectively 52,6 % for
Scots pine sapwood and minimum for brown-rot fungal strain 2 (FC1-B): 41,4 % for European beech, respec-
tively 40,7 % for Scots pine. In the case of brown-rot fungal strain 1 (FC1-W) the FCA values were 60,1 % for
European beech and 51,8 % for Scots pine. The surfaces of all control plates were almost completely covered
with mycelium by day 42 (FCA 94,7-100 %). All these demonstrated an active fungal attack.

The treatment with Diffusit S (10 %) delayed the fungal growth, but did not stop it. It had minimum effect

on the white-rot fungal strain 3 (S-W), for which limited fungal growth was evident for the treated European
beech (FCA 9,9 %) and Scots pine sapwood (FCA 7,0 %) samples after 7 days of incubation (Figure 5). For



the two brown-rot strains (FC1-W, FC1-B) fungal growth started later (Figure 3, Figure 5), but evolved rapidly,
the mycelium covering the whole plates after 42 days of incubation (FCA 97 % - 100 %), similar to the control
samples.

In contrast, the treatment with C-EO (10 %) seemed to be effective as a curative treatment against the
brown-rot strain 2 (FC1-B) for both European beech wood and Scots pine sapwood, suppressing fungal growth
for the entire testing period of 90 days (Figure 4). However, the treatment was only partially efficient in the
case of the brown-rot strain 1 (FC1-W), for which no fungal growth was registered or Scots pine, but some
fungal growth was registered for European beech (on 1 of 2 replicates) (Figure 3). The corresponding mean
FCA values for FC1-W on C-EO treated European beech samples were 27,3 % after 42 days of incubation and
50 % after 90 days.

Incubation time

Control

2

60,1% 100% 100%

2

European beech (Fagus sylvatica)
Diffusit S 10 %

C-EO10%

2

Fungal strain 1—- FC1-W

Control

2

51,8% 100% 100%

Diffusit S 10 %

2

0% 100% 100%

Scots pine sapwood (Pinus sylvestris)

C-E010 %

FCA 0% 0% 0%

Figure 3: Lab test 2-Comparative efficiency of Diffusit S and C-EO solutions (10 %) in suppressing active
decay of European beech and Scots pine sapwood, following controlled infection with the brown-rot fungal
strain 1 (FC1-W): evolution of fungal development after 7, 42 and 90 days of incubation; fungal coverage
area values (FCA, %) included;

Note: combined pictures with different upper and bottom halves indicate a different behaviour of the two replicates;
FCA values are averages for the two replicates.
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Figure 4: Lab test 2-Comparative efficiency of Diffusit S and C-EO solutions (10 %) in suppressing active
decay of European beech and Scots pine sapwood, degraded following controlled infection with the brown-rot
fungal strain 2 (FC1-B): evolution of fungal development after 7, 42 and 90 days of incubation; calculated
fungal coverage area values (FCA, %) included;
Note: combined pictures with different upper and bottom halves indicate a different behaviour of the two replicates;
FCA values are averages for the two replicates.
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Figure 5: Lab test 2-Comparative efficiency of Diffusit S and C-EO solutions (10 %) in suppressing active
decay of European beech and Scots pine sapwood, degraded following controlled infection with the selective
white-rot fungal strain 3 (S-W): evolution of fungal development after 7, 42 and 90 days of incubation; calcu-
lated fungal coverage area values (FCA, %) included;
Note: combined pictures with different upper and bottom halves indicate a different behaviour of the two replicates;
FCA values are averages for the two replicates.

In the case of the selective white-rot fungal strain 3 (S-W) the treatment with C-EO could not suppress the
fungal attack for none of the two wood species but induced a delay (no fungal growth after 7 days) and then
a slower fungal development (Figure 5). European beech wood was more sensitive than Scots pine sapwood
to this fungal attack, so that after 42 days of incubation mean FCA values of 23,4 % were determined for Eu-
ropean beech compared to 11,9 % for Scots pine sapwood and those values evolved to 63,3 % and 40,65 %,
respectively, after 90 days of incubation. These results are not surprising considering the preference of white-
rot fungi for hardwoods compared to softwoods (Eaton and Hale 1993, Morris 2011). Also, a reduced efficien-
cy of C-EO against white-rot fungi compared to brown-rots has been previously reported (e.g. Broda 2020,
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Panek et al. 2014, Voda et al. 2003). This can be explained considering that white rot fungi have enzymes
capable of degrading the complex poly-phenolic structure of lignin, while the main antifungal active ingredient
of C-EO, eugenol, is also a phenol. However, for both wood species, the mycelium development for this fungal
strain indicated a slower attack for the samples treated with C-EO compared to those treated with Diffusit S,
and a clear differentiation when compared to the untreated controls (FCA 94,7 % - 97,0 % after 42 days).

Concluding, all these aspects indicated a positive effect of C-EO as curative treatment for decayed wood
with active fungal attack, with an improved efficiency compared to the reference product Diffusit S. However,
the efficiency of the applied treatments with both products (C-EO and Diffusit) depended on the type of decay
fungus and was influenced by the wood species, so that extended research is still further needed.

Also, it has to be mentioned that in some cases (illustrated by combined pictures in Figure 3, Figure 4
and Figure 5) the emerging fungal growth for the two replicates of a certain type were quite different (e.g. no
growth in one replica and significant growth in the other replica). Accordingly, the meaning of the average
FCA values, resulting from two samples with a different behaviour, should be considered with care and, cer-
tainly, more replicates should be considered in further research to get more relevant results. However, such
variability in fungal growth should not be considered as a total surprise, as wood fungal attack and degradation
is not an uniform process. For instance, it was proved by microspectroscopy studies that the "apparent slow
and asynchronous growth of hyphae in lignocellulosic substrates leads to uneven decay caused by brown rot
and white rot fungi even in adjacent wood cells" (Fackler and Schwanninger 2012). Accordingly, it could be
considered a non-uniformous decay of the samples prepared in lab conditions by inoculation with the three
strains isolated from CH sites and possibly some variability in the absorption of treating solutions between the
two replicates.

Comparative efficiency of C-EO versus diffusit S and final discussions

To better highlight the antifungal efficiency of C-EO in comparison with Diffusit S, the calculated
percentage indices of reduction of fungal development (IRD - defined in section 2.2.3) were plotted in Figure
6 for the lab test 2 with the three decay fungal strains isolated from cultural heritage).

IRD-abs compares treated wood with untreated control, so that any positive value indicates an antifun-
gal activity, higher values counting for improved efficiency, while a maximum value of 100 % means a total
inhibition/stopping of fungal development. IRD-rel compares the antifungal effects of treatments with C-EO
and Diffusit S as reference, so that a null value means similar activity, any positive value indicates a higher
antifungal activity of C-EO, the higher the value the better, while a maximum value of 100 % means that C-EO
totally inhibited/stopped the fungal growth.

In this respect, the column graphs and data values (IRD-abs) in Figure 6a, Figure 6b highlight an improved
efficiency of C-EO compared to Diffusit S in treatments against active decay by the three fungal strains isolated
from CH, as well as some differences in efficiency related to the type of fungus and wood species. The non-null
IRD-rel values (Figure 6¢) varied in the range of 35-100 %, being influenced by the fungal strain (maximum
for the brown rot FC1-B and minimum for the selective white rot S-W) and the wood species (higher for Scots
pine sapwood compared to European beech), especially when considering the fungal strain FC1-W (brown
rot).
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Figure 6: Comparative efficiency of C-EO versus Diffusit S (solutions 10 %) in suppressing active decay by

three fungal strains (FC1-W, FC1-B, S-W) isolated from CH (Lab test 2), revealed by the calculated indices

of reduction of fungal development: a. IRD-abs for C-EO and Diffusit on European beech wood; b. IRD-abs

for C-EO and Diffusit on Scots pine sapwood; ¢. IRD-rel C-EO compared to Diffusit for European beech and
Scots pine sapwood.

CONCLUSIONS

Biodegradation by mould and decay fungi represents a major risk factor for wood cultural heritage in con-
ditions of high humidity or risk of direct wetting, as for instance in open-air museums.

This research highlighted the potential of clove (Eugenia caryophyllata) essential oil (C-EQO) as an alter-
native antifungal protectant system against moulds and decay fungi for preventive and curative treatments in
active conservation of wood artefacts, exposed at risk in unfavourable indoors conditions.
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This resulted from novel dedicated tests on two different types of wood material: (i) new air-infected
wood, (ii) wood degraded by controlled infection with three decay fungal strains isolated from cultural heritage
sites. These substrates varied in terms of chemical composition as result of decay, with potential influence on
their susceptibility to colonisation and decay, or to further biodegradation, as in real conservation practice.

In all these tests, C-EO showed a higher efficiency than a classical boron-based biocide product (Diffusit
S), currently employed in the practice of wood conservation and considered as reference in this research.

Based on the current results, alcoholic C-EO solutions of 5 % - 10 % concentration are efficient for pre-
ventive treatments against air-borne moulds, while C-EO solutions of 10 % can suppress or delay active attack
by decay fungi.

The concentration, application methods and application rates of the C-EO wood protection system should
be correlated with the risk and/or aggressiveness of the fungal attack, type of fungi, wood species and further
treatments in the conservation schedule.

Alongside efficiency, employment of C-EO in wood conservation practice as an alternative to classical
biocide products could offer the advantages of a more eco-sustainable approach and a lower toxicity for the
conservators and restorers, but further dedicated research is needed in this area, as well as a thorough evalua-
tion of the complex compatibility issues.
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