Wood Science and Technology (2025) 59:12
https://doi.org/10.1007/500226-024-01614-6

ORIGINAL

™

Check for
updates

Evaluation of the antifungal efficiency of coatings on wood

Olena Myronycheva' - Injeong Kim' - Olov Karlsson' - Liudmyla Kiurcheva? -
Peter Jacobsson® - Dick Sandberg*®

Received: 16 May 2024 / Accepted: 30 September 2024
© The Author(s) 2024

Abstract

Wood is an important construction material, but a significant problem hindering its
widespread use is susceptibility to biodeterioration and biodegradation. To protect
wood against degradation, a surface coating can be used, and it is important to be
able to predict the ability of the coating to prevent fungal growth. The currently
available standard method to determine the antifungal efficiency of a coating has
two weaknesses, viz. no evaluation of the moisture content in the wood material,
and no possibility to study antifungal effect of the coating towards an individual fun-
gus. A new quantitative method of determining the antifungal efficiency of coatings
is therefore proposed, where a coating is applied to wood and exposed to an individ-
ual fungus in a Petri dish. Six commercial water-based coatings containing synthetic
biocides were studied on filter paper (EN 15457) and with the new test method on
wood blocks. The results show the importance of studying the antifungal efficiency
of a coating using individual fungi instead of a mixture of fungi, since individual
fungi interact differently with a given biocide in the coating. The moisture content
of the wood substrate during the test was affected by how the fungus was established
on the coating. This new test approach shows promise in screening the antifungal
efficiency of wood coatings containing preservative substances applied to wood
material surfaces.
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Introduction

The United Nations initiative, “Sustainable Wood for a Sustainable World”, advo-
cates monitoring the life cycle of harvested wood, especially taking into consid-
eration the role of wood-based building materials in the transition to a circular
economy (FAO 2020). New testing methods and holistic approaches are required
to study biodeterioration and biodegradation (Kutnik et al. 2014).

Wood-based building materials are construction materials with moderate car-
bon dioxide footprints (Hammond and Jones 2008), but untreated wood is sus-
ceptible to biodeterioration and biodegradation, particularly in environments
that lead to elevated moisture contents in the wood material (Niemz et al. 2023).
Mould and sporulating fungi in timber constructions can lead to respiratory dis-
eases and detoxification of treated wood and this risk is exacerbated by high rela-
tive humidity, which can lead not only to moist wood-based materials but their
further degradation by rot fungi and a reduction in the mechanical strength of the
material (Rowell 2005; Zabel and Morrell 2020).

The prohibition of toxic chemicals and other biocidal products means that the
wood industry must search for active substances with no or low environmental
impact and a high efficiency against airborne fungi in above-ground constructions
(US EPA 2015). One way to protect wood against degradation is by applying a
protective surface coating (Sandberg et al. 2021). The moisture-barrier proper-
ties of the coating are, however, crucial, and these depend on the composition
and thickness of the coating layer, as well as on the age and general condition
of the coating (Copak et al. 2023). The ability of the coating to resist moisture
and water may also influence its performance against microbial and fungal attack
(Karlsson et al. 2022, Buck et al. 2023).

There are different standard methods to test the susceptibility of material to
mold fungi. The EN 113 is used for testing preservatives in wooden blocks’ effi-
ciency against rot/basidiomycetous fungi, and mass loss is used for assessment
(SS-EN 113 1996). Some tests already exist for assessing contaminated mate-
rial, such as ISO 16000-21:2015 (SS-ISO 16000-21:2015 2015), or for generally
describing procedures for artificially produced material and their resistance to
mould fungi during environmental testing (SS-EN ISO 846:2019 2019; SIST EN
60068-2-10:2005/A1: 2018). The main standards used to evaluate mould growth
include the British standard for paint resistance BS 3900 (BS 3900-G6:1989
1989), the American standard for unseasoned wood ASTM D4445 (ASTM
D4445-10 2019) and an international standard for plastics ISO 16869 (SS-ISO
16869:2011 2011), where spore suspensions of different fungi are used as an
inoculation. Both the British and ISO standards apply the adhesion methods and
mixtures of fungi, but vary by using a box or agar plate as the test environment.
Imken (Imken et al. 2020) studied both the British and ISO methods and found a
poor correlation between them. As stated, this might be due to nutrients available
in agar, or that it is difficult to evaluate the effect of one fungus since those fungi
that use dry adhesion methods do not have a chance to propagate (Myronycheva
et al. 2019).
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The wet adhesion method is also used in the standard EN 15457 (CEN 2014a)
standard method for evaluating the antifungal efficiency of a coating, which
involves applying a coating to filter paper and exposing it to a mixture of dif-
ferent fungal spores. American and European standard methods assess the effi-
ciency of active (biocidal or biostatic) substances applied to wood with the aid of
a stereomicroscope as is the case with ASTM D3273 (ASTM 2021) or by rating
the quantity and size of defects (CEN 2014b, 2016). The ASTM D7855 stand-
ard (ASTM 2013) employs the dry adhesion of several fungi, as shown in Fig. 1,
whilst EN 152 (CEN 2011) employs the wet adhesion of several fungi. These
two methods are often difficult to compare due to physiological differences in
fungal spore germination in the absence or presence of moisture (Myronycheva
et al. 2019). The fungal growth is quantified by counting colony-forming units
(CFU) per gram of material in the ASTM D6329 standard (ASTM 2015) but this
requires a special microbiological experience and access to a microbiological lab-
oratory, and the moisture content of the wood material is determined only at the
specimen-preparation stage, although the moisture content of the wood substrate
varies depending on the type of coating and on the method of fungal inoculation
(Myronycheva et al. 2019). Another factor affecting the evaluation of antifungal
efficiency is the significant differences in fungal species on wooden surfaces in
different geographical regions (Poohphajai et al. 2023). Additional complexity
is that in microbial collections, fungal cultures stored for many years may lack
information about their geographical origin (Gu 2016), whilst most published
antifungal efficiency data relate to a mixture of fungi, with little information
about the dominant isolates or strain physiology and little information about what
kind of material and the geographical regions in which products were in service

A) CURRENT TESTING METHODS

‘Specimens dipped or sprayed by fungi Specimens without fungi
TA0XW40xL110 mm T30xW50xL100
- large wood specimens
- mixture of fungi
Petri dish - staff might be exposed to fungi during evaluation
:"'“:;::'9' = — L - requires big space in the laboratory for the test run
I [ ] medin > C D) - no moisture check of the wood material
Water
Direct method of fungal inoculation Indirect method of fungal inoculation
f
Test climate chamber
fungalinoculum B) PROPOSED TESTING METHOD

coated specimen - \
/

non-coatedspecimen - small wood specimens (T5xW15xL25 mm)
- individual fungi isolated from wood material
- evaluation through the transparent lid of the Petri dish
- requires a small testing place
/ - moisture of wood material determined after the test

Petri dish @ 90mm with nutrientmedia

Fig. 1 Methods for the evaluation of antifungal efficiency of coatings applied on wood blocks: a the EN
152 (CEN 2011) standard test method for wet adhesion (direct method of inoculation) and the ASTM
D7855 (ASTM 2013) standard test method for dry adhesion (indirect method of inoculation) where sev-
eral fungi are applied simultaneously on the specimens, and b the suggested new method
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(Gu 2016). Furthermore, the tests do not usually provide an in-depth understand-
ing of fungal reactions in the tested substances (Eriksson et al. 1990).

To overcome the shortcomings of existing standardised methods for determining
the antifungal efficiency of coatings, a new quantitative approach is proposed and
evaluated in this study. The proposed testing procedure is shown in Fig. 1.

The proposed new method seeks to evaluate the antifungal efficiency of a coating
applied on a wooden surface and to quantify the antifungal efficiency of the coating,
providing information (1) on the geographical origin of the fungus, (2) on the inhibi-
tion effect of the coating with any synergistic fungicidal effects, and (3) on eventual
changes in the moisture content of the specimen at the end of the test.

The suggested method quantifies how the surface coating responds to individ-
ual fungi, assesses the effect of the coating on fungal proliferation, and extends the
understanding of the protecting properties of the coating on wood-based materials.

Materials and methods

Two different tests were performed: (1) an antifungal-efficiency test with a coating
applied on filter paper and (2) an antifungal-efficiency test with a coating applied on
wooden blocks.

Antifungal-efficiency test on filter paper

The test was carried out according to the EN 15457 standard (CEN 2014a) by apply-
ing the coating to a filter paper with a brush, allowing it to dry in air ambient condi-
tions (approx. 20 °C, 50% RH) and placing it on a sterile nutrient agar medium in a
Petri dish. About 1 ml of a suspension of fungi was added to each coated paper and
spread over the paper with a Drigalski spatula. The Petri dish was incubated for two
months at a temperature of 24 °C and 90% relative humidity (RH).

The EN 15457 test was modified using natural fungal isolates from wooden mate-
rial tested in indoor and outdoor conditions in the region of Visterbotten, Sweden
(Sehlstedt-Persson et al. 2011; Ahmed et al. 2013a, 2013c, 2013b). The fungi are
stored in malt-agar stocks at+4°C in the fungal collection at the Wood Science and
Engineering Division, Luled University of Technology, Campus Skelleftea, Sweden.
The fungi were identified using an internal transcribed spacer (ITS) of ribosomal
RNA (Schoch et al. 2012). The fungal species and their abbreviations are listed in
Table 1

The selection of fungi was done as recommended in the EN 15457 standard:
two fungi more likely to grow in an exterior environment—Sydowia sp. and Cla-
dosporium sp.; two fungi more likely to grow in an interior environment—Asper-
gillus sp. and Talaromyces sp.; and soft rot—Trichoderma sp. (Lundell et al. 2014).

The fungal growth on the coated filter-paper surface was examined with an opti-
cal microscope and the growth was classified as: (1) no growth, (2) intermediate
growth, i.e. 10—50% of the paper surface area covered by fungus, and (3) strong
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Table 1 Fungi used in the study

Name of the fungus Abbreviation
Sydowia polyspora (Bref. & Tavel) E. Miill. 1953 Sydowia sp.
Aspergillus niger van Tieghem 1867 Aspergillus sp.

Talaromyces radicus (A.D. Hocking & Whitelaw) Samson, Yilmaz, Frisvad & Seifert Talaromyces sp.
2011

Cladosporium funiculosum W. Yamamoto, 1959 Cladosporium sp.
Trichoderma viridescens (A.S. Horn & H.S. Williamson) Jaklitsch & Samuels, 2006 ~ Trichoderma sp.

growth, more than 50% covered. The active chemical substances in the coatings
tested and their code letters are listed in Table 2. All the coatings were water-borne.

Antifungal efficiency test with a coating applied on wooden blocks

Nine pieces of industrially kiln-dried sawn timber of Scots pine (Pinus sylvestris L.)
and Norway spruce (Picea abies (L.) Karst.) were randomly selected from a sawmill
in Northern Sweden (slow-grown forest material). In the case of the pine, sapwood
and heartwood were separated, and specimens 25 mm (radial) X 15 mm (longitudi-
nal) X5 mm (tangential) in size were prepared with a sawn surface. In the case of
spruce, it was not possible to prepare specimens of sufficient size consisting only of
sapwood and only heartwood specimens. The specimens were without defects and
natural features such as knots. In total, 450 specimens were prepared.

From each of the nine pieces of sawn timber, ten samples were cut to determine
the moisture content gravimetrically for heartwood and sapwood separately. The
moisture contents of the specimens are presented in assumed to be an approxima-
tion of the specimens’ initial moisture content when the test was started. The divi-
sion for sapwood and heartwood was done to Scots pine due to the specificity of the
mold fungi that attack wet sapwood (Zabel and Morrell 2020). The term “spruce
mixed” was used for the specimens due to difficulties distinguishing sapwood from
heartwood. After that, for all further procedures, the specimens were conditioned at
20 °C and a relative humidity of 65% (Table 3).

Table2 Active chemical substances in the water/borne coatings

Coating code Active substances
H Tetramethylol acetylenediurea (TA) and iodopropynyl butyl carbamate (IPBC)
P Iodopropynyl butyl carbamate (IPBC), 1,2-benzisotiazol-3(2H)-one (BIT),

2-methyl-2H-isothiazol-3-one (MIT) and 5-chloro-2-methyl-1,2-thiazol-
3-one (CMIT) mixture

Si No biocides, only potassium silicate as active substance against fungi

Sy 4,5-dichloro-2-n-octyl-3(2H)-isothiazolone, 1,2-benzisothiazol-3(2H)-one
(BIT), 2-Octyl-2H-isothiazol-3-one (OIT)

T Iodopropynyl butyl carbamate (IPBC)
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Table 3 Mean moisture contents (MC) with standard deviations (SD) of the sawn timber used for the
specimens used in this study

Sawn timber MC=+SD Sawn timber MC=+SD Sawn timber MC=+SD
(%) (%) (%)

Pine sapwood 1 7.6+0.1 Pine heartwood 1 7.0+0.2 Spruce mixed 1 6.6+0.1

Pine sapwood 2 7.7+0.1 Pine heartwood 2 7.5+0.1 Spruce mixed 2 6.3+0.1

Pine sapwood 3 7.2+0.2 Pine heartwood 3 7.1+0.1 Spruce mixed 3 6.7+0.1

Mean and SD of 7.5+0.6 72+0.6 6.5+0.4

whole series:

The coatings were deposited on the specimens with a brush. The average
amount of coating per treatment is presented in Table 4. The specimens were first
painted on five sides of the wooden block. After drying at ca. 20 °C and 50% RH,
for 24 h, the remaining sixth surface (25X 15 mm) was coated and dried in the
same way.

Petri dishes were prepared aseptically with malt-extract agar (Merck KGaA,
Germany). A sterilised plastic net was placed on the bottom of each Petri dish to
prevent diffusion of coating to the nutrition agar. Two coated and uncoated speci-
mens were placed in each Petri dish (Fig. 1). The specimens were attached to
the net with a small piece of double-sized sterile tape to fix the specimen’s posi-
tion to fix the same distance in all replicates. Fungal inoculum with a diameter of
5 mm was placed in the middle of the dish on the nutrient agar.

The “inhibition effect of the coating” (the Inhibition index) was determined as
the size of the inhibition zone measured from the nearest border of the wooden
specimen to the edge of the fungal colony (see red lines in Fig. 2). Four such
measurements were made and the average value of these distances was calcu-
lated. An inhibition index value of zero means that the coating has no effect on
fungal growth, whereas values greater than zero are evidence that the coating had
an effect.

The inhibition of fungal growth by the wood/coating system can be characterised
by the fungal expansion. If the fungal growth extended beneath the specimen, i.e.
between the specimen and the net, the Beneath index was defined as the ratio of the
area covered by fungus and the total area of the surface (the surface directed towards
the net). A Beneath index equal to 100% thus indicates that the coating had no effect
and lower values means that the coating had an inhibiting effect. The tests were car-
ried out in a laboratory climate chamber at 24 °C and an RH of 90% for one month.

After the test, the fungal mycelium was removed from the specimen’s sur-
face, the specimens were dried, and the moisture content of the specimens was

Table 4 Mean amount + SD of coating applied to the wood surface (abbreviations see Table 2)

Code H P Si Sy T

Amount (g/g oven dry wood)  0.20+0.03  0.15+0.04 0.06+0.02 0.14+0.03 0.01+0.01
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Inhibition
zone

Fig.2 Example of the inhibition zone where the distance between the border of the fungal growth and
the edge of the specimen was measured four times (red lines) for calculating of an average “Inhibition
index”

determined at the end of the test. The moisture content for sterile specimens with-
out fungus was 53.17 +10.24%. The results were subjected to a statistical anal-
ysis using SPSS Statistics software (IBM, USA and SIMCA, Sartorius, Umea,
Sweden).

Results
Antifungal efficiency test on filter paper

Table 5 shows how well the various coatings inhibited fungal growth without affect-
ing the wood material to which they would normally be applied. The colours in the
table show how much the coatings inhibited fungal growth.

With the P coating, no fungi grew after one month. The H coating positively
reduced fungal growth in 14 specimens but failed in one specimen exposed to the
fungus Aspergillus sp. The T coating did not stop the germination of spores in
specimens contaminated with Sydowia sp. and Aspergillus sp., where single con-
idiophores were observed after 40 days of the test. The Taloromyces sp. developed
heavy growth in only one of the 15 specimens.

The Sy coating had a more porous and glossier surface than the other coatings,
but no biocidal effect was detected, even on the best coating with fewer pores.
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Table 5 Fungal growth inhibition on the filter paper coated with the coatings containg the substances
listed in Table 2

Fungi
Coating | No. of Sydowia Cladosporium Trichoderma Aspergillus Talaromyces
replicate sp. sp. sp. sp. sp.
H 1
2
3
P 1
2
3
Si 1
(only 2
K20s8i) |3
Sy 1
2
3
T 1
2
3

The colours describing the fungal growth on the filter paper and petri dish surface:

Weak or no
inhibition
where > 50%
of the surface
covered

Strong Medium inhibition, where 10 to
inhibition 50% of the surface was covered
with no with fungal hyphae

growth on
the
surface

Sydowia sp. showed spots with colonies, Cladosporium sp. patches of conidio-
phores, and Trichoderma sp. showed a massive growth on the surface of the coating.
Aspergillus and Talaromyces sp. were also observed in the pores of the filter paper.
Signs of fungal growth on SG and Sy coatings were observed as early as day 6.

No growth of Sydowia sp. was observed on filter paper treated with Si, where
contamination by Aspergillus sp., Talaromyces sp., and Cladosporium sp. was
observed. The signs of fungal growth on the Si coating were observed already on
day 8.

Control plates with no coating were overgrown by fungi from the first day of the
experiment.

Antifungal efficiency test with a coating applied on wooden blocks

The coatings were tested using wood blocks and inoculum (Fig. 1), and the calcu-
lated Inhibition and Beneath indices are presented in Tables 6 and 7, respectively.
Supplement 1 presents an overview of replicates and visual efficiency for all test
specimens. A statistical analysis and general linear model showed a significant dif-
ference between the coatings for all the fungi but no difference between the types of
wood based on the indices (Supplement 2).
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Table 6 Average value of the

e . Inhibition index (mm)
inhibition index for the coatings

on the coated wood blocks Coating: H P Si Sy T

Type of wood Sydowia sp.

Pine sapwood 7.2 42 0.1 0 7.3

Pine heartwood 11.1 4.6 0.4 0 8.3

Spruce mixed 8.4 5.3 0 0 8.1
Cladosporium sp.

Pine sapwood 7.6 1.3 0 0 2.6

Pine heartwood 75 1.3 0 0 1.7

Spruce mixed 7.5 1.3 0 0 4.4
Trichoderma sp.

Pine sapwood 0 0 0 0 0

Pine heartwood 0 0 0 0 0

Spruce mixed 0 0 0 0
Aspergillus sp.

Pine sapwood 6.2 33 0 0 6.3

Pine heartwood 6.9 2.8 0 0 5.1

Spruce mixed 6.2 32 0 0 8.6
Talaromyces sp.

Pine sapwood 0.8 1.3 0 0 1.8

Pine heartwood 0.8 0.5 0 0 0.1

Spruce mixed 1.8 0 0 0 0.4

It is evident in Tables 6 and 7 that the best fungal inhibition was provided by coat-
ing H, as was also indicated by the filter-paper test. Specimens of pine heartwood
coated with H inhibited the growth of four fungi, especially the fungus Sydowia sp.
which is commonly found on wood from outdoor environment. However, no effi-
cient coating was found against Trichoderma sp. which is characterised as a softrot
fungus (Zabel and Morrell 2020).

The coatings Si and Sy had a low effect on fungus growth, no inhibition zones
being found in the test.

A similar inhibition of fungal growth by the coatings was observed when the
beneath indices were compared; H, P and T performed better than Si and Sy. Despite
the inhibition of Sydowia sp. and Aspergillus sp. by the P coating, the fungi were
still able to grow beneath the specimens. Similarly, in the case of Cladosporium
sp., the inhibition was not complete, and some fungal hyphae managed to penetrate
under the treated specimens. Similar, a tendency to partly inhibit growth of Talaro-
myces sp. was detected for P, H and T coatings.

The filter-paper test method may not provide results that are directly compa-
rable to those obtained by the wood-block test method, particularly when assess-
ing the fungal resistance of surface coatings. This is evident from the wood-block
tests, where the presence of wood material influenced the outcomes—exposure to
Sydowia sp. yielded notable effects, while exposure to Cladosporium sp. showed no
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Table7 Average values for the

zone of fungus that went below Coating: Beneath index (%)
the specimen (Beneath index), H P Si Sy T
(% of total bottom specimen
surface) Type of wood Sydowia sp.
Pine sapwood 0 0 56.7 100
Pine heartwood 0 0 51.7 100 0
Spruce heartwood 0 0 63.3 100 0
Cladosporium sp.
Pine sapwood 0 1.7 91.7 96.7 1.7
Pine heartwood 0 9.3 83.3 71.7
Spruce heartwood 0 0.3 70.0 80.0
Trichoderma sp.
Pine sapwood 100 100 100 100 100
Pine heartwood 100 100 100 100 100

Spruce heartwood 100 100 100 100 100
Aspergillus sp.

Pine sapwood 0 0 76.7 100 0
Pine heartwood 0 0 46.7 100 0
Spruce heartwood 0 0 100 76.7 0
Talaromyces sp.

Pine sapwood 3.0 5.0 26.7 233 5.0
Pine heartwood 43 133 21.7 16.7 10.3

Spruce heartwood 5.0 26.7 60.0 27.0 4.3

impact. Furthermore, coatings tested with Trichoderma sp. exhibited no significant
effects. These observations (Tables 5, 6, and 7) suggest that while the filter-paper
test method has its utility, it may exhibit limited validity when used to evaluate fun-
gal resistance in surface coatings. Therefore, incorporating methods that involve
wood substrates seems essential to achieve more accurate and representative results
in such studies.

Moisture content in wood specimens after the test

Figures 3 and 4 present the moisture content after the antifungal efficiency test on
wood blocks of treated and non-treated specimens paired in the Petri dishes during
the fungal test. The initial moisture content before the test was approximately 7.0%
for all specimens and 12.0% after conditioning (Table 3).

The moisture content increased considerably during the test for all specimens;
however, the increase was generally lower and less variable (lower SD) for the
coated specimens compared to uncoated ones. The change in moisture content was
clearly influenced by the specific fungus tested, except in the cases involving Tricho-
derma sp. The specimens treated with Sy and exposed to Trichoderma sp. showed
the highest reduction in moisture content (up to 70%) due to the applied coating.
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Fig. 3 Moisture content of the specimens from the antifungal-efficiency test on wood blocks, treated with
coatings according to Table 1. Coding for the coating groups follows “fungus -coating”; Syd: Sydowia

sp., Clad: Cladosporium sp., Trich: Trichoderma sp., Asp: Aspergillus sp., and Talar: Talaromyces sp.
Bars represent standard deviation
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Fig. 4 Moisture content of the non-treated reference (Ref) specimens exposed to fungi according to
Table 1. N.B. the coding for type of coating is given only to indicate to which type of coated specimen
reference specimen were paired with in the Petri dish. Coding for the coating groups follows “fungus-
Ref-coating”; Syd: Sydowia sp., Clad: Cladosporium sp., Trich: Trichoderma sp., Asp: Aspergillus sp.,
and Talar: Talaromyces sp. Bars reprsent standard deviation
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The biocide-free coating (Si) showed a very high moisture-content increase
during the test, more than three times for heartwood coated with potassium-sil-
icate and exposed to Aspergillus sp. compared to the reference specimens that
were in the same Petri dish (Figs. 2 and 3). This confirms the toxic-free and
hydrophilic nature of potassium silicate, which has also been reported by Son-
deregger et al. (2015) and its inefficiency as a water barrier (Sonderegger and
Niemz 2009, Sonderegger et al. 2015).

Lower moisture content values were observed in spruce coated with T when
applied to spruce heartwood exposed to Aspergillus sp. This suggests that reduced
moisture content might contribute to the inhibition of fungal growth. However,
coatings H and P generally showed higher moisture content in tests with Asper-
gillus sp. compared to the wood specimens with T coating. Additionally, the P
coating demonstrated a weaker synergistic effect of its active substances across
all wood types.

All non-treated reference specimens in Trichoderma sp. paired tests resulted
in extremely high moisture content (values) in comparison to coated specimens
(Figs. 2 and 3). In general, pine sapwood non-treated reference specimens had
a significantly higher moisture content compared to pine and spruce heartwood.
Non-coated reference spruce specimens had a lower moisture content (around
50%) compared to coated specimens with coating H (around 55%) when exposed
to Sydowia sp. The hydrophilic properties of the coatings likely play a role in
this difference. The moisture content of non-treated reference specimens of pine
heartwood and spruce exposed to Trichoderma sp. was significantly lower than
those treated with Si and exposed on the same plate. Heartwood contains more
non-polar extractives like fatty and resin acids, waxes, and tannins (Fengel and
Wegener 1989) and is more hydrophobic than sapwood and possesses water-
resistance properties.

The correlation coefficients in Table 8 demonstrate how the type of coating
applied on the wood substrate interacts with different fungi. None of the coatings
have a strong protection against Trichoderma sp., and the protection against fungal
growth of the other species depends considerable between type of coating.

These findings indicate the importance of studying the moisture-transfer proper-
ties of both the wood and coatings to find the most effective combination for protec-
tion against fungi. The study also suggests that the effect of coatings on moisture
levels can vary depending on the type of fungus. Adding coating can increase mois-
ture absorption for some fungi like Sydowia sp. and Cladosporium sp., while for
others like Talaromyces sp. and Aspergillus sp., it might reduce moisture absorption.

The weak correlation between moisture content and the type of coating with
Trichoderma sp. could be due to the fungus’s own hydrophilic nature, as well as its
ability to alter water content through the release of hygroscopic sugars (Luke et al.
2015, Hassett et al. 2015). Some specific correlations stood out:

e Coating P showed a strong positive correlation with Sydowia sp. and Clad-
osporium sp., while coating T had a strong positive correlation with Sydowia sp.
However, coating H showed a notably negative correlation with Talaromyces sp.
and less intense but still notable with Aspergillus sp. fungi tests.
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Table 8 The average value for the zone of fungus that went below the specimen (% of total bottom sam-
ple surface)

Beneath index (%)
Coating: H [ P ] Si [ sy | T
Type of wood Sydowia sp.
Pine sapwood 0 0 56.7 100 0
Pine heartwood 0 0 51.7 100 0
Spruce heartwood 0 0 63.3 100 0
Cladosporium sp.
Pine sapwood 0 1.7 91.7 96.7 1.7
Pine heartwood 0 9.3 83.3 1.7 0
Spruce heartwood 0 0.3 70.0 80.0 0
Trichoderma sp.
Pine sapwood 100 100 100 100 100
Pine heartwood 100 100 100 100 100
Spruce heartwood 100 100 100 100 100
Aspergillus sp.
Pine sapwood 0 0 76.7 100 0
Pine heartwood 0 0 46.7 100 0
Spruce heartwood 0 0 100 76.7 0
Talaromyces sp.
Pine sapwood 3.0 5.0 26.7 23.3 5.0
Pine heartwood 4.3 13.3 21.7 16.7 10.3
Spruce heartwood 5.0 26.7 60.0 27.0 4.3

e A moderately negative correlation was observed for coatings P and Sy when
exposed to Trichoderma sp., possibly due to the coating’s hydrophilic nature and
variations in coating amounts.

Discussion

The differences in fungal phenotypic response in the study depend on the biocidal
nature of tested coating. The most effective coatings contained active substances
classified as synthetic preservatives and biocides, subject to specific EU regulations
and widely approved for wood protection use. When such substances were applied
to products and environmentally exposed, the effect of wind, rain, solar radiation,
and coating efficiency must be considered, and coatings should be tested for the
durability at those conditions. The fungicidal synergistic effect of coatings (largest
inhibition zone) for coatings H and T containing IPBC, might be due to toxicity
against Aspergillus sp. is showed in our study and agrees with the findings of other
studies (Cook et al. 2002). However, the species diversity of the fungi found in both
indoor and outdoor tests revealed some resistance to iodopropynyl butyl carbamate
(IPBC), and the use of this substance in wood protection might be questionable due
to environmental harm caused by photo-reactivity (Lanigan 1998). Both the H and T
coatings contain IPBC in composition, but high antifungal efficiency of the coating
H might be due to second compound tetramethylol acetylenediurea that is cancero-
genic and toxic contributing to an overall synergistic effect (ECHA 2023) or lower
applied amount of T (Table 4). Coating P contains a mixture of isothiazolinone
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biocides and shows toxicity (Taubert et al. 2002) and showed antifungal efficiency
for all fungi except for Trichoderma sp.

In this study, the effectiveness of active substances is attributed to synthetic bio-
cides, particularly the resistance of Trichoderma sp. The variability in phenotypic
responses of other fungi to the coatings highlights the need for testing approaches
that focus on wood protection tailored to each fungus’s specific physiology and ecol-
ogy. Some species of Sydowia sp. are considered emerging tree pathogens with fun-
gicidal resistance (CABI 2021). Introducing additional resistance may further pro-
mote the emergence of difficult-to-manage pathogens, especially in the context of
modern biodiversity decline and climate change challenges.

The confirmation of the proposed indices for screening antifungal efficiency is
crucial for future research. Further testing of the most effective coatings, H and P,
in exterior or outdoor applications, where more extreme environmental conditions
prevail, is needed. Additionally, the degradation rate of the active substances must
be assessed. In this study, all active substances were adopted from the cosmetic
industry for use in wood protection. However, our findings raise important concerns
about the sustainability of using synthetic biocides in wood protection systems, par-
ticularly regarding their toxicological effects on the environment and the discovered
fungal resistance. More detailed discussion about existing wood preservatives has
been published (Niemz et al. 2023).

Therefore, the shift towards biocontrol strategies might be considered like in agri-
cultural initiatives finding non-harmful but effective and efficient agents that will
inhibit fungal growth via sensing mechanisms touched in the current study.

Conclusion

The present study was designed to determine the quantitative effect of wooden coat-
ings containing preservatives with biocidal action on the market. The study has
shown that the proposed methodology and indices can measure the inhibition or
lack of effect of wood coatings on individual fungi under laboratory conditions. The
interactions between fungi, wood, and coatings examined in this study will serve as
a basis for future research on the antifungal effects of wood coatings with biocides
on individual fungi. Despite its exploratory nature, this study provides some insights
into the physiology of wood-inhabiting fungi and their influence on the moisture
content of coated and non-coated wooden materials. An important addition to stand-
ard methods is the measurement of moisture-content changes in the specimens dur-
ing the fungal test, as moisture can influence fungal physiology on wooden material.

The new wood-block methodology and proposed indices (inhibition zone, fun-
gus under the specimen, and moisture content of coated and non-coated speci-
mens) are proposed for evaluating and quantifying the antifungal effect using
the wood-coating-fungi system under laboratory conditions. These indices, such
as the inhibition zone and moisture content of coated versus non-coated speci-
mens, could indicate the efficiency of coatings against different fungi. The study
confirmed that the phenotypic response of individual fungi to coatings needs to
be studied, and the proposed indices can characterize this response and serve as
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predictors of resilience against fungal attacks. The study is limited by the lack
of information about hardwood species and solvent-based coatings, which will
be the focus of future research for method validation. This study has important
implications for the future screening of antifungal substances for use in wooden
coatings.
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org/10.1007/s00226-024-01614-6.
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