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Abstract

The present work investigated new sustainable opportunities for wood protection
against xylophagous organisms (cellulolytic fungi and termites) based on the use of
natural bioactive compounds present in Milicia excelsa wood and Nerium oleander
bark. To achieve this, solid—liquid extractions by ethanol were carried out, obtaining
extraction yields of 5.47 +0.78% for the extract of M. excelsa and 21.88+0.53% for
N. oleander. Gas chromatography coupled with mass spectrometry analyses were
carried out to evaluate the chemical composition of both extracts, showing inter-
esting compounds with biological activity such as pyrogallol, 4-acetylresorcinol,
karanjin and scopoletin. Likewise, an evaluation of the cellulolytic capacity of dif-
ferent wood-isolated fungi (Aspergillus flavus, Penicillium chrysogenum, Tricho-
derma longibrachiatum, Mucor circinelloides and Mucor fragilis) was carried out
through two screenings, based on their growth rate in carboxymethyl cellulose agar
media, and their cellulose-degrading ability via filter paper rupture, being 7. lon-
gibrachiatum the fungus with the highest growth rate in both substrates. Finally,
a protective treatment for pine wood (Pinus sp.) was designed by using the etha-
nolic extracts separately and combined, respectively, against T. longibrachiatum and
Reticulitermes grassei, comparing in both cases the biotic damage with a control.
The results demonstrated that the impregnation significantly reduced T. longibra-
chiatum biomass consumption by over 70% for all treatments. Additionally, the M.
excelsa impregnation notably decreased termite activity, with a 81% reduction in the
long-term assays.

Introduction

Wood has been used since ancient times due to its abundance and versatility. As
is well-known, it is composed of three fundamental sections (i.e., bark, sapwood,
and heartwood), each conferring a variety of functions based on their distinct
chemical composition (Xu et al. 2016; Muilu-Mikela et al. 2021; Lourengon et al.

Extended author information available on the last page of the article

Published online: 16 August 2024 @ Springer


http://orcid.org/0000-0002-0509-5323
http://orcid.org/0000-0002-2785-7704
http://orcid.org/0000-0002-0756-1121
http://orcid.org/0000-0002-6854-5029
http://orcid.org/0000-0003-1063-8043
http://crossmark.crossref.org/dialog/?doi=10.1007/s00226-024-01593-8&domain=pdf

Wood Science and Technology

2016). Additionally, its recalcitrant nature results from the complex interaction
between cellulose, hemicelluloses, and lignin (Bomble et al. 2017). Nonetheless,
this material is susceptible to degradation by abiotic factors such as solar radia-
tion and water, as well as biotic factors, particularly fungi and insects (Pacheco
et al. 2021).

Cellulolytic fungi, such as those from the genera Trichoderma, Aspergillus, and
Penicillium, secrete extracellular enzymes to convert cellulose into fermentable
sugars, playing a significant role in wood decomposition (Houfani et al. 2020; Pan-
chapakesan and Shankar 2016). Besides, termites are the most efficient living organ-
isms at degrading lignocellulosic biomass, with a much higher cellulose degradation
rate than other invertebrates and fungi (Brune and Dietrich 2015). In Spain, the pre-
dominant termite species, Reticulitermes grassei, causes significant economic dam-
age to rural and urban infrastructures. This highly efficient digestion is aided by a
diverse array of intestinal microorganisms, forming a mutually beneficial symbiotic
relationship (Duarte et al. 2018; Konig 2006).

Traditionally, wood protection has relied on using oils, varnishes, and enamels
to increase its durability against these biotic factors. This approach not only reduces
the pressure on timberlands but also has a positive economic impact by lowering
the costs associated with repairing and replacing wood-based structures (poles, rail-
way ties...) (Khademibami and Bobadilha 2022). However, these products often
contain xenobiotic and recalcitrant chemical compounds such as creosote, penta-
chlorophenol (PCP), and chromated copper arsenate (CCA), which are potentially
carcinogenic to humans (Ozdemir et al. 2015; Khademibami and Bobadilha 2022).
Additionally, these chemicals have been identified in soil and groundwater, raising
environmental concerns (Sheng et al. 2013). Consequently, the European Union
has imposed strict regulations on biocidal substances used in wood preservation,
prompting the need for research into alternative methods (Lasota et al. 2019).

An eco-friendly and sustainable method for wood protection involves the use of
essential oils (EOs) from plant species (Aboud 2015). Indeed, EOs may contain a
variety of bioactive molecules (e.g., tannins, flavonoids, and terpenoids) known for
their potential antimicrobial and insecticidal properties. Moreover, they are gener-
ally considered safe for users, hence their utilization in pharmacological and cos-
metic applications, among others (Panek et al. 2014). Milicia excelsa, notable for
its impressive size, has historically been cultivated in most tropical African cities
for agroforestry purposes (Atindehou et al. 2022). This practice has systematically
generated a significant amount of potentially valorizable waste (Tomen et al. 2023).
Indeed, its wood-derived EO, in addition to its recognized antitermite activity, makes
this waste an interesting source for obtaining chemical compounds with potential
biocidal activity (Nagawa et al. 2015). Besides, Nerium oleander constitutes a group
of bushes native to the Mediterranean region that have been widely cultivated in
urban areas for their ornamental value and resilience. Interestingly, it is one of the
most poisonous plant species due to the nature of its secondary metabolites (Aboud
2015; Stefi et al. 2020). Additionally, its EO has been reported to exhibit antifungal,
antibacterial, insecticidal, and cytotoxic activities, making it potentially useful for
protecting wooden elements against xylophagous organisms (Derwich et al. 2010;
Aboud 2015).
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Overall, this work aimed to utilize the residues generated from activities related
to M. excelsa and N. oleander to demonstrate the suitability of their EOs as wood
protectants against cellulolytic fungi and termites. This contributes to the develop-
ment of future wood protection solutions that are sustainable, effective, and safe for
both humans and the environment.

Materials and methods
Materials

M. excelsa wood was provided by the Department of Zoology of the University of
Cordoba (Spain) in the form of construction beams, while N. oleander wood was
obtained from shrubs located in the city of Cérdoba. Wood samples (of correspond-
ing size between 10-mesh and 30-mesh using laboratory sieves) were obtained from
saw-cut shavings of M. excelsa, while N. oleander bark particles resulted from man-
ually clearing branches with a coarse-grained metal file.

Ethanol absolute pure (99.5%, M.W.=46.07, Panreac, Spain) was employed for
conducting ethanolic extractions of each type of wood particle. In the microbiologi-
cal tests, potato dextrose agar (PDA, EP/USP/BAM, Condalab, Madrid, Spain), car-
boxymethyl cellulose (CMC, sodium salt, average M.W.=250,000, DS=0.9, Acros
Organics, France), Whatman filter paper (sheets, Whatman® qualitative filter paper
Grade 1, Merck, Germany), calcium chloride (CaCl,,>98.0%, M.W.=110.99,
fused, granular about 0.5-2.0 mm for elementary analysis, Merck, Germany),
ammonium sulfate ((NH,),SO,,>99.5%, M.W.=132.14, EMSURE®, ACS, ISO,
Reag. Ph Eur, for analysis, Merck, Germany), di-potassium hydrogen phosphate
(K,HPO,,>99.0%, M.W.=174.18, EMSURE®, anhydrous for analysis, Merck,
Germany), yeast extract (LP0021B, Oxoid, France), and bacteriological agar (Agar
No. 1, LP0011B, Oxoid, Spain) were used. All culture media were sterilized prior to
use according to the standard method (121 °C, 21 min).

Extraction of plant ethanolic compounds

The natural wood preservatives used in this study were obtained through solid-liquid
extraction by ethanol, based on the methodology described by Erman and Turkoglu
(2021) with minor adaptations. Initially, 5 g of each oven-dried (72 h, 105+5 °C)
sawdust were taken into cellulose thimbles, introducing them into a Soxhlet-type
extractor using absolute ethanol as solvent. Six replicates were performed for each
type of fiber. The extracted material was oven-dried (24 h, 105+5 °C) and the
extraction yield was determined. The resulting liquid phase was vacuum rotavapo-
rated (Laborota 4000, Heidolph) to recover the solvent at 60 °C, noting the final
volume to calculate the concentration (C, g/mL) of each extract by gravimetric dif-
ference as follows:
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where my,, is the added-sawdust initial weight (g), m; is the cellulose thimble initial
weight (g), m, is the weight (g) of the cellulose thimble including sawdust after Sox-
hlet extraction, and V is the final extract volume (mL) obtained after rotavaporation.

Chemical characterization of ethanolic extracts (GC-MS analysis)

Both ethanolic extracts were analyzed on an Agilent Technologies GC-MS Instru-
ments 5977B GC/MSD (Spain) equipped with an HP-5 ms Ultra Inert column
(30 mx250 pmx0.25 pm). GC-MS spectra were obtained using He as a carrier
gas, with a flow rate of 1.8 mL/min, a split of 1:20, 1 pL as injection volume at
300 °C, with an oven temperature of 200 °C and an electronic impact at 70 eV as the
ionization mode. Identification of the components was achieved by comparing mass
spectral fragmentation patterns with those stored in the data bank NIST Standard
Reference Database 1Av17 (Data Version NIST v17, Software Version 2.3). Fur-
thermore, it was possible to determine the relative content (referred to the % of the
total area) of the main compounds by integration of peaks, according to the method
followed by Koudehi et al. (2020).

Selection of cellulolytic fungi

Five strains were provided by the Department of Agricultural Chemistry, Edaphol-
ogy and Microbiology of the University of Cordoba from its collection of cellulo-
lytic fungi isolated from wood: Aspergillus flavus, Penicillium chrysogenum, Tricho-
derma longibrachiatum, Mucor circinelloides, and Mucor fragilis.

The cellulolytic activity of these fungi was tested by two secondary screenings
to assess the most promising candidate (active against potential wood degrada-
tion) for subsequent protection assays. During the first screening, the aim was to
determine which one of the initial strains exhibited the highest growth rate on CMC
medium, indicative of the cellulolytic capacity of the microorganism (Carbonero-
Pacheco et al. 2023). Concisely, the fungal strains were cultured on PDA media
(72 h, 28 +2 °C), strategically placing the inocula at the center of 90 mm diameter
Petri plates to promote their radial growth. Then, a circular sample (1 cm diameter)
from the margin of each culture was placed in the center of plates containing CMC
agar medium (CMC, 1.25%; CaCl,, 0.0125%; yeast extract, 0.0625%; (NH,),SO,,
0.0625%; K,HPO,, 0.125%; agar, 1.5%, in deionized water), incubating them at
28 +2 °C until the hyphae of the fastest fungus grew on the entire plate surface. To
assess the radial growth of each fungus in CMC, their development was measured
daily using a digital caliper micrometer (Mitutoyo Manufacturing, Tokyo, Japan).
The obtained data were used to calculate the radial growth rate (mm/day) for each
isolate. Three replicates were conducted for each tested fungi strain.

Regarding the second screening, qualitative tests were carried out for all fungi
capable of growing in the CMC agar medium, adapting the methodology followed
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by Guder and Krishna (2019). This screening was carried out because different
authors suggest that growth on CMC medium may be due not only to the cellulo-
lytic capacity of the microorganism but also to other enzymatic activities (Johnsen
and Krause 2014). For this, test tubes (160x 13 mm) with 8 mL of a ready-to-use
basal mineral salt medium (standard saline solution -see detailed composition in
Table S1 of the Supplementary Information (SI)-, 50 mL; trace elements solution
-see detailed composition in Table S2 of the SI-, 1 mL; ammonium nitrate, 1 g, in
1000 mL of deionized water) and a filter paper strip (7 cm longx 1 cm wide, 1-2 cm
protruding from the level of the liquid) were inoculated and incubated for 35 days
at 28 +2 °C. Thus, microbial growth would confirm their cellulolytic activity and
support the results obtained during the first screening. This test was performed in
triplicate.

Response of xylophagous organisms to N. oleander and M. excelsa ethanolic
extracts

Pine wood (Pinus sp.) blocks (1 cm®) were impregnated with the previously obtained
ethanolic extracts following the indications of Fidan et al. (2016), thus applying the
method stated in ASTM-D 1413. Hence, three different impregnation treatments
were performed: (1) using the ethanolic extracts from M. excelsa, (2) using those
extracted from N. oleander, and (3) with a 50% volume mixture of both extracts. In
short, after dehydration (72 h, 60 +£5 °C), pine wood blocks were submerged in 1%
volume of extract in ethanol and placed in a vacuum thermostatic desiccator Vacuo-
Temp JP SELECTA at 133,32 mbar and 25+ 1 °C during 30 min. Once the impreg-
nation time was over, blocks were oven-dried (72 h, 60+5 °C). The retention per-
centage (R, %) of each EO in pine wood was determined following the methodology
specified by Yildiz et al. (2020), using the following equation:

ny

m—m % 100
my

R =

where m; is the weight (g) of the pine wood cubes before the impregnation treat-
ment, and m, is the weight (g) of the cubes after the impregnation.

To evaluate the biocide effect of the wood treatment, both impregnated and
unimpregnated pine wood blocks were dehydrated (oven-drying, 72 h, 60+5 °C),
weighed, and finally tested against xylophagous organisms. The fungal response to
each impregnation treatment was evaluated according to the method proposed by
Brischke et al. (2022), slightly modified. Briefly, 2% agar was used as the culture
medium for conducting six different assays, each replicated three times. The assays
included: (1) inoculating the fungus in Petri dishes; (2) culturing unimpregnated pine
wood blocks; (3) culturing inoculated, unimpregnated pine wood blocks; (4) cultur-
ing inoculated pine wood blocks impregnated with M. excelsa ethanolic extracts;
(5) culturing inoculated pine wood blocks impregnated with N. oleander ethanolic
extracts; and (6) culturing inoculated pine wood blocks impregnated with the oil
mix. First, a constant mass of each pine wood block was achieved through dehy-
dration. Subsequently, the blocks were cultivated in the agar medium depending on
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the assay. Finally, the required blocks were inoculated with the fungus (previously
grown on PDA, 48 h, 28 +2 °C) that exhibited the highest growth rate on CMC agar
medium and demonstrated the ability to grow on the filter paper strip. In all cases,
the Petri dishes were sealed with parafilm and incubated for 60 days at 28 +2 °C. At
the end of the incubation time, an isolation of the microorganisms present on each
of the surfaces of the blocks was carried out on PDA medium (48 h, 28+2 °C).
Subsequently, the pine wood blocks were carefully removed from the agar, cleaned
of adhering mycelium, oven-dried for 72 h at 60+5 °C, and weighed. The evalua-
tion of the eventual external damage suffered in each block was carried out with a
binocular stereomicroscope (Olympus SD 30). Then, the antimicrobial effect was
determined based on the percentage of sample mass loss (ML, %) as

Mo~ ™

m
ML = - 100

my

where m, and m, represent the weight (g) of the samples before and after decay,
respectively.

Simultaneously, the degradation capacity of R. grassei specimens was tested to
evaluate the potential antitermitic effect of the impregnation process. To achieve
this, the methodology proposed by Cardenas et al. (2018) was followed with some
modifications. Shortly, an ecosystem colonized by R. grassei was sampled across a
forest area of the Rabanales University Campus (Cérdoba, Andalusia region, south-
ern Spain; standard UTM coordinates “30N 348506X 4197911Y”) in autumn 2020.
This forest area predominantly comprised tree species from the genera Pinus, Euca-
lyptus, and Populus. A baiting station containing corrugated cardboard was placed
next to the base of a pine tree showing signs of termite activity to capture them,
ensuring they belonged to the same colony (Carbonero-Pacheco et al. 2023). The
termites were maintained in rearing containers at a temperature of 28 + 1 °C and RH
of 80+5%, in complete darkness. They were fed on pine wood ad libitum, using
sterile vermiculite moistened with distilled water in a ratio of 1:3 (w/v) as substrate.
The termites were maintained under these conditions for a maximum of one week
before the start of the assays (Cardenas et al. 2020). Then, a choice test was con-
ducted by placing two cubes at the opposite ends of a plastic container (17.0 cm
length 9.5 cm width X 3.0 cm height), as shown in Fig. 1. In each case, one of the
cubes was impregnated with one of the treatments, while the other cube remained
untreated. Each cube was placed in a 50 mm diameter Petri dish with holes to allow
the insects to enter and exit. Both cubes were separated by 3 g of moistened ster-
ile vermiculite (at the same ratio mentioned previously), allowing the termites to
select their preferred food source. The lid of each plastic container was punctured
to facilitate air entry. Finally, a group of 150 termites (5:45 soldier-to-worker ratio)
was introduced into each plastic container, keeping the assays under the same tem-
perature and humidity conditions as mentioned above (Chouvenc et al. 2011). Thus,
trials were carried out at 15, 30, and 45 days, performing three replications for each
period and for the three impregnation treatments proposed. Following each trial
period, the number of surviving termites was counted using fine-tipped entomologi-
cal forceps. Blocks were carefully removed and cleaned before being dehydrated in
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Fig. 1 Arrangement of the performed test to determine the termiticidal power of the extracts. The image
specifically shows a pine wood cube impregnated with M. excelsa EO (left) and an unimpregnated pine
wood cube (right)

an oven for 72 h at 60+5 °C. Once dehydrated, they were weighed to determine
the mass consumption by the termites. If the consumption of impregnated cubes
negatively impacted termite survival, such treatment was categorized as termiticidal.
Conversely, if there was a reduced preference for the impregnated cubes without
affecting termite survival, it was considered as a repellent treatment.

Statistical analysis

Data were shown as means +SD. Statistical analyses were performed using Graph-
Pad Prism version 5.01 for Windows (GraphPad Software Inc., San Diego, USA).
The Shapiro—Wilk test was used to assess the normality of the data, and the Bartlett
test was applied to check the equality of variances. For the termite (consumption
and survival) and fungal (consumption) datasets, the Student’s t-test and one-way
ANOVA followed by Tukey’s post-hoc test were utilized, respectively. In all cases, a
p-value of <0.05 was considered statistically significant.

Results and discussion
Yield and composition of extracts

The ethanolic extracts from M. excelsa were obtained with an extraction yield of
5.5+0.8% and a final concentration of 0.13 g/mL. Regarding those obtained from N.
oleander bark, they presented a higher extraction yield (21.9+0.5%), but with the
same final concentration as in the case of M. excelsa. Areola et al. (2015) obtained
a slightly higher extraction yield (8.2%) in their investigation while macerating the
bark of M. excelsa in 70% (v/v) ethanol for 72 h with regular shaking. Otherwise,
Kgosana (2019) obtained an extraction yield of 22.6% by applying a decoction pro-
cess on N. oleander leaves, involving heating water to 80—100 °C. This shows how
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the plant material, the chosen solvent, and the extraction method can affect the num-
ber of extractable compounds that can be obtained.

Concerning the impregnation process, the retention values (R) obtained for each
EO in the pine wood cubes were 12.48%, 18.37%, and 16.59% for M. excelsa, N.
oleander, and the mixture, respectively. These variations in R values are consistent
with the literature and can be attributed to the complex binding process of each EO
to the specific type of wood, making the retention value unique to each combina-
tion (Sen et al. 2009). Yildiz et al. (2020) demonstrated that the impregnation of
pine wood with aqueous and methanolic extracts of other plant species following
the same standard methodology yielded significantly higher R values. This is due
to the importance of the concentration of the initial impregnation solution, as it is
well known that more concentrated impregnation solutions result in higher R values
(Yildiz et al. 2020).

Through GC-MS analysis, the main active compounds present in both sam-
ples were identified, as well as their relative content (% referred to the total area)
was determined as shown in Tables 1 and 2, respectively. For M. excelsa extract
(Table 1), 7 main bioactive compounds were identified, being the main constituents
pyrogallol (15.06%), 3,4-dihydroxybenzaldehyde (14.24%), and methyl vanillate
(5.92%). In addition, it was possible to identify other phenolic and aromatic com-
pounds related to antimicrobial activities, such as dihydrojasmone, coniferyl alco-
hol, 2-metoxyresorcinol, and syringaldehyde (Pinto et al. 2021; Lubbers et al. 2019;
Golpayegani et al. 2014). Furthermore, antitermitic activity has been reported for
2-methoxy-resorcinol, coinciding with the potential termiticidal properties of M.
excelsa extractives reported by other authors (Nagawa et al. 2015; Golpayegani et al.
2014).

Regarding the extract of N. oleander (Table 2), the chromatography allowed us
to identify a total of 16 chemical compounds. Among them, several hemicellulosic
derivatives (30% of the total) were identified, such as ethyl a-D-glucopyranoside,
3-O-methyl-D-glucose, and trehalose. Also, it was possible to identify different
fatty acids and derivatives related to antimicrobial activities such as ethyl laurate,
methyl linoleate, ethyl linoleate, and ethyl oleate in addition to others that have also
been related to insecticidal activities such as ethyl palmitate (Kumari et al. 2022).
Likewise, it was possible to identify other chemical compounds related to antimicro-
bial activities such as 5-hydroxymethylfurfural, ethyl 9,9-diethoxy-nonanoate, and
4-acetylresorcinol (Lubbers et al. 2019; Zhou et al. 2009; Morris 1992). Also, anti-
termitic activities have been cited in the literature for the compounds karanjin and
scopoletin (Ahmed et al. 2022; Qazi et al. 2018).

Secondary screening of cellulolytic fungi

All the fungi tested were able to grow on CMC agar, thus demonstrating their car-
boxymethyl cellulolytic activity. However, the growth rate results obtained after
8 days of incubation showed different abilities between them to hydrolyze the pol-
ymer, being T. longibrachiatum the fungus presenting the highest growth rate on
CMC agar (10.9+0.1 mm/day), followed by M. fragilis (7.4+0.2 mm/day), M.
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circinelloides (7.3 +0.9 mm/day), A. flavus (4.5 +0.0 mm/day) and, finally, P. chrys-
ogenum (1.8 +0.0 mm/day).

Considering the filter paper assay, the growth of cellulolytic fungi manifested as
pigmented spots appearing on the strips confluence between culture medium and
the air. In this regard, three fungi were able to colonize the cellulose strip, specifi-
cally T. longibrachiatum, A. flavus, and P. chrysogenum (Fig. 2). However, only T.
longibrachiatum managed to break the strip at the level of the meniscus, agreeing
with the high growth rate previously observed in the CMC agar assays. These results
totally coincide with the controversy shown in the bibliography since, despite its
wide use, some authors state that growth in CMC agar may be due to agarase rather
than cellulase capacity (Johnsen and Krause 2014), an effect contrasted with the
absence of growth of M. circinelloides and M. fragilis in the cellulose strips. Moreo-
ver, these results align with the screening conducted by Pachauri et al. (2017), who
showed that T. longibrachiatum was the strain isolated from wood with the highest
cellulolytic activity. In fact, its cellulase activity has been used for its potential to
degrade other lignocellulosic residues (Li et al. 2020). Overall, T. longibrachiatum
was chosen as the model fungus to establish the protective power of the impregna-
tion treatments.

Fungal response to protection treatments by impregnation

The degradation rate of the wood samples by T. longibrachiatum is depicted in
Fig. 3. All the impregnation treatments determined significant protection (p <0.05)
against T. longibrachiatum. Indeed, the unimpregnated wood exhibited a consump-
tion rate of 7.29+1.11% wt., while the impregnation with M. excelsa, N. oleander,
and the mixture EOs determined a significant reduction (p <0.05) in wood con-
sumption, with rates of 1.93+0.47% wt., 2.01 £0.25% wt., and 2.09+0.62% wt.,

Fig.2 Growth of fungal isolates after incubation (35 days, 28 +2 °C), where A represents the growth of
A. flavus, B of P. chrysogenum, C of T. longibrachiatum, D of M. circinelloides, and E of M. fragilis on
basal salt medium
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Fig.3 Average degradation (%) of pine wood blocks by 7. longibrachiatum after incubation (60 days,
28 +£2 °C). Asterisks (*) denote statistically significant differences at p <0.05, as determined by Tukey’s
post-hoc test, between the consumption rates of the unimpregnated cubes and the treated ones

respectively. These substantial decreases observed in the treated groups, exceeding
70% in all cases, underscore the potential of these essential oils as environmentally
friendly and sustainable wood protectants against cellulolytic fungi (Khademibami
and Bobadilha 2022). The results obtained for agar media lacking pine wood cubes
showed no fungal growth, indicating the absence of any cellulase activity-promoting
nutrient. Furthermore, after each test, axenic cultures of T. longibrachiatum were
obtained in all cases, demonstrating that the degradation observed in each cube was
exclusively attributed to this fungus.

These degradation results can be explained by the presence in the extracts of
different active molecules identified by GC-MS (Tables 1 and 2). Thus, the pres-
ence of dihydrojasmone (4.19%), pyrogallol (15.06%), methyl vanillate (5.92%),
and 3,4-dihydrobenzaldehyde (14.24%) in the ethanolic extract of M. excelsa,
reported as potent antimicrobials, was crucial for its contrasted antifungal activ-
ity in the consumption of the blocks (Pinto et al. 2021; Kocagaligkan et al. 2006;
Theodori et al. 2006; Syafni et al. 2012). Similarly, the behavior of T. longibrachia-
tum in response to impregnation with N. oleander EO could be attributed to cer-
tain chemical compounds identified in its ethanolic fraction, such as 3-O-methyl-
D-glucose, which exhibited the highest relative content in the sample (Altameme
et al. 2015). Likewise, 4-acetylresorcinol (9.70%) and ethyl linoleate (5.52%) have
also been related to fungicidal activities (Morris 1992; Ko and Cho 2017). Lastly,
the mixture of both ethanolic extracts did not have a greater antifungal effect than
the extracts separately (p>0.05), although it managed to reduce the activity of T.
longibrachiatum by 71.29% (Table 3). The presence of chemical compounds with
demonstrated bactericidal activity in both ethanolic extracts, such as pyrogallol,
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Table 3 Termite count after

; . Time (days) M. excelsa treatment N. olean- Mixture treatment
each time period +SD,

; der treat-
and p-value obtained after ment
Tukey’s post-hoc test for each
impregnation assay. (*) denotes 15 122 474 147 +4 14443
statistical differences - - -
30 101 + 14%* 1361 123 £ 9%
45 85+21* 130+12 107+ 6*

3,4-dihydroxybenzaldehyde, coniferyl alcohol, 4-acetylresorcinol, ethyl linoleate,
and ethyl 9,9-diethoxynonanoate, makes this mixed treatment potentially effective
against cellulolytic bacteria (Kocagaligkan et al. 2006; Syafni et al. 2012; Lubbers
et al. 2019; Morris 1992; Ko and Cho 2017; Zhou et al. 2009). These cellulolytic
microorganisms are characterized by a rapid growth rate, easy adaptation to extreme
environments, and secretion of large amounts of extracellular cellulases, also play-
ing a significant role in wood decay (Ghio et al. 2012). Finally, the examination of
wood cube surfaces showed that there were little discernible differences in the visual
damage or deterioration between the unimpregnated and impregnated blocks. This
phenomenon could be attributed to the specific colonization pattern of T. longibra-
chiatum. As stated in the bibliography, fungal colonization can initiate at the cut
ends of wood, propagating from one cell to another within the internal regions. Con-
sequently, cellulose degradation can proceed without causing apparent changes to
the surface of the material (Daniel 2016).

Termite response to protection treatments by impregnation

As shown in Fig. 4 (A), the impregnation treatment with the ethanolic extracts
of M. excelsa minimized the consumption of the pine wood blocks by R. gras-
sei, being null in the 15-day tests and only 5% wt. in the 45-day tests, determin-
ing that in the three periods of time the consumption of the unimpregnated wood
was significantly higher (p <0.05). Furthermore, based on the survival rates of

= 354 100 —
A 5 0] © Unimpregnated B 1
2 ] —e— M. excelsa g % ]
2 251 A N. oleander o 80
T 204 —g— Mixture o ]
5 . E = 70
S 15 @ ]
g ] 2 60 4 —@— M. excel
£ 104 s . . excelsa
3 - > -
2 5 B 50 & N._ oleander
S ] 4 —v— Mixture
O 0 40 —
| T T T 1 ' I I T T T T T T
Time (days) Time (days)

Fig.4 A Average degradation (%) of pine wood blocks (both impregnated and unimpregnated) after 15,
30, and 45 days of exposure to termites. B Average termite survival rate (%) after exposure to each treat-
ment over the different testing periods
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the specimens (Fig. 4 B), it can be concluded that the impregnation treatment
had a significant impact on termite mortality (p <0.05), leading to a reduction of
18.67%, 32.67%, and 43.34% in the initial population after 15, 30, and 45 days of
testing, respectively. These results agree with the reported antitermitic activity of
2-methoxyresorcinol, whose relative content in our sample was only 1.04%, thus
demonstrating its high ability to inhibit the foraging of termites at low concentra-
tions (Golpayegani et al. 2014). In addition to this, the presence of proven anti-
microbial compounds in the sample could have affected the complex intestinal
microbiota of termites, preventing them from degrading cellulose and ultimately
resulting in starvation (Rosengaus et al. 2011).

Regarding the impregnation with the ethanolic extracts of N. oleander, a
different consumption pattern was observed. During the 15 day tests, a signifi-
cant difference was observed in the consumption between the unimpregnated
(12.54+£2.12% wt.) and the impregnated cubes, where consumption was com-
pletely absent. After an in-depth bibliographic review of the main chemical com-
pounds identified by the GC-MS analysis, antitermite and insecticide activity
was found for piceol, karanjin, scopoletin, and ethyl palmitate (Mageroy et al.
2017; Ahmed et al. 2022; Qazi et al. 2018; Kumari et al. 2022). Consequently,
the combined action of these compounds resulted in the strong repellent effect
observed in short-term assays. However, after 30 days of testing, the consumption
between both types of wood was similar (approximately 15% wt.). This behavior
was observed even after 45 days of testing, with no significant differences in con-
sumption between the two types of wood (p > 0.05). This effect can be attributed
to a high volatility of the EO combined with a low retention in pine wood, fac-
tors that greatly affect the efficacy of natural wood preservatives (Bahmani and
Schmidt 2018). Additionally, the treatment did not significantly affect the sur-
vival of the insects (p > 0.05), as a population of 130+ 12 individuals was main-
tained even after 45 days of testing.

Finally, the impregnation tests using the mixture EOs revealed a significant
difference in consumption between the two types of wood throughout all the dif-
ferent time periods, with a significant preference for the unimpregnated blocks
(» £0.05). Interestingly, this difference in consumption reached its peak in the
15-day assays, where the impregnated cubes showed a consumption rate of
1.34+0.62% wt. This aligns with the previously discussed results for the treat-
ment with the N. oleander EO. Considering the survival results, the treatment
with both ethanolic extracts significantly (p <0.05) impacted termite survival
after 30 and 45 days, with a reduction in the initial number of individuals by 18%
and 29%, respectively. Overall, the mixed treatment provided both repellent and
termiticidal effects, with an efficacy higher than the N. oleander impregnation but
lower than the M. excelsa impregnation.

The observed behavior of R. grassei could be explained by the ecology of the
plant species used in this work. These termites share biotope with N. oleander, but
not with M. excelsa as it is an exotic tree. Thus, the insects could show resistance to
a fraction of the chemical compounds of N. oleander as they are adapted to them,
while they do not have resistance mechanisms against the chemical compounds of
M. excelsa (Kasseney et al. 2011).
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Limitations and future research perspectives

The findings elucidated in this work provide a strong starting point for future
research, which could address existing limitations. For example, while the Soxhlet
method is widely used for extracting such EOs, its optimization (e.g., extraction
time, type of solvent) and the evaluation of its impact on wood protective properties
would be a promising area for further investigation (Daud et al. 2022). Furthermore,
the identification of the specific bioactive compounds responsible for the observed
activities would be highly valuable. This could enhance effectiveness and reduce
the required quantity of each EO during the preparation of the protective solutions
(Diniz do Nascimento et al. 2020). Additionally, while impregnation treatments
were specifically applied to pine wood, other wood types commonly attacked by
xylophagous organisms (such as aspen, oak...) should also be considered (Khademi-
bami and Bobadilha 2022). Moreover, determining the protective capacity of these
extracts against other cellulolytic wood-degrading fungi (e.g., following the Euro-
pean standard EN 113 for basidiomycetes) would be crucial to broaden their antifun-
gal spectrum (Marais et al. 2020). This same consideration applies to their potential
antitermite activity, given the diverse species causing significant economic damage
to infrastructure in different countries (Subekti et al. 2018). Lastly, advanced imag-
ing techniques (scanning electron microscopy, atomic force microscopy, 3D imag-
ing analysis...) could offer enhanced resolution and detailed insights into structural
changes occurring at the microscopic level during the antifungal assays (Dan-
iel 2016; Charpentier-Alfaro et al. 2023). Exploring these topics would facilitate
advancements in their application within the wood protection sector.

Conclusion

This work reports for the first time the fungicidal and termiticidal power of the etha-
nolic extracts from M. excelsa and N. oleander individually and combined. These
extracts were evaluated through wood impregnation tests against 7. longibrachia-
tum and R. grassei, thus assessing the resistance to decay in pine wood, a mate-
rial widely used in construction. The presence of active compounds with reported
antifungal activity both in the ethanolic extract of M. excelsa and in N. oleander
determined that 7. longibrachiatum consumed significantly less pine wood from
the impregnated blocks (2.01+0.08% wt.) than from the unimpregnated ones
(7.29+1.11% wt.) after 60 days of in vitro culture, highlighting the potential of the
treatments as wood protectants against wood-degrading fungi. Besides, impregnat-
ing pine wood with M. excelsa EO resulted in repellent and termiticidal activities
against R. grassei, with only 5% of the wood consumed by the insects, and nearly
half of the population dying after 45 days of exposure. Conversely, pine samples
impregnated with N. oleander EO demonstrated strong repellent activity against
termites during the 15-day exposure tests, yet did not significantly impact the sur-
vival rate throughout the experiments (p>0.05). This highlights the importance of
the ecology of the tested plants and insects. Finally, combining both EOs yielded
interesting antimicrobial and anti-termite efficacy results, protecting wood against
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both types of cellulolytic organisms. This combined treatment potentially offers an
industrial advantage by requiring less wood from M. excelsa, which grows slower. In
summary, this work has demonstrated three sustainable, safe, and effective alterna-
tives for the wood protection sector, capable of ensuring low xylophagy by cellulo-
lytic fungi and termites.
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