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Highlights

S. rubra sawdust is a local and homogenous resource promising for valorization

Rubrenolide/rubrynolide content correlates with Ae. aegypti larval mortality

S. rubra sawdust was stored for up to 10 months without loss of its bioactivity

The crude extract of S. rubra shows larvicidal activity after 9 months of storage

Page 1/49



24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

Abstract

In the development of botanical insecticides, the availability of a certifiable raw material and
the guarantee of a stable biological efficacy over time are crucial factors. Sextonia rubra is one
of the main tree species exploited by the Guianese forestry industry, and the valorization of
the large volumes of sawmills residues available would represent an opportunity for the
sustainable development of bioactive products in a biorefinery perspective. In this work, we
studied the variability of the quality of S. rubra sawdust according to its origin and investigated
the bioactivity of its extracts against Ae. aegypti mosquitoes. We evidenced homogeneous
physico-chemical properties (particle size and NIRS profiles) of S. rubra sawdusts
independently of the sawmill of origin, thus highlighting the consistency of the raw material
before extraction. The amount of the y-lactones rubrenolide and rubrynolide was measured in
12 extracts of S. rubra by quantitative NMR (gNMR). GLM regression indicated significant
correlation between these values and larval mortality (adj-R? 0.93) for the extracts tested at
30 pg/ml. Additionally, a 48-h DLso of 18.6 pg/ml was obtained for a S. rubra reference extract.
While sawdust underwent chemical changes during the 10 months of storage, as shown by
NIRS and gNMR analyses, we observed no significant impact on larval mortality for the
extracts tested at 30 pg/ml. A stability of 9-months was also observed for a crude extract stored
at room temperature. Sawmill residues of S. rubra thus appear to be suitable raw material for
the production of significant quantities of wood extracts containing larvicidal compounds
against Ae. aegypti. Their stability over time also makes it possible to consider production

routes that could be transferred to an industrial scale.
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1. Introduction

Dengue, Zika, chikungunya and yellow fever are dramatically emerging or re-emerging
mosquito-borne diseases, and vector control remains a key component in interrupting virus
transmission by Aedes species such as Ae. aegypti (Benelli, 2015; Benelli & Mehlhorn, 2016;
Jones et al., 2021). This issue is particularly important in French Guiana, in a context of strong
resistances to available vector control products (de Thoisy et al., 2021; Epelboin et al., 2018).
In order to develop new control solutions against Ae. aegypti, natural products from plants
represent a promising field of application, while questioning about the loss of efficacy,
unintended effects, and pollution caused by some conventional insecticides (Benelli, 2020;
Pavela et al., 2019; Silvério et al., 2020). Thus, research on botanical insecticides has seen a
resurgence in recent years, as these products are considered to combine biological efficacy,
low resistance development, and human and ecotoxicological safety (George et al., 2014;
Gerwick & Sparks, 2014; Isman, 2015; Turchen et al., 2020). However, when a promising

biological activity is identified, some crucial factors must be considered in order to move a step
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further, and to upscale the encouraging results obtained in the laboratory. Several aspects
must be anticipated to overcome the technical, economic and regulatory limitations required
to develop plant-based insecticides (Isman, 2020; Miresmailli & Isman, 2014). Scalability, in
particular, depends on the availability of the raw material to be extracted. One alternative to
obtain sufficient plant resource for product development is to capitalize on the large quantities
of residues and by-products generated by agro-industrial or timber activities. This sustainable
approach reduces the environmental impact of industrial activities, and promote economic
benefit through recycling and diversification of activities (Borges et al., 2019; de Carvalho et
al., 2021). Biorefinery is being developed in particular for the production of high value-added
products from wood or bark, including extracts, as part of a circular economy (Hassegawa et
al., 2016; Khan et al., 2014; Royer et al., 2012; Verkasalo et al., 2021). But if these concepts
are well known and developed in temperate forests, they are still little considered in tropical
regions. The exceptional level of biodiversity of the Amazonian rainforest, which could be
considered as a guarantee of discovery, is counterbalanced by its great heterogeneity, which
complicates its valorization. As a result, only a few species have been characterized regarding
the quantity and quality of their extractives content in French Guiana, and the larvicidal activity
of wood extracts against mosquitoes is a little studied property. For these reasons, the
development of bioinsecticide products from the residual resource of tropical woods and bark

is an innovative approach.

Such strategy could be particularly interesting in French Guiana. This French overseas territory
is almost entirely covered by the Amazonian rainforest, and the timber industry is conducted
there with a marked effort, carried out by both scientists and managers, to ensure sustainable
exploitation (Ballere et al., 2021; CRFB, 2019; Hiltner et al., 2018; Piponiot et al., 2018). In
particular, selective logging by the forestry system generates significant volumes of wood
residues, currently on the order of 30-50,000 t/year for sawmill residues alone (DAAF, 2016).
These co-products are therefore available and abundant resources of interest that could be

valorized.
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Among locally available wood species, Sextonia rubra (Mez.) Van der Werff (Lauraceae)
appears to be a promising resource to achieve this goal. S. rubra is a tropical tree species
found in the Guyana shield (French Guiana, Suriname, Guyana and Venezuela) and in the
Brazilian Amazon (Van der Werff, 1997). It is characterized by a remarkably durable
heartwood, naturally resistant to decay, and thus exploited for carpentry, residential
construction, and outdoor applications (CTFT, 1984; Detienne et al., 1989). S. rubra heartwood
is known to possess two characteristic y-lactones compounds, the alkene-alkyne pair
rubrenolide and rubrynolide respectively (Franca et al., 1977; Fu et al., 2018, 2019). These
extractives exhibit biological activities, notably against lignivorous fungi and termites, and
therefore relate to the natural durability of S. rubra wood (Houél et al., 2017; Rodrigues et al.,
2011). The remarkable larvicidal activities against Ae. aegypti of S. rubra extract, rubrenolide
and rubrynolide have also been highlighted previously by members of our group (Falkowski et
al., 2016a; 2020). Given this last result, a patent was filed to promote the valorization of this

extract in the field of vector control (Falkowski et al., 2016b).

However, like any natural product, the qualitative and quantitative composition of these
compounds varies on an interspecific and intraspecific scale, depending on tree individuals
and tissues (stem, roots, branches, sapwood and heartwood), as well as on growth-defense
trade-offs or genetic background (Chemetova et al., 2020; Hassegawa et al., 2016; Padovan
et al., 2013; Verkasalo et al., 2021). In addition, wood compounds are also influenced by other
exogenous factors such as humidity, light, or temperature during storage of the raw material
and of the extract (Cabalova et al., 2021; Gunther et al., 2021; Kanis et al., 2013). For these
reasons, is it of crucial importance to identify the conditions that allow the production of

standardized extracts of sustained quality in order to valorize these bioactive molecules.

With the objective to meet some of the requirements for moving from the discovery of promising
larvicidal wood extracs to the eventual development of products against Ae. aegypti larvae, we
therefore embarked upon identifying the factors influencing the quality of S. rubra sawdusts

and extracts, and consequently the mortality of Ae. aegypti larvae when exposed to wood
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extracts. To achieve this objective, we first characterized the physico-chemical properties of
the sawmills residues in relation to the sawmill of origin using particle size measurements, and
by analyzing NIRS profiles of the sawdusts. We then investigated the relationship between the
content of the bioactive y-lactones rubrenolide and rubrynolide in the extracts, assessed by
guantitative NMR, and the larvicidal efficacy of the extracts. Finally, we focused our interest on
studying of the stability of the sawdust and extract over storage time, and its impact on
biological efficacy. This information allowed to discuss the feasibility of an industrial

valorization of S. rubra sawdusts for biorefinery in French Guiana.

2. Materials and methods

2.1. Plant material

In French Guiana, the annual volume of logs harvested on the permanent forest area (DFP, or
“‘Domaine Forestier Permanent”), managed by the National Forestry Office (ONF, Office
National des Foréts) fluctuates between 60,000 and 95,000 m® depending on climatic and
logistical conditions (Souléres, 2021). Out of 1700 identified tree species, only about 60 are of
commercial interest, among which a limited number (Angélique, Gonfolos and Grignon franc,
respectively Dicorynia guianensis Amshoff, Fabaceae, Qualea rosea Aubl. and Q. albiflora
Warm., Vochysiaceae and Sextonia rubra (Mez.) Van der Werff, Lauraceae) represent 73.9%
of the overall volume harvested over the period 2010-2021. In particular for this same period,
the volume exploited of S. rubra represented about 7.5% of the total volume of logs exploited
in French Guiana, i.e. an average value of 5,348 m3year. Sawmill residues of S. rubra
(samples of ca. 30 L) were collected in different locations for the study as a co-product of the
primary lumber industry directly during the processing of fresh log, from the residue stream

(Figure 1).
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Figure 1: Logging and wood processing in French Guiana: (a) tree cutting; (b) log yards near

the logging site; (c) and (d) processing of logs and sawmilling residues (wood sawdust).

Commercial sawmills residues of S. rubra used in this study were collected in Montsinéry
(Scierie de Montsinéry, 4°58’34”N 52°26’45"W; September 2017), Cacao (Bois et Sciages de
Guyane, 4°54’31"N 52°19’59"W; February 2019), and Kourou (Scierie du Dégrad Saramaka,
5°08’54"N 52°41'20"W; March 2020) respectively. These sawmills correspond to the most
important suppliers in French Guiana in terms of volumes of sawn wood, and are therefore
representative of the resource that can be obtained for further valorization in this territory
(CRFB, 2019). Notably, the Cacao sawmill processed 38.5% of the total S. rubra wood
harvested in 2020 and 2021, and the Kourou sawmill 12.7%. Logs originated from the Bélizon
forest (Régina, 4°16'48”N 52°25’12"W) in the case of the Montsinéry sawmill, from the Régina-
Saint-Georges forest (Mataroni area, Régina, 4°16'15"N 52°09'56"W), and from the Montagne

de Fer (Mana, 5°24’00”N, 53°35’24”W) in the case of the Kourou sawmill (Figure 2).

Figure 2: Distribution of collection sites for sawdust samples of S. rubra (French Guiana). The
green dots correspond to the 3 sawmills locations: from West to East: Kourou, Montsinéry and
Cacao. The orange areas indicate the forest areas where the logs originate. The background

map was obtained from d-maps.com, and modified as necessary.
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For this study, the acronyms for the commercial sawmill residues samples (SrM, SrC and SrK)
were created from the combination the name of the wood species (Sextonia rubra, abbreviated
as Sr), and the initial of each location, i.e. M for Montsinéry, K for Kourou, and C for Cacao.
For sawmill residues SrM, a single batch was collected, while for sawmill residues SrC and
SrK, 3 batches (SrC_B1, SrC_B2, SrC_B3 and SrK_B1, SrK_B2 and SrK_B3, respectively)
were obtained, with the three batches corresponding to three successive days of S. rubra

sawing.

Together with the commercial sawmill residues, two supplementary samples were added to
the collection. The aim was to provide additional wood extracts to increase the dataset used
to study the correlation between the chemical composition of S. rubra extracts and their
larvicidal activity. The first sample was obtained from a commercial wooden plank ground into

powder prior to extraction in the wood science laboratory of the EcoFoG research unit in
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Pariacabo, Kourou, leading to the SrP sample. The second sample was obtained by collecting
sawdust directly from a tree cutting in the Bélizon forest (Regina, 4°16’48"N 52°25°12"W, thus
leading to SrR sample), as presented in (Rodrigues et al., 2011), while accompanying the
logger into the forest. All samples were dried at room temperature (21°C, 65% relative
humidity) until equilibrium humidity (H < 13%). The complete sample design is available as

Supplementary Material (Figure S1).

2.2.  S.rubra sawdust fractioning

In order to evaluate the effect of sawmill provenance on the physico-chemical properties of
sawdust, the proportion of three granulometric fractions (> 500 pm, 500-200 um, and < 200
pm mesh size) was measured for the three wastes from different sawmills (Montsinéry: SrM,
one batch; Cacao: SrC, 3 batches; Kourou: SrK, 3 batches). The particle size fractions were
chosen based on data from the literature dealing with wood valorization in a biorefinery context
(Hassegawa et al., 2016; Karinkanta et al., 2018; Wijayanto et al., 2015). After sieving, the
mass retained on each sieve was weighted and the corresponding mass fraction yields were
determined. For each batch from each sawmill, three 100 g replicate samples were used for

fractioning, and the mean value calculated for each sawmill.

2.3.  NIRS spectra acquisition and data processing

Near-infrared spectroscopy (NIRS) is an analytical technique which relies on the light
absorption properties chromophore in the near infrared range. These chromophores are
notably found among the hydrogen-containing functional groups of organic compounds, and
the observation of the molecular vibrations of these groups constitute the NIR spectra
(Schimleck et al., 2001; Tsuchikawa and Kobori, 2015). In our case, NIR spectra of sawdust
were used to compare the molecular profiles of sawmill residues from 1/ various geographical
origins and 2/ increasing storage times in controlled conditions (light, humidity, and

temperature) (see 2.7). For the provenance study, the sample design was identical to that used
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for particle size analysis, with 3 sawdust replicates (10 g) for each commercial sample from
SrM (one batch), SrC (three batches) and SrK (three batches), i.e. 21 samples (3 replicates
for each of the seven batches). For the stability analysis, 3 replicates for each of the 11 storage
times, leading to 33 samples, were used. In each case, the wood powder was ground with a
mill (Retsch ZM 200) using a 500 um mesh, and analyzed before any extraction process.
Spectra were measured by diffuse reflectance with a Fourier transform spectrometer (MPA,
Bruker Optics, Ettlingen, Germany). The spectral acquisition was performed using the NIR
region from 12500 cm™ to 3700 cm™ (800-2700 nm), with a spectral resolution of 8 cm™. Each
spectrum was obtained by 32 scans which were averaged to improve the signal-to noise ratio.
Three independent acquisitions were performed for each biological replicate. The laboratory
temperature and relative humidity were kept constant (20°C + 1°C and 65% + 5%, respectively)
throughout NIR processing to maintain the samples at 12% theoretical moisture yield. The
collected spectra were analyzed using the Unscrambler software package (version 9.8 Camo

AS, Oslo, Norway).

2.4. Solvent extraction

The wood powder was ground in a mill (Retsch ZM 200) to select a particle size < 500 ym
before extraction. The raw materials were then extracted using ethyl acetate (EtOAc, RPE
grade, Carlo Erba) in a 1:20 ratio (w/v) (10 g of wood powder for 200 mL EtOAc) at room
temperature by maceration during 24h under stirring. After extraction, the solution was filtered
and the solvent removed by evaporation under reduced pressure with a SpeedVac™
concentrator (Savant SPD121P, Thermo Scientific). The resulting crude extracts were stored
in a freezer at -18°C until assay. To evaluate the impact of the extracts chemistry on larvicidal
activity, a large set of extracts obtained from the different commercial sawmill residues were
used (Figure S1). Extracts SrM1, SrM2 and SrM3 on the one hand, and SrK1 to Srk4 on the
other hand were obtained by extracting sawdust samples from SrM and SrK at different storage

times (2017, 2018 and 2020 for SrM, collected in September 2017, and between April 2020
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and July 2020 for SrK, collected in March 2020). SrC, SrP and SrR each resulted in a single
extract. As we tried to obtain the widest range of larvicidal mortalities, ideally from 0 to 100%,
fractions containing only the larvicidal compounds rubrenolide and rubrenolide were added to
the dataset. For this purpose, the SrP and SrR crude extracts were partitioned into hexane and
ethyl acetate fractions (RPE grade solvents, Carlo Erba) following the previously published
procedure (Rodrigues et al., 2010). Solvent evaporation of the ethyl acetate fractions led to

SrP+ and SrR+ extracts, respectively, containing only the two y-lactones.

2.5.  Quantitative NMR analysis

To perform an accurate analysis of the rubrenolide and rubrynolide content of the extracts,
guantitative Nuclear Magnetic Resonance (QNMR) was used. NMR spectra (*H, *C and 2D
sequences) were recorded on a Varian 400 NMR spectrometer equipped with a 5 mm inverse
probe (Auto X PGF H/*N-13C). The 'H NMR spectra were recorded at 400 MHz and *C NMR
spectra at 100.6 MHz. Chemical shifts are expressed in ppm downfield of tetramethylsilane
(TMS), and coupling constants (J) are expressed in Hz (s stands for singlet, d for doublet, t for

triplet, q for quartet, m for multiplet, br for broad).

Quantitative NMR (gNMR) analyses were performed by adapting a previously published
procedure applied to S. rubra wood extracts (Fu et al., 2019). Wood extracts (9-15 mg) and
the quantitative NMR standard (TraceCERT®) 1,2,4,5-tetrachloro-3-nitrobenzene (1,2,4,5-
TCNB, CAS: 117-18-0, Sigma-Aldrich ref.7, 2.5 mg) were dissolved in deuterated chloroform
(CDCls, 500 L, Aldrich) in a 2 mL vial before transferring the solution into a 5 mm NMR tube.
1,2,4,5-TCNB was chosen as a standard because (1) its resonance signal does not overlap
with the signals of S. rubra extracts, (2) it dissolves readily in CDCls, and (3) no chemical
reaction occurs between 1,2,4,5-TCNB and the S. rubra constituents, as recommended by (Liu
et al., 2020). To ensure sufficient relaxation delay (D1) for accurate quantitative analysis, the
relaxation time (T1) of the standard and rubrenolide were checked using the T1-MEASURE

sequence of the OpenVnmrJ software before any analysis. The NMR acquisition time was set
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at 2.55 s with a spectral width of 6410.3 Hz and 16 scans were recorded with a relaxation delay
D1 > 5 x T1 (45 s) for a 45° pulse sequence. The 'H spectra were phased and baseline

corrected before processing with the ACD/NMR Processor software.

For the quantification of rubrenolide and rubrynolide, the *H signal corresponding to the proton
55.81ppm; ddt, 1H Re, J= 17.0; 10.1; 6.7 Hz on the one hand, and the H signal
corresponding to the protons & 4.43 ppm ; ddt, 1H Re and 1H Ry, J =10.8; 7.1; 5.3 Hz on
the other hand, were integrated manually. These signals were chosen because they were
clearly separated from the other signals and did not overlap with any other signal regardless

of the extract when 2D spectra were analyzed.

The following formula was used for the calculation (Eq. 1):

Mc = (Ic / Ista) * (Nsta / N¢) * Nsta * Mc

Where m. is the mass of the compound (Re or Ry), I and Isg correspond to the value of the
integral signal area of the compounds and 1,2,4,5-TCNB, respectively, Nsa and N. are the
number of 'H atoms belonging separately to the respective molecular unit of the compounds
and 1,2,4,5-TCNB, nsq is the molar amount of 1,2,4,5-TCNB and M is the molecular weight of
the compound under consideration (Re or Ry, with Mge = 298.4 g/mol and Mgy = 296.4 g/mol).
For the analysis of the relationship between chemical composition and larvicidal effect, each
available extract as described above was sub-sampled in two NMR tubes to provide two
replicates for each analysis, except for SrP and SrK1 for which two independent extractions
were performed. The mean value of the measured areas was used for the calculation. For all
other analyses, each of the three extraction replicates was analyzed once, and the mean value
of the three measurements was used for the calculation. Full details of the calculation are

available in the corresponding tables in the Supplementary Material.
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2.6. Evaluation of larvicidal activity

Insect collection and rearing, larvicidal assay, and data analysis were performed as previously
described (Falkowski et al., 2020). A natural population of Ae. aegypti (Diptera: Culicidae)
collected from the city of Cayenne (CAY) was used to test the extracts and compounds. The
choice of this strain was made to obtain results as close as possible to the current context of
French Guiana where Ae. aegypti populations exhibit a strong resistance to pyrethroids and
organophosphate insecticides (Guidez et al., 2020). Late third or early fourth-instar larvae from
a first generation (F1) reared from wild caught larvae (FO) were used in the tests. The larvicidal
activity of the extracts was studied using the WHO procedure for testing of mosquito larvicides
(World Health Organisation, 2005). Each bioassay exposed a total of 200 larvae, divided into
eight replicates of 25 larvae, to 1 mL of ethanolic compound solution resuspended in 99 mL of
distilled water to a final concentration of 30 pg/ml. For each test, negative control cups
containing only 1 mL of ethanol in water were run in parallel. The larval bioassays were
subjected to a validation step. First, all tests with a natural mortality in the control greater than
20% were excluded. If mortality in the control was between 5 and 20%, the application of
Abbott’s formula (Abott, 1925) was used to correct mortalities in the treated cups. To assess
the larvicidal effect of rubrenolide and rubrenolide compounds, mortalities in treated cups were
compared to the corresponding untreated (control) data using the non parametric Kruskal-
Wallis test. For calculation of LDsy; and LDgp, the concentrations were adjusted to give 0% to
100% mortality (3 to 120 pg/ml). The SrK4 extract, which was used for the LDsp and LDgo
calculations, was obtained from SrK_B3 sawdust (Kourou sawmill, batch 3), collected in March

2020 and extracted in July 2020.

2.7. Chemical and biological stability of S. rubra sawdust during storage in

controlled conditions (light, humidity, temperature)

For this study, sampling was restricted to one sawmill, and 100 g of sawdust batch #3 collected

at the Kourou sawmill in March 2020 (SrK_B3) was sampled each month for 10 months in the
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conditioning room (21°C, 65 % relative humidity, in the dark). Eleven samples were thus
obtained from March (SrK_B3_t0) to December 2020 (SrK_B3_t10). The sawdust samples
were then ground with a mill (Retsch ZM 200) to a particle size < 500 ym, and kept at -18°C in
watertight bags until further study to avoid molecular degradation. Once the whole collection
was completed, the eleven samples were extracted as described above, and subjected to
NIRS and gNMR analysis and larvicidal bioassays (30 pg/mL) for chemical and biological
evaluations following the above-described protocols. For the calculation of extraction yield, the
moisture content of the sawdust samples was measured and taken into account. For this
purpose, 1.0 g of grated wood was weighted and placed in an oven at 103°C for 24h to
measure the wood moisture content (WMC) in conjunction with the extraction procedure. The

moisture content was calculated according to Eq. 2:
WMC = [(wet wood mass-dry wood mass) * 100] / dry wood mass

The extraction yield was then calculated using the theoretical anhydrous mass mo obtained

according to Eq. 3:
mo = (Ms*100) / (WMC+100)

where ms is the mass of the sawdust sample used for extraction and WMC is expressed as a
percentage. Wood moisture content and extraction yield were obtained as mean values from

three replicate experiments.

2.8.  Stability of the larvicidal activity of the S. rubra extracts over a storage

period at room temperature

S. rubra EtOAc wood extract SrK4, prepared in July 2020 from SrK_B3 wood powder ground
with a mill (Retsch ZM 200) to a particle size < 500 ym was maintained in an amber flask at
room temperature (25°C) until April 2021 to determine the stability of SrK extract. Larvicidal

activity was determined at intervals of 0, 30, 60, 90, 120, 150, 180 and 280 days after
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preparation of the extract using a freshly prepared ethanol solution and as described above.

This procedure was adapted from (Kanis et al., 2013).

2.9. Statistical analyses

Kruskal-Wallis and pairwise comparisons were performed using the rstatix package of R
software, version 4.1.3 (https://www.r-project.org/). PCA analysis was computed using the
factoMineR and factoextra packages. The Bioconductor ropls package was used for PCA
validation and OPLS analysis (https://bioconductor.org/). The relationship between the
larvicidal activity of the extracts and their content of biomarkers rubrenolide and rubrynolide
was investigated. It is well characterised that mortality against increasing doses of an
insecticide follows a sigmoidal distribution from 0 to 100% of mortality modeled by the probit
function. Mortality data were transformed into percent mortality. The quantity of rubrenolide
and rubrynolide in the extract was expressed as a percentage of the total extract. We therefore
subjected the dataset to a generalized linear model (GLM, family quasibinomial, link = probit)
to validate the relationship between rubrenolide and rubrynolide content and mortality, and to
investigate the effect of individual or combined molecules on larval mortality. All tests were
performed using the MASS and car packages of R software, version 3.2.0 (https://www.r-
project.org/). Lethal doses were obtained by log-Probit regression under a general linearized

model using the MASS package in R software version 3.2.0 (https://www.r-project.org/) as

previously described (Falkowski et al., 2016a).

3. Results and discussion

3.1. Influence of sawmill origin on sawdust particle size

In order to progress towards an efficient valorization of sawdust and wood residues, the
technological characteristics of the raw resource can be explored to improve the description of

its quality. The first step of our study was therefore to evaluate the effect of sawmill origin on
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sawdust particle size. In our hands, few coarse particles were visually present in the wood raw
material, and bark fragments were only sporadically present among the wood residues (Figure

3).

Figure 3: (a) Sextonia rubra (Mez.) Van der Werff (Lauraceae, « Grignon franc ») in the
Guianese forest of Paracou; (b) Sawdust of S. rubra (Sr) collected in the Montsinéry sawmill
(labelled as SrM sample) ; (c) Sawdust fractions obtained after manual removal of any visible
bark material and sieving: particle size > 500 um (left), particle size 500-200 um (middle),

particle size < 200 pm (right).

The granulometric fractions obtained from the different sawmills where wood residues were

collected are summarized in Figure 4:
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Figure 4: Barplots of mass distribution by particle size after fractioning of commercial Sextonia
rubra (Sr) wood wastes from Monstinéry (labelled as SrM samples), Cacao (labelled as SrC

samples), and Kourou (labelled as SrK samples) sawmills.
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We observed that the three sawmills led to an overall similar profile. For each of the sawmills
studied, more than 50% (from 57.9 + 19.5% to 74.3 + 2.9%) of the resource was composed of
particles characterized by a size > 500 um. Particles between 200 and 500 pm in size
represented 21.2 + 2.1% (SrK) to 35.7 = 16.7% (SrC) of the total amount. Finally, fines
(size < 200 pm) accounted for less than 6% (from 4.2 £ 0.6% to 5.9 + 0.2%) of the total mass
yield. The notable amount of medium-sized particles provided an effective accessible surface
area for extraction (Hassegawa et al., 2016; Miranda et al., 2012; Wang & Weller, 2006).
Moreover, the small amount of very small particles (< 200 um) can notably prevent clogging
during filtering steps following the industrial scale extraction process (Bostyn et al., 2018). High
standard deviations and coefficient of variations were, however, obtained for the Cacao
sawmill (Tables S1 and S2) due to the particularities of one out of three batches (Batch N°1,
SrC_B1). This may probably be due to a difference in the process used by the sawmiller to
recover this particular sawdust. The collection of sawdust at the top or at the bottom of the

wastes’ pile could for example account for the difference in particle size observed between
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Batch SrC_B1 (84 + 6% of particles > 500 um, and 2 + 1% of particles < 200 um) and batches
SrC_B2 and B3 (in average: 45 + 2% of particles > 500 um, and 7 + 1% of particles < 200 pum).
However, our results highlighted that regardless of the sawmill, the transformation processes
seemed to be globally similar, leading to a homogeneous distribution. The particle size
distribution obtained for commercial wood waste collected in different sawmills in French
Guiana seemed suitable for a process of valorization of the resource by the development of
value-added products without consequent pre-treatment steps. Indeed, as fine grinding of
wood requires increasing energy with decreasing particle size, it is important to directly obtain
a raw material with interesting technological properties for further processing and valorization
(Karinkanta et al., 2018). These data are of interest for sawmillers interested in biorefinery
initiatives, and can for example be considered by those knowledgeable in the technology

datasets on milling routes as proposed by Fabre et al. (2020).

3.2. Influence of sawmill provenance on sawdust NIRS profiles

Following this analysis of sawdust physical properties, samples from the three sawmills were
subjected to near-infrared spectroscopy (NIRS) analysis. This rapid, powerful, non-destructive
and cost-effective predictive technique provides information about both the high-weight
chemical groups present in lignin, cellulose, and hemi-cellulose as well as the low-weight
extractives (Tsuchikawa and Kobori, 2015). It can be used both qualitatively and quantitatively
in the forestry industry, for example to predict essential oil or extractive yields and natural
durability, or to discriminate wood samples based on their geographical origin (Alves et al.,
2012; Amusant et al., 2016; Karlinasari et al., 2021; Niamké et al., 2014). It thus provides a
useful tool for tree or wood raw material selection by wood managers (Wang et al., 2022). The
mean pattern of the original NIR spectral data of sawdust samples obtained from the three

sawmills selected in our study (SrM, SrC, SrK) is shown in Figure 5.
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Figure 5. Representative average of original near-infrared (NIR) spectra of S. rubra (Sr)
sawdust samples collected from the sawmill of Montsinéry (SrM, green), Cacao (SrC, red) and

Kourou (SrK, blue).
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The spectra obtained showed an absorbance range between 0.2 and 1.7. The overall profiles
were globally similar, with cellulose, hemicellulose, and lignin being the dominant components
(Schwanninger et al., 2011). Within the acquisition window, two broad absorption bands were
observed, which were associated with water OH-bond (7140-6100 cm™ and 5360-4980 cm™)
(Alves et al., 2012; Bining-Pfaue, 2003; Curcio & Petty, 1951). It appeared that the sawmill of
origin influenced the signal height rather than the overall shape of the NIR spectrum of the
sawdust samples. Spectral differences related to variations in chemical composition were
rather small and, in most cases, invisible by simple visual inspection of the spectra. To better
visualize the differences between the NIR spectra, multivariate statistical analyses were
performed. A PCA was used to represent the NIRS data of S. rubra sawdust (Figure 6). The
cumulative R2X value was 0.62, and dimensions 1 and 2 accounted for 62 and 33.1% of the

variance, respectively. The OPLS-DA analysis performed on the data according to the sawmill
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436  of origin validated the model, with coefficients of determination (R2X and R?Y) close to 1 and
437  revealing a good prediction, and a root mean square error (RMSE) of 0.04 (Figure S2).

438

439  Figure 6: PCA (principal component analysis) of NIR spectral data Sextonia rubra sawdusts

440  based on sawmill origin.
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444  The results obtained presented several major insights. First, OPLS-DA allowed for the
445  segregation of spectral data by sawdusts origin, as previously described in the literature
446  (Karlinasari et al., 2021). However, the proximity of Kourou samples and most of the Cacao
447  samples did not indicate major chemical differences in these sawdusts, in light of the similarity
448  observed for the particle size analysis of these samples. The PCA representation also
449 indicated some disparity in the Cacao sawdust, especially in one out of three batches, as
450 already observed for the grain size analysis (batch SrC_B1). Indeed, rubrenolide and
451  rubrynolide were found only in specific anatomical structures in S. rubra wood, namely ray

452  parenchyma cells and oil cells (Fu et al., 2018; 2019). As anatomical structures of the wood
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display various degrees of mechanical resistance during sawing or milling processes, different
fibrous granulometric fractions may thus have different chemical compositions (Vazquez et al.,
2001). This could explain the observed specific disparities between the batches collected in
the Cacao sawmill. However, the similarity observed in the spectral data pattern in Fig. 5
indicated that S. rubra remained the processed species, and that this inconsistency did not
come from botanical confusion (Tuncer et al., 2022). Chemistry may explain the singularity of
SrM (S. rubra sawdust from the Montsinéry sawmill) samples, which appeared clearly
discriminated from those from Kourou and Cacao. Indeed, in the case of the SrM samples,
collected in 2017 and analyzed in 2020, the sawdust storage process lacked efficacy due to
logistic issues. The higher moisture content of the raw material may have led to biological and
chemical changes. In fact, moisture content has previously been shown to influence the level
of wood biodegradation when exposed to soil microflora, with both parameters being positively
correlated (Amusant et al., 2014; Gunther et al., 2021). In addition, endophytic wood fungi are
also known to play a role in wood degradation (Baum et al., 2003; Cline et al., 2018; Leonhardt
et al., 2019). Therefore, an increase in sawdust moisture may have promoted the development
of fungal and bacterial flora, eventually leading to chemical modification through
biotransformation processes (Menelle et al.,, 2021). The impact on such a process will be

discussed below in the light of the biological activity of the extracts.

Finally, despite the particular cases discussed above, the sawdust collected in French Guiana
also appeared homogeneous in terms of NIR chemical profiles, especially in two of the most
important sawmills in the territory (Kourou and Cacao). This point is particularly interesting,
because the logs processed in these two sawmills came from two different forest areas, located
respectively in the western part (Montagne de Fer forest, for the Kourou sawmill) and in the
eastern part (Régina - Saint Georges forest, Mataroni area, for Cacao sawmill) of the territory.
Indeed, some similarity between the NIRS data of ebony wood from various geographical
areas of the Celebes Islands has already been observed (Karlinasari et al., 2021).
Furthermore, chemical analysis of extractives in Scots pine sawmill residues showed only
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small differences regarding the concentration of these compounds in sawdust collected from
four regions from northern to southern Finland (Verkasalo et al., 2021). These results are
therefore encouraging for the production of bioactive extracts from this resource. However,

they highlight that special attention must be paid to the collection and storage steps of sawdust.

3.3.  Chemical composition of S. rubra extracts depending on sawdust

provenance, age and extraction process

The next objective was to better understand the link between the chemistry of the S. rubra
sawdust extracts and the larvicidal effect of the extracts against Ae. aegypti, complementing
to previous preliminary bioassays (Falkowski et al., 2016a, 2020). With this in mind, NMR
spectra of the S. rubra extracts full dataset, as described in the experimental section, clearly
confirmed the presence of both compounds in the extracts. Full details of the calculations and
the dataset obtained for the quantitative NMR analysis are given in Table S3 of the
Supplementary Material. Chemical shifted in agreement with previously published data
(Rodrigues, 2010). In addition to the reference signals at 8 4.43 and 5.81 ppm, the identification
of the compounds was verified by other characteristic signals, such as the H-14 protons of
rubrenolide (& 4.99 ppm, J = 17.4 Hz, H-14b; & 4.93 ppm, J = 10.2 Hz, H-14a), and protons of
the hydroxylated lateral chain present in both compounds (8 3.80 ppm, m, H-2’; & 3.65 ppm, J
=10.9, 3.5 Hz, H-3'b; © 3.47,J = 11.0, 6.3 Hz, H-3’a). Finally, protons from the y-lactone ring,
also present in both compounds, were identified at & 2.92 ppm (dtd, J = 12.1, 7.9, 7.4 Hz, H-
2) and 8 2.54 ppm (ddd, J = 13.3, 8.6, 5.5 Hz, H-3). The other signals below 2.5 ppm could not
be distinguished due to the presence of many lipophilic compounds in our extract, showing a
high density of signals in this area (Figure S3). An important point to emphasize is that,
regardless of the origin of the wood (logs or sawmill origin, raw material collection process,
storage time and process), rubrenolide and rubrynolide were always present in ethyl acetate

extracts. This result is consistent with all previous published studies on the wood chemistry of
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S. rubra (see references cited throughout this article), clearly highlighting these compounds as

chemical markers of this species.

Rubrenolide content ranged from 1.9 to 35.5% in the extracts (cutoff values obtained for SrM3
and SrP+ extracts, respectively), with a median value (MV) of 11.4% for all extracts.
Rubrynolide content ranged from 0.1% (SrM2) to 54.2% (SrR+) with a median value of 10.1%
(Figure 7; Table S4). Interestingly, when observed against the PCA based on NIRS data
(Figure 6), these results supported that the imperfect storage conditions of SrM sawdust
between 2017 and 2020 may have led to some degradation of the chemical content of the
resulting extracts, as discussed above (Gunther et al., 2021). Regarding the SrR extract, the
sawdust in this case was collected directly during tree cutting, and not in the log processing
stream. The lack of log storage before sawdust collection could have therefore explained the
high content of rubrenolide and rubrynolide in this extract. The linear Model (Ry ~Re) revealed
a linear relationship between the two molecule contents with a significant slope estimate (SE)
of 1.59 (0.04) and a model-adjusted R? of 0.93. The Spearman rho correlation reached 0.97
(p-value = 7.57e- 07). Rubrynolide was then estimated to be 1.5 times more abundant than
rubrenolide based on that model. Therefore, these two compounds were not only always
present regardless of the extract, but their content varied overall in a linear fashion regardless

of the total amount of these two compounds in a given extract.

Figure 7: Scatter plot of rubrynolide content versus rubrenolide one and Im regression line
with Clgs interval. The acronyms of the extract IDs are described comprehensively in the
experimental section and Figure S1. Briefly, Sr stands for S. rubra, and the following capital
letter for the place of origin (C: Cacao; K: Kourou; M: Montsinéry; P: Pariacabo; R: Régina).
The numbers from 1 to 4 correspond to the extracts at different storage times of the sawdust.
SrP+ and SrR+ correspond to the fractionation of SrP and SrR crude extracts, leading to a

purified mixture of the two y-lactones rubrenolide and rubrenolide.
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3.4. Characterization of the larvicidal properties of S. rubra extracts

The toxic action of 30-ug/ml extracts was monitored on the CAY F1 generation. Among the
12 extracts used, mortality in bioassays varied from 0 (3 £ 3%) to 100% after 48h of exposure

(MV: 61%) (Figure 8, full dataset available in Table S5).

Figure 8: Percent mortalities and standard error of the larval test exposing Aedes aegypti CAY
F1 larvae to 30-pug/ml Sextonia rubra extracts. The acronyms of the extract IDs are described
comprehensively in the experimental section and Figure S1. Briefly, Sr stands for S. rubra, and
the following capital letter for the place of origin (C: Cacao; K: Kourou; M: Montsinéry; P:
Pariacabo; R: Régina). The numbers from 1 to 4 correspond to the extracts at different storage
times of the sawdust. SrP+ and SrR+ correspond to the fractionation of SrP and SrR crude

extracts, leading to a purified mixture of the two y-lactones rubrenolide and rubrenolide.
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SrP+ and SrR+ extracts, as well as SrR extracts, i.e. those with the highest rubrenolide and
rubrynolide contents, reached the maximal mortality value in this assay. SrM3 on the contrary,
obtained from sawdust collected in the sawmill of Montsinéry in 2017 and extracted in 2020
after imperfect storage conditions, led to the lowest larval mortality. For its part, the SrC extract,
obtained from the Cacao sawmill and used in this dataset, was indeed obtained from the
SrC_B1 outlier batch, discussed in the particle size and NIRS data analyses. In terms of larval
mortalities, the SrC extract was close to those of SrM, which is consistent with the vicinity
observed from the Cacao sawmill outlier batch and the Montsinéry samples in the principal
component analysis of the NIR spectral data. Although the two datasets cannot be exactly
compared, the results obtained nevertheless show good consistency between NIRS and

gNMR results.

Finally, and to test whether these compounds can be used not only as chemical markers of
botanical species, but also as biomarkers of the larvicidal activity of extracts obtained from
sawdust of various origins, the raw composition and mortality data were subjected to statistical

analysis. Further investigation thus led to run a GLM regression integrating the contents of the
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molecules as separate variables. Rubrenolide and rubrynolide as single variables, as well as
in the additive model, were shown to be related with larvicidal activity (Table 1; Pr (>|t|) < 0.05).
When modelling the interaction of these two compounds, rubrynolide was found to be the only
molecule with a significant estimate and effect (Pr (>|t|) = 7.07e-07, Table 1). Neither
rubrenolide nor the interaction estimates were significant in the model. Dependency of Re and
Ry may have explained such results. Nevertheless, both molecules were related to mortality.
Alongside with the obtained data for these compounds tested individually against the natural
deltamethrin-resistant Cayenne strain (Table S5), this statistical analysis highlighted that
rubrenolide and rubrynolide can clearly be considered as biomarkers of larvicidal activity of
S. rubra wood extract, especially in a standardization perspective. Additionally, their potential
synergistic effect could be investigated to progress towards the comprehension of the

mechanisms of S. rubra wood extract larvicidal activity.

Table 1: Results obtained for the GLM regression

Estimate Std. Error t value Pr (>|t])
Rubrenolide (Re)
(Intercept) -1.15463 0.16660 -6.931 5.20e-10
Re content 0.14392 0.01684 8.544 2.27e-13
Rubrynolide (Ry)
(Intercept) -0.677528 0.093263 -7.265 1.08e-10
Ry content 0.108098 0.009888 10.932 2,00E-16
Added
(Intercept) -1.004556 0.120070 -8.366 5.41e-13
Summed content 0.069191 0.006534 10.589 2,00E-16
Interaction
(Intercept) -0.915351 0.188496 -4.856 4.89e-06
Re content 0.037478 0.027638 1.356 0.178
Ry content 0.112214 0.021069 5.326 7.07e-07
Re:Ry -0.001488 0.001169 -1.274 0.206

To complement these data, lethal doses were measured for SrK4 extract, chosen as a

reference extract because its rubrenolide content (10.5 + 0.0%) and rubrynolide content (8.9 +
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0.0%) were close to the median values for the dataset composed of the 12 extracts (11.4 and
10.1% respectively). The LDsg obtained, measured against the wild type CAY strain, were 39.6
and 18.6 pg/mL at 24h and 48h, respectively, and the LDgo were 118.2 pg/ml and 51.2 pug/ml
at 24h and 48h, respectively. These data confirmed the promising values measured in a
previous study of S. rubra wood extract against the laboratory strain Paea, with a LDs value
of 31.7 pg/ml at 48h (Falkowski et al., 2020). These results were also of notable interest when
compared to data in the literature regarding natural products active against Aedes. Notably,
species in the genus Piper are known to have numerous biological activities (Salehi et al.,
2019). These activities include strong potential in the field of biocontrol, with LCso values
ranging from 20 to 65 pug/mL for various Piper species, whether plant extracts or essential oils,
against insecticide-susceptible reference laboratory strains, or pyrethroid-resistant wild strains
(Falkowski et al., 2020; Pereira Filho et al., 2021; Lija-Escaline et al., 2015; Scalvenzi et al.,
2019). Interestingly, P. ovatum extracts standardized to the active compound piperlongumine
led to LCso and LCg values of 2.1 and 4.1 pug/ml at 24h respectively, highlighting the value of
correlating the content of bioactive compounds in extracts and larvicidal activity (Kanis et al.,
2013). Other tropical species have also been tested for their larvicidal activities against Ae.
aegypti, with different endpoint criteria, with LCso values below 100 pg/mL being a relevant
reference value (Jian et al., 2022; Mendes et al., 2017), although outstanding values
<10 pg/mL can sometimes be found (Machado Rodrigues et al., 2021; Pavela, 2015; Pavela
et al., 2019). Interestingly, formulations based on natural products (extracts or essential oils)
can achieve remarkable LCsos (Faustino et al., 2020). This question will be addressed for
S. rubra in a future study, together with the cyto- and eco-toxicity evaluation of both extract

and formulation.
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3.5. Chemical and biological stability of S. rubra sawdust and extracts during

storage and effect on larvicidal activity

Another crucial criterion to be evaluated in the perspective of the commercial development of
a plant-based insecticide is the stability of the product during storage time. While
biodegradation in the environment is presented as an advantage of botanical active products
over synthetic ones, to avoid phytoaccumulation and soil pollution, and to limit unintended
effects, sufficient stability of bioactive compounds is however necessary to ensure long-lasting
efficacy (Kanis et al., 2013). Plant metabolites are indeed sensitive to photodegradation,
hydrolysis, oxidation or evaporation, with loss of biological activity potentially observed when
botanical products are exposed to light, temperature, environmental pH, or microbial activity,
whether in the raw material or the extract (Amer & Mehlhorn, 2006; Isman, 2020; Khan et al.,
2014; Shaalan et al., 2005). Here, we evaluated both the chemical and biological stability of

sawdust and a crude extract over time under controlled storage conditions.

The relative humidity of fresh wood residues ranged from 7.7 £ 0.5% to 11.1 + 0.3% with an
average value of 9.4 + 1.0%, and thus remained below the 13% limit that ensures good
conservation of the raw material (Table S6). The extraction yield ranged from 2.6 £ 0.1% to
3.0 £ 0.1%, with an average value of 2.8 £ 0.2%, confirming the extraction data discussed
above in this study (Table S7). Rubrenolide and rubrynolide content decreased from 13.0 +
0.1% in March 2020 to 10.3 + 1.1% in January 2021, with a mean value of 11.4 £ 0.9%, and
from 23.0 £ 0.1% in March 2020 to 15.3 £ 2.0% in January 2021, with a mean value of 17.6 £
3.2%, respectively (Figure 9). This indicated a decrease in the content of both molecules over
a 10-month storage period. Kruskal-Wallis rank sum tests performed on both datasets yielded
a p-value of 0.005 for rubrenolide content (Chi-squared = 25.2, df = 10) and a p-value of 0.009
for rubrynolide content (Chi-squared = 23.4, df = 10), indicating a statistically significant change
in the content of both compounds. Notably, a decrease in rubrynolide content seemed to
appear from the 4" month of storage (July 2020), while the decline in rubrenolide content was

regular. These results are consistent with the data discussed along the study, notably the
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elevated amounts in rubrenolide and rubrynolide of the SrR extract, obtained from sawdust
collected directly in the field and without any storage of the log before milling. It also shed light

on previous observations, regarding SrM batches, which encountered imperfect storage

conditions.

Figure 9: Rubrenolide (Re, blue, lower curve) and rubrynolide (Ry, yellow, upper curve)
content (% w/w) and standard error calculated by the gNMR experiment. Wood extracts were
obtained from sawmill residues stored under controlled conditions between March 2020 (t0)

and January 2021 (t10).
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To complement this information, all raw sawdust were subjected to NIRS analysis, to compare
chemical profiles over the storage period, a PCA was performed (Figure 10). The cumulative
R2?X value was 0.85, and dimensions 1 and 2 accounted for 84.7 and 14.3% of the variance,
respectively. To contrast NIRS data with the previous gNMR observation, highlighting a
change in rubrynolide content between samples t0-t4 (March 2020 - June 2020) and t5-t10

(July 2020 - January 2021), data were organized into two groups (A: t0-t4 and B: t5-t10).
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Figure 10: PCA (principal component analysis) of NIR spectral data of Sextonia rubra
sawdusts as a function of sampling time. Group A: t0-t4 (March 2020 - June 2020); Group B:

t5-t10 (July 2020 - January 2021)
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In this representation, some overlap between the two groups could be observed. To gain
accuracy, multivariate statistical analysis was used, and OPLS-DA analysis performed on the
data in relation to sampling time. The resulting model showed an R?X value of 0.998, a R?Y
value of 0.891 and a Q?Y value of 0.838. The RMSE value was 0.164 (Figure S4), allowing
discrimination between the chemical profile of short-term and long-term storage of S. rubra

sawmill residues.

The question was then to know if these chemical modifications had a significative impact on
the larvicidal activity of the extracts. Larval mortality after 48h exposure of animals to a 30-
pg/mL solution of S. rubra wood extract was therefore evaluated, and the results obtained are
represented in Figure 11, and the full data are available in Table S8. Mortality ranged from
94 + 4% to 99.5 £ 1%, with a mean value of 97 + 4%, thus highlighting in all cases a high
biological effect of the extracts on Ae. aegypti CAY larvae. The Kruskal-Wallis test yielded a
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p-value of 0.055 (Chi-squared = 18.0, df = 10), which showed that no significant difference in

larval mortality could be observed as a function of sawdust storage time of the.

Figure 11: Percent mortality and standard error of the larval test exposing Aedes aegypti CAY

F1 larvae to 30-pug/ml Sextonia rubra extracts during a 10-montg sawdust storage period.
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In the end, this study showed that although chemical changes, consisting of a decrease in
rubrynolide content over time, were observed during controlled storage of the sawmill residues,
these changes had no impact on the larvicidal potential of the extracts obtained at the tested
dose. The last step was therefore to evaluate the stability of the extract itself, stored in an
amber flask under ambient conditions in the laboratory. The 48-h larval mortality is shown in
Figure 12, and full data are available in Table S9. Mortality ranged from 73.5 £ 6% to 80.5 +
3%, with a mean value of 76 * 6%. The Kruskal-Wallis test yielded a p-value of 0.08 (Chi-
squared = 11.15, df = 6), highlighting the lack of a statistically significant difference in larval

mortality as a function of extract storage time.
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684  Figure 12: Percent mortality and standard error of the larval test exposing Aedes aegypti CAY

685 F1 larvae to 30-pug/ml Sextonia rubra extract during a 9-month extract storage period.
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688  Altogether, these results are of particular interest when it comes to the technological and
689  economical potential of S. rubra sawmill residues and extracts, as they demonstrate the good
690  stability of these two resources over relatively long storage periods without adverse effects on
691 their biological properties. However, these assays were performed under controlled conditions
692  (storage of sawdust at low humidity and light, conservation of the extract in the laboratory at
693  25°C), and care must be taken under industrial conditions, especially when it comes to the
694  storage of sawmill residues (Cabalova et al., 2021; Grenier et al., 2022; Halmemies et al.,

695 2022; Khan et al., 2014).

696
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3.6. Valorization of S. rubra sawmill residues for the production of larvicidal

extracts in French Guiana: a biorefinery perspective?

To complete this dataset, solvent extraction was performed for sawdust samples from the
Kourou sawmill (SrK) ground to a standard patrticle size of 500 um. The mean extraction yield
for SrK samples was 2.9 + 0.1%. The results obtained for the three SrK1, SrK2 and SrK3
batches, collected as described in the experimental section, are shown in Figure 13. The full
dataset is available in Table S10. These values are consistent with ethyl acetate extraction

yields previously measured for S. rubra (Houél et al., 2017; Rodrigues et al., 2010).

Figure 13: Comparison of the extraction yields obtained for batches of S. rubra SrK sawdust
(Kourou sawmill) from commercial forest waste (grain size < 500 ym). The three batches
(Srk_B1, SrK_B2 and SrK_B3) correspond to three successive days of S. rubra sawing, and

thus sawdust collection.
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In order to progress towards TRL (technology readiness level) implementation, the different
parameters highlighted in this study were finally summarized, and a preliminary technical route
was illustrated (Figure 14). In particular, the French National Forest Office (ONF) production
outlook for the next few years (2021-2025) foresees a 20% increase in log harvesting of S.
rubra compared to the 2010-2021 period, due to the increase in wood needs for construction
and energy correlated with the strong demographic growth observed in French Guiana (CRFB,
2019). Consequently, the annual volume of available sawmill residues will also increase. As
sawmill residues include at once bark, sapwood and sawdusts, the lower values presented in
Figure 14 for lumber conversion should be the closest to the actual conditions (DAAF, 2016).
Another positive aspect concerning a possible industrial valorization is that the recovery of
sawmill by-products requires a certain concentration of supply to limit logistic costs. This could
be achieved in French Guiana, as 5 sawmills account for 94% of the annual production of S.
rubra logs. Regarding the processing of sawdust, the experimental design should be discussed
with both sawmillers and extracts manufacturers, to define the necessary milling and
processing steps and associated expenses (capital, equipment and investments, energy...),
and evaluated by a full techno-economic analysis (Garcia-Velasquez et al., 2023; Slegers et
al., 2020; Wijeyekoon et al., 2021). In particular, the values given for the extraction yields are
based on our laboratory protocol, but could be improved through the optimization of extraction
procedures (Fernandez-Agullé et al., 2015). The last step, regarding the preparation of a S.
rubra-based formulations, is the subject of a second part of this project, and will be addressed

in a future study.

Figure 14: Preliminary information for a biorefinery process: prospective valorization of S.

rubra sawmill residues in French Guiana for the production of larvicidal extracts against Ae.

aegypti.
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2010-2021 average assessment: 5348 m3 / year
2021-2025 average perspective: 6557 m?/year

|

2010-2021 average assessment: 3200 - 3750 m? / year
2021-2025 average perspective: 3000 - 4590 m?/year

|

Sextonia rubra resource: 7.5% of the annual volumes of exploited logs
in French Guiana

——
Log transformation: 30%- 40% yield efficiency during sawmill process ——

Commercial sawmill residues: granulometric profile 2021-2025 average perspective:
1. Direct process of sawmill residues C———————> | 1. 3900 -4590 m¥year without supplementary energy costs
2. Sawmill residues grounded to 500 um 2. 3900 - 4590 m?/year + supplementary energy costs

Storage process: rapid sawdust treatment or controlled storage (light, temperature, humidity) up to at least 10 months

!

2021-2025 average perspective: 69 250 kg
1. 76700 —89 500 kg of extract (av. 83 110 kg)
2. 51100 - 59 700 kg of extract (av. 55 400 kg)

Solvent extraction: ethyl acetate under agitation at room
temperature

1. Laboratory average yield 3% - average wood density 650 kg/m? —)
2. Presumed lower yield 2% - average wood density 650 kg/m?

Storage process: possible storage at room temperature, amber flask up to at least 9 months

Wood extract formulation: titration in extract 2021-2025 average perspective, 48-h DLsg 18.6 pg/ml
1. 50% (Faustino et al, 2020) —) 1. 138 500 kg formulation

2. 30% ikanisetal, 2012} 2. 230900 kg formulation

3. 5% (Maia etal, 2019) 3. 1385 000 kg formulation

4. Conclusion

The aim of this study was to search for extracts of interest that could be valorized in a
biorefinery perspective, given the abundance of the raw material, the simplicity of the
transformation process, the biological efficacy; and the impact of the storage conditions. Our
findings demonstrated that commercial sawmill residues of S. rubra could be considered as a
good source of larvicidal extracts for biocontrol of Ae. aegypti. These extracts showed a
remarkable 48-h DLsg value of 18.6 pg/mL against a pyrethroid-resistant wild strain, and were
obtained with ethyl acetate, an environment- friendly solvent than can be denoted as a green
solvent. Notably, the particle size profiles obtained independently of geographical origin
indicated that few pre-treatment steps would be necessary before applying the solvent
extraction process, thus allowing optimization of time and energy costs. Moreover, we pointed
out the importance of adequate storage to ensure that the chemical and biological properties
of the sawdust are maintained. By fulfilling these conditions, even a 10-month storage period

resulted in bioactive extracts. Furthermore, the were effective against Ae. aegypti larvae even
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after 9 months of storage at room temperature. This stability duration pled in favor of the
technical relevance of S. rubra for industrial valorization. Overall, the valorization of S. rubra
sawmill residues could represent an important economic benefit in French Guiana, from the
forestry sector to the natural products industry. This application in the field of the green
chemistry would be complementary to the valorization of sawmill wastes in biomass power
plants, as the latter only use the resources situated at the very end of the woody biomass

supply chain.
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