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of this study was to assess volatile composition of PWN-infected P. pinaster, and both non-infected P.
pinaster and P. pinea branches, by using supercritical carbon dioxide extraction compared with solid-
phase microextraction (SPME). Volatile profile was associated to nematodes number, which was related
to moisture content. Extracts effects on acetylcholinesterase (AChE) inhibitory activity, and in vitro PWN-

ﬁeg :’;Z?::r mortality were analyzed. Limonene was the main volatile naturally-emitted by P. pinea and by some

P. Pinea PWN-infected P. pinaster samples. Abietadiene was identified in some PWN-infected P. pinaster extracts,

Volatiles which may be due to a tree defensive response. Supercritical CO; extracted ~5-20 heavier compounds

scCO, extraction than those identified by the SPME-GC/MS technique. Extracts revealed AChE inhibition, corresponding
Acetylcholinesterase inhibitory activity to a possible insecticidal/nematicidal effect. However, no PWN-mortality was found.

Pinewood nematode © 2020 Elsevier B.V. All rights reserved.

1. Introduction

The forest area corresponds to around 35 % of the continen-

tal Portuguese territory, with the pine area representing almost

1 million ha. In spite of the decrease in recent years in maritime

* Corresponding author. pine, Pinus pinaster, area, mainly due to wildfires and to pine wilt
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lyptus and cork oak. According to the latest published data from
the National Forest Services (Instituto de Conservagdo da Natureza
e Florestas, ICNF), P. pinaster corresponded to 714,000 ha, in 2015
(less 88,000 ha, when compared to 2005), while the stone pine,
P. pinea, accounted for 193,000 ha (with an increase of 20,500 ha
from 2005 to 2015) [1,2]. Pinus pinaster is a coniferous tree native
to the western Mediterranean basin, and it is also found in other
parts of central and southern Europe and in North Africa [3]. This
species has crucial importance for the Portuguese economy, with
almost 2000 million € of forest-based products exportations per
year [1], being widely used for furniture and construction, as well as
in pulp and paper industries [2,4]. Resin from its wood is tapped to
make rosin and turpentine, and bark is used to prepare low-weight
substrates for plant nursery production. A wide range of products
can be obtained from rosin and turpentine, such as oils, varnishes,
adhesives, waxes, soaps and bioactive compounds with medici-
nal applications [3,5-8]. Pinus pinea is also distributed near the
Mediterranean basin, and particularly abundant in south Western
Europe, including Portugal. This pine species is mostly known for
its edible seeds, the pine nuts, which are economically important,
being predominantly produced by Spain, Portugal and Italy. These
trees are slow growth, and therefore, despite the good wood qual-
ity, their commercial timber plantations are scarce [5]. Moreover, in
Europe, P. pinaster and P. pinea trees are also used for stabilization
of dunes, slopes and near coastal areas [3,5].

Considering all the applications, a sustainable management of
pine forests is needed in order to guarantee the future of this rel-
evant economic segment. However, pests, diseases and wildfires
are serious threats to pine forests, leading to huge economic and
ecological impacts [9,10]. The pinewood nematode (PWN), Bur-
saphelenchus xylophilus, is the causal agent of the PWD, the most
serious worldwide conifer disease, which leads to great losses in
coniferous forests. This nematode is considered an harmful organ-
ism to plants or plant products within the European Union (EU) and
itisincluded in the list of harmful pests and referenced as a quaran-
tine organism (List A2) by the European and Mediterranean Plant
Protection Organization (EPPO) [10,11]. This microscopic filiform
nematode (less than 1 mm length) is an endoparasitic migratory
nematode considered native to North America, where it has caused
little damage due to the resistance or tolerance of native conifers.
Then, it dispersed to Japan, in the early 20" century and, later, to
China, Korea and Taiwan. In Europe, the PWN was first identified in
Continental Portugal in 1999 [12], and then it spread to Spain [13]
and Madeira Island [14]. The main hosts are trees belonging to the
genus Pinus which vary among geographical locations, P. densiflora,
P. luchuensis, P. massoniana and P. thunbergii, for Asian countries
and P. nigra, P. sylvestris and P. pinaster for Europe [15,16]. Bursaphe-
lenchus xylophilus is vectored by longhorn beetles belonging mainly
to the genus Monochamus (order Coleoptera, family Cerambycidae).
In Portugal, the only known vector is M. galloprovincialis [17]. Dur-
ing insect maturation feeding on young pine branches, nematodes
are transmitted to the host and spread through the vascular system
and resin canals. Under favorable conditions (~20 °C), nematodes
reproduce exponentially causing water conductance blocking, tra-
cheid cavitation, and rupture of the resin canals, leading to resin
exudation reduction, yellowing and wilting of needles, partial or
total dryness of the crown and plant death, in a more advanced
stage. The declining or dead tree become attractive for insect ovipo-
sition [10,16,18]. In Portugal, this nematode has been severely
affecting the P. pinaster forest area and thus emergency measures
and control actions are being implemented, in order to prevent fur-
ther PWN dispersal to non-affected areas [10,19,20]. However, the
disease does not affect other local pine species, such as the P. pinea,
which is considered a less susceptible species [21,22]. The low sus-
ceptibility may rely on (non-) suitability of P. pinea as a host for the
insect vector feeding and oviposition [21], but some studies have

reported similar feeding preferences, when compared to P. pinaster
trees [23]. On the other hand, M. galloprovincialis females appear
to reject this pine species to lay their eggs, and limonene, the main
emitted volatile, is a feeding deterrent for many conifer insects [24].

Despite of control and management measures, that have been
implemented in the field, PWD affected areas are still increasing,
and eradication is no longer considered to be possible. Emergence
of this disease and respective control is based on an interaction
between three factors: host pine tree, PWN and insect vector. How-
ever, despite the efforts that have been made in this area, the
basic ecology of this correlation is poorly known [19]. Control mea-
sures can be directed to the nematode or to its insect vector. Some
methods include fumigation of dead trees [25], and trunk injection
with synthetic nematicides [26], but practical issues and ecologi-
cal concerns exist. Synthetic insecticides could also be applied, but
their lack of selectivity, repeated use and residual contamination
have been resulting in poisoning of non-targeted organisms, and
increased resistance in insects [27,28]. Nowadays, one of the most
environmentally friendly strategies to control this disease is the use
of traps baited with attractants (e.g. pheromones) for the capture of
the insect vector [29,30]. Some of those compounds correspond to
volatiles naturally-emitted by pine trees, such as a-pinene, which
has been reported as an attractant for this insect [31,32]. The use
of repellents can be useful to avoid the oviposition behavior of
the PWN insect vector, but only a few studies have assessed their
use to control the referred insect [31]. Thus, a promising alter-
native may be low-toxicity natural compounds with attractive,
repellent or insecticidal/nematicidal activity, extracted from a wide
number of plants, including pine species. Those extracts can be
obtained by supercritical fluid extraction, and are usually composed
of hydrophobic compounds: alcohols, aldehydes, aromatic phenols,
mono- and diterpenes, sesquiterpenes, among others [33]. In fact,
several previous studies have showed nematicidal or insecticidal
activity from plant constituents/ volatile oils [33-35]. Moreover,
volatile composition is distinct among plant species [24], and when
trees are stressed or attacked by pathogens or insects, the sort and
content of volatile compounds are also modified [36,37]. Abietic
acid, for example, is produced by conifer species as a defensive
secretion, when attacked by insects and other pathogens [38].

Some plant extracts revealed a nematicidal effect against PWN,
despite being the mechanism involved in this action unclear.
Nevertheless, some enzymes appear to be affected, namely the
acetylcholinesterase (AChE) [34,39,40]. This enzyme is responsi-
ble for the hydrolysis of the neurotransmitter acetylcholine, which
is involved in the neuronal excitement at the postsynaptic mem-
brane. When AChE is inhibited, an accumulation of acetylcholine
occurs, producing arapid twitching of voluntary muscles, and even-
tually paralysis and death of animals with a cholinergic nervous
system [41,42]. It is by this mechanism that some pesticides, such
as organophosphates and carbamates, act [34,43].

Therefore, the aims of this study were to assess the PWN impact
on naturally-emitted pine volatiles composition and on supercrit-
ical carbon dioxide (scCO,) extracts of PWN-infected P. pinaster
branches, comparing with both non-infected P. pinaster and P.
pinea, and to evaluate the effect of the extracts on AChE activity
and on in vitro PWN mortality.

2. Materials and methods
2.1. Pinus spp. wood samples and chemicals

Pine trees were selected in collaboration with the National For-
est Services (Instituto de Conservagdo da Natureza e Florestas, ICNF),

and samples were collected in pine forests of each species, to avoid
interferences from other tree volatiles. Pinus pinaster branches
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were collected from PWD-symptomatic (4 samples) and non-
symptomatic (3 samples) trees at the Central Region of Continental
Portugal, in Oleiros (-39°55’38.20"N, 7°53'02.8"W; -39°55'34.62"N,
7°53'07.77"W; -39°55'30.50"N, 7°53'11.82"W; -39°5523.75"N,
7°53/11.61”"W), in August 2017, while P. pinea branches were
obtained from non-symptomatic trees, in Leiria (39°51'14.321"N,
8°45’37.598"W; 39°51'13.392"N, 8°45’37.530"W) in July 2019.
Wood samples were milled (cross beater mill, Retsch, Germany) in
order to obtain a particle size smaller than 2 mm, and then stored
at - 20 °C until further analysis.

Chemicals and reagents used for PWN extraction, isolates
establishment and maintenance and morphological/molecular
identification were: bacto malt extract and agar granulated from
Difco (Sparks, MD, USA); glycerol (> 99.5 %) from Fischer Scientific
(Geel, Belgium); ampicillin sodium salt from Sigma Aldrich (Sintra,
Portugal), dream taq DNA polymerase (5U/l) and dream taq DNA
polymerase buffer from Thermo Scientific (Loures, Portugal); and
resctrictions endonucleases (10 U/wl) (Hinfl, Alul, Haelll, Rsal, Mspl)
from Bioron (Ludwigshafen, Germany).

Chemicals and solvents used for volatile compounds extraction
from pine branches and for further analyses were: carbon dioxide
(> 99.5 %) from Praxair (Maia, Portugal); ethyl acetate (> 99.9 %,
HPLC grade), and hydrochloric acid (HCI, 37 %, p.a.) from Carlo Erba
(Val de Reuil, France); acetylcholinesterase (AChE, Type VI-S, 500
U/mg protein), 5,5’-dithiobis[2-nitrobenzoic acid] (DTNB, > 98 %),
acetylthiocholine iodide (AChl, > 98 %), ethanol (> 99.8 %, p.a.),
tris(hydroxymethyl)aminomethane (Tris Buffer), and Triton X-100
from Sigma-Aldrich (Sintra, Portugal).

2.2. Nematode extraction, identification and quantification

Nematodes were extracted from PWD-symptomatic and non-
symptomatic P. pinaster trees, and from non-symptomatic P. pinea
trees, using the Whitehead and Hemming tray method [16,44],
that is based on the motility of the nematodes, which migrate, at
room temperature, from the wood samples into the water. Briefly,
wood samples were wrapped in a tissue paper and placed on a
plastic mesh overlaying a plastic tray. The trays were then filled
with water until wood samples were immersed. After 48 h, sam-
ples were removed, and entire water suspensions poured into glass
beakers and passed through a 20 pm sieve. After sieving, nema-
todes retained on the sieves were collected in 20 mL of water
for observation under a stereoscopic microscope. All nematodes
present in the suspensions were quantified and B. xylophilus was
quantified and identified, based on the species specific morpholog-
ical diagnostic characters [16,45].

2.3. Pinewood nematode isolates and molecular identification

Four PWN isolates, corresponding to the four PWN-infected
P. pinaster trees, PWN-tree 1; PWN-tree 2; PWN-tree 3; PWN-
tree 4, were established and maintained, at 25 °C, in cultures
of Botrytis cinerea grown on malt extract agar (MEA) medium
with ampicillin. Subcultures of each isolate were carried out every
3 weeks by transferring small plugs with nematodes to new
MEA medium colonised with B. cinerea [46]. Isolate character-
ization and molecular identification were based on Polymerase
Chain Reaction-Internal Transcribed Spacers technique (PCR-ITS)
followed by Restriction Fragment Length Polymorphisms (RFLP)
analyses with five restrictions endonucleases following the EPPO
standard [14,45]. DNA from 10 nematodes of each isolate was
extracted with the DNeasy Blood and Tissue Mini kit (Qiagen,
Hilden, Germany) following manufacturer’s instructions. The ITS
rDNA regions containing partial 18S and 28S and complete ITS1,
5.8S and ITS2 sequences were amplified using 50 ng extracted
DNA and 1 U Dream Taq DNA polymerase (Fermentas, Hanover,

NH, USA) in 1X Dream Taq buffer, 0.2 mM each dNTP and 1 IM
primers 18SF 5-CGTAACAAGGTAGCTGTAG-3’ [47] and 28SR 5'-
TTTCACTCGCCGTTACTAAGG-3’ [48]. All reactions were carried out
in a Thermal Cycler (Bio-Rad, Madrid, Spain) with an initial denat-
uration step of 95 °C for 2.5 min followed by 40 reaction cycles of
95 °C for 30 s, annealing at 55 °C for 30 s, extension at 72 °C for 1
min, and a final extension at 72 °C for 5 min. The resulting PCR-ITS
amplification product was used for RFLP analyses, using Afal, Alul,
Haelll, Hinfl and Mspl endonucleases, according to the manufac-
turer’s instructions. PCR and restriction products were separated
by electrophoresis on 1.5 % agarose gel.

2.4. Moisture content

The moisture content of pine branches was evaluated by
simultaneous thermal analyzer (differential scanning calorime-
try/ thermogravimetric analysis, DSC/TGA, TA Instruments, model
Q600), in duplicate. Samples (6-12 mg) were heated at 10 °C/min,
from 25 °Cup to 600°C,under a nitrogen atmosphere (100 mL/min).
Water content was calculated based on weight loss that occurred
close to 100 °C. Moisture values were associated with the PWN
number, since the dryness of the tree increases with the degree of
infection.

2.5. Volatile composition of pine branches

2.5.1. Naturally-emitted compounds

The solid-phase microextraction (SPME) technique was per-
formed to evaluate the volatiles naturally emitted by P. pinaster
(PWN-infected and non-infected) and (non-infected) P. pinea
branches. In order to avoid modifications in the volatile compo-
sition, samples were carefully handled and only a single intact
portion was used for these assays. In fact, the disruption of plant
tissues activates some enzymatic processes leading to a differ-
ent volatiles production [49]. Concisely, the previously-weighed
branch portion was transferred to an headspace empty flask to
ensure a 1/100 (w/v) ratio, i.e., 1.0 g of sample/ 100 cm3 of air. Then,
volatiles were adsorbed for 5 min using a 65 pm polydimethyl-
siloxane/divinylbenzene (PDMS/DVB) coated fiber (Sigma-Aldrich)
in the headspace mode (35 °C), without using solvents.

2.5.2. Volatile compounds extracted with supercritical carbon
dioxide

Pine branches volatile compounds were extracted with scCO,
by using a laboratory-scale equipment provided by Separex
(Champigneulles, France) [50]. Milled pine branches (4.0 x 103
kg, dry basis, d.b.) were placed in a 20 x 10® m3 thermostatic
stainless-steel cell, and the outlet CO, flow rate was measured by a
gas flow meter (Alexander Wright, UK), and set to 2.5 L/min (~ 7.5
x 107 kg/s), at ambient conditions. A static period of 15 min was
defined, followed by 360 min of dynamic one, totalizing 375 min
of extraction time, and resulting in a solid-to-solvent ratio of 1:401
(w/w, d.b.). Extractions were carried out, in duplicate, at a scCO,
density of 750 kg/m3, and temperature of 45 °C, corresponding to
a pressure of 154 bar. These conditions were chosen according to
previous pine samples extractions, performed by the authors.

Pine extracts were collected in cooled flasks at pre-determined
sampling times to infer about the extraction curves profile. Note
that these fractions were collected with ethanol due to practical
aspects in recovering the extract from the flask. A glass wool packed
column was placed after the collection flask for preventing the loss
of volatiles with the exiting CO, stream. After depressurization,
the tubing lines were also rinsed with ethanol after each extraction
experiment. All the ethanol-containing extract fractions (recovered
during the extraction, and from line rising) were later evaporated
at 40 °C (Rotovap R-210, Biichi), while glass wool packed columns
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Table 1

Moisture content and nematodes numbers (pinewood nematode, PWN, and other nematodes) of PWN-infected and non-infected Pinus pinaster and P. pinea trees.

Pinus spp. Moisture content*(%) PWN/100 g wood Other nematodes/100 g wood
P. pinaster PWN non-infected 1 41.04 £1.85 0 0
2 35.69 +1.14 0 0
3 40.41 £0.79 0 0
PWN-infected 1 33.22 £2.09 94 168
2 11.27 £ 0.40 2267 1436
3 30.74 +£2.42 28 62
4 9.69 +0.18 12992 3240
P. pinea 1 59.81 +0.51 0 0
2 51.33 +3.89 0 0
3 59.70 + 0.24 0 0
4 57.61 +3.78 0 0

*Results are expressed as mean =+ standard deviation.

were rinsed with ethyl acetate in the fuming hood, under venti-
lation and at room temperature. For the calculation of total yields,
the ratio between the total extracted mass and the initial raw mate-
rial mass, on a dry basis, was considered. The total mass of extract
includes the volatile fractions recovered in the collection flask,
from the final depressurization and line rising, and from the glass
wool packed column. Before performing the analyses, the fractions
recovered in the collection flask were mixed with the ones from
the depressurization and rinsing, and stored, protected from light,
at-20°C.

2.5.3. Volatile compounds analysis by gas chromatography

Identification of naturally-emitted and scCO, extracted volatiles
from pine branches was carried out by coupled gas chromatog-
raphy mass spectrometry (GC/MS 7890A, 5975 C inert MSD with
triple axis-detector, Agilent Technologies). In the case of SPME
experiments, the fiber was introduced in the injection port of the
GC equipment, immediately after the adsorption period, and the
trapped compounds were then desorbed at 250 °C, for 1 min. Sepa-
ration was achieved on a DB5-MS fused silica capillary column (30
m x0.25 mm i.d. x 0.25 pm, Agilent ] & W Scientific), using helium
as the carrier gas, at a flow rate of 1 mL/min. The temperature pro-
gram included an isothermal period of 5 min at 50 °C, followed by
a temperature increase of 10 °C/min and up to 270 °C, where it was
held for 5 min [51].

For the extracted volatiles by scCO,, they were dissolved in ethyl
acetate (5 mg/mL) and analyzed by GC/MS with an injection vol-
ume of 0.2 wL. The volatiles trapped in the glass wool column were
alsoidentified by GC/MS, using the same solvent, concentration and
injection volume. The temperature program was the same as the
one described for the SPME experiments.

The prior identification of volatile compounds was based on
a comparison of their mass spectra with those of libraries (NIST
and Flavors and Fragrances of Natural and Synthetic Compounds,
FFNSC2.L). A semi-quantitative analysis was performed, based on
peak relative areas of the identified compounds. All samples were
analyzed, in duplicate.

2.6. Acetylcholinesterase inhibitory activity assay

AChE inhibitory activity assay was conducted to test the nemati-
cidal/insecticidal potential of P. pinaster and P. pinea scCO, extracts.
The experiments were performed according to the procedure
described by Ellman et al. [52] and modified by Ferreira et al. [53].
Briefly, DTNB (3 mM, 500 L), AChI (15 mM, 100 wL), Tris-HCI
buffer at pH 8 (50 mM, 275 pL), and the extract (previously dis-
solved in ethanol:Tris-HCl buffer (50:50, v/v), 100 L) were added
to a 1 mL cuvette. The enzyme AChE (0.28 U/mL, 25 L) was then
added to start the reaction, which was monitored for 5 min (405
nm) for determination of the reaction rate. The AChE activity was

calculated as a percentage of this velocity compared to that of
the assay using buffer instead of extract (the inhibitor), and the
inhibitory activity was then calculated by subtraction. For each
extract, the procedure was done in triplicate, with three extract
concentrations and results were expressed as ICsg values.

2.7. Pinewood nematode mortality in vitro assay

scCO, pine extracts nematicidal activity against PWN was
assessed by an in vitro mortality assay, as already tested for other
plant extracts [35]. Extract solutions from the four PWN-infected P.
pinaster, one non-infected P. pinaster and one P. pinea samples were
prepared in Triton X-100 (5 mg/mL). Different concentrations of
selected pine extracts, ranging from 0.125 mg/mL up to 10 mg/mL,
were firstly tested. Based on preliminary results and on literature
data [54], three final concentrations of each extract were defined
to be used in these assays: 0.5, 1 and 2 mg/mL. Five replicates were
used for each extract concentration and Triton-X100 (5 mg/mL) was
used as control solution. Twenty nematodes (mixed developmen-
tal stages) were placed on a glass-staining block containing 1 mL
of each pine extract at different concentrations, or 1 mL of control
solution. Glass-staining blocks were maintained in a moist cham-
ber, in the dark, at room temperature (20—22 °C), and nematode
mortality was monitored at 24, 48, and 72 h after exposure. Pine
extracts solutions were not replaced as it was assumed that their
activity was preserved during the tested period. Nematodes not
showing movements when touched with a bristle were transferred
to water and considered dead if they still failed to react. Corrected
mortality was calculated by comparing the percentage mortality
promoted by the extract to the percentage mortality obtained in
the control, using the Schneider-Orelli formula [55]:

Corrected mortality(%) = [(mortality with extract-

mortality with control)/(100-mortality with control)]x100.

3. Results and discussion

3.1. Pinewood nematode identification/quantification and Pinus
spp. branches moisture content

Pine branches were analyzed regarding their PWN and other
nematodes number, and moisture content. PWN was detected in
the four PWD-symptomatic P. pinaster trees, while no nematodes
were detected in both non-symptomatic P. pinaster and P. pinea.
(Table 1). The identification of PWN, based on the species-specific
morphological diagnostic characters revealed that both females
and males presented the species-specific diagnostic characters of
the species [45]: males with narrow spicules, evenly arcuate, with a
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Fig. 1. Light microscope photographs of pinewood nematode (PWN), Bursaphelenchus xylophilus, from PWN-infected Pinus pinaster trees. A: male tail; B: female vulval region;

C: female rounded tail terminus.

Table 2

Total extraction yield and AChE inhibitory activity of scCO, extracts from PWN-infected and non-infected and Pinus pinaster and P. pinea samples.

Sample Total extraction yield*(% wt., d.b.) AChE inhibitory activity(ICso, mg/mL)
P. pinaster PWN non-infected 1 525+ 0.04 9.20 + 0.65
2 443 £ 040 10.59 + 0.45
3 5.96 + 0.49 7.23 £0.53
PWN-infected 1 572+ 043 9.10 +£0.43
2 5.58 + 2.06 9.50 + 0.41
3 4.52 +0.57 8.17 +£0.50
4 4.25+0.20 9.04 +0.08
P. pinea 1 1.55 +0.08 1.55 4+ 0.08
2 2.43 +0.54 44.37 +3.48
3 1.50 +0.55 11.74 £ 0.51
4 1.93 £ 047 > 40 mg/mL**

*Results are expressed as mean + standard deviation; **30 % inhibition at 40 mg/mL.

disc-like projection (cucullus) at the distal end (Fig. 1A) and females
with a distinct overlapping anterior lip (vulval flap) (Fig. 1B) and
with the tail terminus with sub-cylindrical form with a broadly
rounded tip (Fig. 1C).

Results from DSC/TGA analyses and number of nematodes/100
g of wood are included in Table 1. P. pinea samples had the high-
est water content, with values between 51 and 60 %, and absence
of nematodes. On the other side, P. pinaster wood samples showed
lower moisture contents. For the PWN non-infected trees, no nema-
todes were detected, and moisture content was in the 36-41 %
range. In spite of the absence of nematodes, these values are lower
than the ones observed for P. pinea samples. These differences may
be attributed to their different morphology and to the soil com-
position and climate conditions at collection time. Other authors
have found 59 % of water content for both P. pinaster and P. pinea
samples, from many regions in Portugal [56]. Nevertheless, that
value was observed for needles and not for branches (which also
include wood in their composition and therefore may reduce the
global water content that was observed). The lowest values were
achieved for the PWN-infected P. pinaster samples (10-33 %), and a
relationship between the PWN number and the moisture content
appears to exist because the driest samples presented the highest
PWN number (~10 % of water content corresponded to thousands
of PWN/ 100 g of wood), while the infected samples with ~ 30 %
humidity had lower PWN number (less than 100/ 100 g of wood).
In these samples, other nematodes were quantified, and their num-
ber increased with the PWN number increment. This proliferation
of other nematodes (mainly fungivorous) is related to the modifi-
cations that occur in the tree after PWN infection [18,57].

The reduction of water content in pine trees have already been
noticed by other authors, in the case of PWD [58], and when PWN
artificial inoculation is carried out [37,59]. According to the litera-
ture, this effect was more pronounced in P. pinaster and P. sylvestris
trees in relation to controls (stem water reduction of 40 % and 24 %,
respectively), but did not significantly modified water content in P.
pinea stems [59]. Based on the results and considering other stud-
ies, the moisture content tends to decrease with the PWN number
increase. When PWN enters into the host tree, they start repro-
ducing exponentially causing water conductance blocking in the
xylem, and tracheid cavitation, leading to yellowing and wilting of
needles, and partial or total dryness of the crown [18].

3.2. Pinewood nematode isolates and molecular identification

Molecular characterization of the four PWN isolates (PWN-tree
1, PWN-tree 2, PWN-tree 3 and PWN-tree 4), established and main-
tained on the fungus B. cinerea, was performed based on PCR
ITS-RFLP. Amplification of ITS regions yielded a single DNA frag-
ment of approximately 950 bp for the four PWN isolates (data not
shown). After restriction digestion with the restriction endonucle-
ases Alul, Haelll, Hinfl, Mspl and Rsal, the isolates presented a B.
xylophilus specific ITS restriction pattern (Fig. 2) [14,45,60].

3.3. Extracted and naturally-emitted volatiles from pine branches

Pine branches volatiles were extracted by SPME and scCO,,
followed by GC/MS analysis. Supercritical extraction curves pro-
files are depicted in Fig. 3 and total extraction yields included in
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Fig. 2. Restriction Fragment Length Polymorphisms patterns, with five restriction endonucleases, of pinewood nematode (PWN), Bursaphelenchus xylophilus, from the four
isolates (PWN-tree 1, PWN-tree 2, PWN-tree 3, PWN-tree 4). MM: DNA size marker (100 bp ladder, Fermentas).

Table 2. Main identified compounds are included in chromatograms
(Figs. 4 and 5), and complete composition is included in Table S1.

It should be noted that before performing the supercritical
extractions, raw material was milled, but not dried because air
and oven drying and even freeze-drying, usually show a limited
ability to preserve volatile bioactive compounds [61]. Total extrac-
tion yields (which include the amount of extract collected in the
collection flask, trapped in the glass wool column, and from depres-
surization and line rinsing) were in the 1.5-6% range, after 375
min (Table 2, section 3.4). The lowest values were achieved for P.
pinea samples, with the maximum close to only 2.5 %. Pinus pinaster
extracts were obtained in higher yields, with values around ~ 4-6%,
independently of being infected or non-infected branches. Since the
temperature, pressure, and CO, flow rate were the same for all the
extractions, these differences between species are related to differ-
ences among species, and eventually to the distinct geographical
origin. Moreover, the higher P. pinea samples water content may
have reduced the extract yield by hindering the diffusion of CO,
into the vegetable matrix, as well as the diffusion of soluble com-
pounds into the solvent bulk [62]. Obtained yield values were in
general higher than those reported in the literature: 0.97-1.37%
for P. pinaster bark [63] and 1.60 % for P. nigra needles [64]. This
yield from P.nigra needles is, however, close to the values achieved
in this study for P. pinea branches. In the literature, and as far as we
know, there is no study using scCO, extraction for branches from
these two pine species (P. pinaster and P. pinea), and, therefore, a
direct comparison between these yield results and other published
studies cannot be performed.

The extraction kinetic curves showed higher extraction yields
for PWN-infected P. pinaster samples, when compared to the non-
infected samples (Fig. 3). However, a major variability of extraction

yield values was observed in the infected samples and this find-
ing can be attributed to their distinct degrees of moisture content.
The P. pinea samples showed the lowest extraction yields (Fig. 3A),
similarly to the results obtained for the total yields (Table 2). Differ-
ent extraction yields were obtained probably because the solubility
of compounds that are extracted with the scCO,, and the water
content, are different. The extraction profiles indicate that the con-
centration of extract in the solvent bulk decreases continuously due
to increasing mass transfer resistances, and consequently extrac-
tion rate decreases [65]. In general, the three extractions periods
were observed in the kinetic curves with an initial extraction rate
period, followed by a falling extraction rate period and finally by
a diffusion controlled rate period. Extraction curves from PWN-
infected P. pinaster samples reached a plateau (diffusional period),
Fig. 3B, corresponding to the maximum amount of extractable
compounds. For non-infected trees (both P. pinaster and P. pinea
samples), the diffusional period appears to exist, but it is less pro-
nounced (Fig. 3C and Fig. 3A, respectively). The retention of extract
within the exit line and the clusters formation may have altered
some extraction profiles, and therefore extraction curves were
probably affected by those events.

The evaluation of naturally-emitted volatiles by PWN-infected
P. pinaster trees and both non-infected P. pinaster and P. pinea trees
revealed the presence of about 20-40 volatile compounds (from C4
up to C15), including many terpenes. Most of them were identified
between 7 and 18 min (Fig. 4), and the total identified peak areas
corresponded to 77-95 %, depending on the sample (Table S1). No
relevant differences in naturally-emitted volatiles were detected
among non-infected trees from the same species (P. pinaster or P.
pinea) and, therefore, only one chromatogram for each non-infected
pine species is present (Fig. 4), for simplification of presented data.
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Fig. 3. Overall scCO, extraction kinetic curves of Pinus pinea branches (A); and
pinewood nematode (PWN)-infected (B) and non-infected P. pinaster branches (C).

Further identified compounds are included in the Supplementary
Material (Table S1). However, for PWN-infected samples, some dif-
ferences in the emitted volatiles were observed, probably due to
the different moisture content and PWN number.

Three monoterpenes, a-pinene, [3-pinene, and a-terpinolene
were identified in all samples, as well as the sesquiterpene 3-
caryophyllene, independently of the pine species. The emission of
these volatiles by the two analyzed pine species has been reported
[66,67] and for B-caryophyllene repellent activity against the pine
shoot beetle, Tomicus destruens was suggested [68]. Interestingly,
two PWN-infected samples, with the lowest number of nematodes
(PWN-tree 1 and PWN-tree 3) showed the presence of limonene, a
known repellent for some insects, including the PWN insect vector
(Fig. 4) [69,70]. This result may be related to a defensive secretion
produced by the tree. The other two PWN-infected trees may be too
weakened to be able to fight against the infection, and therefore,

volatiles such as limonene, are no longer emitted. This finding is in
accordance with the literature, since other authors that evaluated
the expressed genes associated with the PWN in susceptible (and
inoculated) and resistant pine species, found that the limonene
synthase might play a positive role in the resistance against PWN
infection [71]. In the case of fungal pathogens in Pinus species,
high concentration of limonene has been found in resistant species,
when compared to the susceptible ones, and the initial infection
appears to induce the limonene production, to inhibit the disease
progression [72].

Additionally, the diversity of emitted volatiles by PWN-infected
branches is, in general, lower, when compared to the non-infected
P. pinaster. Some volatiles, such as 3-phellandrene and thymol
methyl ether, were identified in all non-infected P. pinaster sam-
ples but they were not detected in PWN-infected trees (Fig. 4 and
Table S1). Actually, other authors have already found lower and dis-
tinct volatile production by pine stems inoculated with PWN, when
compared to non-inoculated trees [73].

Limonene was also emitted by all P. pinea samples (Fig. 4), as
expected, and according to other published results [70,74,75]. It
accounts for ~ 60 % of the total peaks area in P. pinea samples
(Table S1) and may be a reason for the less susceptibility of this pine
species. However, longifolene was also identified in all P. pinea sam-
ples, and in one PWN-infected P. pinaster sample. This compound is
a plausible attractor for the M. galloprovincialis [51]. Nevertheless,
the relative concentrations of this volatile in P. pinea samples are
very low (~ 0.2-1.2%), when compared to limonene, for example.

Other volatiles have been also detected in most of the pine sam-
ples, namely (3-myrcene and a-terpinolene [74,75].

Around 30 compounds were identified in each scCO, extract,
accounting for ~55-90 % of the total peaks area, depending on the
extracted sample. Similar compounds were extracted from non-
infected trees, from the same pine species. Therefore, only one
chromatogram for extracts from each non-infected pine species is
present (Fig. 5), and additional identified compounds are included
in Table S1.

Low-molecular weight compounds were found in lower
amounts when compared to the naturally emitted volatiles, being
this difference more pronounced in the P. pinea extracts. In gen-
eral, most of the extracted compounds eluted between 15 and 30
min, and for P. pinea, most compounds were identified between
20 and 30 min (Fig. 5 and Table S1). This result may be related
to the high-water content, which in contact with the CO, makes
the medium acidic and may modify the nature of extracted com-
pounds or degrade acid-labile compounds. Also, the dissolution
of CO, into the aqueous phase may turn the raw material into a
mucilaginous state due to the interaction with the carbohydrate
fraction at higher temperatures [62]. Another possibility may rely
on some equipment limitations, which may result in loss of the
most volatile compounds, despite the glass wool column, that was
used to trap those volatiles. Moreover, the extraction conditions
affect the scCO, solubility of monoterpenes, such as a-pinene and
limonene, which increases with pressure and decreases with tem-
perature [76]. In this way, the selected conditions (154 bar and 45
°C) could not be the most favorable to extract these compounds by
scCO,.

Some extracted compounds, namely from P. pinaster samples,
were similar to those naturally-emitted by the pine branches,
including a-cubebene, a-copaene, longifolene, 3-caryophyllene,
[3-copaene, a-humulene, y-cadinene, A-cadinene, among others
(Fig. 5 and Table S1). These compounds are usually present in Pinus
foliage essential oils, in distinct amounts, depending on the pine
species [74,75,77]. For non-infected P. pinaster extracts, main com-
pounds eluted between 15 and 18 min, while for infected P. pinaster
and for non-infected P. pinea extracts, a second group of compounds
was identified between 22 and 28 min. For P. pinea extracts, the
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Fig. 4. Main naturally-emitted volatiles (SPME technique) by a sample of Pinus pinea tree and by pinewood nematode (PWN)-infected P. pinaster trees and a non-infected
P. pinaster tree. Main compounds identified between 5 and 20 min (numbered according to Table S1): 9. a-pinene; 13. 3-pinene; 14. 3-myrcene; 15. tricyclene; 16. -
terpinene; 17. A-3-carene; 18. a-terpinene; 19. 3-phellandrene; 21. cymene; 22. limonene; 23. a-phellandrene; 24. 3-ocimene; 25. a- terpinolene; 41. thymol methyl
ether; 54. longifolene; 55. B-caryophyllene; 67. cis-muurola-4(14),5-diene; 71. A-cadinene.
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Fig. 5. Main volatile compounds extracted by scCO, from Pinus pinea trees, and pinewood nematode (PWN)-infected and non-infected P. pinaster trees. Main extracted
compounds between 10 and 30 min (numbered according to Table S1): 37. a- or 3-fenchene; 45. a-cubebene; 50. y-amorphene; 55. 3-caryophyllene; 56. 3-copaene; 62.
a-humulene; 70. cadina-1(6),4-diene; 71. A-cadinene; 96. di(methylphenyl)ester phtalic acid; 101. rimuene; 104. lovopimaradiene; 105. simonellite; 106. abietatriene; 108.
abietadiene; 109. (11E,13Z)-labdadien-8-ol; 112. abieta-8(14),13(15)-diene; 119. methyl dehydroabietate; 120. dehydroabietic acid; 126. abietic acid.

presence of manool oxide, abietatriene, and other compounds was Interestingly, abietadiene was identified in some scCO, extracts
already reported in needles [75], as well as the identification of from the PWN-infected P. pinaster samples (Fig. 5 and Table S1).
(11E,13Z)-labdadien-8-ol in foliage essential oils [74]. This compound is the precursor of abietic acid, which is produced by

conifer species as a defensive secretion against insect and pathogen
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attacks [78]. In the PWN-trees 3 and 4, this compound was the pre-
dominant extracted volatile, accounting for 34 and 15 % of the total
peak areas, respectively. The presence of this compound may also
be associated to aresponse produced by the tree against pathogenic
attack, and other authors have already identified this compound in
volatile oils of P. pinaster wood, cones and needles [7]. Moreover,
other abietic acid-related compounds such as methyl dehydroa-
bietate and abietatriene were present in some infected P. pinaster
samples and in P. pinea, and this finding is in accordance with the
literature [75,79]. This may, once again, be related to a defensive
response from the trees. In the case of P. pinea trees, it is related with
their natural morphological and physiological properties, while for
infected P. pinaster trees, a modification in their composition appear
to occur, when the infection is established.

Drying the samples carefully before the extraction procedure is
another possibility to evaluate whether the water has some influ-
ence on the volatile compounds that are extracted.

Similarly, to the extracts, the lowest molecular weight com-
pounds were not identified in the correspondent glass wool packed
columns, which indicates the most volatile compounds are not
extracted with scCO,, in the applied conditions and with the equip-
ment that was used.

In addition, scCO, extraction removed from branches around
5-20 compounds with higher molecular weight, which were not
extracted by SPME technique. In spite of SPME being a fast proce-
dure to separate volatile compounds, the scCO, extraction could
also be used to compare samples according to their composition,
since this technique can separate a wide range of compounds (from
C8 to C21, or more).

3.4. Acetylcholinesterase inhibitory activity

Based on volatile composition of pine samples, the AChE
inhibitory activity assay was carried out to infer about the pos-
sible nematicidal/insecticidal activity of scCO, extracts. Results are
expressed as ICsq values and included in Table 2.

The inhibition of this enzyme leads to accumulation of acetyl-
choline and extreme neuro excitation, resulting in tremors,
convulsions and paralysis, and utmost in death. It is by this mecha-
nism that some insecticides/nematicides act, including on the PWN,
which also present AChE enzymes [43,80,81].

Pinus pinaster extracts had ICsq values in the 7—11 mg/mL range
(Table 2), independently of PWN infection. On the other side, P.
pinea volatile oils revealed a wide range of ICsq values, from 2 to >
40 mg/mL. Note that for P. pinea, sample 4, an extract concentration
of 40 mg/mL resulted in only 30 % AChE inhibition and therefore,
the IC5g value was not calculated.

The observed variability may be related to higher molecular
weight compounds, which may be present in the extracts, and were
not detected by GC/MS analysis. Such compounds may be waxes
that may be responsible for the effect and/or for some degree of
turbidity conferred by the extract to the assay. In fact, another
explanation may be the interference from the yellow color (and
turbidity) of some extracts, in spite of the control that was included
in the AChE assay, with all reagents and the extract (without the
enzyme).

The obtained ICsg values of the pine branches scCO, extracts
revealed their possible action as insecticides/nematicides. Fur-
thermore, insecticidal activity of P. pinea resin essential oils was
already found using in vitro methodologies [82]. The effect of sev-
eral organophosphates and carbamates on three recombinant AChE
enzymes of PWN have already been studied by other authors, which
concluded that the inhibition results are dependent on the enzyme
[43]. The inhibition of AChE extracted from the PWN, has been
also tested in vitro, with plant-extracts [83]. The effect of many
compounds, including monoterpenes, phenylpropenes, sesquiter-

penes and sulfides, on three different PWN AChE enzymes has also
been determined and the monoterpene a-pinene revealed high
inhibitory effects [34]. This volatile compound is, however, not
present in high percentages in the obtained pine extracts. Other
authors have found inhibition of AChE by phenolic compounds
extracted from the plant Urginea maritima, with IC5g = 66 .g/mL
[84], which indicates that extract appears to be more potent than
those obtained in this study. Others evaluated the larvicidal activity
of the hydrodistillate from P. densiflora needles and obtained ICsq <
2 mM, for thymol and 8-3-carene [81].

Further studies with AChE enzymes extracted from B. xylophilus
should be conducted to confirm if this effect is observed.

3.5. In vitro pinewood nematode mortality

The effect of pine extracts on PWN mortality was also assessed,
and mortality data was converted to percentage cumulative mor-
tality and corrected by Schneider Orelli’s formula considering the
Triton X-100. Corrected PWN mortality in all extracts at different
concentrations (0.5, 1 and 2 mg/mL) from the two Pinus species
was evaluated. In preliminary studies, higher concentrations (5 and
10 mg of extract per mL of Triton X-100 solution at 5000 ppm)
were tested for one non-infected and one PWN-infected tree. How-
ever, the extract-Triton X-100 solutions were too cloudy/opaque
making unfeasible the nematode visualization and quantification.
Thus, three concentrations were defined for all the extracts (0.5, 1
and 2 mg/mL). Results from these three concentrations revealed no
effects on nematode mortality (Table S2), in spite of the potential
activity of P. pinaster and P. pinea volatile oils against the AChE. Nev-
ertheless, the concentrations that were found to be active against
the AChE enzyme, in the in vitro assay, were in general higher (ICsq
~ 10 mg/mL) than those tested with the PWN (0.5-2 mg/mL). Other
authors have already tested the effect of many plant-extracts on
PWN mortality [85], and some of them compared those results
with their action on the AChE enzyme, by using extracted enzymes
[35,83]. Some plant-extracts revealed no PWN mortality with a
concentration of 2.5 mg/mL, similarly to our results [54]. More-
over, essential oils from two gymnosperms genera Cryptomeria
and Juniperus, also showed no nematode mortality [86]. In order
to better understand the possible effects of pine extracts on the
PWN development, more studies focused on biological effects on
nematode morphological/physiological characteristics (reproduc-
tion, population growth, fecundity, egg hatchability and dispersal
ability)in addition to gene expression and function analyses, should
be performed.

4. Conclusions

Distinct moisture contents, volatile composition and super-
critical kinetic profiles were achieved for PWN-infected and
non-infected P. pinaster trees, as well as for P. pinea trees. High mois-
ture contents were found for P. pinea samples (> 50 %), and slightly
lower values were accomplished for non-infected P. pinaster sam-
ples (~ 35-40 %). The lowest moisture contents were obtained for
PWN-infected P. pinaster samples (~ 10-30 %), being this related
to the PWN number. P. pinea and some PWN-infected P. pinaster
branches emitted limonene in high percentages, being this ter-
pene known as repellent. Lower extraction yields were observed
for P. pinea samples, and the higher moisture content may explain
this finding. Abietadiene was present in some extracts from the
PWN-infected P. pinaster samples, which may correspond to a tree
defensive response against the insect/nematode attack. Also, other
compounds structurally-related to abietic acid, were identified in
P. pinea and in some PWN-infected P. pinaster volatile oils. More-
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over, scCO, was able to extract about 5-20 compounds with higher
molecular weight than those extracted by SPME technique.

Extracts revealed inhibitory activity on AChE, which could be
associated to a potential insecticidal/nematicidal effect. However,
no nematicidal activity was found. Further studies are, therefore,
needed to conclude about the influence of extracts on PWN physi-
ological/morphological characteristics.
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