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The Portuguese pine forest has become dangerously threatened by pine wilt disease (PWD), caused by the
pinewood nematode (PWN), Bursaphelenchus xylophilus. Synthetic chemicals are the most common pes-
ticides used against phytoparasitic nematodes but its use has negative ecological impacts. Phytochemi-
cals may prove to be environmentally friendly alternatives. Essential oils (EOs) and decoction waters,
isolated from 84 plant samples, were tested against B. xylophilus, in direct contact assays. Some successful
EOs were fractionated and the fractions containing hydrocarbons or oxygen-containing molecules tested
separately. Twenty EOs showed corrected mortalities >96% at 2 pL/mL. These were further tested at
lower concentrations. Ruta graveolens, Satureja montana and Thymbra capitata EOs showed lethal concen-
trations (LCygp) < 0.4 pL/mL. Oxygen-containing molecules fractions showing corrected mortality >96%
did not always show LC;qg values similar to the corresponding EOs, suggesting additive and/or synergistic
relationships among fractions. Nine decoction waters (remaining hydrodistillation waters) revealed 100%
mortality at a minimum concentration of 12.5 pL/mL. R. graveolens, S. montana and T. capitata EOs are
potential environmentally friendly alternatives for B. xylophilus control given their high nematotoxic
properties. Nematotoxic activity of an EO should be taken in its entirety, as its different components
may contribute, in distinct ways, to the overall EO activity.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The pinewood nematode (PWN), Bursaphelenchus xylophilus L. is
a highly pathogenic plant parasite that infects, mainly, Pinus spe-
cies, and causing pine wilt disease (PWD) (Mota and Vieira,
2008). In 1999, Portugal became its entry point to the European
pine forests (Mota et al., 1999). Since then, this phytoparasite has
been progressing through the country, having been found in Ma-
deira Island, in 2010 (Fonseca et al., 2012), and in Spain, in 2011
(Abelleira et al., 2011). It has been classified as an A2 type quaran-
tine pest by the European Plant Protection Organization (EPPO,
2012). In Portugal, Pinus pinaster Aiton, maritime pine, is the sus-
ceptible species.

Phytoparasitic nematode control is very complex, generally
relying upon synthetic chemicals, as broad-spectrum nematicides
which are extremely damaging (Chitwood, 2003). The PWN is com-
monly controlled by controlling the insect vector through aerial
application of synthetic insecticides, by fumigation of infected
trees, pine tree-free strips, use of vector natural enemies, or by
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controlling the nematode through trunk injection of anti-nemati-
cidal compounds such as abamectins (Lee et al., 2003; Takai
et al.,, 2003; Mota and Vieira, 2008). Nevertheless, the use of syn-
thetic pesticides is associated with environment pollution and
undesirable influences on human health or against non-target
organisms (Zhao, 2008). The use of plant derived natural products
for pest control is not recent, but has gained ground in modern pest
management due to growing ecological concerns about the use of
synthetic pesticides, and their consequent phasing out in the mar-
ket and banning. Essential oils (EOs) are complex mixtures of vol-
atiles, mainly products of plant secondary metabolism. Commonly,
they are comprised of terpenes, mono- and sesquiterpenes, and
phenolic compounds, such as phenylpropanoids, although other
groups of compounds can also occur in relevant amounts. They
are generally biodegradable, have low toxicity to mammals and
do not accumulate in the environment (Figueiredo et al., 2008).
The biological activities of EOs can frequently exceed the sum of
their single constituent’s activities, due to synergy. As complex
mixtures, EOs may display several biological activities which
makes them desirable biopesticides, being able to control not just
the targeted pest but also opportunistic species and resistant
strains. This is of particular interest in phytoparasitic nematode
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control since complex disease symptoms are also commonly asso-
ciated with accompanying pathogenic microbiota (Back et al.,
2002; Vicente et al., 2011). Several EOs, such as those of Cinnamo-
mum zeylanicum (Kong et al., 2006); Boswellia carterii, Paeonia mou-
tan, Perilla frutescens, Schizonepeta tenuifolia (Choi et al., 2007a);
Thymus vulgaris (Kong et al., 2007); Litsea cubeba, Pimenta dioica,
Trachyspermum ammi (Park et al., 2007); Coriandrum sativum and
Liquidambar orientalis (Kim et al., 2008) have revealed strong activ-
ities against B. xylophilus.

Containing this pest is of the utmost importance for the Euro-
pean pine forest safeguard. With the purpose of finding alternative
means of controlling this phytoparasite, without further destabiliz-
ing the forest ecosystem, the present study was aimed at screening
several plant taxa, some of which from the Portuguese flora, for
natural phytochemicals with PWN nematotoxic properties. In view
of this, (a) essential oils and decoction waters (remaining hydrodi-
stillation water), isolated from 84 samples, were evaluated through
direct contact assays, and (b) fractions containing hydrocarbons or
oxygen-containing molecules from the most successful essential
oils were further assessed, separately, against the PWN.

2. Results and discussion

2.1. Composition of essential oils and fractions containing
hydrocarbons or oxygen-containing molecules

The essential oils isolated from 59 plant species (13 families),
revealed yields that ranged from <0.05% to 9% (v/w). The highest
yields were obtained from Syzygium aromaticum (9%), Eucalyptus
radiata (6%), E. dives (3%) and Cymbopogon citratus (3%) (Table 1).

All 84 EOs isolated were fully chemically characterized (de-
tailed relative amounts of all the identified components are listed
in the Supplementary Table, ST), although Table 1 reports only
their main components (>10%). For some species, duly identified
in Table 1, the EO composition was previously reported (Barbosa
etal., 2010, 2012; Faria et al., 2011). Some species can show several
EO chemotypes, such as Thymus caespititius carvacrol, thymol or o-
terpineol-rich chemotypes (Table 1), which may provide different
biological properties. These chemotypes were separately assessed
for their nematotoxic activity.

Some EOs were further chosen for fractionation, aiming to as-
sess the independent input of the EO fractions containing hydro-
carbons or oxygen-containing molecules against PWN. The main
components (>10%) in each separate EO fraction are featured in
Table 2 (detailed relative amounts are listed in the Supplementary
Table, ST).

The high chemical diversity of the analyzed EOs, and of the cor-
responding fractions containing hydrocarbons or oxygen-contain-
ing molecules, was supported by the agglomerative cluster
analysis based on their full chemical composition (Fig. 1). Despite
this chemical diversity, the analyzed EOs were predominantly ter-
pene-rich, although other chemical groups also achieved important
percentages, such as in Ruta graveolens EO, dominated by the
methyl nonyl ketone, 2-undecanone, or in S. aromaticum and in
Foeniculum vulgare EOs, rich in the phenylpropanoids eugenol
and trans-anethole, respectively (Table 1).

Cluster analysis showed two main uncorrelated clusters
(Scorr < 0.2) (Fig. 1). Cluster I with only five out of the 94 samples
analyzed, included EOs characterized by high percentages of spe-
cific compounds, usually not present in such high amounts in the
other EOs. This was the case of 2-undecanone (91-94%) in R
graveolens, eugenol (93%) in S. aromaticum and 4aa, 70, 7ac-nepet-
alactone (89%) in Nepeta cataria EOs.

Cluster Il grouped the remaining EOs, and related fractions con-
taining hydrocarbons or oxygen-containing molecules, represent-

ing 95% of the samples analyzed. Having been sub-divided into
several sub-clusters, some of which also highly uncorrelated
(Scorr < 0.2), the essential oils from this cluster were predominately
terpene-rich.

2.2. PWN mortality and LCyq assessment

2.2.1. Essential oils

Essential oils were tested for activity against B. xylophilus
through direct contact bioassays. Assays, performed with ultrapure
water, showed an average mortality of 8 + 4%, considered to be nat-
ural mortality. The mortality due to methanol, used as the EO sol-
vent, was 10+ 6%, which can be considered negligible, when
compared to natural mortality.

At the highest concentration, 2 pL/mL, some of the ineffective
EOs or EO fractions assessed, with corrected mortalities <40%
showed dominant proportions of e.g. the monoterpenes limonene,
o-pinene, 1,8-cineole, camphor, terpinolene, or sabinene (Table 1,
Table 2 and Fig. 1).

The most active EOs, or EO fractions, showing corrected mortal-
ities >96% at 2 pL/mL, occurred both in cluster I and in sub-clus-
ters Ila, Ilc, Ile, and Ilq from cluster II (Table 1, Table 2 and
Fig. 1). Within cluster I, R. graveolens (91-94% 2-undecanone) and
S. aromaticum (93% eugenol) EOs were highly effective (100% cor-
rected mortality).

Sub-cluster Ila included EOs, or fractions with oxygen-contain-
ing molecules, with >93% corrected mortality, which were chem-
ically characterized by dominant contents of carvacrol (35-96%), p-
cymene (traces-20%), y-terpinene (traces-18%) and thymol (not de-
tected-15%). Only three out of the seven samples from sub-cluster
Ilc showed corrected mortalities >96%. These differed from the
remaining members of the same cluster by showing high amounts
of thymol (12-23%) and carvacrol (6-15%). Sub-cluster Ile inte-
grated EOs rich in thymol (42-50%), p-cymene (14-20%), thymol
acetate (traces-15%) and y-terpinene (6-12%), which showed cor-
rected mortalities >99%. Th. caespititius chemotypes rich in carva-
crol and/or thymol showed high nematotoxic activities while o-
terpineol-rich chemotypes showed corrected mortalities <60%.
The occurence of chemotypes must be taken into account when
choosing a nematotoxic EO bearing-species, since EO particular
chemotype proved to be determinant in nematotoxic activity.

High PWN mortality (100%) was also observed with C. citratus
EOs, and the related oxygen-containing molecules fraction. These
EOs grouped in sub-cluster Ilq and were dominated by geranial
(23-45%), B-myrcene (traces-38%), neral (20-36%), and geraniol
(1-18%).

Three other EOs showed corrected mortalities >96%, although
this toxicity was not shown by the EOs of other members of the
same sub-clusters. Mentha cervina (96% corrected mortality) char-
acterized by high contents of pulegone (80%), E. citriodora (97% cor-
rected mortality) citronellal (36%), isopulegol (13%), citronellol
(12%) and 1,8-cineole (11%) rich, and M. arvensis EOs (100% cor-
rected mortality), dominated by piperitenone oxide (56%).

Despite the chemical diversity of the assessed EOs, it is note-
worthy that sub-clusters Ila, IIc and Ile gathered EOs that had in
common the presence of carvacrol, thymol, p-cymene and/or y-ter-
pinene. Separately or combined, these compounds can be partially
responsible for each EOs nematotoxic properties.

EOs that attained nematotoxic activity >96%, namely those of
C. citratus 1, 2, and 3, E. citriodora, M. arvensis, M. cervina 1, Origa-
num vulgare subsp. virens, Origanum vulgare 2, R. graveolens 1, 2
and 3, Satureja montana 1 and 2, S. aromaticum, T. capitata, Th. caes-
pititius 2, 5 and 7 (carvacrol and/or thymol-rich), Th. vulgaris and
Th. zygis were further tested at lower concentrations (Table 1).
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Table 1

Plant species scientific names, arranged in alphabetic order of the corresponding plant family, sampling year, plant part used for hydrodistillation, plant source, essential oil yield
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and EO main components (> 10%) of each of the 84 EOs analyzed.

Family/species Code  Sampling Plant Collection place/ Yield (%, Main components (%)
date part source v/w)
Apiaceae/Umbelliferae
Angelica lignescens Reduron et Danton” Al 2008 1% Flores, Azores 0.08 limonene 65, B-phellandrene 13, p-myrcene
12
Apium graveolens L. ® Ag 2010 FV Lisbon 0.05 limonene 92
Chaerophyllum azoricum Trel. Ca 2008 1% Flores, Azores 0.25 terpinolene 30, myristicin 26, acorenone B
17
Foeniculum vulgare Mill. *P Fv 2008 FF Graciosa, Azores  0.33 trans-Anethole 73, a-pinene 13
Petroselinum crispum (Mill.) Nym.? Pc 2009 FV Lisbon 0.09 1,3,8-p-Menthatriene 50, B-myrcene 13,
apiole 11
Asteraceae/Compositae
Achillea millefolium L. Am 2010 DF Herbal shop 0.85 B-Thujone 33, trans-chrisantenyl acetate® 19
Inula viscosa (L.) Aiton® Iv 2009 FV Lisbon <0.05 1,8-Cineole 30
Cupressaceae
Cryptomeria japonica (Thunb. ex L.f.) D. Dona*® Gj 2008 Ffruit Flores, Azores 0.41 Terpinen-4-ol 24, a-pinene 23, sabinene 17
Juniperus brevifolia (Seub.) Antoine 1P Jb1 2008 Ffruit Flores, Azores 0.06 Limonene 63, o-pinene 18
Juniperus brevifolia (Seub.) Antoine 2? Jb2 2008 1% Flores, Azores 0.45 Limonene 82, a-pinene 11
Fabaceae/Leguminosae
Genista tridentata L. Gt 2010 DV Herbal shop <0.05 cis-Theaspirane 27, trans-theaspirane 22
Geraniaceae
Pelargonium graveolens L'Hér.*> Pg 2009 1% Lisbon 0.19 Citronellol 34, guaia-6,9-diene 15,
citronellyl formate® 14
Lamiaceae/Labiatae
Calamintha nepeta (L.) Savi” Cn 2009 FF Castelo Branco 1.43 Isomenthone 52, isomenthol 19, 1,8-cineole
11
Melissa officinalis L. *° Mo 2009 FF Herbal shop 0.04 Geranial 38, citronellol 32, geraniol 18
Mentha arvensis L. Ma 2009 Fv Lisbon 0.06 Piperitenone oxide 56
Mentha cervina L. 1° Mc1 2009 DV Castelo Branco 0.80 Pulegone 80
Mentha cervina L. 2° Mc2 2009 DF Castelo Branco 1.10 Pulegone 86
Mentha x piperita L. 1° Mpl 2009 Fv Lisbon 0.11 Menthol 31, menthone19
Mentha x piperita L. 2 Mp2 2009 FV Lisbon 0.73 Menthone 56, pulegone 13
Mentha pulegium L. Mpu 2008 DV Lisbon 0.35 Pulegone 49, piperitenone 10
Mentha spicata L. 1° Ms1 2009 FV Lisbon 0.07 Carvone 54
Mentha spicata L. 2° Ms2 2009 Fv Beja 0.25 Carvone 70
Nepeta cataria L.? Nc 2009 FF Herbal shop 0.18 4ao, 70, 7ac-Nepetalactone 89
Origanum majorana L. Om 2010 FV Coimbra 0.06 cis-Sabinene hydrate 33, terpinen-4-ol 13
Origanum vulgare L. 1 Ov1 2010 Fv Coimbra <0.05 Carvacrol 14, cis-sabinene hydrate 14, y-
terpinene 10
Origanum vulgare L. 2 ov2 2010 DL Herbal shop 1.00 o-Terpineol 16, thymol 15, y-terpinene 15,
carvacrol 10
Origanum vulgare subsp. virens (Hoffmanns. and Link)  Ovi 2010 DV Herbal shop 0.83 a-Terpineol 40, linalool 16, thymol 12
Bonnier and Layens
Rosmarinus officinalis L" Ro 2009 DL Herbal shop 1.95 B-Myrcene 29, a-pinene 15
Salvia officinalis L So 2009 Fv Lisbon 0.54 a-Thujone 29, 1,8-cineole 26, B-thujone 10
Satureja montana L. 1*° Sm1 2009 DV Herbal shop 0.55 Carvacrol 40, p-cymene 20, thymol 15
Satureja montana L. 2° Sm2 2010 DF Herbal shop 1.31 Carvacrol 64, y-terpinene 18
Thymbra capitata (L.) Cav. Tc 2010 FF Algarve 1.40 Carvacrol 68, y-terpinene 11
Thymus caespititius Brot. 13" Thel 2008 FF Flores, Azores 0.06 Carvacrol 35, p-cymene 19
Thymus caespititius Brot. 2¢ Thc2 2008 FF Corvo, Azores 0.22 Carvacrol 47, carvacrol acetate 12, T-cadinol
12
Thymus caespititius Brot. 3*® Thc3 2008 FF Gerés 0.35 o-Terpineol 36, p-cymene 13, y-terpinene
13
Thymus caespititius Brot. 4* Thc4 2008 FF Graciosa, Azores  0.38 a-terpineol 62
Thymus caespititius Brot. 5° Thec5 2009 FF Terceira, Azores  0.33 Thymol 42, thymol acetatel15, p-cymene 14
Thymus caespititius Brot. 6 The6  2004- FF Azores ¢ Carvacrol 54, carvacrol acetate 10
2009
Thymus caespititius Brot. 7 Thc7 2010 FF Coimbra 0.48 Carvacrol 59, p-cymene 11
Thymus camphoratus Hoffmans. and Link®" Thca 2008 FF Algarve 0.21 Linalool 26, linalool acetate 18
Thymus mastichina (L.) L. Thm 2010 Fv Coimbra 117 1,8-Cineole 46, limonene 23
Thymus villosus subsp. lusitanicus (Boiss.) Coutinho® Thvl 2008 FF Leiria 1.25 Linalool 69
Thymus vulgaris L. Thv 2010 FV Coimbra 0.08 Thymol 48, p-cymene 20, y-terpinene 12
Thymus zygis L. Thz 2010 FV Coimbra 0.30 Thymol 50, p-cymene 15
Thymus zygis subsp. silvestris (Hoffmanns. and Link) Thzs1 2008 FF Leiria 0.23 o-Terpineol 32, y-terpinene 16, linalool 11
Coutinho 1*P
Thymus zygis subsp. silvestris (Hoffmanns. and Link) Thzs2 2008 FF Santarém 0.94 o-Terpineol 60
Coutinho 2°
Lauraceae
Cinnamomum camphora (L.) Sieb.” Cc 2009 FF Coimbra 0.47 Camphor 49, a-pinene 10
Laurus azorica (Seub.) J. Franco*® La 2008 FV Flores, Azores 0.25 a-Pinene 35, B-pinene 16, trans-o-
bisabolene 15
Laurus nobilis L. ® Ln 2009 DL Herbal shop 0.95 1,8-Cineole 35, a-terpenyl acetate 13



J.M.S. Faria et al./ Phytochemistry 94 (2013) 220-228 223

Table 1 (continued)

Family/species Code  Sampling  Plant Collection place/ Yield (%, Main components (%)
date part source viw)

Myrtaceae

Eucalyptus bosistoana F. Muell. >4 Eb 2009 FV Santarém 1.80 1,8-Cineole 59, a-pinene 14

Eucalyptus botryoides Sm.>¢ Ebo 2009 Fv Santarém 1.20 o-Pinene 43, 1,8-cineole 35

Eucalyptus camaldulensis Dehnh.>¢ Ec 2009 FV Santarém 1.30 1,8-Cineole 51, o-pinene 32

Eucalyptus cinerea F. Muell ¢ Eci 2009 FF Santarém 1.60 1,8-Cineole 67, a-terpinyl acetate 10

Eucalyptus citriodora Hook.>d Ect 2009 Fv Santarém 0.86 Citronellal 36, isopulegol 13, citronellol 12,
1,8-cineole 11

Eucalyptus cordieri Trabut® Eco 2009 Fv Santarém 1.12 1,8-Cineole 72

Eucalyptus dives Schauer? Ed 2009 Fv Santarém 3.30 Piperitone 40, o-phellandrene 19, p-cymene
19

Eucalyptus ficifolia F. Muell.>4 Ef 2009 FV Santarém 035 o-Pinene 44, limonene 41

Eucalyptus globulus Labill.4 Eg 2009 FV Santarém 1.33 1,8-Cineole 70, a-pinene 16

Eucalyptus pauciflora Sieber ex Spreng? Ep 2009 FF Santarém 0.84 o-Pinene 82

Eucalyptus polyanthemos Schauer®¢ Epo 2009 FV Santarém 0.55 1,8-Cineole 27

Eucalyptus radiata Sieber® Er 2009 Fv Santarém 5.55 1,8-Cineole 48, p-cymene 13

Eucalyptus saligna Sm.>4 Es 2009 Fv Santarém 1.00 1,8-Cineole 48, a-pinene 40

Eucalyptus smithii R.T. Baker? Esm 2009 FV Santarém 2.80 1,8-Cineole 83

Eucalyptus urophylla S. T. Blake® Eu 2009 FV Santarém 0.86 o-Phellandrene 45, 1,8-cineole 23

Eucalyptus viminalis Labill.¢ Ev 2009 Fv Santarém 1.10 1,8-Cineole 46, a-pinene 13, y-terpinene 12

Myrtus communis L. ° Mco 2008 FF Algarve 0.30 1,8-Cineole 37, a-pinene 24, limonene 13

Syzygium aromaticum (L.) Merrill and Perry Sa 2010 Dfb Herbal shop 9.00 Eugenol 92

Pittosporaceae

Pittosporum undulatum Vent. 1° Pul 2008 Ffruit Graciosa, Azores  0.21 Sabinene 31, terpinen-4-ol 21, limonene 14,
Y-terpinene 10

Pittosporum undulatum Vent. 2°° Pu2 2008 FL Graciosa, Azores  0.08 Limonene 22, sabinene 18, terpinen-4-ol 15,
y-terpinene 12

Poaceae/Gramineae

Cymbopogon citratus (DC) Stapf. 1* Ccil 2008 FL Faro 0.80 Geranial 43, neral 29, 8-myrcene 25

Cymbopogon citratus (DC) Stapf. 2 Cci2 2010 DL Herbal shop 1.16 B-Myrcene 38, geranial 23, neral 20, geraniol
14

Cymbopogon citratus (DC) Stapf. 3 Cci3 2010 DL Herbal shop 3.04 Geranial 34, neral 22, B-myrcene 20,
geraniol 18

Rutaceae

Citrus limon (L.) Burm, f. 1° cl1 2009 FF Lisbon 0.22 B-Pinene 34, limonene 32

Citrus limon (L.) Burm. f. 2° Cl2 2009 Fex Lisbon 0.32 Limonene 52, 1,8-cineole 17, B-pinene 14

Citrus limon (L.) Burm. f. Var. Meyer 3 CI3 2009 Fex Algarve 0.25 Limonene 45, 1,8-cineole 15, -pinene 14

Citrus sinensis (L.) Osbeck 1° Cs1 2009 Ffl Lisbon 0.14 Sabinene 47, limonene 10

Citrus sinensis (L.) Osbeck 2° Cs2 2009 Fv Lisbon 0.26 Sabinene 64

Citrus sinensis (L.) Osbeck 3" Cs3 2009 Fex Algarve 0.34 Limonene 81, B-phellandrene 14

Citrus sinensis (L.) Osbeck var Valencia Late 4 Cs4 2009 Fex Algarve 0.45 Limonene 78, p-phellandrene 13

Ruta graveolens L. 1° Rgl 2009 Fv Evora 2.60 2-Undecanone 94

Ruta graveolens L. 22 Rg2 2009 DF Herbal shop 0.90 2-Undecanone 93

Ruta graveolens L. 3 Rg3 2010 DV Herbal shop 0.51 2-Undecanone 91

Verbenaceae

Aloysia citriodora Gémez Ortega and Palau®® Ac 2009 DV Herbal shop 0.19 Geranial12, limonene 11, neral 10

Zingiberaceae

Zingiber officinale Roscoe” Zo 2008 Frhiz Herbal shop 0.16 Geranial 29, p-phellandrene 17, citronellol

14, camphene 14

DF - dry, flowering phase aerial parts; Dfb - dry flower buds; DL - dry leaves; DV - dry, vegetative phase aerial parts; Fex - fresh exocarp; FF - fresh, flowering phase aerial
parts; Ffl - fresh flowers; Ffruit — fresh fruit; FL - fresh leaves; Frhiz - fresh rhizome; FV - fresh, vegetative phase aerial parts.

¢ EOs previously tested (Barbosa et al., 2010, 2012).

b Evaluated decoction waters.
c

4 EOs composition previously reported (Faria et al., 2011).

¢ Identification based on mass spectra only.

At the lowest concentration tested, 0.25 pL/mL, R. graveolens, S.
montana, and T. capitata EOs revealed to be the most active. The
lethal doses (LC;qo) of these EOs were calculated, since the PWN
has a high reproductive capability and can proliferate even from
a very small population. LCygg ranged from 0.358 to 0.544 pL/mL
for R graveolens EOs, 0.374 pL/mL for S. montana 2 EO and
0.375 pL/mL for T. capitata EO (Table 3).

Previous studies (Barbosa et al., 2010, 2012) have shown similar
high nematicidal potential, i.e. low LCyq, for O. vulgare, S. montana,
T. capitata, Th. caespititius (all rich in carvacrol, y-terpinene and p-
cymene) and 2-undecanone-rich R. graveolens EOs.

R. graveolens EOs herewith studied showed very good B. xylophi-
lus anti-nematodal activity. Ruta chalepensis EOs, also 2-undeca-

EO resulted from the combination of several EOs from the same chemotype collected in Azores from 2004 to 2009.

none rich, showed also high activity against the root knot
nematodes Meloidogyne incognita and M. javanica (Ntalli et al.,
2011a).

Other thymol and carvacrol-rich essential oils have also been
reported to have high B. xylophilus anti-nematodal activity. Thy-
mol-rich Th. vulgaris EOs showed a good activity in direct contact
assays against PWN (Kong et al., 2007). These EOs showed to be
composed of both PWN propagation stimulant- and nematicidal
compounds. Kong et al. (2007) showed that geraniol, thymol, car-
vacrol and terpinen-4-ol possessed strong nematicidal properties
and (—)-caryophyllene oxide, (+)-ledene, (+)-limonene, (—)-limo-
nene, linalool oxide, B-myrcene, (—)-a-phellandrene, (+)-o-pinene
and y-terpinene were PWN propagation stimulant compounds.
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Table 2

Main components (>10%) and mean corrected mortality at 2 pL/mL (mean * s.e., in %) of the EOs fractions.
Plant species® EOs hydrocarbon molecules fraction main Corrected EOs oxygen-containing molecules Corrected

components mortality (%) fraction main components mortality (%)
Cymbopogon citratus 3 B-Myrcene 72 58+6 Geranial 45, neral 36 1000
Origanum vulgare 2 v-Terpinene 36, p-cymene 11 1411 a-Terpineol 26, thymol 23, terpinen-4-ol 1000
16, carvacrol 15, linalool 14

Satureja montana 2 v-Terpinene 44, p-cymene 19 53+13 Carvacrol 96 100+0
Thymbra capitata v-Terpinene 36, p-cymene 23 39+38 Carvacrol 93 1000
Thymus caespititius 6 p-Cymene 29, y-terpinene 16, 36+21 Carvacrol 66, carvacrol acetate 14 100+ 0

trans-dehydroagarofuran 12

2 The EOs that were chosen for fractionation showed corrected mortalities >96% at 2 puL/mL.

S. montana 2 and T. capitata EOs, evaluated in the present study,
are good candidates for EO fractionation since they contain several
of the above cited compounds and, in addition, show high relative
amounts of carvacrol and y-terpinene.

To our knowledge this is the first report on several species EOs
against the PWN. Calamintha nepeta, Inula viscosa and O. majorana
EOs showed weak-, whereas Genista tridentata EO revealed moder-
ate- and O. vulgare subsp. virens and Mentha arvensis EOs showed
strong nematotoxic activities. From the Eucalyptus genus, eleven
species and respective EOs were herewith tested for the first time
against B. xylophilus, namely E. bosistoana, E. botryoides, E. camal-
dulensis, E. cinerea, E. cordieri, E. ficifolia, E. pauciflora, E. polyanthe-
mos, E. saligna, E. urophylla and E. viminalis.

Eucalyptus citriodora EO showed weak activity against the PWN
in a previous study (Park et al., 2005). Nevertheless, the fact that
Park et al. (2005) do not detail this EO composition does not allow
a direct comparison between studies.

2.2.2. Essential oils and fractions containing hydrocarbons or oxygen-
containing molecules

Given each specific EO composition, the PWN mortality and
LCy00 results, some essential oils were further chosen for fraction-
ation, to evaluate the separate contribution of the EO fractions con-
taining hydrocarbons or oxygen-containing molecules against the
PWN.

Despite the high PWN mortality and LCyq results, R. graveolens
EOs were not fractionated due to already high 2-undecanone con-
tent (Table 1). Thus, only C. citratus 3, O. vulgare 2, S. montana 2, T.
capitata and Th. caespititius 6 EOs were fractionated (Table 2).
These EO fractions with oxygen-containing molecules showed
100% corrected mortality at 2 pL/mL (Fig. 1, Table 2). At the same
concentration, the corresponding hydrocarbon fractions showed
corrected mortalities <58% (Fig. 1, Table 2).

Cluster analysis (Fig. 1) showed that all fractions with oxygen-
containing molecules grouped close to their corresponding EOs
(Scorr = 0.8), because of the dominance of oxygen-containing com-
pounds, both in the fraction and in the original EO. On the contrary,
with the exception of C. citratus 3, the hydrocarbon fractions clus-
tered together (Scorr = 0.7), showing similar chemical composi-
tions (Fig. 1).

Given the results above, only the fractions with oxygen-con-
taining molecules LC;qg values were determined (Table 3). S. mon-
tana 2 and T. capitata fractions with oxygen-containing molecules
revealed quite similar LC;qg values to those of their corresponding
EOs. On the other hand, C. citratus 3 oxygen-containing molecules
fraction showed higher lethal dose value, than that of the related
EO, even though the oxygen-containing compounds were present
in higher proportions in the fraction. This suggests that in addition
to the oxygen-containing compounds, the hydrocarbon fraction
also plays an important role in the overall PWN toxicity of these

EOs, probably by additive and/or synergic interactions between
EO fractions or compounds.

Unlike previous fractions, O. vulgare 2 and Th. caespititius 6 frac-
tions with oxygen-containing molecules showed lower LC;qg val-
ues comparatively to the related EOs. The diverse results
obtained suggest that B. xylophilus toxicity may be EO specific,
and no general conclusions should be drawn solely from the EOs
main components.

Other studies have addressed the nematotoxic potential of sep-
arate EO components. In direct contact assays against PWN, Choi
et al. (2007b) evaluated the activity of different monoterpenes,
using synthetic chemicals. Out of the 26 monoterpenes tested, car-
vacrol, thymol, geraniol, nerol, (—)-menthol, citronellol, citronellal
and citral (mixture of geranial and neral) showed the highest activ-
ities against PWN. By relating the anti-nematode activity to the
chemical functional group, Choi et al. (2007b) showed that mono-
terpene hydrocarbons and ketones had weak or no activity. Other
monoterpenes revealed a hierarchy of functional groups, phenols,
aldehydes and primary alcohols being the most active followed
by secondary and tertiary alcohols. Ntalli et al. (2011b) analyzed
the synergistic and antagonistic interactions between components
from EOs active against Meloidogyne incognita, showing that com-
binations of nematicidal EO components, such has carvacrol/thy-
mol or carvacrol/geraniol, had a synergistic activity on M.
incognita J2 juvenile paralysis.

Although in the present study the nematotoxic activity of sepa-
rate components was not assessed, the evaluation of the isolated
fractions containing hydrocarbons or oxygen-containing molecules
against PWN showed that the activity of an EO reflects the contri-
bution of its different components, in distinct ways. Synergistic or
antagonistic interactions between the EO components will influ-
ence the EO overall toxicity against PWN.

2.3. Decoction waters

Nine decoction waters (remaining hydrodistillation waters), out
of the 45 evaluated (Table 1), showed strong nematotoxic activity,
at 12.5 pL/mL. Only Angelica lignescens, Citrus sinensis (flowers and
fresh vegetative aerial parts), F. vulgare, Laurus nobilis, Melissa offi-
cinalis, M. spicata, Salvia officinalis and Zingiber officinale decoction
waters revealed 100% PWN mortality.

Interestingly, with the exception of M. officinalis EO, the EOs iso-
lated from the remaining samples with successful decoction
waters, showed corrected mortalities <80%, at 2 pL/mL.

Further studies are required to assess the active chemical con-
stituents of these decoction waters. Decoction waters generally re-
tain water-soluble, heat-stable, nonvolatile phytochemicals, such
as high-weight terpenes and phenols and alkaloids (Gongalves
et al.,, 2009; Tiwari et al., 2011), which have been shown to possess
strong nematicidal activities (Zhao, 1999; Chitwood, 2002).
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Fig. 1. Dendrogram obtained by cluster analysis of the percentage composition of essential oils from the 84 samples and 10 fractions evaluated, based on correlation and
using unweighted pair-group method with arithmetic average (UPGMA). For each EO sample abbreviation, see Table 1. EOs fractions abbreviations begin with the sample

code followed by uppercase H for fractions containing hydrocarbon molecules or uppercase O for or oxygen-containing molecules. Values after underscore are the mean
corrected mortality percentages obtained with each EO or fraction at 2 pL/mL.
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Table 3

Lethal concentrations (LCqo0, HL/mL) of EOs and related fractions with oxygen-containing molecules against the PWN. ECso and slope values are given for comparison purposes.
EOs/fractions with oxygen-containing molecules Code LCi00 ECso Slope (b%)
Cymbopogon citratus 3 Cci3 1.059 0.456 10.930
Cymbopogon citratus 3 O Cci30 1.801 0.454 6.685
Origanum vulgare 2 Oov2 2.120 0.754 8.909
Origanum vulgare 2 O 0ov20 1.606 0.811 13.480
Ruta graveolens 1 Rgl 0.359 0.232 21.080
Ruta graveolens 2 Rg2 0.544 0.184 8.490
Ruta graveolens 3 Rg3 0.358 0.230 20.780
Satureja montana 2 Sm2 0.374 0.261 25.630
Satureja montana 2 O Sm20 0.374 0.262 25.850
Thymbra capitata Tc 0.375 0.265 26.660
Thymbra capitata O TcO 0.387 0.275 26.950
Thymus caespititius 6 Thc6 1.464 0.972 22.470
Thymus caespititius 6 O Thc60 0.721 0.471 21.610

0 - EO oxygen-containing molecules fraction.
4 biny=C+ (D-C)/1+ exp{b[log(x) — log(ECs0)]}.

3. Conclusion

Essential oils and decoction waters, isolated from 84 samples,
were evaluated through direct contact assays against PWN. Twenty
highly nematicidal EOs were obtained from the initial screening. Of
these Ruta graveolens, Satureja montana and Thymbra capitata EOs
were the most active. Nematotoxic activity from fractions contain-
ing hydrocarbons or oxygen-containing molecules from the most
successful EOs were further assessed, separately. For some EOs,
fractionation may prove to be a good way to improve nematotoxic
activity.

The use of EOs for pest management against the PWN must take
into consideration the unique characteristics of each essential oil,
as not every EO component contributes similarly against the
PWN. The results obtained suggest that the EO fractions with oxy-
gen-containing molecules, and some components, namely 2-
undecanone, carvacrol, thymol, p-cymene and/or y-terpinene
may be responsible for EO nematotoxic activity. Nevertheless, de-
spite the overall low activity of the EOs hydrocarbon fraction, this
type of components also seems to contribute, in several cases, to
the EOs PWN total nematotoxic activity, probably by additive
and/or synergic interactions between EO fractions or compounds.

PWN nematotoxic phytochemicals will be further evaluated to
determine highly active formulations of EOs, EO fractions, EO indi-
vidual components, and/or decoction waters aimed at an inte-
grated action against Pine Wilt Disease.

PWD control strategies can be accomplished in several ways
and many times the strategies of management should be com-
bined. Keeping in mind the expensive and labour-intensive work,
as well as the possibility of chemical injury, the most effective
compounds should be tested by trunk injection, in a preliminary
assessment, both in healthy trees, as a preventive measure, as well
as in already affected trees to evaluate the host and the pathogen
response under field conditions.

4. Material and methods
4.1. Plant material

Collective and/or individual samples, from cultivated and wild-
growing medicinal and aromatic plants, were collected from main-
land Portugal and at the Azores archipelago (Portugal) (Table 1).
Dried aerial parts from commercially available products sold in lo-
cal herbal shops were also analyzed. Thirteen families were sam-
pled, from a total of 84 samples.

For all plants collected from the wild state a voucher specimen
of each plant species was deposited in the Herbarium of the Botan-

ical Garden of Lisbon University, Lisbon, Portugal. For commer-
cially obtained plant material, a reference sample from each
plant is retained in our laboratory and is available on request.

4.2. Essential oil extraction

Essential oils (EOs) were isolated by hydrodistillation for 3 h
using a Clevenger type apparatus according to the European Phar-
macopoeia (Council of Europe, 2010). Hydrodistillation was run at
a distillation rate of 3 mL/min. EOs were stored in the dark at
—20 °C, until analysis.

4.3. Essential oil fractionation

Fractions containing hydrocarbons or oxygen-containing mole-
cules were separated from each EO sample on a silica gel column
[22 g of Silica gel 60 (Merck 9385) on a 85 mm internal diameter,
380 mm length column] by elution with 20 mL of distilled n-pen-
tane (Riedel-de Haén, Sigma-Aldrich, Germany) followed by
20 mL diethyl ether (Panreac Quimica S.A.U., Barcelona, Spain),
per mL of essential oil. A total of 5 mL of EO was fractionated.
The hydrocarbon fraction was obtained after distilled n-pentane
elution, and diethyl ether eluted the EO oxygen-containing
components.

Both fractions were concentrated, separately, at room tempera-
ture under reduced pressure on a rotary evaporator (Yamato, Hitec
RE-51), collected in a vial, and concentrated to a minimum volume,
again at room temperature, under nitrogen flux. Fractions were
then stored in the dark at —20 °C until analysis.

4.4, Essential oil and fractions composition analysis

Essential oils and the corresponding fractions containing hydro-
carbons or oxygen-containing molecules were analyzed by gas
chromatography (GC), for component quantification, and gas chro-
matography coupled to mass spectrometry (GC-MS) for compo-
nent identification, as detailed in Barbosa et al. (2010).

The percentage composition of the isolated EOs was used to
determine the relationship between the different samples by clus-
ter analysis using Numerical Taxonomy Multivariate Analysis Sys-
tem (NTSYS-pc software, version 2.2, Exeter Software, Setauket,
New York) (Rohlf, 2000). For cluster analysis, correlation coeffi-
cient was selected as a measure of similarity among all accessions,
and the Unweighted Pair Group Method with Arithmetical Aver-
ages (UPGMA) was used for cluster definition. The degree of corre-
lation was evaluated according to Pestana and Gageiro (2000) in
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very high (0.9-1), high (0.7-0.89), moderate (0.4-0.69), low (0.2-
0.39) and very low (<0.2).

4.5. Isolation of decoction waters

After hydrodistillation, each of the 45 decoction waters
(remaining hydrodistillation water) was separated from the plant
material through coarse sieving using filter paper. The decoction
waters were separately concentrated to a minimum volume, at
60 °C under reduced pressure, in a rotary evaporator. The concen-
trated decoction water (CDW), was stored in the dark at —20 °C
until use.

4.6. Nematode collection and rearing

Pinewood nematodes (PWNs) were obtained according to Barb-
osa et al. (2010). Axenic cultures of Botrytis cinerea (de Bary) Whet-
zel were grown for 7 days, at 25+1°C, on steam-sterilized
hydrated commercial barley grains (Hordeum vulgare L.). An
aliquot of 100 pL, containing 100-200 mixed-stage PWNSs, in
ultrapure water, was then added to these cultures.

After 7-10 days, in darkness, at 25 + 1 °C, the PWN population,
grown by consuming the fungus, was isolated by a modified Baer-
mann funnel technique (Viglierchio and Schmitt, 1983). Live nem-
atodes, which naturally descended to the bottom of the apparatus,
were collected after 24 h into a 20 pm mesh sieve and rinsed thor-
oughly with ultrapure water. Nematode solutions were used for
further inoculations or stored at 4 °C. PWN mortality assessment
was performed using an inverted microscope [Diaphot, Nikon,
Japan (40x)].

4.7. Direct contact bioassays

Essential oils, fractions containing hydrocarbons or oxygen-con-
taining molecules and concentrated decoction waters (CDW) were
assayed in newly extracted nematode suspensions as detailed in
Barbosa et al. (2010). EOs and fractions stock solutions were pre-
pared in methanol (Panreac Quimica S.A.U., Barcelona, Spain), at
40 pL/mL. A previous study has shown that the use of water-mis-
cible solvents such as acetone (Barbosa et al., 2012) are more
advantageous than the widely used detergents, such as Triton X-
100, when performing direct contact assays employing EOs. Meth-
anol was presently chosen due to its high polarity and high solvent
capacity.

To obtain a final concentration of 2 pL/mL, 5 pL of these solu-
tions were added to 95 pL of nematode suspensions with 50-100
mixed stage nematodes. Stock solutions for 1, 0.5 and 0.25 pL/mL
were obtained by serial dilutions with a dilution factor of two.
The EOs which showed corrected mortalities below 96% were not
further assayed at lower concentrations. Control trials were per-
formed with methanol 5% (v/v, methanol/nematode suspension).
In order to check for methanol induced mortality ultrapure water
was used as corresponding control.

Stock solutions for the CDW were obtained by centrifuging a 1:1
mixture of CDW in ultrapure water (2500 G), to remove high
weight debris. The supernatant was assayed at the final concentra-
tion, in the test suspension, of 25 pL of CDW per mL of nematode
suspension. CDWs were assessed for the nematode’s complete
mortality only; if live nematodes were detected CDWs were not
further assayed at lower concentrations. CDWs which showed
complete mortality at one given concentration were tested at a
lower one, 12.5 and 6.3 pL of CDW per mL of nematode suspension.

All bioassays were performed in flat bottom 96-well microtiter
plates (Carl Roth GmbH + Co. KG, Karlsruhe, Germany), covered
with plastic film, to diminish volatilization, and aluminum foil to
establish total darkness. The plates were maintained at 25+ 1 °C

in an orbital shaker at 90 r.p.m., for 24 h. Dead and live nematodes
were counted under an inverted microscope (40x). Nematodes
were considered dead if they did not move even when physically
stimulated. A minimum of 10 assays were performed for each sam-
ple, in, at least, two separate trials.

4.8. Lethal concentration (LC;o0) determination

The determination of the lowest concentration at which 100%
death is observed (LCyqp), was based on mean corrected mortality
values. Mean corrected mortality calculated in each trial, was ob-
tained by comparing the percentage mortality due to essential oil
treatment to the percentage mortality in the methanol control,
using the Schneider-Orelli formula (Puntener, 1981):

Corrected mortality % = [(Mortality % in treatment
— mortality % in control)/(100
— mortality % in control)] x 100

The application of this formula normalizes the mortality values,
allowing the comparison of different runs with slightly different
mortalities.

Nematotoxic activity was evaluated according to Kong et al.
(2006) by classifying mortality as strong (>80%), moderate (80-
61%), weak (60-40%) and low or inactive (<40%).

To estimate the half maximal effective concentration (ECsp),
mean corrected mortality values were subjected to non-linear
regression analysis using a dose-response log-logistic equation
proposed by Seefeldt et al. (1995):

y=C+ (D~ C)/1+exp{bllog(x) — log(ECso)]}

which relates the average response y to dose x, and where C and D
are, respectively, the lower- and the upper limit of the sigmoidal
dose-response curve, b is the slope and ECsq is the EO or fraction
concentration which induces a response halfway between the low-
er- and the upper limit. This analysis was performed using Graph-
Pad Prism® version 5.00 for Windows, San Diego California USA
(www.graphpad.com), setting C to 0% and D to 100% with variable
slope (b). LCygp values were calculated using the GraphPad 5.0
software QuickCalcs (http://www.graphpad.com/quickcalcs/
Ecanything1.cfm).
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