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Abstract Terpenes are secondary metabolites produced
in different biological pathways as defense mechanisms
against, among others, nematodes, insects and herbi-
vores. Root-knot nematodes (RKN; Meloidogyne spp.)
are one of the most serious pests of economically im-
portance for vegetable production in Greece. The aim of
this study was to investigate the nematicidal activity of
geraniol on different life stages at 35–1000 ppm doses
against the root-knot nematode Meloidogyne javanica.
To our knowledge, this study is the first to report the
effect of geraniol on egg differentiation and also its sub-
lethal doses effect. Experiments testing the contact ac-
tion of geraniol resulted in about 100%mortality of J2 s,
whereas vapor showed only about 10%. Particularly,
geraniol paralyzed 100% of second-stage juveniles
(J2 s) and inhibited egg hatching in about 70%, at a
dose of 500 ppm. In pot experiment, the use of geraniol
at sub-lethal doses reduced female numbers in tomato
roots. To the contrary, no nematostatic effects were
observed in paralysis bioassays. The present study
strongly demonstrates geraniol’s toxic effect against
root-knot nematode Meloidogyne javanica.

Keywords Monoterpenoids .Meloidogyne spp. . Egg
mass . Sublethal doses activity . Egg-differentiation

Introduction

Root-knot nematodes (RKN;Meloidogyne spp.) are one
of the most widespread and economically important
nematode genus (Huang et al. 2006) in vegetable crop
production throughout the world. They have a very
broad host range parasitizing about 2000 plant species
of annual and perennial crops, which can cause major
yield losses equivalent to billions worldwide (Chitwood
2003; Bleve-Zacheo et al. 2007). In plastic houses in
Greece, tomato, cucumber and pepper are three of the
most seriously affected crops in all growing regions.
Meloidogyne spp. get also associated with other soil
borne pathogens that result in complex diseases, which
are more devastating and cause significant crop losses
(Back et al. 2002).

In past years, nematicides have been widely used to
suppress RKN population densities in vegetable produc-
tion. However some nematicides are been banned or
restricted due to their environmental impact. An exam-
ple is the methyl bromide, a common fumigant that has
been banned since 2005 (Martin 2003). For the ones still
in use, their repetitive application in each cropping
season reduced their persistence and efficacy while
due to enhanced degradation (Karpouzas et al. 2004;
Papadopoulou et al. 2016).

In face of the recent EU environmental restrictions, it
is necessary to develop ecologically safer control
techniques based upon pesticides of natural origin
(Faria et al. 2016). Currently, scientists have been seek-
ing alternatives to conventional nematicides, which are
usually safer, eco-friendly and minimize the residual
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effects (Giannakou 2011). Plants are a significant
source of phytochemicals, secondary metabolites
playing an important role in plant defense against
herbivores, pathogens and other interspecies de-
fenses (Ntalli and Menkissoglu-Spiroudi 2011;
Ntalli and Caboni 2012). Secondary metabolites
are organic compounds which consist of three main
groups: terpenenoids, alkaloids and phenolics
(Kabera et al. 2014). Terpenes, known for their wide
bioactive spectrum, play a significant role by pro-
viding the plant with natural protection from bacte-
ria, fungus, insects, nematodes and other environ-
mental stresses (Lee et al. 2002; D'Addabbo et al.
2014; Yu et al. 2015; Nasiou and Giannakou 2017).
Among these, geraniol has been demonstrated to
possess interesting antimicrobial (Melo et al.
2015), antioxidant (Aytac et al. 2016), antifungal
(López-Meneses et al. 2017), insecticidal (Ali et al.
2013) and nematicidal (Ibrahim et al. 2006; Ntalli
et al. 2010) properties.

Geraniol is an alcohol monoterpene with two
double bonds (Fig. 1), isomeric with linalool, found
in the essential oil of more than 160 species of herbs
(especially the Cymbopogon genus) (La Rocca et al.
2017). Ntalli et al. (2011) stated that mixtures of
terpenes have synergistic impact on Meloidogyne
incognita which cause paralysis, and those pairs
are trans-anethole/geraniol, trans-anethole/eugenol,
carvacro l /eugenol , and geranio l /carvacro l .
Echeverrigaray et al. (2010) reported that geraniol
reduced effectively the number of galls at concen-
tration of 100 mg/kg, and completely inhibited gall
development at 250 mg/kg.

Specifically, this study aimed to assess: (1) the
nematicidal and nematostatic activity of geraniol on
second stage juveniles (J2 s) of M. javanica, (2) the
differentiation of geraniol inhibition on undifferenti-
ated eggs, (3) the hatch inhibition activity of gera-
niol in egg masses, (4) the effect of contact and
vapor activity of geraniol in nematode infested soil,
and (5) the sub-lethal doses of geraniol on nema-
todes infecting tomato plants.

Materials and methods

Nematodes

The population of M. javanica was collected from
infested tomato greenhouses in Heraklion, Crete and
then reared on tomato seedlings (Solanum lycopersicum
L.) cv. Belladonna in a greenhouse in the Agricultural
University of Athens, Greece (25 ± 2 °C, 16 h light and
8 h dark). The seedlings used for inoculations were
6 weeks old, at the four leaf stage. After 40 days, the
inoculated plants were uprooted and the galled roots
with mature egg masses were gently washed free of soil
and cut into 2 cm small pieces. Eggs of M. javanica
were extracted using 1% sodium hypochlorite solution
(Hussey and Barker 1973). Second stage juveniles (J2 s)
were obtained by placing sterilized eggs on a Baermann
funnel at the ambient temperature (27 ± 1 °C). The J2 s
were used in the experiments were less than 2 days old.

Juveniles motility bioassays

Nematicidal activity

All bioassays were performed in Cellstar® flat bottom
24-well plates. Solutions of geraniol were tested for J2
motility at the doses of 62.5, 125, 250, 500 and
1000 ppm. Geraniol (Merck; Germany), indicated by
the chemical formula C10H18O, was dissolved in etha-
nol (1%) (Sigma-Aldrich; Italy) to overcome the solu-
bility problems and then serially diluted in distilled
water containing 0.3% Tween-20 to prepare test solu-
tions of the above doses. Nematodes exposed at these
concentrations of ethanol and Tween-20 were not affect-
ed, as preliminary tests and previous work indicate
(Ntalli et al. 2010). As controls we used distilled water
and a mixture of water with ethanol and Tween-20 at
concentrations as the ones in the treatment wells.
Approximately 40 J2 s were used per treatment well in
plates which were exposed to geraniol solutions. The
plates were covered with a lid to diminish terpene vol-
atilization, wrapped with aluminum foil to obtain total
darkness and incubated at 26 ± 1 °C. Juveniles in the
wells were observed with the aid of an inverted micro-
scope (Zeiss, Germany) at 100× magnification after 12,
24, 48, and 96 h and were ranked into two distinct
categories: motile or paralyzed. For a window of 10 s
we checked the juveniles for motility by probing them
with a needle. Lack of movement was considered aFig. 1 Molecular structure of geraniol
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strong indication of paralysis. Each treatment was rep-
licated five times, and the experiment was conducted
twice.

Nematostatic activity

Geraniol was dissolved in ethanol and diluted serially in
distilled water containing Tween-20 resulting in solu-
tions at the doses of 62.5, 125, 250, 500 and 1000 ppm.
These test solutions were placed in 250-ml Erlenmeyer
flasks into which newly hatched J2 s were immersed
subsequently (approximately 1200 J2 s per flask in
100 ml). The high number of nematodes in each flask
made the need of oxygen high. For that reason, each
flask was accommodated with oxygen supply through a
plastic tube connected to an air pump. Evaporation was
avoided by covering the flasks with cotton plug and
incubating at 26 ± 1 °C temperature settings in dark. A
solution of water with ethanol and Tween-20 at the same
concentrations as the ones in the treatment flasks as well
as distilled water were used as control.

After 12 h, two solutions of 5 ml were removed from
each flask and used independently. The first one was
placed into wells (approximately 40 J2 s per well) where
the J2 s were observed under an inverted microscope
(100×) and ranked as motile or paralyzed. For the sec-
ond one, we placed the J2 s into wells with approxi-
mately 30 J2 s per well, after getting rid of the geraniol
by rinsing it with tap water and using a 38 μm sieve.
Motile and paralyzed J2 s were counted under an
inverted microscope (100×) after 12 h. After evaluation,
all J2 s were maintained in wells covered with a lid to
avoid evaporation. The same procedure was repeated
after 24 and 48 h as described above. If any J2 regained
motility, the effect was considered as nematostatic (non
permanent paralysis). Each treatment was replicated five
times, and the experiment was conducted twice.

Effect of geraniol

Egg differentiation

Following the procedure described by Hussey and
Barker 1973, we used hypochlorite solution to extract
Meloidogyne javanica eggs, from tomato roots
(Solanum lycopersicum cv. Belladona) that were infect-
ed with the nematode. The suspension of eggs was
sieved through 53 and 38 μm, rinsed thoroughly with
tap water to become clearer and was collected into a

100 ml beaker. The suspension of eggs was quantified
by the aid of an inverted microscope (100×), the number
of eggs per ml was adjusted and used directly in the
bioassays.

Solutions of geraniol were tested on development of
eggs at the doses of 62.5, 125, 250, 500 and 1000 ppm.
We used Tween-20 in water to bring geraniol to the
desired volume after we dissolved it in ethanol (as
previously described). As controls, we used distilled
water and water with ethanol plus Tween-20 at the same
concentrations as those in the treatment wells. An aver-
age of 50 eggs were used in each well, exposed to
geraniol solutions and incubated at 26 ± 1 °C. Note that
the 90% of those were undifferentiated. To prevent
evaporation, we covered both treated and control plates
with a lid.

The number of eggs developed and J2 s emerged
were counted every 7 days under an inverted micro-
scope (100×) (Zeiss, Germany) (Tzortzakakis and
Trudgill 2005). For monitoring egg development, eggs
were observed on day 0 with the aid of an inverted
microscope and were distinguished either as differenti-
ated (fully developed juvenile) or undifferentiated (eggs
containing only cells).

After three weeks the experiment was terminated
since no further egg differentiation was observed in the
control treatment. Each treatment was replicated four
times, and the experiment was conducted twice.

Hatching of J2 s

Mature egg masses were handpicked using sterilized
forceps from roots previously rinsed thoroughly and
placed in small plastic extraction trays made by six cm
Petri dishes. Solutions of geraniol (62.5, 125, 250, 500
and 1000 ppm), initially dissolved in ethanol and
brought to volume using Tween-20 in water (as above),
were added to each extracting tray to cover egg masses.
The latter were maintained for seven days and then test
solutions were removed by washing themwith tap water
and placed in extracting trays filled with clean water.
The extracting trays were covered to avoid loss of water
and placed in incubator at 26 ± 1 °C. Hatching J2 s were
counted every seven days, they were discarded and the
water was renewed with fresh one. We counted the
number of J2 s emerging over five weeks and terminated
the experiment when no more J2 s emergence was
observed. Each treatment was replicated five times,
and the experiment was conducted twice.
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Contact and vapor action

We collected sandy soil from Gargalianoi village in
Messinia, an area in southern Greece. To clean soil from
debris we passed it through a 2-mm sieve and subse-
quently we sterilized it for 20 min in an autoclave at
100 °C. The soil was also oven dried at 50 °C for 24 h to
determine the water holding capacity (MWHC).

Plastic pots (7 cm deep and 5 cm diameter) were
inoculated with a nematode suspension of approximate-
ly 500 J2 s after they were first filled with 40 g of soil
each. In half of them, we replaced the plastic bottom
with a plastic mesh net (size 1 mm) and added plain
water (vapor mortality bioassay). To the ones left with
the plastic bottom, we added genariol solutions (contact
mortality bioassay). Subsequently, we arranged the pots
in pairs, where a pot with a mesh net was placed on top
of the one with a plastic bottom (contact-vapor mortality
bioassay). To prevent moisture loss and minimize light
effect, the pots were sealed with parafilm and covered
with aluminum foil. Migration of the nematodes be-
tween the two pots was avoided by not allowing the
upper pot to touch the soil surface of the bottom pot. The
moisture content of the soil never exceeded the 20% of
MWHC.

The efficacy of geraniol against nematodes was test-
ed in a number of concentrations. i.e. 62.5, 125, 250,
500 and 1000 ppm. Geraniol stock solution was pre-
pared in ethanol and Tween-20 (0.6%) to overcome
insolubility, whereas distilled water with Tween-20
(0.6%) was used for further dilutions according to the
above method. Pots under control treatment contained
only soil with certain moisture and J2 s. The above
experimental procedure was performed at two levels of
temperature (20 °C and 30 °C).

For both temperatures, the plastic pots remained in
climate room for three days. For the experiment at the
30 °C, the plastic pots were placed on a metal tray with
dimensions 60 cm × 40 cm × 8 cm (L ×W×H). At the
bottom of the metal tray a flexible silicone resistance
was placed which was connected with an automatic
thermostat. Throughout the experiment the tray was
filled with wet sand and plastic pots were immersed in
the sand. After three days, in both temperature levels,
nematodes were extracted from the soil of each pot of
each treatment by a modification of Cobb’s decanting
and sieving methods (Flegg 1967), as suggested by
Brown and Boag (1988). Juveniles were allowed to pass
through a modified Baermann funnel at 26 ± 1 °C for

two days and, after collection, they were observed with
the aid of an inverted microscope (Zeiss, Germany) at
100× magnification. Each treatment was replicated four
times, and the experiment was conducted twice. Before
statistical analysis, all numbers were calculated accord-
ing to the Abbot (1925) formula: Efficacy % = ((mortal-
ity in treatment - mortality in control)/(100-mortality in
control))*100.

Pot experiment

Effect of sub-lethal doses of geraniol on juvenile
invasion

To evaluate the efficacy of the geraniol against the
nematode invasion we used tomato seedlings, cv.
Belladona, grown in plastic pots (10 cm deep and
6 cm diameter). All seedlings were 6 weeks old and at
the four leaf stage. Four 250-ml Erlenmeyer flasks were
prepared containing 100 ml of geraniol solutions at
concentrations of 35, 70, 140 and 280 ppm, respectively.
Fifteen thousand newly hatched J2 s were immersed in
the flasks and incubated at 26 ± 1 °C. Geraniol was
dissolved in ethanol (Sigma-Aldrich; Italy) and serially
diluted in distilled water containing Tween-20 to pro-
duce test solutions of the above doses. Distilled water as
well as a solution of water with ethanol and Tween-20 at
concentrations equivalent to those in the treatment
flasks, served as control. After 24 h, a 1/3 suspension
from each flask was removed and washed gently with
tap water to rinse out the excess of geraniol. Sieve of
mesh size 38 μm was used for the transfer. Then, the
nematodes were transferred to the wells of a 24-well
plate and using an inverted microscope (Zeiss,
Germany) they were categorized as motile or paralysed.
The remaining J2 s in the flasks were maintained for
another 48 and 96 h when the same procedure was
repeated.

We infected the tomato plants of each pot, prepared
as described earlier, with 300 motile J2 s M. javanica
solution in flasks. The plants were uprooted and the
stems removed after leaving the pots in a growth room
at 26 ± 2 °C for 30 days. Roots were carefully washed
free of soil and stained with acid fuchsin solution as
described in Byrd et al. (1983). We prepared equal
volumes of glycerol and distilled water and poured them
in vials where the roots were put after rinsing. We
counted the female nematodes in the whole root system
of the plants using a stereoscopic microscope and
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choosing the12.5 × magnification setting. Each treat-
ment was replicated five times, and the experiment
was conducted once in a randomized block design.

Statistical analysis

Data were subjected to one-way analysis of variance
(ANOVA) using the General Linear Model (GLM).
Treatments means were compared using the LSD
test. Statistical analysis in all cases was conducted
using SAS statistical package (SAS University
Edition). Whenever appropriate, two experiments
were combined and analysed together if no variation
was revealed between data.

Results

Juveniles motility bioassays

Nematicidal activity

The effect of geraniol on J2 s motility ofM. javanica is
presented in Table 1. The percentage of J2 s immobility
increased by increasing the exposure period. Geraniol
showed 100% paralysis at the dose of 500 and
1000 ppm after exposure of 12 and 24 h, respectively.
Furthermore, at dose of 250 ppm about 30% of J2 s were
paralyzed after 96 h exposure, while at doses 125 and
62.5 ppm no significant paralysis was recorded. Similar
results were obtained in the second experiment
(Table 1). Paralyzed juveniles were found to have a
specific shape defined as either straight (I-shape), bent
(banana-shape) and L-shape which can separate be-
tween paralyzed or motile nematodes.

Nematostatic activity

There was not observed a nematostatic effect in the
number of paralyzed J2 s. The death of the nema-
todes was further confirmed by maintaining all nem-
atodes in wells (Cellstar® 24-well plates) containing
tap water for 12, 24, 48 and 96 h after evaluation.
The percentage of paralyzed J2 s was similar to the
previous experiment testing the nematicidal activity
using bioassay (data not shown).

Effect of geraniol

Egg differentiation

The inhibitory effect of geraniol in different doses on
eggs differentiation after exposure for 21 days is pre-
sented in Table 2. The lower percentage indicates higher
efficiency in inhibiting the egg differentiation. All tested
doses of geraniol caused some inhibition in egg differ-
entiation. Compared to control treatment (88.9%), gera-
niol at doses of 250, 500 and 1000 ppm significantly
inhibited eggs differentiation. Egg differentiation per-
centage was 69.5%, 49.2 and 38.9% respectively.
Interestingly fewer undeveloped eggs were differentiat-
ed treated with 125 ppm geraniol solution resulting in
about 24% more undeveloped compared to the control
treatment (Table 2).

Hatching of J2 s

Geraniol demonstrated a significant egg hatch inhibition
activity at different doses (Fig. 2) after exposure for
35 days in both experiments. Geraniol at doses of 500
and 1000 ppm exhibited the highest activity inhibiting
in about 68 and 78% egg hatching, respectively, as
compared to the control. Significantly fewer nematodes
were hatched from egg masses treated with 125 and
250 ppm resulting in about 50 and 55% fewer nema-
todes counted respectively, compared to the control
treatment. However, geraniol did not show significant
inhibitory effect on hatching ofM. javanica egg masses
at dose of 62.5 ppm in both experiments (Fig. 2).

Contact and vapor action

Toxic effects on J2 s of geraniol were evaluated by the
contact-vapor mortality bioassay (Figs. 3, and 4). It was
observed that there was an increase in J2 mortality, as
doses were increased from 62.5 to 1000 ppm. The
number of J2 s was significantly low in contact bioassay
at both levels of temperature. At doses of 500 and
1000 ppm geraniol indicated to have a strong contact
mortality of J2 s (about 90 and 97% respectively) in both
levels of temperature. On the other hand, lower effect of
mortality was recorded at doses of 62.5 and 125 ppm at
both levels of temperature, whilst an almost 60% de-
crease of J2 s in the soil observed in the contact bioassay
at a dose of 250 ppm. On the contrary, no vapor toxicity
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against J2 s ofM. javanica observed, regardless the level
of temperature.

Pot experiment

Effect of sublethal doses of geraniol on juvenile invasion

The effect of sublethal doses activity of geraniol against
M. javanica is shown in Fig. 5. Geraniol did not signif-
icantly decrease the number of females. In comparison
with control treatment, it caused the lowest reduction of
nematode population on roots in all doses after 24 h
exposure (Fig. 5). However, the number of females
decreased with increasing exposure time (48 and

96 h). Particularly, at doses of 140 and 280 ppm the
number of females decreased to 59 and 56, whereas at
control treatment there were 93 females per gram of
root, after exposure of 48 h (Fig. 5). Also, there were
no statistically significant differences on female number
between lower doses of geraniol (35 and 70 ppm) and
control treatment after exposure for 48 h. Geraniol at
doses of 140 and 280 ppm showed also significant effect
of sub-lethal doses activity against M. javanica after
exposure of 96 h compared to control treatment (Fig. 5).

Discussion

Geraniol belongs to the category of acyclic alcohol
monoterpenes and is found in many different plant
essential oils. In this study, our experiments underlined
geraniol’s high nematicidal activity against
Meloidogyne javanica; a percentage of 99.5% of para-
lyzed J2 s at a dose of 500 ppm after exposure of 24 h
suggested that geraniol has a potential efficacy from a
control point of view. Such results agree with those
reported by Ntalli et al. (2010) and Al-Banna et al.
(2003) in which geraniol paralyzed a high percent of
M. incognita J2 s.

The egg stage is the most resistant stage in the nem-
atode’s life cycle, due to its three-layer shell; an outer
vitelline, a middle chitinous and an inner lipid (Moens
et al. 2009), providing a remarkable shield of protection
and rendering it the most important barrier when it
comes to breaching and enabling nematicidal activity.

Table 2 Effect of geraniol on the differentiation of Meloidogyne
javanica eggs, after immersion of undifferentiated eggs at different
dose rates of 1000, 500, 250, 125, 62.5 and 0 ppm

Dose (ppm) Exposure time (21 days)
Eggs Differentiation (%)

0 88.9 a

62.5 84.6 ba

125 76.7 ba

250 69.5 b

500 49.2 c

1000 38.9 c

Values are means of combined results from two experiments with
four replicates each, since no significant differences were observed
after ANOVA using the data of both experiments. Values followed
by the same letter in a column do not differ significantly according
to LSD (P < 0.001)
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Table 1 Effect of geraniol on the motility ofMeloidogyne javanica J2 s after immersion in test solutions at the dose rates of 1000, 500, 250,
125, 62.5 and 0 ppm for 12, 24, 48 and 96 h

Dose (ppm) Exposure time (hours)

12 24 48 96

Experiment 1 Experiment 2 Experiment 1 Experiment 2 Experiment 1 Experiment 2 Experiment 1 Experiment 2
Paralyzed J2 s (%) Paralyzed J2 s (%) Paralyzed J2 s (%) Paralyzed J2 s (%)

0 0 d 0 d 0 e 0 e 0.5 d 1.8 d 4.4 e 4.9 e

62.5 0 d 0d 0.7d c 1.1d 1.1d 3.1 d 15.7 d 11.9 d

125 1.71 c 1.7 c 2.25 c 3.6 c 7.8 c 5.9 c 23.7 c 18.5 c

250 13.1 b 6.9 b 15.45 b 8.1 b 15.6 b 11.3 b 30.4 b 27.4 b

500 98.9 a 99.5 a 100a 100 a 100 a 100 a 100 a 100 a

1000 100 a 100 a 100 a 100 a 100 a 100 a 100 a 100 a

Number of samples: 240, degrees of freedom: 24, number of replicates: 5.Values are means from two experiments. Values followed by the
same letter in a column do not differ significantly according to LSD (P < 0.001)



To the best of our knowledge, this work is the first one to
report the effect of geraniol on egg differentiation in
M. javanica. Geraniol showed at higher doses (1000
and 500 ppm) significant inhibition on egg differentia-
tion for M. javanica eggs. Particularly, at doses of 500
and 1000 ppm the majority of isolated eggs remained
undifferentiated despite the long incubating period and
only 49,1% and 38,9% eggs were differentiated,
respectively.

In more details, the increase of the exposure dose, in
different geraniol solutions, resulted in a gradual de-
crease of juveniles hatched from egg masses. Geraniol
showed noteworthy anti-hatching activity against
M. javanica compared to the control treatment. A de-
crease of about 69% of juveniles hatched from egg
masses was recorded after 35 days at 500 ppm dose.
Echeverrigaray et al. (2010) evaluated that geraniol
reduced hatching (>75%) at a concentration of

Fig. 2 Effect of geraniol onM. javanica hatch, after immersion of
egg masses at the dose rates of 1000, 500, 250, 125, 62.5 and
0 ppm for 35 days. Values are means of five replicates and two
experiments. Samples in boxplots contain a large amount of var-
iation among the treatment means relative to the amount of vari-
ation within the treatment. F statistic is defined as: (variation

among the treatment means) / (variation among individuals in
the same treatment). F value is large indicating that the means
are significantly different and is evidence against the null hypoth-
esis that assumes equal means. F is zero only when all group
means are the same
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Fig. 3 Effect of geraniol on contact and vapor mortality of
M. javanica J2 s in the soil, at the dose rates of 1000, 500, 250,
125 and 62.5 ppm at 20–22 °C. Values are means of combined
results from two experiments with 4 replicates each, since no
significant differences were observed after ANOVA using the data

of both experiments. Error bars represent the standard deviation of
mean. Bars with the same letter indicate no significant differences
according to LSD test; upper case letters refer to the contact
bioassay, lower case letters to the vapor bioassay
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250 mg/l against M. incognita. Egg hatching experi-
ments are more accurate than counting immobile juve-
niles in a particular nematode population (Oka et al.
2000). In soil, root knot nematode eggs are aggregated
within egg masses. These are surrounded by a gelati-
nous matrix which serve as a protective barrier against
soil-borne antagonists (Orion et al. 2001). Therefore, the
egg hatch inhibition activity tested on egg masses is an
indication of the terpene ability to penetrate the gelati-
nous matrix and act on nematode eggs.

In the present study, we tested the contact and fumi-
gant effects of geraniol against M. javanica J2 s in
nematode infested soil. Our experiments proved that
geraniol by its contact activity exhibits strong nematici-
dal effect against J2 s, inducing about 59 and 96% at a
dose of 250 and 1000 ppm compared to the control, at

both levels of temperature. However, by examining the
fumigant toxicity of geraniol, no significant differences
in mortality were recorded compared to the control. In
our previous work (Nasiou and Giannakou 2017), we
studied the contact and fumigant activity of carvacrol
againstM. javanica J2 s, which has the same behaviour
of biological action as geraniol.

It seems that geraniol has a sub-lethal dose-effect
relationship when used to prevent nematode invasion
in roots. Most of them remained motile, although there
were some juveniles that were unable to locate and
infect roots. Geraniol at doses of 140 and 280 ppm
reduced the number of females per gram of root com-
pared to the control, after exposure of 48 and 96 h (Fig.
5). These results suggest that the duration of exposure
and the concentration of the terpene could disorientate
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Fig. 4 Effect of geraniol on contact and vapor mortality of
M. javanica J2 s in the soil, at the dose rates of 1000, 500, 250,
125 and 62.5 ppm at 30 °C. Values are means of combined data
from two experiments with four replicates each, since no signifi-
cant differences were observed after ANOVA using the data of

both experiments. Error bars represent the standard deviation of
mean. Bars with the same letter indicate no significant differences
according to LSD test; upper case letters refer to the contact
bioassay, lower case letters to the vapor bioassay

Fig. 5 Numbers of females of
M. javanica per gram of root after
immersion in geraniol solutions at
the dose rates of 0, 35, 70, 140
and 280 ppm for 24, 48 and 96 h.
Error bars represent the standard
deviation of mean (n = 5). Bars
having the same pattern with the
same letter indicate no significant
differences according to LSD test
(P < 0.001)
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nematodes during root location. However, no effect on
the sub-lethal activity of geraniol at concentrations of 35
and 70 ppm was detected (Fig. 5). Walker and Melin
(1996) reported that geraniol at 1500 mg oil/kg soil
reduced the number of galls caused by M. arenaria.

In the literature, the mechanism of action of mono-
terpenes is unclear. Experiments focusing on identifying
the behavior of terpenes and their effect on nematodes is
of high importance and their results can be extensively
leveraged for nematode control. They can provide
useful information regarding the most appropriate
formulation yielding the most desirable nematicidal
activity. Work by Oka et al. (2000) has already sug-
gested the use of terpenes as means to not only interrupt
the nematode nervous system but also to change the
permeability of the cell membrane.

In conclusion, our work showed that the use of gera-
niol can control M. javanica and prevent nematode pop-
ulation increase in autoclaved soil. Our results underlined
the paralysis activity on J2 s together with the inhibition
activity in egg differentiation and hatching as such the
reduction of female numbers in tomato roots. Further
experimental work is needed to determine the most effi-
cient rate and dose of geraniol along with the economic
aspects related to its use under field conditions.
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