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Garlic essential oil reduces the population of Meloidogyne

incognita in tomato plants
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Abstract The root-knot nematode Meloidogyne incog-
nita causes losses in tomato production, making new
methods/products to control this parasite desirable. Gar-
lic essential oil (GEO) is potentially useful for control-
ling M. incognita. Here, GEO was obtained by
hydrodistillation, dissolved in water and used against
M. incognita in vitro. At 63 ug mL™", this oil was more
active against M. incognita eggs and second-stage juve-
niles (J2) than the nematicide Carbofuran at
173 pg mL ™", The main components of the oil, accord-
ing to gas chromatography-mass spectrometry analysis,
are diallyl trisulphide (66.7%) and diallyl disulphide
(21.3%), which presented lethal concentrations to 50%
(LCso) J2 equal to 36.2+ 1.7 and 134.4+19.4 pgmL ™",
respectively, while the LCs, for Carbofuran was 151.6

+2.1 pg mL™'. When the J2 submerged in a solution of
the oil at 250 pg mL ™" were used to infest tomato plants,
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the number of galls and eggs of M. incognita in the roots
were reduced to values statistically equal to those ob-
tained when J2 were submerged in a solution of
Carbofuran at 415 ug mL™". The vapour of the oil was
also as active in vitro against M. incognita eggs and J2
as the fumigant nematicide Dazomet. The infectivity
and reproduction of M. incognita in tomato plants cul-
tivated in substrate inoculated with eggs of the nema-
tode and treated with 0.2 mL of oil per L of substrate
were statistically equal to those observed when the oil
was replaced by 0.25 g of Dazomet per L of substrate.
These findings confirm the activity of GEO and its
components against M. incognita, suggesting its poten-
tial as a new fumigant nematicide to control the nema-
tode in tomato plants.

Keywords Allium sativum - Biopesticide - Diallyl
trisulphide - Diallyl disulphide - Organosulfur
compounds - Root-knot nematode

Introduction

The tomato (Solanum lycopersicum L.) is one of the
most cultivated vegetables in the world. Of the 170
million tonnes of tomatoes produced worldwide, about
4 million were produced in Brazil in 2014 (FAO 2016).
These numbers would be higher if the problems caused
by root-knot nematodes (Meloidogyne spp.) could be
avoided (Jones et al. 2013). In addition to directly af-
fecting the tomato plant, these parasites make the toma-
toes more susceptible to other diseases (Zhou et al.
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2016). The most destructive root-knot nematode species
for tomato plants is Meloidogyne incognita (Kofoid &
White) Chitwood, which also affects several other crops
of global economic importance (Sikora and Fernandez
2005).

Currently, the application of chemical nematicides is
commonly used by farmers to control parasitic nema-
todes on their plants. Although the nematicides show
good overall efficacy, the concerns about their residues
in the food chain, risks to human health and negative
environmental effects have resulted in the ban of methyl
bromide and other substances (Wesemael et al. 2011).

Plants are promising sources of substances to circum-
vent the above-mentioned problem, as some of their
metabolites can be used directly as pesticides or as
starting models for the synthesis of improved chemical
structures (Giannakou 2011; Ntalli and Caboni 2012).
Among these metabolites are the compounds found in
essential oils, which are volatile secondary metabolites
produced by plants. Many essential oils can be used as
natural antimicrobials (Junior et al. 2014), and some are
reported to be active against nematodes (Isman 2000;
Barbosa et al. 2010; Faria etal. 2013; Andrés etal. 2012;
Nasiou and Giannakou 2018).

Garlic (Allium sativum L.) is an essential oil produc-
ing plant that has been used for culinary and medicinal
purposes for ages (Martins et al. 2016). In part, this is
due to the antioxidant, antibacterial and antifungal ac-
tivities of the metabolites produced by this plant (Block
2010). Some of these metabolites have also been report-
ed to be active against insects (Chaubey 2016; Zhao
et al. 2013) and even the pine wood nematode
Bursaphelenchus xylophilus (Steiner & Buhrer) Nickle
(Park et al. 2005). The cold pressed oil (Cetintas and
Yarba 2010) and the essential oil (Al-Shalaby 2009; El-
Saedy et al. 2014) from garlic are also reported to be
active against M. incognita. The essential oil of garlic is
rich in organosulfur compounds such as ajoene, diallyl
disulphide (DADS), diallyl trisulphide (DATS), allyl
methyl trisulphide and diallyl sulphide (Block 2010;
Corzo-Martinez and Villamiel 2007). Apparently, sul-
phur compounds are responsible for the nematicidal
activity of garlic essential oil (Park et al. 2005).

In the work done with B. xylophilus (Park et al. 2005),
only in vitro tests were performed by the authors to eval-
uate the activity of garlic essential oil and its components
against this nematode. However, the action of garlic essen-
tial oil under in vivo conditions remains unknown. Re-
garding the work done with M. incognita (Cetintas and
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Yarba 2010), only second-stage juveniles (J2) of the nem-
atode were assayed. However, the majority of the nema-
tode population is in the form of eggs (Evans and Perry
2009). Furthermore, the oil studied by Cetintas and Yarba
(2010) was obtained by cold pressing, which results in oils
containing several non-volatile compounds (Ferhat et al.
2007). As the oil used by the authors was not analysed,
those components active against M. incognita were not
identified. For example, such active components could be
fatty acids that, according to Zhang et al. (2012), can be
active against nematodes. Alternatively, these effects could
be caused by allicin, a non-volatile substance that inhibits
the hatching of M. incognita J2 at 0.5 uL mL ™" (Gupta and
Sharma 1993). In the work carried out by El-Saedy et al.
(2014), the amount of garlic essential oil used in the
experiments with tomato seedlings was approximately
75-150 mg per 100 mL of soil, while N-[Ethoxy-(3-meth-
yl-4-methylsulfanylphenoxy)phosphoryl]propan-2-amine
(active ingredient of Nemacur® 10G) was used at approx-
imately 2,5 mg per 100 mL of soil. If we consider
Carbofuran, which controls M. incognita in tomato plants
when approximately 0.8 mg of this commercial nematicide
is applied to 110 mL of soil (Oliveira et al. 2019), the
amount of garlic essential oil used by El-Saedy et al.
(2014) seems even greater, which leads us to question
whether such oil only showed activity against the nema-
tode because it was used in very high concentrations.
Something similar is observed in the work by Al-Shalaby
(2009).

In addition, it is important to mention that in works
with B. xylophilus (Park et al. 2005) and M. incognita
(Cetintas and Yarba 2010) no nematicidal substance was
used as a reference. It is therefore difficult to assess
whether the products obtained from garlic are in fact
potentially useful for the development of new nemati-
cides. It is also important to consider the volatile prop-
erties of essential oils in general, as well as the propen-
sity to oxidize the sulphur components produced by
garlic (Yang et al. 2001). These characteristics likely
render a short residence time of garlic essential oil in
the soil in relation to non-fumigant nematicides. It is
likely that after planting tomatoes in the field, several
M. incognita individuals will not come across the essen-
tial oil applied to the soil, resulting in inefficient control
of the nematode. Consequently, it makes more sense to
use this oil as a fumigant nematicide to reduce the
population of M. incognita in the soil prior to planting.

Therefore, in order to complete the knowledge about
the efficiency of garlic essential oil in the control of
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plant parasitic nematodes, it is necessary to fill in some
gaps, such as its effect on the nematode eggs, the effect
of the oil gas phase, the real roles of the major compo-
nents of the oil, and the comparison of different ways of
applying the oil in the same paper. Considering these
current issues, the present study was designed to: 1)
evaluate the in vitro activity against J2 and eggs of
M. incognita with aqueous solutions of garlic essential
oil; 2) identify the components of garlic essential oil
through gas chromatography and mass spectrometry
analyses; 3) evaluate solutions of the main components
of garlic essential oil through in vitro assays with
M. incognita J2 and eggs; 4) evaluate the effect of
aqueous solutions of garlic essential oil on the infectiv-
ity and reproduction of M. incognita on tomato plants;
5) investigate the in vitro activity against M. incognita
J2 and eggs by vapour of garlic essential oil; and 6)
evaluate the effect of vapour from garlic essential oil on
the infectivity and reproduction of M. incognita on
tomato plants.

Materials and methods
M. incognita inoculum

First, M. incognita was multiplied on tomato plants
(Solanum lycopersicum L. ‘Santa Clara’) that were kept
in a greenhouse for 50 days after inoculation with J2
previously obtained from other tomato plants in a green-
house that had never undergone nematicide treatment.
Nematode eggs were then extracted from the roots
(according to Hussey and Barker 1973) and placed on
an adapted Baermann funnel at 28 °C for hatching. The
J2 that hatched during the first 24 h were discarded,
while those hatched between 24 and 48 h were imme-
diately used in the bioassays.

Garlic essential oil

Bulbs of garlic (Allium sativum L. ‘Lavinia’) in natura
(1000 g) were purchased in the local market (Lavras -
MG, Brazil), peeled, ground in a blender with distilled
water and submitted to hydrodistillation for 60 min in a
Clevenger apparatus type (Clevenger 1928). The obtain-
ed essential oil was separated from water and treated
with anhydrous sodium sulphate to yield 7 mL of a pale
yellow liquid that was stored in a freezer at —20 °C.

Chemicals

Diallyl disulphide (DADS, 80%), diallyl trisulphide
(DATS, 98%) and Carbofuran (2,3-dihydro-2,2-dimeth-
yl-1-benzofuran-7-yl N-methylcarbamate, 98%) were
purchased from Sigma-Aldrich Co. (Milan, Italia),
while Dazomet was purchased from BASF (Basamid®,
98%, Ludwigshafen, Germany). Although the nemati-
cide Carbofuran has been withdrawn from the market in
several countries due to its undesirable action on non-
target organisms, its efficiency to control of plant para-
sitic nematodes is well known.

In vitro effect on mobility, mortality and hatching
of M. incognita J2 by emulsions of garlic essential oil

Garlic essential oil was emulsified in an aqueous
0.01 g mL™" Tween 80® solution to yield a final con-
centration of 10,000 pg mL™'. The resulting primary
emulsion was then diluted with 0.01 g mL™" Tween 80®
to five different concentrations (2500, 1250, 625, 312
and 156 pg mL™"). Then, 100 uL of each resulting
emulsion and 400 pL of an aqueous suspension of
approximately 100 M. incognita J2 were placed into
Eppendorf tubes (0.5 mL). The final concentrations of
the oil were 500, 250, 125, 63 and 31 ug mL~!. Water,
aqueous solutions of Tween 80® at 0.01 g mL™" and
Carbofuran at 865 pug mL™' (final concentration:
173 ug mL™") were used as controls. The experimental
design was completely randomized, with six repetitions
for each treatment. After 48 h at 28 °C, the Eppendorf
tubes were agitated and opened so that 200 pL of their
contents were transferred to 350 uL wells of a 96-well
polypropylene plate. Mobile and immobile J2 were
counted under a microscope. Then, one drop of freshly
prepared 1.0 mol L™' NaOH solution was added to each
well (according to Chen and Dickson (2000) and
adapted by Amaral et al. (2003)) and nematodes were
counted again within 2 min of the addition. Immobile J2
after the NaOH addition were considered dead. This
experiment was carried out in duplicate.

A procedure similar to the one used above was
employed to evaluate the effect of garlic essential oil
on J2 hatching, but using 240 M. incognita eggs per
Eppendorf tube instead of 100 J2. Exposure of the eggs
to the garlic essential oil emulsions and the controls
lasted for seven days instead of the 48 h used in the
previously described experiments with J2. After the
exposure time, the evaluation consisted of counting
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intact eggs and hatched J2 (both alive and dead) under a
microscope. This experiment was also carried out in
duplicate.

GC-MS analysis of the essential oil of garlic

A gas chromatograph coupled to a mass spectrome-
ter (model QP2010, Shimadzu, Japan), equipped
with a RTX®-5MS capillary column (30 m X
0.25 mm ID x 0.25 pwm film thickness; Restek),
which used helium at 1.0 mL min ' as the mobile
phase was employed in this work. According to
Adams (2007), the following conditions were
adopted: 1) split/splitless injector temperature:
220 °C; 2) split ratio: 1:20; 3) initial column tem-
perature: 60 °C; 4) elevation rate of the column
temperature: 2 °C min ' up to 200 °C and then
5 °C/min until final temperature; 5) final tempera-
ture of the column: 250 °C; 6) temperature of the
interface between the gas chromatograph and the
mass spectrometer: 220 °C; 7) ionization of each
molecule in the spectrometer: electron impact at
70 eV; 8) range of mass/charge (m/z) analyses in
the mass spectrometer: 45-400; 9) mass spectrum
acquisition time: 0.5 s. The essential oil of garlic
was dissolved in acetone to a concentration of
10 mg mL™', and 1 uL of this solution was injected
into the gas chromatograph. A solution of homolo-
gous linear alkanes, containing C9—C20 carbon
atoms, was used as an external standard. All mass
spectra were compared to those in the NIST 05 Mass
Spectral Library (2005) and all peaks in the chro-
matogram with similarity index below 80% were
considered unidentified. For each of the remaining
peaks, the arithmetic index (AI) was calculated ac-
cording to the following formulae: Al= {100X,+
100[(RT — RTX,)/(RTX,, - RTX,)]}, where X, =
number of carbon atoms of the linear alkane with
retention time immediately below that of the sub-
stance to be identified in the chromatogram; RT =
retention time (min) of the substance to be identified
in the chromatogram; RTX, = retention time (min) of
the linear alkane with number of carbon atoms equal
to X,; RTX,,; =retention time (min) of the linear
alkane with number of carbon atoms equal to X, + 1.
Substances with calculated values of Al correspond-
ing to an error>3% in relation to the Al described
by Adams (2007) were considered not identified.
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In vitro effect of garlic essential oil and its main
components on mobility, mortality and hatching
of M. incognita J2

The experiments were carried out twice as described be-
fore using the essential oil of garlic (final concentrations:
500, 250, 125, 63 and 31 ug mLfl), DATS (final concen-
trations: 335, 168, 84, 42 and 21 ug mLfl), DADS (final
concentrations: 106, 53, 27, 14 and 7 ug mL_l) and DATS
+ DADS (final concentrations: 335 + 106, 168 + 53, 84 +
27,42+ 14 and 21 +7 ug mL ™). For the mobility and
mortality assay four final concentrations were employed
for Carbofuran: 200, 173, 150, 100, and 50 pg mL ™. For
the hatching assay only one concentration was used for
Carbofuran: 173 ug mL™". Concentrations of DADS and
DATS were proportional to their amounts in the oil
(AMO): 0.213 AMO and 0.667 AMO for DADS and
DATS, respectively.

Infectivity and reproduction of M. incognita in tomato
plants after exposition to aqueous emulsion of garlic
essential oil

Tomato seeds (Solanum lycopersicum L. ‘Santa Clara’)
susceptible to M. incognita were sown on a commercial
substrate (Tropstrato ®, Vida Verde Industria e
Comércio de Insumos Organicos Ltda., Mogi Mirim,
Séo Paulo, Brazil) contained in 121 mL wells within a
72-well Styrofoam seedling tray. Thirty days later, an
aqueous suspension (24 mL) containing approximately
3000 M. incognita J2 and aqueous emulsions (24 mL) of
garlic essential oil (250, 125 and 63 pg mL™") in
0.01g mL ! Tween 80® were combined. Water, Tween
80® (0.01 g mL ") and Carbofuran (415 pg mL™") were
also combined with the aqueous J2 suspension to be
used as controls. Aliquots (8 mL, approximately 500 J2)
of each resulting suspension were added to the substrate
of each plant through four equidistant holes (0.4 cm
wide x 1.5 cm deep) around the stem. This experiment
was arranged in a completely randomized design, with
six repetitions for each treatment. The tray was kept in a
dark room at 28 °C for 48 h and then transferred to a
greenhouse, where it was maintained for 30 days. After
this period, the roots were carefully removed, washed
with water, dried on paper towels and weighed. After
gall counting, eggs were extracted from the roots fol-
lowing the technique by Hussey and Barker (1973).
Eggs retained on a 500 mesh (ASTM) sieve were
suspended in 50 mL water and counted in a Peters
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chamber under a microscope. This experiment was car-
ried out in duplicate.

In vitro effect of vapour from garlic essential oil
on mobility, mortality and hatching of M. incognita J2

Adapting the method described by Barros et al. (2014),
sand (30 g) was sterilized by autoclaving at 120 °C for
30 min and poured into Supelco™ SPME flasks (28 mm
wide x 80 cm deep, Sigma-Aldrich, Bellefonte, PA,
USA). Two Eppendorf tubes (0.5 mL) were partially
immersed in the sand of each flask and 100 pL of garlic
essential oil was poured into one of the tubes. The
commercial fumigant nematicide Dazomet (80 mg)
and water (100 puL) were used as positive and negative
controls, respectively. The flask was immediately sealed
with a screw cap, internally coated with silicone and
kept at 28 °C for 72 h. Employing a syringe with a
needle to punch the silicon septa of the Supelco™
SPME flask, 100 pL of an aqueous suspension
(1000 J2 mL ") was injected into each empty Eppendorf
tube. This experiment was completely randomized, with
six replicates for each treatment. After 48 h at 28 °C, the
flasks were opened for the homogenization of the J2
suspension, from which aliquots (20 uL) were trans-
ferred to 350 uL wells of a 96-well polypropylene plate.
These aliquots were diluted with 100 pL water before
counting mobile and immobile J2 under a microscope.
The J2 mortality was evaluated using the methodologies
described by Chen and Dickson (2000) and Amaral
et al. (2003). This experiment was carried out in
triplicate.

The experiment aimed to evaluate the effect of va-
pour from garlic essential oil on hatching of
M. incognita J2 followed a similar procedure as the
previous experiment, but with a suspension containing
M. incognita eggs (3000 eggs mL™") instead of J2. The
experiment time also changed, as number of intact eggs
and hatched J2 (alive or dead) was evaluated seven days
after injecting the aqueous egg suspension into each
empty Eppendorf tube. This experiment was carried
out in triplicate.

Effect of vapour from garlic essential oil
on the infectivity and reproduction of M. incognita
on tomato plants

M. incognita eggs (150,000) were added to 1 L of a
commercial substrate (Tropstrato®, Vida Verde

Industria e Comércio de Insumos Organicos Ltda., Mogi
Mirim, Sdo Paulo, Brazil) contained in 2-L polyethylene
terephthalate bottles. Essential oil of garlic was then
splashed on the substrate surface to the following con-
centrations: 0.5, 0.2 and 0.1 mL per L of substrate. The
commercial fumigant nematicide Dazomet at 0.25 g (L
of the substrate) ' and water (1.0 mL) were used as
positive and negative controls, respectively. This exper-
iment was carried out with six replicates for each treat-
ment, under a completely randomized design. All bot-
tles were cap closed and the resulting mixtures were
shaken by hand for five minutes. After standing at 28 °C
for 3 days, the bottles were opened. Five days later, the
substrate inside them was poured into cells (121.2 mL)
of a 72-cell Styrofoam seedling tray (six cells for treat-
ment). Twenty-day old tomato plants (Solanum
lycopersicum L. ‘Santa Clara’) were transferred to the
tray (six plants per treatment), which was kept in a
greenhouse for 30 days. After this period, roots were
carefully washed, dried with a paper towel and weighed.
After counting galls, M. incognita eggs were extracted
(method described by Hussey and Barker 1973). The
obtained eggs were counted in a Peters chamber under a
microscope. This experiment was carried out in
duplicate.

Data analysis

A combined analysis was performed for each assay, and
the data presented are the combined results of the repeat
experiments. The results (values from the in vitro tests
were converted into percentage) were previously sub-
mitted to a normality test (Shapiro-Wilk’s test) and
homoscedasticity test (Bartlett’s test), and based on
those results, no transformation was necessary. The
values were then submitted to analysis of variance
(ANOVA; P=0.05) and to separate treatment means,
the Scott and Knott (1974) test was applied. The soft-
ware SISVAR (Ferreira 2011) was used to carry out the
statistical calculations. Percentage values of the in vitro
assays were subjected to a nonlinear regression with the
software Scidavis 0.2.4 (SciDAVis 2017). Lethal con-
centrations for 50% (CLso) and 90% (CLog) of the
nematode were calculated from the values obtained for
the in vitro mortality of the J2 through Logit analysis,
which was performed with the drc 3.0-1 package (Ritz
et al. 2015) of software R 3.6.2 (R Core Team 2017),
using the graphical interface RStudio Desktop 1.1.463
(RStudio Team 2015).
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Results and discussion

In vitro effect on mobility, mortality and hatching
of M. incognita J2 by emulsions of garlic essential oil

Emulsions of garlic essential oil were very active
against M. incognita, causing 100% J2 death and
immobility at concentrations equal to or greater
than 125 pg mL™". At 62 ug mL™", the oil caused
the death of 82.3% of J2, while the nematicide
Carbofuran at 173 pg mL™' caused the death of
only 63.0%. (Table 1). These results are qualita-
tively in line with those from studies with
B. xylophilus (Park et al. 2005) and M. incognita
(Cetintas and Yarba 2010). However, a quantitative
comparison cannot be made with those results
because those authors did not use a nematicide
as control. At 125 pg mL !, the oil reduced the
J2 hatching to a value statistically equal to that
obtained with Carbofuran at 173 pg mL™'
(Table 1).

GC-MS analysis of the essential oil of garlic

As the essential oil of garlic was active against
M. incognita (Table 1), it underwent GC-MS anal-
ysis, which led to the identification of six com-
pounds that represented 93.8% of the total compo-
sition. The most abundant were DATS (66.7%) and
DADS (21.3%) (Table 2). Although this result is in
agreement with previous reports (Martinez-
Velazquez et al. 2011; Koci¢-Tanackov et al.
2012; Zhao et al. 2013; Foe et al. 2016; El-Sayed
et al. 2017), it is worth mentioning there is large
variation described in the literature regarding the
composition of garlic essential oil. For example,
in a sample from Egypt, diallyl sulphide (21.5%),
allyl methyl disulphide (3.3%), DADS (27.4%),
allyl methyl trisulphide (8.0%), DATS (26.3%),
allyl methyl tetrasulphide (3.4%) and diallyl
tetrasulphide (9.93%), were identified (Nashwa
2015), while in a sample from Tunisia, DATS
(30.38%) and DADS (49.1%) were primarily the
identified substances (Chekki et al. 2014). In part,
these differences may be due to factors such as
climatic conditions, harvesting period, distillation
technique and the cultivar of garlic (Lahlou 2004;
Block 2010).
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In vitro effect of the main components of the essential
oil of garlic on mobility, mortality and hatching
of M. incognita J2

The number of J2 immobilized and killed by the com-
bination of DADS and DATS was larger than the sum of
the values obtained for these substances separately
(Fig. 1). For example, DADS (7 ug mL "), DATS
(21 ug mL™") and DADS+DATS (7+21=
28 ug mL™") caused 5.2, 44.4 and 100% mortality of
J2, respectively. This result suggests a synergistic effect
between DADS and DATS, which is logical when
considering the behaviour of some other samples of
natural origin. For example, Jiang et al. (2009) observed
the synergistic effect of some components of the essen-
tial oils of Litsea pungens Hemsley and Litsea cubeba
(Lour.) Persoon. Likewise, Miresmailli et al. (2006)
reported a synergistic effect between inactive and active
components of the essential oil of Rosmarinus
officinalis L. Although there is no report of such behav-
iour in assays carried out with nematodes and garlic oil
components, the synergistic effect of these components
has already been observed (Amagase et al. 2001). For
example, the combination of allyl alcohol with DATS
and DADS increases the antifungal activity against
Candida utilis (Henneberg) Lodder & Kreger-van Rijj
(Chung et al. 2007).

When isolated, both DADS and DATS could not
yield values of immobile or dead J2 greater than
those observed for the essential oil at proportional
concentrations (0.213 and 0.667 times de
concentration of the oil, respectively; Fig. 1). How-
ever, when combined, these substances were more
active than the essential oil. For example, a
56 ug mL™' solution of DADS+DATS (14 +
42 ug mL™', respectively) immobilised and killed
100% of J2. The essential oil at 62 pg mL™' in-
creased J2 immobility and death up to 85.5% and
82.3%, respectively. These results suggest that there
is an interference in the action of DADS and DATS
against M. incognita J2 by other components of the
oil. The same conclusion can be drawn from the
number of hatched J2. When tested alone, both
DADS and DATS afforded percentage of hatched J2
that were statistically lower than those observed for
the garlic essential oil at proportional concentrations
(Fig. 1). For example, at 106 ug mL™', DADS re-
duced J2 hatching to 0%, which is statistically lower
than 5.8% of hatched J2 observed for the essential oil
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Table 1 Effects of the essential oil of garlic on mobility, mortality and hatching of Meloidogyne incognita second-stage juveniles (J2)

Treatment Concentration (j1g mL ") Immobile J2 (%)* Dead J2 (%)* Hatched J2 (%)*
Oil 500 100.0 e 100.0 f 58a

Oil 250 100.0 e 100.0 f 9.8b

Oil 125 100.0 e 100.0 f 11.0b

Oil 63 85.5d 823 ¢ 16.1 ¢

Oil 31 67.7 ¢ 349 ¢ 21.1d

Oil 16 34.7b 174b -

Water (control) - 1.0a 1.0a 51.6e

Tween 80® (control) - 1.0a 1.0a 51.8¢
Carbofuran (control) 173 71c¢ 63d 11.8b

 Results for each parameter are mean values of two experiments with six repetitions for each of them. Means followed by the same letter in
each column do not differ statistically according to the Scott and Knott (1974) test (P <0.05)

at 500 ug mL . These results also suggest that other
components in the oil may interfere with the action of
DADS and DATS against M. incognita.

Both DADS and DATS were more active
against M. incongita eggs than the nematicide
Carbofuran at 173 ug mL™'. For example, concen-
trations of 14 and 42 pg mL™' for DADS and
DATS, respectively, reduced J2 hatching to 5.8%
and 1.3%, respectively, while the value observed
for Carbofuran was 11.6% (Fig. 1). Consequently,
these substances are promising for the development
of new nematicides, especially considering that the
majority of the population of M. incognita in the
environment is in the form of eggs (Evans and
Perry 2009).

While DADS seems to be as active against J2 as
Carbofuran, DATS certainly is more active than this
commercial nematicide. For example, at 84 pg mL ™,
DATS killed 100% of J2, while at 173 ug mL ™",
Carbofuran killed only 60% and at 106 ug mL™', DADS

killed 49.0% (Fig. 1). However, the combination of
DADS and DATS is even more efficient than that com-
mercial nematicide. For example, 28 g mL™' DADS+
DATS (7 +21 pg mL ™) killed 76.0% of J2.

The results described so far are in accordance with
the calculated values of CLsy and CLg,. For example,
the values for the essential oil and for DATS are lower
than those obtained for DADS and Carbofuran
(Table 3). Similarly, the combination of DATS + DADS
has much lower values than those observed for DATS,
which makes evident the existence of a synergistic effect
between these two substances. It is also worth noting
that the LCs, value of the essential oil (33.9 pg mL™")
corresponds to 7.2 ug mL™' of DADS and
22.6 pug mL™', which results in 29.8 ug mL™" for the
combination DATS + DADS. This value is approxi-
mately 85% higher than the LCso of DATS + DADS,
which corroborates the existence of some component in
the essential oil that interferes with the action of DATS +
DADS on the nematode.

Table 2 Main components of the essential oil of garlic, according to an analysis by gas chromatography-mass spectrometry

Number Component RT® (min) A SI¢ (%) Area® (%)
1 Diallyl sulphide 4.034 874 93 0.4

2 Allyl methyl disulphide 5.362 916 82 0.4

3 Diallyl disulphide (DADS) 11.572 1078 85 21.3

4 3-Vinyl-1,2-dithiacyclohex-5-ene 18.758 1209 87 0.3

5 Diallyl trisulphide (DATS) 24.100 1298 96 66.7

6 Diallyl tetrasulphide 38.379 1533 91 4.7

Total 93.8

aRT = retention time in the chromatogram. ® Al = calculated arithmetic index. ¢ SI=similarity index between the mass spectrum obtained

and that in the NIST 05 Mass Spectral Library. ¢ Relative area of the peak in the chromatogram
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Fig. 1 In vitro effects of emulsions of garlic essential oil and its
main components, diallyl disulphide (DADS; at 0.213 x concen-
tration of the oil) and diallyl trisulphide (DATS; at 0.667 x con-
centration of the oil), on mobility (upper graph), mortality (middle
graph) and hatching (bottom graph) of Meloidogyne incognita
second-stage juveniles (J2). In the DATS + DADS treatment:

Our findings suggest that DADS and DATS account
for the nematicidal activity observed for garlic essential
oil, which is in accordance with the work by Park et al.
(2005), who demonstrated the in vitro activity of these
substances against the pine wood nematode,

@ Springer

concentration of DATS =3.14 x concentration of DADS. Error
bars correspond to standard deviations. Results for each parameter
are the mean values of two experiments with six repetitions each.
Carbofuran (control) at 173 pg mL ™" increased immobile and dead
J2 to 73% and 60%, respectively, and reduced the percentage of
hatched J2 to 11.6%. In all nonlinear regressions: P < 0.05

B. xylophilus. Another notable work is that of
Anastasiadis et al. (2011), who demonstrated the
nematostatic and nematicidal activity of DADS at
2 uL mL™" against Meloidogyne javanica (Treub)
Chitwood.
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Table 3 Lethal concentrations of garlic essential oil, diallyl disulphide (DADS), diallyl trisulphide (DATS) and Carbofuran to 50% (CLs)

and 90% (CLoo) second stage juveniles of Meloidogyne incognita

Number Treatment CLso + SD? (ug mL™") CLgo + SD* (g mL™")
1 Oil 339+1.6 769 +5.8

2 DADS 1344 £ 194 640.6 + 198.1

3 DATS 362 £ 1.7 80.8 £ 6.5

4 DADS + DATS" 16.1£09 340+26

5 Carbofuran (control) 151.6 £2.1 2350 £6.5

2SD: standart deviation. ® Concentration of DATS = 3.14 x concentration of DADS

Infectivity and reproduction of M. incognita on tomato
plants after exposition to aqueous emulsion of garlic
essential oil

Garlic essential oil reduced the number of eggs per plant
to 360 and 250 when used at 63 and 125 pg mL ™",
respectively. Furthermore, at 250 p1g mL ™" the reduction
in number of eggs was statistically equal to that obtained
for Carbofuran at 415 pg mL™". Root mass was not
affected by the oil, suggesting no phytotoxic effect
within the studied concentration range (Fig. 2). This
result seems to be in line with the work by Anastasiadis
et al. (2011), who reported no phytotoxic activity of
DADS against tomato plants.

This result is also in line with the previously de-
scribed assay with garlic oil (Cetintas and Yarba 2010;
El-Saedy et al. 2014; Al-Shalaby 2009). In the work by
Cetintas and Yarba (2010) the oil obtained by cold
pressing reduced the number of galls of M. incognita
in tomato roots to approximately 13% of that observed
for the untreated plants; no phytotoxic effect was ob-
served by the authors. However, the number of eggs was
reduced to approximately 67% by the cold pressing oil,
while in the present work this parameter was reduced by
garlic essential oil (250 g mL™") to approximately 7%
of that observed for untreated plants (Fig. 2). Therefore,
it is unclear whether the effect on the nematode by garlic
oils obtained by cold pressing and by steam distillation
are exactly the same.

In vitro effect of vapour from garlic essential oil
on motility, mortality and hatching of M. incognita J2

Despite the excellent results obtained with emulsions of
garlic essential oil (Fig. 2), it seemed important to con-
sider the volatility of the oil and the sensitivities of its
components to oxidizing agents (Yang et al. 2001),

70
60
50
40
30
20
10

Number of galls

Number of eggs

25
20 a a la a la [ a
S 15 i
12}
& 1.0
€
‘g 0.5
x
0.0 T v v v -
Q ) > Y Q ot
3 ,"L‘J . A_'L ~\,6 (O L) a’_&
A\ A\ oM S o0 W
(¢) (@) o’b»‘\oo e

Fig. 2 Numbers of galls and eggs of Meloidogyne incognita per
tomato plant inoculated with second-stage juveniles (J2) of the
nematode and treated with emulsions of garlic essential oil at 250
(0il-250), 125 (0il-125) and 63 (Oil-63) ug mL™". Tween 80®
0.01g mL 1), Carbofuran (415 ug mL ") and water were used as
controls. The mass of fresh root is also presented. Results are mean
values of two experiments with six repetitions for each. Error bars
correspond to standard deviations. Columns with the same letter in
each bar plot do not statistically differ according to the Scott-Knott
test (P <0.05)
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which can cause their persistence to be low in the soil.
These characteristics are not appropriate for a non-
volatile nematicide, but are excellent for a fumigant,
which can reduce the nematode population in the field
before planting. Therefore, the in vitro effect of vapours
from garlic essential oil on M. incognita J2 was also
studied, resulting in values that were statistically equiv-
alent to those obtained for the commercial fumigant
nematicide Dazomet (Fig. 3). This result is important,
mainly because the vapour of the essential oil could
affect nematode eggs, which corresponds to the major
part of the nematode population under field conditions
(Evans and Perry 2009).

Effect of garlic essential oil vapour on the infectivity
and reproduction of M. incognita in tomato plants

To further evaluate the potential of garlic essential oil as
a fumigant nematicide, it was used in an in vivo assay
with eggs of the nematode. At 0.2 mL (L of the sub-
strate) ', this oil reduced the numbers of galls and eggs
of M. incognita to values that were statistically equiva-
lent to those obtained with the commercial nematicide
Dazomet at 0.25 g (L of the substrate) . In addition, the
oil had the advantage of having no apparent phytotoxic
effect, since root weights of treated plants were statisti-
cally the same as those of the water-treated plants, while
root weights of plants treated with Dazomet were small-
er (Fig. 4). These results corroborate the potential of the
garlic essential oil to be used as a fumigant nematicide.

To summarize, when dissolved in water, the essential
oil obtained from garlic bulbs was more active in vitro

b b

100 1 b b

80 1 _
) = Immobile J2 (%)
o

£ 60 A mDead J2 (%)

S 40 4 Hatched J2 (%)
()

& 20 ;

0 +

Qil Water

Dazomet

Fig. 3 Effect of vapour from garlic essential oil (100 pL) on
motility, mortality and hatching of Meloidogyne incognita
second-stage juveniles (J2). Water and Dazomet (80 mg) were
used as negative and positive controls, respectively. Error bars
correspond to standard deviations. Results for each parameter are
mean values of three experiments with six repetitions for each of
them. Columns of the same colour with the same letter do not
differ statistically according to the Scott-Knott test (P <0.05)
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against M. incognita J2 and eggs than the commercial
nematicide Carbofuran. This property can be attributed
to DADS and DATS, which reveal a synergistic effect
when combined that makes such substances consider-
ably more active than Carbofuran. Other substances in
the oil appear to interfere with the activity of DADS and
DATS, which, even at the same concentrations as those
in the oil, are more active than the oil. When in solution,
the oil reduced the infectivity and reproduction of
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Fig. 4 Number of galls and eggs of Meloidogyne incognita per
tomato plant cultivated in substrate inoculated with eggs of the
nematode and treated with garlic essential oil at 0.5, 0.2 and
0.1 mL (L of substrate) '. Dazomet at 0.25 g (L ofthe substrate) !
and water were used as controls. The mass of fresh root is also
presented. Results are mean values of two experiments with six
repetitions each. Error bars correspond to standard deviations.
Columns with the same letter in each graphic do not differ statis-
tically according to the Scott-Knott test (P <0.05)



Eur J Plant Pathol (2020) 157:197-209

207

M. incognita in tomato plants. The vapour of garlic
essential oil was also active against M. incognita
in vitro and reduced the infectivity and reproduction of
the nematode. These reduced levels were statistically
similar to those observed for the commercial fumigant
nematicide Dazomet when the substrate inoculated with
M. incognita eggs was treated with the oil and used to
cultivate tomato plants. This result suggests that prior to
planting tomatoes, garlic essential oil or its components
can be used as a fumigant to reduce the nematode
population.
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