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Abstract: The fall armyworm (Spodoptera frugiperda), a polyphagous insect pest, is a major threat
to food production, rapidly spreading through all the tropical areas in the world. Resistance has
developed to the control protocols used so far (pyrethroids, organophosphorus, and genetically
modified plants), and alternative strategies must be found. The bioactivity in essential oils is usually
associated with the major constituents, but synergistic interactions among the constituents (even
minor ones) can improve the levels of activity considerably. Herein, we tested the insecticidal activity
of several constituents of the essential oil from Piper aduncum, an Amazonian Piperaceae, both
separately and as binary mixtures, through their application on the dorsal side of the larva pronotum.
Dillapiole proved to be, isolated, the most active compound in this oil (LDs5g = 0.35 ppm). In binary
mixtures, a strong synergistic effect was observed for the pairs of dillapiole with 3-caryophyllene
(LDsgp = 0.03 ppm), methyl eugenol (LDs5p = 0.05 ppm), and «-humulene (LDs5( = 0.05 ppm). In some
cases, however, antagonism was recorded, as for dillapiole + -pinene (LDs = 0.44 ppm). The use of
binary mixtures of essential oil constituents as low-environmental-toxicity insecticides allows a fine
tuning of the insecticidal activity, and the exploitation of synergy effects.
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1. Introduction

A widespread use of synthetic insecticides for decades has led to their environmental
accumulation, and their contamination of soils, groundwater, crops, livestock, food, milk
and, at the end of the chain, humans [1,2]. Natural insecticides, mainly from plants, present
several advantages: the compounds have shorter half-lives, and are biodegradable and,
when they are used in bulk or as multicomponent formulations, insect resistance takes
longer to develop, in comparison with synthetic analogues [1].

Essential oils are defined as products obtained from natural raw materials of plant
origin via physical processes only, such as steam and dry distillation or, in citrus fruits, the
pressing of the epicarp [3]. Their composition includes mainly mono- and sesquiterpenes,
as well as arylpropanoids.

The use of essential oils as low-risk insecticides, and in organic certified crops, has
increased in the last decade [4]. The insecticidal effects are related to repellency or a growing
inhibition against phytophagous and, with very few exceptions, their toxicity to mammals
is low, as is their environmental persistency [5].

Bioactivity in essential oils is usually associated with a few major compounds. How-
ever, synergic interactions among their constituents can result in higher levels of activity, in
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comparison with the use of isolated major constituents [6,7]. Binary mixtures, for example,
presented a higher activity, compared to single compounds [8,9].

The combination of compounds isolated from essential oils can produce additive,
synergistic, or antagonistic activities [6]. The identification of synergies may lead to the for-
mulation of commercial insecticides based on standardized mixtures, with a higher efficacy,
and lower concentrations required to reach satisfactory levels of insect control [10,11].

Using binary mixtures, Pavela evaluated the interactions among 30 compounds com-
monly found in essential oils with a proven acute toxicity against the larvae of the cotton
leafworm, Spodoptera littoralis (Boisduval, 1833) (Lepidoptera: Noctuidae) [11]. After
435 possible combinations were tested, it was observed that only 6 out of the 30 com-
pounds, namely y-terpinene, limonene, camphor, p-cymene, (E)-anethole, and borneol,
presented significative synergistic interactions in binary combinations, with more than
20 different compounds [11]. Lately, such combinations have become referential in the
production of more than 40 different insecticidal formulations based on essential oils that
are currently commercialized in North America, Europe, and Asia [12].

Spodoptera frugiperda (J.E. Smith, 1797) (Lepidoptera: Noctuidae), commonly known
as fall armyworm, is a polyphagous insect pest native to the tropical and subtropical
Americas [13]. Although S. frugiperda feeds on more than 350 plant species, it has a
preference for maize (Zea mays L.) [13,14]. Pesticides, pyrethroids, and organophosphorus
derivatives, mainly, as well as genetic modified plants expressing Bacillus thuringiensis (Bt)
toxins, have been used as control strategies, but resistance to both has developed [15-17]. It
is a highly migratory pest and, since its first outbreak in sub-Saharan Africa in 2016, it has
already infested several Asian countries and, more recently, reached Australia [14].

The family Piperaceae is comprised of five genera. Piper L. is the largest, with circa
2400 species, and a pantropical and subtropical distribution [18]. In Brazil, there are
currently 299 species accepted, with 194 of them endemic [19]. Piper aduncum L. is a shrub
occurring from north to south in virtually all Brazilian biomes [19].

Dillapiole is, frequently, the major constituent in the essential oil from P. aduncum,
ranging from 50 to 90% of the oil composition, particularly in samples from the Amazon
area [20]. Arylpropanoids are recurrently found as major compounds is essential oils from
Amazonian Piperaceae [20], many of them containing a methylenedioxyphenyl group.
They can interfere with, and inhibit, the main enzyme classes in insects, such as cytochrome
P450 dependent monooxygenases, esterases, and glutathione S-transferase [21].

This interference could explain the insecticidal effect of the essential oil of P. aduncum
when applied to the control of several arthropods [22]. Minor components present in
the oil also lead to enzymatic inhibition when tested as isolates. Such is the case with
limonene (P450 monooxygenase and acetylcholinesterase), myristicin (acetylcholinesterase,
carboxylesterases, glutathione S-transferase), c-pinene (P450 monooxygenase), 3-pinene
and p-cymene (esterases), and caryophyllene oxide (acetylcholinesterase). Another positive
point regarding the use of the essential oil from P. aduncum is its shelf-life: it has showed
itself to be stable under different storage conditions for at least 4 years [23].

Most of the commercial formulations involving essential oils and their derivatives are
based on terpenoids, while combinations among arylpropanoids, and of arylpropanoids
and terpenoids, have not been tested [24].

Herein, the occurrence of synergistic interactions in binary combinations of dilla-
piole with terpenoids and arylpropanoids originally present in the essential oil from
P. aduncum, regarding the insecticidal activity against S. frugiperda, was investigated, for the
development of more efficient bioinsecticides.

2. Results

Previous analyses of the essential oils from P. aduncum, and their rectified fractions, as
well as changes during a 4-year shelf-life study, have been published elsewhere [23]. Gas
chromatography was used here for the quality control of the compounds (dillapiole, safrole,
and asaricin) isolated via fractional distillation. See the experimental section for details.
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2.1. Acute Toxicity

Seventeen compounds originally present in the essential oil of P. aduncum compounds
were tested, one by one, against third instar larvae of S. frugiperda. Dillapiole was the one
with the lower lethal dose (LDsp = 0.35 ppm) and, therefore, the most toxic (Tables 1 and S1,
Supplementary Material). It was followed by myristicin (0.62 ppm) and asaricin (0.95 ppm).
Arylpropanoid compounds were shown to be the most active, together with tetradecanol.

Table 1. Lethal doses (LDs) for individual tested compounds to S. frugiperda third instar larvae.

Compounds (II;E;(‘)) DF P:(‘;b' Pearson’s x> R? Coe ff?; ?eg;l:atr SEM
dillapiole 0.35 22 0.7040 18.0332 0.72 1.17 £0.15
myristicin 0.62 18 0.8764 11.4053 0.88 1.84 +0.16

asaricin 0.95 26 0.3946 24.4778 0.66 0.33 &+ 0.05
tetradecanol 1.59 22 0.4554 22.0761 0.79 0.93 +£0.10
safrole 2.02 26 0.5895 23.7626 0.81 2.05 + 0.20
methyl eugenol 2.28 22 0.3867 23.2679 0.82 1.03 £0.10
linalool 2.71 38 0.1225 48.1414 0.85 0.90 £ 0.06

pentadecane 3.81 18 0.7978 12.8948 0.89 1.85 + 0.15

1,8-cineole 3.91 34 0.9993 1.6763 0.88 0.94 £+ 0.06

aromadendrene 4.24 18 0.2576 21.4431 0.75 0.64 + 0.09
o-humulene 4.94 20 0.1034 28.2604 0.75 0.83 +0.11
f-caryophyllene 6.24 16 0.6323 13.5492 0.80 0.49 £+ 0.06
limonene 6.41 46 0.9988 16.6017 0.86 1.33 £0.08

heptadecane 7.17 13 0.7230 9.6409 0.73 0.29 £+ 0.05
a-pinene 8.21 17 0.4060 17.7305 0.90 0.68 £ 0.05
-pinene 8.52 18 0.0661 27.7428 0.66 0.90 + 0.15
-ocimene 12.81 22 0.9044 13.9184 0.85 1.61 £0.14

LDsp = lethal doses causing 50% of mortality of insects; DF = degrees of freedom; Prob. = probability chi-square;
R? = coefficient of determination; SEM = standard error.

Oxygenated monoterpenes (linalool and 1,8-cineole) presented an intermediary toxic-
ity (LDsg of 2.71 and 3.91, respectively). All three sesquiterpenes tested—f3-caryophyllene,
a-humulene, and aromadendrene—gave similar LDsy values (6.24 ppm, 4.94 ppm and
4.24 ppm, respectively). At the other end of the scale, monoterpenes were the least active,
with -ocimene presenting the highest LDsj (12.81 ppm).

The relative toxicity factor (RTF, Figure 1) was calculated as the ratio between the LDs
of each compound tested and that of dillapiole, as expressed in Equation (1):

RTF = LDsj (compound)/LDs (dillapiole) 1

The RTF value is used to express how a compound (in this case, dillapiole) is more
active than the other compounds tested in the same study. For myristicin and asaricin,
both structurally related to dillapiole (for the structural formulae, see Figure S1 in the
Supplementary Material), low RTF values were recorded (1.8 and 2.7, respectively), in-
dicating a similar toxicity (Figure 1). Safrole and methyl eugenol, also arylpropanoid
compounds, although with increasing structural dissimilarity towards dillapiole, showed
higher RTF values (5.8 and 6.5, respectively). The highest RTF (36.6) was observed for f3-
ocimene, which highlights the low toxicity of this substance for S. frugiperda, in comparison
with dillapiole.

2.2. Acute Effects of Binary Mixtures

A series of binary mixtures were prepared in a 1:1 proportion of a sublethal dose of
dillapiole (LDyg) and of the second compound (LDy5). These mixtures were tested, and
their LDsg values are presented in Table 2. The percentages of each compound in the
mixture are given in Table S2 (Supplementary Material).
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Relative Toxicity Factor

Figure 1. The toxicity of dillapiole relative to the other tested compounds against the third-instar
larvae of S. frugiperda. The bars represent the confidence interval with 95% of probability, indicating
no significant difference between treatments when they are superimposed.

Table 2. Lethal dose (LDsp) values for the binary mixtures tested against S. frugiperda third-instar larvae.

, Angular
Binary Mixtures (Il;];;;)) DF P:((;b' Pea:(szon s R? Coefficient

+ SEM
dillapiole + 3-caryophyllene 0.03 28 0.8542 20.2750 0.85 0.26 + 0.02
dillapiole + methyl eugenol 0.05 22 1.6690 28.2693 0.85 0.62 4 0.05
dillapiole + a-humulene 0.05 22 0.8690 14.8408 0.89 0.52 + 0.04
dillapiole + safrole 0.06 26 0.9123 16.8910 0.74 0.27 £ 0.03
dillapiole + myristicin 0.05 22 0.9887 9.7158 0.87 0.50 = 0.04
dillapiole + pentadecane 0.09 26 0.1261 34.3629 0.72 0.58 £ 0.07
dillapiole + heptadecane 0.10 22 0.6245 19.3366 0.86 1.08 £+ 0.09
dillapiole + limonene 0.12 22 0.8088 16.1412 0.83 0.90 £ 0.09
dillapiole + 1,8 cineole 0.15 22 0.9257 13.2597 0.83 0.95 + 0.09
dillapiole + 3-ocimene 0.17 22 0.9066 13.8542 0.84 0.66 £ 0.06
dillapiole + linalool 0.17 30 0.1910 36.5375 0.71 0.83 = 0.10
dillapiole + tetradecanol 0.21 14 0.1258 20.1389 0.71 1.17 £ 0.20
dillapiole + aromadendrene 0.21 14 0.6326 11.6721 0.81 2.14 £0.28
dillapiole + asaricin 0.34 17 0.7140 13.3269 0.88 0.69 £ 0.06
pure dillapiole 0.35 22 0.7040 18.0332 0.72 1.17 £+ 0.1
dillapiole + x-pinene 0.42 20 0.3115 22.5492 0.80 0.58 £ 0.06
dillapiole + 3-pinene 0.44 17 0.1183 24.0415 0.69 0.36 = 0.06

LDs = lethal dose causing 50% mortality in insects; DF = degrees of freedom; Prob. = probability chi-square;
R? = coefficient of determination; SEM = standard error.

All mixtures, except those with «-pinene and f-pinene, led to an LDsj value lower
than that of pure dillapiole. The best association was observed for the pair comprising
dillapiole and (3-caryophyllene, with an LDsj value of 0.03 ppm.
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The first observation that can be made based on the data in Table 2 is that the LDs
values for the mixtures cannot be predicted, or based only on the chemical class of the
compounds added to dillapiole, but are structure-dependent. For example, the lowest
LDsg values were observed for the combinations of dillapiole with 3-caryophyllene, a
sesquiterpene, and with methyl eugenol, an arylpropanoid derivative.

The synergy factor (SF) of a mixture of dillapiole and a compound i was calculated as
the ration between the LDs of pure dillapiole and the LDsg of the mixture of dillapiole and
the compound i.

SFi = LDsq (pure dillapiole)/LDsg (mixture dillapiole + compound i) (2)

3. Discussion
3.1. Acute Toxicity

As can be seen both in Table 1 and Figure 1, the activity varied according to the
chemical class of the compounds, which can be expected if one considers that the same
mechanism of action is involved. In such cases, structurally-related compounds, acting
through the same pathway, produce similar results.

For the substances tested against S. frugiperda larvae, arylpropanoids were the most
active, followed, in a decreasing order of activity, by oxygenated monoterpenoids, sesquiter-
penes, and monoterpene hydrocarbons, as the less active ones. The exception to this rule
comprised the linear hydrocarbons: pentadecane (RTF = 10.9) was much more active than
heptadecane (RTF = 20.5).

No significative difference was observed for the activities of a-pinene, 3-pinene, hep-
tadecane, and limonene. The low activities of x-pinene and (3-pinene against S. frugiperda
(82.1 ppm and 85.2 ppm, respectively) calculated here are in agreement with data published
by Pavela, who found LDsq values of 87.0 ppm and 85.0 ppm, respectively [11].

No information was found in the literature regarding the insecticidal effect of heptade-
cane, which showed a low toxicity in comparison with dillapiole (RTF = 20.5, Figure 1).

3.2. Acute Effects of Binary Mixtures

There are still few publications regarding comparative binary combinations of essential
oils constituents. On the other hand, there is a large amount of information on the use
of predominantly terpenic (whole) essential oils as insecticides [25]. Data on synergic
interactions among binary combinations of terpenoids and arylpropanoids are still rare.

Terpenoids owe their toxicity against insects predominantly to neurotoxic and growth
regulation effects [26,27], after penetration through the cuticula (contact toxicity), diges-
tive system (feed inhibition), or respiratory system (fumigant activity) [28], while aryl-
propanoids affect the metabolic enzymes of the insets [29].

Octopamine, a biogenic amine, an important neurotransmitter, neuromodulator, and
neurohormone in invertebrates, with a biological function analogue to norepinephrine
invertebrates, is another target for insecticidal activity among essential oils constituents [30].

A property to be taken into consideration in synergy evaluation is the lipophilicity
of the compounds, which plays a fundamental role in the modulation of insecticidal
activity. The association among lipophilic compounds, together with protein and/or
enzyme inactivation, can provide a reasonable explanation for the perceived effect [31].
This was confirmed in a chemometric study, in which the activity of terpenoids and
arylpropanoids was correlated via independent variables to a hydrophobic character [32].

Considering the compounds tested, only two produced a slightly antagonistic effect
when combined with dillapiole: x-pinene and (3-pinene, with LDsj values of 0.42 ppm and
0.44 ppm, respectively (Table 2), and the same synergy factor of 0.8 (Figure 2).
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Synergy Factor

14

Figure 2. Synergistic factors (SFs) of dillapiole in binary mixtures against S. frugiperda larvae. The
bars represent the confidence intervals with 95% of probability, indicating no significant difference
between treatments when they are superimposed. The dotted line as SF = 1 defines the effect of the
combinations as synergic (SF > 1), additive (SF = 1), and antagonistic (SF < 1).

According to published data, both compounds inhibit several cytochrome-P450-
dependent monooxygenases and esterases and, for «-pinene, there is also evidence of
glutathione S-transferase inhibition [33-35]. There is also evidence that «-pinene causes the
inhibition of octopamine and 'y-aminobutyric acid receptors [36]. In other studies, the total
removal of a-pinene from a terpenoid mixture did not significantly reduce the synergic
response [37,38]. Although isolated, and less toxic than dillapiole under the test conditions
(Table 1), still, an addictive effect could be expected. However, this effect was not verified.

Unpredictable and/or possible conflicting results between one composition and an-
other make the evaluation of each combination a necessity. A better understanding of the
divergent points along the detoxification biochemical pathway could clarity the ambiguous
effects observed [24].

As can be inferred from the literature, straightforward rules do not apply. In this study,
the LDs values of the mixtures (Table 2) and their SFs (Figure 2) could not be predicted, or
based only on the chemical class of the compounds added to dillapiole, and were shown to
be individually structure-dependent.

For example, the best synergic effects were observed for the association between
dillapiole and (-caryophyllene, a sesquiterpene, with an LDs of 0.03 ppm, while for the
combination with aromadendrene, the toxicity was seven times lower (LD5p = 0.21 ppm).
This was also observed in the association of dillapiole with x-humulene, and with methyl
eugenol, which led to the same toxicity (LDsg = 0.05 ppm). The former is a macrocyclic
sesquiterpene, and the latter an oxygenated arylpropanoid. Therefore, the synergism must
be tested for every combination.

Sesquiterpenes are lipophilic compounds and, therefore, could act to facilitate the
passage of dillapiole through the larva tegument, by disrupting biomembranes [39]. For
aromadendrene, specifically, a stronger synergism has been observed in other systems
tested, such as Tetranychus urticae (Koch, 1836) (Acari: Tetranychidade) [38] but, again,
synergism is structure-dependent and target-dependent.
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No significative difference was observed among the SF values for aromadendrene,
a sesquiterpene, and tetradecanol, a fatty alcohol (both with SF = 1.6). Although it has
a similar molecular mass, aromadendrene is a tricyclic sesquiterpene, structurally very
restrained, with no oxygen atoms present. Tetradecanol is an oxygenated linear compound,
and can assume quite different conformations in response to its chemical environment.
Nevertheless, both compounds are lipophilic, which could suggest a similar mechanism of
action and, therefore, the same synergy factor.

Ocimene is an important volatile in allelopathic processes [40]. It showed a low toxicity
in comparison to that of dillapiole, and only a small synergic effect when associated with it
(SF = 2.10). The same valor was recorded for linalool (Figure 2). Linalool is considered to
be an inhibitor of P450 monooxygenases and esterases [41-43]. It exhibited an intermediary
toxicity compared to dillapiole. The binary combination of both, however, led only to a
small synergic effect (SF = 2.1). This was not anticipated; once, the synergic association of
linalool with piperonyl butoxide, for example, increased the toxicity 27 times when tested
against third-instar larvae of Aedes (Stegomyia) aegypti (Linnaeus, 1762) [44].

Dillapiole, asaricin, myristicin, and safrole are arylpropanoids, all containing the basic
5-(2-propenyl)-1,3-benzodioxole structure. Asaricin and myristicin are positional isomers,
with one methoxy substituent in the aromatic ring. Dillapiole has two (Figure S1). For
asaricin, an additive effect to dillapiole was observed (SF = 1.0), which could be associated
with its esterase inhibition properties [45]. Myristicin, on the other hand, showed a synergic
interaction with dillapiole (SF = 5.4), quite close to that of safrole, with SFs = 5.7.

The use of binary mixtures of essential oil constituents as low environmental toxicity
insecticides has the advantage of allowing a fine tuning on the insecticidal activity, and the
exploitation of synergy effects. Through the combination of different mechanisms of action
in a single product, resistance development is reduced or, at least, retarded.

Some of the formulations tested in vitro are currently under trial in the field.

4. Materials and Methods
4.1. Plant Material

Samples of P. aduncum were obtained from cultivated plants at the Active Germplasm
Bank of Embrapa Acre (10°15'57"” S, 67°42/17"" W), voucher 8817. The species taxonomy
was determined by Dr. Elsie F. Guimaraes from the Botanical Garden of Rio de Janeiro. The
authorization for access to Brazilian biodiversity was acknowledged via the IBAMA permits
02001.050950/2011-61 for scientific research, and 02000.000460/2013-96 for bioprospection.

4.2. Essential Oil Distillation and Rectification

The essential oil of P. aduncum was steam-distilled in a 200 L still (Ercitec, Bauru SP,
Brazil), in batches of 150 kg, with cohobation of the condensed waters. The oil was then
rectified via fractional distillation in a 30 L Ercitec still, at atmospheric pressure.

4.3. Chemicals

The chemical standards used, namely ocimene (94%); limonene (96%) and a-humulene
(96%); myristicin and aromadendrene (97%); a-pinene and B-pinene (98%); linalool,
1,8-cineole, B-caryophyllene, eugenol, pentadecane, heptadecane and tetradecanol (99.0%)
were all purchased from Sigma-Aldrich (Saint Louis, MO, USA).

Dillapiole, asaricin, and safrole, all with a purity higher than 99.7%, were obtained via
fractional distillation, as described in Section 4.2.

4.4. Analyses of the Essential Oil and Distilled Fractions

A 1% solution of the distillate samples in dichloromethane was prepared, and 1 pL
was injected, in split mode (1:50), into an Agilent 7890A gas chromatograph (GC) fitted with
a 7693B automatic sampler and a flame ionization detector (FID). The FID was operated at
280 °C. The separation of the components was obtained via a HP-5MS fused silica capillary
column (5%-phenyl-95%-methyl-silicone, 30 m x 0.25 mm X 0.25 um). Hydrogen was used
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as a carrier gas (1.5 mL min~!). The oven temperature was programed from 60 to 240 °C
at 3 °C min~!. The quantification was based on the area (area%) from the signal of the
FID normalized with an internal standard (methyl octanoate). All analyses were made in
triplicate. Analyses via mass spectrometry (GC-MS) were performed on an Agilent 5975C
mass selective detector coupled to an Agilent 7890A gas chromatograph, with the same
column, temperatures, and injection conditions as above. Helium was used as a carrier gas
at 1 mL min~!. The mass detector was operated in electron ionization mode (70 eV), at
3.15 scans sec” !, with a mass range from 40 to 450 u. The transfer line was kept at 240 °C,
the ion source at 230 °C, and the analyzer at 150 °C.

4.5. Acute Toxicity of Compounds

All toxicological assays were performed at the Laboratory of Entomology of Embrapa
Acre, using third-instar larvae of S. frugiperda, bred with an artificial diet [46]. Authorization
for larva reproduction was obtained (license SISBIO 13464-2). Each compound was tested
in isolation to evaluate the insecticidal effect via topical contact, using the protocol of
Estrela et al. [47].

To determine the experimental parameters for the bioassays, preliminary tests were
conducted, using a completely randomized design, with four replicates per treatment [48].
Each replicate consisted of a Petri dish with 10 larvae. For all compounds tested, using a
micro syringe, 1 uL was applied to the dorsal side of the larva pronotum [49]. The larvae
were then kept for 24 h, without feeding. After establishing the overall response range for
the nearly-zero to nearly-100% concentrations of larva mortality, narrower response ranges
were determined [50]. Seven concentrations were defined for topical contact bioassays.

In all the experiments, acetone was used as a solvent, and as a negative control. After
the application of the compounds to be tested, the Petri dishes were kept in an incubator at
a temperature of 25 £ 2 °C, 70 & 5% relative humidity, and a photophase of 12 h. After 24
h, the larval mortality was evaluated, and corrected according to the natural one, using
Abbott’s mathematical adjustment [51].

The lethal doses at 25% and 50% of mortality (LD,5 and LDsg) were determined by the
concentration x mortality curves and confidence intervals (95% CI) using Probit analysis
and the SAS program. The Probit analyses followed the method described by Finney [50].
To test the goodness-of-fit, Pearson’s chi-square test (x2) was used, with a significance level
of 5%.

4.6. Acute Effects of Binary Mixtures with Dillapiole

Initially, the relative toxicity factor (RTF) was calculated according to the ratio between
the LDs( of each compound tested and the LDsj of dillapiole. A synergistic interaction
was considered to occur when the combination of the sublethal doses of two compounds
resulted in a significant higher lethality relative to the individual effect of each pure
compound [52].

Using the RTF concept, a sublethal dose (LD4g) of dillapiole was combined with a
sublethal dose (LD;ys5) of each of the selected compounds, as binary combinations in a 1:1
proportion. Following the procedure described above, and using Probit analysis, new LDsg
values were obtained for each combination tested.

To evaluate the synergic effect for each combination, a synergy factor (SF) was cal-
culated according to the ratio between the LDsg of pure dillapiole and that of the binary
combination [53].

The synergic effect of each combination was considered significant if no overlapping
in the confidence intervals (at 95%) of the synergy factor occurred for the combinations
evaluated [54]. SF values above 1.0 indicated a synergistic effect; those equal to 1.0, an
additive effect; and those below 1.0, an antagonist response, in relation to each compound
combined with dillapiole [55].
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5. Conclusions

The insecticidal activity of 16 constituents from the essential oil of Piper aduncum,
isolated or as binary mixtures, was tested with regard to acute toxicity in third-instar
larvae of Spodoptera frugiperda. Dillapiole was the most active as a pure compound
(LDsp = 0.35 ppm). Among the binary mixtures tested, a strong synergistic effect was
observed for the combination of dillapiole with (3-caryophyllene (LDsy = 0.03 ppm), methyl
eugenol (LDs5p = 0.05 ppm), and a-humulene (LD5y = 0.05 ppm). On the other hand, a
slight antagonistic effect was registered for the combination of dillapiole with -pinene.

The use of essential oils, and mixtures of their constituents, as natural insecticides
has the advantages of a low environmental toxicity, and the possibility of adjustment of
the insecticidal activity, to explore synergistic interactions, and minimize or delay the
development of insect resistance.

The essential oil P. aduncum has been studied as a natural insecticide, either pure or in
combination with other oils. Few studies have been published, however, concerning the
effect of binary or more complex combinations of oil constituents, such as terpenoids and
arylpropanoids. The results presented here offer a contribution to the knowledge on the
interactions and effects of such combinations.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/plants12173042 /s1, Figure S1: Structural formula of the compounds
tested; Table S1: The lethal dose (LDsg) with confidence intervals for each individual tested compound
to S. frugiperda third-instar larvae; Table S2: Percentages of each constituent in the mixture and lethal
dose (LDsg) with confidence intervals for the binary mixtures tested against S. frugiperda third-
instar larvae.

Author Contributions: Conceptualization, M.F,; methodology, M.E,, A FM.M. and H.R.B.; formal
analysis, M.F. and H.R.B.; investigation, A FM.M., M.E.C.L., N.S.M. and P.E.G.; resources, M.F.
and H.R.B.; data curation, A FM.M., PE.G. and H.R.B.; writing—original draft preparation, M.E,;
writing—review and editing, M.F,, HR.B., AEM.M., M.E.C.L. and N.S.M,; visualization, M.E; super-
vision, M.F. and A.EM.M.; project administration, M.F. and A.EM.M.; funding acquisition, M.E. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: The authors thank Elsie Guimaraes for taxonomic identification, Marcelly C. S.
Santos for technical assistance, and the staff of the Laboratory of Entomology of Embrapa Acre for
their collaboration. H.R.B. thanks the Conselho Nacional de Pesquisa e Desenvolvimento (CNPq,
process 311021 /2021-2) for a productivity scholarship.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Walia, S.; Saha, S.; Tripathi, V.; Sharma, K.K. Phytochemical biopesticides: Some recent developments. Phytochem. Rev. 2017,
16, 989-1007. [CrossRef]

2. Mossa, A.-T.H.; Mohafrash, S.M.M.; Chandrasekaran, N. Safety of Natural Insecticides: Toxic Effects on Experimental Animals.
Biomed Res. Int. 2018, 2018, 4308054. [CrossRef] [PubMed]

3. International Organization for Standardization. ISO 9235:2021 Aromatic Natural Raw Materials—Vocabulary, 3rd ed.; International
Organization for Standardization: Geneva, Switzerland, 2021.

4. Nollett, L.M.L.; Hathore, H.S. Green Pesticides Handbook: Essential Oils for Pest Control, 1st ed.; Nollet, L. M.L., Rathore, H.S., Eds.;
CRC Press: Boca Raton, FL, USA, 2017; ISBN 978-1498759380.

5. Regnault-Roger, C.; Vincent, C.; Arnason, ].T. Essential Oils in Insect Control: Low-Risk Products in a High-Stakes World. Annu.
Rev. Entomol. 2012, 57, 405-424. [CrossRef] [PubMed]

6. Hummelbrunner, L.A.; Isman, M.B. Acute, Sublethal, Antifeedant, and Synergistic Effects of Monoterpenoid Essential Oil
Compounds on the Tobacco Cutworm, Spodoptera litura (Lep., Noctuidae). J. Agric. Food Chem. 2001, 49, 715-720. [CrossRef]
[PubMed]

7. Gillij, Y.G.; Gleiser, RM.; Zygadlo, J.A. Mosquito repellent activity of essential oils of aromatic plants growing in Argentina.
Bioresour. Technol. 2008, 99, 2507-2515. [CrossRef] [PubMed]

8.  Liu, PT,; Stenger, S.; Li, H.; Wenzel, L.; Tan, B.H.; Krutzik, S.R.; Ochoa, M.T.; Schauber, ].; Wu, K.; Meinken, C.; et al. Toll-Like

Receptor Triggering of a Vitamin D-Mediated Human Antimicrobial Response. Science 2006, 311, 1770-1773. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/plants12173042/s1
https://www.mdpi.com/article/10.3390/plants12173042/s1
https://doi.org/10.1007/s11101-017-9512-6
https://doi.org/10.1155/2018/4308054
https://www.ncbi.nlm.nih.gov/pubmed/30410930
https://doi.org/10.1146/annurev-ento-120710-100554
https://www.ncbi.nlm.nih.gov/pubmed/21942843
https://doi.org/10.1021/jf000749t
https://www.ncbi.nlm.nih.gov/pubmed/11262018
https://doi.org/10.1016/j.biortech.2007.04.066
https://www.ncbi.nlm.nih.gov/pubmed/17583499
https://doi.org/10.1126/science.1123933
https://www.ncbi.nlm.nih.gov/pubmed/16497887

Plants 2023, 12, 3042 10 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

Singh, B.; Sharma, D.K.; Kumar, R.; Gupta, A. Controlled release of the fungicide thiram from starch-alginate—clay based
formulation. Appl. Clay Sci. 2009, 45, 76-82. [CrossRef]

Pavela, R. Acute and Synergistic Effects of Some Monoterpenoid Essential Oil Compounds on the House Fly (Musca domestica L.).
J. Essent. Qil Bear. Plants 2008, 11, 451-459. [CrossRef]

Pavela, R. Acute, synergistic and antagonistic effects of some aromatic compounds on the Spodoptera littoralis Boisd. (Lep.,
Noctuidae) larvae. Ind. Crops Prod. 2014, 60, 247-258. [CrossRef]

Fazolin, M.; Monteiro, A.EM.; Malavazi, EW.; Estrela, J.L.V. Oleos essenciais como sinergistas de formulagdes inseticidas. In
Inseticidas Botdnicos No Brasil: Aplicagées, Potencialidades e Perspectivas; Ribeiro, R.P., Vendramim, J.D., Baldin, E.L.L., Eds.; FEALQ:
Piracicaba, Brazil, 2023; pp. 557-615, ISBN 978-65-89722-11-3.

Womack, E.D.; Williams, W.P.; Smith, ].S.; Warburton, M.L.; Bhattramakki, D. Mapping Quantitative Trait Loci for Resistance to
Fall Armyworm (Lepidoptera: Noctuidae) Leaf-Feeding Damage in Maize Inbred Mp705. J. Econ. Entomol. 2020, 113, 956-963.
[CrossRef]

Omuut, G.; Mollel, H.G.; Kanyesigye, D.; Akohoue, F.; Adumo Aropet, S.; Wagaba, H.; Otim, M.H. Genetic analyses and detection
of point mutations in the acetylcholinesterase-1 gene associated with organophosphate insecticide resistance in fall armyworm
(Spodoptera frugiperda) populations from Uganda. BMC Genom. 2023, 24, 22. [CrossRef] [PubMed]

Gutiérrez-Moreno, R.; Mota-Sanchez, D.; Blanco, C.A.; Whalon, M.E.; Terdn-Santofimio, H.; Rodriguez-Maciel, J.C.; DiFonzo, C.
Field-Evolved Resistance of the Fall Armyworm (Lepidoptera: Noctuidae) to Synthetic Insecticides in Puerto Rico and Mexico. J.
Econ. Entomol. 2019, 112, 792-802. [CrossRef] [PubMed]

Monnerat, R.; Martins, E.; Macedo, C.; Queiroz, P; Praga, L.; Soares, C.M.; Moreira, H.; Grisi, I; Silva, J.; Soberon, M.; et al.
Evidence of Field-Evolved Resistance of Spodoptera frugiperda to Bt Corn Expressing Cry1F in Brazil That Is Still Sensitive to
Modified Bt Toxins. PLoS ONE 2015, 10, €0119544. [CrossRef] [PubMed]

do Nascimento, A.R.B.; Rodrigues, ].G.; Kanno, R.H.; de Amaral, ES.A.E.; Malaquias, ].B.; Silva-Brandao, K.L.; Cénsoli, FL.;
Omoto, C. Susceptibility monitoring and comparative gene expression of susceptible and resistant strains of Spodoptera
frugiperda to lambda-cyhalothrin and chlorpyrifos. Pest Manag. Sci. 2023, 79, 2206-2219. [CrossRef] [PubMed]

POWO Piper, L. Available online: https://powo.science.kew.org/taxon/urn:lsid:ipni.org:names:326982-2 (accessed on 18
June 2023).

Guimaraes, E.F,; Medeiros, E.V.S.S.; Queiroz, G.A.; Piper, L. Available online: https://floradobrasil2020.jbrj.gov.br/FB12738
(accessed on 18 June 2023).

Andrade, E.H.A.A.; Guimaraes, E.F.; Maia, J.G.S. Variabilidade Quimica em Oleos Essenciais de Espécies de Piper da Amazonia;
FEQ-UFPA: Belém, Brazil, 2009; ISBN 9788563005007

Liu, S.Q. The Activity of Analogs of the Natural Product Dillapiol and Sesamol as Detoxification Enzyme Inhibitors and Insecticide
Synergists. Ph.D. Thesis, University of Ottawa, Ottawa, ON, USA, 2015.

Durofil, A.; Radice, M.; Blanco-Salas, J.; Ruiz-Téllez, T. Piper aduncum essential oil: A promising insecticide, acaricide and
antiparasitic. A review. Parasite 2021, 28, 42. [CrossRef]

Fazolin, M.; Monteiro, A.FM.; Bizzo, H.R.; Gama, PE.; Viana, L.D.O.; de Lima, M.E.C. Insecticidal activity of Piper aduncum oil:
Variation in dillapiole content and chemical and toxicological stability during storage. Acta Amaz. 2022, 52, 179-188. [CrossRef]
Fazolin, M.; Bizzo, H.R.; Monteiro, A.FEM. Potential use of terpenoids for control of insect pests. In Terpenoids: Recent Advances in
Extraction, Biochemistry and Biotechnology; Oliveira, M.S., Souza-Filho, A.P, Eds.; Bentham Books: Sharjah, United Arab Emirates,
2022; pp. 246-278, ISBN 978-1-68108-964-5.

Usseglio, V.L.; Dambolena, J.S.; Zunino, M.P. Can Essential Oils Be a Natural Alternative for the Control of Spodoptera frugiperda?
A Review of Toxicity Methods and Their Modes of Action. Plants 2022, 12, 3. [CrossRef] [PubMed]

Isman, M.B. Plant essential oils for pest and disease management. Crop Prot. 2000, 19, 603-608. [CrossRef]

Tong, F,; Coats, J.R. Effects of monoterpenoid insecticides on [3H]-TBOB binding in house fly GABA receptor and 36Cl~ uptake
in American cockroach ventral nerve cord. Pestic. Biochem. Physiol. 2010, 98, 317-324. [CrossRef]

Ibrahim, M.A; Kainulainen, P.; Aflatuni, A. Insecticidal, repellent, antimicrobial activity and phytotoxicity of essential oils: With
special reference to limonene and its suitability for control of insect pests. Agric. Food Sci. 2001, 10, 243-259. [CrossRef]

Mao, W.; Zangerl, A.R.; Berenbaum, M.R.; Schuler, M.A. Metabolism of myristicin by Depressaria pastinacella CYP6AB3v2 and
inhibition by its metabolite. Insect Biochem. Mol. Biol. 2008, 38, 645-651. [CrossRef] [PubMed]

Enan, E. Insecticidal activity of essential oils: Octopaminergic sites of action. Comp. Biochem. Physiol. Part C Toxicol. Pharmacol.
2001, 130, 325-337. [CrossRef] [PubMed]

Ryan, M.E; Byrne, O. Plant-insect coevolution and inhibition of acetylcholinesterase. J. Chem. Ecol. 1988, 14, 1965-1975. [CrossRef]
[PubMed]

Scotti, L.; Scotti, M.; Silva, V.; Santos, S.; Cavalcanti, S.; Junior, F. Chemometric Studies on Potential Larvicidal Compounds
Against Aedes Aegypti. Med. Chem. 2014, 10, 201-210. [CrossRef] [PubMed]

De-Oliveira, A.C.; Ribeiro-Pinto, L.F.; Paumgartten, J.R. In vitro inhibition of CYP2B1 monooxygenase by (3-myrcene and other
monoterpenoid compounds. Toxicol. Lett. 1997, 92, 39-46. [CrossRef]

Lee, S-E.; Lee, B.-H.; Choi, W.-S,; Park, B.-S.; Kim, J.-G.; Campbell, B.C. Fumigant toxicity of volatile natural products from
Korean spices and medicinal plants towards the rice weevil, Sitophilus oryzae (L.). Pest Manag. Sci. 2001, 57, 548-553. [CrossRef]
[PubMed]


https://doi.org/10.1016/j.clay.2009.03.001
https://doi.org/10.1080/0972060X.2008.10643653
https://doi.org/10.1016/j.indcrop.2014.06.030
https://doi.org/10.1093/jee/toz357
https://doi.org/10.1186/s12864-022-09093-4
https://www.ncbi.nlm.nih.gov/pubmed/36646998
https://doi.org/10.1093/jee/toy372
https://www.ncbi.nlm.nih.gov/pubmed/30535077
https://doi.org/10.1371/journal.pone.0119544
https://www.ncbi.nlm.nih.gov/pubmed/25830928
https://doi.org/10.1002/ps.7399
https://www.ncbi.nlm.nih.gov/pubmed/36750418
https://powo.science.kew.org/taxon/urn:lsid:ipni.org:names:326982-2
https://floradobrasil2020.jbrj.gov.br/FB12738
https://doi.org/10.1051/parasite/2021040
https://doi.org/10.1590/1809-4392202102292
https://doi.org/10.3390/plants12010003
https://www.ncbi.nlm.nih.gov/pubmed/36616132
https://doi.org/10.1016/S0261-2194(00)00079-X
https://doi.org/10.1016/j.pestbp.2010.07.003
https://doi.org/10.23986/afsci.5697
https://doi.org/10.1016/j.ibmb.2008.03.013
https://www.ncbi.nlm.nih.gov/pubmed/18510976
https://doi.org/10.1016/S1532-0456(01)00255-1
https://www.ncbi.nlm.nih.gov/pubmed/11701389
https://doi.org/10.1007/BF01013489
https://www.ncbi.nlm.nih.gov/pubmed/24277106
https://doi.org/10.2174/15734064113099990005
https://www.ncbi.nlm.nih.gov/pubmed/23676010
https://doi.org/10.1016/S0378-4274(97)00034-9
https://doi.org/10.1002/ps.322
https://www.ncbi.nlm.nih.gov/pubmed/11407032

Plants 2023, 12, 3042 11 of 11

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.

Yeom, H.-J.; Kang, ].S.; Kim, G.-H.; Park, I.-K. Insecticidal and Acetylcholine Esterase Inhibition Activity of Apiaceae Plant
Essential Oils and Their Constituents against Adults of German Cockroach (Blattella germanica). . Agric. Food Chem. 2012,
60, 7194-7203. [CrossRef] [PubMed]

Tak, J.-H.; Isman, M.B. Enhanced cuticular penetration as the mechanism for synergy of insecticidal constituents of rosemary
essential oil in Trichoplusia ni. Sci. Rep. 2015, 5, 12690. [CrossRef]

Heshmati Afshar, F.; Maggi, F.; lannarelli, R.; Cianfaglione, K.; Isman, M.B. Comparative toxicity of Helosciadium nodiflorum
essential oils and combinations of their main constituents against the cabbage looper, Trichoplusia ni (Lepidoptera). Ind. Crops
Prod. 2017, 98, 46-52. [CrossRef]

Moraes, M.M.; Camara, C.A.G.; Silva, M.M.C. Comparative toxicity of essential oil and blends of selected terpenes of Ocotea
species from Pernambuco, Brazil, against Tetranychus urticae Koch. An. Acad. Bras. Cienc. 2017, 89, 1417-1429. [CrossRef]
Mulyaningsih, S.; Sporer, F.; Zimmermann, S.; Reichling, J.; Wink, M. Synergistic properties of the terpenoids aromadendrene
and 1,8-cineole from the essential oil of Eucalyptus globulus against antibiotic-susceptible and antibiotic-resistant pathogens.
Phytomedicine 2010, 17, 1061-1066. [CrossRef] [PubMed]

Cascone, P; Iodice, L.; Maffei, M.E.; Bossi, S.; Arimura, G.; Guerrieri, E. Tobacco overexpressing 3-ocimene induces direct and
indirect responses against aphids in receiver tomato plants. J. Plant Physiol. 2015, 173, 28-32. [CrossRef] [PubMed]

Keane, S.; Ryan, M. Purification, characterisation, and inhibition by monoterpenes of acetylcholinesterase from the waxmoth,
Galleria mellonella (L.). Insect Biochem. Mol. Biol. 1999, 29, 1097-1104. [CrossRef]

Lépez, M.D.; Pascual-Villalobos, M.]. Mode of inhibition of acetylcholinesterase by monoterpenoids and implications for pest
control. Ind. Crops Prod. 2010, 31, 284-288. [CrossRef]

Ruttanaphan, T.; Pluempanupat, W.; Aungsirisawat, C.; Boonyarit, P.; Goff, G.L.; Bullangpoti, V. Effect of Plant Essential Oils
and Their Major Constituents on Cypermethrin Tolerance Associated Detoxification Enzyme Activities in Spodoptera litura
(Lepidoptera: Noctuidae). J. Econ. Entomol. 2019, 112, 2167-2176. [CrossRef] [PubMed]

Waliwitiya, R.; Nicholson, R.A.; Kennedy, C.J.; Lowenberger, C.A. The Synergistic Effects of Insecticidal Essential Oils and
Piperonyl Butoxide on Biotransformational Enzyme Activities in Aedes aegypti (Diptera: Culicidae). J. Med. Entomol. 2012,
49, 614-623. [CrossRef] [PubMed]

Hematpoor, A.; Liew, S.Y.; Chong, W.L.; Azirun, M.S.; Lee, V.S.; Awang, K. Inhibition and Larvicidal Activity of Phenylpropanoids
from Piper sarmentosum on Acetylcholinesterase against Mosquito Vectors and Their Binding Mode of Interaction. PLoS ONE
2016, 11, e0155265. [CrossRef] [PubMed]

Schmidt, F.V.; Monnerat, R.G.; Borges, M.; Carvalho, R.S. Metodologia de Criagio Para Avaliagio de Agentes Entomopatogénicos;
Embrapa: Brasilia, Brazil, 2001.

Estrela, J.L.V.; Fazolin, M.; Catani, V.; Alécio, M.R.; Lima, M.S. de Toxicidade de 6leos essenciais de Piper aduncum e Piper
hispidinervum em Sitophilus zeamais. Pesqui. Agropecudria Bras. 2006, 41, 217-222. [CrossRef]

Robertson, L.J.; Jones, M.M.; Olguin, E.; Alberts, B. Bioassays with Arthropods, 3rd ed; CRC Press: Boca Raton, FL, USA, 2017;
ISBN 9781315373775.

Al-Sarar, A.; Hall, ER.; Downer, R.A. Impact of spray application methodology on the development of resistance to cypermethrin
and spinosad by fall armywormSpodoptera frugiperda (JE Smith). Pest Manag. Sci. 2006, 62, 1023-1031. [CrossRef]

Finney, D.J. Probit Analysis; Cambridge University Press: New York, NY, USA, 1971; ISBN 9780521135900.

Abbott, W.S. A method of computing the effectiveness of an insecticide. J. Econ. Enthomology 1925, 18, 265-267. [CrossRef]
B-Bernard, C.; Philogéne, B.J.R. Insecticide synergists: Role, importance, and perspectives. J. Toxicol. Environ. Health 1993,
38, 199-223. [CrossRef]

Guedes, R.N.; Picango, M.C.; Guedes, N.M.P,; Madeira, N.R. Sinergismo do 6leo mineral sobre a toxicicidade de inseticidas para
Scrobipalpula absoluta (Lepidoptera: Gelechidae). Pesqui. Agropecudria Bras. 1995, 30, 313-318.

Frankenhuyzen, K. van Insecticidal activity of Bacillus thuringiensis crystal proteins. ]. Invertebr. Pathol. 2009, 101, 1-16. [CrossRef]
Abbassy, M.A.; Abdelgaleil, S.A.M.; Rabie, R.Y.A. Insecticidal and synergistic effects of Majorana hortensis essential oil and some
of its major constituents. Entomol. Exp. Appl. 2009, 131, 225-232. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1021/jf302009w
https://www.ncbi.nlm.nih.gov/pubmed/22746406
https://doi.org/10.1038/srep12690
https://doi.org/10.1016/j.indcrop.2017.01.004
https://doi.org/10.1590/0001-3765201720170139
https://doi.org/10.1016/j.phymed.2010.06.018
https://www.ncbi.nlm.nih.gov/pubmed/20727725
https://doi.org/10.1016/j.jplph.2014.08.011
https://www.ncbi.nlm.nih.gov/pubmed/25462075
https://doi.org/10.1016/S0965-1748(99)00088-0
https://doi.org/10.1016/j.indcrop.2009.11.005
https://doi.org/10.1093/jee/toz126
https://www.ncbi.nlm.nih.gov/pubmed/31139824
https://doi.org/10.1603/ME10272
https://www.ncbi.nlm.nih.gov/pubmed/22679869
https://doi.org/10.1371/journal.pone.0155265
https://www.ncbi.nlm.nih.gov/pubmed/27152416
https://doi.org/10.1590/S0100-204X2006000200005
https://doi.org/10.1002/ps.1241
https://doi.org/10.1093/jee/18.2.265a
https://doi.org/10.1080/15287399309531712
https://doi.org/10.1016/j.jip.2009.02.009
https://doi.org/10.1111/j.1570-7458.2009.00854.x

	Introduction 
	Results 
	Acute Toxicity 
	Acute Effects of Binary Mixtures 

	Discussion 
	Acute Toxicity 
	Acute Effects of Binary Mixtures 

	Materials and Methods 
	Plant Material 
	Essential Oil Distillation and Rectification 
	Chemicals 
	Analyses of the Essential Oil and Distilled Fractions 
	Acute Toxicity of Compounds 
	Acute Effects of Binary Mixtures with Dillapiole 

	Conclusions 
	References

