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Abstract: There has been an excitement toward novel eco-friendly alternatives to pest management,
particularly formulations based on essential oils (EOs). Here, the biological activity of an EO-based
emulsion derived from patchouli, Pogostemon cablin, was assessed against Tuta absoluta (Meyrick)
(Lepidoptera: Gelechiidae), a devastating and invasive pest in tomato crops worldwide. Laboratory
bioassays were carried out to determine and compare lethal doses, lethal times, oviposition of treated
individuals, and oviposition of T. absoluta on treated leaves of tomato to pure patchouli essential oil or
its emulsion containing 18% of oil. The LD50 were 10.06 and 2.57 ug of patchouli per mg of insect for
the EO and emulsion, respectively. Oviposition was reduced in adults derived from the second instar
treated with LD by 78.5% (EO) and 85.4% (emulsion). The EO and its emulsion conferred similar
avoidance to adults when sprayed on tomato leaves. Therefore, both formulations present similar
lethal and sublethal effects against T. absoluta. This study demonstrated a remarkable potential of an
emulsion containing 18% of P. cablin oil to be employed for T. absoluta management on tomato crops.
Further studies are needed to assess and guarantee open field applications.

Keywords: acute toxicity; biorational insecticide; integrated pest management; plant-based pesticide

1. Introduction

The tomato leafminer, Tuta absoluta (Meyrick) (Lepidoptera: Gelechiidae), is an impor-
tant pest of tomato crops in Brazil and Europe [1-3]. The larvae cause crop yield losses due
to feeding activity on leaves, stems, flowers, and fruits [2,4]. In Brazil, T. absoluta was first
reported in 1979 and two years later, it was already present in the central tomato-producing
regions of the country, causing severe yield losses [1,5,6]. The tomato leafminer is native
to South America, and its invasion and spread in Europe in 2006 changed its importance
to a significant threat to global tomato production [1,7]. Currently, T. absoluta is found in
approximately 80 countries [8].

Pest resistance against current insecticides and increased concern regarding the col-
lateral effects of pesticides on human health and the environment are driving the search
for novel alternatives to pest control [9]. Essential oils (EOs) have been considered an
alternative in this sense, as they are derived from medicinal and aromatic plants, which
are considered eco-friendly due to their low persistence in the environment and lower
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toxicity to non-target organisms, in addition to having biological activity against several
pests [10-12]. However, water insolubility, chemical instability, high volatility, and short
residual activity due to degradation by temperature and light impair its use [11].

The development of EO-based emulsion may be an alternative to overcome the draw-
backs of EO since this formulation confers small particle size, controlled release in the
environment and increased penetration in the target pest [10,11,13-16]. These characteris-
tics protect the active ingredients from degradation and may also increase efficacy as per
smaller particle size and higher solubility and mobility than pure EO [14,17].

Several studies showed the biological activity of essential oils derived from Pogoste-
mon cablin against urban and crop pests [15,16,18-20]. Besides the noted lethal effect on
numerous insect species [20], several sublethal effects have been attributed to this EO,
such as impairment of reproduction and feeding [16], impairment of behavioral traits such
as displacement and speed on some ant species [15], increased walking activity [15,16],
and histopathological changes in the midgut [16,18]. In addition, repellent effect was also
observed at some concentrations of EO and its main compound (patchoulol) [19].

In addition to lethal effects, essential oils can have sublethal effects on insect pests. The
sublethal effects of these oils are due to volatile or non-volatile substances that can have
a positive or negative effect on insects. Volatile substances can be attractive or repellent
to insects, affecting the location of the host plant, oviposition and feeding of herbivorous
insects. The non-volatile substances present in essential oils can exert deterrence or ar-
restance effects on insects, and thus affect the biological performance of insect pests. These
sublethal effects, along with the lethal effects, contribute to pests causing less damage to
plants in crops [21-23].

Despite the importance of T. absoluta as a pest in tomato crops and the ecotoxicological
advantages of using essential oils to control pests, there are few commercial options for
natural products to control this pest. In this context, there is no study on the use of patchouli
essential oil in the control of T. absoluta. Thus, the objective of this work was to determine
the lethal and sublethal effects of patchouli essential oil microformulation for T. absoluta.

2. Material and Methods
2.1. Insects

The population of T. absoluta used in this work was collected from tomato fields in
Vicosa, state of Minas Gerais, Brazil. The T. absoluta insects used in this work were reared
in wooden cages (45 x 45 x 45 cm) covered with organza. The larvae were fed with
Aguamiel variety tomato leaves grown in greenhouses. A piece of white cloth (2 x 5 cm)
containing honey was inserted in the rearing cages for the adults of T. absoluta. These
creations were maintained in the laboratory at 25 £ 2 °C, relative humidity of 70 & 10%
and a 12 h photophase [4].

2.2. Emulsion

The P. cablin essential oil (98% pure) used in this work was purchased from Emporio
Laszlo Corp. in Belo Horizonte, state of Minas Gerais, Brazil. The emulsion was composed
of 36% Tween 80 (surfactant), 36% ethanol (95% PA; co-surfactant), 18% Pogostemon cablin
essential oil (oil phase) and 10% ultrapure water (aqueous phase), and it was obtained by the
magnetic stirring method (Corning (Corning, NY, USA) PC-420D) [16]. After preparation,
the emulsion was stored in a 200 mL amber bottle at 25 °C in the dark for 24 h for complete
homogenization. The main compounds present in this emulsion were patchoulol (43.05%),
a-Guaiene (16.06%), and «-Bulnesene (13.69%) [16]. The emulsion had a microparticle size
of 3.73 = 3.70 um (mean =+ SD), conductivity of 0.0472 £ 0.0353 mS/cm, pH (7.68 & 0.35),
and zeta potential of —20.27 & 5.81 mV [16].
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2.3. Bioassays

Bioassays were conducted to determine: (i) lethal doses, (ii) lethal times, (iii) oviposi-
tion and (iv) oviposition preference of T. absoluta individuals exposed to the essential oil
and its emulsion.

Treatments were diluted in acetone (99.9% purity). The control treatment consisted of
acetone only. Previous tests showed that acetone, the surfactant and co-surfactant present
in the microemulsion, did not influence the mortality of T. absoluta.

2.4. Dose—Response Curve

Serial dilutions of patchouli EO and its emulsion were performed to obtain doses of
5,10, 15, 20 and 30 pg of EO per mg of insect and 5, 10, 15, 20, 25 and 30 ng of emulsion
per mg of insect.

A total of six replicates were performed for each dose. The experimental unit consisted
of Petri dishes (6 x 1.5 cm) containing 10-s instar T. absoluta and untreated tomato leaflets
(cultivar “Aguamiel’) for feeding.

Patchouli essential oil and emulsion were applied by topical application of 0.5 pL of
the treatment in the dorsal region of the insects with the aid of a micro syringe (Hamilton®
(Reno, NV, USA), 10 puL). Then, the plates were sealed with plastic film and placed in a
BOD Incubator at 25 + 2 °C, 70 4= 10% RH and underwent a 12 h photophase. Mortality
was assessed 72 h after application. In the assessments, the insects were touched with the
bristles of a brush, and those that did not move were considered dead.

2.5. Time-Mortality Bioassay

In the time-mortality bioassay, we used the LDy for the emulsion, with acetone as a
control treatment. Four replicates were used, each consisting of 10 s instar of T. absoluta. A
tomato leaf was provided for feeding. Topical application was performed as described in
the determination of the dose-response curve.

Mortality assessment was performed every 10 min until 2 h, every 1 h until 12 h, and
then every 12 h until 72 h. Individuals that did not move after being touched by the bristles
of a brush were considered dead.

2.6. Oviposition Rate

Second instar T. absoluta was subjected to LDy of essential oil and emulsion by topical
application. The surviving individuals that reached the pupal stage were sexed [24,25], and
individual couples were placed in separate cages until emergence. A tomato leaf and a
cotton cloth moistened with honey were placed inside each cage. To maintain turgidity, a
bevel cut was made on the tomato leaf petiole, then placed in a glass bottle. Four replicates
were used, each with one couple. The oviposition of T. absoluta females, derived from
second instar larvae treated with the LDy, was evaluated after 72 h.

2.7. Owiposition Preference

Tomato leaves were sprayed with 0.1% v/v Patchouli EO or its emulsion and the
control treatment with pure acetone. A total of eight replicates were performed, each
consisting of a cage (40 x 40 x 40 cm) containing 10 couples of T. absoluta and a leaf treated
with one of the treatments. The cages were maintained at room temperature. The number
of eggs in each of the treatments was evaluated after 24 h with the aid of a magnifying
glass (40x).

2.8. Statistical Analyses

All statistical analyses were performed in the R software version 4.2.1 [26]. Mortality
data were submitted to PROBIT analysis using the ecotox package [23]. Models with
p > 0.05 were accepted by the chi-square goodness-of-fit test (x?). LCsp and LCqp, as well as
their 95% confidence intervals, were calculated.
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Time mortality was analyzed using Kaplan-Meier estimators in the survival pack-
age [27]. LTsg and its 95% confidence intervals were calculated. Curves and LT5p were
compared using the Log-rank test with Bonferroni correction.

Oviposition rate and oviposition data were fitted to generalized linear models (GLM)
using the Ime4 package [28], with treatment as the fixed effect and error distribution
accordingly. Oviposition rate was fitted to the negative binomial model and oviposition
preference was initially fitted to the Poisson error distribution, but as overdispersion
was detected, this data was refitted to quasi-Poisson. Model fit was checked using the
‘performance’ package [29], and means were compared using least-square means at « = 0.05
(package ‘'emmeans’) [30].

3. Results
3.1. Dose-Mortality Bioassay

Tuta absoluta presented similar susceptibility to the EO and EO-based emulsion. Es-
timated dose-response curves for the essential oil (x*> = 5.82, df = 3, p = 0.12) and the
EO-based emulsion (x2 = 2.37, df = 5, p = 0.67) showed similar toxicity to T. absoluta based
on overlapping 95% confidence intervals of the LDs5 (Figure 1 and Table 1). The LDs for
the EO was 9.86 (6.95-12.50) and for the emulsion was 14.0 (12.1-16.0) ug per mg of insect.
The estimated LDgy was 21.7 (16.4-38.7) for the EO and 36.2 (29.5-49.7) ug per mg of the
insect for the emulsion (Figure 2). As the EO is 98% patchouli and the emulsion is 18%
EO, then the LDsp in terms of pg patchouli mg of insect were 10.06 (7.09-12.76) for the EO
and 2.57 (2.22-2.94) for the emulsion. The LDq in terms of ng patchouli mg of insect were
22.14 (16.73-39.49) for the EO and 6.65 (5.42-9.13) for the emulsion. Therefore, in terms of
ug patchouli mg of insect the LDsj of the emulsion was 290% lower than the LDsj of the
EO. The LDy of the emulsion was 230% lower than the LDy of the EO in terms of ug of
patchouli mg of insect.
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Figure 1. Dose response curve for second instar larvae of Tuta absoluta exposed to the (A) essential oil
of patchouli and the (B) EO-based emulsion (18%). Shaded areas depict the confidence intervals at
95% probabﬂity (Clgs9,)-
Table 1. Statical values.
n LD50 (C195%) LD90 (C195%)
Treatment (Number of (ug of Formulation/mg of  (ug of Formulation/mg of Slope x> p
Insects) Insect) Insect)
Essential oil of 200 9.86 (6.95-12.5) 21.7 (16.4-38.7) 374+038 58 012

patchouli
EO-based emulsion

240 14.0 (12.1-16.0) 36.2 (29.5-49.7) 3.10 £ 040 237 067
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Figure 2. Lethal doses (LDsy and LDgg) for second instar larvae of Tuta absoluta exposed to the
essential oil (EO) of patchouli and the EO-base emulsion (18%). The vertical line segments represent
the LDs5p and LDgg confidence intervals at 95% probability.

3.2. Time-Mortality Bioassay

Survival of second instar T. absoluta exposed to LDgg of the EO-based emulsion re-
duced according to time. High mortality was observed during the first hour of assessment,
indicating this is a fast-acting pesticide. The time necessary to decrease half of the pop-
ulation (LT59) was 3.00 &£ 0.08 h. The lethal time for the pure essential oil could not be
calculated because all individuals died within the first 10 min of evaluation (Figure 3).
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Figure 3. Survival curve for second instar larvae of Tuta absoluta exposed to the LDy of the essential oil
emulsion (18%). Dotted line indicates the LT5y. The Kaplan-Meier survival analysis was performed
to determine statistical differences between the curves.
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3.3. Oviposition

Oviposition of adult females exposed to the EO and EO-based formulation at the
sublethal concentration (LD;g) were negatively affected when compared to second instar
larvae that received only acetone (control) (x> =37.95, p < 0.001). The average number of
eggs of females exposed to LDjy during the second instar was 5.75 % 0.48 for the EO-base
emulsion, 8.50 & 0.87 for the EO, and 39.50 & 1.71 eggs per plant for control treatment after
72 h of oviposition (Figure 4).
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Figure 4. Oviposition of Tuta absoluta females submitted to acetone (Control), LDy of patchouli
essential oil and emulsion containing 18% of the oil during second instar. The treatments followed by
the same letter are not significantly different according to the Tukey’s test (« = 0.05).

3.4. Oviposition Preference

When exposed to sprayed leaves in a free-choice bioassay, females of T. absoluta pre-
ferred to oviposit on the control compared to the EO and EO-based emulsion (F; 21 =7.60,
p =0.003). The average number of eggs on sprayed tomato leaves was 9.88 £ 1.55 for
the EO, 7.50 + 1.46 for EO-based emulsion, and 18.38 £ 3.05 eggs per female for control
treatment after 24 h of oviposition (Figure 5).
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Figure 5. Oviposition preference of Tuta absoluta in tomato leaves sprayed with the control (acetone),
0.1% of patchouli essential oil, or 0.1% of the emulsion containing 18% of the essential oil, in free
choice bioassay after 24 h. The treatments followed by the same letter did not differ according to the
Tukey’s test ( = 0.05).
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4. Discussion

Innovative approaches that effectively reduce risks and hazards without losing ef-
ficacy and feasibility are of great appeal to attend agricultural concerns, as currently
employed molecules are undoubtedly showing numerous drawbacks that have accelerated
the replacement process. Therefore, essential oils have emerged as a promising, safe, and
environmentally sustainable option for pest control [12]. However, several characteristics
restrict the practical applications of this type of molecule, most notably their high volatility,
low water solubility, and low chemical stability [31-34].

This study demonstrated that an EO-based emulsion of patchouli showed similar
lethal and sublethal effects in comparison with the pure EO for T. absoluta. The EO-
based emulsion was formulated in a micro-scale emulsion, which has been assumed to be a
promising alternative to overcome the main drawback associated with the handling, storage
and application of essential oils [12,35]. Formulation of oil-in-water emulsions confer
more stability and availability of lipophilic molecules such as essential oils [12], ensuring
sustained and controlled release of the active ingredients, solubilization of lipophilic
substances, suitability for different ways of administration, protection from degradation,
controlled volatilization, and reduction of side effects and dose [35].

The estimated lethal doses (LD50 and LD90) for the patchouli EO and its emulsion
containing 18% of EO were equivalent. Thus, the emulsion has potential to be employed for
the control of T. absoluta, since it had a similar toxicity with 5.5 times less active ingredients.
Probably, the advantages related to the use of an emulsion-based formulation conferred
this equivalent toxicity between the two formulations.

In our study, it was not possible to quantify the lethal time for the pure essential oil
since all individuals died within the first 10 min of assessment. It can then be assumed that
the LT5 for the pure essential oil is at most equal to 10 min, indicating that this compound
has an extremely fast action. Based on this assumption, the emulsion would have a higher
LTs than the pure essential oil, that is, it has a comparatively slower action. However,
the LT5¢ for the emulsion is only 3 h, which is also very fast acting, and considering the
active ingredient savings and overcoming of several drawbacks conferred by the emulsion
formulation, this slightly slower action becomes negligible. Another advantage of essential
oils is the fact that many of them have a different mode of action than organosynthetic
insecticides, which allows them to be used to control pests that are resistant to conventional
insecticides in cities and crops [36-38] (Gaire et al., 2020, Oladipupo et al., 2022, Sengiil
Demirak and Canpolat 2022).

Second instar T. absoluta exposed to LDj of the patchouli essential oil and its emulsion
presented similar responses on the oviposition of emerging females. Both formulations
significantly reduced the average number of eggs laid by females on tomato plants. In
fact, these substances are known to be capable of causing effects to various organs and
compromise feeding [16,39]. In a recent study, [16] several damages on the midgut of
Hypothenemus hampei as a result of larval exposure to sublethal doses of essential oil and
emulsion of P. cablin were observed. Moreover, these authors associated the reduced
oviposition of adults emerged from treated larva because of lower feeding during larval
development. EOs are also known to affect reproduction due to changes in the structure and
number of gametes produced, resulting in failed fertilization and unviability of eggs [40,41].

In the free choice test, the mean numbers of eggs laid on tomato leaves treated with
P. cablin EO and its emulsion were significantly lower than on control plants (acetone only),
indicating both formulations conferred avoidance to oviposition. After exposing female
adults of sweet potato whitefly, Bemisia tabaci biotype B, to plants sprayed with P. cablin
oil [42], a similar response was observed. Reduced oviposition is observed in adult insect
that settle on plants.

In conclusion, the essential oil of P. cablin and its microemulsion, containing 18% of
oil, are promising to be used in the control of T. absoluta. This is because they have a high
lethal effect on their larvae and reduce the oviposition of their adult females. In addition,
oviposition inhibition by T. absoluta occurs in plants treated with them.
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