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Contemporary legislation tends to increase limitation on the use of all synthetic pesticides,

promoting bio-pesticides as a safer alternative. Bio-prospecting efforts for bio-pesticides

provide results, which rarely reach the industry. Present essay elaborates on our efforts

to chart the path from the laboratory bench to field assessment. Eight Mediterranean

wild gathered foods provided the essential oils that were assessed as mosquito control

agents against the Asian tiger mosquito (Aedes albopictus). Three Lamiaceae essential

oils, derived from Satureja thymbra, Origanum onites, and Thymbra spicata presented

carvacrol as principal component. All exhibited DEET-like repellent performance and total

larvae mortality defining the carvacrol rich essential oil (CREO) as a promising mosquito

control agent. A commercial variety of Origanum vulgare ssp. hirtum, was selected as

CREO source and subjected to dose-response and eco-toxicity studies. We have found

significant larvicidal (LC90 of 58,747 mg/L), and repellent (0.2 µL/cm2) properties, but

also severe toxicity (LC90 of 12,806 mg/L) againstMacrocyclops albidus. This last figure

was the limit for the larvicidal field assessment; while for the repellent evaluation was

used double the minimum indication (0.4 µL/cm2). CREO was tested per se as larvicidal

agent, and emulsified for both repellent and larvicidal field activity. The emulsified CREO’s

spatial repellent assessment showed maximum efficacy of 86% in day 1 that gradually

declined in the following 2 days (81%, 69%). Both emulsified and crude CREO proved

to be efficient larvicidal agents, with crude CREO (3 weeks) overrunning slightly the

emulsified (2 weeks) in terms of endurance. Conclusively, CREO in its emulsified form

may be considered as a promising mosquito larvicidal and repellent agent, applicable in

both precautionary and emergency response measures.
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INTRODUCTION

Bio-pesticides emerge as a viable alternative for insect control

because of their conformity with organic agriculture limitations
and the consumers’ trend for natural solutions. Recently
published data reveal an average decrease by 78% of insects

during the last 24 years (Vogel, 2017). This decline is mainly
attributed to the extensive use of pesticides, applied both for
agricultural and public health purposes (Vogel, 2017). The

impacts from insects decline may be enhanced by the on-
going climate change (Pires et al., 2018), and globalization
that facilitates the species migration. Among these impacts,
our work focused on the expansion of alien invasive species,
which translates to significant pressures on public health
and biodiversity conservation. Among the numerous invasive
invertebrates, mosquitoes have been identified as a major public
health threat.

A recent review (Sands et al., 2016) on viral infection
outbreaks and pandemics indicated that from the 12 events
accounted during the twenty-first century five involved
mosquitoes as vectors of Zika and Chikungunya viruses. This
fact has pinned mosquito control as a primary target of the
World’s Health Organization (WHO) in order to mitigate future
infectious diseases outbreaks (WHO, 2016). The majority of the
first response measures, currently applied in mosquito control,
implicate the use of insecticides in combination with personal
protection means (Loh and Yap, 1989; Kroeger et al., 2006). The
utilization of synthetic insecticides is facing severe restriction
because of their adverse effects and resistance development
(Morrison et al., 2008). In this context, several alternative
mosquito control means have been developed, including the
utilization of bacteria such as Bacillus thuringiensis israelensis,
Lysinibacillus (Bacillus) sphaericus or sterile male mosquitoes
(Lees et al., 2015; Zhang et al., 2015). Most of these methods
are oriented to function as preventive and not first response
measures. Viral infections outbreak though, do occur and
demand the development of effective mosquito control agents
for first response application.

Bio-prospecting for natural biocides indicates that Essential
Oil (EO) constitute a promising source of bio-pesticides. The
consideration of EO as mosquito control agents is advocated
through conformity with consumers’ demands, but most
importantly through their environmental performance. EOs
are biodegradable, exhibiting limited ecosystem persistence and
bioaccumulation. In addition, EOs have been co-evolved with
plant pollinators, therefore encompassing a compatibility that
minimizes their adverse effects. As a result EOs have been
utilized as active ingredients in commercial products. The EOs
of citronella (Kongkaew et al., 2011) and tea tree (Ramadass
and Thiagarajan, 2015) are used in repellents directly applicable
on human skin, for the production of protective garments and
nets (Enayati and Hemingway, 2010), as open space repellents in
aromatic candles (Müller et al., 2009), and surface cover sprays
(WHO, 2006). Surprisingly, the equally documented larvicidal
properties of EOs (Evergetis et al., 2012) remain commercially
unexploited. An explanation for this discrepancy is provided by
a critical review on mosquito control research (Chellappandian

et al., 2018) that proposed the lack of field assessment results as
the main handicap for the larvicidal EOs uptake.

The aforementioned constraints and limitations on the
development of bio-pesticides were placed in the core of
the herein presented study. Between bio-prospecting and field
assessment we introduced an intermediate stage aiming to
facilitate the up-scaling of the laboratory experiments. The
inclusion of this intermediate stage employed three main tasks
targeting; the delineation of eco-toxicity; the definitions of the
optimum concentration, and formulation. This prioritization
enabled resolution of conflicts relating to the selection of
the field assessment parcels, and the expected environmental
impacts of the bio-pesticides. In this context we present
herein field assessment results for mosquito larvicidal and/or
repellent agents, which are prerequisites for inclusion in WHO’s
toolbox against infectious diseases (WHO, 2005). The integrated
approach we propose may be perceived as a handy, from cradle
to market, roadmap for the development of bio-pesticides. It
must be noted, though, that the institutional structure of the
team was the most crucial factor for the flawless implementation
of the experiments. Specifically, the inclusion of academic,
research, and local authorities facilitated the study’s progress,
enabling the wise selection of experimental parcels, and prompt
implementation of field experiments, within the urban grid of
Bologna, Italy.

MATERIALS AND METHODS

Bio-prospecting
Plant Material
The initial biodiversity sampling was performed through the
selection of the appropriate culinary herbs. From 2012 to 2014
two Greek indigenous aromatic herbs and six shrubs were
collected from various locations and habitats of Greece: Vitex
agnus-castus L. (common: Monk’s Pepper), Ruta chalepensis
L. (common: Fringed Rue), Origanum onites L. (common:
Rígani), Foeniculum vulgare Mill. (common: Fennel), Satureja
thymbra L. (common: Savory), Echinophora tenuifolia ssp.
sibthorpiana (Guss.) Tutin (common: Cortuk), Salvia fruticosa
Mill. (common: Greek Sage), and Thymbra capitata (L.) Cav.
(common: Conehead Thyme). Collection details of all herbal
taxa are included in Table 1. All taxa were identified through
Flora Europaea (Tutin et al., 2013) taxonomical keys and the
resulting nomenclature was updated through (The Plant List,
2013). A voucher specimen for each plant sampled is deposited in
the herbarium of the Agricultural University of Athens, Athens,
Greece.

Essential Oils Isolation and Analyses
All EOs were obtained by hydro-distillation using a modified
Clevenger apparatus, according to previously described
procedure (Evergetis et al., 2016). In addition the EO from
Echinophora tenuifolia ssp. sibthorpiana (Guss.) Tutin, was
obtained by acidic hydro-distillation (ETa). The isolation yields
of all EOs are included in Table 1. The chemical composition of
EOs was determined on a gas chromatographer (GC) coupled
to a mass spectrometer (MS) in accordance with a previously
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TABLE 1 | Bio prospected taxa; collection location and dates; and essential Oil yield of the herbal material.

Code Plant Common name Collection Essential oil yield (mL/kg)

Locality Year Season

RC Ruta chalepensis L. Fringed Rue Paros Isl. 2013 Spring 4.7

ET Echinophora tenuifolia ssp. sibthorpiana (Guss.) Tutin Cortuk Paros Isl. 2013 Summer 3.1

ETa Paros Isl. 5.7

SF Salvia fruticosa Mill. Greek Sage Simi Isl. 2012 Spring 4.5

TC Thymbra capitata (L.) Cav. Conehead Thyme Simi Isl. 2012 Spring 5.3

OO Origanum onites L. Rigani Simi Isl. 2012 Spring 6.7

FV Foeniculum vulgare Mill. Fennel Astros 2014 Summer 5.3

VA Vitex agnus-castus L. Monk’s Pepper Astros 2014 Summer 2.0

ST Satureja thymbra L. Savory Mt. Parnon 2014 Summer 13.1

OVk Origanum vulgare ssp hirtum L. Oregano Kilkis 2015 Spring 6.5

CA Carvacrol – – – –

described method (Evergetis et al., 2016). Mass spectra were
compared with NIST 11 and Willey 275 databases and authentic
samples where available.

Mosquitoes Rearing
The adult females of Aedes albopictus used in the bioassays
were obtained from a colony maintained in the Benaki
Phytopathological Institute (Kifissia, Greece), according to
previously described protocols (Giatropoulos et al., 2012).

Repellent and Larvicidal Bioassays
The assessments of the repellent properties were based on the
human landing counts explicitly described in previous studies
(Giatropoulos et al., 2012; Govere and Durrheim, 2015). The
larval mortality bioassays were carried out according to a
modified version of the test method for larval susceptibility
recommended by WHO (2005) and also explained in previous
studies (Giatropoulos et al., 2012; Govere and Durrheim, 2015).

Up-scale
Field Assessment EO, Chemicals and Standards
After the preliminary evaluation, in laboratory scale, of the
abovementioned taxa a targeted sampling was performed during
2015 for the determination of a commonly available taxon
capable to produce CREO. For this purpose, a commercial variety
of the most active EO (Origanum) was selected, namely the
Origanum vulgare ssp hirtum. The latter was obtained from
Ecopharm Hellas S.A., Greece and produced the oregano EO
(OVk) that was used for the performance of dose response,
ecotoxicity experiments and field tests. Analytical grade carvacrol
(96%) and TWEEN R© 20 (97%) were obtained from Sigma
Aldrich (Steinheim, Germany). The first was utilized as a
reference standard during the second set of bioassays, and the
second as emulsifying agent in the field assessments. DEET (N,N-
Diethyl-3-methylbenzamide) and dimethyl sulfoxide (DMSO)
were also purchased from Sigma-Aldrich.

Non-target Insects Rearing
The adults of Macrocyclops albidus (Copepoda, Cyclopidae) used
for the laboratory mortality bioassays were obtained from the

rearing unit of the Laboratory of the Medical and Veterinary
Entomology Department, Center Agriculture and Environment
“G. Nicoli” (Veronesi et al., 2015).

Laboratory Mortality Bioassays On Non-target

Organisms
The mortality bioassays against the non-target speciesM. albidus
were carried out in accordance with a modified version of the
recommended by WHO test method for larval susceptibility
(WHO, 2005). Specifically, for each of the two tested products
(oregano EO and carvacrol), different concentrations were tested
(solutions of 1, 4, 16, and 64 mg/L) using clean 330mL
glasses filled with 100mL of each solution. For each dose four
replications were tested with 20 adult individuals in each glass.
To reduce cannibalism copepods were fed ad libitum with young
Ae. albopictus larvae until the day of treatment. The solutions
were prepared by transferring the corresponding amounts of each
compound to a vial and the solvent was removed. Stock solutions
of oregano EO and carvacrol were prepared by using DMSO.
Laboratory procedure was adopted to guarantee homogeneous
1% DMSO in the final glasses together with the EOs tested doses.
Four glasses, each with 20 copepods were also settled as control
with 1% aqueous solution of DMSO. In total 16 glasses with
320 copepods were set up for each testing products while four
glasses with 80 copepods were used as a control. The glasses were
randomly placed in a climatic chamber maintained at 28 ± 1◦C
on a 14:10 L:D cycle. At 24 h post-treatment the glasses were
examined by visual observations for copepod mortality. In case
the mortality registered in the control resulted values >0.0%, the
bioassay was repeated.

Field Assessment
Field Test for Evaluation of the Spatial Repellent

Efficacy
The field trial was performed in two highly vegetated urban
areas, each occupying 50 × 15m space of a public garden of
Bologna, during the second week of July when the Ae. albopictus
population achieves its peak of density. The day two and one
before the treatment human landing collection (HLC) were
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conducted by four expert operators using manual aspirators,
during the maximum female activity (about 5–7 PM). HLC
sessions of 30min each were implemented within the treated
and the control areas. Operators were rotated every day to
avoid possible bias. Collected mosquitoes were released back
after each session. The tested product was distributed taking
care to spray homogeneously both grass and vegetation up to
3m height, covering completely the test area of 50 × 10m.
The respective control area was sprayed with the same volume
of water solution containing only 5% of TWEEN R© 20. The
treatment was performed on July 12, 2017 at 6.00 PM. Area A was
sprayed using a manual rotator Volpi (Casalromano, Mantova,
Italy), with 10 L of solution containing 5% TWEEN R© 20 and 4%
oregano EO, whereas area B was sprayed with the same volume
of water solution containing 5% TWEEN R© 20.

Field Testing of Mosquito Larvicidal and Repellency

Efficacy in Catch Basins
The trial was conducted in the urban area of Crevalcore (Italy),
during the period July 13– August 3, by randomly selecting 15
catch basins colonized by mosquito larvae, from which 5 were
treated with 10ml oregano EO 100%; 5 with 10mL oregano
EO 100% + 10mL TWEEN R©20, diluted in 40mL water; and 5
left untreated as a control. The mosquito larvae sampling was
conducted using an aquarium water net, immediately before the
treatment, 48 h post-treatment and 7, 14, 21 days post-treatment.
Larvae and pupae were counted in respect their species and
age. This test tried to measure the direct larvicidal activity
along with the possible repellency on ovipositing females. During
each sampling were recorded: time of the day, water and air
temperature, and rainfall during the trial.

Data Analysis
Data concerning the adult repellency (mosquito landings) and
larval toxicity (percentage larval mortality) for the essential oils
of each plant were analyzed using Kruskal-Wallis test. When
significant differences were detected, Mann-WhitneyU-test were
carried out for pair-wise comparison (SPSS 21.0). Mosquito and
non-target dose response bioassays mortality data were analyzed
by probit regression analysis using POLO-PC (LeOra Software
POLO-PC, Berkeley, CA, U.S.A.) and SPSS 21.0.

Repellent efficacy was calculated using the formula of Mulla
et al. (1971), which takes into account natural changes in the
mosquito populations in both treated and untreated areas:

%R = 1− [(C1×T2)/(T1×C2)](expressedasapercentage)

Where C1 is the number of adults collected in the untreated
area during pre-treatment; C2 the number of females collected
in the untreated area during post-treatment; T1 the mean female
density in the treated area during pre-treatment; and T2 themean
female density in the treated area during post-treatment. For
the mosquito larvicidal and repellency efficacy in catch basins,
the average of larval density was analyzed by ANOVA. The
Duncan Test was used as the post ad hoc comparison to identify
differences between pairs.

RESULTS AND DISCUSSION

Bio-prospecting
Essential Oil Analysis
In total 52 phytochemicals were identified, accounting from
94 to 99 % of the 9 EOs studied, and are presented in
Table 2, along with the respective percentage of occurrence in
each EO. Thirteen phytochemicals exceeded the 10% margin
and were considered as major compounds. Among them are
included two cyclic monoterpenes: α-phellandrene, and γ -
terpinene; Three bicyclic monoterpenes: sabinene, β-pinene,
and δ-3-carene; eight oxygenated molecules: the monoterpenes
eucalyptol, D-fenchone, 2-nonanone, and 2-undecanone; and the
aromatic compounds estragole, carvacrol, p-cymene, and methyl
eugenol. These results agree with previous studies regarding
the investigated taxa EOs composition. Thus, Fringed Rue is
known to contain as major compounds the aliphatic ketones 2-
nonanone, and 2-undecanone (Perestrelo et al., 2016); Monk’s
Pepper has been reported to contain eucalyptol as major
compound (Senatore et al., 1996); Conehead Thyme, Rigani, and
Savory have been found to contain carvacrol as major compound
(Economou et al., 2014); Fennel to contain estragole and D-
fenchone as prominent phytochemicals (Rather et al., 2016);
Greek Sage to contain β-pinene and eucalyptol as prevailing
compounds (Ali et al., 2013); Cortuk to contain methyl eugenol,
α-phellandrene, and p-cymene as leading compounds (Baser
et al., 1994).

Repellent Bioassay
The repellent assessment indicates that four EOs, derived from
Greek Sage, Conehead Thyme, Rigani and Savory, showed an
efficacy similar to DEET through the achievement of zero
landings over 5min of exposure in the bioassay’s course.
Another EO derived from Cortuk’s conventional distillation
presented only 0.13 landings, whereas Cortuk’s acidic distillation
and Monk’s Pepper EOs were also considered highly efficient
repellents since their application concluded with 0.88 and 1.25
landings over 5min of exposure. Finally, Fennel and Fringed
Rue EOs presented high to moderate repellence indicated by
the respective numbers of 3.5 and 11.13 landings. The repellent
bioassay results are presented cumulatively in Table 3.

Among the eight taxa assessed for their EOs repellent
potentials, Conehead Thyme and Cortuk had never been
evaluated before against any insect species. Also, limited results
not referring to the target organisms of the present study were
noticed for Savory, and Greek Sage repellent activity. Rigani
EO presented only one previous assessment as Cx. pipiens
repellent that matched present results (Carroll et al., 2017).
Finally, Fringed Rue, Monk’s Pepper and Fennel EOs, have been
extensively studied as repellents against numerous mosquito
species, including at least one Aedes species. Fennel EO has been
recorded as an efficient repellent against Cx. pipiens (Traboulsi
et al., 2005), but has been found of moderate repellence against
Ae. aegypti (Kim et al., 2002; Choochote et al., 2007). Monk’s
Pepper EO was also evaluated as a repellent against Ae. aegypti
(Semmler et al., 2009, 2014), and Cx. quinquefasciatus (Semmler
et al., 2014) being found in both cases of insignificant efficacy.
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TABLE 2 | Essential oils analyses.

Components RI RC ET Eta SF TC OO FV VA ST OVk Identification

α-Thujene 930 0.2 0.4 1.1 1.3 0.1 0.7 1.2 0.2 a, b

α-Pinene 939 0.2 0.6 5.5 0.6 0.5 1.2 5.9 2.8 0.2 a, b, c

Camphene 952 0.4 0.2 0.2 0.3 1.2 0.1 a, b, c

Sabinene 975 0.3 0.1 0.1 0.1 20.7 a, b, c

β-Pinene 976 0.1 0.1 12.9 0.1 0.1 0.1 1.4 0.1 a, b

1-Octen-3-ol 979 0.1 0.2 0.1 0.3 a, b

Myrcene 991 0.2 3.3 1.2 1.4 3.3 2.0 1.7 0.3 a, b, c

2-Octanone 992 0.5 a, b

3-Octanol 993 0.1 a, b, c

n-Octanal 999 0.1 a, b, c

α-Phellandrene 1.003 3.3 32.5 0.2 0.2 9.4 0.5 0.3 a, b, c

α-Terpinene 1.017 0.9 0.5 1.5 1.1 0.3 1.7 2.4 0.3 a, b, c

p-Cymene 1.025 1.2 10.3 6.9 4.7 0.7 0.3 14.5 3.0 a, b

Limonene 1.029 5.1 4.0 0.9 a, b, c

β-Phellandrene 1.030 0.8 6.5 0.4 0.4 0.2 a, b

(+)-3-Carene 1.032 0.1 0.1 19.7 0.1 0.1 a, b

Eucalyptol 1.033 54.0 30.7 a, b, c

trans-β-Ocimene 1.050 0.1 0.7 a, b

γ -Terpinene 1.060 0.1 0.6 1.0 9.3 4.3 1.5 2.7 19.9 1.4 a, b

D-Fenchone 1.087 14.5 a, b

α-Terpinolene 1.089 0.5 0.4 0.2 0.7 0.4 a, b

2-Nonanone 1.090 52,7 a, b, c

Linalool 1.097 0.3 a, b, c

Nonanal 1.101 0.3 a, b, c

α-Thujone 1.102 2.1 a, b

β-Thujone 1.114 3.6 a, b, c

b-Fenchol 1.122 a, b

Camphor 1.146 0.9 a, b

4-Terpineol 1.166 0.3 1.9 0.6 1.2 6.4 0.6 0.2 a, b, c

Borneol 1.169 0.9 0.7 1.7 0.2 a, b, c

α-Terpineol 1.179 1.0 5.4 a, b, c

2-Decanone 1.192 0.9 a, b

3-Decanol 1.197 0.5 a, b, c

Anisaldehyde 1.201 36.4 a, b, c

Octanol acetate 1.214 0.1 a, b, c

Fenchyl acetate 1.220 7.8 a, b

Carvacrol methylether 1.245 0.7 0.1 a, b

1-Nonene 1.248 0.6 a, b

Geraniol 1.253 a, b, c

Bornyl acetate 1.289 0.2 0.1 a, b

Bregeijerene 1.290 1.0 a, b

2-Undecanone 1.294 32.4 a, b

Thymol 1.297 0.1 0.5 0.6 0.2 2.4 a, b, c

Carvacrol 1.299 0.5 70.0 75.1 44.7 88.7 a, b, c

a-Terpinelyl acetate 1.347 3,0 a, b

Methyl eugenol 1.359 94.2 43.8 a, b, c

β-Caryophyllene 1.419 2.8 4.2 1.1 0.6 2.5 0.6 a, b, c

α-Humulene 1.456 0.8 0.1 0.1 a, b, c

trans-β-Farnesene 1.457 3.4 a, b

γ -Gurjunene 1.477 1.1 a, b

Germacrene D 1.485 0.8 0.1 a, b, c

(Continued)
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TABLE 2 | Continued

Components RI RC ET Eta SF TC OO FV VA ST OVk Identification

Bicyclogermacrene 1.500 0.6 3.7 a, b

β-Bisabolene 1.506 1.5 0.4 a, b, c

Selina-3,7(11)-diene 1.547 1.1 a, b

Spathulenol 1.578 0.5 a, b, c

Caryophyllene oxide 1.583 1.8 0.5 0.2 0.4 0.7 a, b

Total 95.2 99.5 96.8 94.0 98.9 96.7 99.7 91.6 98.4 98.5

Compounds are listed in order of elution from an HP-5MS column (RI, Kovats Indices calculated against C8 to C24 n-alkanes on the HP-5MS column, other abbreviations as in Table 1).

a, RI comparison; b, MS comparison; c, Authentic samples comparison.

TABLE 3 | Mean number (±S.E.) of Aedes albopictus landings on the uncovered

area of the glove in 5min and comparison with the standard DEET and the control

(dichloromethane, DCM) after using different essential oils.

Code Mean number (±S.E.) of landings/5 min PDEET PDCM

RC 11.13 ± 2.65 0.0003* 0.0008*

ET 0.88 ± 0.74 0.1441 0.0006*

ETa 0.13 ± 0.13 0.3173 0.0005*

SF 0 ± 0 1 0.0003*

TC 0 ± 0 0.3173 0.0005*

OO 0 ± 0 1 0.0003*

FV 3.5 ± 1.65 0.0008* 0.0107*

VA 1.25 ± 0.59 0.0103* 0.0007*

ST 0 ± 0 1 0.0003*

DEET 0 ± 0 – –

DCM 56 ± 4 – –

*Indicates significant difference following Mann–Whitney U-test pair-wise comparison.

Fringed Rue EO is the only one tested as a repellent against Ae.
albopictus (Ali et al., 2013; Conti et al., 2013), and in both cases,
it was found efficient.

Larvicidal Bioassay
Based on our previous studies (Giatropoulos et al., 2012) a
discriminate dose of 29 mg/L solution of the material to test
was employed for our screening bioassays. The mortality rates
of the essential oils tested were arbitrarily classified to “low,”
“moderate,” and “very good” for those ranging between 0–50%,
50–80%, and 80–100%, respectively. The EOs larvicidal screening
revealed that Conehead Thyme and Rigani were able to achieve
100% Ae. albopictus larval mortality. Along with these two EOs
may be categorized also the one retrieved from Savory, which
exhibited a larval mortality rate of 96%. The second group of
EOs, which presented high toxicity for mosquito larvae, included
Fennel with 80% mortality rate, Fringed Rue with 75%, and
Cortuk through acidic distillation with 66%. Finally, a third
group of EOs, retrieved from Cortuk (conventional distillation),
Monk’s Pepper, and Greek Sage exhibited moderate to minimal
activity with respective mortality rates 44, 14, and 2%. The
larvicidal bioassay results are presented cumulatively in Table 4.
Cortuk and Conehead Thyme EOs had never been assessed
before with respect to arthropod related bioactivities. Conehead

TABLE 4 | Aedes albopictus larvae mortality rate (±S.E.) by several EOs, 24 h

after exposure.

Code Mean percentage (±S.E.) of dead larvae* Classification

RC 75.00( ± 4.18)c Moderate

ET 42( ± 2)d Low

ETa 66( ± 4)c Moderate

SF 2( ± 2)ef Low

TC 100( ± 0)a Very good

OO 100( ± 0)a Very good

FV 80.00( ± 8.37)bc Very good

VA 14.00( ± 6.78)e Low

ST 96( ± 4)ab Very good

DMSO 0( ± 0)f –

A discriminate dose of 29 mg/L was used and the mortality rates of each tested EO were

classified to “low,” “moderate,” and “very good” (mortality rates ranged between 0 and

50%, 50 and 80% and 80 and 100%, respectively).

*Means in a column followed by the same letter are not significantly different (P ≥ 0.05),

Mann– Whitney U-test.

Thyme EO biocide potentials are argued through its fungicide
and nematicide properties (Saoud et al., 2010), antiparasitic
(Machado et al., 2010), and antibacterial (Karampoula et al.,
2016) activities, but mostly through its lipoxygenase and
acetylcholinesterase inhibition evidence (Carrasco et al., 2016).
Greek Sage, Rigani, Monk’s Pepper, and Savory EOs present
larvicidal activity against various arthropods, but not against
Aedes sp. mosquitoes. Specifically Greek Sage has displayed
moderate to low activity against Cx. pipiens (Koliopoulos et al.,
2010). Rigani EO bioactivities were reviewed by Tepe (Tepe et al.,
2016), whom recorded its potentials as Cx. pipiens larvicide.
Monk’s Pepper was also tested and found of low efficacy against
Cx. pipiens larvae (Cetin et al., 2011). A special reference is
reserved for Savory EO as control agent against Cx. pipiens
biotype molestus (Michaelakis et al., 2007), and Anopheles
gambiae (Dellagli et al., 2012).

Fennel and Fringed Rue EOs have resulted efficient larvicidals
against Ae. albopictus; Conti et al. (2010), reported a higher
toxicity for Fennel EO than that reported here and this may
be explained by the EO’s different composition. Benelli et al.
(2014) in a comparative test of 10 EOs confirmed the herein
detected activity of both Fennel and Rue indicating that the last
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FIGURE 1 | Repellent activity of the oregano EO as mean number of landings (±SE) determined under laboratory conditions. Doses are expressed as µL/cm. DEET

was used as the positive control in two doses, 0.1 and 0.2 µL/cm for 5min. (Means in a column followed by the same letter are not significantly different (P ≥ 0.05),

Mann–Whitney U-test).

FIGURE 2 | Repellent activity of carvacrol as mean number of landings (±SE) determined under laboratory conditions. Doses are expressed as µL/cm. DEET was

used as the positive control in two doses, 0.1 and 0.2 µlcm−2 for 5min. (Means in a column followed by the same letter are not significantly different (P ≥ 0.05),

Mann–Whitney U-test).

outperformed all other EOs a result consistent with previous
dedicated studies of Fringed Rue EO against both the Ae.
albopictus (Conti et al., 2013), and Ae. aegypti (Ali et al., 2013).

Up Scale
Dose Response and Formulation
The repellent efficacies of the carvacrol and Oregano EO
are shown in Figures 1, 2 highlighting both as very efficient
repellents with activities comparable to DEET. At “high” dose
(2 µL/cm2) EOs’ repellent activity was “like-DEET” and when
tested at “low” dose (1 µL/cm2) the activity was moderate (>20
landings). On the contrary, carvacrol resulted in a 100% repellent
(zero landings) in a dose almost 10-fold-lower to DETT (0,026
µL/cm2) (Figure 2).

These results are in accordance with previous studies
establishing the high level of protection exhibited by
Carvacrol against Ae. Albopictus, in 5-fold-lower doses to
DEET (Giatropoulos et al., 2018) and An. Gambiae (Kröber
et al., 2018). Their respective larvicidal bioassays results are
summarized in Table 5, verifying that the specific EO displays

TABLE 5 | LC50 and LC90 values for Origanum vulgare ssp hirtum EO (OVk) and

its major component, carvacrol, against third to fourth instar larvae of Ae.

albopictus.

Active ingredient Slope (±SE) LC50

(95 % CL)a
LC90

(95% CL)a
x2b df

OVk 4.405 (±0.460) 30.1

(27.4–32.7)

58.7

(51.6–70.5)

10.911 13

Carvacrol 3.426 (±0.332) 13.1

(11.1–15.2)

31.1

(25.3–43.2)

29.346b 16

aLC values are expressed in mg/L, and they are considered significantly different when

95 % CL fail to overlap.
bSince goodness-of-fit test is significant (P < 0.05), a heterogeneity factor is used in the

calculation of CL.

an average LC90 value of 58.74 (51.60–70.53) mg/L, while the
corresponding average LC90 value for pure Carvacrol is 31.08
(25.29–43.15) mg/L.

Non-target Toxicity Bioassay
The toxicities of Oregano EO and Carvacrol were also
determined against the non-target aquatic species Macrocyclops
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TABLE 6 | LC50 and LC90 values for Origanum vulgare ssp hirtum EO (OVk) and

the its major component, carvacrol, against Macrocyclops albidus.

Active ingredient Slope (±SE) LC50

(95 % CL)a
LC90

(95% CL)a
x2 df

OVk 3.386 (±0.351) 5.5

(3.5–8.6)

12.8

(8.0–38.1)

74.620 10

Carvacrol 3.337 (±0.349) 5.3

(3.1–11.6)

13.3

(7.5–87.2)

44.065 10

aLC values are expressed in mg/L and they are considered significantly different when

95% CL fail to overlap.

albidus. This species is widely present in European natural water
bodies and recently was proposed as a possible biocontrol agent
against Ae. albopictus in artificial breeding sites (Mulla et al.,
1971). Results indicated (Table 6) that M. albidus adults are
highly sensitive to both investigated products, displaying lower
LC90 values as compared to those observed for Ae. albopictus.
These results clearly indicate that any use of these two agents as
larvicidal is not feasible when predator’s biocontrol programs are
implemented.

Field Assessment
Spatial Repellence
The spatial repellent efficacy of the oregano EO in the form of
water-based solution sprayed in a green urban area with high
density of Ae. albopictus was also evaluated. In this respect, the
capacity of the product to divert Ae. albopictus females out of
the treated area was measured at day 1 and 2 up to day 3 after
treatment. No adverse effects on the vegetation were observed.

The repellent efficacy measured just after treatment (day 0)
was very low (% reduction number female collected in the treated
area compared to the control area was 32.5%) and increased to
86.4 % and 81.25 % at day 1 and 2 post-treatment respectively. At
day 3 post-treatment the reduction of females was determined
as 69.67% (Table 7). The spatial repellency strategy to protect
specific target areas from invasive mosquitoes has been recently
proposed (Alten et al., 2003; Dame et al., 2014) as a possible
mosquito control technology. Due to environmental concern,
the spatial repellency approach can be accepted only in cases
that products with completely safe profile, such as EOs, will be
available.

Catch Basin Repellent and Larvicidal Application
Finally, a field test was performed in order to evaluate the
potency of the oregano EO as both larvicidal and repellent
against mosquitoes. The field trial was implemented during the
period July 13–August 3 in catch basins, which constitute one
of their most common breeding sites and therefore are regularly
submitted to larval control. Application of the EO in breeding
sites probably results in the simultaneous appearance of the
following two main effects: the direct toxicity of the product
against the breeding larvae and the repellent activity on the egg-
laying females. These two effects cannot be distinguished in our
field assessment and are therefore cumulated in the observed data
(Figure 3). During the field trials period, the water temperature
inside the catch basins was 30.1 ± 1.4◦C (minimum 27◦C and

TABLE 7 | Number of Aedes albopictus females collected with HLC during the

field trial.

Time Product N Mean SD Repellent efficacy (%)

pre-treat. OVk 2 20.00 7.07

Control 2 3.50 3.54

day 0 OVk 2 13.50 3.54 32.50

Control 2 4.50 2.12

day 1 OVk 2 10.50 2.12 86.39

post-treat Control 2 13.50 2.12

day 2 OVk 2 7.50 2.12 81.25

post-treat Control 2 7.00 2.83

day 3 OVk 2 13.00 4.24 69.67

post-treat Control 2 7.50 0.71

All Groups 20 10.05 5.50

Repellent efficacy calculated according to Mulla’s formula (see text for more details).

maximum 33◦C), and along the trial period, one rainy event
(15.2mm) was registered at the Sant’ Agata Bolognese weather
station located 1.7 Km from the study area.

In the treated catch basins, the larval mortality (Cx. pipiens
& Ae. albopictus) was 100% at days 2 and 7 post-treatment for
both products tested (Table 8). At day 14 of post-treatment, the
observed mortality was still 100% against Cx. pipiens, for those
treated with the oregano EO per se but some Cx. pipiens larvae
were detected in the catch basins treated with the emulsified EO.
In respect the presence of Ae. albopictus, the presence of some
larvae was detected the same day (14 post-treatment) in catch
basins treated with both crude and emulsified EO but mortality
was still high (Table 8). Finally, at day 21 of post-treatment no
significant differences were observed between treated and control
catch basins.

The observed data dynamics advocate the conclusion that the
repellent effect of EO on the egg-laying females is not prolonged
after 2 weeks. By checking the specific effect of the product
against Cx. pipiens and Ae. albopictus it seems that the products
have slightly better activity against Cx. pipiens. The emulsifier
addition (TWEEN R© 20) did not affect the EO’s efficacy.

CONCLUSIONS

The present study was aiming to develop a streamlined process
for the valorization of bio-prospecting results in product
development. As subjects of bio-prospecting were defined
Mediterranean culinary plants, while as valorization target was
selected the Ae. albopictus control. Of increased significance was
the transition between experimentation phases that presented
three major challenges; first, the identification of a broadly
available CREO as indicated by the bio-prospecting results;
second, the delineation of the suggested concentration in order
to assure efficacy and environmental safety; third, the selection
of a CREO formulation that would facilitate field application.
Our results present for the first time the repellent properties of
Conehead Thyme, Cortuk, Savory, Greek Sage, Monk’s Pepper,
and Fennel EOs against Ae. albopictus, as well as the larvicidal
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FIGURE 3 | Pre-imaginal mosquito population as sampled in experimental catch basins (Culex pipiens + Aedes albopictus, 22 post treatment days) in Crevalcore, Italy.

TABLE 8 | Mean number of Culex pipiens and Aedes albopictus larvae (L1-L2-L3-L4) and pupae collected per aquatic net per road drain.

Time Product* N Cx. pipiens Ae. albopictus Total

Mean SD Duncan

test

Mean SD Duncan

test

Mean SD Duncan

test

Pre-treat. Control 5 2.00 4.47 ns 60.00 62.05 ns 62.00 63.80 ns

OVk 5 4.00 6.52 54.00 25.10 58.00 28.42

OVk + TWEEN 5 0.00 0.00 56.00 33.62 56.00 33.62

Day 2 Control 5 34.00 38.47 a 56.40 50.67 a 90.40 66.55 a

post-treat OVk 5 0.00 0.00 b 0.00 0.00 b 0.00 0.00 b

OVk + TWEEN 5 0.00 0.00 b 0.00 0.00 b 0.00 0.00 b

Day 7 Control 5 240.00 132.71 a 28.60 46.15 a 268.60 116.22 a

post-treat OVk 5 0.00 0.00 b 0.00 0.00 b 0.00 0.00 b

OVk + TWEEN 5 0.00 0.00 b 0.00 0.00 b 0.00 0.00 b

Day 14 Control 5 51.60 23.46 a 22.60 21.42 a 74.20 32.03 a

post-treat OVk 5 0.00 0.00 b 0.40 0.89 b 0.40 0.89 b

OVk + TWEEN 5 2.00 4.47 b 6.20 8.01 ab 8.20 8.26 b

Day 21 Control 4 83.75 68.84 ns 9.75 16.94 ns 93.50 59.60 ns

post-treat OVk 5 64.40 104.52 15.00 17.32 79.40 118.99

OVk + TWEEN 5 71.60 42.66 22.40 19.77 94.00 50.99

All Groups 74 36.26 76.61 22.26 34.18 58.51 84.10

Catch basins treated with:”OVk”: oregano EO; “OVk+TWEEN”: oregano EO+ TWEEN® 20 +water; “Control”: untreated catch basins.

properties of Cortuk and Conehead Thyme EOs against the same
target. The results obtained through field tests indicated that the
emulsified CREO might be considered as a potent Ae. albopictus
larvicidal and/or repellent agent. In summary, we believe that
our approach successfully addressed the identified challenges and
represents a methodological example for the exploitation of EOs
as mosquito control agents, which may be of interest by relevant
industries.
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