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Abstract: Spotted wing drosophila (SWD, Drosophila suzukii (Matsumura), Diptera: Drosophilidae)
is recognized as an economically important pest in North America and Europe as well as in Asia.
Assessments were made for fumigant and contact toxicities of six Myrtaceae plant essential oils (EOs)
and their components to find new alternative types of insecticides active against SWD. Among the
EOs tested, Leptospermum citratum EO, consisting mainly of geranial and neral, exhibited effective
fumigant activity. Median lethal dose (LDsg; mg/L) values of L. citratum were 2.39 and 3.24 for males
and females, respectively. All tested EOs except Kunzea ambigua EO exhibited effective contact toxicity.
LDsg (ng/fly) values for contact toxicity of manuka and kanuka were 0.60 and 0.71, respectively, for
males and 1.10 and 1.23, respectively, for females. The LDs; values of the other 3 EOs-L. citratum,
allspice and clove bud were 2.11-3.31 and 3.53-5.22 for males and females, respectively. The non-polar
fraction of manuka and kanuka did not show significant contact toxicity, whereas the polar and
triketone fractions, composed of flavesone, isoleptospermone and leptospermone, exhibited efficient
activity with the LDs values of 0.13-0.37 and 0.22-0.57 pg/fly for males and females, respectively.
Our results indicate that Myrtaceae plant EOs and their triketone components can be used as
alternatives to conventional insecticides.

Keywords: spotted wing drosophila; manuka; kanuka; triketones

1. Introduction

The spotted wing drosophila (SWD, Drosophila suzukii (Matsumura), Diptera: Drosophilidae), is
indigenous to South-eastern Asia. It has invaded and spread across North America and Europe and
most recently, has been found in South America [1-3]. Unlike other closely related Drosophila species,
SWD can lay eggs with a serrated ovipositor on maturing and undamaged healthy thin-skinned fruits
and inflict substantial economic losses, especially to blueberry, cherry and raspberry [4-6]. Developing
maggots accelerate fruit softening and decomposition, rendering fruits unmarketable. Current control
methods for SWD mainly depend on application of conventional insecticides such as pyrethroids,
organophosphates, spinosyns, and neonicotinoids [7,8]. Unfortunately, frequent application of the
conventional insecticides is creating public concerns due to their adverse effects on the environment
and human health. As a result, there is growing interest in finding less ecologically damaging SWD
control methods, such as natural enemies [9] and biopesticides [10-13], and a strong push to develop
new, organic and ecologically sustainable control methods for this destructive pest. Plant essential
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oils (EOs) could be an eco-friendly alternative to chemical insecticides as they have been reported to
have an array of bioactivities, including insecticidal, repellent, and feeding and oviposition deterrent
activities for control of a range of insect species [14-16]. Other advantages of volatile plant EOs
as eco-friendly biopesticides include commercial availability, low cost, multiple modes of action,
low toxicity to vertebrates, and brief persistence in the soil [17-21]. The insecticidal activity of EOs
against SWD has been investigated [10-13]. In this study, we assessed the insecticidal activity of
Myrtaceae plant EOs and their component (3-triketones against adult SWD to find new types of
alternatives to current insecticides. Myrtaceae plant EOs were selected because they are known to have
insecticidal and repellent activities [10,22,23] and, thus, were assumed to have effective insecticidal
activity against SWD.

2. Results

2.1. Chemical Analyses of Active EOs

The chemical composition of a fumigant-active EO, Leptospermum citratum, and two contact
toxicity active EOs, L. ericoides (kanuka), and L. scoparium (manuka), are shown in Table 1. Similar to
the previous reports [24,25], geranial (33.4%), citronellal (22.8%) and neral (17.8%) were identified as
the major components of L. citratum EO.

Table 1. GC-MS identification, RI values and % peak area contribution of active oil components.

Compound RI Values ! L. citratum L. ericoides L. scoparium
o-Pinene 934 - 19.9 14
3-Pinene 979 0.1 - -
Myrcene 989 0.3 - 0.4

Limonene 1025 - 1.0 -
p-Cymene 1027 0.1 0.4 -
1,8-Cineole 1034 - 1.3 -
v-Terpinene 1059 - 0.6 -
Linalool 1102 2.4 - -
Citronellal 1155 22.8 - -
Isopulegol 1162 32 - -
Nerol 1228 0.4 - -
Citronellol 1230 10.7 - -
Neral 1242 17.8 - -
Geraniol 1253 2.3 - -
Geranial 1272 334 - -
Citronellyl acetate 1350 1.1 - -

«~-Cubebene 1350 - 2.1 4.7

a-Copaene 1380 - 5.0 5.5

x-Gurjunene 1412 - 0.7 1.1

[3-Caryophyllene 1426 - 14 3.0
6,9-Guaiadiene 1444 - 1.8 1.8
trans-Muurola-3,5-diene 1454 - 2.0 7.2
y-Muurolene 1476 - 2.7 5.7

«-Selinene 1496 - 4.6 4.5

v-Cadinene 1523 - 3.7 4.9

Calamenene 1528 - 13.9 13.6

Flavesone 1537 - 8.7 11.7
a-Copaene-11-ol 1539 - 0.6 -
Isoleptospermone 1615 - 49 55
Leptospermone 1627 - 14.0 17.2
Sum 94.6 89.3 88.1

1 RI (retention index) values were calculated following van Den Doold and Kratz on a non-polar column
(DB-5MS) [26].
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In contrast, kanuka and manuka EOs consisted of mainly sesquiterpenes (38.5% and 52.0%,
respectively) and triketones (27.6% and 34.4%, respectively) and the results were in line with the
previous report [27]. The triketones in both kanuka and manuka EOs consisted of flavesone (1),
isoleptospermone (2) and leptospermone (3).

2.2. Fumigant Activity of EOs and their Major Components

Among the six tested EOs, only one EO from L. citratum showed 98.0% and 94.0% mortality at a
concentration of 11.76 mg/L air against males and females, respectively. In contrast, others showed
0-30.0% and 4.0-16.0% mortality at the same concentration. Median lethal concentration (LCsg) values
of L. citratum EO were estimated at 2.39 and 3.24 mg/L air against males and females, respectively
(Table 2). The LCs values of the major components geranial, citronellal and neral have been previously
reported [10]; therefore, we did not test the fumigant activities of each component individually.

Table 2. LCsg values of fumigant essential oils active against SWD.

Essential Oil LCsp (mg/L) 95% CL (mg/L) Slope = SE Effect Test
x> p

Male

Leptospermum citratum 2.39 1.42-3.440 434 +1.26 26.84 <0.0001
DDVP 0.24 x 1073 0.04x1073-0.50 x 1073 1.44 + 0.60 20.81 <0.0001
Female

Leptospermum citratum 3.24 1.99-4.50 4.62 +1.37 28.34 <0.0001
DDVP 0.36 x 1073 0.20 x 1073-0.66 x 1073 1.55 £ 0.90 22.38 <0.0001

CL: confidence limit.

2.3. Contact Toxicity of EOs and Their Major Components

At a concentration of 20 pg/fly, all the tested EOs showed 93-100% male mortality and 98-100%
female mortality, with the exception of Kunzea ambigua (61.2%). Kanuka and manuka EOs exhibited
97.9-100% contact toxicity against males and 100% against females at a concentration of 2.5 pg/fly,
whereas other EOs showed contact toxicity rates of 14.9-55.3% and 9.9-19.6% against males and
females, respectively, at the same concentration. Among the tested EOs, the median lethal dose (LDsp)
values of kanuka and manuka EOs against males and females were the lowest. The LDsj value of
kanuka EO was estimated at 0.71 and 1.23 pg/fly against males and females, respectively, and the LDsg
of manuka EO was 0.60 and 1.10 pg/fly, respectively (Table 3). Clover oil and allspice EOs had the
next highest levels of toxicity. K. ambigua EO showed the lowest contact toxicity in terms of LDs5( value.

Silica gel chromatography of kanuka and manuka EOs gave good separation into a non-polar
fraction consisting mainly of sesquiterpene hydrocarbons and a polar fraction that consisted largely
of triketones. Further fractionation of polar fraction showed that triketones composed 97.1% of the
triketone fraction.

The non-polar fraction of kanuka and manuka EOs did not show significant insecticidal activity,
whereas the polar and triketone fractions exhibited significantly higher activity than whole oils (Tables 3
and 4). The triketone fraction also exhibited higher activity than that of polar fraction in terms of LDs
value (Table 4).
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Table 3. LDs values of contact toxicity of essential oils against SWD.

Effect Test
Essential Oil LDsp (ug/fly) 95% CL (ug/fly) Slope + SE 5 b
X
Male
Leptospermum citratum 3.31 1.92-4.93 1.77 £ 0.50 25.19 <0.0001
Leptospermum ericoides 0.71 0.35-1.24 1.52 £ 0.53 26.96 <0.0001
Leptospermum scoparium 0.60 0.28-1.07 1.57 £ 0.59 24.37 <0.0001
Kunzea ambigua 7.34 na-11.92 1.28 - 0.87 2.31 0.1287
Pimenta dioica 2.26 1.25-3.61 214 £0.78 22.24 <0.0001
Syzygium aromaticum 211 1.04-3.38 1.85 £ 0.67 19.35 <0.0001
Cypermethrin 0.05x 1073 0.02 x 1073-0.54 x 1073 2.09 +0.94 20.68 <0.0001
Female

Leptospermum citratum 522 3.18-7.66 1.56 + 0.43 23.53 <0.0001
Leptospermum ericoides 1.23 0.75-2.17 1.72 £ 0.54 38.70 <0.0001
Leptospermum scoparium 1.10 0.60-1.86 1.37 £ 0.38 33.40 <0.0001

Kunzea ambigua 16.94 9.07-na 1.32+0.83 2.70 0.100
Pimenta dioica 3.55 1.88-5.41 1.39 £ 0.38 20.36 <0.0001
Syzygium aromaticum 3.53 2.07-5.20 1.80 £ 0.50 25.73 <0.0001
Cypermethrin 0.06 x 1073 0.02 x 1073-0.12 x 1073 1.51 £0.52 18.64 <0.0001

CL: confident limit, na: not available.

Table 4. LDsy values for the non-polar and polar chromatographic fractions of L. ericoides and L.
scoparium and the triketone fraction of L. scoparium against SWD.

Effect Test
Essential Oil LDsp (ug/fly) 95% CL (ug/fly) Slope & SE 5
X P
Male
Leptospermum ericoides (NF) 24.83 0.07-na 0.33 £ 0.60 0.31 0.58
Leptospermum ericoides (PF) 0.37 0.19-0.69 1.07 £0.31 27.77 <0.0001
Leptospermum scoparium (NF) 7.25 3.07-17.14 0.89 £ 0.63 213 0.14
Leptospermum scoparium (PF) 0.38 0.21-0.67 1.37 £0.41 32.97 <0.0001
Triketone fraction (97.1%) 0.13 0.05-0.24 1.91 £0.80 23.42 <0.0001
Female
Leptospermum ericoides (NF) 86.99 8.61-na 0.48 £+ 0.84 0.34 0.56
Leptospermum ericoides (PF) 0.65 0.38-1.15 1.52 £ 0.45 38.55 <0.0001
Leptospermum scoparium (NF) 22.19 6.23-na 0.59 £ 0.69 0.78 0.38
Leptospermum scoparium (PF) 0.57 0.34-0.98 1.75 £ 0.56 40.28 <0.0001
Triketone fraction (97.1%) 0.22 0.13-0.39 2.16 £0.82 34.14 <0.0001

CL: confident limit, na: not available, NF: non-polar fraction, PF: polar fraction.

3. Discussion

Leptospermum citratum showed fumigant activity and contact toxicity against adult SWD.
Eucalyptus oils have been reported to have insecticidal activity [28]. Among the eucalyptus oils,
Melaleuca teretifolian EO, which is composed mainly of geranial and neral, exhibited fumigant and
contact toxicity against adult SWD [10]. LCs and LDs( values of L. citratum for fumigant and contact
toxicity, respectively, were similar to those of M. teretifolia. The composition of L. citratum was also
similar to M. teretifolia. Therefore, it can be concluded that the toxicity of these EOs may come from
geranial and neral.

In contact toxicity tests, the EOs were relatively effective, except for Kunzea ambigua EO. In terms
of LDsp values, allspice and clove bud showed similar activity to the previously reported active
EQOs [10-12]. The EOs from allspice and clove bud were reported to consist of thymol [29,30] and
eugenol [31], respectively. Thymol is known to have contact toxicity against SWD with an LDs, value
of 1.73 pg/fly [11]. Although the contact toxicity of eugenol against SWD was not tested in this study,
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contact toxicity of eugenol against insect pests is well known [31-33]. Activity of thymol and eugenol
may be attributed to the contact toxicity of allspice and clove bud, respectively.

Kanuka and manuka EOs were the most active EOs in contact toxicity against SWD compared
to previously reported ones [10-12,34]. The lack of activity in the non-polar fraction of kanuka and
manuka EOs, which contained the hydrocarbons monoterpene and sesquiterpene, clearly showed
that the activity is associated with the polar components of oils. The activity of the triketone fraction
indicated that the toxicity is related to the presence of triketones, flavesone (1), isoleptospermone (2)
and leptospermone (3). Kanuka and manuka EOs and their triketone components are reported to
have antimicrobial [27,35], antiviral [36], and acaricidal activities [37,38]. To the best of our knowledge,
this is the first report describing the insecticidal activity of 3-triketones isolated from kanuka and
manuka EOs. Leptospermone, a f-triketone, is a natural product used as an herbicide [39] and
inhibits p-hydroxyphenylpyruvate dioxygenase, an enzyme involved in plastoquinone synthesis,
as a molecular target site [40]. It is not clear whether the contact toxicity caused by 3-triketones is
associated with the same mode of action as occurs in the plant; this was not addressed extensively in
our study. The B-triketones responsible for contact toxicity against SWD possess multiple carbonyl
groups on a six-membered ring (cyclohexane), and this structure is rare in natural phytotoxins. Many
derivatives of leptospermone, such as nitisinone and sulcotrione, have been synthesized and selected
as herbicides [41]. Some new derivatives of 3-triketones with new modes of action, as envisaged by
this experiment, are also expected to be used as novel insecticides.

Fumigant activity of dichlorvos and contact toxicity of cypermethrin assessed during these
experiments were similar to those previously reported [10,11]. Even though both dichlorvos and
cypermethrin are more effective against SWD than the EOs and their components, they have high
mammalian toxicity and therefore were expected to have much higher non-target hazards than the
EOs and their components.

4. Materials and Methods

4.1. Insects

The colony of SWD was initially obtained from Chonnam National University (Gwangju, Korea)
and has been successively maintained in the Insect Chemical Ecology Laboratory, Gyeongsang National
University. The colony was maintained in a netted cage (25 x 25 x 20 cm?®, BugDorm, Taiwan) with an
artificial diet for larvae and 50% sugar solution for adults at 24-26 °C, 60-70% RH and a photoperiod
of 16:8 (L:D) [42]. Five- to 7-day-old adults were used for bioassays.

4.2. Chemicals and Fractionation of Essential Oils

Essential oils (EOs) used in this bioassay are listed in Table 5. Six Myrtaceae plant EOs were
obtained from Oshadhi Ltd. (Cambridge, England) and La Drome (Die, France). Wakogel C-200 (Wako
Pure Chemical, Osaka, Japan) was used for chromatography. Dichlorvos (DDVP), and cypermethrin
were purchased from Sigma-Aldrich (St. Louis, MO, USA).

Table 5. List of tested essential oils.

Essential Oil Scientific Name Extraction Part Origin Source
'Lep tospermum_ Leptospermum cztfatum Blossoms Australia/Tasmania ~ Oshadhi
citratum organic (=L. petersonii)
Kanuka Leptosp CrIm er%cozdes Leaves South Africa Oshadhi
(=Kunzea ericoides)
Manuka Leptospermum scoparium Leaves New Zealand Oshadhi
Kunzea Kunzea ambigua Leaves Australia La Drome
Allspice Pimenta dioica Berries Jamaica Oshadhi

Clove bud Syzygium aromaticum Bud Madagascar La Drome
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Non-polar and polar fractions of kanuka and manuka EOs were prepared as follows: a sample of
oil (5 g) was loaded onto a column of activated silica gel (Wakogel C-200) and eluted with hexane and
then with diethyl ether to yield non-polar and polar fractions. The triketone fraction was prepared by
further fractionation of the polar fraction with 5% diethyl ether in hexane (Figure 1). The solvent was
removed using a rotary evaporator and the fractions were dried and stored at 4 °C before analysis
and testing.
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Figure 1. Gas chromatogram of the triketone fraction and structures of triketones (A) and mass
spectra (B-D). 1: flavesone (B); 2: isoleptospermone (C); 3: leptospermone (D).
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4.3. Instrumental Analysis

Gas chromatography (GC) analysis was performed using a GC-17A (Shimadzu, Kyoto, Japan)
equipped with a flame ionization detector (FID). A DB-5MS column (30 m x 0.25 mm i.d., 0.25 pm
film thickness; J&W Scientific, Folsom, CA, USA) was used for separation of the analytes. GC-mass
spectrometry (GC-MS) analysis was performed on a GC-2010 coupled with GCMS-QP2010 plus
(Shimadzu) using an HP-Innowax column (30 m x 0.25 mmi.d., 0.25 um film thickness; J&W Scientific).
The oven temperature for GC and GC-MS analyses was programmed as follows: isothermal at 40 °C
for 1 min, rose to 250 °C at a rate of 6 °C/min, and was held for 4 min. The injector temperature
of GC-FID and GC-MS was 250 °C. The detector temperature of the GC-FID was set at 280 °C. The
temperatures of the transfer line and ion source for GC-MS were 250 °C and 230 °C, respectively. One
microliter of 5000 ppm EOs dissolved in hexane was injected with a split ratio of 1:50. Each EO was
analyzed three times. Helium was used as carrier gas at a flow rate of 1.5 mL/min for GC and of
1.0 mL/min for GC-MS. Most of the components of the EOs were identified by comparing the mass
spectra of each peak with those of authentic samples in the NIST/EPA /NIH MS library (Gaithersburg,
MD, USA) and by comparison of retention indices determined on two different columns with those of
authentic compounds. Flavesone (1), isoleptospermone (2) and leptospermone (3) were identified by
comparison of retention indices and mass spectra with previous reports [43—45].

4.4. Fumigant Toxicity Assay

For fumigant toxicity assays, a glass cylinder (11 cm in height, 4.5 cm inner diameter; 170 mL,
with a sieve placed in the middle) was used. EOs and DDVP dissolved in acetone (20 puL) were applied
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to a paper disc. After a 10 min incubation to allow the acetone to evaporate, the paper disc was
placed on the bottom lid of the cylinder. The concentration range was 0.74-11.76 mg/L. Dichlorvos, an
organophosphorus insecticide, was applied as a positive control in range of 0.07-73.5 pug/L. Acetone
alone was used as a negative control. Twenty adult SWDs (10 males and 10 females) were placed on
the sieve with a cotton wick soaked with 10% sugar solution, thereby preventing their direct contact
with the test plant oils and compounds. The top and bottom lids were sealed with Parafilm to prevent
fumigant leakage. The insects were maintained at 24-26 °C and 70% relative humidity. After 24 h
treatment, they were moved to a new plastic Petri dish (4 cm in height, 9.6 cm diameter) and covered
with a lid with a mesh-hole (4 cm diameter) for 10 min. The adult flies were considered dead if their
appendages did not move after being touched with a fine brush. All treatments were replicated 5 times.

4.5. Contact Toxicity Assay

To test contact toxicity of EOs and their components, EOs (0.313-20 pug) and three fractions of EOs
(0.078-10 pg) dissolved in acetone (1 puL) were topically applied to ventral abdomen using a micro
syringe with a repeating dispenser (Hamilton, Reno, NV, USA). As a positive control, cypermethrin, a
pyrethroid insecticide, was applied as above at a range of 0.025-50 ng/fly. After application, the adults
were placed in a plastic Petri dish (4 cm in height, 9.6 cm diameter) with a cotton wick soaked in 10%
sugar solution and covered with a lid which had a mesh-hole (4 cm diameter), thereby preventing
fumigant effects of the tested EOs or fractions of EOs. After 24 h treatment, mortality was checked as
above. Each treatment was performed 5 times with 20 adult SWDs (10 males and 10 females).

4.6. Statistical Analyses

The corrected mortality was calculated using Abbott’s formula [46]. Probit analysis was used
to estimate the LCs( values with dose-response data. Statistical analyses were performed using JMP
ver. 9.0.2 (SAS Institute Inc., Cary, NC, USA).

5. Conclusions

Kanuka and manuka EOs and their 3-triketone components exhibited excellent contact toxicity
against SWD. These are expected to be applied for protection of postharvest fruits. Considering that
most insecticides currently in use are synthetic ones, the EOs from Myrtaceae and their components
are quite promising and showing potential for the development of natural insecticides. However,
further studies addressing the safety of these botanical insecticides to humans and host plants,
their formulations, and their modes of action are necessary for practical use of plant EOs and their
components as eco-friendly and novel SWD control agents.
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