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Abstract The mosquito larvicidal activity of Zanthoxy-

lum monophyllum leaf essential oil (EO) and its major

chemical constituents was tested against the three mosquito

vectors Anopheles subpictus, Aedes albopictus and Culex

tritaeniorhynchus. In the EO of Z. monophyllum, it con-

tains 36 compounds with the two major compounds being

Germacrene D-4-ol (19.40 %) and a-Cadinol (12.30). The
larvicidal activity of the essential oil against An. subpictus,

Ae. albopictus and Cx. tritaeniorhynchus was determined

and LC50 values were estimated at 41.50, 45.35 and

49.01 lg/mL, respectively. The two major compounds

Germacrene D-4-ol and a-Cadinol were tested for acute

toxicity against larvae of the three mosquito vectors. Ger-

macrene D-4-ol showed a significantly higher efficacy

compared to a-Cadinol. While LC50 for Germacrene D-4-

ol ranged from 6.12 to 7.26 lg/mL, LC50 values for a-
Cadinol were estimated in the range from 10.27 to

12.28 lg/mL. The EO, Germacrene D-4-ol and a-Cadinol
were found safer to the non-target organism Gambusia

affinis (LC50 = 4234.07, 414.05 and 635.12 lg/mL,

respectively), which was manifested in the high suitability

of the index/predator safety factor value, ranging from

86.36 for the least sensitive larvae of Cx. tritaeniorhynchus

to 102.02 for the most sensitive larvae of An. subpictus.

Keywords Eco-friendly larvicides � Mosquito vectors �
Plant-borne mosquitocides � Botanical insecticides

Key message

• Germacrene D-4-ol and a-Cadinol were the major

chemical compounds of the essential oil obtained from

Zanthoxylum monophyllum.

• The larvicidal activity of the essential oil against An.

subpictus, Ae. albopictus and Cx. tritaeniorhynchus

was determined.

• LC50 values against the three mosquito vectors ranged

for essential oil from 41.5 to 49.01 lg/mL.

• Germacrene D-4-ol showed a significantly higher

efficacy compared to a-Cadinol. While LC50 for

Germacrene D-4-ol ranged from 6.12 to 7.26 lg/mL,

LC50 values for a-Cadinol were estimated in the range

from 10.27 to 12.28 lg/mL.

• The essential oil, Germacrene D-4-ol and a-Cadinol
were found safer for the non-target organism—fish

Gambusia affinis.

Introduction

The negative impact of some pesticides on the environment

and non-target organisms, including humans, as well as

problems with the development of mosquito populations

resistant to active insecticidal substances (Hemingway and

Ranson 2000; Soderlund et al. 2002; McCaffery and Nauen

2006), are currently forcing us to seek new alternatives for

protection against vectors (Govindarajan et al. 2013;

Benelli 2015a, b; Benelli et al. 2015). Alternatives include
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the use of secondary plant metabolites such as active

substances in so-called botanical insecticides (Regnault-

Roger et al. 2012; Pavela 2015a, b).

Some plant metabolites have been shown to offer the

possibility of being used as repellents, adulticides and

larvicides (Isman 2006; Regnault-Roger et al. 2012). Sui-

tably selected plant extracts provide an advantage because

of the minimum toxicity for non-target organisms, rapid

and natural degradation of the residues (Regnault-Roger

et al. 2012; Isman and Grieneisen 2014).

The group of essential oils (EOs) is also among highly

efficient plant substances. EOs are defined as volatile oils

that have strong aromatic components and give a distinc-

tive odour, flavour or scent to an aromatic plant. EOs are

produced by more than 17,500 aromatic plant species

commonly belonging to many angiospermic families, e.g.

Lamiaceae, Rutaceae, Myrtaceae, Zingiberaceae and

Asteraceae (Regnault-Roger et al. 2012). As shown by

many studies, EOs exhibit repellent, antiovipositional and

insecticidal effects against many mosquito species (Sey-

oum et al. 2003; Isman 2006; Pavela 2011; Govindarajan

2011, 2012, 2016). Currently, EOs are used primarily as

repellents (Nerio et al. 2010). However, within the

framework of the development of new botanical insecti-

cides, EOs are also generally considered to be highly

suitable for the development of botanical larvicides

(Govindarajan 2010; Dias and Moraes 2014; Benelli

2015a; Govindarajan et al. 2016). Application of larvicides

has been shown to represent a very important strategy that

can result in an efficient reduction in the population density

of adult mosquitoes in the treated area, resulting in a

considerable reduction in infectious pressure (Walker and

Lynch 2007; WHO 2012). Although EOs are generally

considered to be safe for the environment (Regnault-Roger

et al. 2012, Isman and Grieneisen 2014), only a few studies

exist that have focused on their effects concerning both

target and non-target organisms.

The Zanthoxylum genus (Rutaceae Juss.) is made up of

about 250 species of trees and shrubs in the world’s trop-

ical and temperate regions (Pirani 1993). It is economically

very important as a source of edible fruits and raw mate-

rials for both the cosmetics and perfume industries, as well

as culinary applications. Z. monophyllum is a shrub or tree

that grows 4–12 m in some countries of the Americas at

elevations of 300–1000 m (Quesada and Fernández 2005).

Previous chemical studies of this plant (bark, stems, wood

and leaves) have indicated the isolation of several com-

ponents, including coumarins, alkaloids, benzenoids,

triterpenes, sterols and lignans (Cuca et al. 1998; De Garcı́a

et al. 1989; Adesina 2005). Z. monophyllum has been used

popularly as a colourant (De Garcı́a et al. 1989) and has

been used in Venezuelan traditional medicine to treat runny

nose, jaundice and ophthalmia, in addition to being used as

an anaesthetic (Gómez et al. 2007; Gilani et al. 2010;

Barkatullah Ibrar et al. 2013).

Our study is therefore focused on the efficacy of an EO

obtained from Zanthoxylum monophyllum (Lam.) P. Wil-

son (syn. Fagara furfuracea (Tul.) Engl.; F. monophylla

Lam.) against the larvae of three important vectors and one

representative of non-target organisms. We report the lar-

vicidal activity of the essential oil of the Z. monophyllum

leaf, grown in India, and its major chemical constituents

against three important mosquito species, the malaria

vectors Anopheles subpictus Grassi, the dengue vector

Aedes albopictus (Skuse) and the Japanese encephalitis

vector Culex tritaeniorhynchus Giles. A representative of

the larvivorous fish of the Poeciliidae family—Gambusia

affinis (S. F. Baird & Girard) was chosen as the natural

predator of the mosquito larvae (Shahi et al. 2015).

Materials and methods

Plant material and extraction of essential oil

Z. monophyllum was gathered in Nilgiris, Western Ghats,

Tamil Nadu, India, and authenticated at the Department of

Botany at Annamalai University. The herbarium of the

Plant Phytochemistry Division at the Department of

Zoology, Annamalai University, contains voucher speci-

mens on deposit. The EO was extracted by hydro-distilling

3 kg of fresh leaves in a Clevenger apparatus for 8 h. Using

a separating funnel, the oil layer was separated from the

aqueous phase. The resulting essential oil produced was

dried over anhydrous sodium sulphate and stored in the

dark at 4 �C until the testing phase.

Gas chromatography

A Varian gas chromatograph equipped with a flame ion-

ization detector and BPI (100 % dimethyl polysiloxane)

capillary column was used for the gas chromatography

(GC). The carrier gas used was helium, at a flow rate of

1.0 mL/min and 8 psi inlet pressure. The temperature was

programmed from 60 to 220 �C at 5 �C/min and had a final

hold time of 6 min. Temperatures for the injector and

detector were kept at 250 and 300 �C, respectively. The
sample (0.2 lL) was injected using a split ratio of 1:20.

Gas chromatography–mass spectrometry

Gas chromatography–mass spectrometry (GC–MS) was

carried out using an Agilent 6890 GC that was also

equipped with a 5973 N mass selective detector and an HP-

5 (5 % phenyl methylpolysiloxane) capillary column. The

temperature of the oven was programmed from 50 to
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280 �C at a rate of 4 �C/min and held at this temperature

for 5 min. The temperatures of the inlet and interface were

250 and 280 �C, respectively. Helium, at a flow rate of

1.0mL/min (constant flow), was used as the carrier gas. The

sample (0.2 lL) was injected using a split of 20:1. Electron

impact mass spectrometry was performed at 70 eV. The

temperatures for the ion source and quadrupole were

maintained at 230 and 150 �C, respectively. The com-

pounds were identified by comparing their retention indices

and mass spectra with those found in the NIST 98.1 and

Mass Finder 3.1 commercial libraries. The integration area

of the chromatographer was used to calculate the concen-

tration of each component of the essential oil.

Mosquitoes

The test organism, Aedes albopictus, Anopheles subpictus

and Culex tritaeniorhynchus, was reared in a laboratory

(Vector Control Laboratory at the Department of Zoology,

Annamalai University, India). The larvae were fed with

dog biscuits and yeast powder at a 3:1 ratio. Adults were

provided with a 10 % sucrose solution and a 1-week-old

chick for blood feeding. The mosquitoes were held at

28 ± 2 �C and 70–85 % relative humidity, with a photo

period of 12-h light and 12-h dark.

Acute toxicity against mosquito larvae

Following (WHO 2005), the larvicidal activity of the Z.

monophyllum EO and its major compounds, Germacrene

D-4-ol and a-Cadinol, was evaluated. Germacrene D-4-ol

and a-Cadinol were purchased from Sigma-Aldrich (Ger-

many). The EO was tested at 20, 40, 60, 80 and 100 lg/
mL. Furthermore, every compound was tested at different

concentrations within the range of 3–25 lg/mL. To obtain

each of the desired concentrations, the EO and/or indi-

vidual compounds were dissolved in 1 mL DMSO and then

diluted in 249 mL of filtered tap water. The control was

prepared using 1 mL of DMSO in 249 mL of water. Each

solution received twenty early third-instar larvae, and five

replicates were performed for each concentration. No food

was given to the larvae during the first 24 h following

exposure, and after this time larval mortality was recorded.

Biotoxicity on non-target organisms

The method of Sivagnaname and Kalyanasundaram (2004)

was used to assess the effects on non-target organisms. The

effects of the EO and its major compounds, Germacrene

D-4-ol and a-Cadinol, were tested against the non-target

organism Gambusia affinis. The species were field col-

lected and kept in separate concrete tanks, 85 cm in

diameter and 30 cm deep, which contained water at

27 ± 3 �C. Fish were fed according to the needs of the

mosquito larvae. The relative humidity in the experimental

room was 80 ± 5 %. Young, immature fish around 1–2 cm

in size were selected for the experiment.

A concentration of 50 times higher than the LC50 dose

for mosquito larvae was used when evaluating the EO and

its major compounds, Germacrene D-4-ol and a-Cadinol.
Ten fish were separated (to avoid cannibalism) in 500 mL

glass containers with 250 mL of tap water that had been

sitting for a while. Ten replicates were performed for each

concentration as well as four replicates for the untreated

controls. After 48 h of exposure, the non-target organisms

were inspected for mortality and other abnormalities such

as lethargy as well as reduced swimming activity. Fur-

thermore, in order to understand the extract’s post-treat-

ment effect on survival and swimming activity, the exposed

non-target organisms were kept under continuous obser-

vation for 10 days. No food was given to the fish for the

first 48 h. Subsequently, the fish were fed with mosquito

larvae ad libitum every other day until the end of the

observation.

Data analysis

Experimental tests demonstrated that more than 20 % of

the controlled mortality was discharged and repeated.

When the controlled mortality reached 1–20 %, the

observed mortality was corrected by Abbott’s formula

(Abbott 1925) and an LC50, LC90 regression equation, and

a 95 % confidence limit (CI95) was calculated using probit

analysis (Finney 1971).

In experiments evaluating biotoxicity on non-target

organisms, the Suitability Index (SI) for each non-target

species was calculated using the following formula (Deo

et al. 1988):

SI =
LC50 of non � target organisms

LC50 of target vector species
:

Results

Essential oil

The yield of the Z. monophyllum leaf’s essential oil was

16.4 mL/kg (=1.64 %) of fresh weight. The results of EO

chemical analysis are shown in Table 1. A total of 36

compounds representing 96.2 % of the essential oil were

identified, with the major compounds being (see Fig. 1)

Germacrene D-4-ol (19.4 %) and a-Cadinol (12.3 %). The

percentage of compositions concerning the remaining 34

compounds ranged from 0.7 to 3.2 %.
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Larvicidal activity

The larvicidal activity of the essential oil and its two major

compounds against the mosquito vectors An. subpictus, Ae.

albopictus and Cx. tritaeniorhynchus is presented in

Tables 2, 3 and 4.

The comparison of LC50 and LC90 values revealed dif-

ferent sensitivities of individual mosquito species. The

highest sensitivity to the EO was shown by the larvae of

An. subpictus, for which the LC50 and LC90 values were

estimated at 41.50 and 82.19 lg/mL, respectively, while

the least sensitivity was shown by the larvae of Cx. tri-

taeniorhynchus, for which the LC50 and LC90 values were

estimated at 49.01 and 92.08 lg/mL, respectively

(Table 2). However, the difference in larval sensitivity to

the EO among individual mosquito species was not sig-

nificant (P = 0.05) because the CI95 values overlap.

Upon comparison of the estimated confidence intervals,

we can claim that the two major compounds extracted from

the Z. monophyllum EO were tested individually against

the three mosquito vector larval populations. Germacrene

D-4-ol showed a significantly higher efficacy (see Table 3)

compared to a-Cadinol (see Table 4). While LC50 for

Germacrene D-4-ol ranged from 6.12 to 7.26 lg/mL, LC50

values for a-Cadinol were estimated to be in the range from

10.27 to 12.28 lg/mL. Different sensitivities of the larvae

of individual mosquito species were also determined for

both tested major compounds. The larvae of An. subpictus

showed the highest sensitivity again, with their LD50 esti-

mated as 6.12 and 10.27 lg/mL for Germacrene D-4-ol and

a-Cadinol, respectively, while the least sensitivity was

shown by the larvae of Cx. tritaeniorhynchus with their

Table 1 Chemical composition of Zanthoxylum monophyllum

essential oil

Compound Retention

time

(Kovats

index)

Composition

(%)

Mode of

identification

trans-2-Hexenol 867 2.2 RI, MS

a-Thujene 930 1.6 RI, MS

a-Pinene 938 2.3 RI, MS

b-Pinene 982 2.6 RI, MS

b-Myrcene 991 0.8 RI, MS

a-Phellandrene 1003 1.0 RI, MS

3-Carene 1011 2.8 RI, MS

a-Terpinene 1015 1.4 RI, MS

Limonene 1026 3.2 RI, MS

1,8-Cineole 1039 2.4 RI, MS

Z-b-Ocimene 1042 1.8 RI, MS

E-b-Ocimene 1051 1.9 RI, MS

c-Terpinene 1063 2.2 RI, MS

trans-4-thujanol 1074 3.1 RI, MS

a-Terpinolene 1093 0.7 RI, MS

Cis-4-thujan 1101 2.3 RI, MS

2-Cyclohenen-1-ol 1126 1.9 RI, MS

Terpinen-4-ol 1178 2.6 RI, MS

a-Tepineol 1190 2.4 RI, MS

Dihydroneoisocarveol 1227 1.2 RI, MS

Sabinene hydrate acetate

(trans)

1252 1.8 RI, MS

a-Cubebene 1357 1.7 RI, MS

a-Copaene 1377 1.9 RI, MS

E-Caryophyllene 1424 1.0 RI, MS

a-Caryophyllene 1455 1.8 RI, MS

Germacrene D 1477 1.8 RI, MS

Bicyclogermacrene 1486 2.1 RI, MS

d-Cadinene 1521 1.2 RI, MS

Elemol 1546 2.4 RI, MS

Germacrene B 1553 1.8 RI, MS

Germacrene D-4-ol 1572 19.4 RI, MS

Tau-muurolol 1642 1.6 RI, MS

Torreyol 1646 2.8 RI, MS

b-Eudesmol 1647 0.9 RI, MS

a-Cadinol 1655 12.3 RI, MS

(E,E)-Farnesol 1724 1.3 RI, MS

Total 96.2

RI retention index, MS mass spectra

OH

OH

(a)

(b)

Fig. 1 Chemical structure of the two major constituents of Zan-

thoxylum monophyllum essential oil: a Germacrene D-4-ol, b a-
Cadinol
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LD50 estimated as 7.26 and 12.28 lg/mL for Germacrene

D-4-ol and a-Cadinol, respectively. However, given the

overlapping confidence limits we must note that the

determined differences in larval sensitivity were not sig-

nificant (P B 0.05).

Although the determined interspecies differences in

larval mortality were not significant, based on the repeated

trend the tested mosquito species can be ordered according

to their sensitivity from the most sensitive to the least

sensitive larvae as follows: An. subpictus\Ae. albopic-

tus\Cx. tritaeniorhynchus.

Effect against a non-target organism

The results of the effect on a non-target organism revealed

that the EO and its major chemical compounds are safe for

the predatory fish, Gambusia affinis. Given that the LC50

for G. affinis was estimated at 4234.07 lg/mL (Table 5),

the EO can be considered completely safe for this fish

species, which was manifested in a high suitability index/

predator safety factor, ranging from 86.39 for the least

sensitive larvae of Cx. tritaeniorhynchus to 102.02 for the

most sensitive larvae of An. subpictus (Table 6).

Compared to the EO, the fish was significantly more

sensitive to both major substances, Germacrene D-4-ol and

a-Cadinol (Table 5). Where LC50 was estimated at 414.05

and 635.12 lg/mL, these substances can be considered

only mildly toxic for fish as the index/predator safety factor

was higher than 50.

The EO as well as both tested substances caused acute

toxicity in the fish in very high doses. Surviving fish were

monitored for 10 days; no further mortality or other

abnormalities in the bodies of the G. affinis fish were

observed throughout this period.

Discussion

In our study, we explored the efficacy of an EO obtained

from the fresh leaves of Zanthoxylum monophyllum in

terms of acute toxicity for the larvae of three mosquito

species as the target carriers of serious diseases and for

their natural predator, the Gambusia affinis fish.

Although the obtained essential oil contained a complex

mixture of 36 substances, only two sesquiterpenoid alco-

hols, Germacrene D-4-ol (19.4 %) and a-Cadinol
(12.3 %), showed a major share. Although it is known that

these substances can be contained in the EOs of other plant

species of this genus, such high shares of these

sesquiterpenes have not yet been seen, based on available

literature (Setzer et al. 2005; Tiwary et al. 2007; Pitasawat

et al. 2007; Prieto et al. 2011; Rodrı́guez-Guzmán et al.

2011; Borah et al. 2012; Liu et al. 2014). Nevertheless, it

should be noted that only a few studies have focused in

Table 2 Larvicidal activity of essential oil from Zanthoxylum monophyllum against Anopheles subpictus, Aedes albopictus and Culex

tritaeniorhynchus

Mosquito species Concentration

(lg/mL)

24 h mortality

(%) ±SEa
LC50 (lg/mL)

(LCL–UCL)

LC90 (lg/mL)

(LCL–UCL)

v2 (df)

An. subpictus 20 28.4 ± 0.8 41.50 (36.74–45.71) 82.19 (76.19–90.07) 3.378 (4)

40 46.2 ± 0.4

60 68.3 ± 1.2

80 87.6 ± 0.4

100 99.1 ± 0.8

Ae. albopictus 20 25.3 ± 0.6 45.35 (40.63–49.61) 88.07 (81.65–96.57) 2.448 (4)

40 41.8 ± 0.4

60 64.5 ± 1.2

80 83.2 ± 0.8

100 97.4 ± 0.4

Cx. tritaeniorhynchus 20 21.8 ± 0.8 49.01 (44.46–53.23) 92.08 (85.45–100.85) 2.369 (4)

40 38.5 ± 1.2

60 60.4 ± 0.4

80 79.6 ± 0.6

100 96.3 ± 0.8

No mortality was observed in the control
a Values are mean ± SE of five replicates

SE standard deviation, LC50 or LC90 lethal concentration that kills 50 or 90 % of the exposed organisms. UCL 95 % upper confidence limit; LCL

95 % lower confidence limit (P\ 0.05), v2 Chi-square; df degrees of freedom
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detail on the composition of an EO obtained from the

leaves of Z. monophyllum. The different composition of

the EOs may be due to various influences such as the time

of harvest, method of obtaining the EO, plant chemotype,

course of climatic and pedological conditions, and many

other factors (Burt 2004; Bakkali et al. 2008; Pavela et al.

2009).

The EO that we studied was highly toxic for the larvae

of all three mosquito species, where LC50 was lower than

50 ppm and LC90 was \100 ppm. This is an excellent

Table 3 Larvicidal activity of Germacrene D-4-ol against Anopheles subpictus, Aedes albopictus and Culex tritaeniorhynchus

Mosquito species Concentration

(lg/mL)

24 h mortality (%) ±SEa LC50 (lg/mL)

(LCL–UCL)

LC90 (lg/mL)

(LCL–UCL)

v2 (df)

An. subpictus 3 27.9 ± 1.2 6.12 (5.40–6.75) 12.13 (11.25–13.29) 5.031 (4)

6 49.6 ± 0.6

9 68.2 ± 0.8

12 87.4 ± 0.4

15 100.0 ± 0.0

Ae. albopictus 3 24.2 ± 0.4 6.69 (5.98–7.33) 13.04 (12.09–14.29) 1.837 (4)

6 45.6 ± 0.8

9 63.4 ± 0.4

12 85.3 ± 1.2

15 97.1 ± 0.6

Cx. tritaeniorhynchus 3 20.4 ± 0.4 7.26 (6.59–7.87) 13.50 (12.55–14.75) 2.190 (4)

6 41.5 ± 0.4

9 59.3 ± 1.2

12 82.3 ± 0.6

15 96.6 ± 0.8

No mortality was observed in the control

SE standard deviation, LC50 or LC90 lethal concentration that kills 50 or 90 % of the exposed organisms. UCL 95 % upper confidence limit; LCL

95 % lower confidence limit (P\ 0.05), v2 Chi-square; df degrees of freedom
a Values are mean ± SE of five replicates

Table 4 Larvicidal activity of a-Cadinol against Anopheles subpictus, Aedes albopictus and Culex tritaeniorhynchus

Mosquito species Concentration

(lg/mL)

24 h mortality

(%) ±SEa
LC50 (lg/mL)

(LCL–UCL)

LC90 (lg/mL)

(LCL–UCL)

v2 (df)

An. subpictus 5 28.2 ± 1.2 10.27 (9.07–11.32) 20.41 (18.92–22.38) 5.898 (4)

10 49.5 ± 0.4

15 66.4 ± 0.8

20 87.3 ± 0.6

25 100.0 ± 0.0

Ae. albopictus 5 24.6 ± 0.4 11.22 (10.05–12.27) 21.66 (20.09–23.73) 3.924 (4)

10 45.2 ± 1.2

15 62.1 ± 0.8

20 84.5 ± 0.6

25 98.3 ± 0.4

Cx. tritaeniorhynchus 5 19.2 ± 1.2 12.28 (11.16–13.32) 22.85 (21.23–24.99) 2.066 (4)

10 41.8 ± 0.8

15 59.4 ± 0.6

20 80.3 ± 0.4

25 96.1 ± 0.8

No mortality was observed in the control. a Values are mean ± SE of five replicates. SE = standard deviation, LC50 or LC90 = lethal

concentration that kills 50 % or 90 % of the exposed organisms. UCL = 95 % upper confidence limit; LCL = 95 % lower confidence limit

(P\ 0.05), v2 = Chi-square; d.f. = degrees of freedom
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efficacy compared to other EOs studied for their larvicidal

activity. The larvicidal efficacy of EOs is very well sum-

marized in a study by Pavela (2015a), which provides us

with a summary of present-day knowledge of larvicidal

efficacy of EOs based on two criteria: (i) LC50 B 100 ppm

and (ii) their chemical composition is known. Although

many studies have been published, it is clear from this

study that only the EOs obtained from 122 plant species of

26 families showed LC50 B 100 ppm, and among these,

only 77 showed LC50 B 50 ppm. These plants also inclu-

ded several species of the genus Zanthoxylum (Tiwary et al.

2007; Liu et al. 2014; Pitasawat et al. 2007; Borah et al.

2012). Although our estimated lethal concentrations of the

EOs were more than 100 times higher than, for example,

that of organophosphates or pyrethroids (Shahi et al. 2015),

the complex mixture of active substances suggests that

various mechanisms of action which, through their co-ac-

tion, may prevent the development of resistance when

repeated (Bakkali et al. 2008).

Larvicidal efficacy has been known to depend primarily

on EO composition. In particular, where individual

chemotypes of the plant species can synthesize various

secondary metabolites (Pavela et al. 2009), the chemical

composition of the EOs has to be known. The EO that we

tested was a complex mixture of many substances that

showed excellent larvicidal efficacy along with a very low

toxicity for the representative of non-target organisms—G.

affinis, where the achieved suitability index reached almost

100. Substances with such a high SI are generally consid-

ered completely safe for non-target organisms, in this case,

for fish (Deo et al. 1988). Other authors have studied the

toxicity of an EO obtained from Z. alatum Roxb. in an oral

administration on mice, calculated to be 6124 lL/kg body

weight during a safety profile assessment (Prakash et al.

2012). This provides evidence of the very low toxicity of

this EO for mammals.

The pure major substances that we tested showed not only

significantly higher toxicity for the larvae but also a higher

toxicity for the fish as well. The significantly higher efficacy

of pure substances than of the EO can probably be explained

by the fact that although Germacrene D-4-ol and a-Cadinol
were detected as the major substances, their contents in the

EO reached only 19.4 and 12.3 %, respectively. This also

Table 5 Effect of Zanthoxylum monophyllum essential oil, Germacrene D-4-ol and a-Cadinol against non-target organism, Gambusia affinis

sharing the same ecological niche of Anopheles and Aedes mosquito vectors

Treatment Concentration

(lg/mL)

24 h mortality (%) ±SDa LC50 (lg/mL)

(LCL–UCL)

LC90 (lg/mL)

(LCL–UCL)

v2 (df)

Essential oil 2000 26.5 ± 1.2 4234.07 (3769.09–4648.09) 8254.07 (7657.71–9038.28) 6.062 (9)

4000 48.2 ± 0.6

6000 65.4 ± 0.4

8000 86.3 ± 0.4

10,000 100.0 ± 0.0

Germacrene D-4-ol 200 28.3 ± 0.8 414.05 (367.32–455.47) 812.29 (753.63–889.18) 3.087 (9)

400 45.2 ± 0.4

600 69.7 ± 0.6

800 88.4 ± 1.2

1000 99.1 ± 0.8

a-Cadinol 300 25.6 ± 0.6 635.12 (566.38–696.49) 1228.64 (1140.75–1343.78) 4.519 (9)

600 48.9 ± 1.2

900 64.3 ± 0.4

1200 89.2 ± 0.6

1500 99.0 ± 0.8

No mortality was observed in the control
a Values are mean ± SE of five replicates

SE standard deviation, LC50 or LC90 lethal concentration that kills 50 or 90 % of the exposed organisms. UCL 95 % upper confidence limit; LCL

95 % lower confidence limit (P\ 0.05), v2 Chi-square; df degrees of freedom

Table 6 Suitability index/predator safety factor of non-target

organism Gambusia affinis over young instars of Anopheles subpictus,

Aedes albopictus and Culex tritaeniorhynchus exposed to Zanthoxy-

lum monophyllum essential oil, Germacrene D-4-ol and a-Cadinol

Treatment An. subpictus Ae. albopictus Cx. tritaeniorhynchus

Essential oil 102.02 93.36 86.39

Germacrene

D-4-ol

67.65 61.89 57.03

a-Cadinol 61.84 56.60 51.71
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demonstrates that these major substances had a major share

in the insecticidal efficacy of the EO obtained from Z.

monophyllum. Most likely, there was no significant syner-

gistic effect between the substances that would increase the

efficacy of the complex mixture of the tested EO. Never-

theless, this phenomenon was not the subject of this study.

Mutual synergistic or antagonistic relationships among

major substances will be the focus of our further studies

given that, as has been proven, a suitable mutual ratio of

some aromatic substances may significantly increase their

insecticidal efficacy (Pavela 2014b, 2015b). Both tested

compounds can still be considered relatively safe for the fish,

given that a concentration of 20 ppm, causing 100 % mor-

tality of the mosquito larvae, resulted in no mortality of the

G. affinis, which is often used as a model non-target organ-

ism due to its potential use as predators of mosquito larvae

(Lawrence et al. 2016). Although it is difficult (with respect

to the different compositions of the EOs) to compare the

efficacy on fish achieved by us with other authors, it can be

noted that as found also by other authors, EOs and their

active substances show only a weak toxicity for fish. For

example, Stroh et al. (1998) presented the results of toxico-

logical tests on juvenile salmonids where they estimated

LC50 for thyme oil, a-terpineol and eugenol as 21.1, 6.5 and
67.6 mg/mL, respectively. As already discovered, some EOs

may be relatively friendly to non-target organisms, including

some representatives of aquatic plankton, provided that they

are used properly (Pavela 2014a), although some EOs may

also have a negative effect on aquatic plankton as shown in

some studies (Conti et al. 2014).

However, we are aware that further toxicological tests

on non-target organisms will be needed to ensure that

potential botanical larvicides based on the EO from Z.

monophyllum are completely safe for the environment. In

addition, the effect of lethal and sublethal doses on target

and non-target organisms will be a topic of our further

study, given that some EOs have shown the ability to

reduce the fecundity, fertility and vitality of insects (Pavela

2007). This knowledge could be used to determine the

optimal application dose of potential larvicides based on

this EO. Similarly, it will be important to study the mutual

synergistic and antagonistic relationships of substances

contained in the EO, given that the mutual ratios of indi-

vidual substances contained in EOs could lead to either a

significant reduction or rise in biological efficacy (Pavela

2014b, 2015b).

Conclusion

The promising results of this study indicate that the EO

obtained from the fresh leaves of Zanthoxylum monophyl-

lum, with the sesquiterpenoid alcohols Germacrene D-4-ol

and a-Cadinol constituting major shares, can be advanta-

geous as an active substance for the development of

botanical larvicides against malaria, dengue, and the Japa-

nese encephalitis mosquito vectors. As shown in our tests,

this EO provides excellent larvicidal effects and is non-toxic

for fish; moreover, it was found that the EO has a relatively

high yield (more than 16 mL from 1 kg of fresh leaves).

This plant is also available in endemic areas of the vectors.
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