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Abstract: Aedes albopictus (Skuse) is a widespread mosquito, a vector of important human arboviruses,
including Chikungunya, Dengue and Zika. It is an extremely difficult species to control even
for the onset of resistances to chemicals insecticides, therefore ecofriendly products are urgently
needed. In this study, the activity of Amaryllidaceae alkaloids and some of their semisynthetic
derivatives, of 2-methoxy-1,4-naphthoquinone and two analogues, of cyclopaldic acid and epi-
epoformin on the survival and development of Ae. albopictus larvae was evaluated. First-instar
larval exposure for 24 and 48 h to cyclopaldic acid, resulted in mortality mean per-centage of 82.4
and 96.9 respectively; 1,2-O,O-diacetyllycorine 48h post-treatment caused 84.7% mortality. Larval
and pupal duration were proved to decrease significantly when larvae were exposed to cyclopaldic
acid, 1,2-O,O-diacetyllycorine and N-methyllycorine iodide. The mean number of third-instar
larvae surviving to 2-methyl-1,4-naphthoquinone, 2-hydroxy-1,4-naphthoquinone and 2-methoxy-
1,4-naphthoquinone was significantly lower than the number of correspondent control larvae over the
time. This study indicated that 1,2-O,O′-diacetyllycorine, N-methyllycorine iodide, cyclopaldic acid
and 1,4-naphthoquinone structural derivatives have good potential for developing bioinsecticides for
mosquito control programs. The obtained results are of general interest due to the global importance
of the seri-ous human diseases such a vector is able to spread.

Keywords: Asian tiger mosquito; bioinsecticides; Amaryllidaceae alkaloids; naphthoquinones;
benzofuranones; larvicidal activity

Key Contribution: The activity of some plants (such as Amaryllidaceae alkaloids, 2-methoxy-1,4-
naphthoquinone and some of their semisynthetic derivatives) and fungal (cyclopaldic acid and
epi-epoformin) metabolites on the survival and development of Ae. albopictus larvae was evaluated.
The results indicated that 1,2-O,O′-diacetyllycorine, N-methyllycorine iodide, cyclopaldic acid and
1,4-naphthoquinone structural derivatives have good potential for developing bioinsecticides for
mosquito control programs.

1. Introduction

Aedes albopictus (Skuse) (Diptera: Culicidae), commonly known as the “Asian tiger
mosquito”, is an invasive species which spread globally from its native range in Asia to
both tropical and temperate regions [1,2]. It is a vector of several important arboviruses,
including Chikungunya, Dengue and Zika virus (ZIKV), and its role in different outbreaks
worldwide has been reported, making it a major threat to public health [3–7]. The transmis-
sion of this disease is increased even if great efforts are made to control arbovirus infections,
such as Dengue [6]. Furthermore, the ability of Ae. albopictus to carry and transmit ZIKV,
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has been established [7–9]. Mosquito control is the only way to reduce the transmission
risk to protect human populations from mosquito-transmitted diseases without an efficient
vaccine [5,10–12]. Nevertheless, this seems an extremely difficult task, as Ae. albopictus
exploits a variety of water-collecting containers.

The control of Ae. albopictus mainly relies on the reduction of larval breeding sites, in-
secticides or biological agents [13]. Non-conventional methods, such as the use of irradiated
or genetically modified mosquitoes and Wolbachia infection, are under implementation and
may be used in the future [14–16]. Insecticides can be used against both adult mosquitoes
and larvae in forms of space treatment, indoor residual spraying, and as larvicides [5,17,18].
However, insecticide resistance, already widespread in Aedes aegypti (L.), is increasing in
Ae. albopictus. Moreover, considering the very limited number of insecticides available on
the market for public health, many concerns are raised regarding the global fight against
the transmission of diseases [19,20]. In recent years, a renewed interest in biologically
active compounds from natural sources has emerged, due to the variety of their biological
activities and potential practical applications in different fields [21–27]. Furthermore, the
use of natural ecofriendly biopesticides is a strong and urgent request coming from con-
sumers and from the authorities [22,27]. Natural products, of plant and fungal origin, may
offer a wide source of active compounds from which to select environmentally friendly
alternatives as mosquito control agents. Amaryllidaceae alkaloids and their synthetic
derivatives are well known to have a wide range of biological and pharmacological activ-
ities [28,29]. Lycorine, the main Amaryllideaceae alkaloid isolated from Sternbergia lutea
(L.) Ker-Gawler [30], which is its best source (11g/dried plant kg), exhibits antitumor and
antiviral activity [31]. Furthermore, it acts as a powerful inhibitor of ascorbic acid biosyn-
thesis and of cell growth and cell division, including antitumor activity in animal and
human cell lines [32]. The derivative N-methyllycorine iodide completely suppresses HeLa
cell invasion of type I collagen, in vitro at nontoxic concentrations [28]. N-methyllycorine
iodide, 1,2-O,O′diacetyllycorine, α-dihydrolycorine, lycorine hydrochloride, and lycorine-
2-one, all derivatives from lycorine and ungeremine, isolated from Pancratium maritimum
L. [33], but also synthesized by oxidation from lycorine [34], were evaluated together with
lycorine for algicidal, bactericidal, fungicidal, herbicidal and insecticidal activities [22].

Despite numerous studies concerning the phytochemistry and pharmaceutical activi-
ties, and applications of Amaryllidaceae alkaloids [35,36], their potential for the control of
medically important insects has been poorly investigated. Only recently, some Amarylli-
daceae alkaloids, such as crinsarnine and sarniensinol and sarniensine, three new crinine
and mesembrine type alkaloids, isolated from the South African plant Nerine sarniensis
Herbert, have shown activity against the ZIKV vector Ae. aegypti [37,38].

Among fungal metabolites, epi-epoformin, a cyclohexene epoxide isolated from the
culture filtrates of Diplodia quercivora Linaldeddu and A.J.L. Phillips, a pathogen for cork
oak in Sardinia, Italy, showed multiple biological activities, including antifungal, zootoxic
and phytotoxic activity [39–41]. Cyclopaldic acid, a benzofuranone produced by several
fungi belonging to different genera [42,43], shows a wide and different range of biological
activities, such as antifungal activity [44,45], inhibits electron transport and oxidative phos-
phorylation in plant mitochondria [44,46] and also inhibits esterase activity in vitro [47].

Among the quinones, plant derived substances, 1,4-naphthoquinone structural deriva-
tives, showed larvicidal activity against Ae. aegypti, Culex pipiens pallens Coquillet and
Ochlerotatus togoi (Theobald) fourth-instar larvae [48]. In particular, among 23 compounds,
belonging to different classes of natural compounds, 2-methoxy-1,4-naphthoquinone, iso-
lated together with glanduliferins A and B, two new glucosylated steroids and α-spinasterol
from Impatiens glandulifera Royle, a plant native to Himalaya [49], showed larvicidal activity
against Ae. aegypti larvae [50] and anticancer activity in vitro in the single digit micromolar
range on three cell lines [49].

In order to find new larvicidal biopesticides, some plant and fungal metabolites,
belonging to different chemical classes of natural compounds, such as Amaryllidaceae alka-
loids, naphthoquinones, some of their derivatives and the fungal phytotoxins cyclopaldic
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acid and epi-epoformin, were evaluated against Ae. albopictus larvae. Moreover, the authors
investigated whether the alkaloids derivatives, with larvicidal activity, could also affect Ae.
albopictus development.

2. Results

The natural compounds, the lycorine semisynthetic derivatives and the commercially
available analogue of 2-methoxy-1,4-naphthoquinone used in this study are reported in
Figure 1.
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Figure 1. The structure of natural compounds, of the lycorine semisynthetic derivatives, and of the commercially available
analogues of 2-methoxy-1,4-naphthoquinone.

The results of the initial exposure screening for 48 h of Ae. albopictus first-instar larvae
to epi-epoformin, clivonine hydrochloride, 1-O-acetyllycorine, lycorine-2-one, pseudoly-
corine, ungeremine, lycorine chlorohydrate, cyclopaldic acid, 1,2-O,O-diacetyllycorine,
N-methyllycorine iodide, α-dihydrolycorine at the concentration of 100 ppm, indicated
that only four compounds had a larvicidal activity: cyclopaldic acid (96.7%), 1,2-O,O-
diacetyllycorine (80.0%), N-methyllycorine iodide (68.0%) and α-dihydrolycorine (40.0%).
No mortality was detected after exposure to distilled water and DMSO 1%.

The 24 and 48 h larvicidal activity of cyclopaldic acid, 1,2-O,O-diacetyllycorine, N-
methyllycorine iodide, α-dihydrolycorine and Device® SC-15, tested at increasing dosages
against the first-instar larvae, are presented in Figure 2, Table 1 and Table S1. A strong
larvicidal activity was exhibited at 48 h post-treatment by cyclopaldic acid at 50 and
100 ppm, (82.4 and 96.9%) and at 48 h LC50 and LC90 was 40.1 and 105.2 ppm, LC50 and LC90
was 28.1 and 60.3 ppm without correction for mortality and by 1,2-O,O-diacetyllycorine
at 50 ppm (84.7%). Device® SC-15 caused a strong larvicidal activity at 50 and 100 ppm
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(80.8 and 100.0%) at 24h, the mean mortality was 100.0% for all the concentrations tested
at 48 h. At 24 h post-treatment, Device® SC-15 LC50 and LC90 were 18.9 and 104.8 ppm,
respectively, and LC50 and LC90 were 8.8 and 59.3 ppm without correction for mortality.
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values, from five replicates, corrected using Abbotts’s formula.

Table 1. Effect of cyclopaldic acid, N-methyllycorine iodide, Device®SC-15 against Ae. albopictus
first-instar larvae. 1

LC50 (ppm)
(LCL-HCL)

24 h

LC90 (ppm)
(LCL-HCL)

24 h
χ2 (df)

LC50 (ppm)
(LCL-HCL)

48 h

LC90 (ppm)
(LCL-HCL)

48 h
χ2 (df)

Cyclopaldic acid
113.8 256.0 11.4 (28) 40.1 105.1 30.6 (28)

(91.3–157.7) (198.5–374.6) (34.6–46.3) (92.7–122.4)
102.6 * 202.5 * 12.9 (28) * 28.1 * 60.3 * 99.0 (28) *

(87.5–126.3) (168.6–258.7) (22.1–35.6) (49.7–79.4)
N-Methyllycorine iodide

177.6 380.8 11.5 (23) 78.5 176.2 23.1 (23)
(126.3–357.6) (257.4–827.1) (67.4–94.8) (147.4–224.4)

176.6 * 332.5 * 7.3 (23) * 64.5 * 128.8 * 30.5 (23) *
(132.7–294.1) (240.0–587.1) (56.3–74.9) (111.7–154.9)

Device® SC-15
18.9 104.8 4.3 a (23)

(8.0–26.3) (88.2–132.1)
8.8 * 59.3 * 12.2 a (23) *

(1.2–14.3) (50.8–72.6)
1 Probit regression analysis (LC50 and LC90) at 95% confidence interval, at 24 and 48 h post treatment, obtained
in the bioassay to evaluate the effects of cyclopaldic acid, N-methyllycorine iodide and Device® SC-15 on Ae.
albopictus first-instar larvae; LC50 = lethal concentration (ppm) that kills 50% of the exposed larvae; LC90 = lethal
concentration (ppm) that kills 90% of the exposed larvae; a = Since goodness-of-fit test is significant (p < 0.05),
a heterogeneity factor is used in the calculation of confidence limits (CL). * Data with asterisk were obtained
without correction for mortality.
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The effects of cyclopaldic acid, 1,2-O,O′-diacetyllycorine, N-methyllycorine iodide and
α-dihydrolycorine on Ae. albopictus development were presented in Table 2. Observations
on the entire larval and pupal duration showed that, at the highest concentrations, they
produced over 98% larval mortality except for N-methyllycorine iodide 50 ppm that was
75%. The latter compound, at 50 ppm, caused 48% of pupal mean mortality (Table 2).

Table 2. Effects of cyclopaldic acid, 1,2-O,O′-diacetyllycorine, N-methyllycorine iodide, and α-
dihydrolycorine on the development of Ae. albopictus. 1

Compound
Concentration

(ppm)

Larval
Mortality (%) 2

Mean Larval
Duration (Days)

± SE

Pupal Mortality
(%) 3

Mean Pupal
Duration (Days)

± SE

Control (distilled water)
7.0 (7) 6.4 ± 3.5 a 2.1 (4) 3.5 ± 2.3 a

Control (DMSO 1%)
7.0 (7) 6.6 ± 3.0 a 4.3 (4) 3.8 ± 1.9 a

Cyclopaldic acid
100 100.0 (3)
50 100.0 (5)
25 79.0 (11) 8.6 ± 1.4 b 38.1 (5) 3.1 ± 2.5 b

12.5 38.0 (28) 8.5 ± 2.5 b 16.1 (5) 3.6 ± 1.0 b
6.25 21.0 (16) 7.6 ± 2.5 b 15.2 (9) 3.6 ± 1.2 ab
3.125 13.0 (8) 7.3 ± 2.6 b 11.5 (7) 3.0 ± 1.2 ab

1,2-O,O′-Diacetyllycorine
50 98.0 (14)
25 62.0 (7) 7.3 ± 2.0 b 7.9 (7) 3.3 ± 0.9 b

12.5 44.0 (12) 7.1 ± 2.3 b 7.1 (5) 2.9 ± 0.8 b
6.25 34.0 (7) 7.1 ± 2.5 b 12.3 (7) 4.1 ± 1.3 b

N -methyllycorine iodide
100 100.00 (10)
50 75.0 (14) 7.2 ± 1.4 b 48.0 (6) 4.5 ± 1.1 cb
25 25.0 (25) 7.4 ± 2.0 b 12.0 (10) 4.8 ± 1.2 a

12.5 21.0 (22) 7.3 ± 1.7 b 12.7 (7) 3.9 ± 1.3 ab
6.25 16.0 (17) 7.2 ± 1.8 a 13.1 (6) 4.4 ± 1.2 ab

α -Dihydrolycorine
100 100.0 (9) 0.00
50 100.0 (9) 0.00
25 12.0 (15) 6.9 ± 3.1 a 5.7 (7) 4.3 ± 1.7 a

12.5 13.0 (7) 7.2 ± 3.6 a 5.7 (5) 4.1 ± 1.1 a
6.25 10.0 (5) 6.9 ± 2.7 a 4.4 (3) 3.9 ± 1.3 a

Device® SC-15
100 100.0 (1)
50 100.0 (2)
25 100.0 (2)

12.5 100.0 (2)
7 100.0 (2)

1 Larval and pupal mortality obtained in bioassays with distilled water, DMSO 1%, cyclopaldic acid, 1,2-O,O′-
diacetyllycorine, N-methyllycorine iodide, α-dihydrolycorine, and Device® SC-15, tested at different concentra-
tions, on the development of Ae. albopictus. The larval and pupal duration values obtained in the bioassays with
DMSO 1% and with each of the compounds tested were analysed by a non-parametric Kruskal–Wallis test for
multiple independent comparisons, with subsequent pair-wise Mann-Whitney U-test comparisons (p < 0.05).
Different letters indicate significant differences (p < 0.05); 2 The number of days, from the start of the bioassay, on
which dead larvae were recorded; 3 The number of days, from the pupation, on which dead pupae were recorded.

The Student’s t-test carried out on larval duration values, obtained in the control
bioassays with distilled water and DMSO 1%, revealed that the difference between the
two variables were not statistically significant (p > 0.05). The same result (p > 0.05) was
obtained comparing pupal duration.

Kruskal-Wallis test followed by pairwise Mann-Whitney U-test comparisons revealed
significant differences in the larval duration values obtained in bioassays with DMSO
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1% and with each of the three compounds tested at different concentrations (DMSO 1%-
cyclopaldic acid H = 16.4; df 4; P = 0.003; DMSO 1%-1,2-O,O-diacetyllycorine H = 9.0;
df 3; P = 0.029; DMSO 1%-N-methyllycorine iodide H = 19.5; df 4; P = 0.001). The same
test showed no significant differences in the larval duration values obtained with DMSO
1% and α-dihydrolycorine (H = 4.4; df 3; P = 0.22) (Table 2). The same statistical test
revealed significant differences in the pupal duration values obtained in bioassays with
DMSO 1% and with each of the three compounds tested at different concentrations (DMSO
1%-cyclopaldic acid H = 31.9; df 4; P = 0.00; DMSO 1%-1,2-O,O′-diacetyllycorine H = 18.1;
df 3; P = 0.00; DMSO 1%-N-methyllycorine iodide H = 15.4; df 4; P = 0.004). No significant
differences were detected in the pupal duration values obtained with DMSO 1% and
α-dihydrolycorine (H = 2.9; df 3; P = 0.399) (Table 2).

The dose-response mean mortality percentages, the LC50 and LC90 obtained in naph-
thoquinones and Device® SC-15 bioassays towards three-instar larvae, are provided in
Figure 3, Table 3 and Table S2.

2-Methyl-1,4-naphthoquinone, 2-hydroxy-1,4-naphthoquinone, at 50 and 100 ppm, led
to >94% mortality already 24 h after the start of the bioassays. Moreover, 2-methyl-1,4-
naphthoquinone at 25 ppm caused >95% mortality after 48 h. 2-Methoxy-1,4-naphthoquinone
led to 100% mortality already at 24 h, but only at 100 ppm (Table S2). Device® SC-15 caused
>80% mortality at 100 ppm 24 h after the start of the bioassay, and at 50 and 100 ppm at
48h. 2-Methyl-1,4-naphthoquinone exhibited larvicidal activity with 24, 48 and 72 h LC50
values of 24.2, 14.5, 12.1 ppm, and LC90 of 39.4, 20.7, 15.8 respectively. The LC90 values
of 2-hydroxy-1,4-naphthoquinone relating to the same time intervals, were 41.0, 39.2, and
39.6 ppm. Device® SC-15 LC90 values were 95.3, 90.6, 58.9 ppm (Table 3).

The raw data obtained by larvicidal bioassays carried out on third-instar larvae with
1,4-naphthoquinone structural derivatives and Device® SC-15, tested at the concentrations: 7,
12.5, 25, 50 and 100 ppm, were analyzed using the GLM repeated measures procedure and
Bonferroni test. GLM assessed whether the interaction between both test conditions (treatment
and control) and the changes over the time of the number of larvae survived to exposure to
compounds tested, or the number of survived control larvae, was statistically significant.
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Figure 3. Larvicidal activity of 2-methyl-1,4-naphthoquinone, 2-hydroxy-1,4-naphthoquinone and Device® SC-15 against
Ae. albopictus third-instar larvae. The larval mortality percentages, obtained at 24, 48 and 72 h, were reported as an average
of values, from five replicates.
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Table 3. Larvicidal activity of 2-methyl-1,4-naphthoquinone, 2-hydroxy-1,4-naphthoquinone and Device® SC-15 against Ae.
albopictus third-instar larvae. 1

LC50 (ppm)
(LCL-HCL)

24 h

LC90 (ppm)
(LCL-HCL)

24 h
χ2 (df)

LC50 (ppm)
(LCL-HCL)

48 h

LC90 (ppm)
(LCL-HCL)

48 h
χ2 (df)

LC50 (ppm)
(LCL-HCL)

72 h

LC90 (ppm)
(LCL-HCL)

72 h
χ2 (df)

2-Methyl-1,4-naphthoquinone
24.2 39.4 35.8 a (23) 14.5 20.7 11.6 (23) 12.1 15.8 10.2 (23)

(21.6–27.1) (35.3–45.4) (13.5–15.6) (19.1–22.9) (11.5–12.9) (14.7–17.7)
2-Hydroxy-1,4-naphthoquinone

33.7 41.0 1.8 (23) 31.9 39.2 0.8 (23) 30.9 39.6 13.9 (23)
(31.2–38.0) (37.0–48.5) (29.3–38.4) (34.5–52.0) (28.8–34.1) (35.9–46.1)

Device® SC-15
50.6 95.3 60.2 a (23) 36.4 90.6 43.4 a (23) 15.0 58.9 26.2 (23)

(42.7–60.1) (81.9–116.5) (28.8–44.4) (77.0–112.2) (9.7–19.5) (51.3–70.2)
1 Probit regression analysis (LC50 and LC90) at 95% confidence interval, obtained in larvicidal test conducted with 2-methyl-1,4-
naphthoquinone, 2-hydroxy-1,4-naphthoquinone and Device® SC-15 against Ae. albopictus third-instar larvae; LC50 = lethal concentration
(ppm) that kills 50% of the exposed larvae; LC90 = lethal concentration (ppm) that kills 90% of the exposed larvae. a = Since goodness-of-fit
test is significant (p < 0.05), a heterogeneity factor is used in the calculation of confidence limits (CL).

The analysis of the data obtained with 2-methyl-1,4-naphthoquinone at concentra-
tions 50 ppm; 2-hydroxy-1,4-naphthoquinone at 25 ppm, 2-methoxy-1,4-naphthoquinone
at 50 ppm and Device® SC-15 at all concentrations tested, revealed time × treatment
interaction effect (p < 0.01) (Table 4).

Table 4. Effect of 2-methyl-1,4-naphthoquinone, 2-hydroxy-1,4-naphthoquinone and 2-methoxy-1,4-naphthoquinone and
Device® SC-15, at different concentrations, on survival of Ae. albopictus third-instar larvae and pupae. 1

CompoundConcentration (ppm) GLM (Time × Treatment) a Bonferroni Test b

Mean Treatment
Mean Control Statistical

Significance

2-Methyl-1,4-naphthoquinone
6.25 F2.16 = 2.7 p > 0.05 19.6 ± 0.2 20.0 ± 0.2 n.s.
12.5 F2.16 = 55.6 p < 0.01 12.5 ± 0.1 20.0 ± 0.1 **
25 F2.16 = 297.8 p < 0.01 2.2 ± 0.1 20.0 ± 0.1 **
50 F2.16 = 36.0 p < 0.01 0.4 ± 0.05 20.0 ± 0.05 **

100 0.0 ± 0.0 20.0 ± 0.0 **
2-Hydroxy-1,4-naphthoquinone

6.25 F2.16 = 1.0 p > 0.05 19.9 ± 0.05 20.0 ± 0.05 n.s.
12.5 F2.16 = 2.7 p > 0.05 19.9 ± 0.06 20.0 ± 0.06 n.s.
25 F2.16 = 33.8 p < 0.01 17.5 ± 0.2 20.0 ± 0.2 **
50 0.0 ± 0.0 20.0 ± 0.0 **

100 0.0 ± 0.0 20.0 ± 0.0 **
2-Methoxy-1,4-naphthoquinone

6.25 - - 19.8 ± 0.1 20.0 ± 0.1 n.s.
12.5 F2.16 = 1.0 p > 0.05 19.9 ± 0.09 20.0 ± 0.09 n.s.
25 F2.16 = 1.0 p > 0.05 19.7 ± 0.2 20.0 ± 0.2 n.s.
50 F2.16 = 28.2 p < 0.01 16.7 ± 0.6 20.0 ± 0.6 **

100 0.0 ± 0.00 20.0 ± 0.0 **
Device® SC-15

7 F2.16 = 351.4 p < 0.01 16.0 ± 0.3 20.0 ± 0.3 **
12.5 F2.16 = 77.5 p < 0.01 14.1 ± 0.3 20.0 ± 0.3 **
25 F2.16 = 51.1 p < 0.01 12.2 ± 0.3 20.0 ± 0.3 **
50 F2.16 = 10.7 p < 0.01 3.5 ± 0.5 20.0 ± 0.5 **

100 F2.16 = 12.3 p < 0.01 2.1 ± 0.3 20.0 ± 0.3 **
1 GLM values describe the effect of time on survival of the larvae-pupae; ns = not significant; * p < 0.05; ** p < 0.01; a Values of p > 0.05
for GLM indicate that the interaction between the two conditions (treated and control) and the change over time were not statistically
significant. Values of p < 0.05 for GLM indicate that the interaction between the two conditions (treated and control) and the change over
time were statistically significant; b Differences between the means of the number of survived larvae-pupae at different 1,4-naphtoquinone
structural derivatives and concentrations in each of the experimental treatments and those of the number of related controls over time were
analyzed and adjusted with Bonferroni test for the multiple of comparisons.
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Indeed, the number of larvae surviving to compounds and product exposure signif-
icantly decreases over the time of the bioassay. The analysis of the data obtained with
compounds and product tested at all the other concentrations, revealed no time × treat-
ment interaction effect (p > 0.05) (Table 4), showing that the number of larvae surviving
to compounds exposure does not significantly decrease over the time of the bioassay. In
particular, for 2-methyl-1,4-naphthoquinone, at 12.5, 25, 50, 100 ppm, for 2-hydroxy-1,4-
naphthoquinone, at 25, 50 and 100 ppm, and for 2-methoxy-1,4-naphthoquinone at 50 and
100 ppm, the differences between the mean number of larvae survived to exposure of the
same compound were statistically significant compared to the control from the beginning to
the end of the bioassay. For the latter compound, at 25 ppm, the difference was significant
only starting from 72 h. For what concerned Device® SC-15, at 7 ppm, the differences
between the mean number of larvae survived to exposure to compound was statistically
significant compared to the control, only starting from the 48 h. At 12.5, 25, 50 and 100 ppm
the differences between the mean number of larvae survived to exposure to the product
were statistically significant compared to the control from the beginning to the end of the
bioassay. The Bonferroni test was used to assess whether the mean number of larvae that
survived the exposure to compounds and Device® SC-15 was significantly smaller than the
mean number of the surviving larvae in the control solution, over time, indicating a larvici-
dal effect of the compounds and of the product. This test revealed that the mean number
of surviving larvae exposed to: 2-methyl-1,4-naphthoquinone at 12.5, 25, 50, 100 ppm,
2-hydroxy-1,4-naphthoquinone at 25, 50, 100 ppm, 2-methoxy-1,4-naphthoquinone at 50,
100 ppm and to Device® SC-15 at all concentrations tested, was significantly smaller than
the number of correspondent control larvae, respectively, over time (Table 4).

3. Discussion

In this study, alternatives to synthetic insecticides towards Ae. albopictus larvae have
been explored testing natural compounds of different origins and belonging to different
chemical classes. Among the alkaloids semisynthetic derivatives tested, only 1,2-O,O′-
diacetyllycorine, N-methyllycorine iodide and α-dihydrolycorine showed, for the first
time, mosquito larvicidal activity. They also exhibited different degrees of effectiveness,
the first two compounds proving to be the most active (84.7 and 68.3% mean mortality)
toward Ae. albopictus first-instar larvae after 48h of treatment. Amaryllidaceae alkaloids
and their derivatives have been reported to exhibit a wide spectrum of bioactivities such
as antiproliferative activity, perhaps due to the disruption of eukaryotic protein biosyn-
thesis [51–53], and apoptosis inducers [28,54], antitumor, antiviral, acetylcholinesterase
inhibitory and cytotoxic activities [29]. Furthermore, very recently, 2-O-acetyllycorine was
proved to have a marked antiprotozoal activity against Trypanosoma brucei brucei (Plimmer
and Bradford) [55]. Such a broad spectrum of activity could explain the good larvicidal
activity demonstrated by 1,2-O,O′-diacetyllycorine and N-methyllycorine iodide toward
Ae. albopictus larvae. More recently, Han et al. [56] showed that Amaryllidaceae alkaloids,
including lycorine, exhibited considerable aphicidal activity and N-allylnorgalanthamine
displayed a significant inhibition of AChE in Aphis citricola van der Goot both in vivo and
in vitro. Among the compounds tested that were found not to be active towards Ae. albopic-
tus larvae, ungeremine was also proved to not be active towards Ae. aegypti first-instar
larvae [38].

The fungal metabolite cyclopaldic acid showed its effectiveness on larvae, not only at
the two major concentrations 50 and 100 ppm (82.4 and 96.9% mean mortality), but also
at 25 ppm at which larval mortality was 65.1% after 48h from the start of the bioassay.
Furthermore, at the higher concentrations tested (50, 100 ppm), the larval mortality values
were comparable with these obtained with the Device® SC-15. Cyclopaldic acid, as well as
some other fungal metabolites belonging to different classes of natural compounds, such as
seiridin, sphaeropsidin A and payracillic acid, showed both larvicidal and biting deterrent
activity against Ae. aegypti, a primary vector of Dengue, Yellow Fever and ZIKV [57,58].
Following these results, cyclopaldic acid could provide different management opportunities
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in different mosquito species control. Some other, mainly natural, phenols were evaluated
as potential attractants of Ceratitis capitata (Wiedemann) male, the Mediterranean fruit
fly [59]. Recently, α-costic acid, a well-known sesquiterpenoid isolated from the native
Mediterranean plant Dittrichia viscosa (L.) Greuter, had showed a significant acaricidal
activity against Varroa destructor Anderson and Trueman, the parasite mite of Apis mellifera
L., the Western or European honeybee [60]. Moreover, costic acid isomers contained in
n-hexane extracts of the same plant have been held accountable for the contact toxicity
against granary weevil adults Sitophilus granarius (L.) [61].

To our knowledge, there are no studies describing the effects of the tested Amaryl-
lidaceae alkaloids derivatives on Ae. albopictus larval and pupal development. In this
regard, cyclopaldic acid, 1,2-O,O′diacetyllycorine and N-methyllycorine iodide, tested on
first-instar larvae, caused a significant increase of the larval stage duration at almost all
the concentrations tested, while the effect on the pupal stage duration seems to be less
marked. However, cyclopaldic acid and N-methyllycorine iodide affected pupal viability,
causing 38.1% and 48.0% of mean mortality, respectively. The effects on larval and pupal
development of these compounds may be due to their growth regulating effects on larvae,
which resulted in increasing the larval stage duration and pupal mortality.

The role of alkaloids in insect growth and development was explored by some other
authors. Alkaloids extracted from Annona squamosa L. (Annonaceae) provoked the death
of larvae, pupae and adults of Anopheles stephensi Liston, an important vector of malaria.
The total developmental period was slightly reduced compared to the control; furthermore,
exposed larvae eclosed adult females with reduced fecundity and fertility [62]. In reports
by Sun et al., [63] the treatment of Spodoptera litura (Fabricius) with Cynanchum mongolicum
(Maximowicz) (Asclepiadaceae) extracts led to more than half of the resulting pupae not
moulting into adults, and also the developmental time, particularly from the third instar to
emergence, was increased. Ge et al. [64] also proved that alkaloids from the same plant
species had effects on the growth and development of S. litura; in fact, higher alkaloid
concentrations caused greater developmental disruption and mortality, mainly by 72 h
post-treatment. Furthermore, the ecdysone titre of treated larvae and pre-pupae decreased
with increasing alkaloid concentration and hormone balance disruption was very similar
to that caused by azadirachtin.

The 1,4-naphthoquinones tested proved their larvicidal activity against third-instar
larvae. Among the investigated 1,4-naphthoquinone structural analogues, 2-methyl-1,4-
naphthoquinone showed remarkable larvicidal activity at concentrations of 25, 50 and
100 ppm (75%, 94% and 100% mean mortality, respectively), after only 24 h of exposure. 2-
Hydroxy-1,4-naphthoquinone also exhibited good larvicidal activity with LD50 and LD90 of
33.7 and 41.0 ppm, respectively, at 24 h of exposure, while 2-methoxy-1,4-naphthoquinone
is effective at the highest concentration at 24 and 48 h. The latter compound caused a
comparable larvicidal activity value when tested on Ae. aegypti first-instar larvae [64] and
its activity was also proved against Ae. aegypti fourth-instar larvae [48].

Naphthoquinones, in addition to demonstrating good insecticide activity against differ-
ent species of mosquitoes, are also active against other species of insects and mites [65–67].

Our bioassays also indicated that larvicidal activity depends not only on concentration
and exposure time, but also on functional groups linked to naphthoquinones. Indeed, at
the same concentration, the naphthoquinones with different functional groups have shown
a different effectiveness on larval viability. The importance of the functional group in carry-
ing out the activity has also been highlighted in other papers concerning the toxic activity
of naphthoquinones against fourth instar Ae. aegypti, and freshwater snail Biomphalaria
glabrata (Say) [48]. The authors not only proved the larvicidal activity of 2-methyl-1,4-
naphthoquinone but also showed the relationship between the bromonaphthoquinones
activity and bromine and other substituents. Kim and Lee [68] also determined the struc-
tural toxicity relationships of 5-hydroxy-2-methyl-1,4-naphthoquinone and its structural
derivatives, against Ae. aegypti, Cx. pipiens pallens, and Oc. togoi larvae.
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Our study also showed that the larvicidal activity of cyclopaldic acid, of some of the
alkaloid derivatives and of 1,4-naphthoquinone structural analogues tested, was similar to
that of Device® SC-15.

The promising results obtained make these natural compounds worthy of consid-
eration as a bioinsecticide to control Ae. albopictus larvae, particularly mosquito larval
populations resistant to synthetic chemical insecticides. However, further studies are
required to verify their activity and possible toxic effects on non-target organisms when
they are applied to natural habitats, since these properties have not yet been investigated.
For this purpose, a suitable and effective bioformulation should also be realized. Such
compounds could be utilized in larval breeding sites, including rain-water collection areas,
peridomestic water, containers and so forth, both in urban places and rural areas. Further
investigations are needed not only to determine their potential risks to non-target organ-
isms, but also to the environment in general, including proof of their safety for humans.
Nevertheless, our results can be useful for designing vector control strategies against Ae.
albopictus to avoid spreading significant human diseases.

4. Conclusions

1,2-O,O′-diacetyllycorine, N-methyllycorine iodide, α-dihydrolycorine, cyclopaldic
acid and 1,4-naphthoquinone structural derivatives demonstrate strong larvicidal activity
against Ae. albopictus larvae. Besides causing larval mortality, cyclopaldic acid, 1,2-O,O′-
diacetyllycorine and N-methyllycorine iodide induce a significant increase of the larval
stage duration. The production of all these compounds should easily scale up at the
industrial level. In fact, lycorine derivatives can be semisynthesized from lycorine, which
can be obtained as a crystalline compound and in high yield by an ecofriendly process
from wild Sternergia lutea Ker Gawl, a plant which could also be extensively cultivated, as
well as Impatiens glandulifera Royle, to obtain 2-methoxy-1,4-naphthoquinone. Cyclopaldic
acid similarly could be obtained as a white crystal in high yield by the fermentation of
S. cupressi and its successive crystallization from water. Thus, after investigation of the
ecotoxicology effects of the most active compounds, their efficacious bioformulation could
be developed to obtain bioinsecticides with potential practical applications for the control
of mosquitoes.

5. Materials and Methods
5.1. Insects

First and third-instar larvae of Ae. albopictus, reared in 2 L plastic jars containing
distilled water (1L) and 50 g of insect diet (50% of tuna fish flour, 50% of bovine liver
powder and a standard dose of Vitamin Mix equal to 0.4 g in 100 mL of solution) were
purchased from Centro Agricoltura Ambiente “G. Nicoli” (Crevalcore, Bologna, Italy),
where the mosquito strain used for the study was reared for 63 generations under controlled
conditions [69]. Jars with larvae were maintained at 27 ± 2 ◦C, 90 ± 5% relative humidity
(R.H.), 14:10 L:D photoperiod.

5.2. Natural Compounds Tested

Lycorine was obtained from acid extraction of S. lutea bulbs collected in Apulia coast [30];
1,2-O,O’-diacetyllycorine, 1-O-acetyllycorine, lycorine-2-one and α-dihydrolycorine were
prepared from lycorine as previously reported [70] as well as lycorine chlorohydrate [40].
Clivonine hydrochloride was kindly supplied from Professor C. Fuganti, Istituto di Chimica,
Politecnico di Milano, Italy as well as N-methyl lycorine iodide was a generous gift from
Professor H. M. Fales, Department of Health, Education and Welfare, Bethesda, MD 20014,
U.S.A. Ungeremine was extracted from bulbs of Egyptian P. maritimum [33] and also ob-
tained by Se2O oxidation from lycorine [34]. Pseudolycorine was obtained from bulbs of
Narcissus tazetta subsp. tazetta L., collected in Turkey [71]. Epi-epoformin was extracted from
the culture filtrates of D. quercivora [39]. 2-methoxy-1,4-naphthoquinone was obtained from
the organic extract of I. glandulifera [49]. 2-Methyl-1,4-naphthoquinone and 2-hydroxy-1,4-
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naphthoquinone were purchased from Sigma-Aldrich, Milan, Italy. Cyclopaldic acid was
extracted from the culture filtrates of S. cupressi [44]. The purity (>98%) of the natural and
semisynthetic compounds was ascertained by HPLC, 1H NMR and ESI MS spectra.

5.3. Larvicidal Tests

The larvicidal activity of the compounds was evaluated according to WHO standardized
procedures and guidelines for larvicidal testing [72]. An initial screening with epi-epoformin,
clivonine hydrochloride, 1-O-acetyllicorine, lycorine-2-one, pseudolycorine, ungeremine, ly-
corine chlorohydrate, cyclopaldic acid, 1,2-O,O′-diacetyllycorine, N-methyllycorine iodide
and α-dihydrolycorine, tested at concentration of 100 ppm, was carried out. Twenty-four
replicates, each consisting of 5 first-instar larvae, were utilized for each compound concentra-
tion as well as for the controls. Since dimethyl sulfoxide (DMSO) 1% was used to solubilize
the compounds tested, distilled water and DMSO 1% were used as controls. The larvae were
transferred by using a 20 µL micropipette with a drop of water in a 24-well polystyrene clear
flat bottom plate with a lid, provided with 50 µL of 5% insect diet and exposed to a total
volume of 2 mL of compound solutions and controls for each well. The number of living
larvae was recorded 24 and 48 h post treatment. The larvae that showed no signs of movement
after probing with a needle were considered dead. Bioassays were conducted at 27 ± 1 ◦C,
90 ± 5% relative humidity (R.H.) and a photoperiod of 14:10 L:D.

Based on the results of this initial screening, new bioassays were conducted to evaluate
the effects of cyclopaldic acid, 1,2-O,O′-diacetyllycorine, N-methyllycorine iodide and α-
dihydrolycorine, tested at increasing dosages on the development of Ae. albopictus until
adult emergence. All compounds, except 1,2-O,O′-diacetyllycorine, were tested at 6.125,
12.5, 25, 50 and 100 ppm, for solubility problems 1,2-O,O′-diacetyllycorine was not tested
at 100 ppm. The insecticide Device® SC-15 (based on Diflubenzuron) for mosquito larvae
was used as a positive control and was tested at 7, 12.5, 25, 50 and 100 ppm. Twenty
first-instar larvae were transferred in 100-mL beakers, provided with 100 µL of 5% insect
diet and were exposed to compound solutions and to controls. Five replicates were utilized
for each concentration, for Device® SC-15, as well as for the controls. The number of
living insects was recorded every 24 h from the first-instar to adult emergence. The larval
mortality percentages, obtained at 24 and 48 h, were reported as an average of values
from five replicates, corrected using Abbotts’s formula [73]. For calculating LC50 and
LC90 at 95% confidence interval, the data obtained by the larval mortality at 24 and 48 h
were corrected using Abbott’s formula, transformed into arcsine/proportion values and
then were subjected to probit regression analysis [74,75]. In addition, for calculating LC50
and LC90 at 95% confidence interval, the data obtained by the larval mortality at 24 and
48 h were subjected to probit regression analysis without any kind of transformation and
without correction for mortality.

The total larval and pupal mortality was estimated by counting the dead samples
during the entire bioassay. Larval mortality was expressed in percentage according to
the initial number of larvae, pupal mortality percentage was estimated according to the
total number of pupae obtained. The total number of days from the start of the bioassay,
on which dead larvae were recorded, and the total number of days from the pupation,
on which dead pupae were recorded, were also reported. The mean larval duration was
obtained by multiplying the number of days, exerted by the larvae to develop in pupae, by
the number of pupae obtained on these days in each replicate; these values were summed
and the total was divided by the total number of larvae developed in pupae. The mean
pupal duration was obtained by multiplying the number of days, exerted by the pupae to
develop in adults, by the number of adults obtained in each replicate; these values were
summed and the total was divided by the total number of pupae developed in adults.

The mean larval development time values obtained in the control bioassays with
distilled water and DMSO 1% were analyzed by Student’s t-test (p = 0.05) for independent
samples. The same statistical analysis was carried out on distilled water and DMSO 1%
pupal duration values. The non-parametric Kruskal-Wallis test for multiple independent
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comparisons followed by pairwise Mann–Whitney U-test comparisons (p < 0.05) were used
to compare the larval and the pupal duration values obtained in the bioassays with DMSO
1% and with each of the compounds tested.

2-Methyl-1,4-naphtoquinone, 2-hydroxy-1,4-naphtoquinone and 2-methoxy-1,4-naph-
toquinone were tested at 100, 50, 25, 12.5 and 6.125 ppm towards third-instar larvae. Dis-
tilled water and DMSO 1% were used as controls and the insecticide Device® SC-15 as
the positive control. The larvae were transferred in 100-mL beakers, were exposed to test
compounds and the number of dead larvae in each beaker was recorded 24, 48 and 72 h
after the start of the bioassays. Five replicates, each consisting of 20 three-instar larvae,
were utilized for each concentration as well as for the controls. In naphthoquinones tests,
no mortality was detected in controls after exposure, so no correction was required based
on Abbott’s formula. The mean of the mortality percentages, at each concentration, was de-
termined. The values of dead larvae obtained by the bioassays, at different concentrations,
were subjected to probit regression analysis for estimation the mean lethal concentration
values (LC50 and LC90) at 95% confidence interval [74].

The raw data on larval-pupal survival obtained after 24, 48 and 72h after the start of
the 1,4-naphthoquinone structural derivatives and Device® SC-15 bioassays were analyzed
using the General Linear Model (GLM) for repeated measures (over time) procedure and
compared by using a one-way correlated analysis of variance (Tests of within-subjects
effects). The differences between the means of the number of survivors in each of the
bioassays, carried out using different concentrations of 1,4-naphthoquinone structural
analogues and of Device® SC-15, and the means of the number of survived larvae-pupae of
related controls over time were analyzed and adjusted with Bonferroni test [76] for multiple
comparisons. The Bonferroni test was also used to assess whether the mean number of
larvae and pupae surviving to exposure to the same concentration of 1,4-naphthoquinone
structural derivatives and of Device® SC-15 and the mean number of larvae and pupae
surviving in control solution, at different time of exposure, were significantly different.

All the statistical analyses were performed by Statistical Package for Social Sciences
(SPSS), version 20.0 for Windows software (SPSS Inc., Chicago, IL, USA).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/toxins13040285/s1, Table S1: Larvicidal activity of α-dihydrolycorine against Ae. albopictus first-
instar larvae., Table S2: Larvicidal activity of 2-methoxy-1,4-naphthoquinone against Ae. albopictus
third-instar larvae.

Author Contributions: Conceptualization, S.G., A.E. and A.D.C.; Data curation, S.G., A.E. and
A.D.C.; Formal analysis, S.G. and P.G.; Investigation, S.G., M.M., P.G. and A.E.; Methodology, S.G.,
A.E. and A.D.C.; Supervision, S.G., A.E. and A.D.C.; Writing – original draft, S.G., P.G. and A.E.;
Writing—review & editing, A.E. and A.D.C. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: Data is contained within the article.

Acknowledgments: We thank “Centro Agricoltura Ambiente Giorgio Nicoli”, in particular Arianna
Puggioli for her availability and valuable advice.

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

References
1. Benedict, M.Q.; Levine, R.S.; Hawley, W.A.; Lounibos, L.P. Spread of the tiger: Global risk of invasion by the mosquito Aedes

albopictus. Vector Borne Zoonotic Dis. 2007, 7, 76–85. [CrossRef]

https://www.mdpi.com/article/10.3390/toxins13040285/s1
https://www.mdpi.com/article/10.3390/toxins13040285/s1
http://doi.org/10.1089/vbz.2006.0562


Toxins 2021, 13, 285 13 of 15

2. Caminade, C.; Medlock, J.M.; Ducheyne, E.; McIntyre, K.M.; Leach, S.; Baylis, M.; Morse, A.P. Suitability of European climate for
the Asian tiger mosquito Aedes albopictus: Recent trends and future scenarios. J. R. Soc. Interface 2012, 9, 2708–2717. [CrossRef]

3. Gratz, N.G. Critical review of the vector status of Aedes albopictus. Med. Vet. Entomol. 2004, 18, 215–227. [CrossRef]
4. Medlock, J.M.; Hansford, K.M.; Schaffner, F.; Versteirt, V.; Hendrickx, G.; Zeller, H.; Bortel, W.V. A review of the invasive

mosquitoes in Europe: Ecology, public health risks, and control options. Vector Borne Zoonotic Dis. 2012, 12, 435–447. [CrossRef]
[PubMed]

5. Bonizzoni, M.; Gasperi, G.; Chen, X.; James, A.A. The invasive mosquito species Aedes albopictus: Current knowledge and future
perspectives. Trends Parasitol. 2013, 29, 460–468. [CrossRef] [PubMed]

6. Gubler, D.J. The changing epidemiology of yellow fever and dengue, 1900 to 2003: Full circle? Comp. Immunol. Microbiol. Infect.
Dis. 2004, 27, 319–330. [CrossRef] [PubMed]

7. Faye, O.; Freire, C.C.; Iamarino, A.; Faye, O.; de Oliveira, J.V.; Diallo, M.; Zanotto, P.M.A.; Sall, A.A. Molecular evolution of Zika
virus during its emergence in the 20(th) century. PLoS Negl. Trop. Dis. 2014, 8, e2636. [CrossRef]

8. Dasti, J.I. Zika virus infections: An overview of current scenario. Asian Pac. J. Trop. Med. 2016, 9, 621–625. [CrossRef]
9. Li, R.; Ding, J.; Ding, G.; Fan, X.; He, Y.; Wang, X.; Zhang, H.; Ji, J.; Li, H. Zika virus infections, a review. Radiol. Infect. Dis. 2017, 4,

88–93. [CrossRef]
10. Townson, H.; Nathan, M.B.; Zaim, M.; Guillet, P.; Manga, L.; Bos, R.; Kindhauser, M. Exploiting the potential of vector control for

disease prevention. B World Health Organ. 2005, 83, 942–947.
11. Alphey, L.; Benedict, M.; Bellini, R.; Clark, G.G.; Dame, D.A.; Service, M.W.; Dobson, S.L. Sterile-insect methods for control of

mosquito-borne diseases: An analysis. Vector Borne Zoonotic Dis. 2010, 10, 295–311. [CrossRef] [PubMed]
12. Rainey, S.M.; Shah, P.; Kohl, A.; Dietrich, I. Understanding the Wolbachia-mediated inhibition of arboviruses in mosquitoes:

Progress and challenges. J. Gen. Virol. 2014, 95, 517–530. [CrossRef]
13. McGraw, E.A.; O’Neill, S.L. Beyond insecticides: New thinking on an ancient problem. Nat. Rev. Microbiol. 2013, 11, 181–193.

[CrossRef]
14. Bellini, R.; Albieri, A.; Balestrino, F.; Carrieri, M.; Porretta, D.; Urbanelli, S.; Calvitti, M.; Moretti, R.; Maini, S. Dispersal and

survival of Aedes albopictus (Diptera: Culicidae) males in Italian urban areas and significance for sterile insect technique application.
J. Med. Entomol. 2010, 47, 1082–1091. [CrossRef]

15. Bourtzis, K.; Dobson, S.L.; Xi, Z.; Rasgon, J.L.; Calvitti, M.; Moreira, L.A.; Bossin, H.C.; Moretti, R.; Baton, L.A.; Hughes, G.L.; et al.
Harnessing mosquito-Wolbachia symbiosis for vector and disease control. Acta Trop. 2014, 132, S150–S163. [CrossRef]

16. Mancini, M.V.; Herd, C.S.; Ant, T.H.; Murdochy, S.M.; Sinkins, S.P. Wolbachia strain wAu efficiently blocks arbovirus transmission
in Aedes albopictus. PLoS. Negl. Trop. Dis. 2020, 14, e0007926. [CrossRef] [PubMed]

17. Lees, R.S.; Gilles, J.R.L.; Hendrichs, J.; Vreysen, M.J.B.; Bourtzis, K. Back to the future: The sterile insect technique against
mosquito disease vectors. Curr. Opin. Insect. Sci. 2015, 10, 156–162. [CrossRef] [PubMed]

18. Weeratunga, P.; Rodrigo, C.; Fernando, S.D.; Rajapakse, S. Control methods for Aedes albopictus and Aedes aegypti (Protocol)’.
Cochrane Database Syst Rev. 2017, 8. [CrossRef]

19. Grigoraki, L.; Pipini, D.; Labbé, P.; Chaskopoulou, A.; Weill, M.; Vontas, J. Carboxylesterase gene amplifications associated with
insecticide resistance in Aedes albopictus: Geographical distribution and evolutionary origin. PLoS Negl. Trop. Dis. 2017, 11,
e0005533. [CrossRef] [PubMed]

20. Dusfour, I.; Vontas, J.; David, J.P.; Weetman, D.; Fonseca, D.M.; Corbel, V.; Raghavendra, K.; Coulibaly, M.B.; Martins, A.J.; Kasai,
S.; et al. Management of insecticide resistance in the major Aedes vectors of arboviruses: Advances and challenges. PLoS Negl Trop
Dis. 2019, 13, e0007615. [CrossRef]

21. Balde, E.S.; Andolfi, A.; Bruyère, C.; Cimmino, A.; Lamoral-Theys, D.; Vurro, M.; Van Damme, M.; Altomare, C.; Mathieu, V.;
Kiss, R.; et al. Investigations of fungal secondary metabolites with potential anticancer activity. J. Nat. Prod. 2010, 73, 969–971.
[CrossRef]

22. Schrader, K.K.; Andolfi, A.; Cantrell, C.L.; Cimmino, A.; Duke, S.O.; Osbrink, W.; Wedge, D.E.; Evidente, A. A survey of
phytotoxic microbial and plant metabolites as potential natural products for pest management. Chem. Biodivers. 2010, 7,
2261–2280. [CrossRef]

23. Van Goietsenoven, G.; Andolfi, A.; Lallemand, B.; Cimmino, A.; Lamoral-Theys, D.; Gras, T.; Abou-Donia, A.; Dubois, J.;
Lefranc, F.; Mathieu, V.; et al. Amaryllidaceae alkaloids belonging to different structural subgroups display activity against
apoptosis-resistant cancer cells. J. Nat. Prod. 2010, 73, 1223–1227. [CrossRef]

24. Cimmino, A.; Evidente, A.; Mathieu, V.; Andolfi, A.; Lefranc, F.; Kornienko, A.; Kiss, R. Phenazines and cancer. Nat. Prod. Rep.
2012, 29, 487–501. [CrossRef]

25. Avolio, F.; Rimando, A.M.; Cimmino, A.; Andolfi, A.; Jain, S.; Tekwani, B.L.; Evidente, A. Inuloxins A-D and derivatives as
antileishmanial agents: Structure-activity relationship study. J. Antibiot. 2014, 67, 597–601. [CrossRef]

26. Evidente, A.; Kornienko, A.; Cimmino, A.; Andolfi, A.; Lefranc, F.; Mathieu, V.; Kiss, R. Fungal metabolites with anticancer
activity. Nat. Prod. Rep. 2014, 31, 617–627. [CrossRef] [PubMed]

27. Cimmino, A.; Masi, M.; Evidente, M.; Superchi, S.; Evidente, A. Fungal phytotoxins with potential herbicidal activity: Chemical
and biological characterization. Nat. Prod. Rep. 2015, 32, 1629–1653. [CrossRef] [PubMed]

http://doi.org/10.1098/rsif.2012.0138
http://doi.org/10.1111/j.0269-283X.2004.00513.x
http://doi.org/10.1089/vbz.2011.0814
http://www.ncbi.nlm.nih.gov/pubmed/22448724
http://doi.org/10.1016/j.pt.2013.07.003
http://www.ncbi.nlm.nih.gov/pubmed/23916878
http://doi.org/10.1016/j.cimid.2004.03.013
http://www.ncbi.nlm.nih.gov/pubmed/15225982
http://doi.org/10.1371/journal.pntd.0002636
http://doi.org/10.1016/j.apjtm.2016.05.010
http://doi.org/10.1016/j.jrid.2017.01.002
http://doi.org/10.1089/vbz.2009.0014
http://www.ncbi.nlm.nih.gov/pubmed/19725763
http://doi.org/10.1099/vir.0.057422-0
http://doi.org/10.1038/nrmicro2968
http://doi.org/10.1603/ME09154
http://doi.org/10.1016/j.actatropica.2013.11.004
http://doi.org/10.1371/journal.pntd.0007926
http://www.ncbi.nlm.nih.gov/pubmed/32155143
http://doi.org/10.1016/j.cois.2015.05.011
http://www.ncbi.nlm.nih.gov/pubmed/29588003
http://doi.org/10.1002/14651858.CD012759
http://doi.org/10.1371/journal.pntd.0005533
http://www.ncbi.nlm.nih.gov/pubmed/28394886
http://doi.org/10.1371/journal.pntd.0007615
http://doi.org/10.1021/np900731p
http://doi.org/10.1002/cbdv.201000041
http://doi.org/10.1021/np9008255
http://doi.org/10.1039/c2np00079b
http://doi.org/10.1038/ja.2014.47
http://doi.org/10.1039/C3NP70078J
http://www.ncbi.nlm.nih.gov/pubmed/24651312
http://doi.org/10.1039/C5NP00081E
http://www.ncbi.nlm.nih.gov/pubmed/26443032


Toxins 2021, 13, 285 14 of 15

28. Evidente, A.; Artem, S.; Kireev, A.R.; Jenkins, A.R.; Romero, A.E.; Steelant, W.F.A.; Van Slambrouck, S.; Kornienko, A. Biological
evaluation of structurally diverse Amaryllidaceae alkaloids and their synthetic derivatives: Discovery of novel leads for anticancer
drug design. Planta Med. 2009, 5, 1–7. [CrossRef] [PubMed]

29. He, M.; Qu, C.; Gao, O.; Hu, X.; Hong, X. Biological and pharmacological activities of Amaryllidaceae alkaloids. RSC Adv. 2015.
[CrossRef]

30. Evidente, A.; Iasiello, I.; Randazzo, G. An improved method for the large-scale preparation of lycorine. Chem. Ind. 1984, 348–349.
31. Cook, J.W.; Loudon, J.D. The alkaloids; Academic Press: New York, NY, USA, 1952; p. 331.
32. Lamoral-Theys, D.; Andolfi, A.; van Goietsenoven, G.; Cimmino, A.; Le Calve, B.; Wauthoz, N.; Mégalizzi, V.; Gras, T.; Bruyère,

C.; Dubois, J.; et al. Lycorine, the main phenanthridine Amaryllidaceae alkaloid, exhibits significant antitumor activity in cancer
cells that display resistance to proapoptotic stimuli: An investigation of structure-activity relationship and mechanistic insight. J.
Med. Chem. 2009, 52, 6244–6256. [CrossRef]

33. Abou-Donia, A.H.; Abib, A.A.; El Din, A.S.; Evidente, A.; Gaber, M.; Scopa, A. Two betaine-type alkaloids from Egyptian
Pancratium Marit. Phytochem. 1992, 31, 2139–2141. [CrossRef]

34. Evidente, A.; Randazzo, G.; Surico, G.; Lavermicocca, P.; Arrigoni, O. Degradation of lycorine by Pseudomonas species strain ITM
311. J. Nat. Prod. 1985, 48, 564–570. [CrossRef]

35. Kornienko, A.; Evidente, A. Chemistry, biology, and medicinal potential of narciclasine and its congeners. Chem. Rev. 2008, 108,
1982–2014. [CrossRef]

36. Cimmino, A.; Masi, M.; Evidente, M.; Superchi, S.; Evidente, A. Amaryllidaceae alkaloids: Absolute configuration and biological
activity. Chirality 2017, 29, 486–499. [CrossRef]

37. Masi, M.; Cala, A.; Tabanca, N.; Cimmino, A.; Green, I.R.; Bloomquist, J.R.; van Otterlo, W.A.L.; Macias, F.A.; Evidente, A.
Alkaloids with activity against the Zika virus vector Aedes aegypti (L.)-Crinsarnine and sarniensinol, two new crinine and
mesembrine type alkaloids isolated from the South African plant Nerine sarniensis. Molecules 2016, 21, 1432. [CrossRef]

38. Masi, M.; van der Westhuyzen, A.E.; Tabanca, N.; Evidente, M.; Cimmino, A.; Green, I.R.; Bernier, U.R.; Becnel, J.J.; Bloomquist,
J.R.; van Otterlo, W.A.L.; et al. Sarniensine, a mesembrine-type alkaloid isolated from Nerine sarniensis, an indigenous South
African Amaryllidaceae, with larvicidal and adulticidal activities against Aedes aegypti. Fitoterapia 2017, 116, 34–38. [CrossRef]
[PubMed]

39. Andolfi, A.; Maddau, L.; Basso, S.; Linaldeddu, B.T.; Cimmino, A.; Scanu, B.; Deidda, A.; Tuzi, A.; Evidente, A. Diplopimarane, a
20-nor-ent-pimarane produced by the oak pathogen Diplodia quercivora. J. Nat. Prod. 2014, 77, 2352–2360. [CrossRef] [PubMed]

40. Cala, A.; Masi, M.; Cimmino, A.; Molinillo, J.M.G.; Macias, F.A.; Evidente, A. (+)-epi-Epoformin, a phytotoxic fungal cyclohex-
enepoxide: Structure activity relationships. Molecules 2018, 23, 1529. [CrossRef] [PubMed]

41. Masi, M.; Maddau, L.; Linaldeddu, B.T.; Scanu, B.; Evidente, A.; Cimmino, A. Bioactive metabolites from pathogenic and
endophytic fungi of forest trees. Curr. Med. Chem. 2018, 25, 208–252. [CrossRef]

42. Brillinger, G.U.; Heberle, W.; Weber, B.; Achenbach, H. Metabolic products of microorganisms. 167. Cyclopaldic acid from
Aspergillus duricaulis. 1 Production, isolation and biological properties. Arch. Microbiol. 1978, 116, 245–252. [CrossRef]

43. Turner, W.B.; Aldridge, D.C. Polyketides. In The fungal metabolites II; Turner, W.B., Aldridge, D.C., Eds.; Academic Press: New
York, NY, USA, 1983; p. 68.

44. Graniti, A.; Sparapano, L.; Evidente, A. Cyclopaldic acid, a major phytotoxic metabolite of Seiridium cupressi, the pathogen of a
canker disease of cypress. Plant Pathol. 1992, 41, 563–568. [CrossRef]

45. Barilli, E.; Cimmino, A.; Masi, M.; Evidente, M.; Rubiales, D.; Evidente, A. Inhibition of early development stages of rust fungi by
the two fungal metabolites cyclopaldic acid and epi-epoformin. Pest. Manag. Sci. 2017, 73, 1161–1168. [CrossRef] [PubMed]

46. White, G.A.; Elliot, W.B. Inhibition of electron transport and oxidative phosphorylation in plant mitochondria by gladiolic acid
and structurally related aromatic ortho-dialdehydes. Can. J. Biochem. Physiol. 1980, 58, 9–22. [CrossRef] [PubMed]

47. Guilbault, G.G.; Kramer, D.N. Fluorimetric determination of lipase, acylase, alpha- and gamma-chymotrypsin and inhibitors of
these enzymes. Anal. Chem. 1964, 36, 409–412. [CrossRef]

48. Ribeiro, K.A.L.; Monteiro de Carvalho, C.; Molina, M.T.; Pereira Lima, E.; López-Montero, E.; Reys, J.R.M.; Farias de Oliveira,
M.B.; Ventura Pinto, A.; Santana, A.E.G.; Goulart, M.O.F. Activities of naphthoquinones against Aedes aegypti (Linnaeus, 1762)
(Diptera: Culicidae), vector of dengue and Biomphalaria glabrata (Say, 1818), intermediate host of Schistosoma mansoni. Acta Tropica.
2009, 111, 44–50. [CrossRef]

49. Cimmino, A.; Mathieu, V.; Evidente, M.; Ferderin, M.; Banuls, L.M.Y.; Masi, M.; De Carvalho, A.; Kiss, R.; Evidente, A.
Glanduliferins A and B, two new glucosylated steroids from Impatiens glandulifera, with in vitro growth inhibitory activity in
human cancer cells. Fitoterapia 2016, 109, 138–145. [CrossRef] [PubMed]

50. Masi, M.; Cimmino, A.; Tabanca, N.; Becnel, J.J.; Bloomquist, J.R.; Evidente, A. A survey of bacterial, fungal and plant metabolites
against Aedes aegypti (Diptera: Culicidae), the vector of yellow and dengue fevers and Zika virus. Open Chem. 2017, 15, 56–166.
[CrossRef]

51. Carrasco, L.; Fresno, M.; Vazquez, D. Narciclasine: An antitumor alkaloid which blocks peptide bond formation by eukaryotic
ribosomes. FEBS Lett. 1975, 52, 236–239. [CrossRef]

52. Jimenez, A.; Sanchez, L.; Vazquez, D. Location of resistance to the alkaloid narciclasine in the 60S ribosomal subunit. FEBS Lett.
1975, 55, 53–56. [CrossRef]

http://doi.org/10.1055/s-0029-1185340
http://www.ncbi.nlm.nih.gov/pubmed/19235683
http://doi.org/10.1039/C4RA14666B
http://doi.org/10.1021/jm901031h
http://doi.org/10.1016/0031-9422(92)80381-N
http://doi.org/10.1021/np50040a008
http://doi.org/10.1021/cr078198u
http://doi.org/10.1002/chir.22719
http://doi.org/10.3390/molecules21111432
http://doi.org/10.1016/j.fitote.2016.11.007
http://www.ncbi.nlm.nih.gov/pubmed/27864138
http://doi.org/10.1021/np500258r
http://www.ncbi.nlm.nih.gov/pubmed/25365236
http://doi.org/10.3390/molecules23071529
http://www.ncbi.nlm.nih.gov/pubmed/29941851
http://doi.org/10.2174/0929867324666170314145159
http://doi.org/10.1007/BF00417847
http://doi.org/10.1111/j.1365-3059.1992.tb02454.x
http://doi.org/10.1002/ps.4438
http://www.ncbi.nlm.nih.gov/pubmed/27624539
http://doi.org/10.1139/o80-003
http://www.ncbi.nlm.nih.gov/pubmed/6248181
http://doi.org/10.1021/ac60208a052
http://doi.org/10.1016/j.actatropica.2009.02.008
http://doi.org/10.1016/j.fitote.2015.12.016
http://www.ncbi.nlm.nih.gov/pubmed/26732071
http://doi.org/10.1515/chem-2017-0019
http://doi.org/10.1016/0014-5793(75)80813-1
http://doi.org/10.1016/0014-5793(75)80955-0


Toxins 2021, 13, 285 15 of 15

53. Jimenez, A.; Santos, A.; Alonso, G.; Vasquez, D. Inhibitors of protein synthesis in eukariotic cells. Comparative effects of some
Amaryllidaceae alkaloids. Biochim. Biophys. Acta. 1976, 425, 342–348. [CrossRef]

54. Nair, J.J.; van Staden, J.; Bastida, J. Apoptosis-inducing effects of Amaryllidaceae alkaloids. Curr. Med. Chem. 2016, 23, 161–185.
[CrossRef]

55. Nair, J.J.; van Staden, J. Antiprotozoal alkaloid principles of the plant family Amaryllidaceae. Bioorg. Med. Chem. Lett. 2019, 29,
126642. [CrossRef]

56. Han, H.; Xie, N.; Zhong, C.; Su, A.; Hui, X.; Zhang, X.; Jin, Z.; Li, Z.; Feng, J.; He, J. Aphicidal activities of Amaryllidaceae
alkaloids from bulbs of Lycoris radiata against Aphis citricola. Ind. Crop Prod. 2018, 123, 372–378.

57. Cimmino, A.; Andolfi, A.; Avolio, F.; Ali, A.; Tabanca, N.; Khan, I.A.; Evidente, A. Cyclopaldic acid, seiridin, and sphaeropsidin
A as fungal phytotoxins, and larvicidal and biting deterrents against Aedes aegypti (Diptera: Culicidae): Structure activity
relationships. Chem. Biodivers. 2013, 10, 1239–1251. [CrossRef] [PubMed]

58. Cimmino, A.; Evidente, M.; Masi, M.; Ali, A.; Tabanca, N.; Khan, I.A.; Evidente, A. Papyracillic acid and its derivatives as biting
deterrents against Aedes aegypti (Diptera: Culicidae): Structure–activity relationships. Med. Chem. Res. 2015, 24, 3981–3989.
[CrossRef]

59. Tabanca, N.; Masi, M.; Epsky, N.D.; Nocera, P.; Cimmino, A.; Kendra, P.E.; Niogret, J.; Evidente, A. Laboratory evaluation of
natural and synthetic aromatic compounds as potential attractants for male Mediterranean fruit Fly, Ceratitis capitata. Molecules
2019, 24, 2409. [CrossRef] [PubMed]

60. Cimmino, A.; Freda, F.; Santoro, E.; Superchi, S.; Evidente, A.; Cristofaro, M.; Masi, M. α-Costic acid, a plant sesquiterpene with
acaricidal activity against Varroa destructor parasitizing the honey bee. Nat. Prod. Res. 2019, 1–8. [CrossRef]

61. Rotundo, G.; Paventi, G.; Barberio, A.; De Cristofaro, A.; Notardonato, I.; Russo, M.V.; Germinara, G.S. Biological activity of
Dittrichia viscosa (L.) Greuter extracts against adult Sitophilus granarius (L.) (Coleoptera, Curculionidae) and identification of active
compounds. Sci. Rep. 2019, 9, 6429. [CrossRef] [PubMed]

62. Saxena, R.C.; Harshan, V.; Saxena, A.; Sukumaran, P.; Sharma, M.C.; Lakshamana Kumar, M. Larvicidal and chemosterilant
activity of Annona squamosa alkaloids against Anopheles stephensi. J. Am. Mosq. Control. Assoc. 1993, 9, 84–87.

63. Sun, H.; Fu, X.; Chen, X.; Shi, W.P. Toxicity and influences of the alkaloids from Cynanchum mongolicum AL. Iljinski (Asclepiadaceae)
on growth and cuticle components of Spodoptera litura Fabricius (Noctuidae) larvae. Nat. Prod. Res. 2012, 26, 903–912. [CrossRef]
[PubMed]

64. Ge, Y.; Liu, P.; Yang, R.; Zhang, L.; Chen, H.; Camara, I.; Liu, Y.; Shi, W. Insecticidal constituents and activity of alkaloids from
Cynanchum mongolicum. Molecules 2015, 20, 17483–17492. [CrossRef] [PubMed]

65. Pavela, R. Efficacy of naphthoquinones as insecticides against the house fly, Musca domestica L. Ind. Crops Prod. 2013, 43, 745–750.
[CrossRef]

66. Cespedes, C.L.; Lina-Garcia, L.; Kubo, I.; Salazar, J.R.; Ariza-Castolo, A.; Alarcon, J.; Aqueveque, P.; Werner, E.; Seigler, D.S.
Calceolaria integrifolia s.l. complex, reduces feeding and growth of Acanthoscelides obtectus, and Epilachna varivestis. A new source
of bioactive compounds against Dry Bean Pests. Ind. Crops Prod. 2016, 89, 257–267. [CrossRef]
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