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Abstract

Current studies on Anopheles anticholinesterase insecticides are focusing on identifying

agents with high selectivity towards Anopheles over mammalian targets. Acetylcholinester-

ase (AChE) from electric eel is often used as the bioequivalent enzyme to study ligands

designed for activity and inhibition in human. In this study, previously identified derivatives

of a potent AChE, donepezil, that have exhibited low activity on electric eel AChE were

assessed for potential AChE-based larvicidal effects on four African malaria vectors; An.

funestus, An. arabiensis, An. gambiae and An. coluzzii. This led to the identification of four

larvicidal agents with a lead molecule, 1-benzyl-N-(thiazol-2-yl) piperidine-4-carboxamide 2

showing selectivity for An. arabiensis as a larvicidal AChE agent. Differential activities of this

molecule on An. arabiensis and electric eel AChE targets were studied through molecular

modelling. Homology modelling was used to generate a three-dimensional structure of the

An. arabiensis AChE for this binding assay. The conformation of this molecule and corre-

sponding interactions with the AChE catalytic site was markedly different between the two

targets. Assessment of the differences between the AChE binding sites from electric eel,

human and Anopheles revealed that the electric eel and human AChE proteins were very

similar. In contrast, Anopheles AChE had a smaller cysteine residue in place of bulky phe-

nylalanine group at the entrance to the catalytic site, and a smaller aspartic acid residue at

the base of the active site gorge, in place of the bulky tyrosine residues. Results from this

study suggest that this difference affects the ligand orientation and corresponding interac-

tions at the catalytic site. The lead molecule 2 also formed more favourable interactions with

An. arabiensis AChE model than other Anopheles AChE targets, possibly explaining the

observed selectivity among other assessed Anopheles species. This study suggests that 1-

benzyl-N-(thiazol-2-yl) piperidine-4-carboxamide 2 may be a lead compound for designing

novel insecticides against Anopheles vectors with reduced toxic potential on humans.

PLOS ONE

PLOS ONE | https://doi.org/10.1371/journal.pone.0277363 November 9, 2022 1 / 21

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Rants’o TA, van Greunen DG, van der

Westhuizen CJ, Riley DL, Panayides J-L,

Koekemoer LL, et al. (2022) The in silico and in

vitro analysis of donepezil derivatives for

Anopheles acetylcholinesterase inhibition. PLoS

ONE 17(11): e0277363. https://doi.org/10.1371/

journal.pone.0277363

Editor: Ahmed Ibrahim Hasaballah, Al-Azhar

University, EGYPT

Received: July 10, 2022

Accepted: October 25, 2022

Published: November 9, 2022

Copyright: © 2022 Rants’o et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: Amino acid sequence

data are available UniProt Knowledge Base

(Accession numbers: A0A182HKN4, A0A6E8V9T9,

and A0A182RZ85). The 3D molecular structure

data are available on Protein Data Bank (https://

www.rcsb.org/) with the ID numbers: 5YDI, 5YDH,

1EVE, and 4EY7.

Funding: This study was funded by the Department

of Science and Innovation (DSI)/National Research

Foundation (NRF) Research Chairs Initiative Grant

https://orcid.org/0000-0001-8585-0888
https://orcid.org/0000-0002-4551-6014
https://doi.org/10.1371/journal.pone.0277363
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0277363&domain=pdf&date_stamp=2022-11-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0277363&domain=pdf&date_stamp=2022-11-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0277363&domain=pdf&date_stamp=2022-11-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0277363&domain=pdf&date_stamp=2022-11-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0277363&domain=pdf&date_stamp=2022-11-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0277363&domain=pdf&date_stamp=2022-11-09
https://doi.org/10.1371/journal.pone.0277363
https://doi.org/10.1371/journal.pone.0277363
http://creativecommons.org/licenses/by/4.0/
https://www.rcsb.org/
https://www.rcsb.org/


1. Introduction

Donepezil (1-benzyl-4-((5,6-dimethoxy-1-indanon)-2-yl)methylpiperidine) shown in Fig 1 is

a known potent human acetylcholinesterase (AChE) inhibitor used clinically in the manage-

ment of symptoms associated with mild to severe Alzheimer’s disease [1, 2]. The derivatisation

of donepezil has been pursued to produce more active AChE agents against the human target

with several studies have shown evidence of derivatives with high potency [3–7]. Particularly,

van Greunen et al. [4] reported a potent derivative by converting the methyl linker (part A; Fig

1) between the piperidine ring and indanone group to an ester linker. This lead compound dis-

played a 50% inhibitory concentration (IC50) value (0.03 ± 0.07 μM) similar to that of donepe-

zil (0.05 ± 0.06 μM) when screened in vitro against AChE from Electrophorus electricus
(electric eel) [4]. The AChEs from the electric eel and human have been shown to display simi-

lar activities, kinetics and inhibition profiles, as a result, electric eel AChE is used as a less

expensive alternative to human AChE in bioassays [8, 9]. In a follow-up study, van Greunen

and colleagues [3] synthesized and assessed various analogues of this lead compound for

improved AChE activity. These new analogues featured the substitution of the ester linker

found between the indanone and piperidine ring systems in their previous hit, by an amide

that is more stable against rapid metabolism. In addition, the indanone (part B; Fig 1) was

replaced with various aryl and aromatic groups [10]. Though at least two analogues were con-

siderably active (IC50 <10 μM), none were as active as donepezil against electric eel AChE, and

some were biologically inactive (IC50 >100 μM) [3].

Current studies on Anopheles AChEs are aimed at achieving high selectivity towards

Anopheles over mammalian targets to reduce human toxicity [11–14]. Utilizing the molecular

differences between human and insect AChE binding sites, these studies target conserved

amino acid residues in Anopheles and compounds with selectivity index more than 100-fold

towards Anopheles AChE have thus far been reported [11, 12]. The current study assessed the

donepezil derivatives prepared by van Greunen et al. [3] for potential Anopheles AChE inhibi-

tion and rationalised their binding profiles through molecular docking. Interestingly, the par-

ent drug, donepezil, has been proven to be active against insect AChE [15, 16], but is known to

be approximately 40 times more selective to human AChE than the corresponding Anopheles
target [16].

2. Materials and methods

This study received the animal research ethics waiver (Waiver Number: 07-11-2017-O) from

Wits Animal Research Ethics Committee. Nine donepezil derivatives (Fig 2) with low activity

(LC50 values>50 μM) against electric eel AChE from a previous study [3] were used for this

research. Acetylthiocholine iodide, 5,50-dithiobis(2-nitrobenzoic acid) (DTNB), dimethylsulf-

oxide (DMSO), Triton X-100, potassium dichromate, propoxur and sodium phosphate buffer

(dibasic) (Na2HPO4) were bought from Sigma Aldrich (South Africa) with a purity>90%.

2.1. Anopheles spp. rearing

The laboratory-reared colonies of An. funestus (FUMOZ), An. arabiensis (KWAG), An. gam-
biae (COGS) and An. coluzzii (G3) were used for larvicidal and AChE screening assays. These

are common Anopheles species responsible for malaria transmission in Africa [17–20]. These

colonies were maintained under standard insectary conditions as reported by Hunt et al. [21]

and Zengenene et al. [22]. FUMOZ was first collected from Mozambique in 2000 and has a

low-level intensity of pyrethroid and carbamate resistance [23–25]. KWAG was collected from
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KwaZulu-Natal (South Africa) in 2005 and has shown resistance to pyrethroids and the orga-

nochloride, dichloro-diphenyl-trichloroethane (DDT) [19, 26]. On the other hand, COGS was

collected in 2009 from Congo and displays resistance to multiple insecticides such as pyre-

throids, organochlorides and carbamates [27, 28].

2.2. Larvicidal assay

The larval toxicity of novel donepezil analogues was assessed using the World Health Organi-

zation (WHO) bioassay for testing mosquito larvicides [29]. Briefly, batches of 20 third-instar

larvae of each colony were transferred into the test cups into which 250 μL of a specific done-

pezil derivative was added. The incubation mixture was performed in a total volume of 250

mL of deionized water under 27˚C and humidity�78%. The test compounds were dissolved

in DMSO and assessed for larvicidal activity at 10 times increasing concentrations from

0.0005 μM to 500 μM. Propoxur, a standard larvicide and an AChE agent [30, 31], was used as

a positive control, while DMSO was employed for the negative vehicle control. Larval mortality

was recorded in 24, 48 and 72 hours and larvae were fed with protein dog food at day 0 and

after every mortality counting [32].

2.3. Brine shrimp lethality assay

Artificial seawater was prepared by dissolving 32 g of Tropic Marine1 Sea salt in 1L of deion-

ized water. The seawater was poured into an inverted plastic bottle after which the brine

shrimp eggs were added for hatching. Regular airflow was supplied to the seawater to continu-

ally disperse the eggs and oxygenate the water. Moreover, a concentrated light was supplied

from a lamp (220–240 V, 15W) to provide warmth to optimize hatching conditions for the 24

Fig 1. Chemical structure of donepezil showing two common sides of derivatization: A) indanone moiety and B)

methyl linker.

https://doi.org/10.1371/journal.pone.0277363.g001
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h incubation time [33]. Following this, the cytotoxicity potential of the donepezil derivatives

was evaluated by the brine shrimp lethality assay using Artemia franciscana [34]. The same

concentrations used in the larvicidal assessment were also used for the toxicity evaluation.

Inside 48-well plates, 50 μL of the test compound was incubated with 30–50 nauplii in 450 μL

of the seawater. The wells were then observed under the stereo microscope (Olympus) at 10X

magnification for dead nauplii and the induced mortality was recorded after 24 h. Where mor-

tality was observed, the morphological changes were observed at 10X magnification using the

Fig 2. Chemical structures of the nine donepezil derivatives screened. 1-benzyl-N-(2-morpholinoethyl) piperidine-

4-carboxamide 1, 1-benzyl-N-(thiazol-2-yl) piperidine-4-carboxamide 2, 1-benzyl-N-(3,4,5-trimethoxyphenethyl)

piperidine-4-carboxamide 3, 1-benzyl-N-(pyridine-3-ylmethyl) piperidine-4-carboxamide 4, 1-benzyl-N-(furan-

2-ylmethyl) piperidine-4-carboxamide 5, N-[2-(1H-imidazol-4-yl)ethyl]-1-benzylpiperidine-4- carboxamide 6,

1-benzyl-N-(1,2,3,4-tetrahydro-naphthalen-1-yl) piperidine-4-carboxamide 7, 1-benzyl-N-(2-(piperidin-1-yl)ethyl)

piperidine-4-carboxamide 8, and 1-benzyl-N-(pyridine-4-ylmethyl) piperidine-4-carboxamide 9 [3].

https://doi.org/10.1371/journal.pone.0277363.g002
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stereo microscope mounted with a Dino-Eye camera. For the negative control, DMSO was

used in place of the test compound, while potassium dichromate was used as a positive control

[35, 36].

2.4. AChE assay

The evaluation of AChE activity of the donepezil derivatives was conducted using the modified

Ellman assay [11, 37]. Mosquitoes from the four Anopheles colonies were separately homoge-

nized in Na2HPO4, 1% Triton X-100 (pH 8.0) and used as an enzyme source. Protein content

was assessed using the standard Lowry protein assay [38]. The incubation mixture in a 96-well

plate consisted of 20 μl of the enzyme in 132 μL of the assay buffer (Na2HPO4, 1% Triton

X-100; pH 8.0). Twenty (20) μL of the donepezil derivatives at concentrations ranging from

0.0005 μM to 500 μM dissolved in DMSO were added. Ellman’s reagent, 5,50-dithiobis(2-nitro-

benzoic acid) (DTNB), was freshly prepared in sodium phosphate buffer (dibasic; pH 7.0) and

8 μL (0.2 mM) added to the incubation mixture. To initiate the reaction, 20 μL (1 mM) of the

AChE substrate, acetylthiocholine iodide was added making a total volume of 200 μL in each

well and the absorbance readings were obtained using the UV-Visible spectrophotometer at

412 nm. Propoxur was kept as a positive control on the basis of having both AChE and larvi-

cidal activities [31], while DMSO was used as a negative control. DMSO is known to exhibit

AChE inhibition at concentrations above 1% [39], as such the highest DMSO concentration

used in this study was 0.4%. For screening against electric eel AChE, donepezil was used as a

positive control due to its known potent inhibitory activity against this target [3, 4]. However,

the insecticide propoxur was also assessed against this target to determine AChE selectivity

between electric eel and Anopheles and subsequent comparison with the test compounds.

2.5. In silico studies

2.5.1. Homology modelling. As a crystal structure of An. arabiensis was not available, it

was elected to employ the use of homology modelling [40]. This approach involved four suc-

cessive steps: (i) target amino acid sequence identification, (ii) template identification, (iii)

sequence alignment between target and template, and (iv) model building and optimization

[41, 42]. Homology modelling is considered the most accurate in silico approach to generate

3D models of proteins [42], however, certain minimum requirements had to be met. To pro-

duce a reliable protein structure, an existing sequence that matched at least 30% of the target

sequence should be used as a template. These are known to display similar structures and

interaction mechanisms [43–45]. Moreover, for the 30% identity cut-off, the length of the

aligned sequences between the two should be>100 amino acid residues [46]. Sequence iden-

tity without taking into account the length of aligned amino acid residues, has been shown to

result in less accurate models [47].

The amino acid sequence of An. arabiensis was retrieved from UniProt Knowledge Base

(Accession number: A0A182HKN4). This accession number was submitted to the SWISS-

MODEL database server for a reference 3D structure search and model building [48]. An. gam-
biae AChE (PDB: 5YDI) was selected as a template [49]. UCSF Chimera v1.16 was used for

model optimization and visualization [50, 51]. Moreover, the correctness of the model was

checked through ProQ webserver [52], and the model was validated with Verify3D and Mol-

Probity [53, 54].

2.5.2. Molecular docking. Schrödinger Release 2018–2 molecular docking package, Mae-

stro version 12.9, (Schrödinger LLC, New York) was used for ligand binding assessments [55].

The generated An. arabiensis AChE 3D structure and PDB sourced related proteins for com-

parative studies were prepared through Maestro’s protein preparation function. This included
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the AChE proteins from An. gambiae (PDB: 5YDI) [49]), electric eel (PDB: 1EVE [56]) and

human (PDB: 4EY7 [57]). The preparation included optimization of H-bonds and removal of

non-hetero groups and non-essential water molecules before minimization by OPLS3e force

field [58]. The receptor grid was also generated using the OPLS3e force field to define the bind-

ing site [55]. Similarly, the ligands were prepared for docking using the LigPrep tool in which

they were allowed to generate possible stereoisomers as well as ionization and tautomeric states

at pH 7.0 (±2.0) [59, 60]. Finally, the extra precision mode was used for assessing the binding

profiles of the prepared ligands to the receptor sites [61, 62].

2.6. Statistical analyses

All in vitro and in vivo assays were performed in triplicate. The 50% lethal concentration

(LC50) values were calculated from the probit analysis method using the SPSS Statistics v28

package (International Business Machines Corporation, NY, USA) and the IC50 values were

determined by non-linear regression analysis using GraphPad Prism 9 (GraphPad Software,

CA, USA) [30, 36].

3. Results and discussion

3.1. Larvicidal activity

Only derivatives 1, 2, 5 and 8 (Fig 2) showed larvicidal activities (Table 1). Specifically, deriva-

tives 1, 5 and 8 were active against An. funestus with lower LC50 values (2.65, 2.96 and 0.80 μM)

compared to the positive control, propoxur (9.90 μM) (Table 1). On the other hand, derivative

2 was selective to An. arabiensis. This derivative was about 10-fold (LC50: 0.88 μM) more potent

than propoxur (LC50: 8.77 μM) for An. arabiensis larval toxicity (Table 1). As a result, only

derivatives 1, 2, 5 and 8 were selected for further analysis in the AChE inhibition assay.

Table 1. Larvicidal activities of the assessed compounds.

Anopheles colonies Larvicidal LC50 (95% confidence interval range) (μM) [Chi square (X2); degree of freedom (df); p value; intercept; standard

error (SE)]

Donepezil

derivative

An. Funestus An. arabiensis An. gambiae An. coluzzii

1 2.65 (1.72–4.12) [X2: 4.76; df: 5;

p = 0.45a; intercept: -0.27; SE: 0.06]

> 100 > 100 > 100

2 > 100 0.88 (0.35–2.27) [X2: 17.56; df: 5;

p = 0.004b; intercept: 0.05; SE: 0.07]

> 100 > 100

3 > 100 > 100 > 100 > 100

4 > 100 > 100 > 100 > 100

5 2.96 (1.94–4.57) [X2: 5.43; df: 5;

p = 0.37a; intercept: -0.31; SE: 0.06]

> 100 > 100 > 100

6 > 100 > 100 > 100 > 100

7 > 100 > 100 > 100 > 100

8 0.80 (0.56–1.16) [X2: 3.58; df: 5;

p = 0.61a; intercept: -0.78; SE: 0.07]

> 100 > 100 > 100

9 > 100 > 100 > 100 > 100

Propoxur 9.90 (2.95–41.41) [X2: 26.24; df: 5;

p<0.001b; intercept: -0.78; SE:

0.08]

8.77 (2.81–32.71) [X2: 23.95; df: 5;

p<0.001b; intercept: -0.75; SE: 0.08]

63.99 (38.23–116.29) [X2: 3.96;

df: 5; p = 0.56a; intercept: -1.11; SE:

0.09]

62.68 (37.72–112.78) [X2: 3.58;

df: 5; p = 0.61a; intercept: -1.12; SE:

0.09]

a Since the significance level was greater than 0.15, a heterogeneity factor was not used in the calculation of confidence interval limits.
b Since the significance level was less than 0.15, a heterogeneity factor was used in the calculation of confidence interval limits.

https://doi.org/10.1371/journal.pone.0277363.t001
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3.2. Brine shrimp lethality

None of the derivatives induced artemicidal effects (100% viability at 500 μM). This suggests

relative safety of these novel compounds compared to the positive control, potassium dichro-

mate that attained the LC50 value of 0.004 (0.002–0.007) μM (X2: 8.10; df: 5; p = 0.151; inter-

cept: 1.30; SE: 0.09) in agreement with a previous assessment [36]. This was a favourable

outcome for the donepezil derivatives 1, 2, 5 and 8 which had potent larvicidal effects

(Table 1), as it suggests that when used as larvicides, these derivatives would potentially be

nontoxic to other aquatic lives.

3.3. AChE inhibition

Though the derivatives 1, 5 and 8 showed potent larvicidal activity against An. funestus, none

of these derivatives displayed AChE activities against this colony (Table 2). This suggests that

these derivatives exert larvicidal activity through a different mechanism other than AChE inhi-

bition. Surprisingly, derivatives 1, 5, 8 and the positive control, propoxur, showed moderate to

low activity against the in vitro An. gambiae AChE target. This was in discordance to the in
vivo larvicidal data where these molecules were inactive. It is common to have discrepancies

between in vitro and in vivo data [63–65] and it has also been shown to occur with insecticide-

resistant Anopheles larvae [66]. In fact, An. gambiae larvae have been shown to possess phar-

macokinetic barriers such as thickened cuticle that play a role in preventing compound pene-

tration at effective concentrations [66, 67]. Interestingly, derivative 2 showed potent AChE

activity specifically against An. arabiensis (IC50 = 6.05 ± 2.21 μM; Table 2 (log-dose response

curve shown in S1 Fig)), for which it also displayed larvicidal effects (Table 1).

Nevertheless, derivative 2 is known to have activity against electric eel AChE [3] and dis-

played an IC50 value of 55.70 ± 12.02 μM (Table 3). The calculated selectivity index (SI = IC50

electric eel AChE / IC50 An. arabiensis AChE) between the two AChE targets was 9.2. With the

selectivity index less than 10, it may not be considered selective for An. arabiensis over electric

eel AChE [68, 69]. However, in comparison to propoxur, which was essentially non-selective

between An. arabiensis (IC50 = 0.78 ± 0.16 μM; Table 2) and electric eel (IC50 =

1.28 ± 0.35 μM; Table 3) in agreement with previous studies [13, 70], derivative 2 showed bet-

ter potential for Anopheles selectivity. Furthermore, with good correlation between the larvi-

cidal and AChE activity of derivative 2 consistently against An. arabiensis, presents it as a

potential lead molecule for further derivatization into more potent and selective analogues.

For this reason, the donepezil derivative 2, 1-benzyl-N-(thiazol-2-yl) piperidine-4-carboxa-

mide, was selected as a lead molecule and assessed further for its AChE binding profile.

4. In silico studies

4.1. Homology modelling

The 3D AChE model for An. arabiensis was successfully built from the An. gambiae (PDB:

5YDI) template. Sequence identity between the two models was 100% with more than 500

Table 2. Comparison of the Anopheles AChE inhibitory potential of derivatives 1, 2, 5 and 8.

Anopheles AChE inhibition IC50 ± SE (95% confidence interval range) (μM)

Donepezil derivative An. funestus An. arabiensis An. gambiae An. coluzzii
1 > 100 > 100 48.85 ± 10.49 (25.77–71.93) > 100

2 > 100 6.05 ± 2.21 (2.78–13.16) > 100 > 100

5 > 100 > 100 31.42 ± 7.56 (14.78–48.06) > 100

8 > 100 > 100 28.13 ± 6.89 (12.96–43.31) > 100

Propoxur 0.89 ± 0.20 (0.45–1.33) 0.78 ± 0.16 (0.42–1.13) 26.08 ± 6.21 (12.42–39.74) 25.04 ± 6.14 (11.53–38.55)

https://doi.org/10.1371/journal.pone.0277363.t002
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aligned amino acid residues (range 162–698) translating into a target structural coverage of

0.73. Global model quality estimate (GMQE) and model quality estimation QMEANDisCo

Global were used to estimate the overall model quality [71, 72]. The GMQE score was 0.71,

while the QMEANDisCo Global achieved 0.92 ± 0.05 indicating that the final model was anal-

ogous to the experimental crystal structures. The quality of the model was assessed by compar-

ing it to the reference and non-redundant 3D structures from PDB (Fig 3A and 3B). Similarly,

quaternary structure quality estimation (QSQE) assessed the accuracy of the generated target

3D structure in terms of the inter-chain contacts in accordance with the template and resulting

alignment. A value above 0.7 indicates a reliable model [48, 73] and the final model in this

study reached a score of 0.74.

The assessment of the correctness of the model through ProQ showed an LGscore of

11.077. This program analysed relative frequencies of intramolecular atomic interactions

within the model where the LGscore >4 indicated an extremely good model [52]. In addition,

the Verify3D suggested a model PASS with 97.11% of the amino acid residues a 3D/1D score

of�0.2 (Fig 4A). This tool assessed how compatible a generated model was with its amino

acid sequences. This is assessed based on the optimum environment for each amino acid resi-

due such as the area of the residue buried deep in the protein, and hence inaccessible to the sol-

vent, the area of the side-chains made of polar atoms, as well as the quality of the local

secondary structure [53]. A favourable MolProbity score of 1.36 and 98th percentile was

obtained for the model (Fig 4B) confirming the validity of the model [54]. The Ramachandran

plot (Fig 4C) reported a score of 95.14% for amino acid residues in favoured regions, 99.8% in

allowed regions and 0.0% for both Ramachandran outliers and Cβ deviations. This suggested a

valid model with a stable backbone [74].

The new model was aligned with the existing An. gambiae AChE 3D structure (PDB: 5YDI)

and visualized in UCSF Chimera. This program showed 100% alignment of the AChE catalytic

sites of the modelled An. arabiensis and reference An. gambiae (Fig 5).

4.2. Molecular modelling

Assessment of molecular interactions with the AChE catalytic sites of electric eel (Fig 6A) and

a built model of An. arabiensis (Fig 6B) showed some similar interactions with the targets. The

thiazole group was bound by arginine residues (Arg289 (electric eel)/Arg233 (An. arabiensis),
however with an additional aromatic stabilization by Tyr493 in the An. arabiensis model (Fig

6B). Several amino acid residues were involved in the interaction with the N-benzylpiperidine

moiety. For the electric eel, these included two catalytic triad residues Glu199 through hydro-

gen bonding and stabilization of the N-benzylpiperidine ring through aromatic pi-pi interac-

tion with His440. This ring was held on the other side by another pi-pi interaction with Phe330,

while Trp84 and Tyr334 formed pi-cation interactions with the ionized nitrogen of N-benzylpi-

peridine. Similarly, this nitrogen was involved in pi-cation interactions with Trp245 and Tyr489

along with Glu359 in the An. arabiensis model, however, with no stabilization of the N-

Table 3. Comparison of the electric eel AChE inhibitory potential of derivatives 1, 2, 5 and 8.

Donepezil derivative Electric eel AChE inhibition IC50 ± SE (95% confidence interval range) (μM)

1 >100

2 55.70 ± 12.02 (29.24–82.16)

5 >100

8 88.29 ± 19.90 (44.49–132.10)

Propoxur 1.28 ± 0.35 (0.25–2.03)

https://doi.org/10.1371/journal.pone.0277363.t003
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benzylpiperidine ring (Fig 6B). This caused the derivative to adopt a different orientation of

the N-benzylpiperidine group when contrasted against the conformation observed in the elec-

tric eel AChE site. This possibly caused the observed lower binding score. To gain a better

understanding, the differences in the binding sites of Anopheles, electric eel and human

AChEs from PDB were assessed.

A comparison of electric eel, human and Anopheles AChE catalytic sites was performed by

superimposing amino acid residues that represent the entrance to the catalytic site and the cat-

alytic site amino acids through the Glide’s Quick Align function. PDB 1EVE was used for elec-

tric eel [56], PDB 4EY7 for human [57], and PDB 5YDI for the Anopheles (An. gambiae) AChE

target [49]. The key observable difference between Anopheles AChE and the two other proteins

was the replacement of a larger phenylalanine (Phe288 (human)/Phe295 (electric eel)) with a

Fig 3. Quality of the An. arabiensis homology model. A) Shows the quality estimate of the generated model based on

its similarity to the template and B) shows its comparison to non-redundant 3D structures.

https://doi.org/10.1371/journal.pone.0277363.g003
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Fig 4. Validity of the model displayed by Verify3D tool (A) and scored by MolProbity (B) and the corresponding

Ramachandran plot (C).

https://doi.org/10.1371/journal.pone.0277363.g004
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smaller cysteine residue (Cys447) at the entrance of the catalytic site. Similarly, a smaller aspar-

tic acid residue (Asp602) was identified at the base of the Anopheles AChE catalytic site, in

place of the bulky tyrosine residues (Tyr442 (human)/Tyr449 (electric eel)) (Fig 7) in agreement

with the reported literature [75].

To gain further insights into the influence of these differences in ligand binding, the poten-

tial differences between the binding poses of the known human and electric eel AChE inhibi-

tor, donepezil [2, 3, 5], when bound to these three AChE proteins were assessed (Fig 8).

Donepezil displayed a similar binding pose and interactions with both electric eel and human

Fig 5. Alignment of the catalytic sites of the generated An. arabiensis AChE (sky blue) and reference An. gambiae
(plum).

https://doi.org/10.1371/journal.pone.0277363.g005

Fig 6. Molecular interactions of derivative 2 with electric eel AChE (A; Score: -11.8) and An. arabiensis (B; Score: -7.5).

https://doi.org/10.1371/journal.pone.0277363.g006
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Fig 7. Superimposed amino acid residues showing the catalytic site entrance and the catalytic triad of electric eel

(red), human (green) and Anopheles (blue) AChE. The distinct Cys447 at the Anopheles AChE catalytic entrance and

Asp602 at the catalytic site base are shown by circles.

https://doi.org/10.1371/journal.pone.0277363.g007

Fig 8. Comparison of the molecular interactions of donepezil with the AChE catalytic sites of electric eel (A; PDB: 1EVE; score: -15.0), human

(B; PDB: 4EY7; score: -16.2) and An. gambiae (C; PDB: 5YDI; score: -10.2).

https://doi.org/10.1371/journal.pone.0277363.g008
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AChE targets (Fig 8A and 8B). At both sites, donepezil was stabilized by aromatic interactions

through the corresponding tryptophan residues. The donepezil indanone aromatic ring inter-

acted with Trp279 and Trp286 in electric eel and human AChEs, respectively; while its N-ben-

zylpiperidine ring established pi-pi stacking with Trp84 in electric eel and Trp86 in human

target. Additionally, the catalytic site histidine residues (His440; electric eel and His447; human)

also established the aromatic pi-pi interactions with the N-benzylpiperidine ring. However, in

the human target, Glu202 was also involved in this interaction. The phenylalanine residues

played a critical role in maintaining the crystal pose of donepezil through hydrogen bonding.

This was achieved through Phe288 residue in electric eel and the comparable Phe295 in human

AChE. Likewise, the pi-cation interactions between the nitrogen atom of N-benzylpiperidine

and aromatic amino acids stabilized donepezil in the binding pose. In electric eel AChE, these

interactions were generated from Phe330, Phe331 and Tyr334, while only Trp86 established this

interaction in the corresponding human target (Fig 8A and 8B). In support of the binding sim-

ilarity observed in this study, the binding potency of donepezil against electric eel and human

AChE has also been reported to be similar (IC50 0.035 μM and 0.030 μM, respectively) [76, 77].

On the other hand, donepezil generated different interactions with the Anopheles AChE

from those obtained in electric eel and human targets (Fig 8C). There was no stabilization of

the indanone moiety. However, the N-benzylpiperidine group was stabilized by Trp245 resi-

dues that are comparable to Trp279 and Trp286 in electric eel and human targets, respectively.

The pi-cation interaction with the N-benzylpiperidine portion was established by the Trp245

and Tyr493 residues. This caused the aromatic ring of the N-benzylpiperidine to face down

towards Gly278 residue and away from the catalytic triad amino acid histidine (His359; Anophe-
les) that played a key role in the binding of donepezil in electric eel (His440) and human

(His447) AChEs. For the first time, this study shows that donepezil adopts a different binding

pose in the Anopheles target, lending support to previous studies that showed significant differ-

ences in selectivity for donepezil between human and Anopheles AChEs [16].

Finally, as derivative 2 displayed selective inhibition of AChE for An. arabiensis over those

from An. gambiae, An. coluzzii and An. funestus, the binding pose difference across the assessed

Anopheles colonies was assessed. However, the only available crystal structures from PDB repos-

itory were from An. gambiae [49, 78]. Therefore, additional models were generated from An.

coluzzi (UniProt accession number: A0A6E8V9T9) and An. funestus AChE amino acid

sequences (UniProt accession number: A0A182RZ85). Using SWISS-MODEL, the template for

An. coluzzi was identified as An. gambiae (PDB: 5YDH) with GMQE score of 0.81, GSQE score

of 0.79, and 100% sequence identity with amino acid coverage from 162 to 699. The final

QMEANDisCo Global was 0.93 ± 0.05. On the other hand, the best template identified for An.

funestus was An. gambiae (PDB: 5YDI) with GMQE and GSQE scores of 0.80 and 0.74, respec-

tively. This obtained 98.01% amino acid sequence identity with coverage from 160 to 696 and

QMEANDisCo Global was 0.92 ± 0.05. The Ramachandran plots for An. coluzzi and An. funes-
tus models obtained from the Ramachandran plot server [79] are reported in S2 and S3 Figs,

respectively. Further, the local quality estimate results of the models and comparisons to non-

redundant experimental crystal structures (obtained from SWISS-MODEL) are displayed in S4

and S5 Figs for An. coluzzi and An. funestus, respectively; followed by their validity verifications

through Verify3D (S6 and S7 Figs, respectively). As a result, a comparison of the binding profile

differences was performed using three new AChE models for An. arabiensis, An. coluzzi, and

An. funestus, as well as two PDB sourced An. gambiae AChE targets; wild-type (PDB: 5YDI)

[49] and resistant (PDB: 6ARY) through target site mutation (G280S) [78].

The observed stabilization of thiazole ring by Tyr493 in the An. arabiensis model (Fig 9A)

could not be attained in the wild-type An. gambiae (Fig 9B). Similarly, the pi-cation stabiliza-

tion by Tyr489 and Glu359 were also lost in the wild-type An. gambiae site. Instead, the
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interaction with the wild-type An. gambiae AChE showed aromatic hydrogen bonding

between the N-benzylpiperidine ring and amino acid residues Gly278 and Ser283. The

Fig 9. Comparison of the molecular interactions of derivative 2 with the AChE catalytic sites of An. arabiensis model (A; score:

-7.5), wild-type An. gambiae (B; score: -9.2), target site mutated An. gambiae (C; score: -7.8), An. coluzzii model (D; score: -9.0)

and An. funestus model (E; score: -9.1).

https://doi.org/10.1371/journal.pone.0277363.g009
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N-benzylpiperidine nitrogen atom was then involved in pi-cation interaction with aromatic

amino acids, Trp245 and Tyr493, while Tyr282 established the hydrogen interaction with an oxy-

gen group of the amide linker (Fig 9B). The generated crystal pose at this site was clearly differ-

ent from that obtained with the An. arabiensis model. At the mutated target site of An.

gambiae target (Fig 9C), the orientation of derivative 2 was clearly the opposite of that gener-

ated in An. arabiensis model and this displayed comparatively fewer intermolecular interac-

tions. At this target, Glu359 was involved in hydrogen bonding with the thiazole group and the

N-benzylpiperidine moiety was stabilized by Tyr493 and Asp233, in direct contrast to that

observed with the An. arabiensis model where these Tyr493 and Asp233 stabilized the thiazole

group. The Tyr489 held the molecule in space by establishing a hydrogen bond with the amide

linker.

Least interactions were obtained against An. coluzzii target (Fig 9D). While the conforma-

tion of derivative 2 was similar to that obtained against mutant An. gambiae AChE (Fig 9C),

where it only retained two interactions composed of Tyr489 H-bond and Asp233 pi-cation

bond. Therefore, at both An. gambiae and An. coluzzii targets, derivative 2 assumed the orien-

tation that was directly opposing that at An. arabiensis AChE catalytic site. Finally, at the An.

funestus AChE site (Fig 9E), derivative 2 regenerated the crystal pose similar to that obtained

at wild-type An. gambiae target (Fig 9B) with similar binding scores (-9.1 and -9.2 kcal/mol,

respectively). In a similar fashion to wild-type An. gambiae AChE and different from An. ara-
biensis target, the pi-cation interaction with a tyrosine residue, Tyr491, was established and sup-

plemented by the linker H-bond with Tyr280 and Phe447. At this target however, there was no

further stabilization of the N-benzylpiperidine portion, but more H-bonds with the thiazole

group from Gly443 and Glu446 residues (Fig 9E).

In general, derivative 2 generated a unique crystal pose against An. arabiensis model which

may explain biological activity exclusively against this Anopheles species. On the other hand,

this compound assumed a comparable pose between two targets, An. funestus wild-type and

An. gambiae AChEs and established another conformation that was characteristic of An. coluz-
zii and mutant An. gambiae AChE.

As expected, this study showed great similarity between the AChEs from electric eel and

human, in support of previous literature [4, 76, 77]. Interestingly, there were clear differences

in ligand binding between either the electric eel or human AChE and Anopheles AChE, these

differences potentially arising as a result of molecular differences around the catalytic site. In

line with previous reports [75], the conserved Cys447 at the entrance to the catalytic site and

Asp602 at the base of the active site were identified in this study. This molecular difference may

bring about differences in ligand orientation, as well as interactions it establishes with sur-

rounding amino acid residues. A smaller cysteine residue at the catalytic site entrance may cre-

ate more volume available for a ligand to assume a different orientation as seen with a control,

donepezil, and derivative 2.

5. Conclusions

The current study identified a lead compound, 1-benzyl-N-(thiazol-2-yl) piperidine-4-carbox-

amide 2, as an AChE-based larvicidal agent against An. arabiensis KWAG. Derivative 2 dis-

played more than 9-fold higher potency towards An. arabiensis AChE over that of electric eel

AChE. Through molecular docking, this study has highlighted the close similarity between

electric eel and human AChE, as well as their marked difference from Anopheles AChE. The

differences in the binding of derivative 2 with electric eel and An. arabiensis AChE, respec-

tively, were investigated at a molecular level through molecular modelling. Homology model-

ling was employed to generate a 3D AChE structure of An. arabiensis after which it was used
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for comparative binding assessments. The conformation of the molecule and interactions with

the protein amino acid residues was noticeably different between the two targets. This

informed our study to assess the molecular differences between the AChE binding sites from

electric eel, human and Anopheles. A critical distinction observed in Anopheles as opposed to

the two mammal proteins, is a smaller cysteine residue in place of bulky phenylalanine groups

at the entrance to the catalytic site and a smaller aspartic acid replacing larger tyrosine residues

at the base of the catalytic site, in correlation with previous X-ray diffraction studies [75]. The

influence of these amino acid residues on ligand binding and crystal pose generation needs to

be further investigated.

Further, the selectivity of derivative 2 to An. arabiensis amongst other Anopheles species

was evaluated by comparing binding profiles between the An. arabiensis model and An. gam-
biae AChE targets (wild-type and resistant (mutant)) from the PDB repository, as well as those

of An. coluzzii and An. funestus generated through homology modelling. The molecule was

better stabilized by a mixture of hydrogen bonds and pi-pi stacking in the An. arabiensis
model than in the corresponding Anopheles targets. In conclusion, this study suggests that

1-benzyl-N-(thiazol-2-yl) piperidine-4-carboxamide presents as a lead compound for the

design and synthesis of novel insecticides against the African malaria vector, An. arabiensis.
Further derivatizations of this molecule may generate molecules with high potency against a

wide range of Anopheles species and increased selectivity to Anopheles over mammal AChE.

Supporting information

S1 Fig. The An. arabiensis AChE inhibitory activity of 2.

(TIF)

S2 Fig. Ramachandran plot for An. coluzzii model (98.90% amino acid residues in the

highly preferred region (green crosses); 1.10% in the allowed region (orange triangles) and

0.00% in the questionable region (red circles)).

(TIF)

S3 Fig. Ramachandran plot for An. funestus model (98.34% amino acid residues in the

highly preferred region (green crosses); 1.66% in the allowed region (orange triangles) and

0.00% in the questionable region (red circles)).

(TIF)

S4 Fig. a. Local quality estimate of the An. coluzzii model. b. Local quality estimate of the An.

funestus model.

(ZIP)

S5 Fig. a. Comparison of An. coluzzii model to the non-redundant experimental crystal struc-

tures. b. Comparison of An. funestus model to the non-redundant experimental crystal struc-

tures.

(ZIP)

S6 Fig. An. coluzzii model validity verification through Verify3D (98.98% of the amino

acid residues obtained a score of�0.2 in the 3D/1D profiling).

(TIF)

S7 Fig. An. funestus model validity verification through Verify3D (98.88% of the amino

acid residues obtained a score of�0.2 in the 3D/1D profiling).

(TIF)
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6. Sağlık BN, Ilgın S, Özkay Y. Synthesis of new donepezil analogues and investigation of their effects on

cholinesterase enzymes. Eur J Med Chem. 2016; 124:1026–40. https://doi.org/10.1016/j.ejmech.2016.

10.042 PMID: 27783974

PLOS ONE The donepezil-derivatized Anopheles anticholinesterases

PLOS ONE | https://doi.org/10.1371/journal.pone.0277363 November 9, 2022 17 / 21

https://doi.org/10.1002/14651858.CD001190.pub3
http://www.ncbi.nlm.nih.gov/pubmed/29923184
https://doi.org/10.1586/14737175.7.10.1243
http://www.ncbi.nlm.nih.gov/pubmed/17939763
https://doi.org/10.1016/j.ejmech.2019.06.088
https://doi.org/10.1016/j.ejmech.2019.06.088
http://www.ncbi.nlm.nih.gov/pubmed/31280020
https://doi.org/10.1016/j.ejmech.2016.10.036
https://doi.org/10.1016/j.ejmech.2016.10.036
http://www.ncbi.nlm.nih.gov/pubmed/27823887
https://doi.org/10.3390/molecules23123252
http://www.ncbi.nlm.nih.gov/pubmed/30544832
https://doi.org/10.1016/j.ejmech.2016.10.042
https://doi.org/10.1016/j.ejmech.2016.10.042
http://www.ncbi.nlm.nih.gov/pubmed/27783974
https://doi.org/10.1371/journal.pone.0277363


7. Gabr MT, Abdel-Raziq MS. Design and synthesis of donepezil analogues as dual AChE and BACE-1

inhibitors. Bioorg Chem. 2018; 80:245–52. https://doi.org/10.1016/j.bioorg.2018.06.031 PMID:

29966870

8. Acheson SA, Quinn DM. Anatomy of acetylcholinesterase catalysis: reaction dynamics analogy for

human erythrocyte and electric eel enzymes. Biochim Biophys Acta Protein Struct Molec Enzym. 1990;

1040(2):199–205. https://doi.org/10.1016/0167-4838(90)90076-r PMID: 2400771

9. Kasteel EEJ, Nijmeijer SM, Darney K, Lautz LS, Dorne JLCM, Kramer NI, et al. Acetylcholinesterase

inhibition in electric eel and human donor blood: an in vitro approach to investigate interspecies differ-

ences and human variability in toxicodynamics. Arch Toxicol. 2020; 94(12):4055–65. https://doi.org/10.

1007/s00204-020-02927-8 PMID: 33037899

10. Covino BG. Pharmacodynamic and pharmacokinetic aspects of local anesthetics. Ann Chir Gynaecol.

1984; 73(3):118–22. PMID: 6497305

11. Engdahl C, Knutsson S, Ekström F, Linusson A. Discovery of selective inhibitors targeting acetylcholin-

esterase 1 from disease-transmitting mosquitoes. J Med Chem. 2016; 59(20):9409–21. https://doi.org/

10.1021/acs.jmedchem.6b00967 PMID: 27598521

12. Carlier PR, Anderson TD, Wong DM, Hsu DC, Hartsel J, Ma M, et al. Towards a species-selective

acetylcholinesterase inhibitor to control the mosquito vector of malaria, Anopheles gambiae. Chem Biol

Interact. 2008; 175(1–3):368–75. https://doi.org/10.1016/j.cbi.2008.04.037 PMID: 18554580

13. Carlier PR, Bloomquist JR, Totrov M, Li J. Discovery of species-selective and resistance-breaking anti-

cholinesterase insecticides for the malaria mosquito. Curr Med Chem. 2017; 24(27):2946–58. https://

doi.org/10.2174/0929867324666170206130024 PMID: 28176636

14. Pang YP, Ekström F, Polsinelli GA, Gao Y, Rana S, Hua DH, et al. Selective and irreversible inhibitors

of mosquito acetylcholinesterases for controlling malaria and other mosquito-borne diseases. PLoS

One. 2009; 4(8):e6851. https://doi.org/10.1371/journal.pone.0006851 PMID: 19714254

15. Williamson S, Moffat C, Gomersall M, Saranzewa N, Connolly C, Wright G. Exposure to acetylcholines-

terase inhibitors alters the physiology and motor function of honeybees. Front Physiol. 2013; 4:13.

https://doi.org/10.3389/fphys.2013.00013 PMID: 23386834

16. Engdahl C, Knutsson S, Fredriksson S-Å, Linusson A, Bucht G, Ekström F. Acetylcholinesterases from

the disease vectors Aedes aegypti and Anopheles gambiae: Functional characterization and compari-

sons with vertebrate orthologues. PLoS One. 2015; 10(10):e0138598. https://doi.org/10.1371/journal.

pone.0138598 PMID: 26447952

17. Amenya DA, Naguran R, Lo TC, Ranson H, Spillings BL, Wood OR, et al. Over expression of a cyto-

chrome P450 (CYP6P9) in a major African malaria vector, Anopheles funestus, resistant to pyrethroids.

Insect Mol Biol. 2008; 17(1):19–25. https://doi.org/10.1111/j.1365-2583.2008.00776.x PMID: 18237281

18. Brooke BD, Robertson L, Kaiser ML, Raswiswi E, Munhenga G, Venter N, et al. Insecticide resistance

in the malaria vector Anopheles arabiensis in Mamfene, KwaZulu-Natal. S Afr J Sci. 2015; 111:1–3.

https://doi.org/10.17159/sajs.2015/20150261

19. Mouatcho JC, Munhenga G, Hargreaves K, Brooke BD, Coetzee M, Koekemoer LL. Pyrethroid resis-

tance in a major African malaria vector Anopheles arabiensis from Mamfene, northern KwaZulu-Natal,

South Africa. S Afr J Sci. 2009; 105:127–31.

20. Muhammad A, Ibrahim SS, Mukhtar MM, Irving H, Abajue MC, Edith NMA, et al. High pyrethroid/DDT

resistance in major malaria vector Anopheles coluzzii from Niger-Delta of Nigeria is probably driven by

metabolic resistance mechanisms. PLoS One. 2021; 16(3):e0247944. https://doi.org/10.1371/journal.

pone.0247944 PMID: 33705436

21. Hunt RH, Brooke BD, Pillay C, Koekemoer LL, Coetzee M. Laboratory selection for and characteristics

of pyrethroid resistance in the malaria vector Anopheles funestus. Med Vet Entomol. 2005; 19(3):271–

5. https://doi.org/10.1111/j.1365-2915.2005.00574.x PMID: 16134975

22. Zengenene MP, Munhenga G, Chidumwa G, Koekemoer LL. Characterization of life-history parameters

of an Anopheles funestus (Diptera: Culicidae) laboratory strain. J Vector Ecol. 2021; 46(1):24–9. https://

doi.org/10.52707/1081-1710-46.1.24 PMID: 35229578

23. Venter N, Oliver SV, Muleba M, Davies C, Hunt RH, Koekemoer LL, et al. Benchmarking insecticide

resistance intensity bioassays for Anopheles malaria vector species against resistance phenotypes of

known epidemiological significance. Parasit Vectors. 2017; 10(1):198. https://doi.org/10.1186/s13071-

017-2134-4 PMID: 28427447

24. Coetzee M, Koekemoer LL. Molecular systematics and insecticide resistance in the major African

malaria vector Anopheles funestus. Annu Rev Entomol. 2013; 58(1):393–412. https://doi.org/10.1146/

annurev-ento-120811-153628 PMID: 23317045

25. Brooke BD, Kloke G, Hunt RH, Koekemoer LL, Temu EA, Taylor ME, et al. Bioassay and biochemical

analyses of insecticide resistance in southern African Anopheles funestus (Diptera: Culicidae). Bull

Entomol Res. 2001; 91(4):265–72. https://doi.org/10.1079/ber2001108 PMID: 11587622

PLOS ONE The donepezil-derivatized Anopheles anticholinesterases

PLOS ONE | https://doi.org/10.1371/journal.pone.0277363 November 9, 2022 18 / 21

https://doi.org/10.1016/j.bioorg.2018.06.031
http://www.ncbi.nlm.nih.gov/pubmed/29966870
https://doi.org/10.1016/0167-4838(90)90076-r
http://www.ncbi.nlm.nih.gov/pubmed/2400771
https://doi.org/10.1007/s00204-020-02927-8
https://doi.org/10.1007/s00204-020-02927-8
http://www.ncbi.nlm.nih.gov/pubmed/33037899
http://www.ncbi.nlm.nih.gov/pubmed/6497305
https://doi.org/10.1021/acs.jmedchem.6b00967
https://doi.org/10.1021/acs.jmedchem.6b00967
http://www.ncbi.nlm.nih.gov/pubmed/27598521
https://doi.org/10.1016/j.cbi.2008.04.037
http://www.ncbi.nlm.nih.gov/pubmed/18554580
https://doi.org/10.2174/0929867324666170206130024
https://doi.org/10.2174/0929867324666170206130024
http://www.ncbi.nlm.nih.gov/pubmed/28176636
https://doi.org/10.1371/journal.pone.0006851
http://www.ncbi.nlm.nih.gov/pubmed/19714254
https://doi.org/10.3389/fphys.2013.00013
http://www.ncbi.nlm.nih.gov/pubmed/23386834
https://doi.org/10.1371/journal.pone.0138598
https://doi.org/10.1371/journal.pone.0138598
http://www.ncbi.nlm.nih.gov/pubmed/26447952
https://doi.org/10.1111/j.1365-2583.2008.00776.x
http://www.ncbi.nlm.nih.gov/pubmed/18237281
https://doi.org/10.17159/sajs.2015/20150261
https://doi.org/10.1371/journal.pone.0247944
https://doi.org/10.1371/journal.pone.0247944
http://www.ncbi.nlm.nih.gov/pubmed/33705436
https://doi.org/10.1111/j.1365-2915.2005.00574.x
http://www.ncbi.nlm.nih.gov/pubmed/16134975
https://doi.org/10.52707/1081-1710-46.1.24
https://doi.org/10.52707/1081-1710-46.1.24
http://www.ncbi.nlm.nih.gov/pubmed/35229578
https://doi.org/10.1186/s13071-017-2134-4
https://doi.org/10.1186/s13071-017-2134-4
http://www.ncbi.nlm.nih.gov/pubmed/28427447
https://doi.org/10.1146/annurev-ento-120811-153628
https://doi.org/10.1146/annurev-ento-120811-153628
http://www.ncbi.nlm.nih.gov/pubmed/23317045
https://doi.org/10.1079/ber2001108
http://www.ncbi.nlm.nih.gov/pubmed/11587622
https://doi.org/10.1371/journal.pone.0277363


26. Nardini L, Christian RN, Coetzer N, Koekemoer LL. DDT and pyrethroid resistance in Anopheles ara-

biensis from South Africa. Parasit Vectors. 2013; 6(1):229. https://doi.org/10.1186/1756-3305-6-229

PMID: 23924547

27. Nardini L, Hunt RH, Dahan-Moss YL, Christie N, Christian RN, Coetzee M, et al. Malaria vectors in the

Democratic Republic of the Congo: the mechanisms that confer insecticide resistance in Anopheles

gambiae and Anopheles funestus. Malar J. 2017; 16(1):448. https://doi.org/10.1186/s12936-017-2099-

y PMID: 29115954

28. Koekemoer LL, Spillings BL, Christian RN, Lo TC, Kaiser ML, Norton RA, et al. Multiple insecticide

resistance in Anopheles gambiae (Diptera: Culicidae) from Pointe Noire, Republic of the Congo. Vector

Borne Zoonotic Dis. 2011; 11(8):1193–200. https://doi.org/10.1089/vbz.2010.0192 PMID: 21417925

29. WHO. Guidelines for laboratory and field testing of mosquito larvicides. WHO; 2005: 1–39.

30. Dohutia C, Bhattacharyya DR, Sharma SK, Mohapatra PK, Bhattacharjee K, Gogoi K, et al. Larvicidal

activity of few select indigenous plants of North East India against disease vector mosquitoes (Diptera:

Culicidae). Trop Biomed. 2015; 32(1):17–23. PMID: 25801251

31. Corbel V, Chandre F, Darriet F, Lardeux F, Hougard JM. Synergism between permethrin and propoxur

against Culex quinquefasciatus mosquito larvae. Med Vet Entomol. 2003; 17(2):158–64. https://doi.org/

10.1046/j.1365-2915.2003.00435.x PMID: 12823833

32. Zanin CRF, Trindade FTT, Silva AAE. Effect of different food and sugar sources on the larval biology

and adult longevity of Anopheles darlingi (Diptera: Culicidae). Trop Biomed. 2019; 36(2):569–77. PMID:

33597419
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