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Abstract 

Background  Synergists reduce insecticide metabolism in mosquitoes by competing with insecticides for the active 
sites of metabolic enzymes, such as cytochrome P450s (CYPs). This increases the availability of the insecticide at its 
specific target site. The combination of both insecticides and synergists increases the toxicity of the mixture. Given 
the demonstrated resistance to the classical insecticides in numerous Anopheles spp., the use of synergists is becom-
ing increasingly pertinent. Tropical plants synthesize diverse phytochemicals, presenting a repository of potential 
synergists.

Methods  Extracts prepared from medicinal plants found in Jamaica were screened against recombinant Anopheles 
gambiae CYP6M2 and CYP6P3, and Anopheles funestus CYP6P9a, CYPs associated with anopheline resistance to pyre-
throids and several other insecticide classes. The toxicity of these extracts alone or as synergists, was evaluated using 
bottle bioassays with the insecticide permethrin. RNA sequencing and in silico modelling were used to determine 
the mode of action of the extracts.

Results  Aqueous extracts of Piper amalago var. amalago inhibited CYP6P9a, CYP6M2, and CYP6P3 with IC50s 
of 2.61 ± 0.17, 4.3 ± 0.42, and 5.84 ± 0.42 μg/ml, respectively, while extracts of Kalanchoe pinnata, inhibited CYP6M2 
with an IC50 of 3.52 ± 0.68 μg/ml. Ethanol extracts of P. amalago var. amalago and K. pinnata displayed dose-
dependent insecticidal activity against An. gambiae, with LD50s of 368.42 and 282.37 ng/mosquito, respectively. 
Additionally, An. gambiae pretreated with K. pinnata (dose: 1.43 μg/mosquito) demonstrated increased susceptibility 
(83.19 ± 6.14%) to permethrin in a bottle bioassay at 30 min compared to the permethrin only treatment (0% mortal-
ity). RNA sequencing demonstrated gene modulation for CYP genes in anopheline mosquitoes exposed to 715 ng 
of ethanolic plant extract at 24 h. In silico modelling showed good binding affinity between CYPs and the plants’ 
secondary metabolites.

Conclusion  This study demonstrates that extracts from P. amalago var. amalago and K. pinnata, with inhibi-
tory properties, IC50 < 6.95 μg/ml, against recombinant anopheline CYPs may be developed as natural synergists 
against anopheline mosquitoes. Novel synergists can help to overcome metabolic resistance to insecticides, which 
is increasingly reported in malaria vectors.
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Graphical Abstract

Background
The gains in malaria control by health authorities are 
consistently being challenged by widespread resistance of 
anopheline mosquito vectors to multiple classes of insec-
ticides [1]. Changing climate trends are also expanding 
habitats for malaria and other tropical disease vectors [2]. 
Pyrethroids are the most commonly used insecticides for 
disease control as they are fast-acting, readily available, 
present relatively low mammalian toxicity, and are inex-
pensive. However, widespread use has led to high levels 
of pyrethroid resistance in mosquito vectors of malaria 
and other diseases [3, 4]. New tools to overcome insecti-
cide resistance are urgently needed.

Mechanisms of resistance are complex and include 
insecticide avoidance, altered penetration, sequestra-
tion, target site alteration, or biodegradation. Meta-
bolic resistance, associated with the biodegradation of 
xenobiotic compounds, is a common mechanism of 
resistance in mosquitoes caused by the overexpression 
of detoxification enzymes such as cytochrome P450s 
(CYPs), glutathione S-transferases (GSTs) and carboxy/

cholinesterases (CCE) [5]. Of these, CYPs are the gene 
family primarily associated with resistance to pyrethroids 
and most other classes of insecticides used for vector 
control. In general, the evolution of consistently elevated 
levels of CYP gene expression in insects results in the 
rapid decomposition of insecticides, leading to a decrease 
in efficacy [5, 6]. However, compounds that can inhibit 
the catalytic activity of mosquito CYPs have the potential 
to reduce resistance caused by insecticide metabolism 
and reinstate susceptibility. Piperonyl butoxide (PBO), a 
broad-spectrum inhibitor of CYP activity, is commonly 
used in combination with pyrethroids as a synergist to 
increase their effectiveness against pyrethroid-resistant 
mosquitoes [7]. In 2017, the World Health Organiza-
tion (WHO) recommended the use of pyrethroid–PBO 
combination bed nets for malaria control [8]. These have 
since proven more effective in reducing malaria cases 
than pyrethroid-only nets in areas of high pyrethroid 
resistance [9, 10]. Thus, identifying new compounds that 
inhibit CYP activity will increase the variety of synergists 
that can be developed to attenuate insecticide resist-
ance, reducing the reliance on individual compounds that 
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might evolve resistance. Secondary metabolites of plants 
supply a large and diverse pool of compounds that block 
human metabolic enzymes by inhibiting their mode of 
action or serve as alternative substrates [11, 12]. As such, 
these metabolites may have application as synergists to 
overcome metabolic resistance in malaria vector popula-
tions known to overexpress CYPs. Work described in this 
paper was undertaken to explore the value of Caribbean 
biodiversity as insecticide synergists against anopheline 
mosquitoes, particularly routed through CYP inhibition.

Anopheles gambiae CYP6P3 and CYP6M2 and Anoph-
eles funestus CYP6P9a are CYPs that metabolize pyre-
throids and are frequently overexpressed in African 
populations of pyrethroid-resistant mosquitoes [13–15]. 
They are also associated with cross-resistance due to their 
broad substrate specificity and capacity to metabolize a 
wide range of different insecticide classes [16–18]. Het-
erologously expressed CYP6P3, CYP6M2, and CYP6P9a 
enzymes were used to screen extracts from native and 
non-native Jamaican plants with therapeutic or insecti-
cidal properties, Condea verticillata, Piper amalago var. 
amalago, and Kalanchoe pinnata, to identify potential 
insecticide synergists and demonstrate their added toxic 
effect when used in combination with a pyrethroid insec-
ticide. Further, in silico modelling was used to explore 
possible enzyme interactions with bryophyllin A, bryo-
phyllin C, luteolin-7-O-β-d-glucoside in Kalanchoe pin-
nata, 2,3-diacetoxytormentic acid in Condea verticillata, 
and piperine in Piper amalago var. amalago (supplemen-
tal 1), compounds previously attributed to the insecti-
cidal activities of these plants [19–22].

Methods
Reagents
Potassium phosphate, magnesium chloride, nicotina-
mide adenine dinucleotide phosphate (NADP+), glu-
cose-6-phosphate, glucose-6-phosphate dehydrogenase, 
deltamethrin (98%) dimethyl sulfoxide (DMSO) (99.9%), 
acetonitrile (99.8%), and piperine (97%) were purchased 
from Sigma-Aldrich (Gillingham, UK). Piperonyl butox-
ide (PBO; 90%; Fluka, Buchs, Switzerland), ethanol (99%), 
and acetone (99%) were purchased from Fisher Biorea-
gent (NJ, USA). Diethoxyfluorescein (DEF; 98.1%) was 
purchased from Cypex Ltd., (Dundee, UK), and perme-
thrin (99%) was purchased from Chem Service Inc. (PA, 
USA).

Preparation of plant extracts
Eight aromatic plants widely used in Jamaica for their 
therapeutic or insecticidal properties were screened 
for their ability to inhibit heterologously expressed An. 
funestus and An. gambiae (sensu stricto) CYPs. Collected 

plant material was bench-dried and prepared according 
to previously developed and refined methods [23, 24]. 
Leaves and smaller woody material were finely crushed 
and prepared as infusions or decoctions as previously 
described [22, 25]. Briefly, 1  g of dried, finely ground 
material (leaf, stem) was infused in 100  ml of boiled 
deionized water for 15–20 min. Barks were decocted for 
2 h and left to stand overnight. The resulting liquor was 
suction-filtered to remove suspended solids. The sam-
ples were lyophilized using a freeze-dryer (Labconco, 
MO, USA). The resulting solids were kept at − 20 °C until 
required and not subjected to more than two freeze–
thaw cycles. Bidens pilosa, Croton linearis, Condea ver-
ticillata, and Piper amalago var. amalago were prepared 
from a leaf and stem infusion. Bursera simaruba, Cin-
namodendron corticosum, and Guazuma ulmifolia were 
prepared from a bark decoction. Kalanchoe pinnata, a 
succulent plant, not native to Jamaica, was prepared from 
fresh leaves as a juice extract that was subsequently lyo-
philized. Voucher specimens of each plant sample were 
prepared and deposited in the herbarium at the Univer-
sity of the West Indies, Mona, Jamaica. Each specimen 
was identified by the botanist and herbarium curator, and 
given voucher numbers.

Ethanol extraction was conducted as follows: the aer-
ial parts of each plant (K. pinnata, C. verticillata, and P. 
amalago var. amalago) were collected and left to air-dry 
over a 72-h period. The leaves and stem of each plant 
were pulverized and then submerged in 300  ml of ana-
lytical-grade ethanol. After the 72-h period, each extract 
was suction-filtered to separate plant particles from the 
extract. The extract was then concentrated via rotary 
evaporation (Büchi B-481, DE, USA), decanted and 
placed under a fume hood to remove excess solvent. The 
final mass of each extract was obtained.

In vitro mosquito CYP assays
Escherichia coli membranes expressing mosquito CYP 
co-expressed with CYP reductase were obtained from 
Cypex Ltd. (Dundee, UK): CYP6P9a from An. funestus 
and CYP6P3 and CYP6M2 from An. gambiae (sensu 
stricto) [16]. Diethoxyfluorescein (DEF), the fluorogenic 
substrate, was used to measure enzyme activity.

The Michaelis–Menten kinetics were initially cal-
culated for each enzyme. These calculated values 
(CYP6P9a (40 pmol/ml; Km 5 µM), CYP6P3 (40 pmol/
ml; Km 0.83  µM), and CYP6M2 (10  pmol/ml; Km 
1.66  µM) were employed for inhibitory activity from 
thereon. CYP assays were conducted on lyophilized 
plant extracts resuspended in either water or 0.1% final 
acetonitrile concentration per assay. DEF was dissolved 
in DMSO with a final concentration of 0.5%. A solvent 
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control was included to correct for any solvent effects 
across the dilution range. Single-point enzyme inhi-
bition assays, conducted at 8.16  µg/ml plant extract, 
were initially conducted to determine whether the 
plant decoctions or infusions had an inhibitory effect 
on anopheline CYPs. Deltamethrin and PBO were used 
as standard controls to compare the inhibitory prop-
erties of the plant extracts. The procedure followed 
similar methods routinely conducted with human CYP 
enzymes [26, 27].

Extracts that demonstrated a percentage inhibi-
tion > 60% at 8.16  µg/ml were further assessed to 
determine IC50 values, the concentration at which 50% 
inhibition is observed. The enzyme assays were per-
formed in triplicate using black 96-well plates (Thermo 
Labsystems, Basingstoke, UK), in 50  mM potassium 
phosphate buffer containing 5  mM MgCl2, pH 7.4, 
with enzyme and substrate at the concentrations stated 
above while varying the concentration of the test com-
pound. Reactions were preincubated at 37 °C for 5 min, 
while continuously shaken at 420 spm. The reactions 
were initiated by the addition of the NADPH-generat-
ing system consisting of NADP+, glucose-6-phosphate, 
and glucose-6-phosphate dehydrogenase at final con-
centrations of 0.001  mM, 0.025  mM and 5 units/ml, 
respectively. The final reaction volume was 200 µL. The 
reactions were monitored at 485 nm excitation/530 nm 
emission using a fluorescence spectrophotometer with 
an incubator and shaker (Thermo Electron Varioskan, 
UK). IC50 values were calculated in SigmaPlot v. 10. 
(Systat Software Inc.).

Characterization of plant extracts by GC–MS and HPLC
The GC–MS system (Agilent 7820 A) was coupled to 
a mass selective detector (Agilent 5975 series; Agi-
lent Technologies, CA, USA) with a Hewlett-Packard 
DB-5  ms column (60  m × 0.25  mm; 0.25  μm film thick-
ness). Purified helium was used as the carrier gas with 
a flow rate of 1  ml/min. The temperature program 
employed was from 45  °C (1  °C/min) to 280  °C (2  °C/
min). Injector and detector temperatures were main-
tained at 210  °C and 220  °C, respectively. The injection 
volume for the extract was 1  μl. Retention indices were 
directly obtained via the application of Kovats’ proce-
dure. The components of the extract were identified via 
a comparison of mass spectral data with those of the 
NIST17 library, as described in ref. [28].

Separation of the extract was undertaken using a sta-
tionary-phase HPLC (Agilent 1100 series, Agilent Tech-
nologies, CA, USA). The column used was C-18, with 
the solvents 75% acetonitrile: 25% water. The extract was 
standardized against piperine, a phytochemical identified 

with 99% confidence by the GC–MS analysis, that is 
known to contribute to the insecticidal properties of 
most Piperaceae [29–32].

Mosquito rearing
Extracts demonstrating strong inhibitory properties 
towards one or more anopheline CYPs in vitro were fur-
ther assessed for their effect on Anopheles mosquitoes 
in vivo. Mosquitoes for the in vivo assays were obtained 
from the Malaria Research and Reference Reagent 
Resources center (MR4, CDC, Atlanta, GA, USA). They 
were maintained at a constant temperature of 27 ± 2  °C 
and 70 ± 10% humidity on a 14-h/10-h light/dark cycle 
(Environmental Specialties Incubator, Model ES 10–10 
WR, NC, USA). Routinely, the larvae were maintained 
in trays (Bugdorm, Taiwan, L35 × W26 × H4.5  cm), with 
350–500  ml of distilled water per 300 larvae. An. gam-
biae  (G3 strain) larvae were fed a diet of 50–100 mg of 
ground koi pellets until pupation. An. funestus (Fumoz 
strain) larvae were fed 50–100 mg of ground koi pellets 
with the addition of 50  mg of powered Spirulina until 
pupation. Pupae were removed and transferred in cups 
to insect rearing cages (Bugdorm, Taiwan) per species. 
Anopheles gambiae  (AKDR strain) pupae were obtained 
directly from MR4. Adult mosquitoes were provided 10% 
sucrose ad libitum.

Mosquito toxicity assay
Each prepared plant extract was resuspended in etha-
nol to give an initial stock solution (0.08–0.2  mg/μl), 
and then serially diluted (0–7.15  μg/μl) in ethanol. The 
resuspended extract was topically applied to the thorax 
of 3–5-day-old non-blood-fed adult An. gambiae  (G3) 
or An. funestus (Fumoz) female mosquitoes (n = 10–30) 
following methods described in ref. [33]. Briefly, the 
female mosquitoes were anaesthetized on ice and 0.2 μl 
of the resuspended extract was applied to the dorsal 
thorax using a 700 series syringe and a PB600 repeating 
dispenser (Hamilton, NV, USA). The control treatment 
was applied with 0.2 μl of ethanol only. After treatment, 
mosquitoes were contained in paper cups and fed 10% 
sucrose solution. The mosquitoes were observed for 3 h 
to observe response to initial exposure. Mortality was 
recorded at 24 h under standard insectary conditions as 
previously described. Assays for each concentration were 
conducted in triplicate. Mosquitoes that survived con-
centrations of 715 ng of plant extract were collected for 
RNA extraction and sequencing studies.

Synergistic assays using the CDC bottle bioassay
To determine synergism, a modification to the CDC bot-
tle bioassay [34] was used. Anopheles gambiae  (AKDR) 
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mosquitoes, which have demonstrated resistance to 
permethrin were used in these assays [35]. Non-blood 
fed adult female An. gambiae  (AKDR), 3–5  days old 
(n = 25–30), were topically exposed to ethanol or 1430 ng 
of plant extract while anaesthetized, as described above. 
The mosquitoes were transferred to a netted cup and 
observed for 1  h. After 1  h, actively flying mosquitoes 
were gently removed from the cups with a mouth aspi-
rator and then transferred to bottles precoated with 
21.5 µg of permethrin per bottle or acetone as a control 
treatment. Bottles were prepared 24 h prior to use [34]. 
The rate of knockdown/mortality was observed every 
15 min for 120 min or until 100% mortality was achieved. 
Knockdown/mortality was recorded if mosquitoes were 
either inactive or the mosquitoes shed their legs or gave 
a sporadic jump without flight when the bottle was agi-
tated/tapped. The experiment was conducted in dupli-
cate. The experiment was repeated; results were pooled 
to give mortality rates.

RNA extraction and sequencing assays
RNA extraction assay
RNA extraction and sequencing studies were conducted 
on mosquitoes that survived the 24-h topical application 
of 715 ng of plant extract assays. Total RNA was isolated 
from pools containing ten mosquitoes each per plant 
assessed or from mosquitoes exposed to ethanol only. 
RNA was extracted using Arcturus®; PicoPure®; RNA 
isolation kit (Applied Biosystems, Vilnius, Lithuania). 
The extractions were conducted in triplicates. RNA was 
quantified using the Agilent RNA ScreenTape on the Agi-
lent 4200 TapeStation (Agilent Technologies, CA, USA), 
according to the manufacturer’s protocol.

Library construction and hybridization capture
RNA libraries were prepared for each pool of extracted 
RNA using TruSeq Stranded Total RNA kit (Illumina, 
CA, USA) using 14 cycles of PCR amplification. All pro-
tocols were performed following the manufacturer’s 
instructions. Briefly, 500  ng of RNA per treatment was 
processed to deplete rRNA before being purified, frag-
mented, and primed with random hexamers. Fifty (50) 

ng of ribosomal-depleted primed RNA fragments were 
reverse transcribed into first strand cDNA using First-
Strand Synthesis Actinomycin D mix and SuperScript II 
Reverse Transcriptase. RNA templates were removed, 
and a replacement strand was synthesized to generate ds 
cDNA. Libraries were purified using AMPure XP beads 
(Beckman Coulter, IN, USA). The quality and quantity 
were consistently evaluated on the Agilent 4200 TapeSta-
tion. The cDNA was stored at − 80 °C. The libraries were 
sequenced (2 × 125 bp, paired-end reads) on the Illumina 
HiSeq 2500 sequencer, using v2 chemistry. Sequencing 
was performed at the Biotechnology Core Facility at the 
CDC, Atlanta, GA, USA.

Read filtering and mapping
Sequenced reads were assigned to each sample and adap-
tors were removed. Overall read quality was checked for 
each sample using FastQC [36]. Reads were then filtered 
on the basis of their length, pairing, and quality using 
Trimmomatic version 0.39 [37]. Only paired reads were 
kept for mapping. Reads were mapped to the  An. gam-
biae (PEST) and An. funestus (Fumoz) [38, 39] reference 
genomes obtained from VectorBase using hisat2 version 
2.2.1 [40] with default parameters. SAMtools [41] and 
HTSeq version 0.13.5 [42] were used to sort the output 
files and count reads according to the respective genome 
annotation files obtained from VectorBase. The raw 
counts were processed using RStudio version 2021.09.0 
[43], and the differential gene expression analysis was 
performed using the DESeq2 package [44]. Genes were 
considered differentially expressed if their absolute log2 
fold change values were > 1 at FDR-adjusted p < 0.05. 
The Panther classification system [45] was used for fur-
ther characterization of gene enrichment of An. gambiae 
genes. For An. funestus, Panther classification was per-
formed by determining the An. gambiae homologs for 
differentially expressed genes. XMgrace [46] was used to 
generate the volcano plot of differentially expressed CYP 
genes.

Table 1  Primers used in An. gambiae quantitative real-time PCR reactions

Gene ID
An. gambiae

Name Left primer Right primer References

AGAP008209 CYP6M1 GTG​CTC​GCC​AAG​CAT​AAT​GG ACT​TGC​GTA​GGG​ATT​CTT​TCA​ [7]

AGAP008213 CYP6M3 ATC​TGG​AGC​TGC​TGA​AGT​GT TTC​ATC​TTC​CCG​GAC​GTG​AA

AGAP008214 CYP6M4 GGA​ACA​GGA​ATC​GAA​GCG​TC GCA​CAG​GAG​TTT​TGG​AGC​AA

AGAP012291 CYP9J3 CAC​GTT​TAA​CAT​GCG​CCA​AC ATA​TCG​CGC​CAC​TTT​TGT​CC

Housekeeping genes GDPH CTG​CAA​AAA​GTC​GAT​ACC​GC CCT​CGT​ACA​CGT​ACA​TCG​TGA​

Housekeeping genes RPS7gam AGA​ACC​AGC​AGA​CCA​CCA​TC GCT​GCA​AAC​TTC​GGC​TAT​TC [7]
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Validation of RNA sequencing from An. gambiae with qPCR
To confirm the expression of the genes observed in the 
RNA sequencing, CYP genes with low–high expression 
levels were selected. All primers (Table 1) were obtained 
from the Biotechnology Core Facility Branch (CDC). 
The primers were validated using conventional PCR. The 
PCR products were then visualized using the UVP Gel-
Studio plus (Analytik Jena, CA, USA). Only primers that 
formed single-banded amplification products between 
150 and 200 bp were used for the quantitative PCR assay. 
The qPCR amplification was carried out on a QuantStu-
dio 6 Flex Real-Time PCR system (Applied Biosystems) 
using PowerUp SYBR Green Master Mix (Applied Bio-
systems). cDNA from each sample was used as a template 
in a three-step program as follows: Uracil-DNA glycosy-
lase (UDG) activation at 50 °C for 2 min, DNA polymer-
ase activation at 95 °C for 10 min, followed by 40 cycles of 
DNA denaturation for 15 s at 95 °C, DNA annealing and 
extension for 1 min at 60  °C, and a last DNA extension 
step of 15 s at 95 °C. The relative expression level and fold 
change (FC) of each target gene from treated samples 
relative to the untreated samples were calculated using 
the 2 − ΔΔCT method. Housekeeping genes were used to 
normalize the expression of the target genes.

Homology modelling
To ascertain binding affinity and possible interactions of 
the active metabolite within each extract with the CYP 
enzymes inhibited in  vitro, as well as those found dif-
ferentially expressed in the RNA-seq. studies, in silico 
models were generated. Preliminary structural models 
for CYPs 4G17, 6M2, 6P3, 9J3 (An. gambiae), and 6P9a 
(An. funestus), constructed using AlphaFold [47], were 
obtained from VectorBase [48]. Following structural 
alignment with Homo sapiens CYP3A4 (PDB ID: 6DAA) 
[49], the heme group coordinates were introduced for 
each CYP isoform.

Coordinates for the protein structures (CYPs 4G17, 
6M2, 6P3, 6P9a, and 9J3) obtained as described above 
were subjected to a molecular dynamics simulation in 
water using GROMACS version 2020.4 [50], with the 
CHARMM27 force field [51]. To begin, each enzyme was 
centered in a cubic box  10 Å away from the edge with 
periodic boundary conditions. The box was subsequently 
solvated using spc water [52], prior to neutralizing each 
system with the appropriate number of counterions. 
The complete system was then subjected to 1000 steps 
of steepest descent energy minimization in preparation 
for the molecular dynamics simulation. Each simula-
tion was initiated using the same equilibration scheme. 
Firstly, the initial velocities were randomly generated 
from a Maxwell–Boltzmann distribution at 300  K for a 

100 ps equilibration under an NVT ensemble. The tem-
perature coupling was controlled using a modified Ber-
endsen thermostat [53] with a time constant of 0.1  ps. 
Secondly, the system was further equilibrated for 100 ps 
under an NPT ensemble. Pressure coupling was con-
trolled using a Parrinello–Rahman barostat [54] with a 
time constant of 2.0 ps and an isothermal compressibility 
of 4.5 × 10−5 bar−1 in isotropic conditions.

The final system for each enzyme was used as the start-
ing configuration for a 100-ns production run at 300 K, 
with structures saved every 100 ps. The LINCS algorithm 
[55] was used with an order of 4 to constrain bond lengths 
and water bond angles, allowing for an integration time 
step of 2  fs. Nonbonded interactions were calculated 
using a Verlet cutoff scheme [56], whereby interactions 
within 10 Å were calculated at every time step from a 
pair list that was updated every fifth time step. On the 
other hand, electrostatic interactions beyond 10 Å were 
approximated using the particle mesh Ewald summation 
[57]. Following the 100-ns simulation, the protein coordi-
nates were extracted for molecular docking analysis.

Molecular docking
The protein structures for each enzyme (CYPs 4G17, 
6M2, 6P3, 6P9a, and 9J3) were extracted from the final 
coordinates of the molecular dynamics simulations 
described above. Polar hydrogens were added using 
AutoDock tools [58], and the grid box was centered 
within each enzyme with dimensions in the x-, y-, and 
z-planes adequate to encompass its entire structure, 
thereby identifying the theoretical binding sites. Molecu-
lar structures for the compounds constituting the various 
treatments (piperine from P. amalago var. amalago; bryo-
phyllin A, bryophyllin C, and luteolin-7-O-β-d-glucoside 
from K. pinnata; 2,3-diacetoxytormentic acid from C. 
verticillata) were generated using Avogadro version 
1.90.0 [59], optimized, and suitably protonated at pH 7.4 
before being prepared with AutoDock Tools [58]. Once 
both ligand and receptor files were ready, automated flex-
ible docking was performed using AutoDock Vina [60], 
with no added restrictions. The best docking poses were 
selected in each case; the coordinates were visualized 
with VMD [61], through which images of the binding 
mode were generated. Lastly, LigPlot + version 2.2 [62], 
was applied to visualize the protein–ligand interactions, 
using default settings.

Data analysis
The inhibition concentrations at 50% enzyme activ-
ity (IC50) were calculated in SigmaPlot v. 10. (Systat 
Software Inc.). The inhibitory concentrations are dis-
played as mean ± the standard error of the mean (SEM). 
The toxicity assays are presented as lethal doses at 50% 
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mortality ± 95% confidence interval (95% CI) per popula-
tion. R (version 3.6.2) was used to calculate confidence 
intervals. Abbott’s formula [63] (% Corrected Mortal-
ity = ((T−C)/(100−C)) × 100; where T is the total per-
cent mortality in the treated group, and C is the percent 
mortality in the control group, providing that the control 
mortality was greater than 0% but less than or equal 20%) 
was used to correct the mortality rate in each treated 
group when necessary. The mortality in the control group 
for all toxicity assays was less than 20%. Statistical analy-
ses were completed using SPSS for Windows (version 
17.0). One-way analysis of variance (ANOVA) and Post-
hoc Tukey test were used to determine significant differ-
ences (p < 0.05) between means where possible.

The differential gene expression analysis was performed 
using the DESeq2 package [44]. Genes were considered 
differentially expressed if their absolute log2 fold change 
values were > 1 at FDR-adjusted p < 0.05.

Results
Effects of plant extracts on mosquito CYP in vitro
Single-point percentage inhibition was initially evaluated 
for eight water-based extracts of plants found in Jamaica, 
predominantly used for their medicinal and insecticidal 
activities. In  vitro assays were conducted using resus-
pended lyophilized plant extracts to determine their 
ability to inhibit heterologously expressed anopheline 
CYP6P9a-, 6P3- and 6M2-mediated diethoxyfluorescein 
(DEF) activity. Inhibitory effects were compared using a 
standard extract concentration of 8.16  µg/ml, and > 60% 
inhibition of CYP activity was considered to be indicative 
of strong inhibition. The percentage inhibitory effects of 
the water-based extracts are presented in Table 2. Piper 
amalago var. amalago was the strongest inhibitor, pro-
ducing > 70% inhibition of DEF activity against all three 
anopheline CYP enzymes, CYP6P9a, CYP6P3, and 
CYP6M2. Condea verticillata produced strong inhibition 

of CYP6P9a (65%) and moderate inhibition of CYP6M2 
(41%) and CYP6P3 (31%), while Kalanchoe pinnata pro-
duced strong inhibition of CYP6M2 (73%) and weak inhi-
bition of CYP6P9a (13%) and CYP6P3 (7%).

The inhibition strength (IC50) of plant extracts K. pin-
nata, C. verticillata, and P. amalago var. amalago were 
further examined (Table  3) and compared to deltame-
thrin, a pyrethroid insecticide, and PBO, commonly used 
as a broad-spectrum inhibitor of mosquito CYPs activity 
[16, 64]. The extracts and compounds were categorized 
as potent (IC50 < 1  μg/ml), moderate (IC50 1–10  μg/ml) 
and weak inhibitors (IC50 > 10  μg/ml) [22, 65] according 
to their activity as CYP inhibitors. PBO displayed potent 
activity against all three CYPs (IC50 values 0.06–0.30 μg/
ml), while deltamethrin was a moderate inhibitor, with 
IC50 values in the range of 1.34–10.96 μg/ml. K. pinnata 
and C. verticillata extracts displayed moderate inhibi-
tion against single CYPs, CYP6M2 (IC50 = 3.52  μg/ml) 

Table 2  Percentage inhibition of Anopheline CYP activity by Jamaican plant extracts at 8.16 µg/ml

Data are expressed as the percentage mean of normal activity from three individual experiments. Control enzyme activity (mean ± SEM) for CYP6P9a, CYP6P3 and 
CYP6M2 was 0.08 ± 0.01, 0.31 ± 0.05, and 0.80 ± 0.03 abs/min/pmol of CYP, respectively
a Interference from the extract prevented fluorescence detection

Scientific name Family Voucher number Local name CYP6P9a CYP6P3 CYP6M2

Bidens pilosa L. Asteraceae 35366 Spanish Needle 10.43 10.92 11.74

Kalanchoe (Bryophyllum) pinnata (Lam.) Pers. Crassulaceae 35466 Leaf of Life 12.52 7.34 73.00

Bursera simaruba (L.) Sarg. Burseraceae 35363 Red Birch 7.93 0.63 a

Cinnamodendron corticosum Miers Canellaceae 35375 Mountain Cinnamon 19.59 16.13 4.51

Croton linearis Jacq. Euphorbiaceae 35365 Rock Rosemary 10.63 9.46 38.64

Guazuma ulmifolia Lam. Malvaceae 35364 Bastard Cedar 24.59 11.84 22.86

Condea (Hyptis) verticillata Jacq. Lamiaceae 35473 John Charles 65.01 31.07 41.08

Piper amalago var. amalago Piperaceae 36616 Jointer 73.47 81.31 70.68

Table 3  Inhibition strength of Jamaican plant extracts that 
demonstrated strong inhibition of Anopheline CYPs

The Table shows the concentrations of K. pinnata, C. verticillata, P. amalago 
amalago, piperine—the active metabolite of P. amalago amalago, the 
insecticide deltamethrin and synergist piperonyl butoxide (PBO) that reduced 
CYP6P9a, CYP6P3, and CYP6M2-catalyzed diethoxyfluorescein activity by 50% 
(IC50). Test compound concentrations varied between 0 and 200 μg/ml, as 
described in the Methods. Control enzyme activity (mean ± SEM) for CYP6P3, 
CYP6P9a, and CYP6M2 was 0.39 ± 0.01, 0.03 ± 0.05, and 0.02 ± 0.00 µM/min/pmol 
of CYP, respectively. Data are expressed as the mean concentration (mean ± SEM) 
to inhibit 50% enzyme activity for three independent experiments

Plant extracts and compounds 
IC50

CYP6P9a CYP6P3 CYP6M2

Kalanchoe (Bryophyllum) pinnata 
µg/ml

> 20 > 20 3.52 ± 0.68

Condea (Hyptis) verticillata µg/ml 6.95 ± 0.11 > 20 > 20

Piper amalago var. amalago µg/ml 2.61 ± 0.17 5.84 ± 0.42 4.30 ± 0.42

Piperine µg/ml 8.01 ± 0.67 3.18 ± 0.17 0.14 ± 0.08

Deltamethrin µg/ml 1.34 ± 0.21 10.96 ± 3.57 8.91 ± 3.40

PBO µg/ml 0.15 ± 0.03 0.30 ± 0.02 0.06 ± 0.00
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and CYP6P9a (IC50 = 6.95  μg/ml), respectively, while P. 
amalago var. amalago extract displayed moderate inhi-
bition, with IC50 values in the range of 2.61–5.84 μg/ml 
against all three enzymes.

Further GC–MS followed by HPLC analysis (Supple-
mental 2) of P. amalago var. amalago extract revealed 
piperine to be the most abundant compound. The inhibi-
tory property of piperine was assessed. The inhibitory 
properties of piperine were similar to that of P. amalago 
var. amalago. However, piperine potently inhibited 
CYP6M2 (IC50 = 0.14 μg/ml), with values comparable to 
PBO, and moderately inhibited CYP6P3 (IC50 = 3.18 μg/
ml), and CYP6P9a (IC50 = 8.01 μg/ml).

Effects of plant ethanol extracts on Mosquito in vivo
To determine whether the moderate inhibition of mos-
quito CYPs by the plant extract observed in  vitro was 
indicative of their potential as insecticides and/or 

insecticide synergists against the mosquitoes with the 
respective CYPs, the insecticidal activities of prepared 
extracts from K. pinnata, P. amalago var. amalago, and 
C. verticillata against Anopheles mosquitoes was evalu-
ated. An ethanol extract of each plant was prepared to 
facilitate topical application of the extracts and to elute 
similar chemical composition to that of the water-based 
plant extracts. The 50% lethal dose (LD50) values were 
similar for K. pinnata (282.37 ± 17.94  ng/mosquito) and 
P. amalago var. amalago (368.42 ± 70.50  ng/mosquito) 
(Fig.  1). C. verticillata, however, failed to produce mor-
tality > 30% at the highest concentration used for either 
An. gambiae (G3) or An. funestus (Fumoz) after 24 h of 
exposure, as such, LD50s for C. verticillata could not be 
generated.

Of the three plant extracts assessed for their insecti-
cidal activities, K. pinnata was the most toxic towards 
An. gambiae. The synergistic activity of the ethanol 

Fig. 1  Mortality studies on An. gambiae with Piper amalago var. amalago, Kalanchoe pinnata or Condea verticillata. Non-blood-fed female (3–5 days 
old) An. gambiae were topically treated with plant extract for 24 h. P. amalago var. amalago, K. pinnata or C. verticillata was applied to An. gambiae. 
The lethal dose that resulted in 50% mortality (LD50) was 368.42 and 282.37 ng/mosquito for P. amalago var. amalago and K. pinnata, respectively. 
The extract of C. verticillata resulted in low toxicity towards An. gambiae, causing 25% mortality at 1430 ng/mosquito. The data points are expressed 
as mean ± 95% confidence intervals; n = 20–25 mosquitoes per replicate; average weight of mosquitoes = 0.4 mg
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extract from K. pinnata was tested with permethrin 
against An. gambiae (AKDR), a permethrin-resistant 
strain. The highest prepared dose (1.43  μg/mosquito) 
of K. pinnata ethanol extract was initially applied to the 
mosquitoes. After 1 h, the mosquitoes were gently placed 
in 250-ml Wheaton bottles precoated with 21.5 µg of per-
methrin. Synergy with K. pinnata produced rapid knock-
down/mortality, with 83.19% death occurring within 
30 min, followed by a gradual decline and 100% mortality 
after 75  min. By contrast, permethrin alone produced a 
delayed response, with 90% dead after 75 min and 100% 
mortality by 90 min (Fig. 2).

RNA sequencing for CYP genes
RNA sequencing of mosquitoes treated with the plant 
extracts was conducted to determine whether the 
extracts could modulate CYP gene activity in vivo. A con-
centration that produced greater than 50% mortality was 
selected to observe changes in gene regulation within a 

24-h period. Topical treatment of female An. gambiae 
with 715  ng of P. amalago var. amalago resulted in the 
upregulation of 229 genes and the downregulation of 
479 genes (|log2 fold change|> 1; FDR-adjusted p < 0.05) 
compared to the untreated control. Similarly, topical 
application of 715 ng of K. pinnata induced the upregula-
tion of 313 genes and downregulation of 580 genes (|log2 
fold change|> 1; FDR-adjusted p < 0.05) compared to the 
untreated control (Table 4).

In both treatments, commonly upregulated genes 
included glutathione S-transferases, lactate dehydroge-
nases, heme peroxidases, and ⍺-tubulin, while commonly 
downregulated genes included trypsins, C-type lectins, 
lipases, chitinases, and cuticular proteins. CYPs 6M1, 
6M3, 6M4, and 9J3 were upregulated following both 
treatments, while CYP 4G17 was downregulated follow-
ing both treatments (Fig. 3). Interestingly CYPs 6M2 and 
6Z2 were significantly upregulated by P. amalago var. 
amalago, whereas K. pinnata had little to no effect on the 
expression of these enzymes.

Fig. 2  Synergistic studies with Permethrin and Kalanchoe pinnata extract. Non-blood-fed female (3–5 days old) female An. gambiae (AKDR) 
were topically treated with 1.43 μg of the K. pinnata plant extract and observed for 1 h. After 1 h, the mosquitoes were gently transferred 
to bottles pretreated with 21.5 µg of permethrin. Mosquitoes were observed until 100% knockdown/mortality (the data points are expressed 
as mean ± confidence intervals (CI); n = 71–88 mosquitoes; average weight of mosquitoes: 0.35 mg)



Page 10 of 23Francis et al. Malaria Journal           (2025) 24:25 

Table 4  Differential gene expression in An. gambiae treated with Piper amalago var. amalago or Kalanchoe pinnata compared to the 
untreated control

Top 50 differentially expressed genes that were upregulated (|log2 fold change|> 1; FDR-adjusted p < 0.05) by at least one treatment, 
classified according to Panther

Gene ID Gene name Product description Log2 fold change

P. amalago vs. 
ethanol only 
treated

K. pinnata vs. 
ethanol only 
treated

RNA metabolism

 AGAP029470 – SAM domain-containing protein 2.01 2.24

Cytoskeleton

 AGAP007122 – Tubulin, alpha 1 1.97 2.11

 AGAP003352 – Stomatin (EPB72)-like 3 1.71 1.85

Metabolite interconversion

 AGAP004383 GSTD10 Glutathione S-transferase delta class 10 4.76 5.09

 AGAP013327 HPX15 Heme peroxidase 15 3.02 3.20

 AGAP008212 CYP6M2 Cytochrome P450 2.89 0.10

 AGAP008209 CYP6M1 Cytochrome P450 2.44 2.74

 AGAP004880 – l-Lactate dehydrogenase 3.41 3.54

 AGAP011806 – NADH dehydrogenase 1 beta subcomplex 4 1.39 2.61

 AGAP008213 CYP6M3 Cytochrome P450 2.33 1.67

 AGAP007300 – Unspecified product 1.90 2.15

 AGAP008218 CYP6Z2 Cytochrome P450 1.98 0.15

 AGAP012388 – DUF1298 domain-containing protein 1.86 1.97

 AGAP008214 CYP6M4 Cytochrome P450 1.62 1.98

 AGAP012296 CYP9J5 Cytochrome P450 1.92 0.90

Protein modification

 AGAP005125 – Tripartite motif-containing protein 71 1.77 1.87

Transfer/Carrier

 AGAP000427 – Vitellogenin receptor 2.45 2.36

Translation

 AGAP007858 – Lysyl-tRNA synthetase, class II 1.89 2.20

Transport

 AGAP005795 – Sodium-coupled monocarboxylate transporter 1 2.52 2.87

 AGAP008437 ABCC9 ATP-binding cassette transporter family C member 9 2.30 1.41

 AGAP008436 ABCC11 ATP-binding cassette transporter family C member 11 1.86 1.95

 AGAP008738 – Unspecified product 1.67 1.94

Unclassified

 AGAP028182 – Ankyrin repeat domain-containing protein 2.90 2.50

 AGAP005987 – Unspecified product 2.77 2.83

 AGAP007959 – Unspecified product 2.54 2.76

 AGAP006385 – Unspecified product 1.46 2.71

 AGAP007650 – Growth arrest and DNA-damage-inducible protein 1.99 2.68

 AGAP003488 – Nucleotide exchange factor SIL1 1.71 2.63

 AGAP001610 – Unspecified product 1.80 2.50

 AGAP006367 – Unspecified product 2.39 2.30

 AGAP003757 – Unspecified product 1.84 2.28

 AGAP010658 – Unspecified product 1.58 2.27

 AGAP007823 – Unspecified product 1.96 2.22

 AGAP028652 – Unspecified product 1.86 2.18

 AGAP012443 – Unspecified product 1.54 2.17

 AGAP028566 – Unspecified product 2.12 1.99
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Table 4  (continued)

Top 50 differentially expressed genes that were upregulated (|log2 fold change|> 1; FDR-adjusted p < 0.05) by at least one treatment, 
classified according to Panther

Gene ID Gene name Product description Log2 fold change

P. amalago vs. 
ethanol only 
treated

K. pinnata vs. 
ethanol only 
treated

 AGAP013745 – HTH OST-type domain-containing protein 1.93 2.09

 AGAP009682 – Unspecified product 1.72 1.95

 AGAP028655 – Unspecified product 1.73 2.12

 AGAP028201 – Unspecified product 1.99 2.08

 AGAP029097 – Unspecified product 1.75 2.06

 AGAP005253 – Unspecified product 1.76 2.03

 AGAP013506 UPD3A JAK/STAT pathway cytokine unpaired 3 variant A 1.69 1.98

 AGAP028541 – Unspecified product 1.95 1.77

 AGAP011981 – Unspecified product 1.72 1.94

 AGAP009404 – N-Acetyllactosaminide beta-1,3-N-acetylglucosaminyltransferase 1.94 1.52

 AGAP009656 – C2H2-type domain-containing protein 1.94 1.52

 AGAP029285 – Unspecified product 1.42 1.88

 AGAP029766 – Polypeptide N-acetylgalactosaminyltransferase 1.50 1.84

 AGAP006222 – Glucosyl/glucuronosyl transferase 1.84 0.00

Top 50 differentially expressed genes that were downregulated (|log2 fold change|> 1; FDR-adjusted p < 0.05) by at least one treatment, 
classified according to Panther

Gene ID Gene name Product description Log2 fold change

P. amalago vs. 
ethanol only 
treated

K. pinnata vs. 
ethanol only 
treated

Binding

 AGAP001969 – Polyubiquitin  − 4.59  − 5.09

 AGAP029559 CTLMA6 C-type lectin (mannose binding)  − 4.27  − 4.25

Catalytic activity

 AGAP001748 – Chitin synthase  − 4.11  − 4.28

 AGAP008295 TRYP2 Trypsin 2  − 3.62  − 2.77

 AGAP008290 TRYP6 Trypsin 6  − 3.31  − 2.49

 AGAP008293 TRYP7 Trypsin 7  − 2.87  − 3.19

 AGAP001594 – Unspecified product  − 2.87  − 3.18

 AGAP008487 – Sphingomyelin phosphodiesterase  − 3.14  − 3.00

Structural molecule activity

 AGAP000047 CPR130 Cuticular protein RR-2 family 130  − 8.08  − 8.06

 AGAP000820 CPR125 Cuticular protein RR-2 family 125  − 5.85  − 6.54

 AGAP000344 CPR127 Cuticular protein RR-1 family 127  − 4.93  − 4.91

 AGAP009871 CPR75 Cuticular protein RR-1 family 75  − 3.40  − 4.32

 AGAP005456 CPR15 Cuticular protein RR-1 family 15  − 3.91  − 3.73

 AGAP006001 CPR26 Cuticular protein RR-1 family 26  − 2.89  − 3.66

 AGAP009874 CPR76 Cuticular protein RR-1 family 76  − 2.95  − 3.49

Unclassified

 AGAP008449 CPLCG5 Cuticular protein CPLCG family (CPLCG5)  − 9.09  − 10.34

 AGAP006147 – Unspecified product  − 9.52  − 9.60

 AGAP008447 CPLCG4 Cuticular protein CPLCG family (CPLCG4)  − 8.38  − 9.20

 AGAP006148 CPLCA3 Cuticular protein 3 in CPLCA family  − 6.56  − 9.41

 AGAP009759 CPLCP12 Cuticular protein CPLCP12  − 8.01  − 7.70
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According to Gene Ontology analysis, both treatments 
influenced heterocyclic and organic cyclic compound 
binding and oxidoreductase activity under the molecular 
function category, cellular anatomical entity and intra-
cellular anatomical structure under the cellular compo-
nent category, and cellular process and macromolecule 
metabolic process under the biological process category. 
Panther classification revealed that proteins within the 
transport, metabolite interconversion, and protein modi-
fication classes were widely upregulated and downregu-
lated following both treatments.

Quantitative RT–PCR was used to validate the direc-
tional fold change (FC) of four CYP gene isoforms (6M1, 
6M3, 6M4 and 9J3), relative to two housekeeping genes, 
GDPH gam and S7gam (Fig.  4). The Pearson correlation 
coefficients, r = 0.927, demonstrated similar gene expres-
sion levels between the assays. The qRT–PCR analysis 
supports the directionality of changes in expression levels 
as estimated by RNA sequencing.

Following topical treatment of An. funestus (Fumoz) 
with 715 ng of C. verticillata, 102 genes were upregulated 
and 14 genes were downregulated (|log2 fold change|> 1; 
FDR-adjusted p < 0.05) compared to the ethanol only 

Table 4  (continued)

Top 50 differentially expressed genes that were downregulated (|log2 fold change|> 1; FDR-adjusted p < 0.05) by at least one treatment, 
classified according to Panther

Gene ID Gene name Product description Log2 fold change

P. amalago vs. 
ethanol only 
treated

K. pinnata vs. 
ethanol only 
treated

 AGAP007980 CPCFC1 Cuticular protein CPCFC family (CPCFC1)  − 7.31  − 7.59

 AGAP006829 CPR59 Cuticular protein RR-1 family 59  − 6.85  − 7.38

 AGAP008450 – Unspecified product  − 6.37  − 7.17

 AGAP006149 CPLCX3 Cuticular protein unclassified  − 5.39  − 6.92

 AGAP009758 CPLCP11 Cuticular protein CPLCP11  − 6.39  − 5.92

 AGAP028680 – F-box domain-containing protein  − 4.95  − 6.31

 AGAP028679 – Unspecified product  − 4.84  − 6.20

 AGAP004135 – Yellow-e  − 5.98  − 5.76

 AGAP029797 – Unspecified product  − 4.51  − 5.66

 AGAP003308 CPAP3-C Cuticular protein  − 4.78  − 4.70

 AGAP004690 CPF3 Cuticular protein 3 from fifty-one aa family  − 1.92  − 4.21

 AGAP003582 – d-Xylulose reductase A  − 3.00  − 3.95

 AGAP000745 – Alanine transaminase  − 3.35  − 3.91

 AGAP006434 – Unspecified product  − 3.60  − 3.90

 AGAP011530 – Collagen, type I/II/III/V/XI/XXIV/XXVII alpha  − 3.43  − 3.89

 AGAP008782 – 23.4 kDa salivary protein  − 3.76  − 3.58

 AGAP006146 CPLCA2 Cuticular protein 2 in CPLCA family  − 3.12  − 3.74

 AGAP006480 – Unspecified product  − 3.24  − 3.72

 AGAP007416 – MH2 domain-containing protein  − 3.08  − 3.58

 AGAP003334 CPLCX2 Cuticular protein unclassified  − 3.54  − 3.52

 AGAP008281 D7r4 D7 short form salivary protein  − 2.60  − 3.47

 AGAP003261 – ZP domain-containing protein  − 3.43  − 3.48

 AGAP000696 – Cuticular protein RR-2 family 125  − 3.26  − 3.31

 AGAP011930 – Unspecified product  − 2.67  − 3.29

 AGAP000988 CPAP3-A1c F-type H+-transporting ATPase subunit b  − 3.25  − 3.12

 AGAP011937 – Unspecified product  − 3.24  − 3.14

 AGAP006964 – Pyroglutamyl-peptidase  − 2.68  − 3.21

 AGAP006433 – Unspecified product  − 2.91  − 3.16

 AGAP008512 – NodB homology domain-containing protein  − 2.82  − 3.16

 AGAP028135 – Lipase domain-containing protein  − 3.07  − 3.15
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treatment (Table  5). The majority of upregulated genes 
were eukaryotic small unit ribosomal RNAs (unable to be 
classified by Panther). Genes classified as related to bind-
ing were significantly downregulated (e.g., homeobox 
domain-containing protein), whereas genes classified as 
related to catalytic activity (e.g., peptidase S1 domain-
containing protein) and binding (e.g., G patch domain-
containing protein) were upregulated.

It should also be mentioned that several genes were 
highly differentially expressed (|log2 fold change|> 2), for 
which a p-value could not be calculated. While they are 
not included in the table, some notable genes deserve 
mention. Among those downregulated were TIL domain-
containing protein and dynein heavy chain. Among those 
upregulated were chitinase and aromatic l-amino-acid 

decarboxylase. This category of differentially expressed 
genes also constituted CYPs 325F1, 4H18, and 9J4 
among those upregulated, whereas CYP 6AD1 was 
downregulated.

According to Gene Ontology analysis, treatment with 
C. verticillata influenced binding, catalytic activity, and 
transmembrane transporter activity under the molecu-
lar function category, cellular anatomical entity and ret-
romer complex under the cellular component category, 
and cellular process, metabolic process, and localization 
under the biological process category.

Modelling
In silico modelling was used to investigate compound 
interactions in the CYP active sites and to estimate 

Fig. 3  RNA sequencing of CYP gene expression in An. gambiae treated with Piper amalago var. amalago or Kalanchoe pinnata. CYP genes that were 
differentially expressed with respect to the control (|log2 fold change|> 1; FDR-adjusted p < 0.05) following topical application of either P. amalago 
var. amalago or K. pinnata (715 ng of plant extract) to An. gambiae (n = 10 mosquitoes per treatment per replicate)
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docking strengths. Following on the information gar-
nered from the RNA sequencing results, in silico mod-
elling was conducted on CYPs that were differentially 
expressed in mosquitoes treated with P. amalago var. 
amalago, K. pinnata or C. verticillata ethanol extracts, 
as well as CYP enzymes used in the in vitro assays. The 
compounds modelled were as follows: piperine, con-
firmed in this study by GC–MS and HPLC analysis 
from P. amalago var. amalago extract (supplemental 2); 
2,3-diacetoxytormentic acid, confirmed in the C. verti-
cillata ethanolic extract [22]; bryophyllin A, bryophyllin 
C, and luteolin-7-O-β-d-glucoside, reported to account 
for the insecticidal activity of K. pinnata [20]. When 
evaluating the potential of compounds in drug discov-
ery, a docking threshold of − 29 kJ·mol−1 can be consid-
ered as a starting point to identify candidates with good 
binding [66], whereby more negative values indicate 
stronger binding. As a reference point, the values in the 
binding Mother of All Databases (MOAD) are normally 

distributed around approximately − 37  kJ·mol−1 [67]. A 
dissociation constant (Kd) of 1–100  nM, suggestive of 
excellent inhibition, roughly translates to a binding affin-
ity of − 40 to − 50 kJ·mol−1 [68].

Kalanchoe pinnata extract
Bryophillins A and C and luteolin-7-O-β-d-glucoside 
were docked into the CYPs 4G17, 6M2, 6P3, and 9J3 
from An. gambiae. Bryophillin A presented binding 
affinities ranging from − 39.3 (CYP9J3) to − 47.7 kJ·mol−1 
(CYP6P3), while Bryophillin C presented binding affini-
ties ranging from − 31.8 (CYP4G17) to − 49.4  kJ·mol−1 
(CYP6P3). Luteolin-7-O-β-d-glucoside presented its 
highest binding affinity (− 46.0  kJ·mol−1) in CYP6M2 
and lowest binding affinity (− 36.4 kJ·mol−1) in CYP4G17 
(Table  6). All three compounds exhibited π–π stacking 
interactions with conserved phenylalanine residues in 
the respective active sites, along with occasional hydro-
gen bonds (Fig.  5). The strongest binding was observed 

Fig. 4  Gene expression correlation between RNA sequencing and qPCR from An. gambiae treated with Piper amalago var. amalago or Kalanchoe 
pinnata. RNA sequencing validation by qPCR was conducted on mosquitoes previously treated with 715 ng of extract to corroborate the direction 
of fold change observed with RNA sequencing. RNA was extracted after 24-h exposure (n = 10 mosquitoes per treatment per replicate)
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Table 5  Differential gene expression in An. funestus treated with C. verticillata compared to the untreated control

Top 50 differentially expressed genes that were upregulated by treatment C. verticillata (|log2 fold change|> 1; FDR-adjusted p < 0.05), 
classified according to Panther

Gene ID Gene symbol Product description Log2 fold change

C. verticillata 
vs. ethanol only 
treated

Binding

 AFUN006552 – G-patch domain-containing protein 3.74

 AFUN007199 – Polyadenylate-binding protein 3.46

 AFUN021449 – Troponin C 1.86

 AFUN005374 – Phosphoserine phosphatase 1.68

 AFUN009447 RpS25 40S ribosomal protein S25 1.34

Catalytic activity

 AFUN022310 – Peptidase S1 domain-containing protein 2.85

 AFUN004890 – Acyl-CoA dehydrogenase 1.98

 AFUN008039 – Nucleoside diphosphate kinase 1.86

 AFUN006334 – Choline/ethanolamine kinase 1.74

 AFUN004178 – Phosphoenolpyruvate carboxykinase (GTP) 1.56

 AFUN021716 – 4-Hydroxyphenylpyruvate dioxygenase 1.52

Translation

 AFUN007816 Eukaryotic translation initiation factor 6 2.17

Structural Molecule Activity

 AFUN021595 Cuticular protein RR-1 family 1.55

Unclassified

 AFUN018774 – Unspecified product 4.90

 AFUN010671 – CLIP-domain serine protease 3.03

 AFUN016466 SRPN11 Serine protease inhibitor (serpin) 11 2.99

 AFUN019721 – Chitin-binding type-2 domain-containing protein 2.62

 AFUN006360 – Unspecified product 2.33

 AFUN009998 – Unspecified product 2.30

 AFUN004722 – Unspecified product 2.17

 AFUN000713 – Protein flightin 2.08

 AFUN010326 – Unspecified product 2.04

 AFUN007648 – Cubilin 1.93

 AFUN004703 – Unspecified product 1.91

 AFUN007491 – Unspecified product 1.79

 AFUN022138 – Poly(U)-specific endoribonuclease 1.71

 AFUN019741 – Unspecified product 1.71

 AFUN007811 – 30 kDa salivary antigen family protein 1.71

 AFUN005860 – CLIP-domain serine protease 1.67

 AFUN011122 – Unspecified product 1.63

 AFUN003703 – Unspecified product 1.62

 AFUN016374 NimB2 Nimrod B2 1.61

 AFUN008531 – Unspecified product 1.60

 AFUN006361 – Unspecified product 1.57

 AFUN006915 DEF1 Defensin anti-microbial peptide 1.57

 AFUN008739 – Unspecified product 1.56

 AFUN004736 – Unspecified product 1.55

 AFUN016569 – Unspecified product 1.54

 AFUN008289 – Unspecified product 1.51

 AFUN022193 – Unspecified product 1.51
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Table 5  (continued)

Top 50 differentially expressed genes that were upregulated by treatment C. verticillata (|log2 fold change|> 1; FDR-adjusted p < 0.05), 
classified according to Panther

Gene ID Gene symbol Product description Log2 fold change

C. verticillata 
vs. ethanol only 
treated

 AFUN021309 – Unspecified product 1.51

 AFUN021780 – Unspecified product 1.49

 AFUN003274 LRIM19 Leucine-rich immune protein (Coil-less) 1.45

 AFUN005947 – Unspecified product 1.45

 AFUN020976 – Unspecified product 1.42

 AFUN018799 – PMSR domain-containing protein 1.41

 AFUN018668 – PMSR domain-containing protein 1.39

 AFUN016413 – Unspecified product 1.38

 AFUN022012 – Unspecified product 1.36

 AFUN009926 – Unspecified product 1.34

Top 50 differentially expressed genes that were downregulated (|log2 fold change|> 1; FDR-adjusted p < 0.05) by treatment C. verticillata, 
classified according to Panther

Gene ID Gene symbol Product description Log2 fold change

C. verticillata 
vs. ethanol only 
treated

Binding

 AFUN004151 – Homeobox domain-containing protein  − 1.30

 AFUN010213 RpL36 60S ribosomal protein L36  − 1.17

 AFUN022227 – Niemann-Pick Type C-2  − 1.16

 AFUN003198 RpS26 40S ribosomal protein S26  − 1.03

No classification

 AFUN018847 – Thioester-containing protein  − 2.86

 AFUN018885 – Unspecified product  − 2.16

 AFUN004001 – Unspecified product  − 1.32

 AFUN006496 – Unspecified product  − 1.21

 AFUN006704 – 5’ nucleotidase, ecto  − 1.13

 AFUN004873 – Unspecified product  − 1.13

 AFUN001787 – Unspecified product  − 1.13

 AFUN008722 – Unspecified product  − 1.09

 AFUN018908 Solute carrier family 15 member  − 1.06

 AFUN016019 – Unspecified product  − 1.03

Table 6  Binding affinities (in kJ/mol) of the identified compounds toward the selected CYP enzymes according to molecular docking 
studies

Plant Compound/Enzyme CYP4G17 CYP6M2 CYP6P3 CYP6P9a CYP9J3

P. amalago var. amalago Piperine  − 39.7  − 35.6  − 38.5  − 36.4  − 31.0

C. verticillata 2,3-Diacetoxytormentic acid  − 44.4

K. pinnata Bryophyllin A  − 42.3  − 44.4  − 47.7  − 39.3

K. pinnata Bryophyllin C  − 31.8  − 46.9  − 49.4  − 39.3

K. pinnata Luteolin-7-O-β-d-glucoside  − 36.4  − 46.0  − 43.9  − 37.2
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for CYPs 6M2 and 6P3, suggesting that treatment with 
K. pinnata may provide efficient inhibition or occupation 
of the CYPs 6P3 and 6M2 active sites, bypassing a major 
mechanism of insecticide resistance in mosquitoes [5, 
6]. This would accordingly improve insecticidal activity 
when applied in conjunction with commonly used insec-
ticides, as observed in the synergist application (Fig.  2) 
with permethrin on An. gambiae (AKDR).

Condea verticillata extract
2,3-Diacetoxytormentic acid was docked into CYP6P9a 
from An. funestus, presenting an excellent binding affin-
ity of − 44.4  kJ·mol−1 (Table  6). Its binding pose was 
predominantly mediated by π–π stacking interactions 
with conserved phenylalanine residues in the active site 
(Fig. 6). This may underlie the potential for the mosquito-
specific insecticidal activity of C. verticillata extracts, 
as also demonstrated in the inhibitory assay (Table  3). 
2,3-Diacetoxytormentic acid was previously found to 
have insecticidal activity, albeit at low levels [19, 22].

Piper amalago var. amalago extract
Piperine was docked into all CYPs evaluated (4G17, 
6M2, 6P3, and 9J3 from An. gambiae and 6P9a from An. 
funestus). Good binding affinity (exceeding − 35 kJ·mol−1) 
was observed in all cases but CYP9J3 (− 31.0  kJ·mol−1) 
(Table 6). A common feature was once again π–π stack-
ing interactions with conserved phenylalanine residues 
in the active site, along with hydrogen bonding in some 
cases (Fig. 7). This relatively broad activity of piperine, a 
compound common to Piperaceae family [69–71], may 
be due to its methylenedioxyphenyl group, which is well 
established to have CYP-inhibitory properties via form-
ing intermediates with the heme group [72]. In the four 

cases with strong affinity, the best binding mode pre-
sented this functional group toward the iron center of 
the heme, speaking to the possibility of this interaction, 
as well as suggesting the potential nonspecificity of pip-
erine’s inhibitory activity observed (Table  3). This com-
pound was also found to have synergistic activity when 
combined with insecticides [29], in line with its demon-
strated synergistic [73], cyp induction [74], inhibition 
of heterologously expressed mosquito larvae CYPs [75], 
insecticidal [76, 77], growth-regulating [78], anti-foraging 
[29], and repellency [79] properties. The inhibitory assays 
(Table  3) also revealed the broad-spectrum activity of 
piperine.

Discussion
The secondary metabolites of plants provide diverse 
chemical structures with multiple biological activities. 
The study identified compounds that might be used as 
synergists to inhibit CYPs associated with the detoxi-
fication of insecticides in mosquitoes. Extracts were 
prepared from plants for their potential to inhibit the 
activities of representative CYPs commonly overex-
pressed in African malaria vectors associated with pyre-
throid resistance, An. gambiae CYP6P3 and CYP6M2 
and An. funestus CYP6P9a, and their activity in  vivo 
confirmed.

Of the eight aqueous plant extracts explored, P. 
amalago var. amalago, C. verticillata, and K. pinnata 
demonstrated specificity for one or more recombinant 
CYPs, overexpressed in Anopheles mosquitoes resistant 
to pyrethroids, with IC50s < 10  μg/ml in  vitro (Table  3). 
These values were comparable to the inhibitory prop-
erties of the insecticidal compound deltamethrin and 
the synergist PBO, suggesting that the compounds have 

Fig. 5  Best theoretical binding poses achieved for K. pinnata compounds. Bryophyllin A (a), bryophyllin C (b) and luteolin 7-O-β-d-glucoside (c) 
complexed with CYPs 6P3, 6P3 and 6M2, respectively. CYPs are shown in surface representation (grey), with key residues identified for binding 
shown (blue) and the heme group (red) shown in stick representation. The ligands are also shown in stick representation, colored according 
to atom type (C—cyan; N—blue; O—red; H—white)
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potential as insecticide synergists. As such, these three 
plant extracts were assessed for their effect in  vivo. 
Chemical separation of the extract was conducted if 
information on the possible active secondary metabolites 
was not available. GC–MS analysis and stationary-phase 
HPLC found piperine to be abundant in the P. amalago 

var. amalago extract (Supplemental 2). Piperine exhib-
ited similar inhibitory trends to that of the water extract 
(Table 3). The results suggest that piperine, a compound 
found commonly in Piper spp. [76, 80], with previously 
demonstrated insecticidal [30], synergistic [81], and lar-
vicidal [77] properties, was the most likely secondary 

Fig. 6  Best theoretical binding pose achieved for C. verticillata compound. 2,3-Diacetoxytormentic acid complexed with CYP6P9a. CYP 6P9a 
is shown in surface representation (grey), with key residues identified for binding shown (blue) and the heme group (red) shown in stick 
representation. The ligand is also shown in stick representation, colored according to atom type (C—cyan; N—blue; O—red; H—white)
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metabolite responsible for the CYP inhibitory property of 
the P. amalago var. amalago extract in vitro as well as the 
insecticidal activity of the extract against An. gambiae in 
this study.

Further in vivo studies found that C. verticillata dem-
onstrated no insecticidal activity against the mosquitoes 
tested; however, the ethanolic extracts of P. amalago 
amalago and K. pinnata produced dose-dependent 
insecticidal activity against An. gambiae (Fig.  1). In 

order to identify genes that may play a protective role 
against the toxicity of the plant extracts, the effects on 
gene expression following exposure to sublethal doses 
of extracts (Figs. 3, 4, and Tables 4, 5) was assessed. The 
paired-end sequences following exposure of An. gam-
biae to a sublethal dosage of P. amalago var. amalago or 
K. pinnata could be mapped to a total of 13,797 genes, 
with good alignment obtained for both treatments 
(~ 88% and ~ 84%, respectively) and the solvent control 

Fig. 7  Best theoretical binding pose achieved for P. amalago var. amalago compound. Piperine complexed with a, b, c, d CYPs 4G17, 6M2, 6P3, 
and 6P9a. CYPs are shown in surface representation (grey), with key residues identified for binding shown (blue) and the heme group (red) shown 
in stick representation. The ligand is also shown in stick representation, colored according to atom type (C—cyan; N—blue; O—red; H—white)
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(~ 90%). Of these, 708 genes and 893 genes were differ-
entially expressed, respectively, compared to the con-
trol. The enzymes that were upregulated following both 
plant extract treatments (Fig. 3 and Table 4) were likely 
involved in the metabolism of the compounds found in 
the plant extracts when applied topically. In contrast, the 
downregulation of trypsins, along with the upregulation 
of DNA-damage-inducible protein (Table  4), may indi-
cate a move towards survival. Cuticular proteins, includ-
ing CYP4G17, frequently overexpressed in resistant 
populations, are known to be involved in the oxidative 
decarbonylases that catalyze the final step in cuticular 
hydrocarbon synthesis [82, 83]; they were observed to be 
downregulated in relation to the control (Fig.  3), along 
with other cuticular proteins (Table  4). However, previ-
ous whole-genome transcription studies demonstrated 
differential upregulation of CYP4G17 along with the 
differential upregulation of other cuticular proteins in 
anopheline mosquitoes treated with insecticides [83].

RNA sequencing analysis for An. funestus following 
exposure to the ethanolic extract of C. verticillata was 
compared to An. funestus treated with ethanol only. 
The paired-end sequences could be mapped to a total 
of 14,177 genes. A similar pattern to the findings for An. 
gambiae could be observed, with a number of genes cod-
ing for enzymes being upregulated. In this study, similar 
CYP orthologs were similarly upregulated or downregu-
lated across the treatments (Table  5). An overall limi-
tation of the RNA sequencing analysis was the large 
number of genes for which no annotation was available; 
this was especially applicable to the An. funestus genome. 
As these genomes are further characterized, the num-
ber of differentially expressed genes coding for unspeci-
fied products may reveal new information describing the 
mechanism of action underlying the treatments applied. 
CYP6P9a was downregulated in An. funestus treated 
with C. verticillata, albeit not differentially. Its low toxic-
ity in vivo may explain the limited differential expression 
(Table 5) of the known genes.

Following the in  vitro and RNA sequencing results, 
in silico studies were conducted to ascertain binding 
affinity and possible interactions of the active ingredi-
ents within each extract with the CYP enzymes they 
were predicted to regulate. A common feature of the 
molecular docking results with the five active ingredi-
ents (piperine (identified in P. amalago var. amalago; 
Supplemental 2); 2,3-diacetoxytormentic acid [from 
C. verticillata previously identified in the extract [22]; 
bryophyllin A, bryophyllin C, and luteolin-7-O-β-d-
glucoside (widely reported in an ethanol extract of K. 
pinnata [20])] on five CYP isoforms (4G17, 6M2, 6P3, 
and 9J3 from An. gambiae; 6P9a from An. funestus; 

selected on the basis of in  vitro and RNA sequenc-
ing results) was the mediation of the ligands in their 
respective active sites by π–π stacking interactions with 
phenylalanine residues conserved across all eukary-
otic CYP enzymes [84, 85]. These phenylalanine resi-
dues constitute key interaction points in substrate 
recognition sites surrounding the binding pocket. The 
molecular docking results revealed strong binding 
affinity by all compounds evaluated, with compounds 
from K. pinnata showing more specific activity toward 
CYP6P3 and CYP6M2 from An. gambiae (Table  6, 
Fig. 5), 2,3-diacetoxytormentic acid from C. verticillata 
showing specificity toward CYP6P9a from An. funestus 
(Fig.  6, Table  6), and piperine, showing broader activ-
ity toward all CYPs evaluated, with the exception of 
CYP9J3 (Table 6, Fig. 7). The results are similar to those 
obtained in vitro, demonstrating the likeliness of these 
compounds as active agents in the plant extracts.

With the exception of piperine and bryophillin A, 
CYP4G17 exhibited relatively low affinity toward the 
compounds evaluated in comparison to the other CYPs 
that were modelled. This may be a function of a dif-
ferently shaped binding pocket to isoforms from the 
CYP6 and CYP9 families. Specifically, its active site is 
narrower and more elongated, which may confer some 
substrate specificity suited for long-chain insecticides 
commonly used on mosquitoes. This could explain its 
upregulation in the presence of insecticides [82, 83] but 
downregulation following treatment with P. amalago 
var. amalago and K. pinnata, which may be preferen-
tially metabolized by isoforms from the CYP6 family.

Kalanchoe pinnata and P. amalago amalago were 
the only extracts to demonstrate dose-dependent tox-
icity towards anopheline mosquitoes by targeting key 
metabolic enzymes associated with insecticide resist-
ance in these vectors. The observed in vitro and in sil-
ico results, as well as the toxicity towards An. gambiae 
supports the synergistic potential of these compounds. 
This synergistic effect is a result of the decreased avail-
ability of those key enzymes involved in the metabo-
lism of insecticides, allowing the insecticide to reach 
its target site. The increase in the effectivity of per-
methrin, when used synergistically with K. pinnata, 
demonstrates this effect. Although synergistic studies 
were not conducted with P. amalago amalago on any 
anopheline mosquitoes in this study, a previous study 
demonstrated synergism of P. amalago var. amalago 
with pyrethroids on aedine mosquitoes [86]. Other 
studies have also demonstrated the synergistic activity 
of Piper spp. and the active metabolite piperine with 
pyrethroids [74, 76]. Piperine, the active metabolite in 
the P. amalago amalago extract, demonstrated strong 
binding affinity to all CYPs assessed in silico. Piperine’s 
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broad-spectrum activity, as a function of its methylen-
edioxyphenyl group, enables it to bind to the active site 
of multiple CYPs responsible for metabolizing insecti-
cides [29, 76, 79]. This makes it a strong candidate as a 
synergist. Its smaller, less decorated nature also makes 
it an ideal scaffold for further optimization as a single 
compound. On the other hand, the extract from K. pin-
nata, with more than one compound (bryophyllin A, 
bryophyllin C, and luteolin-7-O-β-d-glucoside) exhib-
iting very strong affinity for CYPs central to insecti-
cide resistance, may be a suitable natural candidate in 
extract form to bypass this obstacle in large mosquito 
populations.

Conclusion
This study demonstrates that aqueous plant extracts 
that inhibit anopheline CYP, with IC50s less than 
6.95  µg/ml have the potential to be developed as syn-
ergists to increase the toxicity of insecticides used to 
manage mosquito populations. This synergistic activ-
ity is the result of the strong affinity, demonstrated in 
silico, of their secondary metabolites for CYP enzymes 
known to be upregulated in insecticide-resistant 
anopheline mosquito populations, as well as their dem-
onstrated toxicity towards anopheline mosquitoes. 
The piperine compound (isolated from P. amalago var. 
amalago) and the K. pinnata extract were identified as 
ideal candidates for further development as insecticide 
synergists, to target mosquito vectors of malaria and 
other diseases.
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