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Abstract

Insecticide-based interventions continue to serve as the cornerstone of Aedes mosquito
control, the primary vectors of arboviruses. This study assessed the insecticide resistance
profiles of four Aedes mosquitoes in three rural areas in southern Nigeria, where arbovirus
outbreaks recently occurred. Using WHO tube tests and CDC bottle bioassays, four Aedes
species (Aedes aegypti, Ae. albopictus, Ae. simpsoni complex and Ae. luteocephalus) were
evaluated for susceptibility to commonly used public health insecticides, including
deltamethrin, alphacypermethrin, permethrin, pirimiphos-methyl, chlorfenapyr and
clothianidin. Biochemical assays were conducted using Ae. albopictus to establish the role of
metabolic resistance mechanism. Amplification and sequencing of fragment of Ae.
luteocephalus ITS1 gene molecularly confirmed its species identity. Aedes aegypti exhibited
possible resistance to pirimiphos-methyl but remained susceptible to all other insecticides
across study sites. Aedes albopictus showed resistance to DDT and possible resistance to
pirimiphos-methyl, while remaining susceptible to pyrethroids. Aedes luteocephalus was
resistant to pirimiphos-methyl but susceptible to all other insecticides. Aedes simpsoni
complex was fully susceptible to all insecticides. Biochemical assays revealed elevated a-
esterase and monooxygenase activities (3.4-fold and 2.54-fold, respectively) in exposed
females of Ae. albopictus compared to the unexposed cohort. Overall, the low resistance
levels observed underscore the need for sustained insecticide resistance monitoring and
management to maintain the effectiveness of insecticide-based vector control strategies in

Nigeria.

1. Introduction

Data description

Background and context

The global threat posed by arboviruses transmitted by Aedes mosquitoes has intensified in
recent years, prompting the World Health Organization (WHO) to launch the Global Arbovirus
Initiative, cautioning that the next pandemic could be an arbovirus (1). Increasing reports of
arboviral outbreaks have emerged across the world, including in Europe, where
autochthonous transmission of dengue, chikungunya, and Zika has been documented (2,3).
In Brazil, dengue infections surged by 108% between 2023 and 2024 (4), while Bangladesh
recorded its deadliest dengue outbreak in 2023, following the resurgence of Dengue virus
serotype 2 (5). Similarly, Sri Lanka reported major outbreaks caused by co-circulating

genotypes | and lll of dengue virus serotype 3 (6).
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In Africa, arbovirus outbreaks have also increased in frequency and intensity.
In 2023 alone, seven arboviruses were implicated in 29 outbreaks across 25 countries,
resulting in 19,569 confirmed cases and 820 deaths. Notably, West Africa accounted for 22 of
these outbreaks, including those in Senegal, Burkina Faso, Céte d’lvoire, Ghana, Togo, and
Nigeria (7).

Aedes aegypti and Ae. albopictus, the primary vectors of yellow fever, dengue, chikungunya,
and Zika viruses, are expanding their geographical range and have adapted to a wide array
of habitats (8—12). These mosquitoes thrive in artificial containers in urban settings and
increasingly use natural containers such as plant axils and tree holes in rural areas, thereby
enhancing their transmission potential across ecotypes. However, insecticide resistance in
Aedes mosquitoes is emerging as a major public health concern, threatening the efficacy of

core vector control strategies globally (13,14).

Resistance to the four major insecticide classes (pyrethroids, organophosphates, carbamates,
and organochlorines) has been reported in Ae. aegypti and Ae. albopictus across the
Americas, Asia, and Africa (15). This resistance is largely attributed to target-site mutations
(such as knockdown resistance or kdr mutations) and enhanced metabolic detoxification,
including elevated activity of glutathione S-transferases (GSTs) and cytochrome P450
monooxygenases (16—19). The reduced efficacy of space spraying and insecticide-treated
materials leads to increased vector survival, limiting outbreak response effectiveness and
posing a serious challenge to arbovirus prevention (20,21). Across Africa, several studies have
documented varying resistance profiles in Aedes mosquitoes, often linked to urbanization and
insecticide pressure, underscoring the need for context-specific resistance management
strategies (11,14,22).

In Nigeria, Aedes-borne arboviruses, such as yellow fever (23), dengue (24) and chikungunya
(25), continue to cause recurrent outbreaks. As of July 2025, Nigeria had reported suspected
yellow fever cases across the country, resulting in seven confirmed cases in six states (Abia,
Anambra, Edo, Ekiti, Lagos, and Rivers), while a large outbreak of dengue was ongoing in
Edo State (26). The distribution of Aedes species varies by ecological zone, with Ae. aegypti
more prevalent in urban environments, while Ae. albopictus is consolidating its presence in
cities and expanding into peri-urban and rural areas (27,28). Southern Nigeria harbours
diverse Aedes species, including Ae. luteocephalus, Ae. africanus, Ae. vittatus, and Ae.
simpsoni complex, which may play roles in localized arbovirus transmission (28,29). In
contrast, only Ae aegypti has been reported in the Sahel and Sudan savannahs of the far north
(12,28).
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Several studies have reported contrasting patterns in the distribution of major
and minor Aedes species (28,30) and resistance profiles across the 5 contrasting ecological
zones of Nigeria. Understanding the geographic distribution, species composition, and
resistance status of Aedes species, especially in understudied rural areas, is essential for

designing and implementing evidence-based vector control strategies.

Several studies have revealed regional differences in insecticide resistance in Aedes species
across Nigeria. In the humid southern regions, higher levels of multiple insecticide resistance
have been reported in Ae. aegypti from the Southwest towards DDT, pyrethroids and
carbamates (31,32). The same vector has recorded limited resistance to pyrethroid in the
South-south (33), while DDT resistance in both Ae. aegypti and Ae. albopictus was recorded
in the Southeast (34). The resistance has been associated with the voltage-gated sodium
channel (vgsc) knockdown resistance (kdr) mutations (F1534C, S989P, V1016G) and
elevated detoxification enzymes (35). Also, carbamate resistance has been recorded against
Ae. aegypti in the North Central region (36), while in Northwestern Nigeria, its populations
exhibited resistance towards organochlorine, organophosphate, carbamate and pyrethroid
insecticides. The pyrethroid resistance was shown to be associated with the F1534C mutation

and high levels of GSTs and cytochrome P450s, while V1016G mutation was absent (12).

Despite some of the studies mentioned above, data on insecticide resistance in rural
communities largely remain limited. This is regardless of the increasing adaptation of Aedes
mosquitoes to these areas. This gap hampers the design of targeted and effective control
interventions. Moreover, while metabolic and target-site resistance mechanisms have been
described in urban populations, their prevalence and impact in rural Aedes populations are

poorly understood (11,22,31).

To address these gaps, this study investigated the composition and resistance profiles of
Aedes species in rural areas of south-eastern Nigeria. Four Aedes species were identified to
species level, and their resistance towards public health insecticides was established to be
very low. These findings not only fill a critical knowledge gap on rural Aedes populations in
Nigeria but also highlight an important window of opportunity to implement proactive,
evidence-based vector control strategies before resistance emerges. More of this resistance
data needs to be made publicly available and linked to species and occurrence observations
in the Global Biodiversity Information Facility (GBIF) database to enable better modelling and

global control efforts.

2. Materials and Methods

2.1 Mosquito sampling, rearing and morphological identification



Immature stages of Aedes mosquitoes were collected (between April and
December 2021) in three communities: Oyege (06.56328°N, 008.24153°E); Ndiezoke
(06.55399°N, 008.23435°E) and Offerekpe Inyimagu (06.57017°N, 008.23528°E), all within

Izzi Local Government Area of Ebonyi State, Nigeria (Figure 1).
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Figure 1: Map of the study area, showing sampling locations.

Larvae and pupae were collected from natural and artificial containers using ladles and
pipettes, as described previously (28,37). The natural containers were mostly plant axils, while
the artificial containers were mainly household water storage and discarded containers around
human dwellings. Ovitraps, which were set and retrieved within 72 h, were used to augment
collections. The immature stages collected from the field were raised to adulthood,
anaesthetized and identified morphologically using the keys of (38) and (39). All the field-
collected mosquitoes were separated into distinct populations at the insectary of the National
Arbovirus and Vectors Research Centre (NAVRC), Nigeria. Where the population was
insufficient for bioassay, they were blood-fed to get F1 progenies, which were fed 10%
sucrose, maintained at standard insectary conditions of temperature 27 °C + 2, relative
humidity of 80% + 10 and a 12:12 hours light-dark cycle. The mosquitoes were used for
bioassays. They were eventually preserved in Eppendorf tubes and stored at -20°C in an ultra-

low freezer for further analyses.



&\

Afric
ArXiv?®

\

2.2: Molecular identification of Ae. luteocephalus to species level

As Ae. luteocephalus showed interesting resistance toward pirimiphos-methyl in contrast to
the other species and there are already molecular protocols for identification of Ae. aegypti
and Ae. albopictus, we decided to identify this secondary vector to its species level
molecularly. DNA extraction from 8 F, females of this species was carried out using (40)
protocol, and the quantities and qualities of the DNA in the samples was determined Using
Qubit 4 Fluorometer (Thermofisher Scientific) according to the manufacturer’s instructions.
The forward and reverse primers ITS1A: 5-CCTTTGTACACACCGCCCGTCG-3’ and ITS1B:
5-ATGTG TCCTGCAGTTCACA-3' reported by (41) were used to amplify the internal
transcribed spacer region 1 (ITS1) fragments of ribosomal RNA, with a fragment size of ~750
bp. The PCR was carried out using KAPATag DNA polymerase in a total reaction volume of
15 L. The reaction mix comprises 1 uL of gDNA, 1.5 yL of 10X Taq A Buffer, ~0.4 uM (0.51
ML) each of forward and reverse primers, 1.25 mM (0.75 pL) of MgCl,, 0.25 mM (0.15 L) of
dNTP mixes and 0.12 pL of Tag DNA polymerase (KAPA Biosystems, Wilmington, MA, USA)
in ddH20. Amplification was carried out using the following conditions: initial denaturation of 5
min at 95 C, followed by 35 cycles each of 30 s at 94 C (denaturation), 40 s at 51 C (primer
annealing) and 60 s at 72 C (extension). This was followed with 10 min final extension at 72 C.
The PCR amplicons were separated in a 1.5 % agarose gel stained with pEqGreen and
visualized for bands. Eight (PCR) products were cleaned with a QIAquick® PCR Purification
Kit (QIAGEN, Hilden, Germany) and sequenced on both strands, using the above primers by

GenWiz, UK (https://www.genewiz.com/en-GB/). Forward and reverse sequence reads were

aligned and analysed using the CLC Sequence Viewer version 6 (https://clc-sequence-

viewer.software.informer.com/6.6/), to obtain sequences. The sequences were used for

nucleotide BLAST (https://blast.ncbi.nim.nih.gov/Blast.cgi) to search for similar sequences

deposited by other researchers in the NCBI and confirm the identity of the sequences.

2.3 WHO tube and CDC bottle insecticide susceptibility bioassays

Initially, the WHO tube test (42) were conducted with four insecticides: 0.03% deltamethrin,
0.03% alphacypermethrin, 0.25% permethrin, and 0.25% pirimiphos-methyl. For each assay,
4 replicates of 25 females (non-blood-fed, 3 to 5 d post-emergence) were used for the
bioassays. After exposure to insecticide-impregnated papers, the mosquitoes were
transferred to holding tubes, supplied with 10% sugar and mortalities were recorded at 24 h.
Alive and dead mosquitoes were stored for further analysis.

The CDC bottle bioassay (43) was also utilised to determine clothianidin and chlorfenapyr
resistance. Mosquitoes from each population were exposed to 20 ug/bottle of clothianidin and

100 ug/bottle of chlorfenapyr. Four replicates of 25 females (non-blood-fed, 3 to 5 d post-


https://www.genewiz.com/en-GB/
https://clc-sequence-viewer.software.informer.com/6.6/
https://clc-sequence-viewer.software.informer.com/6.6/
https://blast.ncbi.nlm.nih.gov/Blast.cgi
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emergence) were subjected to susceptibility tests according to the standard
protocol (43). After the diagnostic time of 60 minutes, the mosquitoes were transferred to
holding cups covered with untreated nets and fed 10% sucrose. Mortality was recorded after
24 h for clothianidin, while daily records were taken for chlorphenapyr until after 72 h, when
mortality was determined. Samples of survivors and dead mosquitoes were also preserved in

Eppendorf tubes at -20°C for further analysis.

2.4 Determination of metabolic resistance mechanisms

Biochemical assays for general esterases and monooxygenases were performed on exposed
and unexposed cohorts of adult Aedes albopictus mosquitoes according to (44) with some
modifications. Adult female mosquitoes were individually homogenised in 200 uL of distilled
water in a flat-bottomed microtitre plate on ice. The plates were spun at 3000 rpm and 4°C for
15 min and the supernatants were used as the crude source of enzymes. For each assay,
blank replicates (all components of the reaction mixture except for the enzyme source) were

provided.

Monooxygenases assay: The levels of P450 monooxygenases were determined using a
previously established protocol (45). The reaction mixture in each well of the microtitre plate
contained 20 pL of insect homogenate, 80 pL of 0.0625 M potassium phosphate buffer pH
7.2,200 pL of 3, 3, 5, 5 tetramethyl benzodine (TMBZ) solution (0.01 g TMBZ dissolved in 5
mL methanol plus 15 mL of 0.25 M sodium acetate buffer pH 5.0) and 25 L of 3% hydrogen
peroxide. The plates were incubated at room temperature for 2 h and absorbance was read
at 450 nm as an endpoint in a Biotek ELX 808U plate reader. The values were compared with
a standard curve of purified cytochrome ¢ and were reported as equivalent units of cytochrome

P450/mg protein corrected for the known content of cytochrome ¢ and CYP450.

General esterases: General esterase activity was determined using a-naphthyl acetate as a
substrate. Reaction mixtures contained 20 pL of insect homogenate in microtitre plate wells
(assigned a) and 200 uL of a-naphthyl acetate solution (120 yL of 30 mM a-naphthyl acetate
dissolved in 12 mL 0.02 M phosphate buffer pH 7.2). The reaction mixtures were incubated at
room temperature for 30 min before the addition of 50 uL of fast blue solution (0.023 g fast
blue dissolved in 2.25 mL distilled water and 5.25 mL of 5% SDS, 0.1 M sodium phosphate
buffer pH 7) to each well. Plates were incubated at room temperature for 5 min and
absorbance was read at 570 nm as an endpoint. The optical densities (OD) were compared
with standard curves of OD for a known concentration of a-naphthol, to convert the
absorbances to product concentration. The enzyme activities were reported as nmol of a-

naphthol/min/mg protein.
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2.5 Data Analysis, validation and quality control

The results of bioassays were tabulated in the Excel programme and percentage mortalities
calculated. Susceptibility to insecticides was recorded as mortalities within the ranges, 98—
100%, mortality rates between 90 and 97% indicated possible resistance, while mortality
below 90% confirmed the presence of resistant genes (42,43).

Inferential statistics (independent sample t-tests) were used to compare the mean enzyme
concentrations between exposed and unexposed mosquitoes. Statistical significance was
determined at p < 0.05, and 95% confidence intervals (Cls) were reported. Enzyme
concentrations were expressed as percentages for visualization using bar plots. All analyses

and visualizations were conducted in R (version 4.5.0).

3. Results

3.1 Morphological identification of Aedes species

Morphological identification revealed the presence of four major Aedes species across the
study sites and collection methods: Ae. aegypti, Ae. albopictus, Ae. luteocephalus and Ae.
simpsoni complex. Among these, Ae. aegypti was the most abundant species, followed by Ae.
albopictus, while Ae. luteocephalus and Ae. simpsoni complex were less frequently

encountered.

3.2 Molecular identification of Ae. luteocephalus

Taking advantage of the primers previously created for container-breeding Aedes mosquitoes,
fragments of the barcoding gene ITS1 were amplified and sequenced. A 499-bp fragments
was retrieved from the sequencing and used for homology BLAST searches in the NCBI.
There were only two sequences of ITS1 for this species in the NCBI, and the closest hit is a
664 bp fragment of Kenyan Ae. luteocephalus sequences, which share 99.39% identity with
our sequence. This sequence with accession number KU056502 was deposited by (46) from
a yet-to-be-published study. The 8 ITS1 sequences from this study have been deposited in

GenBank with accession numbers: XX-YY.

3.3 Insecticide resistance profiles of the Aedes species

Bioassays established susceptibility to all three pyrethroids tested in all four species. Aedes
albopictus showed complete susceptibility (100%) to all three pyrethroids (alphacypermethrin,
deltamethrin and permethrin), in addition to full susceptibility towards clothianidin and
chlorfenapyr. However, possible pirimiphos-methyl resistance was observed in Ndiezoke and
Oyege communities (96% and 97% mortalities, respectively) and resistance (mortality = 87%)

to DDT in Ndiezoke (Figure 2A). Similar trends were observed for Ae. aegypti with full



susceptibility for all insecticides, including DDT (Figure 2B). Aedes
luteocephalus tested only at Ndiezoke community, exhibited full susceptibility towards the
three pyrethroids, chlorfenapyr and clothianidin, but recorded resistance (88% mortality) to
pirimiphos-methyl (Figure 2C). Meanwhile, Ae. simpsoni complex mosquitoes which were

assayed only in Oyege community were susceptible to all insecticides tested (Figure 2D).
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Figure 2: Insecticide resistance profiles of the various Aedes populations. Each bar
represents the percentage mortalities for insecticides tested. (A) for Ae. albopictus, (B) for Ae.
aegypti, (C) for Ae. luteocephalus and (D) for Ae. simpsoni complex. The green, dashed lines
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3.4 Determination of the potential role of metabolic resistance mechanism

Figure 3 shows the mean concentration of a-esterase and monooxygenase enzymes in the

exposed and unexposed mosquitoes (Aedes albopictus). For a-esterase, exposed mosquitoes

showed 3.4 times higher concentrations (2.66 x 10-° ug/ml) than unexposed mosquitoes (7.89

x 10" ug/ml). However, this difference was not statistically significant, #{(8.01) = 1.95, p = .087,

95% CI1 [-3.38 x 107¢, 4.08 x 107°]. Similarly, the concentration of monooxygenase was 2.54

times higher (2.945970ug/ml) in exposed mosquitoes compared to unexposed mosquitoes

(1.159013 pg/ml). However, this difference was not statistically significant, {(10.77) = 1.72, p
= .114, 95% CI [-0.50, 4.08]. Although the data suggest a potential trend toward higher

enzyme concentrations in exposed mosquitoes, the result does not provide conclusive

evidence of a statistically significant effect of insecticide exposure observed spike in enzyme

levels.

Alpha-esterase

Monooxygenase

6e-05 1

I

6

o

a
1

2e-05 1

Concentration (ug/ml)

0e+00 -

Exposed Unexposed

Exposure Status

Exposed Unexposed

Figure 3: Mean concentration of enzymes in the exposed and unexposed Ae. albopictus
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Analysis of the relative enzyme abundance (REA), a function of consumed

substrate per unit time, revealed higher levels of both enzymes in insecticide-exposed Ae.

albopictus, compared to their unexposed counterparts. For a-esterase, exposed mosquitoes

showed a mean REA of 3.30 x 107° mol/hour/mg, whereas unexposed mosquitoes exhibited

a lower mean REA of 5.78 x 107" mol/hour/mg. Similarly, monooxygenase abundance was

higher in exposed mosquitoes (1.55 x 107 mol/hour/mg) compared to unexposed mosquitoes

(1.13 % 10c® mol/hour/mg).

3.5 Data validation and quality control

All data reported here has been curated, and the terminology has been homogenized before
being published by the National Arbovirus and Vectors Research Centre (NAVRC) in GBIF.
Data has been validated using the GBIF IPT validator.
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4. Discussion

This study examined the composition and resistance profiles of Aedes mosquitoes mostly
breeding in sympatry in rural communities of southeastern Nigeria. Aedes species are
distributed across diverse ecological zones in the country, with the wetter and more humid
southern regions generally supporting greater species diversity than the northern areas
(12,28,30,47). Evidence from some of these studies indicates that in the drier northern zones,

Ae. aegypti is often the predominant and in many cases, the only Aedes species reported.

Insecticide bioassays revealed substantial susceptibility towards public health insecticides
from several classes. Notably, to our knowledge, this study provides the first global report on
the insecticide resistance profile of Ae. luteocephalus, which was found to be susceptible to
all insecticides tested except pirimiphos-methyl. This finding underscores the limited exposure
of this sylvatic vector to chemical interventions and highlights the importance of expanding
resistance monitoring beyond the relatively well-studied Ae. aegypti and Ae. albopictus. The
substantial susceptibility observed in these Aedes species aligns with previous studies
conducted in several sites in Nigeria and other regions. For instance, (48) found that Ae.

13



&\

Afric
ArXiv?®

\

aegypti in Lagos, southwestern Nigeria, was susceptible to deltamethrin and
permethrin across various sites, though resistance to DDT was noted. However, in another
study in other parts of Lagos, high-level Ae. aegypti resistance to DDT and pyrethroid was
recorded (31). Similar to our findings, (49) reported that Ae. aegypti populations in Abia State,
southeastern Nigeria, were susceptible to all insecticides tested except for DDT. Also, in
Kwara State, North-central, Nigeria, (36) reported complete susceptibility of Ae. aegypti to
permethrin and DDT. However, contrasting patterns were observed in far northern Nigeria,
where (12) identified resistance to several pyrethroid insecticides and a significantly high level
of DDT resistance in Ae. aegypti. Further evidence from other regions shows varying levels of
resistance: (50) found that Ae. aegypti in Anambra State, southeastern Nigeria, was
susceptible to deltamethrin but resistant to DDT, while Ae. albopictus showed possible

resistance to deltamethrin and resistance to DDT.

Elsewhere in Africa, (51) found widespread pyrethroid resistance in Ae. aegypti across their
study sites in Benin, although Ae. albopictus populations from the same locations remained
susceptible to the pyrethroid insecticides. In Burkina Faso, (22) recorded Ae. aegypti
resistance to pyrethroids (deltamethrin and permethrin) and bendiocarb, though the
mosquitoes were susceptible to organophosphates (fenithrothion and malathion). In
Cameroon, (52) reported DDT resistance in both Ae. albopictus and Ae. aegypti, and
pyrethroid resistance in Ae. aegypti in some locations, although populations in other sites
remained largely susceptible to several insecticides. Contrarily, a study in Tanzania by (53),
indicated that Ae. aegypti was largely susceptible to commonly used insecticides, highlighting
the regional variability in resistance patterns. In Asia, a nationwide study in Malaysia by (54)
reported widespread DDT resistance in Ae. aegypti, while (55) documented pyrethroid-

resistant Ae. aegypti populations in Vietham.

The low level of resistance observed in the study area could be attributed to the specific
ecological and behavioural characteristics of these Aedes species. These mosquitoes are
typically outdoor biters and tend to avoid breeding in environments contaminated with
xenobiotics, such as farm puddles or household ditches, which are often sources of insecticide
exposure (9,56). As a result, their exposure to insecticide residues is likely limited, particularly
because there is no outdoor vector control intervention in the study area, which may explain
their continued susceptibility. The findings from our study are consistent with those from similar
environmental settings but differ from regions where more intensive agricultural or urban

insecticide use has led to higher resistance levels.
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Our findings demonstrate a consistent pattern in which both P450
monoxygenase and esterase enzyme concentration and relative enzyme abundance (REA)
are higher in insecticide-exposed Ae. albopictus compared to their unexposed counterparts.
Although the statistical tests for enzyme concentrations did not reveal significant differences
(p = .087 for a-esterase and p = .114 for monooxygenase), the descriptive data suggest a
biologically meaningful trend toward increased enzyme levels in response to insecticide
exposure. Such a response may reflect metabolic adaptation, whereby mosquitoes enhance
detoxification pathways to counteract insecticidal effects. This finding aligns with the study by
(31) in Lagos, Nigeria, which reported elevated monooxygenase activity in Ae. aegypti,
although this was inversely correlated with mortality rates in response to DDT and permethrin.
(57) also reported similar resistance mechanisms in Ae. aegypti in Cote d'lvoire, where
resistance to pyrethroids, DDT, and organophosphates was linked to increased alpha-
esterase activity. Further corroborating these findings, (58) in the Central African Republic,
documented elevated levels of esterases and monooxygenases in Ae. aegypti and Ae.
albopictus populations resistant to pyrethroid insecticides and DDT. This enzymatic activity is
crucial for detoxifying insecticides and may contribute to the gradual development of
resistance. (59) also emphasized the role of mixed-function oxidases and esterases in
organophosphate resistance in Ae. aegypti populations in Latin America. In a more recent
finding, (19) reported that the pyrethroid resistance of Ae. albopictus in urban and rural areas

of Cambodia was largely due to monooxygenases.

Additionally, studies in other parts of Africa, such as those by (60) and (51) and in Europe, as
noted by (61), have associated elevated levels of esterases, GSTs, or mixed-function oxidases

with resistance to pyrethroids, carbamates and organophosphates in Ae. aegypti populations.

Both RNA sequencing (RNA-seq) and DNA microarray approaches have been widely applied
to investigate the role of cytochrome P450 monooxygenases (CYP450s) in Aedes insecticide
resistance. In Malaysian populations of Ae. albopictus, microarray-based transcription profiling
by (54) revealed that metabolic resistance through CYP450 up-regulation contributed to
pyrethroid resistance. Notably, CYP6P12 over-expression was strongly associated with this
resistance. Similarly, (62) using RNA-seq and targeted DNA-seq on resistant Ae. aegypti from
multiple continents, reported over-transcription of numerous detoxification genes, including
members of the CYP9J subfamily, several of which were functionally linked to deltamethrin
metabolism. In Vietnam, transcriptome sequencing of Ae. aegypti resistant to DDT,
carbamates, and pyrethroids identified highly upregulated CYP450s (up to 8.3-fold) and
glutathione-S-transferase (GST) genes (up to 3.5-fold) (63). Collectively, these findings

reinforce the critical role of metabolic resistance mechanisms, particularly the over-expression

15



{\\\

P>
2
\

of CYP450s in conferring multi-class insecticide resistance in Aedes

populations across diverse ecological settings.

The reduced sensitivity of Ae. aegypti, Ae. albopictus, and Ae. luteocephalus to pirimiphos-
methyl observed in our study could be linked to these underlying biochemical mechanisms.
These findings indicate that while resistance remains relatively low in our study area, there
are detectable mechanisms that could potentially drive resistance under different

environmental conditions or selective pressures.

DNA barcoding and PCR-based species identification have become indispensable tools in
accurately identifying mosquito vectors of public health importance, especially when
morphological similarities or cryptic species limit traditional identification (64,65). Markers such
as ITS1, ITS2, and COXI have proven effective in distinguishing species like Ae. aegypti and
Ae. albopictus (41,66,67). However, the absence of molecular tools for species like Ae.
luteocephalus highlights existing gaps in our understanding. In this study, combining
morphological identification with molecular analysis allowed for robust confirmation of Ae.
luteocephalus, reinforcing the need for developing targeted molecular diagnostics for all vector
species. Accurate species identification is crucial for informing control strategies in regions
where multiple Aedes species coexist and contribute to the transmission of arboviral diseases,

such as dengue, chikungunya, Zika, and yellow fever.

Our study has some limitations. First, the collections were limited to rural areas in only three
LGAs, which may not fully represent the diversity of Aedes populations across the entire
region. Second, only biochemical assays were used to investigate metabolic resistance
mechanisms, while molecular methods such as RNA-seq or microarray profiling could have
provided more detailed insights. Third, due to the low number of Aedes female-survivors in
the bioassays, we were unable to genotype resistant and susceptible samples for kdr
mutations. Nonetheless, the data presented here offer important baseline information on

Aedes resistance profiles in southeastern Nigeria and provide a foundation for future studies.

5. Conclusion

The observed variability in insecticide resistance among Aedes species across different
geographical regions underscores the importance of localized monitoring and management
strategies in vector control. Our findings suggest that the intensity of insecticide resistance in
Aedes mosquitoes across West Africa is still relatively low, especially when compared to
Anopheles mosquitoes, which are known to exhibit higher resistance levels. However, this

could change with shifts in environmental conditions, agricultural practices, or public health
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interventions. Continuous surveillance and research are essential to ensure
that insecticide-based control measures remain effective. By understanding and addressing
the specific factors influencing resistance in each region, public health authorities can develop
more targeted and adaptive strategies. This approach is crucial for maintaining the efficacy of
vector control programmes and mitigating the risk of vector-borne diseases such as yellow
fever, dengue, Zika and chikungunya, which are primarily transmitted by Aedes mosquitoes.
The ongoing monitoring of resistance patterns and mechanisms will play a vital role in
informing the selection of insecticides and the design of integrated vector management
programmes tailored to local conditions, ultimately contributing to better health outcomes in

affected communities.
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