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ABSTRACT

Background: Sustained insecticide toxicity against malaria vectors is crucial for effective vector control.
Some mosquito populations have become resistant to commonly used insecticides for their control.
Resistance, however, is often localized as it is shaped by local environmental factors that drive
physiological and biochemical changes in local mosquito populations. The present study examined
insecticide resistance and biochemical changes in adult female Anopheles mosquitoes from crude oil-
polluted areas in Akwa Ibom State, Nigeria (March—-November 2024).
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Methods: Physico-chemical parameters of breeding sites were assessed using standard hydrobiological
methods. Insecticide and piperonyl butoxide (PBO) bioassays, along with enzyme activity assays, were
conducted according to standard protocols.

Results: Breeding sites were contaminated with hydrocarbons and other pollutants. Vectors showed
substantial resistance to permethrin (16-71% mortality) but only marginal resistance to other pyrethroids
(90-97% mortality). A strong negative correlation between permethrin mortality and hydrocarbon levels
(r=-0.831, p=0.011) suggests pollution reduced insecticide efficacy. Pre-exposure to PBO remarkably
raised permethrin mortality to 92-98%, implicating metabolic enzymes in the resistance dynamics. Local
mosquito populations exhibited elevated detoxifying enzyme activities—especially mixed-function
oxidase (MFO)—compared with Kisumu strains. These enzyme levels correlated significantly and
positively with hydrocarbon content (1=0.766-0.985; p=0.000-0.027).

E- mail:
ndifrekeekpo@uniuyo.edu.ng

Conclusion: The findings suggest that crude oil pollution of anopheles breeding sites in Ibeno LGA, Akwa
Ibom State, Nigeria, fosters enzyme-driven pyrethroid resistance in the local adult malaria vector
populations. This presents a significant challenge for pyrethroid-based interventions, threatening malaria
control efforts in the region.

Keywords: Anopheles, Insecticide resistance, Mixed function oxygenases, Petroleum pollution, Water
quality

Introduction

Sustained insecticide toxicity against malaria vectors
(female anopheles mosquitoes) is strongly influenced by
local environments [1-4]. Aquatic stages of Anopheles
mosquitoes usually develop in small, clean, scattered, sunlit,
turbid, or temporary water bodies near dwellings [5].
However, many populations now adapt to polluted habitats,
breeding in sites previously considered unsuitable [3].
Prolonged exposure to toxicants can trigger stress responses
and metabolic adaptations that enhance insecticide
tolerance, driving resistance evolution [6,7]. Organic
pollutants, including crude oil, may upregulate
detoxification enzymes such as cytochrome P450s, GSTs,
and esterases, reducing the efficacy of control measures [8].
Adult mosquitoes in such environments may develop or

inherit enhanced enzyme activity and gene expression,
creating resistant populations with a high frequency of
resistant phenotypes [2]. Resistance mechanisms
involving mixed function oxidases, GSTs, and esterases
can be identified using synergists like piperonyl butoxide
(PBO), S.S.S.-tributylphoshorotrithiate (DEF), ethacrynic
acid (EA), diethyl maleate (DM), and Chlorfenethol (CF)
[9]. These compounds are not insecticides but inhibit
detoxifying enzymes, revealing resistance pathways [9].
Pyrethroids remain the primary insecticides used in bed
nets and sprays [10-13]. Nevertheless, their effectiveness
is undermined by widespread resistance [5]. This is
critical since pyrethroids are the main active ingredients
for indoor sprays, fogs, and treated nets [10]. Vector

Ekpo ND, et al. Metabolic Enzymes Activities associated with pyrethriod resistance in Vector Populations Breeding in Crude Oil 77
Impacted Communities of Akwa Ibom State, Nigeria. J Toxicol. 2026; 20(2): 77-86.


http://ijt.arakmu.ac.ir/
http://dx.doi.org/10.61186/IJT.17.2.833.2
http://dx.doi.org/10.22034/IJT.20.2.77
http://dx.doi.org/10.32592/IJT.19.4.227
http://dx.doi.org/10.32592/IJT.19.4.227
https://crossmark.crossref.org/dialog/?doi=10.32592/IJT.19.4.227&domain=pdf
https://orcid.org/0000-0001-5709-953X
https://orcid.org/0000-0001-5997-9557
https://orcid.org/0000-0003-4413-3166
https://orcid.org/0009-0004-6112-2738
https://orcid.org/0009-0009-5227-8403
https://orcid.org/0000-0002-5908-3862
https://orcid.org/0009-0003-3346-8072
https://orcid.org/0009-0003-7990-4925
https://orcid.org/0009-0001-2391-5727
https://orcid.org/0000%200003%204304%20636X

May 2026, Volume 20, Number 2

@ Iranian Journal of Toxicology
Q% ARAK UNIVERSITY OF MEDICAL SCIENCES

susceptibility is further shaped by environmental factors
[14,15], making locally informed interventions essential, as
recommended by WHO [1]. Pollution of breeding sites not
only affects vector distribution but also enhances their
resistance to insecticides [2,4,16,17].

The present study investigated resistance dynamics and
metabolic enzyme activities in female Anopheles
populations breeding in crude oil-impacted communities of
Ibeno LGA, Akwa Ibom State, to inform malaria elimination
strategies and prevent programmatic failure.

Materials and Methods
Study Area

The study was conducted in Ibeno Local Government

Area (LGA), Akwa Ibom State, Nigeria (Figure 1),
between March and November 2024. Ibeno, covering
over 1,200 km? in the Niger Delta, lies south of the state
along the Atlantic coast and consists of 31 gazetted
communities [18]. Located in mangrove swamp
ecozones, malaria transmission is highest between March
and November [19]. A pre-survey, assisted by local
guides, identified villages with high mosquito
populations. Four  sites—Okuritip,  Iwo-opom,
Upenekang, and Iwuonchang—were selected. These
areas, with swamps, bushes, shallow wells, and
waterlogging, provided ideal breeding habitats for
mosquitoes.
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Figure 1. Map showing the location of the study sites

Larvae Collections and Laboratory Rearing of Mosquitoes

The study followed Kabula [20] with modifications. From
May—November 2024, breeding sites (muddy water,
swamps, wells, ponds, and stagnant pools) were surveyed on
foot. Anopheles larvae, identified by their surface
orientation, were collected with a 350 ml dipper, stored in 10
L jerrycans, and transported to the
USAID/PMI/VECTORLINK Malaria Research Laboratory,
University of Uyo. In the lab, larvae were reared in 20 L
containers covered with fine mesh, fed a biscuit—yeast blend,
and upon emergence, adults were aspirated into cages and
maintained on 10% sugar solution.

Analysis of Physico-Chemical Parameters of Water Samples

Physico-chemical parameters of Anopheles breeding sites
were assessed in situ and ex situ following Maiti [21,22]. The
TDS, pH, temperature, DO, BOD, and EC were measured
with calibrated portable probes (EXTECH models).

Nutrients (NOs~, NOz~, POs?", SO4*") were analyzed using
standard colorimetric/turbidimetric methods, while total
organic carbon was determined with the Lange TOC
cuvette-test (Hatch Lange LCK 385). Analytical reagents
were sourced from Sigma-Aldrich and BDH.

Insecticide Susceptibility Bioassay on Malaria Vector
Populations

Insecticide susceptibility was assessed using WHO tube
bioassays [9]. Non-blood-fed female Anopheles (2—5
days old, 25 per batch) were exposed for 1 h to papers
impregnated with permethrin (0.75%), deltamethrin
(0.05%), alpha-cypermethrin (0.75%), or lambda-
cyhalothrin (0.05%); controls used untreated papers.
Knockdown was recorded at intervals up to 60 min [9,23].
Mosquitoes were then held 24 h at 274+2°C and 75+10%
RH with 10% sugar solution, after which mortality was
recorded. Tests with >20% control mortality were
discarded [24].
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Synergist Assays with PBO

Resistance mechanisms involving metabolic enzymes
were examined using WHO synergist assays [9]. Whatman
papers impregnated with 5% PBO were used in four setups:
control, PBO only, permethrin (0.75%) only, and
PBO+permethrin. Each treatment had four replicates of 25
female Anopheles (2—5 days old). Mosquitoes were exposed
for 1 hr, then transferred to holding tubes with sugar solution
and maintained at 27+£2°C, 75+10% RH. Mortality was
recorded after 24 h.

Biochemical Assays

Enzyme activity was measured in the resistant adult
population (with <90% mortality) using standard protocols
[15,25]. A total of 40 non-blood-fed females (2—5 days old)
that were not previously exposed to insecticides were
randomly sampled in clusters and homogenized individually
in 200 pl water on ice, centrifuged (14,000 g, 30 s), and
supernatants were used as enzyme sources. Assays were run
in 96-well plates, with OD values read using an ELISA
microplate reader (Sunrise™, Tecan®, Switzerland). The
same protocol was used to assay enzyme activities in
reference strains (Kisumu mosquitoes) for comparison.

o- and f-esterases: A volume of 20 pl homogenate with
200 pl 30 mM o/B-naphthyl acetate; OD at 570 nm after
staining. Activity expressed as nmole product/min/mg
protein.

GST: A volume of 10 pul homogenate with GSH-CDNB
mixture; OD at 340 nm. Activity calculated using Beer’s
Law, expressed as mmole CDNB/min/mg protein.

MFO: A volume of 2 pl homogenate with phosphate
buffer, tetramethyl benzidine, and H2O2; OD at 650 nm after
2 h. The activity was expressed as cytochrome P450
equivalents/min/mg protein.

Table 1. Physico-chemical parameters of larval breeding sites from Ibeno LGA

Statistical Analysis

Data were analyzed using Excel and SPSS (version 21)
software. Descriptive statistics (mean, SD, range, %)
summarized physico-chemical parameters, bioassay
results, and enzyme activities. WHO bioassay outcomes
were expressed as % mortality and classified as
susceptible (98-100%), suspected resistance (90-97%), or
resistant  (<90%) [9]; Abbott’s correction was
unnecessary as control mortality was <5% [29].
Knockdown times (KDTso, KDTos) were estimated by
log-time probit analysis. Analysis of variance (ANOVA)
was employed to test differences among insecticide
exposures, physicochemical parameters, and enzyme
activities. Pearson’s correlation assessed relationships
between water parameters, resistance profiles, and
enzyme activity, with significance at p<0.05.

Results
Physico-chemical Parameters of Breeding Sites

Water quality at mosquito breeding sites varied across
study locations (Table 1). The pH value (7.30-7.85) was
within the EPA range (6-9). Temperatures (33.9-34.2 °C)
exceeded EPA limits. Electrical conductivity (257-384
puS/cm), TDS (85-123 mg/l), BOD (0.69-1.11 mg/l),
alkalinity (122—-199 mg/l), hardness (134-213 mg/1), and
turbidity (0.37-0.44 NTU) were below EPA maximum
permissible limits. Dissolved oxygen (2.07-3.09 mg/l)
was far lower than the EPA standard. Nitrite nitrogen
(1.00-1.98 mg/l) and hydrocarbons (4.22-8.90 mg/l)
exceeded permissible levels at most sites, except
hydrocarbons at Iwuonchang. Multivariate analysis
showed significant site-specific differences (p<0.05),
with Iwuonchang differing from other sites for most
parameters.

Parameter Upenekang Iwo Okpom Iwuonchang OKkoroutip EPA MPL
pH 7.54+0.52 7.85+0.23 7.30+0.09 7.82+0.19 6.5-9.0
Temperature (°C) 34.16+0.69 34.20+0.93 34.07+0.85 33.88+0.69 <3°C
Conductivity (uS/cm) 383.52+16.42 358.02+21.49 277.98+59.41° 257.18+21.16° 2500 pS/cm
TDS (ppm) 114.60+4.83 122.80+7.98 84.82+9.05%° 122.36+7.58¢ 50 mg/l
DO (mg/l) 3.06+0.21 3.09+0.22 2.07+0.19%° 3.03+0.28¢ 50 mg/l
BOD (mg/l) 1.09+0.11 1.11+0.14 0.69+0.15*° 1.08+0.12¢ 5 mg/l
Total alkalinity (mg/l) 169.60 +£11.57 199.20+18.98* 121.80£12.912° 196.70 £18.71¢ 200 mg/1
Total hardness (mg/l) 181.20+8.70 212.60£19.20° 133.60+12.95° 212.32+£18.74%¢ <200 mg/1
Calcium (mg/1) 23.38+2.48 28.78+1.98° 13.76+1.61*" 28.58+2.11%¢

Magnesium 20.46+2.65 25.58+1.98 25.07+2.13 20.46+2.65 30 mg/l
Turbidity (NTU) 0.40+0.04 0.44+0.11 0.37+0.42 0.42+0.08 SNTU
Phosphate (mg/l) 1.65+0.17 1.56+0.21 0.73+0.13%° 1.50+0.19¢

Nitrite (mg/1) 1.32+0.21 1.05+0.33 0.38+0.14*° 0.87+0.11%¢ 0.5 mg/l
Nitrate (mg/1) 1.98+0.12 1.81+0.13 1.00+0.23*° 1.71£0.11¢ 50 mg/l
Sulphate (mg/1) 2.80+0.52 2.48+0.49 1.5940.44%° 2.40+0.38 100 mg/1
Total hydrocarbon (mg/1) 8.34+1.31 8.90+1.33 4.22+0.26° 8.77+1.29¢ 5 mg/l

Values are expressed as Mean+S.D, n=3; EPA MPL:

a=p<0.05 (comparing values in other study sites to what was observed in Upenekang)
b=p=<0.05 (comparing values in other study sites to what was observed in Iwo Okpom)
¢=p=<0.05 (comparing values in other study sites to what was observed in Iwuonchan)

Environmental Protection Agency Maximum Permissible Limit

Susceptibility to Pyrethroid Insecticides

Across the study sites, malaria vector populations showed
strong resistance to permethrin but only suspected resistance

to deltamethrin, lambda-cyhalothrin, and alpha-
cypermethrin (Table 2-5). For the Upenekang population,
Mortality was 19% with permethrin exposure, compared
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with 96%, 97%, and 92% with deltamethrin, Lambda-
cyhalothrin, and alpha-cypermethrin, respectively. Iwo
Okpom population recorded 26% mortality following
exposure to permethrin, compared with 96%, 97%, and 93%
following exposure to deltamethrin, lambda-cyhalothrin,
and alpha-cypermethrin, respectively. The Iwuonchang
population showed the highest mortality with permethrin
exposure (71%), and with deltamethrin, lambda-cyhalothrin,
and alpha-cypermethrin exposure, 97%, 97%, and 95%

mortalities, respectively, were recorded. Okoroutip vector
populations had a mortality rate of 38% on exposure to
permethrin, compared with 97%, 96%, and 95%
mortalities on exposure to deltamethrin, lambda-
cyhalothrin, and alpha-cypermethrin, respectively. In all
sites, mortalities to deltamethrin, lambda-cyhalothrin, and
alpha-cypermethrin were significantly higher (p<0.05)
than to permethrin, but not different among themselves.

Table 2. Susceptibility of malaria vector population from Upenekang, Ibeno LGA, Akwa Ibom state, Nigeria to pyrethroid insecticides.

Insecticide Paper No. exposed No. of replicates Mean mortality+SD Total (n,,;(:; tality Status

PY control 50 2 0.50+0.71 0

Permethrin (0.75%) 100 4 4.75+0.50* 19 Resistant
Deltamethrin (0.05%) 100 4 24.25+0.50*° 97 Suspected resistance
Alpha-cypermethrin (0.75%) 100 4 23.25+0.50*° 93 Suspected resistance
Lambda-cyhalothrin (0.05%) 100 4 23.75+0.50*° 95 Suspected resistance

Number of mosquitoes per replicate=25
a=p<0.05 (comparing insecticide test groups with the PY control)
b=p<0.05 (comparing other insecticide test groups with the permethrin)

Table 3. Susceptibility of malaria vector population from Iwo Okpom, Ibeno LGA, Akwa Ibom state, Nigeria to pyrethroid insecticides.

Insecticide Paper No. exposed No. of replicates Mean mortality=SD Total mortality (%) Status

PY control 50 2 0.50+0.71 2

Permethrin (0.75%) 100 4 6.50+1.00° 26 Resistant
Deltamethrin (0.05%) 100 4 24.00+0.82*° 96 Suspected resistance
Alpha-cypermethrin (0.75%) 100 4 23.00+0.00** 92 Suspected resistance
Lambda-cyhalothrin (0.05%) 100 4 24.25+0.50*° 97 Suspected resistance

Number of mosquitoes per replicate=25
a=p<0.05 (comparing insecticide test groups with the PY control)
b=p<0.05 (comparing other insecticide test groups with the permethrin)

Table 4. Susceptibility of malaria vector population from Iwuonchang, Ibeno LGA, Akwa Ibom state, Nigeria to pyrethroid insecticides.

Insecticide Paper No. exposed No. of replicates Mean mortality +SD Total mortality (%) Status

PY control 50 2 0.50+0.71 2

Permethrin (0.75%) 100 4 17.75+0.50° 71 Resistant

Deltamethrin (0.05%) 100 4 24.25+0.58*° 97 Suspected resistance

Alpha-cypermethrin (0.75%) 100 4 23.75+0.50*" 95 Suspected resistance
Lambda-cyhalothrin (0.05%) 100 4 24.25+0.96*" 97 Suspected resistance

Number of mosquitoes per replicate=25
a=p<0.05 (comparing insecticide test groups with the PY control)
b=p<0.05 (comparing other insecticide test groups with the permethrin)

Table 5. Susceptibility of malaria vector population from Okoroutip, Ibeno LGA, Akwa Ibom state, Nigeria to pyrethroid insecticides.

Insecticide Papers Total No. exposed No of replicates ~ Mean mortality £SD  Total mortality (%) Status

PY control 50 2 0.50+0.71 2

Permethrin (0.75%) 100 4 9.50+1.00° 38 Resistant
Deltamethrin (0.05%) 100 4 24.25+0.50*° 97 Suspected resistance
alpha-cypermethrin (0.75%) 100 4 23.75+0.50*" 95 Suspected resistance
Lambda-cyhalothrin (0.05%) 100 4 24.00+1.15%° 96 Suspected resistance

Number of mosquitoes per replicate=25
a=p=<0.05 (comparing insecticide test groups with the PY control)
b=p<0.05 (comparing other insecticide test groups with the permethrin)

Knockdown Effect

Knockdown was consistently faster with deltamethrin,
Lambda-cyhalothrin, and alphacypermethrin than with
permethrin (Figures 2-5). All populations showed >90%
knockdown within 1 h for deltamethrin and lambda-
cyhalothrin. Exposure times resulting in 50% and 95%
knockdown (KDT50 and KDT95) were estimated for each
insecticide using a log-time probit model and are presented

in Table 6. Permethrin indicated the slowest knockdown
with a KDTso range of 32.7-587.8 min and a KDTos range
0f201.6-2391.9 min. Deltamethrin had a KDTso range of
21.4-32.3 min and a KDTos range of 98.3—149.5 min.
With lambda-cyhalothrin, the KDTso range was 22.7-33.0
min, and the KDTos range was 95.4-162.3 min. In
addition, alpha-cypermethrin had a KDTso range from
28.8-37.5 min and a KDTos range from 142.1-177.7 min.
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Table 6. Knockdown times (KDTs) following exposure to different insecticides.

Knocked Down Time (min)

No. Permethrin Deltamethrin Lambda-cyhalothrin Alpha-cypermethrin
StudySite o posed KDTy(5% KDTys©5% KDTso  KDTos  KDTs oy s kpr, 059% KDTos (95 %
cL) cL) Os%  O5%  O5% oy cL) cL)
CL) CL) CL)
587.831 29708.127  27.818 131552  28.887  135.764 32.607 177.69%4
Upenekang 100 (206311- (2704.885-  (22.257-  (83.619- (23917-  (89.817- (29.436- (132.834-
17301.830)  77347457.87) 34.850)  332270)  35.149)  292.583) 36.424) 267.712)
107.252 580.479 32252 115655  33.010  108.796 37.524 142.088
Iwo-opom 100 (82.760- (314322-  (26212- (76.927- (28.167-  (70.787- (34.444- (114.013-
166.625) 1718.662)  40.749)  269.214)  39.296)  192.034) 41.265) 191.144)
32.661 201.603 21412 9827 226770 95354 28.827 157,669
Iwuonchang 100 (29.292- (145.660-  (16.785-  (67.090-  (18.280-  (66.865- (22.174- R A
36.774) 322.044)  26.081) 204.167) 27.289)  183.024) 38.085) : :
102.707 1312.945 28415 149510  32.116 162278 35.056 165.408
Okoroutip 100 (75.412- (549.692-  (21.737-  (86.527- (24.986-  (92.787- (28.102- 08342, 517738)
176.356) 6529.439)  37.592)  550.168) 43.478)  615.888) 46.566) : :

KDTs: Knockdown time for 50% mosquitoes; KDTys: Knockdown time for 95% mosquitoes; CL: Confidence limit

Correlation of Physico-chemical Parameters with Insecticide
Resistance

Pearson’s correlation (Table 7) indicated that permethrin
resistance was strongly linked to high levels of several water
parameters, including alkalinity (r=-0.796, p=0.018), pH
(r=-0.725, p=0.042), total hydrocarbons (r=-0.831,
p=0.011), dissolved oxygen (r= -0.947, p<0.001), BOD (r=-
0.948, p<0.001), phosphate (r=-0.961, p<0.001), nitrite (r=-
0.933, p=0.001), nitrate (r=-0.932, p=0.001), sulphate (r=-
0.767, p=0.026), magnesium (r=-0.793, p=0.019), and

calcium (r=-0.804, p=0.016). Higher values of these
parameters consistently correlated with lower mortality
(greater resistance). For alpha-cypermethrin, resistance
was significantly correlated with hydrocarbons (r=-0.748,
p=0.033), BOD (r=-0.750, p=0.032), phosphate (r=-
0.773, p=0.025), nitrite (r=-0.831, p=0.011), and nitrate
(r=-0.826, p=0.031). For lambda-cyhalothrin, only
hydrocarbons were significantly associated (r=-0.738,
p=0.037). For deltamethrin, correlations with water
parameters were weak and not significant (e.g.,
hydrocarbons: r=-0.526, p=0.10).

Table 7. Pearson product-moment correlation analysis on the association between pyrethroid resistance and the physico-chemical parameters of the

breeding site.

Permethrin Deltamethrin Alpha-cypermethrin Lambda-cyhalothrin
Alkalinity -0.796" -0.217 -0.523 -0.293
Temperature 0.117 -0.418 -0.167 0.021
pH -0.725" -0.686 -0.540 -0.555
THC (mg/L) -0.831° -0.526 -0.748" -0.738"
EC (us/cm) -0.831 -0.526 -0.748 -0.738
DO -0.947" -0.356 -0.679 -0.512
BOD -0.948™ -0.477 -0.750 -0.614
PO,* (mg/L) -0.961" -0.513 -0.773" -0.636
Nitrite (mg/L) -0.933™ -0.582 -0.831" -0.702
Nitrate (mg/L) -0.932" -0.549 -0.826" -0.655
SO,* (mg/L) -0.767" -0.071 -0.327 -0.466
Magnesium (mg/L) -0.793" -0.229 -0.516 -0.303
Calcium (mg/L) -0.804" -0.239 -0.509 -0.291
Values represent the correlation coefficients (r-values)
**_ Correlation is significant at the 0.01 level (2-tailed).
*. Correlation is significant at the 0.05 level (2-tailed)
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Synergist Bioassay

Table 8 indicates that across the study sites, pre-exposure
of different malaria vector populations to PBO significantly
increased the mortality rates on exposure to permethrin,
which recorded high resistance (low mortality rates) without
PBO pre-exposure. The mortality rate after 24 h exposure
ranged from 19% to 81% for permethrin alone, but ranged

Table 8. Synergist bioassay

from 92% to 97% with the pre-exposure to PBO. There
was a significant difference (p<0.05) in the mean
mortality of the malaria vector population from
Iwonchang compared with those from other sites when
exposure was conducted with only Permethrin. However,
with pre-exposure to PBO, there were no significant
differences (p>0.05) in the mean mortality rates among
the different vector populations.

Treatment
Control Only PBO exposure Permethrin only exposure PBO +Permethrin exposure
Study Site Mean Total Mean Total Mean Total Statu Mean Total
mortality+£S mortalit mortality+S mortalit mortality+S mortalit s mortality£S mortalit Remark
D y (%) D y (%) D y (%) D y (%)
MR
Upenekang 0.00+0.00 0 0.25+0.50 1 6.00+0.82 24 R 23.5040.58 94 mechanis
m involved
MR
Iwo Okpom 0.25+0.50 1 0.25+0.50 1 5.25+0.50 19 R 23.0040.00 92 mechanis
m involved
Iwuonchan . LR .
0.00+0.00 0 0.25+0.50 1 20.25+0.50 81 R 24.2540.50 97 mechanis
& m involved
MR
Okoroutip 0.25+0.50 1 0.25+0.50 1 5.25+0.50 19 R 23.0040.00 92 mechanis
m involved

Detoxifying Enzyme Activities

As shown in Table 9, mixed-function oxidase (MFO)
enzyme activity was significantly (p<0.05) elevated in all
vector populations across Ibeno LGA compared to the
reference strain (Kisumu mosquitoes). No significant
differences (p>0.05) were recorded for the MFO activities of
the different malaria vector populations. Across the study

sites in Ibeno LGA, alpha- and beta-esterase activity was
significantly (p<0.05) lower than that observed in the
reference strain. There were no significant differences
(p<0.05) amongst the different malaria vector
populations' esterase activities. Glutathione S-Transferase
(GST) activity was slightly higher in vector populations
across the study sites than in the reference strain;
however, the difference was not significant (p>0.05).

Table 9. Detoxifying enzyme activities in Malaria vector populations across the sites in Ibeno LGA, Akwa Ibom State.

Populations Mixed function oxidase Alpha-esterase (nmol a- Beta-esterase (umol f- GST (Nmol GSH
(nmol P450/mg protein) naphthol/min/mg protein)  naphthol/min/mg protein) conj/min/mg protein)
Kisumu strain (control) 0.0813+0.0025 0.0518+0.0013 0.0560+0.0014 0.1229+0.0027
Upenekang 0.1615+0.0219* 0.0180+0.0016* 0.0184+0.0019* 0.1265+0.0207
Iwo Okpom 0.1525+0.0171* 0.0171+0.0012* 0.0186+0.0026* 0.1278+0.0239
Iwuonchang 0.1472+0.0407** 0.0149+0.0016* 0.0157+0.0023* 0.1117+0.0144
Okoroutip 0.1500+0.0141* 0.0168+0.0014* 0.0176+0.0018* 0.1303+0.0265¢

Values are expressed as Mean+S.D, n=40

a=p<0.05, comparing with the Kisumu strain
b=p<0.05, comparing with the Ukpekang population
d=p<0.05, comparing with the Iwuonchang population

Association between Physico-chemical Parameters and
Detoxifying Enzyme Activities in the Malaria Vectors

Pearson’s product-moment correlation (Table 10)
revealed that high total hydrocarbon content was
significantly and strongly associated with higher activities of
all the detoxifying enzymes, including MFO (r=0.766,
p=0.027), alpha esterase (r=0.829, p=0.011), beta esterase
(r=0.812, p=0.014), and GST (r=0.985, p=0.000). High
BOD content was significantly and strongly associated with
higher activities of the detoxifying enzymes, for instance,
MFO (1=0.718, p=0.045), alpha esterase (r=0.712, p=0.047),

(r=0.926, p=0.026), Phosphate and alpha esterase
(r=0.926, p=0.046), Phosphate and beta esterase (r=0.926,
p=0.024), Phosphate and GST (r=0.926, p=0.004); Nitrite
and MFO (r=0.926, p=0.007), Nitrite and alpha esterase
(r=0.926, p=0.030), Nitrite and beta esterase (r=0.926,
p=0.017), Nitrite and GST (1=0.926, p=0.016); Nitrate
and MFO (r=0.926, p=0.012), Nitrate and alpha esterase
(r=0.926, p=0.021), Nitrate and beta esterase (r=0.926,
p=0.010), Nitrate and GST (r=0.926, p=0.007).
Alkalinity, pH, DO, Magnesium, and Calcium were
significantly and strongly associated with higher activities
of GST only (r=0.781, p=0.022; r=0.871, p=0.005;

beta esterase (r=0.760, p=0.029), and GST (r=0.926, r=0.861, p=0.006; r=0.790, p=0.020, and r=0.768,
p=0.001). Furthermore, a significant and strong positive p=0.026, respectively).
association was observed between Phosphate and MFO
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Table 10. Association between physico-chemical environmental factors and detoxication enzyme activities

MFO Alpha esterase Beta esterase GST
Alkalinity 0.439 0.421 0.539 0.781"
Temperature -0.091 0.306 0.154 -0.019
Ph 0.547 0.504 0.535 0.871"
THC (mg/L) 0.766" 0.829° 0.812° 0.985™
EC (us/cm) 0.682 0.309 0.434 0.466
DO 0.618 0.604 0.670 0.861"
BOD 0.718" 0.712" 0.760" 0.926™
PO,*(mg/L) 0.769° 0.716" 0.774° 0.878"™"
Nitrite (mg/L) 0.853" 0.755" 0.799" 0.806
Nitrate (mg/L) 0.823" 0.786" 0.836™ 0.852""
SO,*(mg/L) 0.313 0.243 0.220 0.599
Magnesium (mg/L) 0.436 0.427 0.539 0.790"
Calcium (mg/L) 0.432 0.398 0.520 0.768"

Values represent the correlation coefficients (r-values)
**_ Correlation is significant at the 0.01 level (2-tailed).
*. Correlation is significant at the 0.05 level (2-tailed).

Discussion

Pollution at mosquito breeding sites significantly affects
vector distribution and resistance to insecticides [2,16]. In
this study, Anopheles mosquitoes were found breeding in
water bodies with visible oil films, indicating hydrocarbon
contamination. Physico-chemical analysis confirmed that
total hydrocarbons (THC), total dissolved solids (TDS), and
nitrite levels exceeded EPA limits, consistent with high
pollution [22]. Such contamination likely arises from crude
oil spills and human activities, common in Ibeno LGA, a
crude oil-rich region of Akwa Ibom State. Although oil can
kill larvae by suffocation and reduce malaria transmission,
dense mosquito populations persisted in these areas and
tolerated indoor aerosol insecticides (field observation). This
supports WHO [26], which links chronic crude oil pollution
to high malaria endemicity. The likely explanation is that
larvae adapted to polluted habitats, conferring resistance to
pyrethroids in adults. Our findings contradict Gimnig et al.
[5], who argued that Anopheles avoid polluted waters, but
align with Awolola [3,26], who reported adaptation to
environmental changes and pollution, including breeding in
urban Lagos. Similarly, Imam and Yusuf [2] observed high
Anopheles larval densities in contaminated waters in
northwestern Nigeria and linked prior exposure to
insecticide resistance in adults.

Our bioassays revealed high resistance to permethrin
across study sites, while deltamethrin, lambda-cyhalothrin,
and alpha-cypermethrin produced higher mortalities but still
showed signs of emerging resistance. Overall, type II
pyrethroids (deltamethrin, alphacypermethrin, lambda-
cyhalothrin) had more sustained toxic effects than the type I
pyrethroid (permethrin), consistent with earlier findings
[27,28]. Bloomquist [27] attributed this to the cyano group
in type II pyrethroids, which prolongs sodium channel
depolarization and produces irreversible convulsions, unlike
the shorter action of type I compounds. These results suggest
differential selection pressures in the area and align with
reports of widespread pyrethroid resistance in malaria
vectors [16,29,30].

Pre-exposure of vectors to PBO markedly increased
permethrin toxicity, raising mortality from as low as 19% to

84

>87%, confirming metabolic enzyme involvement in
resistance. PBO is known to inhibit MFOs, thereby
restoring pyrethroid efficacy [4,16,31]. Biochemical
assays corroborated this, showing elevated activities of
CYP450s (MFOs), GSTs, and esterases in all field
populations compared with Kisumu reference strains.
Such enzyme overproduction is a well-documented
mechanism of pyrethroid and DDT resistance in African
malaria vectors [2-4,15,32,33]. Although esterase
resistance is typically linked to organophosphates [16],
elevated GST and esterase activities have also been
associated with pyrethroid resistance in Aedes species
[31]. Prior exposure to environmental xenobiotics (e.g.,
crude oil, herbicides, industrial pollutants) is known to
induce detoxification enzymes and promote insecticide
tolerance [2,34-35]. Our findings suggest that crude oil—
polluted breeding sites in Ibeno LGA may have selected
for enzyme-mediated resistance in local malaria vectors.

Conclusions

This study demonstrates that malaria vector populations
from different communities in Ibeno LGA, Akwa Ibom
State, Nigeria, successfully breed in crude oil-polluted
waters, where hydrocarbon contamination may have
influenced pyrethroid resistance. Susceptibility tests and
synergist assays confirm that resistance is primarily
metabolic, driven by elevated activities of MFOs and
other detoxifying enzymes. Such enzyme-mediated

resistance threatens the effectiveness of current
pyrethroid-based control strategies and could undermine
malaria elimination efforts. However, combining

pyrethroids with PBO may restore efficacy and strengthen
vector control in these polluted environments.
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