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Abstract

Background

The rise of insecticide resistance poses a growing challenge to the effectiveness of vector
control tools, particularly in rural areas. However, the urban setting has received compara-
tively less focus despite its significance in attracting rural to urban migration. Unplanned
urbanization, often overlooked, exacerbates insecticide resistance as Anopheles mosqui-
toes adapt to the polluted environments of rapidly expanding cities. This study aimed to
assess the insecticide susceptibility status of malaria vectors and identify potential underly-
ing mechanisms across three distinct ecological settings characterized by differing levels of
urbanization in Kisumu County, Kenya.

Methods

The study was conducted in 2022-2023 in Kisumu County, western Kenya. Field-derived
An. gambiae (s.l.) larvae collected from a long stretch of urban-to-rural continuum were phe-
notyped as either resistant or susceptible to six different insecticides using the World Health
Organization (WHO) susceptibility test. Polymerase chain reaction (PCR) techniques were
used to identify the species of the An. gambiae complex and screened for mutations at volt-
age-gated sodium channels (Vgsc-1014F, Vgsc-1014S, Vgsc-1575Y) and acetylcholines-
terase (Ace1) target site mutation 119S. Metabolic enzyme activities (non-specific -
esterases and monooxygenases) were evaluated in mosquitoes not exposed to insecticides
using microplate assays. Additionally, during larval sampling, a retrospective questionnaire
survey was conducted to determine pesticide usage by the local inhabitants.
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Results

Anopheles arabiensis dominated in urban (96.2%) and peri-urban (96.8%) areas, while An.
gambiae (s.s.) was abundant in rural settings (82.7%). Urban mosquito populations showed
high resistance intensity to deltamethrin (Mortality rate: 85.2% at 10x) and suspected resis-
tance to Pirimiphos-methyl and bendiocarb while peri-urban and rural populations exhibited
moderate resistance intensity to deltamethrin (mortality rate >98% at 10x). Preexposure of
mosquitoes to a synergist piperonyl butoxide (PBO) significantly increased mortality rates:
from 40.7% to 88.5% in urban, 51.9% to 90.3% in peri-urban, and 55.4% to 87.6% in rural
populations for deltamethrin, and from 41.4% to 78.8% in urban, 43.7% to 90.7% in peri-
urban, and 35% to 84.2% in rural populations for permethrin. In contrast, 100% mortality to
chlorfenapyr and clothianidin was observed in all the populations tested. The prevalence of
L1014F mutation was notably higher in urban An. arabiensis (0.22) unlike the peri-urban
(0.11) and rural (0.14) populations while the L1014S mutation was more prevalent in rural
An. gambiae (0.93). Additionally, urban An. arabiensis exhibited elevated levels of mixed
function oxidases (0.8/mg protein) and non-specific esterases (2.12/mg protein) compared
to peri-urban (0.57/mg protein and 1.5/mg protein, respectively) and rural populations (0.6/
mg protein and 1.8/mg protein, respectively). Pyrethroids, apart from their use in public
health through LLINs, were being highly used for agricultural purposes across all ecological
settings (urban 38%, peri-urban 36% and rural 37%) followed by amidine group, with organ-
ophosphates, neonicotinoids and carbamates being of secondary importance.

Conclusion

These findings show high resistance of An. arabiensis to insecticides commonly used for
vector control, linked with increased levels of detoxification enzymes. The observed inten-
sity of resistance underscores the pressing issue of insecticide resistance in urban areas,
potentially compromising the effectiveness of vector control measures, especially pyre-
throid-treated LLINs. Given the species’ unique behavior and ecology compared to An. gam-
biae, tailored vector control strategies are needed to address this concern in urban settings.

Background

The implementation of insecticide-based control strategies, such as long-lasting insecticide-
treated nets (LLINs) and indoor residual spraying (IRS), has notably reduced malaria-related
morbidity and mortalities in sub-Saharan Africa [1]. However, the survival of malaria vectors
despite these interventions has become a growing challenge due to increasing insecticide resis-
tance and behavioral avoidance [2]. This challenge is intensified by the rise of urban malaria,
driven by ongoing rural-to-urban migration and rapid, unregulated urban development and
social-economical practices, which enable malaria vectors to thrive in this environment [3].
While insecticide resistance poses an emerging threat to the efficacy of LLINs and IRS in rural
areas, relatively less attention has been directed towards addressing this issue in urban settings.

Urban environments generally have lower populations of Anopheles mosquitoes compared
to rural areas, primarily due to elevated levels of human pollution and disturbance [4]. Due to
increasing human population pressure and urbanization witnessed in recent decades, signifi-
cant ecological changes have unfolded in most African cities, influencing vector species
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distribution [5, 6]. Unplanned urbanization often results in a proliferation of man-made
breeding sites, many of which contain higher levels of chemical pollutants or other xenobiotics
compared to rural areas [7, 8]. Anopheles gambiae (s.1.), which traditionally preferred unpol-
luted water sources [9], has now exhibited a notable adaptation to polluted waters in urban
areas [8, 10]. Furthermore, these mosquitoes are now breeding in diverse human-made habi-
tats, including containers [11]. The presence of anthropogenic pollutants in water bodies [12],
may indirectly contribute to the selection of mosquito resistance to chemical insecticides.
While these urban pollutants might not be directly toxic to mosquitoes, they can swiftly influ-
ence the mosquito’s resistance to different insecticides, primarily by inducing detoxification
enzyme activities [13]. In laboratory settings, mosquito larvae exposed to anthropogenic chem-
icals have demonstrated an enhanced ability to survive insecticide exposure [14-16]. Under-
standing the resistance status of vectors in urban areas against insecticides used for vector
control and the underlying mechanisms is crucial when devising an integrated vector control
strategy for effective vector management in urban settings.

Until recently, pyrethroids were the only class of insecticides recommended for LLINs, but
now innovative LLINs treated with a combination of a pyrethroid and a non-pyrethroid com-
pound have been recommended [17, 18]. However, pyrethroid resistance amongst Anopheles
mosquitoes has become widespread [19]. Two main resistance mechanisms, conferred by
genomic mutations, are now widely documented across Africa: (1) target site modifications
and (2) enhanced detoxification of insecticides [20]. Additionally, other resistance mecha-
nisms, such as cuticular thickening and overexpression of chemosensory proteins, have been
reported [21, 22]. Moreover, there is evidence of malaria vectors exhibiting key behavioral
shifts that render them less susceptible to LLINs [23-25]. The increase in resistance has been
linked to enormous selection pressures resulting from large-scale and regular deployment of
these insecticides [26-28]. Besides, the domestic application of insecticides at the household
level and the use of the same classes of insecticides for agricultural purposes have been docu-
mented to influence local variation in insecticide resistance [29]. In Kenya, over the past
decade, malaria vector resistance to the four classes (pyrethroids, organochlorines, carbamates
and organophosphates) of insecticides has intensified [30, 31]. Metabolic resistance mediated
by mixed-function oxidases and the presence of the kdr mutation are prevalent mechanisms
associated with insecticide resistance. The L1014S mutation is fixed, indicating it is widespread
occurrence, while the L1014F mutation has been identified but at considerably low frequencies
[32, 33].

It’s noteworthy that previous studies in western Kenya have primarily focused on assessing
resistance levels and associated mechanisms in rural areas where malaria is endemic [30-32,
34, 35]. However, the impact of the observed adaptation on mosquito tolerance to commonly
used insecticides in vector control and the effects of urban agriculture within the urban envi-
ronment remains unknown. While controlling urban malaria vectors may involve targeting
the immature stages through measures such as larviciding and environmental management
[36], the primary control measure in Kenya typically revolves around preventing transmission
using LLINs. Therefore, this study was conducted to evaluate the resistance status of malaria
vectors to insecticides used in vector control across different ecological profiles (urban, peri-
urban and rural) and to identify potential underlying mechanisms.

Methods
Study sites

The study was conducted across three ecological zones in Kisumu County: urban, peri-urban,
and rural areas. The country’s urbanization revolves around the city of Kisumu. Urban
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Fig 1. Map of Kenya (right corner) and Kisumu County (in expanded view) showing mosquito collection sites
(circles) in the three zones (urban, peri-urban and rural) areas in western Kenya (The map was generated using
ArcGIS Pro 2.6 software. Map source: ESRI, CGIAR, and USGS (available at: www.esri.com).

https://doi.org/10.1371/journal.pone.0303921.9001

Kisumu (00°06'S 034°45'E) lies between east of Lake Victoria with an elevation of approxi-
mately 1,140m above sea level and west of the Nyando Escarpment. Thirteen sites were ran-
domly selected along an urban-to-rural transect from Kisumu city spanning a distance of
30km. Among these, five locations were surveyed within the city and characterized by dense
urbanization (Nyalenda, Gesoko, Migosi, Mamboleo and Bandani, all are informal residences
located within the Kisumu city), while four sites were peri-urban (Kotetni, Kandalo, Tiengre
and Kisian) and another four were rural (Ojola, Mainga, Chulaimbo and Marera, approxi-
mately 30 km from the city) (Fig 1). The zones were classified according to their levels of devel-
opment and the system of physical planning. Kisumu experiences a humid climate with an
average relative humidity of 70% and two distinct seasons: a long rainy season from March to
May and short rains in September to December. The extended dry season spans from January
to March, with a shorter dry period from August to September. Annual rainfall typically ranges
between 1,000 and 1,500 mm. Anopheles mosquito species in the region include Anopheles ara-
biensis, An. funestus, and An. gambiae [31, 37]. The region is considered to have low insecticide
resistance levels [32, 38].

Anopheline mosquito sampling

Anopheline mosquito larvae were collected from several field surveys, allowed to grow in the
insectary to become adults, and tested between August 2022 to December 2023. Sampling was
conducted within individual sites measuring 1.5x1.5 km?. To ensure genetic diversity and pre-
vent sampling bias from a single mosquito egg deposition, larvae were collected from various
breeding habitats in each site (Fig 2). The aquatic stages were pooled per site in each zone and
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Fig 2. Examples of the habitat types where Anopheles gambiae s.1. were collected in urban (left panel) and rural (right panel) zones.
https://doi.org/10.1371/journal.pone.0303921.9002

transported to the insectary at the Centre for Global Health Research, Kenya Medical Research
Institute (KEMRI) in Kisumu, Western Kenya. Larvae were reared under controlled condi-
tions (25 +2°C; 80% + 4% Relative Humidity with a 12 h: 12 h light/dark cycle). The larvae
were raised in rainwater-filled small trays and provided with daily access to powdered Tetra-
min® fish food and brewer’s yeast. Upon pupation, individuals were collected and transferred
to cages, allowing them to emerge as adults. The emerging adults were provided with a 10%
sugar solution until they were ready for use in bioassay tests. For the bioassay tests, the Anoph-
eles arabiensis Dongola strain susceptible mosquito colony served as a control. During the lar-
val sampling process, a retrospective questionnaire survey was carried out among residents
and landowners (63 urban, 80 peri-urban, and 84 rural households) to assess pesticide usage in
farms.

WHO insecticide susceptibility testing

To assess the insecticide susceptibility of An. gambiae (s.1.) populations across the three eco-
logical zones, adult mosquitoes underwent testing using WHO-approved kits following the
standard procedures [39]. All mosquitoes used in the bioassay were reared from larvae, ensur-
ing uniform age, nutritional status and known physiological status (non-blood-fed). The tests
were performed on batches of 25 female anopheline mosquitoes aged 3 to 4 days. The WHO-
treated test papers included pyrethroids (0.75% permethrin and 0.05% deltamethrin), organo-
phosphates (0.25% Pirimiphos-methyl), and carbamates (0.1% bendiocarb). Mosquitoes were
exposed to the treated papers for 60 minutes, with knockdown rates recorded every 10 min-
utes. Following the exposure, mosquitoes were transferred to holding tubes and maintained on
10% sugar solutions for 24 hours under controlled conditions (Temperature: 25 + 2°C; Rela-
tive humidity: 80% + 4%). Mortality rates were recorded 24 hours post-exposure to the
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insecticide, and resistance status was determined according to the WHO guidelines on insecti-
cide susceptibility [40]. The Sudanese susceptible An. arabiensis Dongola strain served as the
primary test control to validate the quality of impregnated papers.

Resistance intensity bioassay

The assessment of resistance intensity for pyrethroids involved using concentrations of 5x and
10x higher than the standard discriminating concentration for deltamethrin (0.05%). Only
mosquito populations confirmed to be resistant were subjected to the evaluation of resistance
intensity. The test was identical to the standard WHO tube test except that 5x and 10x concen-
trations were used in the test papers. Four replicates, each consisting of 25 female adult mos-
quitoes aged 3-4 days, were used for the bioassays. Testing procedures and the determination
of resistance intensityfollowed the standard WHO protocol [39].

Synergist bioassays

To investigate the role of metabolic detoxification in pyrethroid resistance, piperonyl butoxide
(PBO), a synergist that inhibits the specific activity of P450 monooxygenases in insects, was
incorporated into the resistance bioassay. This was conducted upon confirming mosquitoes’
resistance to permethrin and/or deltamethrin. Briefly, four replicates of 25 unfed females, aged
3-5 days were pre-exposure to 4% PBO-impregnated test papers for 1 hour, followed immedi-
ately by exposure to either 0.05% deltamethrin or 0.75% permethrin for an additional hour. A
control group of 25 females was only exposed to 4% PBO without any of the insecticides. Sub-
sequently, mosquitoes were transferred to holding tubes and provided with a 10% sugar solu-
tion. Mortality rates were recorded after the 24-hour recovery period.

Determination of susceptibility to chlorfenapyr and clothianidin

Following WHO guidelines [39], bottle bioassays were carried out using four replicates, each
consisting of 25 female mosquitoes aged 3-5 days. These mosquitoes were exposed to chlorfe-
napyr (100 pg/ml, solvent acetone) and clothianidin (4 ug/ml, solvent acetone with MERO) for
1 hour, approximately 24 hours after coating the bottles with the respective insecticides. An
additional single replicate of 25 mosquitoes served as a negative control, with bottles treated
with 1 ml acetone for chlorfenapyr or acetone with MERO for clothianidin. The knockdown
rate was recorded every 10 minutes during the 60-minute exposure period. After exposure,
mosquitoes were transferred to a paper cup covered with untreated netting, provided with
lightly moistened cotton wool containing a 10% sugar solution (changed daily), and monitored
at 24 hours, 48 hours, and 72 hours. Mortality rates were recorded at these time points. Tests
were conducted in the morning, with efforts made to maintain testing and holding conditions
within WHO guidelines of 27°C + 2°C and a relative humidity of 75% + 10% [40]. The Don-
gola susceptible strain of An. arabiensis was utilized as the primary test control to ensure the
quality of coated bottles.

Molecular identification of members of the Anopheles gambiae complex

A sub-sample of surviving and susceptible An. gambiae (s.l.) mosquitoes were randomly
selected for species identification after exposure to the WHO tube bioassay. Genomic DNA
was extracted from individual mosquitoes following previously published methods [41].
Molecular identification of sibling species of respective An. gambiae (s.1.) were conducted
based on PCR methods described by Scott et al. [42].
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Detection of knockdown resistance (kdr) and Ace-1 alleles

Mutations associated with knockdown resistance (kdr), L1014S and L1014F, in An. gambiae
(s.L.) to pyrethroids were genotyped using TagMan assay protocol, previously described by
Bass et al [43], using aliquots from the DNA samples extracted for species identification. The
same sample sets were genotyped for G119S mutation in Ace-1 [44].

Metabolic enzyme activity assays

Biochemical assays were performed to determine if the observed insecticide resistance in the
field population was due to elevated enzymatic activities. To assess differences in enzyme lev-
els, biochemical assays of the susceptible An. arabiensis strain (Dongola strain) and field strain
were performed following the microplate enzyme system protocol as described by Brogdon
and others [45] for non-specific B-esterases and mixed function oxidases enzymes. Samples
were collected from each study site and had not been exposed to any insecticide prior to the
assays. Briefly, adult female An. gambiae s.] mosquitoes emerging from larvae (aged 3-5 days)
were immediately frozen in -20°C prior to microplate assays. The legs were removed for sib-
ling species identification as previously described. Individual frozen mosquitoes were homoge-
nized in a 1.5-ml tube with 300 pl of 0.25 M potassium phosphate (KPO4) buffer (pH 7.2) and
diluted by adding 300 pl of potassium phosphate buffer. The contents were mixed, centrifuged,
and the supernatant was used as the enzyme source for the two enzyme assays. For monooxy-
genases, 200 pl of 3,3',5,5'-tetramethyl-benzidine dihydrochloride hydrate solution was added
to 100 pl of mosquito supernatant, followed by 25 pul of 3% hydrogen peroxide. The mixture
was incubated for 5 minutes, and absorbance was measured at 620 nm. The MFO activity was
calculated from the standard absorbance curve for known concentrations of cytochrome C
[45]. For B-esterases, 100 pl of B-naphthyl acetate solution was added to 100 pl of mosquito
supernatant and incubated at room temperature for 10 minutes. Subsequently, 100 ul of diani-
sidine solution (100 mg/100 ml water) was added, and the absorbance of the sample was mea-
sured at 540 nm. The B-esterases activity against each substrate was calculated based on the
standard absorbance curves for known concentrations of 8-naphthol.

To account for variations in size among individual mosquitoes, total protein from each
mosquito was measured to standardize the mean enzyme activity of the test samples using the
Bradford method [46]. Briefly, a 20-pL aliquot of mosquito homogenate was added to wells of
microtiter plates, followed by 80 pL of KPO4 buffer. Then, 200 uL of protein-dye reagent [pre-
pared with 20 mL of Bio-Rad protein-dye concentrate and 80 mL of distilled water (dH20)]
(Bio-Rad Laboratories, Inc., Hercules, CA, U.S.A.) was added, and optical densities were
immediately read at 620 nm. A bovine serum albumin standard curve was generated using a
commercial protein assay kit (Bio-Rad Laboratories, Inc., Hercules, CA, U.S.A). Protein con-
centrations were calculated based on this standard curve. All assays were performed in tripli-
cate using 96-well microplates.

Data analysis

Mosquitoes were considered susceptible if mortality was >98% and resistant if mortality was
<90%. Mortality rates between 90% and 97% indicated possible resistance, requiring confir-
mation through additional tests. Resistance intensity was categorized into three (low, moderate
and high) following WHO criteria [39]. Briefly, mortality < 90% after exposure to 1x DC and
> 98% after exposure to 5x DC indicates low-intensity resistance. Mosquitoes with < 90%
mortality after exposure to 1x DC, < 98% after exposure to 5x DC, and > 98% at 10x DC indi-
cates moderate intensity. Mortality < 90% after exposure to the 1x DC and < 98% after expo-
sure both to 5x and 10x DC indicates high intensity Abbott’s formula was used to correct
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mortality rates when 5-20% of individuals died in the corresponding control tests [40]. The
allele frequencies for resistant genotypes were calculated using the Hardy-Weinberg equilib-
rium equation. Mosquito populations were checked to determine whether they were in
Hardy-Weinberg equilibrium using y * test. Biochemical assay data activities (enzymatic activ-
ity per mg of protein) were compared to the Dongola An. arabiensis reference strain by the
Kruskal-Wallis test with Dunn’s multiple comparisons post hoc. In all analyses, P < 0.05 was
considered significant. Data analysis was performed using the open-source R programming
language software R version 4.2.3.

Ethics statement

The study was approved by the Maseno University Ethics Review Committee (MUERC Proto-
col No. 00456) and the University of California, Irvine Institutional Review Board (UCI IRB)

and received authorization from the Ministry of Health, Kenya. Written informed consent was
sought from household heads before data were collected from the households. All experiments

and methods were carried out in accordance with the relevant guidelines and regulations of
MUERC and UCI-IRB.

Results
Phenotypic resistance profile

Across the three ecological settings, An. gambiae (s.1.) populations displayed varying levels of
resistance to the four tested insecticides (Fig 3A). Urban populations displayed incipient resis-
tance to both organophosphates (pirimiphos-methyl) and carbamates (bendiocarb), with mor-
tality rates of 96.9% [95% CI 95.9-98%] and 95.4% [95% CI 93.6-97.1%], respectively.
However, peri-urban and rural populations showed complete susceptibility to pirimiphos-
methyl and bendiocarb, with mortality rates of 100%. Urban mosquitoes demonstrated signifi-
cantly elevated resistance to deltamethrin (mortality rate: 40.7% [95% CI 38.1-43.3%)])

S

= M Deltamethrin xR

S

N Z b

> =

% ® Perethrin 8 Uhagn

I S W Periurban
5 =

S Pirimiphos-methyl M Rural

H Bendiorcab

Urban Periurban Rural

Chlorfenapyr 1x Clothianidin 1x

Fig 3. Mortality rates of An. gambiae s.1. from urban, peri-urban and rural areas in western Kenya. A) WHO tube bioassay; 24 hr. post-
exposure to pyrethroids (deltamethrin and permethrin), organophosphate (pirimophos-methyl) and Carbamate (bendiocard); B) WHO bottle
bioassay: 24-78 hr. post exposure to Chlorfenapyr 1X and Clothianidin 1X. Error bars indicate 95% confidence intervals. The 90% mortality
threshold (red line) for declaring suspected resistance and 98% mortality threshold (black line) for calling full susceptibility based on the WHO
criteria are indicated.

https://doi.org/10.1371/journal.pone.0303921.g003
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compared to peri-urban and rural populations (mortality rates: 51.9% [95% CI 49.2-54.6%]
and 55.4% [95% CI 52.8-58.1%] respectively. Rural populations exhibited higher resistance to
permethrin (mortality: 35.0% [95% CI 32.1-37.9%) compared to urban (41.4% [95% CI 38.6—
44.1%]) and peri-urban (43.7% [95% CI 40.7-46-7%]) populations.

Among the field-collected mosquitoes, the rural populations showed susceptibility to chlor-
fenapyr with a 100% mortality rate within 24 hours. In contrast, the peri-urban populations
exhibited susceptibility after 48 hours, and the urban populations after 72 hours. A similar
trend was observed with clothianidin, where mortality rates for all three populations were
below the susceptibility threshold (>98%) within 48 hours after exposure. However, 100%
mortality was observed within 72 hours (Fig 3B). The reference strain (Dongola) exhibited sus-
ceptibility to all insecticides, demonstrating 100% mortality at WHO-recommended discrimi-
nating dosages without significant variation, there by validating the quality of the test papers.

Detection of detoxification enzymes with PBO synergist

Opverall, 5,338 female Anopheles gambaie (s.1.) mosquitoes were used for the PBO synergist bio-
assay: 2,829 females (Urban: 899, Peri-urban: 1,170, Rural: 760) for PBO + Deltamethrin assays
and 2,509 females (Urban: 957, Peri-urban: 835, Rural: 717) for PBO + Permethrin assays. Pre-
exposure of An. gambiae (s.1.) populations to 4% PBO synergist underscored the involvement
of monooxygenase enzyme activity in the pyrethroid detoxification, with mortality rates
increasing significantly to 88.5% [95% CI 86.4-90.6%] (urban,), 90.3% [95% CI 88.6-92%]
(peri-urban,), and 87.6% [95% CI 85.3-89.9%] (rural,) for PBO-deltamethrin. These results
indicate a partial restoration of susceptibility by 47%, 40%, and 32%, respectively. Similarly,
mortality rates increased to 78.8% [95% CI 76.2-81.4%] (urban,), 90.7% [95% CI 88.6-92.6%]
(peri-urban,), and 84.2% [95% CI 81.6-86.9%] (rural,) for PBO-permethrin, demonstrating
partial restoration of susceptibility by 37%, 47%, and 49%, respectively. However, despite this
partial restoration, the mortality rates after exposure to PBO synergist remained below the
resistance threshold in all tested sites (Fig 4).

Intensity of resistance

Following the baseline resistance against the pyrethroids, the escalation of deltamethrin resis-
tance was tested at 5x and 10x concentrations. Urban An. arabiensis exhibited resistance to
both concentrations, with mortality rates of 79.7% [95% CI 77.4-81.9%] at 5x and 85.2% [95%
CI 82.8-87.6%] at 10x, indicating a high-intensity resistance (Fig 5). The mortality rates for
peri-urban and rural populations exposed to 5x concentration was 93.8% [95% CI 92.3-
95.4%] and 93.3% [95% CI 91.1-95.5%], respectively. At 10x concentration, the mortality for
both populations exceeded 98%, suggesting a moderate intensity of resistance.

Species composition

A sub-sample of 1,907 (urban 857, peri-urban 537 and rural 513) An. gambiae (s.1.) mosquitoes
underwent sibling species identification. Within the An. gambiae (s.1.) samples, two species
were identified: An. gambiae (s.s.) (henceforth An. gambiae) and An. arabiensis. Anopheles ara-
biensis was the predominant species in both urban (96.3% [95% CI 94.9-97.5%]) and peri-
urban (96.8% [95% CI 95.4-98.3%]) sites, followed by An. gambiae, which comprised 3.7%
[95% CI 2.5-5%] and 3.2% [95% CI 1.7-4.7%)] of the samples tested respectively. Conversely,
the rural populations were predominantly An. gambiae 82.7% [95% CI 79.4-85.9%)] with few
An. arabiensis 17% [95% CI 14.1-20.6%] (Table 1).
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Fig 4. Synergist susceptibility profile of Anopheles gambiae (s.l.) populations from urban, peri-urban and rural
zones after 60 min exposure to permethrin and deltamethrin alone and combined with PBO. Data shown as mean
mortality with 95% confidence intervals. The 90% mortality threshold (red line) for declaring suspected resistance and
98% mortality threshold (black line) for calling full susceptibility based on the WHO criteria are indicated.

https://doi.org/10.1371/journal.pone.0303921.9004

Frequency of Vgsc and Ace-1 mutation

The L1014F mutation was detected at a high frequency in An. arabiensis specimens from
urban sites, with an allelic frequency of 0.22 (95%, CI 0.18-0.25) compared to peri-urban 0.11
(95%, CI 0.08-0.13) and rural 0.14 (95%, CI 0.06-0.19) populations. Hardy-Weinberg analysis
revealed a significant deviation (P < 0.0001) from equilibrium in the urban population among
the three An. arabiensis populations tested (Table 2). For An. gambiae samples tested from
rural areas, the occurrence of the L1014F mutation was notably low at 0.01, while absent in
peri-urban areas. Conversely, the L1014S mutation was detected in An. gambiae, with
markedly high allelic frequencies in both rural (0.93) and fixed in peri-urban (although the

Table 1. Distribution of Anopheles gambiae s.1 malaria vector species in the three study zones.

Zone Species n/N % 95% CI
Urban An.arabiensis 825/857 96.3 [94.9-97.5]
An.gambiae s.s 32/857 3.7 [2.5-5]
Periurban An.arabiensis 520/537 96.8 [95.4-98.3]
An.gambiae s.s 17/537 32 [1.7-4.7]
Rural An.arabiensis 89/513 17.3 [14.1-20.6]
An.gambiae s.s 424/513 82.7 [79.4-85.9]

n number of specimens identified to the species level, N total number of specimens processed, 95% CI 95%
confidence interval

https://doi.org/10.1371/journal.pone.0303921.t001
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Fig 5. Insecticide resistance intensity status of Anopheles gamabiae (s.1.) from urban, peri-urban and rural areas.
Standard resistance diagnostic concentration (0.05% deltamethrin, or 1X), 5X and 10X concentrations of deltamethrin
were used WHO insecticide susceptibly tube bioassay. Error bars indicate 95% confidence intervals. The 90% mortality
threshold for declaring suspected resistance and 98% mortality threshold for calling full susceptibility based on the
WHO criteria are indicated.

https://doi.org/10.1371/journal.pone.0303921.9005

number tested was very small, n = 14). This mutation was also detected in An. arabiensis with
very low allelic frequencies in urban (0.02) and peri-urban (0.01) areas, while in rural areas, it
was present at a frequency of 0.21 (although the number tested was very small n = 34). None of
the An. arabiensis and An. gambiae populations tested for 1014S appeared to be in Hardy-
Weinberg equilibrium (P < 0.001), possibly due to heterozygosity deficiency. The 1575Y of
Vgsc and Ace-1 mutations were not detected in any of the populations tested.

Detoxification enzyme activity

Biochemical assays revealed elevated enzymatic activities of mixed function oxidase (MFO)
and non-specific esterases in field populations compared to the susceptible Anopheles

Table 2. Allele frequency of Vgsc (kdr) and Ace-1 genes in the population of An. arabiensis and An. gambiae from urban, peri-urban, and rural zones in western

Kenya.
Zones Species Vgsc (kdr) Ace-1
Locus 1014 Locus 1575 Locus 119
N L1014F L1014S x2 P-value L1014F %2 P-value 1575Y G119S
Urban An. arabiensis 321 0.76 0.02 17.78 <0.0001 0.22 15.02 <0.0001 0 0
Peri-urban An. arabiensis 350 0.88 0.01 15.82 <0.0001 0.11 2.94 0.087 0 0
An. gambiae 14 0.0 1.0 0.0 0 0
Rural An. arabiensis 38 0.64 0.21 18.26 <0.0001 0.14 1.59 0.21 0 0
An. gambiae 344 0.06 0.93 90.43 <0.0001 0.01 0.23 0.63 0 0

https://doi.org/10.1371/journal.pone.0303921.t1002
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arabiensis Dongola strain (Fig 6). Mixed function oxidase activity was notably higher in urban
(mean activity = 0.8/mg protein), peri-urban (mean activity = 0.57/mg protein), and rural
(mean activity = 0.6/mg protein) populations compared to the Dongola strain (0.43/mg pro-
tein) (x2 = 99.775, df = 3, P < 0.0001; Fig 6A). Urban populations exhibited a 2-fold increase
in MFO activity, while peri-urban and rural populations showed a 1.3-fold increase, all signifi-
cantly higher than the Dongola strain (P < 0.0001). Pairwise comparisons indicated no signifi-
cant difference in MFO activity between rural and peri-urban populations (Dunn’s test,

Z =0.66, P > 0.05).

Notably, significantly increased esterase activity (using B-naphthyl acetate as a substrate)
was observed in urban and rural populations compared to the Dongola strain (2 = 176.02,
df=2,P < 0.0001). Urban populations had a >1.2-fold increase in non-specific B-esterase
activity (mean activity = 2.12/mg protein) compared to peri-urban (mean activity = 1.5/mg
protein; Dunn’s test, Z = 11, p < 0.0001) and rural (mean activity = 1.82/mg protein; Dunn’s
test, Z = 2.95 P < 0.01) populations. However, no significant difference was detected in non-
specific B-esterase activity between peri-urban (mean activity = 1.5/mg protein) and the Don-
gola strain (mean activity = 1.2/mg protein) (Dunn’s test, Z = 2.08, P = 0.78; Fig 6B).

Pesticides used for the control of pests

Among the 40 different formulations reported by farmers for agricultural and public health
(specifically, bedbug control) purposes, it was observed that pesticide formulations were more
frequently utilized in urban environments (65%; 95% CI: 50-78%) compared to peri-urban
(27.5%; 95% CI: 13.6-41.3%) and rural (47.5%; 95% CI: 32-63%) settings. However, the
reported total may underestimate the actual number due to many farmers not recalling all the
pesticide names they typically use. Pyrethroids emerged as the predominant class of pesticides
(39% urban, 36.4% peri-urban, and 36% rural), followed by organophosphates (11.5% urban,
9% peri-urban, and 11% rural) and neonicotinoids (11.5% urban and 18.2% peri-urban).
Among the pesticides mentioned, insecticides (40%; 95% Cl: 28-52%) and acaricides (40%;
95% Cl: 28-52%) were the most commonly reported in urban areas, whereas in peri-urban
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(53.5%; 95% CI: 42-63%) and rural (71.4%; 95% CI: 62-81%) settings, their usage was even
more prevalent (S1 Table). Some respondents indicated using a combination of insecticides
+ acaricides (17.5%; 95% CI: 9-26%) in peri-urban areas and (27.4%; 95% CI: 18-37%) in
rural settings. Furthermore, most respondents reported employing pesticides whenever they
encountered pests on the farm any time of the season (77.8%; 95% CI: 68-88% urban, 88.7%;
95% CI: 82-96% peri-urban, and 69%; 95% CI: 59-79% rural).

Discussion

This study, conducted across the urban-to-rural continuum of Kisumu city, enables us to
report, for the first time, the susceptibility level of the primary malaria vector An. arabiensis in
an urban environment in western Kenya to classes of insecticides used in vector control. Over-
all, relatively high resistance to pyrethroids was observed in urban populations of An. arabien-
sis, characterized by significantly elevated detoxification enzyme activities (MFO and -
esterases) and a high allelic frequency of 1014F mutations compared to peri-urban and rural
populations. Incipient resistance to bendiocarb (carbamates) and pirimiphos-methyl (organo-
phosphate) was detected in urban populations. Previous studies have documented widespread
resistance to pyrethroids in An. gambiae (s.1) from rural and peri-urban areas in western
Kenya [30-32, 38]. The presence of high pyrethroid resistance in urban settings confirms the
spatio-temporal spread of pyrethroid resistance in urban areas.

Species identification revealed distinct distributions: An. arabiensis was abundant in the
drier urban and peri-urban settings, while An. gambiae dominated in the wetter rural areas.
Previous studies in the lowlands of western Kenya around the Lake Victoria region have
reported the dominance of An. arabiensis in the region [37, 47]. Anopheles arabiensis demon-
strates better survivorship under drier conditions in lowlands compared to An. gambiae, possi-
bly contributing to its prevalence in urban and peri-urban lowlands [48, 49]. Notably, this
species has been found adapting in more polluted breeding sites associated with urbanization,
unlike An. gambiae, which prefers small, temporary, sunlit, and clear freshwater pools, typical
habitats found in rural areas [48, 50-52].

Until recently, An. arabiensis was considered more susceptible to insecticides in western
Kenya region compared to sympatric populations of An. gambiae [38]. However, our findings
indicate this species displays high tolerance to increased doses of deltamethrin (pyrethroids) in
urban settings, with moderate resistance observed in peri-urban and rural populations. Studies
from the region confirm a rising trend of pyrethroid resistance in An. arabiensis, although not
reaching the levels observed in the urban environment [32, 35, 53]. The adaptability of An. ara-
biensis to urban environments, coupled with its high tolerance to insecticides is concerning. Its
preference for outdoor resting and feeding behaviors [54-56] challenges the effectiveness of
LLINS as the sole malaria control strategy in urban areas. This underscores the necessity for
integrated vector control strategies, including larval source management, to tackle both indoor
and outdoor mosquito-biting behaviors and the increased resistance observed.

Biochemical analysis confirmed increased activity of mixed-function oxidases and esterases
in urban populations, along with a high frequency of the kdr allele 1014F, while this allele was
less prevalent in peri-urban and rural areas. Conversely, the kdr 1014S mutation, fixed in An.
gambiae in western Kenya, was found at low frequency in urban and peri-urban An. arabiensis
but was more prevalent in rural populations of An. arabiensis and An. gambiae corroborating
previous studies [32, 34, 38]. The significant partial restoration of susceptibility after preexpo-
sure to PBO indicates that metabolic resistance may be driving the high resistance levels
observed in the three populations, unlike kdr mutations. The observed incipient resistance to
organophosphates and carbamates might be induced by the overexpression of detoxification
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genes rather than target site resistance, as the Acel mutation was absent in most sequenced
samples. It is possible the higher level of resistance observed could be associated with the over-
expression of other detoxification enzymes, including glutathione-S-transferases (GSTs),
which was not tested in this study. Enzyme systems such as monooxygenase and esterase-
GST- mediated resistance have been reported to confer reduced susceptibility to malaria vec-
tors against carbamates, organophosphates, and pyrethroids [57]. Notably, all three popula-
tions remained fully susceptible to neonicotinoids (clothianidin) and pyrroles (chlorfenapyr),
suggesting these classes may hold promise for combating malaria vectors in the region despite
the high levels of insecticide resistance observed.

Resistance to pyrethroids in the lowlands of western Kenya, including urban areas, may
arise mainly from the extensive use of these insecticides in public health programs such as
LLINs mass distribution campaigns. Deltamethrin and permethrin have long been utilized as
primary active ingredients in LLINs across endemic regions in western Kenya [58]. The use of
these same compounds in agricultural practices, as evidenced in this study, could be driving
the observed resistance in these populations. Additionally, the emergence of bed bug infesta-
tions has led to the use of new classes of insecticides for pest control in urban settings. This is
concerning as it may promote resistance to the recently approved chemicals for vector control.
Similar trends have been noted in most African countries [59-62]. Although this study did not
analyze the level of pollution in different breeding habitats in urban areas, it was evident that
aquatic habitats where An. gambiae predominated in rural areas were clean-water pools,
whereas urban breeding sites where An. arabiensis larvae were prevalent were polluted water
pools and ditches contaminated with effluents from residential houses and roads. Adaptation
to these polluted habitats may have contributed to the observed increase in detoxification
enzymes in urban mosquito populations.

Conclusion

Urban Anopheles arabiensis populations exhibit high pyrethroid resistance intensity, charac-
terized by elevated detoxification enzyme activities (MFO and B-esterases) and 1014F muta-
tions. Possible exposure to pesticides from agriculture and adaptation to urban pollution may
have contributed to this resistance. Given the species’ unique behavior and ecology compared
to Anopheles gambiae, tailored vector control strategies are needed to address this concern as
the human population increase in urban settings.
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