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Abstract 

Background: The effectiveness of long-lasting insecticidal nets (LLINs) is threatened by the 

emergence of pyrethroid resistance in malaria vectors. This study assessed changes in 

knockdown resistance (kdr) allele frequencies in Anopheles gambiae populations before and after 

LLIN distribution in selected communities of Nasarawa and Plateau States, Nigeria.  

Methods:A total of 1,152 Anopheles gambiae sensu lato mosquitoes collected from Gbuwhen, 

Maiganga, Lankan, and Seri were analyzed. Mosquitoes obtained during pre-LLIN and post-

LLIN periods were genotyped for the kdr mutation using polymerase chain reaction (PCR). 

Allelic frequencies calculated and compared between periods using Pearson's chi-square test.  

Results: Overall kdr prevalence increased significantly from 143 positive mosquitoes during the 

pre-LLIN period to 247 during the post-LLIN period (χ² = 36.44, p < 0.001). Marked increases 

were observed in Maiganga (28.5% to 79.0%) and Seri (44.9% to 100%), whereas Gbuwhen 

showed a slight decline (9.3% to 5.7%) and no kdr-positive mosquitoes were detected in Lankan 

after LLIN distribution.  

Conclusion: LLIN deployment was associated with significant changes in kdr allele frequencies 

across study communities. Continuous molecular surveillance and integrated insecticide 

resistance management are required to sustain malaria vector control interventions in North-

Central Nigeria. 

Keywords: Anopheles gambiae, knockdown resistance, kdr mutation, pyrethroid resistance, 

LLINs, malaria vector control/surveillance, Molecular epidemiology and Alleleic frequency.  

INTRODUCTION  
Malaria remains a major public health challenge in Nigeria, 

accounting for a substantial proportion (27%) of the global 

malaria burden with nearly 32% of all malaria deaths. Long-

lasting insecticidal nets (LLINs) remain a cornerstone of 

global malaria control and relying solely on pyrethroid 

insecticides, widespread mosquito resistance in high-burden 

regions like Nigeria requires upgraded tools [1]. The 

increasing emergence of insecticide resistance in Anopheles 

mosquitoes threatens the effectiveness of these interventions. 

Resistance may arise through metabolic detoxification 

mechanisms or target-site mutations. One of the most 

important target-site mechanisms is knockdown resistance 

(kdr), caused by mutations in the voltage-gated sodium 

channel gene, particularly at codon 1014 [2,3]. Previous 

studies have documented the occurrence of kdr mutations and 

pyrethroid resistance in several regions of Nigeria. However, 

information on resistance patterns in Nasarawa and Plateau 

States remains limited [4].  

Malaria prevention heavily relies on two primary strategies: 

long-lasting insecticide-treated nets (LLINs) and indoor 

residual spraying (IRS). Because pyrethroid insecticides are 

highly durable and safe for humans, the World Health 

Organization endorsed them as the core chemical for these 

nets. However, this vital defense is now threatened as 

mosquitoes develop widespread resistance to insecticides. The 

crisis is worsened by a lack of chemical diversity; only four 

insecticide classes exist for indoor spraying, and just one is 

used for bed nets. If mosquitoes become fully resistant to 

these limited options, controlling malaria will become 

incredibly difficult [5] 

Insects primarily develop insecticide resistance through 

two biological mechanisms: metabolic resistance, which 

degrades the chemical before it takes effect, and target-site 
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resistance, which structurally alters the insecticide's intended 

binding site [6].  

Effective malaria control requires comprehensive 

entomological surveillance. Control programs must identify 

local mosquito species, their abundance, and their behavior 

before intervening. Understanding vector susceptibility to 

insecticides is critical to prevent resistance and ensure the 

success of strategies like Indoor Residual Spraying (IRS) and 

Insecticide-Treated Nets (ITNs) [7].  

Pre-intervention surveillance and resistance monitoring are 

critical cornerstones for any successful malaria control 

program. Implementing vector control without baseline data 

often leads to sub-optimal resource allocation and accelerates 

insecticide resistance, rendering interventions ineffective [8 - 

11].  

The documented resistance of Anopheles gambiae to critical 

vector control chemicals in Nigeria remains an escalating 

public health crisis. Historical studies established early 

warnings of pyrethroid and DDT resistance in the southwest. 

However, current data highlights a widespread, nationwide 

crisis threatening the stability of the National Malaria 

Elimination Programme (NMEP) [12,13].  

Research in Nigeria highlights that Anopheles coluzzii 

adaptation to urban agricultural environments is driving 

metabolic resistance to traditional pyrethroid nets. To counter 

this, studies confirm that dual-active nets containing 

chlorfenapyr disrupt mitochondrial energy production, 

proving effective against pyrethroid-resistant, kdr-positive 

populations. This ongoing study is highly critical because it 

addresses the precise evolutionary bottleneck of malaria 

control in Nigeria. Tracking the genetic shifts in wild vector 

populations represents the transition from reactive vector 

control to proactive genomic surveillance, which is the only 

way to save lives and maintain the efficacy of public health 

interventions [14].  

Controlling malaria requires a deep, scientifically grounded 

understanding of the intricate relationships between 

mosquitoes, environmental factors, and insecticides. While 

the task is complex, sustained research into mosquito behavior 

and chemical resistance enables the development of targeted, 

highly effective prevention programs. By prioritizing 

scientific data collection and strategic planning, researchers 

can significantly reduce transmission rates, protect vulnerable 

populations, and advance global health equity [15 – 18]. 

Research conducted in Ibadan, Nigeria, examined how the 

major malaria-carrying mosquitoes (An. coluzzii and An. 

gambiae) react to carbamate and organophosphate 

insecticides. The study provides critical baseline data to help 

health authorities make informed decisions about vector 

control. Understanding these specific chemical responses 

allows for more targeted strategies, which are essential for 

reducing mosquito populations and preventing malaria 

transmission in vulnerable communities [19].  

Currently, there is a lack of published data regarding 

knockdown resistance (kdr) gene frequencies within the 

mosquito populations of Plateau and Nasarawa states. This 

shortage of data is highly critical because the Nigerian Federal 

Ministry of Health (FMOH) is scaling up the distribution of 

Long-Lasting Insecticidal Nets (LLINs). Furthermore, 

because these communities are predominantly agrarian and 

heavily rely on agricultural pesticides and herbicides to boost 

crop yields, extensive localized resistance testing is vital. 

Assessing statewide resistance levels is necessary to confirm 

if current public health interventions, such as LLINs, remain 

fully effective against local malaria vectors. 

MATERIALS AND METHODS 
Study Area 

Fieldwork was conducted across four communities in North-

Central Nigeria: Gbuwhen and Maiganga in Nasarawa State, 

alongside Lankan and Seri in Plateau State. These 

communities have historically maintained universal Long-

Lasting Insecticidal Net (LLIN) coverage and are co-endemic 

for both malaria and lymphatic filariasis. Geographically, both 

states are situated within the Guinea Savannah eco-zone. 

Nasarawa State spans 26,875.59 square kilometers [7°45ˈ–

9°45ˈ N, 7°00ˈ–9°37ˈ E] and shares borders with Kaduna, 

Plateau, Taraba, Benue, Kogi, and the Federal Capital 

Territory. In contrast, Plateau State represents a high-altitude 

topography [8°24ˈ N, 8°32ˈ–10°38ˈ E], with elevations 

peaking at 1,829 meters above sea level. This elevated 

position drives a unique sub-tropical climate, characterized by 

cool average temperatures (13°C to 22°C) and robust annual 

precipitation varying from 131.75 cm to 146 cm. 

 

Fig. 1 Map of Nasarawa and Plateau States showing the 

study areas 

Study design 

This longitudinal study (2000–2023) analyzed 18,157 

mosquitoes collected from fixed household compounds 

in Plateau (8,325) and Nasarawa (9,832) states 

retrospectively during the wet season, following 

methods from Richards et al. [20] and Coetzee [21]. 

Molecular analysis of 1,152 Anopheles gambiae 

complex specimens was conducted to identify species-

level, with DNA samples screened for kdr mutations 

following procedures similar to Aneth et al. [22]. 

https://nimr.gov.ng/nimr/wp-content/uploads/2017/06/Implication-of-Pyrethroid-Insecticides-resistance-in-Nigeria.pdf
https://nimr.gov.ng/nimr/wp-content/uploads/2017/06/Implication-of-Pyrethroid-Insecticides-resistance-in-Nigeria.pdf
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Specimen Collection and Processing   

Field sampling required essential materials, including a 

torchlight with spare batteries, petri dishes, a white 

cloth sheet (4m x 3m), hand sprayers, pyrethrum 

insecticide, forceps, cotton wool, labels, 1.5ml 

Eppendorf tubes, glassine bags, Ziplock bags, and silica 

gel desiccants. Knocked-down mosquitoes were 

collected from the white sheets using forceps and a 

torchlight, then transferred to petri dishes labeled with 

the household number and collection timestamp 

Mosquitoes were sampled via indoor pyrethrum spray 

catches (PSC) following standardized guidelines [23]. 

Prior to spraying, all doors, windows, and structural 

openings in randomly numbered target households were 

sealed. The specimens were morphologically examined 

under a stereomicroscope to group them by genus and 

species complex. Identified Anopheles gambiae 

complex vectors were stored individually in 1.5ml}\) 

Eppendorf tubes containing cotton wool and silica gel 

as a desiccant [24]. These tubes were secured in Ziplock 

bags and transported to the laboratory for molecular 

testing [25]. The final sample consisted of adult An. 

gambiae s.l. specimens pulled from historical routine 

collections across pre-LLIN (baseline) and post-LLIN 

(post-intervention campaign) eras. To maintain a 

balanced study design, exactly 144 specimens were 

processed per community for each temporal period, 

yielding a total sample size of 1,152 mosquitoes. 

Molecular Analysis and Genomic DNA 

Extraction 

Genomic deoxyribonucleic acid (DNA) was isolated 

from individual dried mosquito specimens using a 

NIMR-Biotech purification kit (Nigerian Institute of 

Medical Research, Lagos State). For each specimen, the 

head and thorax were mechanically homogenized with a 

sterile pestle inside a 2 mL Eppendorf tube. The 

extraction protocol was supplemented with Proteinase 

K and Qiagen Buffer AW1. Prior to extraction, Qiagen 

Wash Buffers AW1 and AW2 were reconstituted with 

absolute ethanol, and heating blocks were pre-heated to 

56°C and 70°C. To maintain sample integrity and 

mitigate cross-contamination during all post-maceration 

steps, a dedicated tube-opening tool was utilized 

[25,26]. Specimens that exhibited zero PCR 

amplification were classified as non-amplified and 

systematically omitted from downstream allelic 

frequency calculations. 

PCR Amplification of the kdr Gene 

Polymerase chain reaction (PCR) amplification to 

detect knockdown resistance (kdr) mutations was 

executed in accordance with the cycling profile 

established by Martinez-Torres et al. [25]. The thermal 

cycling conditions consisted of an initial denaturation 

step at 94°C for 5 minutes, followed by 40 cycles of 

denaturation at 94°C for 1 minute, primer annealing at 

48°C for 2 minutes, and extension at 72°C for 2 

minutes. The protocol concluded with a final extension 

step at 72°C for 10 minutes. 

Gel Electrophoresis and Amplicon Detection 

PCR amplicons were resolved using a 1.5% (w/v) 

agarose gel prepared by dissolving 1.5 g of agarose in 

100 mL of 1X TAE buffer. The mixture was heated in a 

microwave for approximately 2 minutes until 

completely clear, ensuring the solution did not boil 

over. After cooling the gel for 5 minutes, 11 µL of 

ethidium bromide was added for amplicon 

visualization. The molten gel was then cast into a tray 

containing an electrophoresis comb and allowed to 

solidify. Next, 10 µL of each sample, DNA ladder, and 

control were mixed with Ficoll loading dye and loaded 

into the wells. Electrophoresis was executed at 100 V 

and 150 mA for 45 minutes [27,28]. Band visualization, 

image capture, and gel documentation were performed 

using a ChemiGenius® Gel Documentation System 

(Syngene®). 

Statistical Analysis 

All computational and statistical operations were 

executed using R version 4.3.1 [29]. Population counts 

of Anopheles gambiae complex specimens were 

compiled across four distinct communities during two 

temporal intervals: the pre-intervention phase (2000–

2003) and the post-intervention phase (2017–2023). 

Within each community, specimen counts were 

aggregated by calculating the cumulative sum across all 

operational years per respective period, establishing the 

total vector density per community and era. 

A contingency table cross-tabulating community by 

study period was constructed utilizing the xtabs 

function in R. To determine if the structural distribution 

of mosquito counts across the pre- and post-intervention 

periods varied significantly among the four 

communities, a Pearson’s Chi-squared (X
2
) test of 

independence was performed. Statistical significance 

was evaluated at an alpha level of α = 0.05. 

Additionally, the absolute and relative magnitudes of 

population shifts from the baseline to the post-

intervention era were quantified to visualize 

community-specific trajectory differences. 

Descriptive Statistics 

To measure changes in overall mosquito abundance 

between the pre- and post-net distribution intervals, 

total counts were compared descriptively within each 
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target site. The percentage change in total vector counts 

from the baseline to the post-net era was calculated 

using the following formula: 

                   
         

    
      

Where      = pre-net count and      = Post-net 

count 

For objective two, the sporozoite rates of Anopheles 

mosquitoes between the pre-net and post-net 

distribution periods across sampled communities were 

compared. Sporozoite rates were calculated for each 

community and year using the formula: 

Sporozoite Rate = 
                             

                                 
 

Summary statistics were generated by aggregating these 

counts by community, year, and period (pre-net vs post-

net). 

To evaluate the impact of long-lasting insecticidal net 

(LLIN) distributions on pyrethroid resistance, the 

knockdown resistance (kdr) allele frequency was 

assessed in Anopheles gambiae populations across four 

communities (Gbuwhen, Lankan, Maiganga, and Seri) 

before and after net introduction. Mosquitoes were 

tested for the presence of the kdr mutation using 

standard molecular assays. 

For each community and sampling period (pre-net vs. 

post-net), the Allelic frequency was calculated for each 

community and period using the formula: 

 llelic  requency

 
    omozygote    eterozygote 

  
 

where N is the total number of successfully genotyped 

specimens. 

RESULTS 
Knockdown Resistance (kdr) Allele Frequencies Across 

Communities 

The allelic frequency of the kdr gene demonstrated marked 

variations across the four study communities and between the 

two sampling epochs (Table 1). In Gbuwhen, a minor 

reduction in resistance was observed, with frequencies 

declining from 9.3% during the pre-net era to 5.7% post-

intervention. Similarly, Lankan exhibited a complete 

regression of the resistance marker, dropping from a baseline 

of 27.5% to 0% in the post-net distribution period. 

Conversely, Maiganga and Seri experienced profound 

selective sweeps following net distribution; kdr allelic 

frequencies escalated dramatically from 28.5% to 79.0% in 

Maiganga, and from 44.9% to complete fixation at 100.0% in 

Seri. 

Pooling data across all four communities revealed that the 

total number of knockdown resistance (kdr)-positive 

mosquitoes increased from 143 individuals in the pre-net 

baseline era to 247 specimens in the post-net distribution 

phase.   Pearson’s Chi-squared (X2) test of independence 

demonstrated a highly significant shift in kdr prevalence 

between the two experimental periods X2) = 36.44, df = 1, p < 

0.001). This statistical outcome indicates a profound, 

nationwide increase in the proportion of kdr-positive 

Anopheles gambiae vectors following the scale-up of Long-

Lasting Insecticidal Nets (LLINs) (Figure 3). 

Visualization of kdr Dynamics 

Bar plots were utilized to visually contrast community-

specific shifts in kdr allelic frequencies alongside absolute 

kdr-positive specimen counts between the pre- and post-

intervention periods (Figure 4). The graphical outputs reveal 

that Maiganga and Seri experienced the most pronounced 

escalations in both relative allele frequency and absolute 

vector numbers following net distribution. Conversely, 

Lankan demonstrated a stark, complete regression of 

resistance, displaying zero kdr-positive individuals during the 

post-intervention era (Figure 4). 

Table 1. Genotypic distribution and allelic frequencies of knockdown resistance (kdr) in Anopheles gambiae s.l. populations 

across four communities in North-Central Nigeria during the pre- and post-intervention periods. 

Community Period Total Tested Kdr Positive Kdr Negative Non-amplified 
Allelic Frequency 

(%) 

Gbuwhen Pre-Net 141 12 117 15 9.3 

Gbuwhen Post-Net 144 8 132 4 5.7 

Lankan Pre-Net 144 39 103 2 27.5 

Lankan Post-Net 144 0 137 7 0 

Maiganga Pre-Net 144 39 98 7 28.5 

Maiganga Post-Net 144 109 29 6 79 



Global Scientific and Academic Research Journal of Multidisciplinary Studies ISSN: 2583-4088 (Online) 

*Corresponding Author: Barminas A. Kahansim        © Copyright 2026 GSAR Publishers All Rights Reserved  Page 23 

Community Period Total Tested Kdr Positive Kdr Negative Non-amplified 
Allelic Frequency 

(%) 

Seri Pre-Net 144 53 65 26 44.9 

Seri Post-Net 144 130 0 14 100 

 

 
Fig.2  Lane M = molecular DNA lader; Lane 

1,2,3,5,6,8,9 = homozygous resistant (RR); Lane 

4,10,11 = homozygous susceptible (SS); Lane 12 

= Negative control 

 
Figure 3. Total kdr-positive and kdr-negative counts in 

Pre- and Post-Net periods across all communities 

 

 
Figure 4.  Comparative analysis of knockdown resistance 

(kdr) allelic frequencies across four endemic communities 

in Plateau and Nasarawa States, Nigeria, during the pre- 

and post-intervention periods. 

 

DISCUSSION 

Our research investigated the emergence and spread of 

insecticide resistance within local Anopheles populations, 

focusing specifically on the kdr gene mutation. This genetic 

marker directly allows malaria vectors to survive exposure to 

the pyrethroid insecticides coated on Long-Lasting 

Insecticidal Nets (LLINs). Given the widespread reliance on 

LLINs for national malaria suppression, evaluating these 

community-level changes in kdr frequency provides essential 

data on the ongoing durability of standard vector control tools. 

Prior to the mass distribution of Long-Lasting Insecticidal 

Nets (LLINs), baseline kdr allelic mutations were already 

circulating within the local vector populations, though 

prevalence exhibited distinct spatial heterogeneity across the 

study sites. While Gbuwhen displayed a relatively low 

baseline resistance frequency of 9.3%, substantially higher 

initial frequencies were observed in Maiganga (28.5%) and 

Seri (44.9%). This pre-existing genetic resistance strongly 

indicates that selection pressure was operating well before 

widespread public health LLIN deployments. This early 

emergence of target-site insensitivity was likely driven by 

historical exposure to localized public health vector control 

initiatives or the extensive application of agrochemicals 

within these predominantly agrarian communities [4,29]. 

Following the deployment of Long-Lasting Insecticidal Nets 

(LLINs), divergent post-intervention shifts in knockdown 

resistance (kdr) frequencies were observed across the study 

sites. In Maiganga, and most notably in Seri, the prevalence of 

the resistance allele escalated precipitously. In Seri, the kdr 

mutation achieved complete phenotypic fixation, reaching 

100.0% among all successfully genotyped vectors. This sharp 

evolutionary sweep was driven by intense, continuous 

insecticidal selection pressure; individuals carrying the kdr 

mutation possessed a distinct survival advantage, allowing 

them to withstand lethal chemical exposure, reproduce 

successfully, and disproportionately transmit the resistance 

allele to downstream generations. Consequently, homozygous 

resistant phenotypes rapidly replaced susceptible variants as 

the dominant population stratum. These trends strongly align 

with established findings reported across northern Nigeria and 

broader West African corridors, where the extensive 

concurrent utilization of pyrethroid chemistries in both 

commercial agriculture and public health vector control 

initiatives has accelerated the spread of resistance alleles 

[17,30,31]. 

The profound escalation of kdr resistance observed in Seri is 

strongly linked to localized commercial farming practices, 

specifically the intensive and unregulated application of 

chemical insecticides and herbicides on agricultural crops. 
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This continuous deposition of agrochemicals into the 

environment creates an aggressive, non-target selective sieve 

within vector larval habitats. Consequently, highly susceptible 

wild-type mosquitoes suffer absolute mortality, while 

individuals harboring pre-adaptive resistance alleles survive, 

proliferate, and rapidly saturate the ecological niche. This 

phenomenon of cross-resistance driven by overlapping 

agricultural and public health chemical selection pressures has 

long been established [32]. Crucially, this mechanism 

continues to be validated by recent systematic reviews and 

meta-analyses across Nigeria, which document entrenched, 

widespread pyrethroid resistance in Anopheles gambiae s.l. 

populations bred within heavily treated rice agroecosystems 

and polluted farming basins [33,34,12] 

Similarly, Maiganga exhibited a profound post-intervention 

escalation in kdr frequency following the deployment of 

Long-Lasting Insecticidal Nets (LLINs). This aggressive 

trajectory mirrors historical entomological trends documented 

in Cameroon, Uganda, and Kenya, where prolonged 

operational reliance on pyrethroid-impregnated netting 

strongly correlated with escalating vector resistance [35,36]. 

Collectively, these findings reinforce the established paradigm 

that chronic, widespread public health exposure to pyrethroids 

drives the selection and expansion of resistant mosquito 

populations. Crucially, contemporary pan-African genomic 

surveillance confirms that this pyrethroid-driven selection 

pressure continues to undermine standard vector tools, 

prompting an urgent continent-wide transition toward next-

generation dual-active ingredient nets [37,38]. 

Interestingly, vector populations in Gbuwhen and Lankan 

demonstrated an inverse trend, characterized by a post-LLIN 

decrease in resistance. Post-intervention surveillance showed 

a minor decline in kdr allelic frequency in Gbuwhen and the 

complete eradication of resistant genotypes in Lankan. These 

results contrast with traditional Nigerian and West African 

studies that typically report a spike in resistance following 

mass net distribution [39,40]. This downward shift could be 

driven by a lower localized usage of agricultural pesticides, 

eliminating the selection pressure required to maintain a high 

kdr frequency against its inherent biological fitness cost. 

Alternatively, this anomaly may stem from the inward 

migration of susceptible vectors or distinct environmental 

factors that restricted the breeding success of resistant 

populations 

Alternatively, the complete absence of kdr mutations in the 

Lankan vector population post-intervention does not 

definitively indicate absolute insecticide susceptibility; rather, 

it may signal a shift toward alternative, non-target-site 

resistance mechanisms. Mosquitoes frequently circumvent 

pyrethroid-induced mortality by upregulating the production 

of specialized detoxification enzymes [36]. These metabolic 

pathways—predominantly driven by cytochrome P450 

monooxygenases, glutathione S-transferases (GSTs), and 

carboxylesterases—allow the insect to rapidly degrade or 

sequester insecticidal compounds before they can interact 

with the voltage-gated sodium channels. This hypothesis is 

strongly supported by recent Nigerian vector surveillance, 

which confirms that metabolic mechanisms are increasingly 

driving pyrethroid resistance in populations where traditional 

target-site kdr mutations remain low or absent [33,34] 

In the present study, approximately 8.0% of the extracted 

genomic DNA samples failed to yield detectable PCR 

products. This non-amplification rate is expected when 

processing field-collected entomological specimens preserved 

via air-drying, as molecular assays remain highly sensitive to 

nucleic acid fragmentation, template concentration, storage 

duration, and the co-extraction of endogenous tissue 

inhibitors. Compared to fresh material, desiccation can 

accelerate DNA degradation over multi-year archives. 

Consequently, absolute amplification efficiency is rarely 

achieved in molecular epidemiology field surveys, with 

published literature demonstrating baseline success rates 

between 85% and 98% depending on specimen integrity and 

the specific genetic locus targeted. 

Prior vector research utilizing degraded or field-preserved 

biological materials reports comparable amplification success 

rates of 88% to 95%, translating to non-amplification rates of 

5% to 12% [41 - 43]. Thus, our recorded 92.0% amplification 

success rate falls strictly within acceptable epidemiological 

thresholds for preserved insect cohorts. To maintain analytical 

rigor and prevent the artificial skewing of kdr allelic 

frequencies, non-amplified samples were systematically 

excluded from downstream statistical calculations. This 

quality-control measure ensures that the reported resistance 

frequencies are accurate, methodologically sound, and aligned 

with standard molecular entomology consensus guidelines [41 

- 43]. 

Overall, this study demonstrates that insecticide resistance 

develops heterogeneously, driven by localized ecological 

conditions, agricultural practices, and vector species 

composition. The findings highlight significant threats to the 

long-term efficacy of pyrethroid-only LLINs, particularly in 

high-resistance areas like Seri and Maiganga [44,45]. 

Consequently, this study recommends the establishment of 

continuous, high-resolution entomological surveillance to 

track evolving vector resistance profiles dynamically. 

Furthermore, there is an urgent need to transition from 

traditional pyrethroid-only interventions toward integrated 

insecticide resistance management (IRM) frameworks. 

Implementing these multi-sectoral strategies—including the 

deployment of next-generation dual-active ingredient or PBO-

synergized nets alongside targeted indoor residual spraying 

(IRS)—is imperative to safeguard the long-term efficacy of 

national malaria control initiatives across heterogeneous 

transmission settings [5,46 - 49]. 

Conclusion 

The mass deployment of Long-Lasting Insecticidal Nets 

(LLINs) across Nasarawa and Plateau States has exerted a 

profound selective pressure on the primary vectors of malaria 

and lymphatic filariasis. This public health intervention 

significantly altered target-site kdr allele frequencies within 

the mosquito populations. Although cumulative datasets 
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indicate a nationwide escalation in insecticide resistance post-

intervention, the distinct trajectories recorded across 

individual study sites demonstrate that vector adaptation is 

highly heterogeneous. These divergent outcomes underscore 

the complex evolutionary dynamics of mosquito populations 

in response to chemical control measures. Consequently, these 

findings emphasize the critical need for continuous 

entomological monitoring, the institutionalization of 

integrated vector management, and the implementation of 

localized, site-specific strategies to sustain malaria control 

efficacy. 
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