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Abstract
Background  Chromosomal inversions are important genetic mechanisms that facilitate local adaptation, ecological 
flexibility, and behavioural variation in mosquito populations. In Anopheles coluzzii, a dominant malaria vector in West 
Africa, the 2La inversion has been associated with desiccation tolerance, thermal resistance, and insecticide resistance. 
Despite Nigeria’s ecological diversity and substantial malaria burden, the spatial distribution and clinal dynamics of 
2La inversion polymorphism in An. coluzzii remain poorly characterized. This study investigated the distribution of 2La 
inversion karyotypes across major Nigerian ecozones and examined their association with climatic gradients.

Methods  Larvae of Anopheles mosquitoes were sampled across 12 states representing Nigeria’s southern, central, 
and northern ecological zones. Species identification was conducted morphologically and confirmed with PCR 
diagnostics. The 2La inversion was determined using established molecular assays, and allele frequencies were 
analyzed with respect to ecozone and climatic gradients. Spatial distribution maps and statistical analyses, including 
correlation and clinal trend assessment, were done in R version 4.4.

Results  A clear geographic structuring of 2La inversion polymorphism was observed in An. coluzzii populations. The 
2La/2La homokaryotype was strongly predominant in the northern Sahelian and Sudan savanna ecozones, reflecting 
adaptation to hot and arid conditions. In contrast, the standard 2La+/2La+ arrangement was predominant in humid 
southern forest and mangrove regions. The heterokaryotype (2La/2La+) occurred at intermediate frequencies within 
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Background
Malaria remains a persistent and devastating public 
health problem across sub-Saharan Africa (WHO, 2024). 
Members of the Anopheles gambiae species complex, 
including Anopheles gambiae s.s., Anopheles coluzzii, and 
Anopheles arabiensis are the primary malaria vectors in 
Nigeria [1]. Mosquito distribution, survival, and vecto-
rial capacity in tropical regions are strongly influenced 
by climatic factors (temperature, rainfall, and relative 
humidity) all of which fluctuate markedly across seasons 
[2, 3]. Ongoing climate change further intensifies these 
fluctuations, creating selective pressures that favour mos-
quito populations with greater physiological tolerance 
and adaptive potential, while disadvantaging less toler-
ant populations [4, 5]. In West Africa, malaria vectors are 
often exposed to substantial seasonal shifts, from cooler, 
rainy months to prolonged dry periods characterized by 
high temperatures and low humidity [6]. Such environ-
mental heterogeneity drives natural selection and local 
adaptation, enabling mosquito populations to survive 
even under harsh ecological conditions [7, 8]. More-
over, it has been reported that during extended dry sea-
sons, shortened mosquito generation times can increase 
the transmission potential of malaria, dengue, yellow 
fever, chikungunya, West Nile, and Japanese encephalitis 
viruses [9, 10, 11, 12].

Chromosomal inversions constitute one of the major 
genomic mechanisms that facilitate these adaptive 
responses. By suppressing recombination within the 
inverted region, inversions preserve advantageous allelic 
combinations and promote phenotypic flexibility across 
environmental gradients [8, 13, 14]. Among these struc-
tural changes, paracentric inversions are particularly 
important drivers of local adaptation, ecological diver-
gence, and incipient speciation (Kirkpatrick et al., 2010). 
They have played a central role in the evolutionary radia-
tion of the Anopheles gambiae complex, enabling its 
members to colonize diverse habitats across sub-Saharan 
Africa [13].

An. coluzzii, a major malaria vector in West Africa 
including Nigeria, is notable for its ecological adaptabil-
ity and propensity for metabolic insecticide resistance [2, 
15]. Within this species, the 2La chromosomal inversion 
represents one of the most ecologically significant poly-
morphisms. The inversion, with alternative arrangements 
2La and 2La+, is widely distributed in West Africa and 
displays strong geographic structuring resulting from 
varying climatic conditions [16, 17]. The 2La arrange-
ment is typically associated with arid and semi-arid envi-
ronments, conferring traits such as enhanced desiccation 
resistance, thermotolerance, and improved survival 
under xeric conditions [18, 19]. In contrast, the stan-
dard 2La+ arrangement predominates in humid forested 
regions where stable moisture levels favour mosquitoes 
adapted to mesic habitats [16, 19]. The predictable asso-
ciation between inversion frequencies and environmental 
gradients indicates strong climatic selection maintaining 
these polymorphisms.

Beyond climatic adaptation, the 2La inversion has been 
linked to larval habitat specialization, resting and biting 
behaviour, vector competence, and insecticide resistance 
[17, 20, 21]. In Nigeria, this inversion has been impli-
cated in dieldrin resistance [22] and in shaping perme-
thrin resistance in Sahelian populations through shifts in 
2La/ 2La+ allele balance [8]. These associations buttress 
the importance of chromosomal inversions as markers of 
vector adaptability, with direct implications for malaria 
control.

Nigeria’s ecological gradient, from humid southern 
mangrove forests to hot, arid Sahelian savannas, offers 
an ideal framework for assessing inversion-driven adap-
tation. Despite the country’s exceptionally high malaria 
burden, comprehensive investigations of inversion poly-
morphism in An. coluzzii remain limited. Understand-
ing how inversion frequencies vary across ecozones, and 
how they relate to environmental selective pressures, is 
essential for predicting vector behaviour, tracking insec-
ticide resistance evolution, and optimizing vector control 
strategies.

the central transitional belt, where ecological gradients overlap. Karyotype frequencies exhibited a pronounced 
latitudinal cline, with heterozygosity peaking in central Nigeria. The spatial patterns indicate that climatic pressures, 
particularly aridity and humidity, might be a major determinant of inversion distribution in An. coluzzii from Nigeria.

Conclusion  This study provides the first detailed nationwide characterization of 2La inversion polymorphism in 
An. coluzzii across Nigeria’s ecological zones. The strong alignment between inversion frequency and eco-climatic 
gradients highlights the role of chromosomal rearrangements in promoting vector survival and ecological fitness. 
These adaptive patterns have significant implications for malaria control, as inversion-mediated adaptability 
may influence resting behaviour, insecticide response, and vector persistence under climate change. Integrating 
chromosomal inversion surveillance into entomological monitoring frameworks will be essential for designing 
ecologically tailored vector control strategies in Nigeria.

Keywords  An. coluzzii, 2La chromosomal inversion, Ecological adaptation, Climatic gradients, Malaria vector, Nigeria
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This study therefore characterizes the spatial distribu-
tion and ecological correlates of the 2La inversion in An. 
coluzzii across the major ecological zones of Nigeria.

Methods
Study area and larvae collection
The study was conducted across 12 states representing 
Nigeria’s major ecological zones, spanning humid coastal 
forests, Guinea savannah, and Sudan–Sahel savannah 
regions (Fig. 1). These zones differ markedly in rainfall, 
vegetation structure, humidity, and seasonality, creating 
distinct ecological conditions for Anopheles breeding and 
survival [2].

Southern sites are characterized by high annual rain-
fall (approximately 1,300–2,500 mm), perennial surface 
water, and semi-permanent larval habitats embedded 
within mangrove and rainforest ecosystems. In contrast, 
northern sites receive lower annual rainfall (approxi-
mately 600–1,000 mm), with breeding habitats that are 
largely seasonal and closely linked to rainfall patterns 
(Coluzzi, 1979). The central Guinea savannah zone repre-
sents a transitional environment with intermediate eco-
logical characteristics [2].

Larvae were collected between June and October 
2024 using the standard dipping method (Ibrahim et al., 
2014). Collections were conducted directly from typical 

Anopheles breeding habitats, including puddles, tyre 
tracks, footprints, shallow pools, and temporary ponds 
[22]. These habitats reflect local hydrological and climatic 
conditions and are known to support Anopheles develop-
ment across ecological gradients. All sampling locations 
and their corresponding ecological classifications are 
presented in Fig. 1.

Mosquito rearing and species identification
Larvae were collected from diverse aquatic habitats 
across 12 Nigerian states and reared to adult under 
standard insectary conditions (70–80% RH; 25–27 °C; 
12:12 h light–dark cycle). Adults were maintained on 
10% sucrose solution and morphologically identified as 
members of the Anopheles gambiae complex using stan-
dard taxonomic keys [23]. Genomic DNA from a subset 
of adults was extracted following the Scott method and 
subjected to species-specific SINE200 PCR for molecular 
identification of sibling species [24, 25].

2La/2La+ Inversion karyotyping
A subset of An. coluzzii specimens was genotyped for the 
2La inversion using PCR-based chromosomal karyotyp-
ing [25]. Amplification employed primers 23A2 (universal 
reverse), 27A2 (2La-specific), and DPCross5 (2La+-spe-
cific). PCR reactions were performed in a total reaction 

Fig. 1  Map of Nigeria showing major ecotypes and the study sites
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volume of 12 µl volume using DreamTaq polymerase with 
cycling conditions of 94 °C for 2 min; 35 cycles of 94 °C 
for 30 s, 60 °C for 30 s, 72 °C for 45 s; and final extension 
at 72 °C for 10 min. Amplicons were resolved on 1.5% 
agarose gels. Diagnostic fragment sizes were 492 bp (2La) 
and 207 bp ( 2La+); heterozygotes produced both bands.

Data analysis
Karyotype frequencies (2La/2La, 2La/ 2La+, and 2La+/ 
2La+) were calculated for each state as the proportion 
of individuals exhibiting each genotype relative to the 
total number of successfully genotyped specimens. Allele 
frequencies for 2La and 2La+ were derived from geno-
type counts using standard population genetic formulas 
under diploid inheritance assumptions. Departures from 
Hardy–Weinberg equilibrium (HWE) were assessed 
separately for each state using chi-square goodness-of-
fit tests comparing observed and expected genotype fre-
quencies. Expected frequencies were calculated under 
the assumptions of random mating, large population 
size, no selection, no mutation, and no migration. A sig-
nificance threshold of P < 0.05 was applied. To assess spa-
tial clinal structure, linear regression models were fitted 
to evaluate the association between state-level inversion 
frequency (dependent variable) and latitude (indepen-
dent variable). Latitude was treated as a continuous pre-
dictor representing the south–north ecological gradient. 
Model assumptions (including linearity, homoscedas-
ticity, and normality of residuals) were evaluated using 
diagnostic plots. The coefficient of determination (R²) 
was used to quantify the proportion of variance in inver-
sion frequency explained by latitude. Spatial distribution 
maps of karyotype and allele frequencies were generated 
using the sf and ggplot2 packages in R version 4.4. All sta-
tistical analyses were conducted in R version 4.4 (R Core 
Team, 2024).

Results
Spatial distribution of 2La inversion frequencies in An. 
coluzzii across Nigerian states
A total of 1163 Anopheles gambiae s.l. were morpho-
logically identified from 1200 specimens collected. PCR-
based sibling species identification revealed An. gambiae 
447(38.4%), An. coluzzii 600(51.6%), and An. arabiensis 
116(10.0%). The diagnostic amplicons for the 2La inver-
sion are shown in Supplementary file 1, and the karyo-
typed allele frequencies are summarized in Table  1. In 
this study, only An. coluzzii was tested for 2La.

Across the 12 sampled states, clear geographic struc-
turing of 2La inversion karyotypes was observed. The 
inverted homokaryotype (2La/2La) predominated in 
northern states, reaching very high frequencies in Jigawa 
(0.98) and occurring at moderate to high levels across 
other Sahel and savannah locations, but was absent in 
the coastal state of Akwa Ibom. In contrast, the stan-
dard homokaryotype ( 2La+/ 2La+) was most frequent 
in southern states such as Ogun and Akwa Ibom (up to 
0.70), but was not detected in several northern states, 
including Kebbi, Jigawa, Gombe, and Taraba. The hetero-
karyotype (2La/ 2La+) occurred at lower to intermediate 
frequencies across sites, ranging from absence in Kebbi 
to 0.38 in Osun.

Notably, 2La+/ 2La + was entirely absent from the dri-
est northern states (Kebbi, Jigawa, Gombe, Taraba), while 
2La/2La was undetected in the coastal state of Akwa 
Ibom (Table 1).Choropleth maps (Fig. 2) revealed distinct 
spatial structuring of inversion frequencies. The 2La/2La 
arrangement predominated in the northern savanna belt, 
with Kebbi, Jigawa, Gombe, and Taraba showing frequen-
cies > 0.8. Conversely, the 2La+/2La+ arrangement was 
concentrated in the humid southern ecozones; particu-
larly Bayelsa, Akwa Ibom, and Ogun, where frequencies 
are higher (0.59 to 0.7). The heterozygous 2La/2La+ form 
was more pronounced (though with frequency < 0.5) 

Table 1  Observed numbers and frequencies of 2La karyotypes in An.coluzzi from the sampled localities of Nigeria
No. assigned to locality Locality name from south to north No. karyotyped Allele frequency per state

2La+/2La+ 2La/2La+ 2La/2La
1 Bayelsa 41 24(0.59) 15(0.37) 2(0.05)

2 Akwa Ibom 53 37(0.70) 16(0.30) 0(0.00)

3 Enugu 48 27(0.56) 13(0.27) 8(0.17)

4 Ebonyi 56 23(0.41) 20(0.36) 13(0.23)

5 Ogun 50 35(0.70) 10(0.20) 5(0.10)

6 Osun 52 24(0.46) 20(0.38) 8(0.15)

7 Kwara 39 0(0.00) 7(0.18) 32(0.82)

8 Niger 54 8(0.15) 9(0.17) 37(0.69)

9 Kebbi 58 0(0.00) 0(0.00) 58(1.00)

10 Jigawa 55 0(0.00) 1(0.02) 54(0.98)

11 Gombe 46 0(0.00) 5(0.11) 41(0.89)

12 Taraba 48 0(0.00) 4(0.08) 44(0.92)

600 178(0.30) 120(0.20) 302(0.50)
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in central transition zone (Osun), however, similar fre-
quency range were also recorded in An. coluzzii from the 
more humid southern part of the country (Ebonyi, and 
Bayelsa) (Fig. 2).

Figure 3 revealed a clear ecological partitioning in 
inversion polymorphism when mapped against ecologi-
cal regions. 2La/2La was strongly associated with the 
Sahelian and West Sudanian savannas, reflecting adap-
tation to arid and semi-arid environments. In contrast, 
2La+/2La+ arrangement was more frequent in the low-
land rainforest, mangrove swamps, and coastal humid 
zones. These spatial patterns reveal the adaptive differ-
entiation of An. coluzzii populations along Nigeria’s eco-
logical gradient.

Latitudinal clines of 2La inversion frequencies in An. 
coluzzii.
A ridge plot illustrating allele frequencies along a south–
north transect (Fig. 4) demonstrated a pronounced latitu-
dinal cline. The frequency of 2La/2La increased sharply 
with latitude, while 2La+/2La+ decreased in the oppo-
site direction. The inflection zone, located approximately 
between Osun and Taraba, corresponded to Nigeria’s 
major ecological transition from humid forest to dry 
savanna. This zone also exhibited slightly elevated fre-
quencies of the heterokaryotype 2La/2La+, reflecting a 
transitional population structure. However, the South-
ern part of the country seems to exhibit slightly elevated 

Fig. 2  Spatial distribution of An. coluzzii 2La inversion karyotypes across 12 surveyed Nigerian states. Each map represents the frequency of one karyo-
type: 2La/2La, 2La+/2La+, and 2La/2La+. Frequency gradients show local variation in allele distribution, with darker shades representing higher frequen-
cies. Larger red circles indicate states with frequencies ≥ 0.5. The maps highlight a clear north–south differentiation, with 2La/2La predominating in 
northern states and 2La+/2La+ more frequent in southern ecozones
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frequencies for the heterokaryotype 2La/2La+ compared 
with the Northern part (Fig. 4).

Regression plots (Fig.  5) further quantified these pat-
terns. The inverted 2La/2La arrangement showed a 
strong positive association with latitude (R² = 0.80), indi-
cating increasing prevalence in northern, arid environ-
ments. The standard 2La+/2La+ arrangement declined 
significantly with latitude (R² = 0.72), consistent with 
adaptation to southern humid ecozones. The hetero-
karyotype 2La/2La+ though with low frequencies also 
show a negative trend (R² = 0.74), decreasing towards the 
North.

Hardy–Weinberg equilibrium (HWE) tests indicated 
no significant departures from equilibrium in most states 
(P > 0.05). However, significant deviations were detected 
in Enugu, Ogun, and Niger (Table  2), suggesting depar-
tures from random mating expectations. Such deviations 
may arise from localized selection, population sub-struc-
turing (Wahlund effect), gene flow, assortative mating, 
or demographic processes, including recent expansion 
or drift. Further fine-scale population genetic analyses 
would be required to disentangle these potential mecha-
nisms (Table 2).

Fig. 3  Chromosomal inversion frequencies of An. coluzzii over Nigerian ecozones. State-level frequencies of An. coluzzii 2La inversion karyotypes overlaid 
on Nigeria’s ecozones. Background colors represent major ecological regions derived from the national ecozone classification. Red circles mark state cen-
troids, with size proportional to inversion frequency. The 2La/2La arrangement dominates arid northern ecozones (Sahelian and West Sudanian savanna), 
while 2La+/2La + is concentrated in humid southern and coastal regions (Guinean forest and mangroves). The spatial alignment between inversion 
frequency and ecozone distribution indicates strong ecological selection along climatic gradients
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Discussion
This study provides the first nationwide assessment of 
the 2La inversion polymorphism in An. coluzzii across 
Nigeria and demonstrates strong ecological structuring 
consistent with the country’s unique climatic gradient. 
Chromosomal inversions are well-established drivers of 
local adaptation in African malaria vectors, maintaining 
co-adapted gene complexes under reduced recombina-
tion and enabling populations to persist under hetero-
geneous environmental pressures [16, 21, 26]. The study 
findings confirm that the 2La inversion remains a major 

axis of ecological differentiation in An. coluzzii, shaping 
population structure and adaptive potential across Nige-
ria’s ecozones.

A clear latitudinal cline was observed, with the 2La/2La 
arrangement nearly fixed in the arid Sahelian and Sudan 
savanna states. These regions are characterized by 
extreme temperatures, low rainfall, and prolonged dry 
seasons (Adeogun et al., 2025), conditions under which 
the 2La arrangement has been shown to confer signifi-
cant adaptive advantages, including enhanced desicca-
tion tolerance, thermal resilience, and larval survival 

Fig. 4  Ridge plot showing latitudinal patterns of 2La inversion frequencies along a south–north cline. Ridge plot showing the latitudinal progression of 
An. coluzzii 2La inversion frequencies from southern to northern Nigeria. Each panel represents a distinct karyotype: 2La/2La, 2La+/2La+, and 2La/2La+. 
The dashed vertical red line marks the approximate boundary between southern and northern climes (Osun–Taraba representing central Nigeria / forest-
savanna transition zone). Frequencies of 2La/2La increase sharply toward the north, while 2La+/2La+ declines, suggesting a strong climatic gradient 
influencing karyotype distribution across ecozones
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in transient habitats [8, 17]. Conversely, the standard 
2La+/2La+ arrangement predominated in the humid 
southern forest and mangrove zones, reflecting adap-
tation to cooler, mesic conditions with stable breeding 
habitats [16, 18, 27]. These patterns reinforce the key role 
of climatic selection in maintaining inversion polymor-
phism along environmental gradients.

The transitional forest–savanna mosaic in central Nige-
ria exhibited the highest frequencies of the heterokaryot-
ype (2La/2La+), suggesting strong balancing selection in 
this ecotone where wet and dry conditions alternate sea-
sonally. Heterozygosity in inversion polymorphisms has 

previously been associated with increased ecological flex-
ibility and stability in fluctuating environments [28, 29]. 
Interestingly, our results also show elevated heterozygos-
ity in two humid southern states (Ebonyi and Bayelsa) 
despite their high rainfall and moisture availability. This 
unexpected pattern suggests that factors beyond macro-
climate may influence inversion dynamics.

Possible drivers of the observed karyotype pattern 
include localized ecological disturbance and human-
mediated processes. In Bayelsa, an oil-producing state 
in the Niger Delta, extensive petroleum exploration and 
infrastructure development have resulted in habitat 

Fig. 5  South–north cline and correlation of inversion frequency with latitude. Regression analysis of An. coluzzii 2La inversion frequencies ordered by 
latitude. Each scatterplot shows the relationship between inversion frequency and south–north position across 12 states for 2La/2La, 2La+/2La+, and 
2La/2La+. Dotted lines represent linear fits with corresponding coefficients of determination (R²). A strong positive correlation for 2La/2La (R² = 0.80) 
and negative correlation for 2La+/2La+ (R² = 0.72) indicate a clear latitudinal cline, reflecting adaptation of inversion forms to distinct environmental 
conditions

 



Page 9 of 11Adeogun et al. International Journal of Health Geographics           (2026) 25:31 

fragmentation, wetland modification, gas flaring, and 
peri-urban settlement expansion. These activities may 
alter larval habitat availability and microclimatic condi-
tions, potentially favouring karyotypes adapted to humid 
but anthropogenically disturbed environments. Increased 
population mobility associated with oil industry activities 
may also facilitate gene flow from other regions, reshap-
ing local allele frequencies.

In addition, agricultural expansion and peri-urban 
farming practices can create heterogeneous breeding 
sites and localized insecticide exposure, generating selec-
tive pressures on inversion-linked traits. Although no 
study from this zone has directly demonstrated a corre-
lation between 2La heterozygosity and insecticide resis-
tance spread, previous studies in Nigeria have reported 
associations between 2La arrangements and resistance to 
permethrin and dieldrin [8, 22]. Therefore, elevated het-
erozygosity in this region may, in part, reflect responses 
to vector control insecticides and agricultural pesticide 
exposure, although this remains speculative and requires 
further investigation. Routine vector control interven-
tions, including widespread LLIN distribution and 
indoor residual spraying, may further contribute to dif-
ferential survival of behavioural phenotypes associated 

with specific karyotypes. Human movement between 
northern, central, and southern states (through trade 
routes, seasonal labour migration, and urbanization) 
could facilitate admixture and contribute to deviations 
from expected equilibrium patterns. Together, these geo-
graphically and socially structured processes may help 
explain the unexpected distribution of the 2La inversion 
in this setting.

Elevated heterozygosity in southern Nigeria may reflect 
increased gene flow and population admixture associ-
ated with high human population density, urbanization, 
and extensive transport networks. Greater connectiv-
ity can facilitate mixing between ecologically differenti-
ated populations, maintaining heterokaryotypes through 
admixture rather than selection alone. Additionally, het-
erogeneous urban and peri-urban environments may 
support diverse larval habitats, favouring the persistence 
of both inversion arrangements within the same region.

The increasing heterozygosity observed in central Nige-
ria, combined with its moderate presence in some south-
ern sites, indicates that these regions may serve as genetic 
convergence zones where divergent lineages interact. 
Such mixing could enhance adaptive potential, includ-
ing responses to climatic fluctuations and insecticide 

Table 2  Observed and Expected (Hardy-Weinberg) karyotype frequencies for polymorphic chromosome inversion 2La + and 2La in 
An. coluzzii from the sampled localities in Nigeria
Localities Counts Allele frequency per state χ2 P value

2La+/2La+ 2La/2La+ 2La/2La
Bayelsa No. Observed 24 15 2 0.031 0.984NS

Expected H-W 24.2 14.6 2.2

Akwa-Ibom No. Observed 37 16 0 1.675 0.433NS

Expected H-W 38.21 13.58 1.21

Enugu No. Observed 27 13 8 6.141 0.044S

Expected H-W 23.38 20.24 4.38

Ebonyi No. Observed 23 20 13 3.85 0.146NS

Expected H-W 19.45 27.11 9.45

Ogun No. Observed 35 10 5 7.031 0.030S

Expected H-W 32 16 2

Osun No. Observed 24 20 8 1.175 0.556NS

Expected H-W 22.23 23.54 6.23

Kwara No. Observed 0 7 32 0.379 0.827NS

Expected H-W 0.31 6.37 32.31

Niger No. Observed 8 9 37 15.258 < 0.001S

Expected H-W 2.89 19.21 31.89

Kebbi No. Observed 58 0 58 ND ND

Expected H-W - - -

Jigawa No. Observed 0 1 54 0.004 0.998NS

Expected H-W 0 0.99 54.1

Gombe No. Observed 0 5 41 0.152 0.927NS

Expected H-W 0.14 4.73 41.14

Taraba No. Observed 0 4 44 0.091 0.956NS

Expected H-W 0.08 3.83 44.08
NS – Values not significant at 95%CI

S – Values significant at 95%CI
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pressure. Inversion polymorphism has been linked to 
multiple ecologically important traits in An. coluzzii, 
including resting and biting behaviour, larval habitat spe-
cialization, thermal tolerance, and insecticide resistance 
[17, 20, 21]. In Nigeria, 2La has been associated with 
resistance to dieldrin [22] and with shifts in permethrin 
resistance patterns in the Sahel driven by changes in 
2La/ 2La+ allelic distribution [8]. Populations with high 
heterozygosity, particularly in central Nigeria, may have 
an increased capacity for rapid adaptation, including the 
potential emergence or spread of resistance alleles linked 
to the inversion region. The presence of comparable het-
erozygosity in southern states suggests that these popula-
tions may also be poised for greater adaptive shifts than 
previously recognized.

These inversion-mediated adaptive traits may also 
explain the recent range expansion of An. coluzzii across 
Nigeria and West Africa, as reported by Adeogun et al., 
[2]. The ability to maintain polymorphic combinations 
of 2La and 2La+ likely enhances ecological versatil-
ity, enabling An. coluzzii to colonize new environments, 
exploit both temporary and permanent larval habitats, 
and persist under increasing climatic variability. The 
inversion polymorphism documented in this study pro-
vides a genetic mechanism that may partly explain this 
expansion, providing insight into why An. coluzzii is 
becoming more geographically widespread in Nigeria [2].

The observed patterns may have implications for 
malaria control. Northern populations with higher fre-
quencies of the 2La arrangement could be associated 
with increased exophilic or exophagic tendencies [30], 
which may influence exposure to indoor interventions 
such as indoor residual spraying (IRS) and long-lasting 
insecticidal nets (LLINs). Conversely, southern popula-
tions enriched for the 2La+ arrangement may exhibit 
behavioural profiles more compatible with indoor-based 
control measures. The central zone, where heterokaryo-
types occur at moderate frequencies, may represent an 
area of greater genetic variability, which could facili-
tate ecological or behavioural flexibility. These dynam-
ics underscore the importance of context-specific vector 
control strategies supported by continued entomological 
and genomic surveillance.

Overall, this nationwide analysis demonstrates that 
the 2La inversion is a major determinant of ecological 
adaptation, geographic distribution, and possibly range 
expansion in An. coluzzii across Nigeria. The combina-
tion of climatic selection, microhabitat variation, lin-
eage mixing, and widespread heterozygosity emphasizes 
the need for ecozone-specific malaria vector control 
strategies. Continued genomic surveillance is essential, 
particularly in transitional regions and emerging hetero-
zygosity hotspots, to anticipate adaptive shifts that may 
undermine current malaria control tools.

Conclusion
This study provides the first detailed nationwide charac-
terization of 2La inversion polymorphism in An. coluzzii 
across Nigeria’s ecological zones. The strong alignment 
between inversion frequency and eco-climatic gradi-
ents highlights the role of chromosomal rearrangements 
in promoting vector survival and ecological fitness. 
These adaptive patterns have significant implications for 
malaria control, as inversion-mediated resilience may 
influence resting behaviour, insecticide response, and 
vector persistence under climate variability. Integrating 
chromosomal inversion surveillance into entomological 
monitoring frameworks will be essential for designing 
ecologically tailored vector control strategies in Nigeria.
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