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Figure 1: Comprehensive overview of molecular coevolution between Anopheles vectors and Plasmodium parasites. The central 
coevolutionary arms race (130 million years) is driven by reciprocal adaptations between vector immune systems (left) and parasite 
immune evasion strategies (right). Environmental drivers (top, green) shape selective pressures, while metabolic interactions (bottom 
left) and control implications (bottom right) represent additional complexity layers. Genomic signatures (bottom) provide evidence for 
ongoing coevolutionary processes through various selection mechanisms
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ABSTRACT
The evolutionary relationship between Anopheles mosquito vectors and Plasmodium parasites represents one of the most intensively studied examples 
of host-pathogen coevolution. This dynamic interaction, shaped by millions of years of evolutionary pressure, has resulted in sophisticated molecular 
mechanisms governing parasite transmission, vector immunity, and the delicate balance between parasite survival and vector fitness. Climate change, 
habitat modification, and anthropogenic pressures significantly influence this coevolutionary arms race. This review examines the molecular genetic basis 
of vector-parasite interactions, exploring how environmental drivers shape immune evasion strategies, vector competence, and novel transmission patterns. 
Understanding these dynamics is crucial for predicting disease emergence, designing effective control strategies, and anticipating environmental change 
consequences on malaria transmission.
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Introduction
Vector-borne diseases represent a significant global health burden, 
with malaria affecting over 240 million people annually and causing 
approximately 627,000 deaths worldwide [1]. Malaria transmission 
depends entirely on the ongoing and complex biological relationship 
between Plasmodium species and their Anopheles mosquito vectors. 
This obligate association has persisted for millions of years, driving 
an evolutionary arms race that continues to shape both organisms at 
the molecular level [2].

The coevolutionary relationship between vectors and parasites 
differs fundamentally from direct host-pathogen interactions [3]. 
Unlike typical host-pathogen systems where the host serves as both 
replication and transmission sites, vector-borne pathogens must 
successfully navigate two distinct host environments: the vertebrate 
host, where sexual reproduction occurs, and the arthropod vector, 
where sporogonic development occurs. This dual-host lifecycle 
creates unique evolutionary pressures influencing parasite virulence 
and vector competence. The implications of this coevolution are 
significant, as it not only shapes the biology of the organisms involved 
but also has direct implications for disease control strategies.

Environmental factors shape these coevolutionary dynamics [4]. 
Temperature, humidity, rainfall patterns, and habitat structure all 
influence vector biology, parasite development, and transmission 
probability. These factors not only influence the immediate conditions 
for vector-parasite interactions but also play a significant role in 
the long-term evolution of these interactions. Climate change and 
anthropogenic environmental modifications alter these parameters 
globally, potentially disrupting established coevolutionary equilibria 
and facilitating novel vector-parasite combinations, thereby 
influencing disease transmission patterns (Table 1).

The molecular basis of vector-parasite coevolution involves multiple 
interacting systems, including vector immune responses, parasite 

immune evasion mechanisms, metabolic interdependencies, 
and behavioral modifications [5]. Recent advances in genomics, 
transcriptomics, and functional genetics have provided unprecedented 
insights into the genetic architecture underlying these interactions, 
revealing the complexity of molecular mechanisms governing malaria 
transmission.

This review synthesizes current understanding of these complex 
interactions through examination of their evolutionary history (Figure 
2), molecular immune mechanisms (Figure 3-4), parasite evasion 
strategies (Figure 5), environmental influences (Table 1, Figure 6), 
vector competence patterns across species (Table 2), and genomic 
signatures of coevolution (Table 3). Figure 1 provides a comprehensive 
overview of the multifaceted interactions examined in this review, 
illustrating how environmental pressures, molecular mechanisms, 
and genomic evolution converge to shape the ongoing coevolutionary 
dynamics between these medically important organisms.

Evolutionary History and Phylogenetic Context
The evolutionary history of Plasmodium parasites and their arthropod 
vectors extends back approximately 130 million years, with early 
diversification coinciding with primary vertebrate lineage radiation 
[6]. Phylogenetic analyses suggest that modern Plasmodium species 
ancestors initially infected reptilian hosts transmitted by sandflies, with 
subsequent host-switching events leading to avian and mammalian 
host colonization and mosquito vector adoption [7] (Figure 2).

The transition to Anopheles mosquitoes as primary vectors represents 
a relatively recent evolutionary event, occurring approximately 20-30 
million years ago [8]. This host-switching event was likely facilitated 
by ecological changes bringing ancestral Plasmodium species into 
contact with early anopheline mosquitoes, followed by adaptive 
evolution optimizing parasite development within the new vector 
environment (Figure 2).

Figure 2: Evolutionary timeline of plasmodium-vector relationships. Phylogenetic timeline showing the evolutionary history of Plasmodium 
parasites and their arthropod vectors over the past 130 million years. The diagram illustrates major evolutionary transitions including: 
(A) Early diversification of Plasmodium ancestors in reptilian hosts with sandfly vectors (~130 MYA), (B) Host-switching events leading 
to avian host colonization (~80-100 MYA), (C) Mammalian host adaptation (~50-80 MYA), and (D) Transition to Anopheles mosquito 
vectors (~20-30 MYA). Key speciation events are marked with filled circles, and host-switching events with open circles.

Modern Plasmodium species exhibit remarkable diversity in vector specificities, with different parasite species showing varying 
degrees of vector competence across Anopheles species [9] (Table 2). This diversity reflects ongoing vector-parasite coevolution and 
local environmental conditions that influence transmission strategy evolution (Table 2 & Figure 2). P. falciparum, the most virulent 
human malaria parasite, demonstrates relatively broad vector competence across multiple Anopheles species, while P. vivax shows 
more restricted vector associations, particularly where Duffy-negative human populations create additional evolutionary pressure [10].
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Molecular clock analyses of both Plasmodium and Anopheles genomes reveal accelerated gene evolution patterns involved in 
vector-parasite interactions [11]. These include parasite genes encoding surface proteins interacting with vector tissues and vector 
genes involved in immune recognition and response. Elevated evolutionary rates in these gene families provide evidence of ongoing 
evolutionary conflict and the importance of interaction in determining transmission success.

Table 1: Environmental Factors Influencing Vector Parasite Coevolutionary Dynamics
Environmental 
Factor

Effects on Vector Effects on Parasite 
Development

Coevolutionary 
Implications

Climate Change 
Projections

References

Temperature Increased 
development rate, 
reduced lifespan at 
high temps*

Accelerated 
sporogony†, 
increased mortality 
>32°C

Selection for thermal 
tolerance in both 
organisms

2-4°C increase by 
2100

Bayoh & Lindsay, 
Paaijmans et al., 
[12,13]

Rainfall/Humidity Breeding site 
availability, adult 
survival

Minimal direct 
effects

Altered population 
genetics, gene flow

Increased variability, 
extreme events

Bayoh & Lindsay, 
Caminade et al., 
[12,14]

Seasonal Patterns Population dynamics, 
dormancy

Synchronization with 
host availability

Temporal adaptation, 
phenological 
matching‡

Disrupted seasonality Barreaux et al., 
Caminade et al., 
[4,14]

Habitat 
Fragmentation

Reduced gene flow, 
population isolation

Strain differentiation Local adaptation, 
reduced gene flow

Continued 
anthropogenic 
pressure

Gottdenker et al., 
Neafsey et al., 
[15,16]

Insecticide Pressure Resistance evolution, 
behavioral changes

Indirect effects via 
vector physiology

Correlated evolution, 
fitness trade-offs

Intensified resistance 
management

Hemingway & 
Ranson, Ranson & 
Lissenden, [17,18]

Urbanization Novel breeding sites, 
altered behavior

Exposure to new 
vector populations

Rapid adaptation, 
host-switching

Accelerating globally Gottdenker et al., 
Jiang et al., [11,15]

Altitude Developmental 
constraints, range 
limits

Temperature-
dependent 
development

Altitudinal range 
shifts

Upward range 
expansion

Caminade et al., 
Paaijmans et al., 
[13,14]

CO₂ Levels Enhanced host-
seeking behaviorꜜ

Indirect effects via 
vector behavior

Behavioral 
coevolution

Continued increase 
(400+ ppm)

Barreaux et al., [4]

* Optimal temperature range for most Anopheles species: 25-30°C; development ceases <16°C or >35°C † Sporogony: Sexual development 
of parasites within the mosquito vector (8-35 days depending on temperature) ‡ Phenological matching: Temporal synchronization between 
vector activity and host availability. ꜜ  Elevated CO₂ levels (up to 500 ppm) can increase mosquito host-seeking behaviour by up to 50%

Molecular Mechanisms of Vector Immunity
The Toll pathway, characterized initially in Drosophila, plays crucial roles in antifungal and antibacterial immunity but also contributes to 
anti-Plasmodium responses [20]. Pathway activation leads to antimicrobial peptide production and cellular immune response regulation.
In Anopheles gambiae, Toll pathway activation by Plasmodium infection leads to gene upregulation, such as defensin and cecropin with 
anti-parasitic activity [21]. 

Figure 3: Anopheles Mosquito Immune Pathways Schematic representation of the three major innate immune pathways in Anopheles 
mosquitoes responding to Plasmodium infection. (A) Toll pathway: Activated by pathogen-associated molecular patterns (PAMPs), 
leading to nuclear translocation of transcription factors Rel1 and Dorsal, resulting in antimicrobial peptide (AMP) production including 
defensin and cecropin. (B) Imd pathway: Responds primarily to gram-negative bacteria but also influences Plasmodium survival, 
activating transcription factor Relish and regulating AMP expression. (C) JAK-STAT pathway: Mediates antiviral immunity and cellular 
repair responses, with cytokine signals activating STAT transcription factors. 
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The Imd pathway primarily responds to gram-negative bacterial infections and influences Plasmodium survival within mosquito 
midguts [22]. This pathway activates transcription factor Relish, regulating antimicrobial peptide and other immune effector molecule 
expression. Interestingly, the Imd pathway shows complex Plasmodium infection interactions, sometimes enhancing parasite survival 
through competing bacterial population suppression in mosquito midguts [23].

Figure 4: Complement Like System and TEP1 Function Detailed mechanism of the complement-like immune system activation 
(inanopheles mosquitoes) when challenged with an invasive parasite, protozoan.

The JAK-STAT pathway represents a more recently evolved 
immune mechanism playing a vital role in antiviral immunity [24]. 
However, this pathway also responds to Plasmodium infection and 
regulates cellular immunity and tissue repair genes. JAK-STAT 
signaling activation during Plasmodium infection influences parasite 
survival and mosquito fitness, highlighting complex trade-offs in 
vector immunity.

Beyond canonical immune pathways, Anopheles mosquitoes 
possess additional immune mechanisms specifically adapted to 
combat Plasmodium infection. The complement-like system, 
involving proteins such as TEP1 (thioester-containing protein 1), 
represents one of the most important anti-Plasmodium immune 
mechanisms [25] (Figure 3 & Figure 4). TEP1 functions similarly 
to vertebrate complement C3, binding to parasite surfaces and 
facilitating elimination through lysis or melanization (Figure 4).

The lectin pathway represents another important vector immunity 
component, involving carbohydrate-recognition molecules binding 
to pathogen surfaces and activating downstream immune responses 
[26]. Anopheles mosquitoes possess multiple C-type lectins that 
recognize Plasmodium parasites and contribute to their elimination. 
These lectin diversity and expression patterns vary significantly 
among mosquito populations, reflecting local adaptation to different 
parasite strains.

Parasite Immune Evasion Strategies
Plasmodium parasites have evolved a myriad of sophisticated 
mechanisms to evade vector immune responses and ensure 
successful transmission [27]. These immune evasion strategies 

operate at multiple levels, from molecular mimicry to active 
vector immune pathway suppression (Figure 5). The diversity 
and complexity of these strategies reflect the intense evolutionary 
pressure on parasite survival and present a significant intellectual 
challenge for researchers in the field.
One of the most important immune evasion strategies involves 
surface antigen modification to avoid vector immune receptor 
recognition [28]. Parasites express variant surface proteins rapidly 
changing antigenic properties through genetic recombination and 
gene expression switching. This antigenic variation allows parasites 
to stay ahead of vector immune recognition and maintain successful 
infection establishment ability.

Plasmodium parasites also actively suppress vector immune 
responses through immunomodulatory molecule secretion [29]. 
These molecules interfere with immune signaling pathways (Figure 
3), preventing antimicrobial response activation (Figure 3) and 
creating permissive environments for parasite development (Figure 
5). For example, P. falciparum produces molecules inhibiting 
complement-like systems in Anopheles mosquitoes, reducing TEP1-
mediated parasite elimination effectiveness.

Immune evasion strategy timing is crucial for parasite success, as 
different developmental stages face distinct immune challenges 
within vectors. Ookinetes, the motile forms traversing mosquito 
midgut epithelium, are particularly vulnerable to immune attack 
and have evolved specialized resistance mechanisms [30]. These 
include chitinase enzyme expression facilitating peritrophic matrix 
passage and antioxidant enzyme production protecting against 
vector immune cell-produced reactive oxygen species.
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Figure 5: Plasmodium parasite immune evasion in mosquitoes. Overview of immune evasion strategies employed by Plasmodium 
parasites at different developmental stages within anopheles vectors. (A) Ookinete stage (24-48 hours post-infection): Parasites express 
chitinases for peritrophic matrix traversal, antioxidant enzymes against reactive oxygen species (ROS), and surface protein variants to 
avoid immune recognition. (B) Oocyst stage (7-14 days): Protected by capsule formation, secretion of immunomodulatory molecules, 
and local immune suppression around the oocyst. (C) Sporozoite stage (14-21 days): Express specialized surface proteins for salivary 
gland invasion while maintaining immune evasion capabilities.

Oocysts, the developmental stage undergoing sporogony within 
mosquito body cavities, face different immune challenges and 
employ distinct evasion strategies [31]. The oocyst capsule provides 
physical protection against immune attack, while secreted molecules 
modulate local immune responses, preventing elimination. Oocyst 
capsule molecular composition varies among Plasmodium species, 
reflecting adaptation to different vector immune environments.

Sporozoites, the infective forms accumulating in mosquito salivary 
glands, must evade immune recognition while maintaining 
vertebrate host infectivity [32]. These parasites express specialized 
surface proteins facilitating salivary gland tissue interaction while 
avoiding immune detection. Sporozoite immune evasion molecular 
mechanisms are important for understanding transmission efficiency 
and developing transmission-blocking interventions.

Environmental Drivers of Coevolutionary Dynamics
Environmental factors profoundly influence vector-parasite 
coevolution by shaping selective pressures driving evolutionary 
change [2]. Temperature, the most important environmental variable, 
affects virtually every vector-parasite interaction aspect, from 
parasite development rates to vector immune function and longevity.

Temperature directly influences Plasmodium development rates 
within mosquito vectors, with higher temperatures generally 

accelerating sporogonic development and increasing parasite 
mortality [13]. (Table 1 & Figure 6). This creates temperature-
dependent trade-offs between development speed and survival 
probability varying among parasite strains and vector species. 
Optimal transmission temperature represents a balance between 
these competing factors and varies geographically based on local 
environmental conditions.

Climate change alters temperature regimes globally, potentially 
disrupting established temperature-dependent coevolutionary 
equilibria [14]. Warming temperatures may favor parasite strains 
with enhanced thermal tolerance while selecting vector populations 
with improved heat stress resistance. These changes could lead to 
vector competence pattern shifts and novel transmission dynamics 
emergence in previously unsuitable environments (Figure 6).

Rainfall patterns and humidity levels significantly influence vector 
breeding habitat availability and adult mosquito survival [12]. 
Precipitation regime changes alter suitable breeding site spatial and 
temporal distribution, affecting vector population dynamics and 
gene flow patterns. These changes influence vector and parasite 
evolutionary trajectories by altering vector-parasite interaction 
intensity and frequency.
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Figure 6: Effect of temperature on vector-parasite interaction. Temperature-dependent effects on vector-parasite interactions and 
transmission dynamics. (A) Development rates: Graph showing the relationship between temperature (15-40°C) and development 
times for anopheles mosquito lifecycle (blue line) and Plasmodium sporogonic development (red line). Optimal transmission window 
(25-30°C) is highlighted in gray. (B) Survival probability: Temperature effects on mosquito survival (solid lines) and parasite survival 
within mosquitoes (dashed lines) for three major vector species: A. gambiae (red), A. stephensi (blue), and A. darlingi (green). (C) 
Vector competence: Vector competence (infection rate × sporozoite production) across temperature gradients for different vector-parasite 
combinations. (D) Climate change projections: showing predicted changes in suitable transmission zones under warming scenario.

Habitat modification through human activities creates novel environmental pressures, accelerating coevolutionary processes [15]. 
Deforestation, urbanization, and agricultural intensification alter vector ecology and create new opportunities for vector-parasite 
interactions. These anthropogenic changes often favor particular vector species over others, potentially leading to shifts in the relative 
importance of different vector-parasite combinations.

Insecticide and other vector control measure introductions represent significant environmental pressures influencing vector-parasite 
coevolution [17]. Insecticide resistance evolution in vector populations creates new selective pressures indirectly affecting parasite 
transmission. Resistant vectors may have altered physiology affecting parasite transmission competence, leading to correlated evolutionary 
changes in parasite populations.

Table 2: Vector Competence and Ecological Characteristics of Major Anopheles Malaria Vectors
Anopheles 
Species

Primary 
Geographic 
Distribution

P. falciparum 
Competence

P. vivax 
Competence

P. malariae 
Competence*

Key Ecological 
Adaptations

References

A. gambiae s.s. Sub-Saharan 
Africa

High Moderate High Anthropophilic†, 
indoor resting

Sinka et al., 
Neafsey et al., 

[8,16]
A. arabiensis Sub-Saharan 

Africa, Arabian 
Peninsula

High Moderate High Zoophilic 
flexibility‡, 

outdoor resting

Sinka et al., 
Cohuet et al., 

[2,8]
A. funestus Sub-Saharan 

Africa
High Low Moderate Permanent water 

breeding, high 
longevity

Sinka et al., 
Neafsey et al., 

[8,16]
A. coluzzii West/Central 

Africa
High Low Moderate Urban adaptation, 

pollution 
tolerance

Anopheles 
gambiae 1000 

Genomes 
Consortium, [33]

A. stephensi South Asia, 
Middle East, Horn 

of Africa

High High High Urban breeding, 
container 
adaptation

Jiang et al., Sinka 
et al., [8,11]
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A. culicifacies South/Southeast 
Asia

Moderate High Moderate Rural, agricultural 
areas

Sinka et al., 
Howes et al., 

[8,10]
A. dirus Southeast Asia High High Low Forest/forest-

fringe habitats
Sinka et al., 
Boëte, [8,9]

A. minimus Southeast Asia Moderate High Low Foothill/
mountainous 

regions

Sinka et al., 
Boëte, [8,9]

A. darlingi South America High High Moderate Riverine, 
crepuscular 

activityꜜ

Sinka et al., 
Cohuet et al., 

[2,8]
A. albimanus Central America, 

northern South 
America

Moderate High Low Coastal, brackish 
water tolerance

Sinka et al., 
Boëte, [8,9]

*Vector competence levels: High (>50% infection rate, >1000 
sporozoites/mosquito), Moderate (20-50% infection rate, 100-1000 
sporozoites/mosquito), Low (<20% infection rate, <100 sporozoites/
mosquito). † Anthropophilic: Preferentially feeds on humans. ‡ 
Zoophilic flexibility: Capable of feeding on both humans and animals 
depending on availability. ꜜ Crepuscular activity: Most active during 
dawn and dusk periods

Metabolic Interdependencies and Resource Competition
The relationship between Anopheles vectors and Plasmodium 
parasites extends beyond simple host-pathogen antagonism, including 
complex metabolic interdependencies benefiting both organisms 
[34]. These metabolic interactions represent often-overlooked vector-
parasite coevolution aspects significantly influencing transmission 
dynamics and evolutionary outcomes.

Plasmodium parasites require substantial nutritional resources to 
complete development within mosquito vectors. Blood meals provide 
the initial nutrients for parasite development, but additional resources 
must be obtained from vector metabolism [35]. Parasites have evolved 
mechanisms to tap into vector metabolic pathways, particularly those 
involving lipid and carbohydrate metabolism, without completely 
depleting vector energy reserves.

Plasmodium development metabolic demands create selective pressure 
for vectors to optimize resource allocation strategies [36]. Infected 
vectors must balance parasite development nutritional requirements 
against their own metabolic needs for survival and reproduction. This 
has led to metabolic flexibility mechanism evolution, allowing vectors 
to maintain fitness despite additional metabolic burdens imposed by 
parasite infection.

Insulin signaling pathways mediate metabolic interactions between 
vectors and parasites [37]. These pathways interact with the immune 
responses (Figure 3 & 4), creating complex feedback loops that 
influence the evasion strategies shown in (Figure 5). These pathways 
affect parasite development and physiology, creating feedback loops 
that influence vector-parasite interaction outcomes. Insulin signaling 
modulation represents a key mechanism through which environmental 
factors can influence coevolutionary dynamics.

Anopheles mosquito microbiomes are another important metabolic 
environment influencing vector-parasite interactions [38]. Bacterial 
symbionts contribute to vector nutrition and immune function 
while competing with parasites for resources and space. Vector 
microbiome composition varies with environmental conditions and 
can significantly affect vector competence for parasite transmission.

Genomic Signatures of Coevolution
Comparative genomic analyses of Anopheles vectors and Plasmodium 
parasites have revealed clear signatures of coevolutionary processes 
operating at molecular levels [16]. These signatures include 
elevated molecular evolution rates in genes involved in vector-
parasite interactions, positive selection patterns on immune system 
components, and evidence of gene family expansions and contractions 
reflecting adaptation to changing selective pressures.

Anopheles mosquito genomes show remarkable immune system 
gene diversity, particularly those involved in pathogen recognition 
and response [39]. Immune gene families such as C-type lectins, 
fibrinogen-related proteins, and antimicrobial peptides show rapid 
evolution and positive selection, indicating ongoing evolutionary 
pressure from pathogen interactions. These immune gene numbers 
and diversity vary significantly among Anopheles species, reflecting 
adaptation to different pathogen environments (Table 3).

Plasmodium genomes exhibit coevolutionary adaptation signatures, 
particularly in genes encoding surface proteins and secreted effector 
molecules [40]. The var gene family in P. falciparum, encoding 
major surface antigen PfEMP1, shows extreme sequence diversity, 
balancing selection evidence and maintaining multiple alleles within 
populations. This diversity reflects evolutionary pressure exerted by 
vector and vertebrate host immune systems.

Insecticide resistance emergence in vector populations provides 
natural experiments for studying rapid evolutionary change and its 
effects on vector-parasite interactions [17]. Resistance mutations in 
genes such as voltage-gated sodium channels (pyrethroid insecticide 
targets) and acetylcholinesterase (organophosphate insecticide 
targets) can have pleiotropic effects on vector physiology, indirectly 
influencing parasite transmission.

Population genomic studies of wild Anopheles and Plasmodium 
populations reveal spatial genetic diversity patterns reflecting local 
environmental condition adaptation [16]. This genetic diversity (Table 
3) correlates with the environmental gradients (Table 1) and species-
specific adaptations (Table 2) observed across different geographic 
regions. Vector populations from different geographic regions show 
distinct allele frequency patterns at immune system loci, indicating 
local parasite community adaptation. Similarly, parasite populations 
show genetic structure correlating with vector species composition 
and environmental variables.
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Table 3: Genomic Signatures of Coevolution in Key Anopheles Immune Genes
Gene Family Function Evidence of 

Selection*
Evolutionary 

Rate†
Population 
Variation

Parasite Counter-
adaptation

References

TEP1 Complement-like 
lysis

Balancing selection Elevated dN/dS‡ High allelic 
diversity

Surface protein 
variation

Blandin et al., 
Waterhouse et al., 

[25,39]

APL1 Leucine-rich repeat 
immune receptor

Positive selection High Geographic 
structure

Immune evasion 
molecules

Waterhouse et al., 
Neafsey et al., [16,39]

LRIM1 Leucine-rich repeat 
immune modulator

Positive selection Moderate Moderate diversity Complement 
inhibitors

Waterhouse et al., Osta 
et al., [26,39]

Defensin Antimicrobial 
peptide

Diversifying 
selection

High High expression 
variation

Resistance 
mechanisms

Garver et al., Clayton et 
al., [19,21]

Cecropin Antimicrobial 
peptide

Purifying selection Low Low variation Limited resistance Garver et al., Clayton et 
al., [19,21]

CTL4/CTLMA2 C-type lectin 
pathogen 

recognition

Positive selection High High diversity Lectin-binding 
inhibitors

Osta et al., Waterhouse 
et al., [26,39]

FBN9 Fibrinogen-related 
protein

Balancing selection Moderate Moderate diversity Fibrinogen mimics Waterhouse et al., 
Neafsey et al., [16,39]

SRPN2 Serine protease 
inhibitor

Positive selection High High diversity Protease 
diversification

Abraham et al., 
Waterhouse et al., 

[29,39]

NOS Nitric oxide 
synthase

Directional selection Moderate Low diversity Antioxidant systems Clayton et al., 
Bartholomay & Michel, 

[5,19]

Duox Dual oxidase Purifying selection Low Low variation ROSꜜ resistance Bartholomay & Michel, 
[5]*

* Selection types: Positive (favoring new beneficial mutations), Balancing (maintaining multiple alleles), Diversifying (favoring extreme variants), 
Purifying (removing deleterious mutations), Directional (favoring one direction of change). † Evolutionary rate categories: High (dN/dS > 0.5), Moderate 
(dN/dS 0.1-0.5), Low (dN/dS < 0.1). ‡ dN/dS: Ratio of non-synonymous to synonymous substitution rates; values >1 indicate positive selection. ꜜ 
ROS: Reactive oxygen species
Implications for Disease Control and Management
Understanding vector-parasite coevolution molecular basis has 
important implications for effective disease control strategy 
development [4]. Given the diverse environmental pressures 
(Table 1), species-specific vector competencies (Table 2), and 
rapid genomic evolution (Table 3), control strategies must account 
for this complexity. Traditional control approaches targeting 
either vectors or parasites in isolation may be less effective than 
integrated strategies accounting for coevolutionary dynamics and 
rapid evolutionary response potential.

Insecticide resistance evolution in vector populations represents a 
significant challenge for vector control programs [18]. Resistance 
evolution molecular mechanisms are now well understood, 
providing opportunities for resistance management strategies 
slowing resistance allele spread. These strategies include insecticide 
mixture, rotation, and refugia use to maintain susceptible vector 
populations.

Genetically modified mosquito development that is refractory to 
parasite infection represents a novel control approach directly 
targeting vector competence [41]. Such approach success depends 
on understanding vector competence genetic basis and parasite 
evolution potential to overcome genetic modifications. Population 
replacement strategies must account for genetic modification 
fitness costs and their effects on vector population dynamics.

Transmission-blocking vaccines targeting parasite stages within 
vectors represent another promising control approach [42]. 
These vaccines work by inducing antibodies in vertebrate hosts 
that are ingested by vectors during blood feeding and interfere 

with parasite development. Transmission-blocking vaccine 
effectiveness depends on understanding the molecular targets 
involved in vector-parasite interactions and the potential of parasite 
evolution to escape vaccine-induced immunity.

Gene drive systems represent revolutionary approaches to mosquito 
control that could dramatically reduce vector populations or render 
them unable to transmit pathogens [43]. These systems use engineered 
genetic elements spreading through populations even if they impose 
individual fitness costs. Effective gene drive system development 
requires a detailed understanding of vector genetics and population 
dynamics.

Future Directions and Research Priorities
Vector-parasite molecular coevolution study is rapidly advancing 
due to technological developments in genomics, transcriptomics, and 
functional genetics. Future research priorities should focus on several 
key areas advancing our understanding of these complex interactions 
and their disease control implications.

Single-cell genomics approaches offer unprecedented opportunities to 
study vector-parasite interactions at cellular levels [44]. Such approaches 
could reveal cellular heterogeneity in the immune responses (outlined in 
Figure 3) and identify novel targets beyond those currently characterized 
(Table 3). These techniques can reveal how individual cells within 
vector tissues respond to parasite infection and identify molecular 
mechanisms underlying cellular immunity. Single-cell approaches are 
particularly valuable for studying heterogeneous vector tissue responses 
to parasite infection.
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Long-term evolution experiments using laboratory vector-parasite 
systems provide controlled environments for studying coevolutionary 
dynamics in real-time [45]. These experiments can reveal genetic bases 
of evolutionary responses and coevolutionary trajectory predictability. 
Experimental evolution approaches are particularly valuable for testing 
theoretical predictions about coevolutionary outcomes.

Population genomics integration with field studies of vector-parasite 
interactions will provide insights into how coevolutionary processes 
operate in natural populations [33]. These studies can reveal spatial 
and temporal scales over which coevolution occurs and identify 
environmental factors driving evolutionary change. Long-term wild 
population monitoring is essential for understanding coevolutionary 
dynamics.

Predictive model development incorporating coevolutionary dynamics 
will be crucial for anticipating environmental change and controlling 
intervention effects on disease transmission [46]. These models must 
account for vector-parasite interaction genetic basis, environmental 
influences on evolutionary processes, and rapid evolutionary response 
potential to selection pressures.

Conclusion
The molecular coevolution of Anopheles vectors and Plasmodium 
parasites represents one of the most complex and intensively studied 
examples of host-pathogen coevolution in nature. This evolutionary 
relationship, shaped by millions of years of reciprocal adaptation, 
continues evolving in response to environmental pressures and human 
interventions. Understanding vector-parasite coevolution molecular 
mechanisms is crucial for predicting disease emergence, designing 
effective control strategies, and anticipating environmental change 
consequences on malaria transmission.

Evidence for ongoing coevolution is clear from genomic selection 
signatures, rapid evolutionary responses to control interventions, and 
genetic diversity maintenance in genes involved in vector-parasite 
interactions. Environmental factors, particularly climate change and 
habitat modification, alter selective pressures driving coevolutionary 
dynamics, potentially leading to novel transmission patterns and new 
vector-parasite combination emergence.

Coevolution molecular mechanisms operate at multiple levels, from 
immune system component genetic variation to behavioral modifications 
enhancing transmission. These mechanisms involve complex interacting 
gene and pathway networks collectively determining vector-parasite 
interaction outcomes. These polygenic interactions create challenges for 
predicting evolutionary outcomes and provides multiple intervention 
strategy targets.

Future research must continue integrating evolutionary biology 
with disease ecology to develop a comprehensive understanding of 
vector-parasite coevolution and its human health implications. Rapid 
technological advancement in genomics and functional genetics provides 
unprecedented opportunities to study these complex interactions in 
detail. However, translating this molecular understanding into effective 
disease control strategies will require continued collaboration between 
evolutionary biologists, entomologists, parasitologists, and public 
health practitioners.
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