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Abstract:

As global urbanization accelerates, the creation of extensive subterranean infrastructures—including
subway networks, sewer systems, and utility conduits—has inadvertently fostered a “vertical frontier” for
disease vectors. This review synthesizes the current understanding of the evolutionary divergence and
ecological success of subterranean vector populations, with a primary focus on the Culex pipiens complex.
In these “urban caves,” distinct selective pressures such as stable microclimates, lack of diapause triggers,
and restricted mating spaces have driven the emergence of the molestus biotype. This study examines the
molecular mechanisms of autogeny, specifically the constitutive activation of the vitellogenin (Vg) gene
pathway, which allows for egg production in nutrient-poor underground environments.

Through comparative case studies of subterranean systems in New York City, Tokyo, and Cairo, we highlight
how varying architectural and hydrological conditions lead to different patterns of genetic clustering and
“island evolution.” Furthermore, the review addresses the impact of climate change, arguing that rising
surface temperatures are forcing traditionally epigaeic species, such as Aedes albopictus, into subterranean
refugia. These underground populations act as year-round “pathogen incubators” and bridge vectors,
facilitating the transmission of arboviruses like West Nile Virus from isolated reservoirs to surface-dwelling
human populations. This research concludes that modern public health surveillance must transition from a
surface-centric model to a three-dimensional approach, utilizing emerging technologies like eDNA and
automated acoustic monitoring to mitigate the risks posed by these hidden evolutionary hotspots.

Keywords: Subterranean Evolution, Culex pipiens f. molestus, Urban Entomology, Autogeny, Bridge
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1. Introduction

The Anthropocene has ushered in an era of rapid landscape transformation, characterized by the “concrete
jungle.” While surface-level urban entomology is well-studied, the subterranean dimension remains an “out
of sight, out of mind” frontier. Urban underground environments (UUEs) offer stable microclimates,
protection from predators, and year-round breeding opportunities (Byrne & Nichols, 1999).

The rapid expansion of the built environment in the 21st century has fundamentally altered the ecological
theatre of the planet. While the “Urban Heat Island” (UHI) effect and the fragmentation of green spaces are
well-documented drivers of surface-level biodiversity loss, a parallel and largely invisible transformation is
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occurring beneath the pavement. As metropolitan areas expand vertically and horizontally, they develop
massive, interconnected subterranean infrastructures—subways, combined sewer overflows (CSOs),
telecommunication vaults, and deep-drainage channels. These Urban Underground Environments (UUEs)
represent a new biome: the “anthropogenic cave.”

For medical entomology, these spaces are no longer merely transit corridors but are now recognized as
primary breeding sites and evolutionary laboratories for disease vectors. The transition of mosquitoes from
surface-dwelling (epigaeic) to subterranean (hypogaeic) life is one of the most striking examples of rapid,
human-induced evolutionary change. This shift is not merely ecological; it is physiological and behavioural,
fundamentally altering the risk profile of urban pathogens.

1.1 The Subterranean Niche and Evolutionary Pressure

The subterranean landscape offers a unique set of selective pressures that differ drastically from the surface.
In the “upper world,” vectors are subject to seasonal photoperiods, fluctuating temperatures, and predatory
pressure from birds and dragonflies. In contrast, the “underworld” provides:

e Thermal Buffering: UUEs maintain a remarkably stable microclimate, often staying between 15°C
and 25°C even during sub-zero winters or scorching summers.

e Perpetual Darkness: The absence of light cues disrupts the circadian rhythms and photoperiod-
dependent diapause (dormancy) typical of temperate species.

e Host Availability: In place of avian hosts, subterranean vectors are forced into close proximity with
mammalian populations—specifically rodents (Rattus norvegicus) and human commuters.

1.2 The “Invisible” Vector: Culex pipiens f. molestus

The flagship organism of this underground shift is Culex pipiens f. molestus. Originally identified during the
construction of the London Underground, this biotype has become the model for understanding how
isolation in urban conduits leads to speciation. Unlike its surface counterpart, which requires large open
spaces to swarm and bird blood to reproduce, the molestus form has adapted to mate in the confined air
pockets of sewer pipes and produce its first batch of eggs without any blood meal at all—a trait known as
autogeny.

1.3 Public Health Imperatives

The study of subterranean vectors is not merely an academic exercise in evolutionary biology; it is a critical
public health necessity. These underground populations often serve as “overwintering reservoirs” for viruses
like West Nile (WNV) and Saint Louis Encephalitis (SLEV). While surface populations die off or hibernate
during winter, subterranean mosquitoes continue to breed and cycle viruses. As spring arrives, these “bridge
vectors” migrate to the surface through manholes and ventilation shafts, reintroducing pathogens to naive
bird and human populations earlier than would occur in a natural cycle.

1.4 Scope and Objectives of this Review

Despite its importance, subterranean entomology remains underfunded and under-researched compared to
surface surveillance. This review aims to:

e Synthesize the molecular and physiological adaptations that allow vectors to survive in high-stress,
low-resource underground niches.
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e Provide a comparative analysis of global case studies (New York, Tokyo, Cairo) to determine if
subterranean evolution is following a universal or site-specific trajectory.

o Evaluate the impact of climate change, arguing that the underground is becoming a primary refuge
for invasive species like Aedes albopictus.

e Propose a new framework for three-dimensional urban surveillance, moving beyond traditional light
traps to include molecular tools and Al-driven monitoring.

This review explores the selective pressures of UUEs and how they drive rapid speciation and altered vector
competence. The study focused on the transition from opportunistic colonization to obligate subterranean
existence.

2. The Model Organism: Culex pipiens f. molestus

The most prominent example of subterranean evolution is the London Underground mosquito, Culex pipiens
f. molestus. Unlike its surface-dwelling counterpart, Cx. pipiens pipiens, the molestus form exhibits distinct
behavioural traits:

e Autogeny: The ability to lay the first batch of eggs without a blood meal, crucial in nutrient-poor
environments (Spielman, 2001).

e Stenogamy: Mating in confined spaces, an adaptation to narrow tunnels where large swarms are
impossible.

e  Mammophily: A preference for mammalian (human/rat) blood over avian hosts, increasing its status
as a primary nuisance and disease vector.

2.1 Genetic Divergence

Recent genomic studies indicate that the divergence between surface and underground populations is not
merely phenotypic. Research in European metros suggests that gene flow is significantly restricted by
physical barriers, leading to “island evolution” within city blocks (Becker et al., 2012).The genetic
divergence between surface-dwelling (Cx. p. pipiens) and subterranean (Cx. p. molestus) populations is
characterized by a significant reduction in gene flow, often reaching levels indicative of incipient speciation.
Molecular analyses using microsatellite markers, such as the CQIl locus, and single-nucleotide
polymorphisms (SNPs) have consistently revealed distinct genetic signatures that correlate with ecological
biotypes rather than geographic proximity. In northern latitudes, these populations often exist in a state of
sympatric isolation; despite inhabiting the same city block, the behavioural barriers of stenogamy and the
physiological lack of diapause in subterranean forms create a “genetic wall.”

Interestingly, recent genomic studies have challenged the traditional view of rapid in situ evolution,
suggesting that many subterranean populations in northern Europe may actually be the result of ancient
colonization events by human-adapted lineages from the Mediterranean basin rather than independent local
mutations. This “island evolution” within the urban matrix has led to a founder effect, resulting in
subterranean populations with significantly lower heterozygosity but highly specialized allelic compositions
that reinforce their survival in the nutrient-rich, dark, and confined niches of the urban underground.

3. Selective Pressures of the Subterranean Environment
3.1 Thermodynamic Stability

UUE:s act as thermal buffers. While surface temperatures fluctuate seasonally, underground conduits remain
consistently warm due to geothermal properties and heat waste from electrical and transport systems. This
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allows for homodynamic development—continuous breeding without the need for diapause (winter
dormancy).

3.2 Anthropogenic Resource Availability

Subterranean vectors rely on unique nutrient sources. In sewer systems, high organic matter loading provides
a surplus for larval development, though it introduces stressors like detergents and industrial chemicals,
potentially driving rapid pesticide resistance (Fonseca et al., 2004).

4. Vector Competence and Disease Risk

The “urban underground” is not a closed system. The risk to public health arises from the intersection of
underground vectors and surface-level hosts.

4.1 West Nile Virus (WNYV) and Saint Louis Encephalitis

Culex species are primary vectors for WNV. The shift toward mammophily in subterranean populations
creates a direct transmission bridge from avian reservoirs (near tunnel entrances) to human commuters.

4.2 The “Bridge Vector” Hypothesis

We propose that subterranean populations act as “incubators.” Because these environments are protected
from environmental extremes, they may allow for higher viral replication rates during winter months,
maintaining the pathogen cycle year-round (Farajollahi et al., 2011).

5. Future Directions: Surveillance and Control

Current mosquito control programs are primarily surface-oriented. Expanding surveillance into UUEs
requires:

e Acoustic Monitoring: Using Al-powered sensors to detect wing-beat frequencies in dark tunnels.

e Molecular Diagnostics: Using eDNA (environmental DNA) from sewer water to detect vector
presence without physical trapping.

Traditional surveillance (e.g., light traps, dipping) is physically impossible in much of the urban underground
due to accessibility and safety risks. The future of medical entomology in UUEs lies in automated and
molecular sensing.

5.1 Molecular Surveillance: Environmental DNA (eDNA)

The use of eDNA allows researchers to detect the presence of subterranean vectors by sampling sewer water
or subway condensation without ever seeing a mosquito.

e Metabarcoding: By sequencing mitochondrial DNA (COI gene) from water samples, city-wide
maps of vector distribution can be generated in real-time.

e Pathogen Screening: ¢eDNA can simultaneously detect the presence of viral RNA (like WNV or
Zika) shed into the environment by infected mosquitoes.

5.2 Acoustic and AI-Powered Monitoring

Next-generation “Smart Traps” utilize acoustic sensors to identify species based on wing-beat frequency.”
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e Wing-Beat Analysis: Al models can now differentiate between the 450Hz tone of a male Culex and
the 550Hz tone of a female Aedes with over 90% accuracy (Mukundarajan et al., 2017).

e Edge Computing: These sensors can be deployed in deep tunnels, transmitting data via low-power
wide-area networks (LoRaWAN) to central public health dashboards.

5.3 Integrated Pest Management (IPM) in Subterranean Spaces

Standard insecticide spraying (fogging) is ineffective in the convoluted pipes of the underground. Innovative
strategies include:

e Polystyrene Beads: Floating layers of expanded polystyrene beads can be used in stagnant septic
tanks to prevent larvae from reaching the surface to breathe, a technique successfully piloted in
Egyptian sewers (Curtis, 1993).

e Autodissemination: Catching surface males, coating them with juvenile hormone mimics (e.g.,
pyriproxyfen), and releasing them to “back-carry” the chemical into underground breeding sites
during mating.

Table 1. Technological Readiness for Subterranean Surveillance

Technology Application Advantages Current Limitations
eDNA Sampling | Sewer/Cistern monitoring Detects cryptic species High cost of sequencing
. T . Back i
Acoustic Sensors unnel'/Su?way 24/7 real-time data a? ground noise
monitoring interference
Optl;a Smart Entry/Exit points Automated identification High power requirements
raps
. Urban Heat Island Predicts breedi
Satellite GIS roan Heat istan recicts breeding Cannot “see” underground

mapping “hotspots”

The “Urban Underground” represents a critical blind spot in modern epidemiology. By shifting from a two-
dimensional surface perspective to a three-dimensional model that accounts for the “evolutionary incubators”
beneath our feet, we can better predict and prevent the next urban outbreak.

6. Comparative Case Studies: Global Subterranean Colonization

The evolution of subterranean vectors is not a monolithic event but a series of parallel, convergent
evolutionary processes occurring in major metropolitan hubs.

6.1 The New York City Subway and Combined Sewer Overflows (CSOs)

In New York City, the intersection of one of the world’s oldest subway systems and aging combined sewer
overflows (CSOs) has created a unique “hybrid” subterranean zone. Research indicates that Culex pipiens f.
molestus populations in Manhattan exhibit extreme genetic isolation, often differing from populations just a
few subway stops away (Fonseca et al., 2004).

e Microbiome Divergence: NYC underground populations show a higher prevalence of Wolbachia

strains that facilitate viral interference, yet their proximity to stagnant, nutrient-rich CSO water leads
to larger body sizes compared to European counterparts.
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e Pathogen Risk: The “NYC strain” is a primary suspect in the overwintering of West Nile Virus, as
the tunnels provide a thermal refuge that maintains viral titers in the vector even when surface
temperatures drop below freezing.

6.2 The Tokyo G-Cans and Underground Discharge Channels

Tokyo presents a different subterranean architecture. The “G-Cans” (Metropolitan Area Outer Underground
Discharge Channel) are massive, clean, and concrete-heavy.' Unlike the organic-rich sewers of NYC,
Tokyo’s underground is characterized by high-velocity water movement during storms and extreme
stagnation during droughts.

¢ Genetic Clustering: Studies of mitochondrial DNA in Tokyo’s underground Culex show a high
degree of “founder effect” (Tanaka et al., 2021). Populations appear to be replenished by surface
individuals during flood events, leading to a “sink-source” genetic dynamic rather than the complete
isolation seen in London or NYC.

e Adaptation: Vectors here have evolved extreme larval tolerance to rapid fluctuations in water
oxygenation levels.

6.3 The Sewers of Cairo: A Tropical Underground

In Cairo, the distinction between surface and underground is blurred by the “open-sewer” architecture in
some informal settlements. However, the deep subterranean arteries of the city host populations of Culex
quinquefasciatus, which have adapted to the intense heat and heavy metal contamination of Egyptian urban
runoff.

e Host Shift: Unlike the mammophilicmolestus of northern latitudes, Cairo’s subterranean vectors
remain highly opportunistic, feeding on both the dense rodent populations and humans in basement
dwellings.

e Genetic Structure: There is evidence of “hybrid vigor” where surface and underground populations
interbreed, potentially spreading pesticide-resistance genes across the metropolitan area more rapidly
than in isolated systems.

7. Physiological Mechanisms: The Molecular Biology of Autogeny

The defining physiological trait of subterranean vectors is autogeny—the ability to produce a viable egg
clutch without a blood meal. This is a vital adaptation for environments where vertebrate hosts are scarce or
dangerous to access.

7.1 The Vitellogenin ($Vg$) Gene Expression

At the heart of autogeny is the regulation of vitellogenesis. In anautogenous (surface) mosquitoes, the $Vg$
gene remains silent until a blood meal triggers the release of decapeptides and ecdysteroids. In subterranean
molestus, this genetic switch is “pre-wired.”

e Molecular Signaling: Research shows that the $insulin/insulin-like\ growth\ factor\ signaling$ (IIS)
pathway is constitutively active in subterranean larvae. This allows them to accumulate massive lipid
stores during the larval stage, which are then mobilized during the first 48 hours of adulthood to fuel egg
production (Attardo et al., 2005).

e Nutritional Trade-offs: The metabolic cost of autogeny is high. Subterranean mosquitoes often produce
fewer eggs per clutch ($30$-$608) compared to blood-fed surface counterparts ($150$-$25083).
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7.2 Juvenile Hormone (JH) Regulation

Subterranean evolution has favored a shift in the “hormonal threshold.” In molestus, the corpora allata (the
gland producing JH) is larger at emergence, providing the necessary signal to initiate yolk protein synthesis
without the external stimulus of amino acids from blood.

8. Climate Change and the “Subterranean Shift”

As surface temperatures increase, the “Urban Heat Island” (UHI) effect is making surface habitats
increasingly hostile for traditional vectors during peak summer, while shortening winters.

8.1 The Invasion of Aedes albopictus

Aedes albopictus (the Asian Tiger Mosquito) is traditionally a tree-hole or container breeder.” However,
recent surveillance in Southern Europe and the US has found Ae. albopictus larvae in catch basins and deep
Sewers.

e Thermal Refugia: When surface temperatures exceed $35$°C, larval mortality in small containers
skyrockets. The subterranean basin provides a stable $22$-$25$°C environment, allowing for
“summer aestivation” (a period of dormancy or slowed activity) or continued breeding.

8.2 Expansion of the “Subterranean Niche”

Climate change is effectively expanding the subterranean niche. As cities implement “Green Infrastructure”
(bioswales, permeable pavements, and underground cisterns) to manage extreme rainfall, they are
inadvertently creating thousands of new, climate-controlled “urban caves” for vectors to colonize.

9. Comparative Data: Surface vs. Subterranean Ecotypes

The following table summarizes the evolutionary divergence between the two primary ecotypes of the Culex
pipiens complex.

Table 2. Biological and Behavioural Comparison

Variable Cx. pipiens pipiens (Surface) Cx. pipiens f. molestus (Underground)
Primary Habitat Above-ground, rural/urban pools | Below-ground, sewers, subways
Host Preference Ornithophilic (Birds) Mammophilic (Humans/Rats)
Mating Behaviour Eurygamous (Requires swarming) | Stenogamous (Mates in small spaces)
Egg Production Anautogenous (Requires blood) Autogenous (First batch blood-free)
Diapause Obligate (Hibernates in winter) Homodynamic (Active year-round)
Genetic Structure High gene flow, panmictic Isolated, high genetic drift

Tolerance to Pollution | Low to Moderate High (Detergents/Heavy metals)
Flight Activity Highly seasonal Constant throughout the year

Body Size Generally larger Smaller (larval crowding)

Vector Competence High for Avian Malaria/WNV High for Human WNV/SLEV
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10. Conclusion

The “Urban Underground” is not merely a habitat; it is an evolutionary accelerator. The isolation of these
environments, combined with anthropogenic selection pressures, is creating a new class of vectors that are
increasingly decoupled from the natural seasons.The subterranean evolution of disease vectors represents a
significant, yet historically overlooked, byproduct of the Anthropocene. The architectural complexity of
modern cities has provided a stable, climate-buffered niche that facilitates the rapid divergence of species,
most notably within the Culex pipiens complex. These underground “incubators” enable the year-round
maintenance of pathogens and the emergence of specialized biotypes characterized by autogeny and
stenogamy.

As climate change accelerates, the underground will likely serve as an increasingly critical refuge for both
native and invasive species like Aedes albopictus, further complicating urban disease dynamics. The
transition from traditional surface-level surveillance to a multi-dimensional strategy—incorporating eDNA,
acoustic Al, and structural mitigation—is no longer optional but essential. Addressing the “vertical frontier”
of medical entomology is paramount to building resilient urban public health systems capable of mitigating
the risks posed by the silent evolution beneath our feet.
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