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The ecology and evolution of symbiotic relationships
In insects

Thierry F Dossou-Yovo

Abstract

Symbiotic relationships are fundamental to the ecology and evolution of insects, significantly
influencing their behavior, physiology, and interactions with the environment. This review explores the
various types of symbiotic relationships in insects, including mutualism, commensalism, and
parasitism, and their ecological and evolutionary implications. We examine key examples, underlying
genetic and molecular mechanisms, and the impact of environmental changes on these interactions.
Understanding these relationships is crucial for conserving biodiversity and managing ecosystems in
the face of global changes.
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Introduction

Symbiotic relationships, where two different organisms live in close physical proximity and
interact closely, are pivotal in the ecology and evolution of insects. These interactions are
integral to the survival and success of many species, influencing their biology, behavior, and
ecological roles. Symbiotic relationships in insects can be classified into mutualistic,
commensalistic, and parasitic, each type contributing uniquely to the evolutionary dynamics
and ecological balance within ecosystems.

Mutualistic relationships are widespread among insects and involve interactions where both
species benefit. For instance, the relationship between ants and aphids exemplifies
mutualism; ants protect aphids from predators and parasites, and in return, aphids provide
ants with honeydew, a sugary secretion. This mutualism enhances the survival rates of
aphids and provides a reliable food source for ants, showcasing how mutual benefits can
drive the evolution of cooperative behaviors (Bronstein, 1994) [,

Commensalistic relationships, where one species benefits while the other is neither helped
nor harmed, are also prevalent in insect interactions. An example is the relationship between
certain beetles and birds. Beetles feed on bird droppings, gaining nutrition without affecting
the birds. These relationships, although less studied than mutualism and parasitism, play a
crucial role in nutrient recycling and habitat creation, highlighting the diverse ecological
functions of commensalism (Wcislo & Cane, 1996) [,

Parasitic relationships are characterized by one organism benefiting at the expense of the
other. Parasitic wasps, for example, lay their eggs inside or on the bodies of other insects,
and the developing larvae feed on the host, eventually killing it. This interaction regulates
host population dynamics and exerts significant evolutionary pressure on both the host and
the parasite, leading to sophisticated defense mechanisms and counter-adaptations (Godfray,
1994) [,

The evolutionary mechanisms driving these symbiotic relationships are complex and
multifaceted. Co-evolution, where interacting species exert reciprocal selective pressures on
each other, is a significant factor. This process can lead to highly specialized adaptations that
enhance the interdependence of symbiotic partners. For example, the intricate mutualism
between figs and fig wasps involves precise timing and specialized behaviors that ensure the
survival and reproduction of both species (Herre et al., 2008) 4. Horizontal gene transfer,
particularly among microbial symbionts, is another crucial mechanism. Many insects harbor
endosymbiotic bacteria, such as Wolbachia, which can transfer genes to their hosts,
conferring new metabolic capabilities or resistance to pathogens. This genetic exchange
plays a significant role in the evolution of symbiotic relationships, enhancing the adaptability
and survival of both partners (Werren et al., 2008) [361,
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Environmental changes, including climate change, habitat
fragmentation, and pollution, profoundly impact symbiotic
relationships in insects. Climate change can disrupt the
timing of mutualistic interactions, such as pollination, by
altering the phenology of plants and their pollinators.
Habitat fragmentation isolates populations, reducing genetic
diversity and disrupting established interactions. Pollution,
particularly pesticide use, can directly harm one or both
partners in a symbiotic relationship, leading to declines in
populations and disruption of ecosystem functions (Kiers et
al., 2010; Goulson et al., 2015) 18 111,

Definitions of Symbiotic Relationships

Charles Darwin (1859) ™2 "In the struggle for survival,
species interact in ways that can be mutually beneficial or
detrimental. Symbiotic relationships are a key aspect of this
interaction, driving evolution and adaptation."

Anton de Bary (1879) 1 “Symbiosis is the living together
of unlike organisms, encompassing a range of interactions
from mutualism to parasitism."

Lynn Margulis (1991) I "Symbiosis is a physical
association between organisms of different species, often
leading to profound changes in the physiology and behavior
of the partners involved.”

E.O. Wilson (1992) "Symbiosis refers to a close and long-
term biological interaction between two different biological
organisms, which can be mutually beneficial, neutral, or
harmful.

Douglas Zook (2002) "Symbiotic relationships are
interactions between different species that live in close
physical proximity, involving mechanisms that range from
mutual benefit to exploitation and competition."

Main Objective

To explore the types, ecological roles, evolutionary
mechanisms, and impacts of environmental changes on
symbiotic relationships in insects.

Review of Literature

Symbiotic relationships in insects have been extensively
studied, revealing a complex web of interactions that drive
both evolutionary and ecological dynamics. These
relationships are pivotal in understanding the adaptive
strategies and survival mechanisms of insect species.
Various researchers have provided comprehensive insights
into the nature and implications of these interactions.
Bronstein (1994) @ provided an extensive overview of
mutualism, emphasizing its ubiquity and diversity across
different ecosystems. She highlighted that mutualistic
interactions are not merely cooperative ventures but are
often fraught with conflict and negotiation between partners.
Mutualisms such as the ant-aphid relationship illustrate how
mutual benefits can drive the evolution of cooperative
behaviors and specialized adaptations. Ants protect aphids
from predators, and in return, aphids provide ants with
honeydew, a carbohydrate-rich food source. This
relationship demonstrates how mutualistic interactions can
enhance survival and reproductive success in both species.
Moran and Baumann (2000) 2 focused on the role of
bacterial endosymbionts in insects, particularly aphids. They
described how endosymbionts like Buchnera aphidicola
provide essential amino acids to their hosts, which are
otherwise deficient in their sap-based diet. This mutualistic
relationship is crucial for the nutrition and survival of
aphids, illustrating a co-evolved dependency. Douglas
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(2015) 1 expanded on this by discussing the broader
implications of endosymbiosis in insect physiology and
evolution. She highlighted that endosymbionts are not just
passive inhabitants but actively influence host metabolic
processes, immunity, and even behavior. This intricate
relationship  showcases the deep integration of
endosymbionts into the biology of their insect hosts.
Godfray (1994) ! provided a detailed account of parasitoid-
host interactions, emphasizing their role in population
control and evolutionary arms races. Parasitoid wasps, for
example, lay their eggs inside or on the bodies of other
insects, with the developing larvae consuming the host from
the inside. This parasitic relationship exerts strong selective
pressures on bhoth the parasitoid and the host, leading to a
co-evolutionary arms race. Hosts evolve sophisticated
defense mechanisms, such as encapsulating the parasitoid
eggs, while parasitoids develop counter-strategies to
overcome these defenses. This dynamic interaction
underscores the significance of parasitism in shaping the
evolutionary trajectories of insect populations.

Engel and Moran (2013) [ explored the diversity and
function of insect gut microbiota, highlighting their role in
nutrition, immunity, and development. They pointed out that
gut microbes are integral to the digestive processes of many
insects, enabling the breakdown of complex carbohydrates,
detoxification of harmful compounds, and synthesis of
essential nutrients. For instance, termites rely on their gut
microbiota to digest cellulose, a major component of their
wood-based diet. This mutualistic relationship between
insects and their gut microbes is essential for their
ecological niche and survival.

Werren et al. (2008) B8 discussed the manipulative roles of
Wolbachia bacteria, which are widespread endosymbionts in
insects. Wolbachia can manipulate the reproductive systems
of their hosts in various ways, including inducing
parthenogenesis, feminization, male-killing, and
cytoplasmic incompatibility. These manipulations enhance
the transmission of Wolbachia through maternal lines,
demonstrating a parasitic aspect of this symbiosis. However,
Wolbachia can also provide benefits to their hosts, such as
protection against viruses and increased resistance to
environmental stressors, illustrating a complex interplay of
parasitism and mutualism.

The co-evolutionary dynamics between insects and their
symbionts are further complicated by horizontal gene
transfer. Bordenstein and Theis (2015) B! highlighted that
genes can be transferred between symbionts and hosts,
leading to new adaptations and traits. This genetic exchange
can result in the integration of symbiont-derived functions
into the host genome, facilitating novel evolutionary
pathways. For example, some insect genomes contain genes
of bacterial origin that are involved in nutrient synthesis,
enhancing their ability to thrive on specialized diets.
Research by Kiers et al. (2010) ™8 and Goulson et al.
(2015) 1 explored how environmental changes, such as
climate change and pollution, impact symbiotic
relationships. Climate change can alter the phenology of
interacting species, leading to mismatches in mutualistic
relationships, such as those between plants and pollinators.
Pollution, particularly the use of pesticides like
neonicotinoids, has been shown to harm beneficial insect
symbionts, leading to declines in pollinator populations and
disruptions in ecosystem services. These foundational
studies underscore the significance of symbiosis in insect
ecology and evolution. The intricate and dynamic nature of
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these interactions highlights the importance of symbiotic
relationships in shaping the biological and ecological
characteristics of insects. Understanding these relationships
is crucial for advancing our knowledge of biodiversity,
ecosystem functioning, and the adaptive strategies of insects
in a changing world.

Types of Symbiotic Relationships

Symbiotic relationships are interactions between different
species that live in close physical proximity and have a
significant impact on each other's lives. In insects, these
relationships can be broadly categorized into mutualism,
commensalism, and parasitism, each playing a crucial role
in the ecology and evolution of the involved species.
Mutualism is a type of symbiotic relationship where both
species benefit from the interaction. A classic example of
mutualism in insects is the relationship between ants and
aphids. Aphids produce honeydew, a sugary substance that
ants consume. In return, ants protect aphids from predators
and parasitoids, ensuring their survival and continued
honeydew production (Bronstein, 1994) . Another well-
studied mutualistic relationship is between termites and their
gut microbiota. Termites rely on a complex community of
protozoa, bacteria, and archaea in their guts to digest
cellulose from wood, which is otherwise indigestible. This
mutualistic relationship allows termites to derive nutrients
from their wood-based diet, while the microbes benefit from
a stable habitat and a constant supply of food (Engel &
Moran, 2013) 1,

Commensalism involves one species benefiting from the
relationship, while the other is neither helped nor harmed.
An example of commensalism in insects is certain species of
beetles that live in the nests of ants. These beetles feed on
the waste and leftover food in the ant nests without affecting
the ants. Another instance is the relationship between certain
mites and bees, where mites hitch a ride on bees to move
from one flower to another, gaining dispersal benefits
without affecting the bees (Wcislo & Cane, 1996) [,
Parasitism is a symbiotic relationship where one organism,
the parasite, benefits at the expense of the other, the host.
Parasitoid wasps exhibit a well-documented form of
parasitism. These wasps lay their eggs inside or on the
bodies of other insects, and the developing larvae feed on
the host, ultimately killing it (Godfray, 1994) Pl This
relationship has significant evolutionary implications, as it
drives the development of sophisticated defense
mechanisms in host insects and counter-adaptations in
parasitoids. Another example is the relationship between
Wolbachia bacteria and their insect hosts. Wolbachia are
endosymbiotic bacteria that manipulate the reproductive
systems of their hosts to enhance their own transmission,
often to the detriment of the host's reproductive success
(Werren et al., 2008) 3],

These symbiotic relationships are not static; they can evolve
over time due to changes in the environment, the species
involved, and the nature of their interactions. For instance, a
mutualistic relationship can evolve into parasitism if the
balance of benefits shifts, or commensalism can become
mutualism if the formerly unaffected species starts to gain a
benefit from the interaction.

In conclusion, the types of symbiotic relationships in
insects-mutualism, commensalism, and parasitism-illustrate
the diverse and dynamic nature of these interactions. Each
type of relationship plays a crucial role in shaping the
ecology and evolution of the species involved.
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Understanding these relationships provides insights into the
complexity of biological interactions and the adaptive
strategies organisms develop to survive and thrive in their
environments. The study of symbiosis continues to reveal
the intricate balance of cooperation and conflict that defines
life in the natural world.

Ecological Roles

Symbiotic relationships play crucial ecological roles in
shaping ecosystems and influencing the behavior,
distribution, and survival of insect species. These
relationships can be mutualistic, commensalistic, or
parasitic, each contributing uniquely to ecosystem
dynamics.

Mutualistic interactions are fundamental in enhancing
ecosystem functions such as nutrient cycling, pollination,
and plant defense. For instance, the mutualism between bees
and flowering plants is vital for pollination, which is
essential for the reproduction of many plant species and the
production of fruits and seeds (Bronstein, 1994) . Bees
transfer pollen from one flower to another while collecting
nectar, facilitating cross-pollination and increasing genetic
diversity in plants. Similarly, the mutualistic relationship
between termites and their gut microbiota contributes
significantly to nutrient cycling. Termites break down
cellulose in wood with the help of their gut microbes,
converting it into simpler compounds that enrich the soil,
thereby promoting plant growth and maintaining soil health
(Engel & Moran, 2013) B,

Commensalistic relationships also play important ecological
roles, although they are less studied than mutualistic or
parasitic interactions. Insects that engage in commensalism
often help recycle nutrients and provide habitats for other
organisms. For example, certain beetles that live in ant nests
feed on waste materials, helping to clean the nest
environment without harming the ants. This behavior aids in
nutrient recycling and maintains the hygiene of the nest,
indirectly benefiting the ant colony (Wcislo & Cane, 1996)
3], Moreover, some mites use bees as a mode of
transportation, known as phoresy, to move from flower to
flower. While the bees are not directly affected, the mites
gain significant mobility advantages, allowing them to
exploit new resources and habitats.

Parasitic relationships play a critical role in regulating host
populations and maintaining ecological balance. Parasitoid
wasps, for instance, are key biological control agents in
agricultural ecosystems. These wasps lay their eggs in or on
pest insects, and the developing larvae feed on the hosts,
eventually Killing them. This parasitic relationship helps
control pest populations naturally, reducing the need for
chemical pesticides and promoting sustainable agriculture
(Godfray, 1994) [Pl Similarly, Wolbachia bacteria
manipulate the reproductive systems of their insect hosts,
which can lead to population control and influence the
dynamics of insect communities (Werren et al., 2008) (361,
Symbiotic relationships also influence the structure and
composition of communities by affecting species
interactions and resource  availability. Mutualistic
relationships, such as those between ants and aphids, can
lead to the formation of complex community networks
where multiple species interact in a web of mutual
dependencies. These networks enhance ecosystem resilience
and stability, as the benefits of mutualism can buffer species
against environmental fluctuations and stresses (Bronstein,
1994) 1,
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Evolution of symbiotic relationships

The evolution of symbiotic relationships in insects is driven
by complex genetic, ecological, and environmental factors
that shape these interactions over time. These relationships
can evolve through mechanisms such as co-evolution,
horizontal gene transfer, and genome reduction, resulting in
highly specialized adaptations that enhance the survival and
reproductive success of the involved species.

Co-evolution is a significant driver of symbiotic
relationships, where interacting species exert reciprocal
selective pressures on each other, leading to mutual
adaptations. This process is well-documented in mutualistic
interactions, such as the relationship between ants and
aphids. Aphids produce honeydew, a nutritious substance
consumed by ants, while ants provide protection against
predators. Over time, this mutualism has led to the evolution
of specialized behaviors and physiological traits in both ants
and aphids, enhancing their interdependence (Bronstein,
1994) [,

Horizontal gene transfer, the movement of genetic material
between organisms without sexual reproduction, also plays
a crucial role in the evolution of symbiotic relationships.
This mechanism is particularly important in endosymbiotic
relationships, where symbionts live inside the host's cells.
For example, many insect species harbor endosymbiotic
bacteria like Wolbachia, which manipulate host
reproductive processes to enhance their transmission.
Wolbachia can transfer genes to their insect hosts, providing
new metabolic capabilities or resistance to pathogens, thus
benefiting both the host and the symbiont (Werren et al.,
2008) 61,

Genome reduction is another evolutionary mechanism
observed in symbiotic relationships, particularly in obligate
endosymbionts. These symbionts often experience a loss of
genes unnecessary for their intracellular lifestyle, resulting
in highly streamlined genomes. For instance, Buchnera
aphidicola, an endosymbiotic bacterium in aphids, has
undergone extensive genome reduction, retaining only the
genes essential for its symbiotic functions, such as
synthesizing essential amino acids for the host (Moran &
Baumann, 2000) 22, This reduction is a result of the stable
and nutrient-rich environment provided by the host, which
reduces the selective pressure to maintain genes involved in
functions that the host can perform.

Molecular signaling pathways are also critical in the
evolution of  symbiotic  relationships, facilitating
communication and coordination between symbiotic
partners. In mutualistic relationships, chemical signals help
establish and maintain interactions. For example, in the
mutualism between legumes and nitrogen-fixing rhizobia
bacteria, specific flavonoids released by plant roots attract
rhizobia, which then produce nodulation factors that initiate
root nodule formation (Oldroyd & Downie, 2008) 2%, These
nodules provide a habitat for the bacteria, where they fix
atmospheric nitrogen into a form usable by the plant,
benefiting both partners.

Environmental changes, such as climate change, habitat
fragmentation, and pollution, can also influence the
evolution of symbiotic relationships. Shifts in temperature,
humidity, and resource availability can alter the dynamics of
these interactions, potentially leading to new evolutionary
pressures. For instance, climate change can affect the
phenology of plants and their pollinators, leading to
temporal mismatches that disrupt mutualistic relationships
and drive evolutionary adaptations (Kiers et al., 2010) [8],
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Impact of Environmental Changes

Environmental changes significantly impact symbiotic
relationships in insects, influencing their dynamics, stability,
and evolutionary trajectories. Factors such as climate
change, habitat fragmentation, and pollution alter the
conditions under which symbiotic interactions occur, often
leading to disruptions and adaptations that can have
profound ecological consequences.

Climate change is one of the most pervasive environmental
factors affecting symbiotic relationships. Changes in
temperature, precipitation patterns, and extreme weather
events can disrupt the timing and availability of resources
crucial for mutualistic interactions. For instance, climate-
induced shifts in flowering times can create temporal
mismatches between plants and their insect pollinators.
Such mismatches can reduce pollination success, impacting
plant reproduction and the survival of pollinator populations
(Kiers et al., 2010) (8. Additionally, higher temperatures
can alter the distribution and abundance of symbiotic
partners, forcing species to adapt to new environmental
conditions or migrate to suitable habitats. This can lead to
the breakdown of established symbiotic relationships or the
formation of new ones, potentially affecting ecosystem
stability and biodiversity.

Temperature fluctuations specifically affect physiological
processes and behaviors critical to maintaining symbiotic
relationships. For example, in the case of the mutualistic
relationship between leafcutter ants and their fungal
cultivars, rising temperatures can disrupt fungal growth,
thereby affecting the ants’ primary food source and colony
health (Hart et al., 2003) 31, Similarly, coral reefs, though
not insect-based, illustrate the broader impacts of
temperature changes on symbiosis. Coral bleaching, caused
by elevated sea temperatures, results in the expulsion of
symbiotic algae, leading to coral starvation and reef
degradation (Hoegh-Guldberg, 1999) 81, This serves as a
stark reminder of how temperature increases can destabilize
symbiotic systems.

Habitat fragmentation and loss due to urbanization,
agriculture, and deforestation also pose significant threats to
symbiotic relationships. Fragmentation isolates populations
and reduces the availability of suitable habitats, which can
disrupt the interactions between symbiotic partners. For
example, the fragmentation of forests can separate ant
populations from their mutualistic aphids, leading to
declines in both species (Rosenzweig, 2001) 271, Similarly,
the loss of host plants due to habitat destruction can
negatively impact insect herbivores and their associated
symbionts, reducing the overall resilience of ecosystems.
Habitat fragmentation can lead to genetic isolation, which
diminishes genetic diversity and adaptability. This is
particularly problematic for obligate symbionts that rely on
continuous interaction with their partners. For instance,
fragmentation of tropical forests impacts the mutualistic
relationships between figs and fig wasps, where reduced
interaction opportunities can lead to population declines and
even local extinctions (Harrison, 2000) 2., The genetic
bottlenecks created by such fragmentation can further
exacerbate vulnerability to environmental changes and
diseases.

Pollution, including pesticide use, industrial emissions, and
plastic waste, has detrimental effects on symbiotic
relationships. Pesticides, particularly neonicotinoids, have
been linked to declines in bee populations, adversely
affecting their pollination services (Goulson et al., 2015)
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(11, These chemicals can disrupt the neurological and
immune functions of insects, impairing their ability to
engage in mutualistic relationships. Industrial emissions and
pollutants can also alter soil and water chemistry, affecting
the microbiomes essential for insect gut health and nutrient
cycling. For instance, heavy metals and other contaminants
can disrupt the delicate balance of gut microbiota in insects
like termites, compromising their ability to digest cellulose
and recycle nutrients (Engel & Moran, 2013) 1,

Pollutants also interfere with chemical communication
systems that are crucial for maintaining symbiotic
relationships. Many insects rely on pheromones and other
chemical signals to find mates, locate food, and interact with
symbiotic partners. Pollution can mask or alter these signals,
leading to reduced reproductive success and disruption of
symbiotic interactions. For example, studies have shown
that airborne pollutants can interfere with the chemical
signals used by ants and bees, impacting their foraging and
mating behaviors (Zala & Penn, 2004).

Case studies highlight these impacts. The mutualistic
relationship between corals and their algal symbionts is
heavily influenced by rising sea temperatures. Coral
bleaching, caused by the expulsion of algae during thermal
stress, results in the loss of critical symbionts and can lead
to widespread coral mortality (Hoegh-Guldberg, 1999) 51,
Although not an insect example, this case underscores how
temperature changes can disrupt crucial symbiotic
relationships in various species. Similarly, the decline in
monarch butterfly populations is partly attributed to habitat
loss and pesticide use, which affect their symbiotic
interactions with milkweed plants (Pleasants & Oberhauser,
2013) [,

Another relevant case is the decline of the honeybee
populations, which are critical pollinators in agricultural
systems. The phenomenon known as Colony Collapse
Disorder (CCD) has been linked to a combination of factors
including pesticide exposure, habitat loss, and pathogens.
The disruption of the mutualistic relationship between
honeybees and flowering plants threatens food security and
biodiversity, illustrating the far-reaching impacts of
environmental changes on symbiotic relationships
(VanEngelsdorp et al., 2009) 2,

In conclusion, environmental changes profoundly affect
symbiotic relationships in insects, with climate change,
habitat fragmentation, and pollution being key factors.
These changes can disrupt established interactions, force
adaptations, and even lead to the collapse of symbiotic
partnerships. Understanding these impacts is crucial for
developing conservation strategies and mitigating the
adverse effects of environmental change on ecosystems.
Continued research is needed to explore the resilience and
adaptability of symbiotic relationships in the face of
ongoing environmental challenges.

Conclusion

Symbiotic relationships are integral to the ecology and
evolution of insects, profoundly influencing their behaviors,
physiology, and interactions with the environment. This
paper has examined the various types of symbiotic
relationships, including mutualism, commensalism, and
parasitism, highlighting their crucial roles in ecosystem
functioning. Through mutualistic interactions, insects
contribute to essential processes such as pollination and
nutrient cycling, while parasitic relationships help regulate
populations and maintain ecological balance. The evolution
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of these relationships is driven by co-evolution, horizontal
gene transfer, genome reduction, and molecular signaling,
resulting in highly specialized adaptations that enhance the
survival and reproductive success of the involved species.
Environmental changes, including climate change, habitat
fragmentation, and pollution, pose significant threats to
these intricate relationships. Climate change can disrupt the
timing and availability of resources, leading to mismatches
between symbiotic partners and forcing species to adapt or
migrate. Habitat fragmentation isolates populations,
reducing genetic diversity and disrupting interactions, while
pollution can impair communication systems and
physiological functions, further destabilizing symbiotic
relationships. Case studies, such as the impacts on coral
reefs, monarch butterflies, and honeybee populations,
illustrate the far-reaching consequences of these
environmental changes.

Understanding the dynamics of symbiotic relationships in
insects is crucial for developing effective conservation
strategies and mitigating the adverse effects of
environmental change. Continued research is needed to
explore the resilience and adaptability of these relationships,
providing insights into how organisms can thrive in
changing environments. By appreciating the complexity and
significance of symbiosis, we can better protect biodiversity
and ensure the sustainability of ecosystems in the face of
global challenges.
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