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Abstract: Chemical cues on a microscopic scale enable complex interactions among insects, plants, and microbes, from 
organismal to ecosystem scales. These signals ranging from plant volatile organic compounds to insect pheromones and 
microbial metabolites act as information cues that influence behavior, defense, and symbiosis. By linking individual physiology 
to community processes, these cues shape food web dynamics, community structure, and ecosystem function. Here, we review 
advances in deciphering the chemical ecology of multispecies interactions with emphasis on genomic and molecular insights. 
We emphasize signal biosynthesis, perception, and network transmission, and present case studies such as pine wilt nematode 
transmission and plant volatiles induced by herbivores for recruitment of natural enemies. We also move on to agricultural and 
conservation applications such as biocontrol strategies (e.g., pheromone traps, push–pull cropping) and microbial amendments 
that modulate plant defense. A systems perspective highlights the manner by which natural chemical information networks can 
render pest management and ecosystem conservation sustainable. Our integration underscores that chemical communication at 
all scales is needed to forecast and manage ecological outcomes. 

Keywords: Chemical Ecology; Multispecies Interactions; Microbial Mediation; Tritrophic Interactions; Plant Volatiles. 
 

1. Introduction 
In nature, insects, plants, and microbes form highly 

connected networks in ecosystems. All organisms interact 
with one another through chemicals such as pheromones, 
plant volatiles, phytohormones, and microbial metabolites. 
These chemical signals control behaviors and physiological 
responses across species. For instance, if a caterpillar eats a 
leaf, the plant will emit some volatile organic compounds. 
These chemicals may lure parasitic wasps or predatory insects, 
which are herbivores. This tritrophic signaling is one of 
numerous ways plant–insect–microbe networks are 
chemically linked. 

Chemical ecology traditionally focused on pairwise 
relationships (e.g., plant and pollinator, predator and 
herbivore). In the majority of systems, however, relationships 
are nested within higher-order multispecies networks of 
microbial partners. Insects carry gut bacteria and fungal 
symbionts, and plant roots have symbioses with soil 
microbiomes; microbes influence the production and 
perception of chemical signals. Advances in genomics, 
metabolomics, and molecular biology have facilitated 
breaking down such complexities. For example, genome 
sequencing identifies gene families for pheromone and 
volatile biosynthesis, while analytical chemistry deciphers the 
identity of signaling molecules. 

We incorporate here our understanding of chemical logic 
of ecology of multispecies interactions into this review. We 
begin by providing an overview of significant concepts and 
trends in ecological chemical signaling in the literature. We 
then describe molecular mechanisms of signal production, 
dispersal, and detection. We review examples of insect–plant–
microbe communication (e.g., pine wilt nematode 
transmission and herbivore-induced plant defenses) and 
describe applications in conservation and agriculture that 
exploit chemical networks. In each case, we point to how 
chemical cues at the microscopic scale have macroscopic 

ecological effects. 

2. Literature Review 
Chemical communication is the basis of a wide range of 

ecological interactions. Early studies uncovered pheromones 
and allelochemicals in straightforward systems (e.g., defense 
chemicals in plants or moth sex pheromones)[1]. Scientists 
learned increasingly that many interactions comprise 
complex mixtures of compounds and more than one taxon. 
Key concepts are: 

Semiochemical and infochemical classes: Chemicals 
passing information between organisms[2]. Pheromones 
convey within a species (e.g., insect aggregation or sex 
pheromones), while interspecies signals (allelochemicals) are 
divided in accordance with the ecological effect. Allomones 
benefit the transmitter, kairomones the receiver, and 
synomones both[3]. For example, volatiles from injured 
plants by herbivores may act as kairomones by attracting 
parasitoid wasps that locate their hosts at the plant's cost 
(though the plant receives protection from the herbivore)[4]. 

Tritrophic interactions: Plants tend to recruit parasitoids or 
predators of their herbivores through chemical signals. 
Perhaps the most common example is the caterpillar 
infestation of corn, resulting in the plant emitting a blend of 
terpenes and green leaf volatiles. Parasitic wasps (Cotesia 
spp.) detect this specific volatile blend and find the 
caterpillars where they can oviposit. This plant–herbivore–
parasitoid trophic sequence shows how plant volatiles link 
three trophic levels within a defense network[5]. 

Microbial mediation: Symbiotic microbes control chemical 
ecology. Insects harbor gut bacteria and fungi that are able to 
detoxify plant chemicals or even synthesize pheromone 
precursors, controlling insect behavior and host-plant 
interaction. Similarly, endophytic and soil microbes influence 
plant chemistry; some rhizobacteria trigger systemic 
resistance processes within plants, modifying volatile 
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emissions and defense chemicals and subsequently affecting 
aboveground herbivores. For example, colonization with 
specific root bacteria has been shown to upregulate plant 
jasmonate signaling, leading to higher levels of herbivore-
deterrent volatiles. 

Communication networks: Signals are now being treated 
by chemical ecologists as an infochemical network. The 
signal of one species can be heard by others. A predator, say, 
can intercept the alarm pheromone of its prey, and plants in 
the vicinity can pick up volatiles from an injured plant and 
prepare to defend themselves. Network and information 
theory approaches quantify the information conveyed by 
individual compounds and the consistency with which 
various receivers respond. 

Technological innovations have greatly expanded this field. 
Analytical methods (GC-MS, LC-MS) identify and quantify 
scores of signal molecules that the organism produces. 
Genomic and transcriptomic approaches reveal genes and 
pathways involved in production and reception of signals. For 
example, sequencing insect genomes has revealed gigantic 
odorant receptor gene families, while plant genomes reveal 
terpene synthase and alkaloid biosynthesis gene clusters. 
Metagenomic soil and insect-associated microbial surveys 
uncover novel biosynthetic pathways (e.g., for antibiotic or 
volatile metabolites). Together, these methods provide a 
systems-level view of chemical communication networks in 
ecology. 

3. Chemical Communication 
Mechanisms 

Chemical communication in ecosystems involves a 
cascade of mechanisms from production to response. Each 
mechanism is involved in how signals convey information 
through the community: 

Production of signal: Organisms synthesize varied 
signaling molecules. Plants emit volatile organic compounds 
such as terpenes, green leaf volatiles ((e.g., (Z)-3-hexenol), 
phenolics, and alkaloids. These are often inducible defense 
compounds, which are activated after herbivore or pathogen 
attack. Insects emit pheromones (sex pheromones, 
aggregation pheromones, alarm pheromones), often from 
precursors that are fatty acids or terpenoids. Microbes emit 
metabolites including volatiles (e.g., geosmin, 2,3-butanediol) 
and quorum-sensing molecules (e.g., N-acyl-homoserine 
lactones in bacteria, farnesol in fungi). These biosynthetic 
pathways tend to operate with common building blocks 
(terpenoids, polyketides, fatty acids) and are controlled by 
genetic and environmental controllers (e.g., expression of 
genes of terpene synthases in plants and insects). 

Signal dispersal and stability: Released substances disperse 
by air, water, or substrates. Volatile organic compounds 
diffuse in air, range depending on volatility and 
environmental conditions (wind, temperature, UV light). 
Highly unstable "green leaf volatiles" are short-range local 
cues, whereas more persistent terpenes or pheromone 
compounds travel meters to kilometers. In water or on the 
ground, soluble cues may bind to organic material or be 
degraded by microorganisms and thus have restricted range. 
Chemical stability and half-life of a molecule thus dictate 
which receivers can detect it and how distant.  

Signal perception: Receivers have specialized receptors. 
Insects possess large collections of olfactory receptors (ORs) 
on their antennae and gustatory receptors on their mouthparts 

that can bind specific volatile and non-volatile cues. Plants 
perceive specific microbial or herbivore-derived cues via cell-
surface pattern-recognition receptors or receptor-like kinases; 
for example, plants can recognize pieces of insect oral 
secretions or compounds of fungal cell walls and trigger 
defense signaling. Microbes perceive chemical signals by 
two-component sensor kinases or transcriptional regulators 
that respond to specific molecules (e.g., autoinducer-
responsive bacterial quorum-sensing receptors). The 
specificity of the receptors allows organisms to differentiate 
among complex mixtures of signals.  

Signal interpretation and response: Initiation of a 
physiological and behavioral response is triggered by binding 
of a chemical signal to its receptor. In insects, it can cause 
orientation (crawling or flying in the direction of an attractive 
odor), mating behavior, or alarm and avoidance reaction. In 
plants, detection of herbivore-inducing molecules or 
microbial elicitors leads to hormone-mediated defense 
responses (e.g., jasmonic acid or salicylic acid signaling), 
which result in the synthesis of defense proteins, toxins, or 
new volatile emissions. Microbes may respond to competitor 
signals by enhancing the production of antibiotics or biofilms. 
In some cases, even organisms reorganize the signal 
environment: for example, plants degrade volatiles, and 
insects sequester or detoxify plant toxins. 

These mechanisms operate within an evolutionary 
"communication logic." Signals are under selection pressure 
to convey honest information to valuable receivers while 
avoiding detection by enemies. Eavesdropping is common: 
natural predators will often eavesdrop on prey or host signals, 
and parasitoids become conditioned to locate hosts as they 
pick up pheromones. Conversely, prey organisms or plants 
can conceal or alter signals in an attempt to evade predators. 
Some orchids mimic female insect pheromones in a bid to 
catch male pollinators, illustrating cheating signaling. This 
coevolutionary arms race has the consequence of making 
network interactions so complicated that a change in one 
species' signal can ripple through the community. 

4. Case Studies 
Pine Wilt Disease (Nematode–Beetle–Tree Network): Pine 

wilt disease is induced by the pine wood nematode, 
Bursaphelenchus xylophilus, and relies on pine sawyer 
beetles, Monochamus spp., for transmission. Chemical 
signals synchronize this tri-trophic interaction. Nematodes 
release pheromone-like molecules (ascarosides) that 
contribute to aggregation and vector readiness signaling. 
They form part of pine beetle tracheal system, which 
themselves are attracted by monoterpene volatiles released by 
stressed or dying pines. Upon emergence, the beetle infests 
healthy pine hosts with nematodes. Nematodes reproduce 
once inside a healthy host and eventually kill the tree; dying 
tree releases further volatiles in an attempt to attract even 
more beetles. This creates a feedback loop that enhances 
disease spread. Recent molecular level studies (e.g. 
fluorescent tagging of nematode movement) are beginning to 
uncover how signals emitted by nematodes affect both beetle 
behavior and tree response, illustrating a three-species 
chemical chain of transmission. 

Tri-trophic Plant Defense Example: One such system is 
corn plants, caterpillar herbivores, and parasitic wasps. When 
corn is attacked by caterpillars (e.g. Spodoptera spp.), it emits 
green leaf volatiles ((Z)-3-hexenal, (Z)-3-hexenol) and 
sesquiterpenes ((e.g. (E)-β-caryophyllene). They are detected 
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by parasitic wasps like Cotesia marginiventris, which are then 
guided to the caterpillars on which they oviposit. Thus, the 
plant is using chemical signals to recruit predators of its 
predator. Astonishingly, some caterpillars bear gut symbionts 
that can dampen the volatile response of the plant. 
Experimental removal of the symbionts restores the full 
volatile emission, demonstrating that microbial symbionts 
can modulate indirectly this insect–plant–predator interaction. 
This demonstrates how microbial or genetic factors in one 
species can redesign the chemical signals that structure the 
extended interaction network. 

Chemical-Based Pest Management: Sustainable 
agriculture increasingly leverages chemical ecology. In 
mating disruption, synthetic insect sex pheromones are 
released in the field to disorient the male pests (e.g., fruit 
orchard moth pests), so they're unable to find females. "Push–
pull" cropping utilizes companion plants: one plant emits 
volatiles repelling (pushing away) a pest insect, and another 
attractive plant emits volatiles attracting (pulling) the pest 
away from the crop into trap plants. For instance, in some 
cereal crops Desmodium species emit repellant volatiles, and 
Napier grass emits attractant signals to stem-borer moths. Soil 
beneficial microbes also condition plant defense: inoculation 
of roots of maize with Bacillus or mycorrhizal fungi can 
induce the plant's volatile emissions and make it undesirable 
to pests. These are indications of how research on natural 
chemical signals can lead to effective pest control without 
synthetic pesticides. 

5. Applications in Agriculture and 
Ecology 

Integrated Pest Management: Chemical signals lie at the 
center of IPM strategies. Plants can be bred or engineered to 
increase beneficial signals. For instance, transgenic rice that 
maintains the emission of the volatile (E)-β-caryophyllene 
continually attracts entomopathogenic nematodes and limits 
root pest damage. Plants that are treated with defense elicitors 
(such as methyl jasmonate) are made stronger against 
herbivores by increasing their volatile-based alarms. Farmers 
control pests by utilizing pheromone traps daily to detect pest 
populations and schedule biological control releases. Seizing 
on such signals reduces reliance on conventional pesticides 
and brings pest control into greater alignment with nature's 
processes. 

Microbiome Engineering: Microbial community 
engineering opens up new avenues. Plant inoculation with 
plant growth-promoting rhizobacteria or endophytes can 
activate improved plant hormone signaling and alter volatile 
profiles. Trichoderma fungi or Pseudomonas bacteria seed 
coatings, for instance, can systemically immunize crops. 
From the insect side, inactivation of pest symbionts (e.g., 
through RNA interference) can disrupt pheromone synthesis 
or detoxification mechanisms, disabling pests. Novel 
approaches include engineering microbes to produce 
insecticidal chemicals or plant hormones in their stead. They 
are based on understanding microbe–host chemical interfaces 
and offer a living arsenal for crop protection. 

Monitoring, Early Warning, and Restoration: Sensing and 
molecular diagnostics breakthroughs make proactive 
management possible. Electronic "noses" and handheld mass 
spectrometers may be used to identify volatile profiles of pest 

attack or stress prior to the onset of symptoms. Environmental 
DNA (eDNA) methods identify minute DNA of pests or 
pathogens (usually associated with their metabolites) in air or 
soil samples. These early warnings enable targeted 
interventions. For ecosystem restoration, restoration of 
ecosystems' natural chemical networks is also significant. 
Establishing native floral species with established attractive 
odors can aid in the recovery of pollinator communities, and 
healing healthy soil microbiomes can re-enable plant-microbe 
signaling. Knowing how climate change affects volatile 
emission is also important, since changes in signal intensity 
or timing could undermine established interactions. These 
applications demonstrate that the chemical ecology wisdom 
can inform productive agriculture and conservation. 

6. Conclusion 
Chemical signals at a microscopic scale constitute the 

informational logic of multispecies ecological networks. 
Molecules that are produced at the cellular level—plant 
terpenes, insect pheromones, microbial antibiotics, and so 
on—are passed through food webs to influence ecosystem 
functioning and community composition. Plant-released 
volatiles, for example, can determine whether herbivores 
survive or perish by attracting natural enemies, while 
microbial signals in insect gut food can modify host feeding 
and pheromone release. New developments in genomics, 
metabolomics, and ecological modeling are shedding light on 
the genes and pathways underlying these signals and their 
evolution. 

Bridging microscopic to macroscopic is a frontier. 
Integrative approaches that combine molecular biology with 
field ecology and network analysis will need to be developed 
to predict how small-scale chemical signals project onto 
large-scale patterns. By deciphering the "chemical language" 
of nature, researchers can more accurately predict ecological 
response to change (e.g., climate or land use change) and 
create sustainable management plans. Resonating agriculture 
and conservation with the natural chemical communication 
networks rather than avoiding them presents a compelling 
approach to resilient ecosystems and effective pest control. 
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