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A ripening mango hangs from its branch for weeks, unable to run from a hungry fruit bat,
a boring insect larva, or a fungal spore looking for a foothold. An apple on the tree, a
bunch of grapes on the vine, a strawberry low in the undergrowth each is an enormous
biological investment sitting exposed and immobile, often for months, before the plant's
reproductive strategy can be completed. And yet fruit plants are not passive targets. Long
before the fruit is sweet enough to eat, it is already armed: loaded with a rotating cast of
chemical compounds that shift, region by region and week by week, from active defense to
active seduction. The same tissue that repels an insect in June may be recruiting a bird to eat
it in September.

Introduction: Fruit Plants as Active Defenders

For much of the twentieth century, the unusual compounds found in plant tissue — bitter
alkaloids, astringent tannins, pungent essential oils were dismissed by biochemists as
metabolic clutter, byproducts with no clear function, labeled "secondary” in contrast to the
primary metabolites (sugars, amino acids, lipids, nucleotides) that keep every cell alive. Fruit
tissue, rich in both categories, offered an especially confusing case: how could a plant
simultaneously load its fruit with sugars meant to attract animals and with toxins meant to
repel them? The answer is that these compounds are not accidental at all. They are products
of dedicated specialized metabolism, precisely tuned pathways that differ from species to
species and, crucially, change dramatically across a fruit's development. (Rajesh et al., 2024;
Mazid et al., 2011; Khan et al., 2025) Plants produce these compounds as frontline defense
molecules against biotic and abiotic stresses, deploying them as deterrents, toxins, and signals
that protect against herbivores, pathogens, and environmental damage and fruit tissue is one
of the most chemically dynamic arenas in which that defense plays out. (Khan et al., 2025;
Shakeel et al., 2025) More than 200,000 distinct specialized metabolites have been identified
across the plant kingdom, a diversity shaped by an evolutionary arms race between plants and
the organisms that would eat, infect, or otherwise exploit them and fruit, as one of the most
contested tissues on any plant, has been a major battleground in that arms race.

Green Fruit, Armed Fruit: Major Classes of Defensive Compounds

Walk through an orchard or a vineyard and you are walking through a chemistry lab. Each
major class of specialized metabolite shows up somewhere in the life of a fruit. Terpenoids,
built from repeating five carbon isoprene units, are especially abundant in fruit rinds and
peels. Many acts as volatile emissions that repel herbivorous pests directly while functioning
as antibiotic agents against microbes, and some varieties help attract the predatory insects that
hunt those same herbivores. (Khan et al., 2025; Salam et al., 2023) The characteristic sharp
smell of a scratched orange or grapefruit peel comes from limonene and related terpenoids,
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concentrated in oil glands just beneath the skin a layer of chemical armor guarding the fruit's
outer boundary long before a single sugar has accumulated inside. Alkaloids, nitrogen
containing compounds among the most potent natural toxins known, cause direct toxicity to
insects and microbes by disrupting the nervous system, and their production is often
upregulated in response to pathogen exposure. (Khan et al., 2025; Salam et al., 2023) Unripe
tomatoes, technically a fruit, are loaded with the alkaloid tomatine, which declines sharply as
the fruit ripens and reddens a chemical countdown that keeps the fruit toxic to many animals
until its seeds are mature enough to survive passage through a gut. Coffee cherries carry a
related story: the caffeine concentrated in their seeds deters seed predators and pathogens
alike. Phenolic compounds, including flavonoids and tannins, act as antimicrobial,
antifeedant, and antioxidant agents, altering microbial membrane permeability and inhibiting
efflux pumps and protein synthesis in invading organisms. (Rajesh et al., 2024) Anyone who
has bitten into an unripe persimmon or a green banana has tasted this chemistry directly: the
mouth puckering astringency comes from a dense load of tannins that renders the immature
fruit unpalatable, protecting the developing seed until it is ready to be dispersed. As the fruit
ripens, those same tannins are often chemically converted or diluted, and the astringency
disappears almost overnight. Glucosinolates, best known from mustard family crops, sit inert
until tissue damage triggers their hydrolysis into toxic breakdown products, with activation
also driving callose plug formation that seals wounded tissue against further invasion. (Al
Khayri et al., 2023; Mahanta et al., 2025) Papaya seeds, encased within the fruit's soft flesh,
carry glucosinolate derived compounds that give them their peppery bite a defense positioned
exactly where it matters most, around the seed rather than the pulp meant to be eaten.
Saponins, soap like glycosides that disrupt cell membranes, suppress a remarkably diverse
range of pathogens, including fungi and nematodes, giving them broad antifungal and
insecticidal activity. (Shakeel et al., 2025) They turn up in the bitter compounds of avocado
peel and seed, guarding tissue that is not meant to be consumed even as the buttery flesh
around it is. Cyanogenic compounds offer perhaps the clearest illustration of how fruit
chemistry is organized by tissue. Stone fruits peaches, apricots, cherries, and almonds among
them, store cyanogenic glycosides almost exclusively in their kernels and pits. Bite into the
sweet flesh of a ripe peach and you encounter almost none of this chemistry; crack open the
pit and a very different, far more heavily defended tissue is revealed. The pattern is consistent
across the whole defensive chemistry of fruit: sweetness on the outside, chemical armor
around the seed.

How Fruit Plants Defend Against Herbivores and Insects

Insects and larger herbivores put constant pressure on developing fruit e.g. codling moths
boring into apples, fruit flies laying eggs beneath the skin of stone fruit and citrus, weevils
targeting mangoes before they ripen. Secondary metabolites intervene at nearly every stage:
reducing palatability so an insect abandons a first bite, acting as outright toxins if it persists,
interfering with digestion so a successful attack yields little nutrition, and altering insect
growth, development, reproduction, and behavior over time. This is a war measured in
generations. Herbivores that survive a fruit's chemical defenses pass on whatever tolerance
they evolved; the plants that survive those adapted herbivores pass on whatever new
chemistry they produced in response. This biochemical arms race has driven the
extraordinary diversification of specialized metabolites, making chemical innovation a central
strategy for plant survival. (Khan et al., 2025; Al Khayri et al., 2023) But the arms race rarely
produces a clean, permanent winner: specialist herbivores frequently circumvent plant
defenses by detoxifying the metabolites they encounter, by sequestering compounds within
their own bodies for protection, or by repurposing plant chemicals as cues for finding and
recognizing a host and even as a food source in their own right. (Rajesh et al., 2024; Bennett
& Wallsgrove, 1994; Divekar et al., 2022) The apple maggot fly, whose ancestral population
specialized on hawthorn fruit before adapting to cultivated apples within the last few
centuries, is a living demonstration of how quickly a specialist insect can track a fruiting
plant's chemistry across a new host.
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Chemical Warfare Against Postharvest Rot and Fruit Pathogens

Fungi, bacteria, and oomycetes are as much a threat to fruit as any insect arguably more so,
since fungal rot is one of the single largest causes of postharvest fruit loss worldwide.
Specialized metabolites form a critical part of the chemical wall against these invaders,
divided broadly into phytoanticipins, present in healthy fruit tissue before any infection
occurs, and phytoalexins, synthesized rapidly in response to an attempted infection.
Grapevine offers one of the best known examples of induced fruit chemistry in action: when
grape skin is challenged by fungal pathogens such as Botrytis cinerea, the vine ramps up
production of resveratrol, a stilbene type phytoalexin that helps limit fungal spread. A
textbook case connecting a single defensive molecule to a specific, well documented plant—
pathogen interaction. Citrus fruit mount a comparable induced response, synthesizing
antifungal coumarin type compounds in the peel once a wound or infection is detected.
Alkaloid production in general is often upregulated specifically in response to pathogen
exposure, illustrating how the same chemical class recruited against herbivores can pivot to
fight microbes as well. (Khan et al., 2025; Salam et al., 2023)

Constitutive and Induced Defence in Ripening Fruit

Fruit is an unusually good showcase for the distinction between constitutive and induced
chemical defense, because the two strategies often map directly onto ripening stage.
Constitutive defenses rely on carbon based metabolites such as terpenes and polyphenols
stored continuously in specialized structures like resin canals, oil glands, and cell walls. The
tannins and terpenoids present in green fruit from the moment it sets. (Divekar et al., 2022)
Induced metabolites, by contrast, are synthesized only after an attack begins, and genetic
variation in how quickly and extensively a plant can mount this induced response partly
explains why some cultivars resist postharvest rot better than others. (Divekar et al., 2022;
Bennett & Wallsgrove, 1994) An unripe apple relies almost entirely on constitutive tannins
and acids to stay unpalatable; a ripening, softening apple with lowered constitutive defenses
instead depends on a rapid induced burst of phenolics the moment a fungal spore breaches the
skin. The trade off is stark and consequential: the very ripening process that makes fruit
attractive to seed dispersers simultaneously dismantles much of its passive chemical armor,
shifting the burden of defense onto faster, more reactive induced pathways.

From Attack to Chemical Response: The Signalling Network

How does a fruit "know" it has been punctured by an insect or infected by a fungus? Defense
related biosynthesis of specialized metabolites is orchestrated primarily by the
phytohormones jasmonic acid, salicylic acid, and ethylene, which activate downstream
transcription factors and switch on defense gene expression. (Rajesh et al., 2024; Mahanta et
al., 2025; Singh et al., 2026) Fruit chemistry offers a particularly vivid illustration of this
network, because ethylene plays a double role: it is both the classic ripening hormone that
softens fruit, converts starches to sugars, and breaks down chlorophyll, and a core defense
signal that helps trigger antimicrobial responses after wounding. Sesquiterpenoids draw on
both the jasmonic acid and salicylic acid pathways, polyphenols activate jasmonic acid
signaling alongside the phenylpropanoid pathway that builds phenolic compounds, and
alkaloid biosynthesis is linked to activation of the salicylic acid pathway. (Rajesh et al., 2024)
Transcription factor families including WRKY, MYB, AP2/ERF, bHLH, bZIP, and NAC
regulate the stress responsive genes controlling specialized metabolite biosynthesis under
both biotic and abiotic conditions. (Jan et al., 2021; Rabeh et al., 2025) At least five classes of
specialized metabolites — glucosinolates, benzoxazinoids, terpenes, aromatic compounds,
and green leaf volatiles — have been confirmed as genuine in planta defense regulators,
potentially acting through hormone like receptor binding or by depleting the plant's own
detoxification enzymes in a way that triggers a burst of reactive oxygen species. (Erb &
Kliebenstein, 2020) In this emerging view, specialized metabolites serve as reliable readouts
of defense activation, integrated into feedback loops that let a plant continuously monitor and
fine tune how much it invests in defending its developing fruit. (Erb & Kliebenstein, 2020)
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Fruit Plants as Chemical Communicators

Defense chemistry in fruit does not stop at direct toxicity, it also broadcasts. Volatile organic
compounds released upon herbivory directly deter some pests while recruiting parasitic
wasps and other natural enemies of the herbivore, enabling an indirect form of defense built
on multi trophic interactions. (Divekar et al., 2022; Khan et al., 2025) Orchard growers have
long exploited this: apple and citrus trees under insect attack release volatile blends that draw
in parasitoid wasps, a signal researchers have studied as a potential tool for reducing
insecticide use. The same chemical vocabulary flips its meaning as fruit ripens. The volatile
terpenoids and esters that make a ripe strawberry or mango smell irresistible are, in large part,
the same broad chemical families used earlier in development as deterrents — now tuned and
released in a completely different blend and concentration to signal readiness to fruit eating
birds and mammals rather than to repel them. And the relationship is not always
straightforwardly defensive: some pathogens have evolved to exploit specialized metabolites
as signals for host recognition or as a nutritional resource, rather than being deterred by them,
a reminder of the dual edged nature of these compounds. (Rajesh et al., 2024) A fungus that
has evolved to detect the very volatile cues meant to attract a disperser can use those same
signals to locate a ripening, softening, increasingly vulnerable fruit.

Fruit Chemistry Under Environmental Stress

Fruit skins sit directly exposed to the elements, and much of their defensive chemistry pulls
double duty against abiotic stress. Anthocyanins and other flavonoids that color apple skins,
grape skins, and berries deepen in response to sun exposure, helping absorb damaging
ultraviolet radiation and neutralize the reactive oxygen species that build up under intense
light, heat, or water stress. This overlap between biotic and abiotic stress responses is not
accidental: silicon mediated modulation of specialized metabolism has been shown to
enhance stress tolerance in plants, although the mechanisms underlying this abiotic protection
remain considerably less well understood than those governing pathogen resistance. (Ahanger
et al., 2020) A fruit's skin, in other words, is simultaneously a sunscreen, an antioxidant
reservoir, and a chemical shield against insects and fungi — three jobs performed by
overlapping sets of the same compounds.

Evolutionary and Ecological Significance

The chemistry of individual fruits becomes a structuring force across whole ecosystems and
agricultural landscapes. The coevolutionary arms race between plants and their herbivores
has made chemical diversification a central regulatory strategy for plant survival across the
plant kingdom, and fruiting plants add a further evolutionary wrinkle: the same tissue must
repel enemies early and attract partners later, a dual mandate that has shaped the elaborate
ripening chemistry seen across cultivated and wild fruit species alike. (Khan et al., 2025; Al
Khayri et al., 2023) Domestication has, in many crop lineages, weakened these chemical
defenses and lowered intrinsic resilience to herbivory while also altering the specialized
metabolites found in nectar and pollen that influence pollinator visitation. (Divekar et al.,
2022) The story is especially visible in fruit crops: centuries of selective breeding for
sweetness, low acidity, and reduced bitterness in apples, tomatoes, and grapes have, in many
cases, selected directly against the tannins, alkaloids, and other defensive compounds their
wild ancestors relied on — a genuine trade off between the traits that please a human palate
and the traits that once protected the fruit in the wild.

Implications for Sustainable Fruit Production

Understanding this natural chemistry offers real, if bounded, opportunities for fruit
agriculture. Biotechnological tools including metabolic engineering, transgenic approaches,
and genome editing now offer pathways to manipulate specialized metabolite biosynthesis in
pursuit of more stress resistant and disease resistant fruit varieties. (Divekar et al., 2022;
Singh et al., 2026; Shabbir et al., 2025) Plant derived metabolites represent an
environmentally friendlier alternative to synthetic chemical pesticides. (Al Khayri et al.,
2023; Shakeel et al., 2025) In postharvest storage specifically, researchers and growers have
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explored plant based antifungal compounds, extracts rich in phenolics, terpenoids, or
saponins as coatings or treatments to slow the fungal rot that otherwise claims a substantial
share of the world's harvested fruit before it ever reaches a consumer. Breeding programs that
reintroduce lost defensive chemistry, or that fine tune the balance between palatability and
resistance, represent a realistic middle path for orchard and vineyard crops — not a wholesale
replacement for existing crop protection, but a complementary tool within it.

Challenges and Trade Offs

None of this should be mistaken for a simple story of chemical superweapons hidden inside
every fruit. Defense compounds are metabolically expensive, and every unit of carbon and
nitrogen a plant invests in a toxin, a tannin, or a signaling cascade is a unit unavailable for
fruit growth, sugar accumulation, or seed production — the long recognized trade off
between growth, ripening, and defense. Concentration and even the identity of a fruit's
specialized metabolites shift dramatically across its lifespan, from flower to green fruit to ripe
fruit to overripe fruit, and vary between skin, flesh, and seed tissue within the very same
piece of fruit at the very same moment. Genetic variation between cultivars, rootstocks, and
growing regions further means that no single defensive chemical profile applies universally
even within one fruit species — two apple varieties grown side by side can differ
substantially in their tannin content, their susceptibility to a given postharvest pathogen, or
their attractiveness to a particular insect pest. Nor is any chemical defense permanent. Both
herbivores and pathogens continue to adapt, evolving detoxification enzymes, resistance to
postharvest fungicides, or entirely new ways of exploiting a fruit's chemistry for their own
benefit, which is precisely why the arms race never truly ends. Effective use of this
chemistry, in the orchard or in the lab, has to reckon with this complexity rather than treat
any single compound as a silver bullet against fruit loss.

The Future of Fruit Chemical Defence

The tools available for studying fruit chemistry have expanded enormously. Metabolomics,
transcriptomics, and modern plant genomics now allow researchers to trace, almost in real
time, how a fruit's chemical profile shifts across ripening and in response to a specific pest or
pathogen, and gene editing technologies open the possibility of deliberately strengthening
particular defense pathways in fruit varieties that have lost them through generations of
breeding for sweetness and shelf appeal. Microbiome research adds another layer, revealing
how the bacteria and fungi living on fruit surfaces and within orchard soils can themselves
influence, and be influenced by, a plant's specialized metabolite output with direct
implications for postharvest storage life and food waste reduction. None of this promises to
end the evolutionary arms race between fruit plants and their enemies, but it offers growers
and researchers an increasingly detailed map of a chemical battlefield that unfolds anew in
every orchard, every growing season, and every piece of ripening fruit.

Conclusion

The fruit on a tree or vine is not a passive offering, ripening in blissful safety until an animal
happens by. It is the product of a running chemical negotiation armored while green, softened
and re signaled as it ripens, and defended right up to its final, most vulnerable tissue, the seed
at its core. The bitterness of an unripe persimmon, the pucker of a green banana, the sting
hidden in a papaya seed, and the fragrance of a ripe mango are not separate phenomena but
chapters of the same chemical story, told across the life of a single fruit. The more clearly
researchers map that story, the more obvious it becomes that fruit plants, far from
surrendering their harvest passively to the world, have spent millions of years perfecting
exactly when to fight and when to invite the world in.
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