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Abstract

The need to investigate ecological and sustainable approaches to weed management, as
well as to reduce the negative environmental impact of chemical herbicides, is becoming
increasingly important in modern agriculture and land management. Among alternative
strategies, allelopathy is a natural mechanism by which particular plant species release
bioactive compounds that can influence the germination, growth, and development of
neighboring plants. Harnessing allelopathic interactions offers an opportunity to develop
environmentally friendly alternatives to synthetic herbicides and helps preserve ecological
balance within agroecosystems. This review examines the potential of allelopathic plant-
derived substances for weed control in agricultural systems, with particular emphasis
on managing weed populations in vegetable crops and gardens in urban and peri-urban
areas. This study introduces the concept of allelopathy with definitions and general
information. Subsequently, the paper analyzes the phenomenon’s presence at the plant
level, its interactions, and the extracts obtained from allelopathic plants. The paper focuses
on essential oils and fatty acid-derived compounds, such as pelargonic acid, which have
demonstrated significant inhibitory effects on weed germination and biomass accumulation.
Overall, the presented results establish a scientific basis for developing bioherbicides and
support implementing sustainable, environmentally responsible horticultural practices.

Keywords: allelopathy; allelochemicals; essential oils; plant extracts; bioherbicides;
organic crops

1. Introduction
Over the last two decades, the expansion of urban and peri-urban areas has generated

increasing interest in food production within limited spaces, particularly through private
gardens and small-scale horticultural systems. These systems address the need to combine
functionality with sustainability; however, the land used is often unsuitable for cultivation
and requires substrate improvement and frequent soil interventions. In this context, there
is a growing need to develop crop management and protection methods that are effective,
accessible, and compatible with the natural functioning of ecosystems, without generating
long-term ecological imbalances [1,2].

Agroecosystems are complex structures in which living organisms interact through
competition and cooperation, and intensified human intervention has, over time, led to
soil degradation, the emergence of plant diseases, and the development of weed and pest
resistance to conventional control methods [3–7]. Within plant communities, competition
for resources results in the hierarchization of species, favoring those with high adaptive
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capacity. In vegetable cropping systems, this competition is particularly pronounced,
with weeds negatively affecting crop development through resource competition and
chemical interference [8].

Vegetable crops are of significant importance from both nutritional and economic per-
spectives. Yet, they are highly vulnerable to weed infestation, especially under conditions
of short crop rotations, high crop value, and limited herbicide availability, particularly in or-
ganic agriculture [9,10]. The use of insufficiently fermented compost, undecomposed plant
residues, or contaminated fertilizers contributes to weed emergence and spread, with many
species exhibiting high reproductive capacity, ecological adaptability, and long-term seed
viability [11–15]. Problematic species, such as common ragweed (Ambrosia artemisiifolia)
and creeping thistle (Cirsium arvense), cause direct yield losses and facilitate the persistence
of diseases and pests within agroecosystems. These species are highly adaptable to essen-
tial resources, such as water, light, and nutrients. They also form extensive root systems
and produce a large number of viable seeds. These characteristics allow them to colonize
crops and persist in the soil rapidly. These species are also often host plants for numerous
pathogens and insect pests, thereby contributing to biotic pressure on crops over multiple
growing seasons.

In this context, allelopathy—defined as chemically mediated inhibitory or stimulatory
interference between organisms—has gained renewed attention as a potential component
of ecological weed management strategies. From its initial conceptualization to modern
Ecophysiological and agroecological interpretations, allelopathy has been examined as a
mechanism by which plants release secondary metabolites that can influence the germina-
tion and growth of other species [16–18]. Practical interest in this phenomenon arises from
the persistent gap between the ecological need to reduce chemical inputs and the actual
pressure exerted by weeds and pests on crops, particularly in horticultural systems [19].

Vegetable cropping systems represent a particularly relevant framework for applying
allelopathic principles for several reasons. The frequent integration of cover crops, mulches,
biofumigation practices, and intercropping creates conditions conducive to allelopathic
processes, which may complement physical weed suppression and ecological regulation
within agroecosystems [19–21]. Numerous cultivated species and cover crops, especially
those belonging to the Brassicaceae and Alliaceae families, as well as cereals such as rye
and sorghum, are associated with well-characterized secondary metabolites, including glu-
cosinolates, isothiocyanates, benzoxazinoids, and phenolic compounds, with documented
inhibitory potential against weeds [22–25].

Nevertheless, the effectiveness of allelopathic processes is strongly influenced by
genotype, pedoclimatic conditions, residue management practices, and interactions
with soil microbiota, which explains the variability of results reported under labora-
tory and field conditions [26–29]. Recent literature emphasizes that allelopathy may
produce both beneficial and undesirable effects, depending on crop sequence and eco-
logical context, highlighting the need for critical evaluation before its integration into
routine agricultural practices [30–32].

In Romania and the broader region, growing interest in allelopathy is reflected in
both conceptual and applied research focusing on vegetable cropping systems, intercrop-
ping technologies, and the use of plant-derived extracts, underscoring the potential of
this concept for developing locally adapted, sustainable management strategies [8,33–35].
However, the available information remains fragmented across disciplines, which justifies
the need for a structured synthesis focused explicitly on vegetable production systems [36].

Therefore, this paper aims to provide an integrated analysis of allelopathy and al-
lelopathic substances, with emphasis on their role in the ecological control of weeds and
pests in vegetable crops. The study seeks to link biochemical mechanisms with practical
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applications, identify methodological limitations, and highlight relevant research directions
for sustainable and organic agriculture, with applicability at the farm scale.

2. Conceptual Framework of Allelopathy
Allelopathy is a biological phenomenon specific to plants (Figure 1) in which bio-

chemical substances produced by one plant interact with or inhibit nearby plants through
phenolic compounds, volatile compounds, or alkaloids, creating both positive and negative
effects. Plants that can influence the growth and development of other plants by releasing
these compounds into the environment are called allelopathic plants [12].

Figure 1. The phenomenon of allelopathy [37].

Rice, in his monograph on allelopathy, offers a more complex definition that en-
compasses the direct and indirect effects of plants on one another and on those around
them. In the same sense, other researchers have closely examined the phenomenon of
allelopathy and ruled out the idea of plant competition, finding that allelopathic effects
alter plant development [1,17].

Allelopathy can also be defined as the phenomenon of biochemical interference be-
tween plants, whereby a plant species releases secondary compounds (allelochemicals) into
the environment that influence the development of other species. These compounds are
often secondary metabolites such as phenols, alkaloids, or terpenoids. Roots, released as
vapors or resulting from the decomposition of plant debris, can inhibit the germination,
growth, or reproduction of target plants. Unlike classical competition, where limited en-
vironmental resources (sunlight, water, and mineral nutrients) are exploited, allelopathy
directly introduces inhibitory chemicals into the soil and air, affecting the physiology of
competing plants (Table 1). However, both processes can limit the growth of coexisting
species; allelopathy acts by releasing toxins into the ecosystem, while simple competition
reduces the concentration of resources available to plants [11,18,38–40].

Competition between plants is also an exploratory mechanism, as each species tries to
capture abiotic resources from the environment as efficiently as possible. This causes plants
to develop morphological and physiological strategies to collect light (through extended
leaves and shade-avoidance reactions), water, and nutrients from the soil (through extended
root systems) as easily as possible. Unlike allelopathy, this type of interaction does not
involve the release of toxic substances. Classical competition is based purely on resource
consumption, thus shaping the vertical structure and spatial distribution of vegetation [41].
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Table 1. Physiological mechanism based on allelopathic compounds [42–46].

Plant Name Scientific Name Active Compounds Mode of Action Effects

Basil Ocimum basilicum L. Eugenol, estragole,
linalool, cineol

Destruction of the cell
membrane, inhibition of

cell division, and disruption
of photosynthesis

Reduced the growth
rate of nearby plants

Thyme Thymus vulgaris L. Thymol, carvacrol

Inhibition of water
absorption in the plant,

inhibition of cellular
respiration, and disruption

of protein synthesis in
the soil

Destruction of
common weeds and

limitation of their
development

in crops

Wild thyme Thymus serpyllum L.
Tannins, thymol,

carvacrol, organic
acids, ethanol

Reduced germination rate,
inhibition of root elongation

Reduced the growth
rate of nearby plants

Lavander Lavandula
angustifolia Mill.

Linalyl acetate,
lavandulil,

linalool, camphor

Inhibition of germination,
damage to the root system,

inhibition of shoot
development, antifungal
effects, repellent effects

against pests

Reduced the growth
rate of nearby plants,

assisting in pest
control in crops

Mint Mentha piperita L.
Flavonoids, volatile
acids, polyphenols,

menthone

Repellent effects against
pests, inhibition
of germination

Reduced the growth
rate of nearby plants,

assisting in pest
control in crops

Oregano Origanum onites L. Carvacrol, thymol
Inhibition of germination

and blockage
of photosynthesis

Reduced the growth
rate of nearby plants

Rosemary Rosmarinus
officinalis L.

Rozmarinic
acid, carnosol

Inhibition of germination
by blocking

cellular respiration

Reduced the growth
rate of nearby plants

Sage Salvia officinalis L.
Camphor, cineole,

phenolic
acid, salvinol

Slowing seedling growth
and root elongation,

inhibition of seed
germination, antibacterial
and antifungal effects in

the soil

Destruction of
common weeds and

limitation of their
development in

crops, and
elimination of

crop pests

Allelochemicals are chemical compounds produced by plants, microorganisms, or
animals that are released into the environment through mechanisms such as root exudation,
volatilization from aerial parts, leaf washing by precipitation, or decomposition of plant
debris. Once in the environment, these compounds can significantly influence the growth,
development, germination, metabolism, or behavior of other organisms, including plants,
microorganisms, and insects [18,47–49].

Types of allelochemicals:

• Phenolic compounds (phenolic acids, flavonoids, tannins, quinones) such as ferulic
acid, p-coumaric acid, vanillic acid, juglone, act on membrane permeability, inhibiting
cell division and elongation, also block enzymes involved in germination and photo-
synthesis, generating oxidative stress. The effects of these compounds are evidenced
by direct contact with tissues or by altering the root microenvironment [46,50].
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• Terpenoids (essential oils: mono- and sesquiterpenes) such as cineole, camphor, pinene,
limonene—volatile or easily leached substances; affect membrane integrity, ion trans-
port, and mitochondrial activity; can inhibit germination or primary growth by block-
ing cell division [43,51–53].

• Alkaloids such as caffeine, nicotine (in particular species), and other tertiary alkaloids
are considered allelochemicals that interact through enzymes and receptors, disrupt
protein synthesis and energy metabolism, and can be toxic at low concentrations,
affecting germination and early development [54,55].

• Benzoxazinones (benzoxazinoids), such as DIMBOA, BOA (in wheat, corn, rye), or
similar derivatives, represent a class of heterocyclic chemical compounds (C8H7NO2)
consisting of a benzene ring fused to an oxazine ring containing a carbonyl group
(C=O). Structurally, they are benzoxazine derivatives. They act through compounds
released into the soil as precursors or degradation products; they inhibit the growth of
weeds and certain microorganisms by blocking essential metabolic pathways and by
direct toxicity to the roots [56,57].

• Cyanogenic glycosides and isothiocyanates (derived from glucosinolates), a good
example for this is the cyanogenic glycosides (HCN release) and isothiocyanates from
Brassicaceae. They act by degrading and releasing reactive agents (cyanide, isothio-
cyanates) that inhibit cellular respiration and key enzymes and exert antimicrobial
effects, thereby reducing the competitiveness of sensitive species [24,26].

• Fatty acids and aliphatic compounds (aldehydes, ketones) such as pelargonic acid
and sorgoleone (root exudate specific to sorghum), which act by destabilizing the
membrane, causing loss of cell integrity and local dehydration, sorgoleone strongly
inhibits the absorption and growth of roots of other species [44,58–64].

• Saponins and steroids from various medicinal plants. The mode of action is by
disrupting the permeability of cell membranes (pore formation), also affecting the
absorption of nutrients, and may have antifungal/antibacterial effects [52].

• Non-protein amino acids, peptides, and purines-mimosine, caffeine (purine), etc.,
which interfere with nitrogen metabolism, protein synthesis, or enzyme function,
blocking germination by inhibiting key metabolic steps.

3. Sources of Allelopathic Compounds in Vegetable Systems
Allelopathy in vegetable cropping systems arises from diverse chemical interactions

among cultivated crops and associated plant species introduced through cover cropping,
mulching, or intercropping. From a practical standpoint, allelopathic effects with the high-
est agronomic relevance are those mediated by secondary metabolites released through
plant residues or biomass management, rather than by low-dose root exudation alone. Con-
sequently, understanding allelopathy in vegetables requires integrating chemical identity,
release pathways, biochemical mode of action, and field-scale context (Table 2) [20,65,66].

Table 2. Allelopathic action of vegetable species [8,21,22,57,67–69].

Species Allelochemical
Class

Release
Pathway

Primary
Target Evidence Level Notes

Brassicaceae spp.
(cabbage,
Mustard)

Glucosinolates
→ ITCs1

Residue
incorporation

Weeds,
Pathogens

Field +
greenhouse

Strongly
management-

dependent

Allium spp. Organosulfur
Compounds

Residues,
tissue disruption Pathogens Greenhouse >

field Short persistence
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Table 2. Cont.

Species Allelochemical
Class

Release
Pathway

Primary
Target Evidence Level Notes

Fabaceae spp. Phenolics,
flavonoids

Residues,
Exudates

Weeds
(indirect) Field (mixed) Effects

often indirect

Solanaceae spp. Glycoalkaloids,
Phenolics Residues Weeds,

pathogens Greenhouse Risk of autotoxicity

Rye spp. Benzoxazinoids,
Phenolics Mulch, residues Weeds Field High

biomass advantage

Sorghum spp. Sorgoleone,
phenolics Roots, residues Weeds Field +

greenhouse
Warm-

season systems

ITCs1—isothiocyanates derived from Brassicaceae.

Among the vegetable crops, Brassicaceae (e.g., cabbage, mustard, radish, perennial
wall-rocket) offer the best-documented and best-understood mechanistic allelopathic sys-
tem. Their biological activity is mainly determined by glucosinolates and their enzymatic
hydrolysis products, especially isothiocyanates (ITCs). These compounds are generated
when plant tissues are destroyed, and myrosinase enzymes come into contact with glu-
cosinolates in the presence of moisture. In plant systems, this process is deliberately
exploited through biofumigation, where fresh Brassicaceae biomass is incorporated into the
soil before planting [24,28,29].

Isothiocyanates are highly reactive molecules that can disrupt cell membranes, inhibit
enzyme activity, and induce oxidative stress in germinating weed seeds and soil pathogens.
Field studies indicate that their suppressive effects are strongest in the early stages of weed
emergence, particularly against small-seeded annual weeds, and under conditions that
promote rapid hydrolysis and temporary soil sealing (adequate moisture, incorporation of
fine residues). However, the effectiveness of Brassicaceae-mediated allelopathy is highly
variable, as ITCs have a short lifespan and their bioavailability is strongly influenced by soil
texture, organic matter content, microbial activity, and climatic conditions. Thus, although
Brassicaceae vegetables represent the most “usable” allelopathic system in vegetables, their
success depends more on precise management than on species selection [70].

Allium crops, such as onions, garlic, and leeks, have the potential to contribute to
the allelopathic effect in vegetable gardens, mainly through the organosulfur compounds
they contain. These compounds include thiosulfinates, which are derived from S-alk(en)yl-
L-cysteine sulfoxides. These compounds are produced quickly following tissue damage
and exhibit strong antimicrobial activity. In vegetable rotations or intercropping systems,
residues of Allium and sulphur compounds derived from their roots can suppress soil
pathogens locally and influence microbial communities [19,35].

However, the allelopathic contribution of Allium species to weed suppression under
field conditions is less consistent than that of the Brassicaceae family. The high reactivity and
short persistence of sulphur compounds limit their spatial and temporal range of action,
making them more relevant for localised pathogen suppression or as part of integrated
crop rotations than as standalone weed management tools [21,26,29].

In Fabaceae (e.g., beans, peas, vetch, clovers), allelopathic effects are primarily as-
sociated with phenolic acids, flavonoids, and related secondary metabolites released
through residues and root exudates. Unlike Brassicaceae, Fabaceae rarely produce a sin-
gle dominant allelochemical with strong biocidal properties. Instead, their allelopathic
influence is typically moderate and often intertwined with other ecological processes, in-
cluding nitrogen enrichment, changes in microbial communities, and altered crop–weed
competition dynamics [8,28].
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In vegetable crops, Fabaceae are more accurately viewed as facilitators of indirect
allelopathy, where chemical effects interact with improved soil structure and biological
activity. Field evidence suggests that weed suppression attributed to Fabaceae is often due
to the combined impact of residue cover, shading, and altered nutrient availability rather
than to direct phytotoxicity alone.

Allelopathic effects in Solanaceae (tomato, pepper, eggplant, potato) are linked to gly-
coalkaloids, phenolic compounds, and terpenoids. These metabolites can exhibit phytotoxic
and antimicrobial properties, particularly in laboratory and greenhouse studies. However,
their practical application in vegetable systems is constrained by the risk of autotoxicity,
carry-over effects in rotations, and inconsistent persistence in soil [57].

As a result, Solanaceae residues are seldom used intentionally for allelopathic weed
control. Instead, their chemical effects are best interpreted within a broader residue man-
agement and rotation framework, where both beneficial and detrimental impacts must
be considered.

The effects and allelopathic potential of some vegetable species such as sweet potato
(Ipomoea batatas L.), are known for its content in phenolic compounds and flavonoids, pepper
(Capsicum annuum L.), rich in capsaicinoids and polyphenols, dill (Anethum graveolens L.),
parsley (Petroselinum crispum Fuss.) and fennel (Foeniculum vulgare Mill.), aromatic plants
containing essential oils and terpene derivatives, as well as carrot (Daucus carota L.) and
onion (Allium cepa L.) [50,71], known for the presence of phenolic compounds and sulfur
substances, were investigated. Laboratory studies analyzed the extracts and found that
they can have both inhibitory and stimulatory effects on plant germination and growth,
depending on the species, concentration, and application conditions.

Defining allelopathic relationships among different vegetable species is necessary
because, through their biochemical structures, these vegetables produce allelochemicals that
can influence the development of other species, including weeds in crops. These interactions
become especially evident in associated crops, where both compatibility phenomena,
determined by tolerance to certain bioactive substances, and repellency or inhibition
effects, generated by plants’ sensitivity to compounds released into the environment, can
be observed [72].

4. Effects of Allelopathy on Weed and Pest Dynamics
Studies covering the effects of allelopathy on weeds have been analyzed in different

areas at different stages and through various approaches in light of the complexity of this
phenomenon, highlighting several types of effects, namely, through substances produced
from acids [44,54,57–60], essential oils [42–44], aqueous extracts (Figure 2) [50,73–76], and
microorganisms, bacteria or fungi [77] by direct application to the vegetative parts of plants,
placed on the soil as fresh or decomposed compost [6], incorporated into the soil, or even
through the roots of secretory plants cultivated in combined crops capable of synthesizing
substances with inhibitory effects [9].

The allelochemical substances discovered and studied have demonstrated the possibil-
ity of introducing them into organic crop systems, with positive effects on inhibiting weed
seed germination and on plant growth and development.
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Figure 2. The benefits of using aqueous extracts in allelopathy.

In vegetable crops, aqueous plant extracts can also play a favorable role. These are
solutions obtained by extracting chemical compounds with allelopathic potential from
various plant parts, such as leaves, roots, stems, or seeds, using water as the solvent. These
extracts contain a wide range of allelochemicals, including phenolic acids, flavonoids,
alkaloids, terpenes, and sulfur compounds, substances known for their ability to influence
the physiological processes of neighboring plants. Lantana camara L. is recognized as a
medicinal plant used in traditional products due to its therapeutic properties; however,
it also contains high levels of allelochemicals that confer allelopathic activity. Aqueous
extracts obtained from vegetative tissues and callus of Lantana camara L. have shown
variable allelopathic effects on seedlings of Capsicum annuum L., Daucus carota L., Zea mays
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L., and Sorghum bicolor Moench., as well as on weed species such as Brassica campestris L.
and Ipomoea aquatica Forssk [46,50].

Based on these findings, Lantana camara L. can be classified as an invasive and noxious
species, as its allelopathic potential affects both vegetable and forage plants. Although
it demonstrates inhibitory effects on weed species, its use also has potential negative
consequences for cultivated vegetable crops [76].

The allelopathic effects of essential oils have been extensively investigated as sus-
tainable alternatives for weed and pest management in agricultural systems. Essential oil
extracted from basil (Ocimum basilicum L.) is effective against several problematic weed
species, including Agropyron repens (L.) P. Beauv., Setaria viridis (L.) P. Beauv., Amaranthus
retroflexus L., and Echinochloa crus-galli (L.) P. Beauv., when applied foliarly at different
concentrations, provided surprising weed control results 10 days after application [43].

The bioherbicidal activity of basil is associated with its main active constituents,
such as eugenol, which disrupts cell membrane integrity, estragole and linalool, which
inhibit cell division and plant development, and camphor and cineole, which interfere
with photosynthetic processes and limit physiological exchanges. In addition to foliar
applications, basil can suppress weed growth in associated cropping systems by releasing
allelochemicals into the soil through root exudates. However, basil essential oil can also
exert phytotoxic effects on certain vegetable crops, including lettuce, negatively affecting
seed germination and early seedling development [51,73,78–80].

The allelopathic potential of essential oils has been evaluated through laboratory and
field studies to determine their applicability in both vegetable and agricultural cropping
systems, for essential oils derived from aromatic and medicinal plants, such as corian-
der, oregano, rosemary, thyme, sage, mint and lavender, have been identified as weed
growth inhibitors by inhibiting cell division and seed germination by acting on essential
processes with the help of tannins, aldehydes, ketones, esters and ethers but also through
volatile compounds contained and released through the roots at soil level but also by their
volatilization during precipitation. In controlled laboratory experiments, essential oils
obtained by steam distillation can be applied to weed seed substrates at different concentra-
tions. The results indicate that the inhibitory effects increase in efficiency with increasing
concentration, with optimal results observed especially in dicotyledonous species such as
sesame and cowpea [42,81].

Similar allelopathic responses were observed following the application of the essential
oils of Cymbopogon citratus (L.) Spreng. and Ocimum gratissimum L., in which the primary
constituents citral, eugenol, and cineole significantly affected initial germination, total
germination, and the germination rate index in species such as lettuce and related species.
These effects led to reduced seed vigor and early plant development, highlighting the role
of essential oils in regulating weed-crop dynamics [82].

In addition, essential oils derived from Juniperus spp. can be applied to broadleaf
weed species present in field crops, acting by burning the plants and destroying the leaves,
thereby inhibiting photosynthesis [53,60].

Pelargonic acid is increasingly used as a contact herbicide due to its antibacterial prop-
erties and its immediate inhibitory effects on plant growth, contributing to the prevention
of infestations and the control of certain pathogens, as well as to the control of weeds in
crops Its mode of action involves the destruction of plant cell membranes and the inhibition
of photosynthesis, while also exhibiting sanitizing activity against diseases and pests [59].
Based on a saturated nonanoic fatty acid [58], naturally present in plants of the Pelargonium
family in esterified form, it is mainly used in urban and peri-urban areas to eliminate weeds
in small vegetable crops, landscaped areas, and fruit orchards on private properties. In
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liquid form, it can also be incorporated into the soil to act on weed roots and pests that
overwinter there.

Pelargonic acid has been tested for its effects on weed growth and seed development
in monocotyledons such as Agropyron repens (L.). P. Beauv., Lolium rigidum Gaud., and Avena
sterilis L. [44], both individually and in combination with two essential oils, namely citrus
oil (lemon or lemongrass) and manuka oil (tea tree). Combined treatments can produce
stronger inhibitory effects, achieving up to 96% reductions in plant biomass following
foliar applications. The general efficacy of pelargonic acid has been demonstrated in
various laboratory and field studies; however, it also has disadvantages, such as rapid
decomposition in soil and low efficacy in large agricultural crops. Its effects are being tested
on a small scale [44,83].

Environmental factors influence allelopathic interactions involving fatty acids and phe-
nolic compounds. The decomposition of phenolic compounds and carbon in the soil, along
with nutrient availability, can be strongly influenced by environmental temperature [6]
(Table 3). Rising temperatures increase the rate of decomposition of phenolic compounds,
thereby intensifying their allelopathic effects on plant development. Under these con-
ditions, seed germination and plant growth are reduced, resulting in an inverse rela-
tionship between environmental temperature, phenolic compound activity, and plant
development parameters [57].

Sorgoleone is an important allelopathic compound involved in weed suppression and
is naturally produced by sorghum roots. It is released through the hydrophobic exudates
of Sorghum bicolor Moench., roots, and has herbicidal effects on neighboring plant species.
According to the chemical structure of sorgoleone, 2-hydroxy-5-methoxy-1,4-benzoquinone,
it falls into the class of classical benzoquinones with a high content of phenolic compounds
and lipid compounds. The biosynthesis of sorgoleone in soil is mediated in most cases by
the enzyme CYP71AM1 and other cytochrome P450 monooxygenases [84,85].

Table 3. Substances involved. Effects on weeds [6,21,63,86].

Plant Species/Group Main Allelopathic Compounds Effects and Relevance of Vegetables
Cropping Systems

Rye (Secale cereale L.) Benzoxazinoids (DIBOA/DIMBOA *
derivatives), phenolic compounds

Strong residue and mulch effects on weed
emergence suppression; widely used as an

allelopathic cover crop

Sorghum/sorghum–
Sudangrass (Sorghum spp.)

Sorgoleone (root exudate),
phenolic compounds

Significant weed suppression, particularly
in warm-season systems; effects

associated with both root exudation and
residue decomposition

Buckwheat (Fagopyrum
esculentum Moench.) Phenolic compounds

Rapid soil canopy development and
effective competition with weeds; possible

additional allelopathic contribution

Marigold (Tagetes spp.) Thiophenes
Allelopathic effects are mainly discussed
in the context of nematode and soil-borne

pathogen management

Aromatic species
(e.g., Lamiaceae) Terpenoids

Antimicrobial and insecticidal properties;
primarily used as plant extracts rather

than as field-applied residues
* DIBOA/DIMBOA—secondary compounds produced by cereals.

Also, its analogues resorcinol and related hydroquinones are continuously secreted
throughout the growth period of sorghum plants, allowing their prolonged persistence
in the rhizosphere for a persistent effect on weed plants and pests, its longer persistence
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in the soil and the specific substances for synthesis and transport at the root-soil level
frame sorgoleone as a potent allelochemical and with high potential for use compared to
pelargonic acid for example (Table 4) [84,87–98].

Table 4. Comparative table of the effect of the substances Sorgoleone and Pelargonic acid [59–62,87].

Criterion Sorgoleone Pelargonic Acid

Origin and nature
Natural allelopathic compound produced
by the roots of sorghum (Sorghum bicolor
L.), of phenolic/benzoquinone * nature.

Saturated fatty acid (C9 *), commercially
used as a contact herbicide.

Mode of action
Inhibits photosynthesis, cellular

respiration, and other metabolic processes;
complex action with multiple targets.

Destroys the cellular membranes of green
tissues upon contact, causing

rapid dehydration.

Type of action Mainly preventive, inhibiting germination
and the growth of young plants.

Contact herbicide with rapid and visible
effects on young plants.

Spectrum of control Effective against several weed species, with
variable sensitivity among species.

Non-selective; affects all plants it comes
into contact with.

Soil persistence May persist locally in the upper soil layer,
exerting a prolonged allelopathic effect.

Low persistence; degrades relatively
rapidly in the environment.

Mobility and residues Low mobility; potential impact on
subsequent crops if not properly managed. Low risk of long-term residues.

Availability and use Mainly studied experimentally; limited
commercial use.

Commercially available in
various formulations.

Environmental impact High potential for use in ecological weed
control strategies; still under study.

Considered relatively safe when used
according to label instructions, but may

also affect non-target plants.
* C9—nonanoic acid; benzoquinone—yellow crystalline organic compound.

5. Experimental Approaches Used in Allelopathy Research
The experimental approach to allelopathy is an essential tool for understanding the

mechanisms by which plant-produced chemical compounds influence the growth and
development of other plants. Laboratory experiments enable the isolation, identification,
and testing of allelochemicals, including essential oils, organic acids, aqueous extracts,
and various secondary metabolites. In-depth laboratory studies provide relevant data on
the inhibitory effects of allelochemicals and allelopathy, constituting the scientific basis
for extrapolating the results to greenhouse and field experiments and for developing
sustainable weed control strategies (Table 5).

Table 5. Allelopathy targets. Objectives and characteristics [90,91].

Target
Group

Primary
Objective

Main
Allelopathic Effects

Most
Sensitive Stage

Key Compounds/
Plant Sources

Limitations
/Variability

Weeds
Suppression of weed

emergence and
early growth

Inhibition of seed
germination

Reduced radicle and
root growth

Early seedling
vigor reduction

Pre-emergence to
early post-emergence

Phenolics (rye,
buckwheat),

benzoxazinoids (rye),
sorgoleone (Sorghum),

isothiocyanates
(Brassicaceae)

Strongly
species-dependent

Small-seeded annuals are
more sensitive
Perennials and

large-seeded weeds are
less affected
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Table 5. Cont.

Target
Group

Primary
Objective

Main
Allelopathic Effects

Most
Sensitive Stage

Key Compounds/
Plant Sources

Limitations
/Variability

Soil-borne
pathogens

Reduction of
inoculum potential

and disease pressure

Antimicrobial
activity

Enzyme and
membrane damage

Indirect suppression
via microbiome shifts

Free-living or early
infection stages

Isothiocyanates
(Brassicaceae), phenolics,

thiosulfinates
(Allium spp.)

Narrow dose–time
window

Strong dependence on
soil moisture and

temperature
Effects often transient

Nematodes
Suppression of

population density
and activity

Toxic effects on
juveniles and eggs
Interference with

mobility
and reproduction

Motile juvenile stages
Thiophenes (Tagetes spp.),

isothiocyanates
(Brassicaceae)

Species-specific responses
Requires proper residue

management
Variable persistence

in soil

Insect pests Indirect regulation
within IPM systems

Altered host plant
quality

Reduced herbivore
performance

Enhanced natural
enemy interactions

Feeding and
developmental stages

Terpenoids
(aromatic plants),
phenolics, sulfur-

containing compounds

Weak direct allelopathic
effects

Mostly indirect and
system-dependent

Rarely effective as a
stand-alone control

Essential oil derived from basil plants is an effective bioherbicide against Agropyron
repens (L.) P. Beauv., Setaria viridis (L.) P. Beauv., Amaranthus retroflexus L., and Echinochloa
crus-galli (L.) P. Beauv., plants. When applied to the leaves, it can significantly reduce weed
biomass. In an experiment, five concentration variations were used, namely 0.8%, 1.6%,
3.2%, 6.4%, and 12.8% mg of pure extract, which, when applied after plant emergence,
reduced plant biomass by up to 68% after foliar spraying. The results were recorded 10 days
after treatment.

The effectiveness of essential oils has been tested in several ways, including laboratory
experiments and in the outdoor environment (field studies), and they can bring major
benefits to vegetable crops as well as large cereal crops. In a laboratory experiment,
extracts from essential oils were obtained by steam distillation. For each extract, several
concentrations were used, namely 3%, 6%, 10%, and 20%, which were applied to the
substrate of the weed seeds. The allelochemicals derived from the aforementioned aromatic
plants [42,43,55] are recognized in the paper as essential oils, volatile compounds, and
etheric oils used in substances applied against weed seeds. The results obtained are
presented in the study for each concentration, with the best and most accurate results being
obtained at concentrations higher than 6%, and especially in dicotyledonous plants such as
sesame and peas. The inhibitory effects were evident 14 days after germination, with an
inhibition rate of 88% compared to the control group.

The potential of pelargonic acid to inhibit growth and reduce weed seed development
in crops studied in [44] was remarkable, particularly against monocotyledonous weeds
such as Agropyron repens (L.) P. Beauv., Lolium rigidum Gaud., and Avena sterilis L. Pelargonic
acid was used on its own and in combination with two essential oils, one citrus lemon oil
and one manuka or tea tree oil, with this combination achieving exceptional results of up
to a 96% reduction in plant biomass after foliar application.

According to the study, the action of the compounds in pelargonic acid, together with
lemongrass and manuka essential oils, was 90% effective. The same study (cited above)
also found that lemongrass oil acts as a contact agent, whereas manuka oil acts systemically
against common weeds in vegetable crops [58].

The Nicotiana benthamiana plants on which the tests were performed were obtained
from the National Germplasm Resources Laboratory (Beltsville, MD, USA) and kept in
growth chambers at temperatures of 24 ◦C, 16 h of light, and 8 h of darkness. The extraction
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and identification of P450 and CYP71 enzymes were performed from isolated cells of
Sorghum bicolor Moench, roots, using BLASTN and TBLASTN analyses [84].

This study focused on identifying and recognizing the enzymes involved, includ-
ing fatty acid O-methyltransferase and alkylresorcinol. In the final stage of the study,
cytochrome P450 enzymes were involved in the reactions, mediating dihydroxylation,
which results in the production of dihydro-sorgoleone, which, once in the soil, oxidizes
and eliminates the phytotoxic element called sorgoleone [92].

A study based on the expression of the effect of jasmonic acid (JA) and methyl jas-
monates (MeJA) on sorgoleone synthesis in sorghum roots. The jasmonate content in-
fluenced sorgoleone content in the plant, increasing sorgoleone levels with increasing
JA and MeJA concentrations compared to the level in untreated control plants. Lower
treatment concentrations influenced the occurrence of root variation and the number of sec-
ondary roots and branches. Root weight also increased at a concentration lower than 5 µM,
whereas development was inhibited with increasing concentrations of the two compounds
JA and MeJA [87].

The study shows that sorghum roots and their development are directly influenced
by jasmonates and methyl jasmonates at varying concentrations. At a concentration of
0.5 µM, development occurs with a slight increase in activity. In comparison, using a dose
above 1 µM causes an adverse reaction that inhibits the activity of substances secreted by
sorghum roots. The growth and development of root hairs slowed down as jasmonic acid
concentrations increased [87,93].

Aqueous extracts from sunflower, sorghum, and rice on weed plants showed ex-
cellent results in the case of Parthenium hysterophorus L. (Table 6). The extracts were
obtained from roots and shoots, and several dilutions with different concentrations of
the active substance were performed (5%, 10%, 15%, 20%, 25%). The active substance
was applied to the aerial parts of the plants as well as to their seeds. Extracts were also
prepared from plant buds, which had a much greater phytotoxic effect on the root growth
of parthenium plants [76,94,95].

Table 6. Plants with allelopathic potential and their action.

Allelopathic
Plant Target Species Application/

Method Conc. Observed
Effect

Mode
of Action

Involved
Compounds Observations References

Basil
(essential oil)

Agropyron repens
(L.) P. Beauv., Setaria
viridis (L.) P. Beauv.,

Amaranthus
retroflexus L., and

Echinochloa
crus-galli (L.)

P. Beauv.

Foliar
application 0.8–12.8%

Biomass
reduction up to
68% (10 days)

Contact
phytotoxicity

Volatile
essential oils

Concentration-
dependent effect [43,51]

Aromatic
essential oils

Weed seeds
(dicotyledonous

species)

Substrate
application 3–20%

Germination
inhibition up

to 88%

Inhibition of
germination

and
early growth

Volatile,
etheric

compounds

Increased
efficiency
above 6%

[42,55]

Pelargonic acid
+ essential oils

Agropyron repens
(L.) P. Beauv., Lolium

rigidum Gaud., et
Avena sterilis L.

Foliar
application -

Biomass
reduction up

to 96%

Contact and
systemic action

Pelargonic
acid, lemon
essential oil,

and
manuka oil

~90% efficiency
in combinations [44,59]

Sorghum
(sorgoleone) Agricultural weeds Root release -

Radicular
phytotoxic

effect

Chemical
inhibition at
the soil level

Sorgoleone,
p450 enzymes

JA > 1 µm
inhibits

development
[87,96]

Helianthus,
Sorghum, Rice

(aqueous
extracts)

Parthenium
hysterophorus L.

Application to
leaves

and seeds
5–25%

Helianthus:
69%,

sorghum: 56%

Inhibition of
germination
and growth

Water-soluble
compounds

Bud extracts
showed the

highest efficiency
[76]

JA—Jasmonic acid.
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The study showed that root extracts were less toxic than shoot extracts, with results
observed only at 25% concentration. Extracts from the vegetative parts showed better
results at minimum concentrations and very good results at maximum concentrations. Rice
extracts showed distinct results, with low allelopathic activity; only at concentrations of
20 and 25% were root extracts ineffective (Table 6). For the Helianthus species, the results
were up to 69% inhibition of germination, and for the Sorghum species, up to 56%.

The reviewed studies highlight the potential of natural plant-derived compounds,
such as essential oils, aqueous extracts, and plant-derived fatty acids, as sustainable alter-
natives for weed control. The observed allelopathic effects include germination inhibition,
biomass reduction, and root development impairment, the intensity of which depends on
concentration, application method, and the specific target’s sensitivity.

The combined use of bioactive substances, especially pelargonic acid with essential oils,
leads to synergistic effects and superior efficiency compared to individual application. The
presented results support the use of allelopathy as a context and management mechanism,
with potential applications in the development of bioherbicides and integrated weed control
strategies; further studies under field conditions are necessary to validate and optimize
these approaches.

6. Allelopathy in Sustainable and Organic Vegetable Production
In the context of sustainable and organic vegetable production, allelopathy represents

a valuable ecological mechanism that can be strategically integrated into agroecosystem
management to reduce weed pressure and reliance on synthetic chemical inputs. Sustain-
able agriculture emphasizes environmentally friendly practices that maintain soil health,
preserve biodiversity, and minimize negative ecological impacts. At the same time, organic
farming strictly limits the use of synthetic herbicides, thereby necessitating alternative
weed control strategies (Figure 3).

Figure 3. The conceptual framework of allelopathic mechanisms by the plant source.

Crop rotation is a fundamental agricultural practice that involves systematically al-
ternating different crop species on the same land over time. This prevents the continuous
cultivation of the same plant species, which would otherwise favour the growth of specific
weed communities adapted to those conditions. Because cultivated plants have different
nutritional requirements, root architectures, and growth dynamics, crop rotation alters

https://doi.org/10.3390/horticulturae12040438

https://doi.org/10.3390/horticulturae12040438


Horticulturae 2026, 12, 438 15 of 25

the ecological niches available to weeds, thereby reducing their abundance and diversity.
Furthermore, crop rotation involves dividing agricultural land into plots that are sown with
different crops each year, thereby disrupting weed life cycles and gradually reducing weed
biomass (Figure 4). Consequently, the need for chemical herbicides is significantly reduced,
contributing to more sustainable and environmentally sound cropping systems [97,98].

Figure 4. The conceptual framework of allelopathic mechanisms by the source of allelochemicals.

Intercropping is another important practice widely used in vegetable production and
small-scale farming systems, though it can also be applied in larger agricultural operations.
This method involves the simultaneous cultivation of two or more plant species or the use
of cover crops [99] alongside the main crop. Intercropping systems primarily suppress
weeds by reducing the amount of light reaching the soil surface, a critical factor for weed
seed germination and early seedling development. In addition, intercrops compete with
weeds for essential resources such as nutrients, water, and space, further limiting the
establishment of invasive species in cultivated fields or gardens [12,100]. In some cases, the
allelopathic potential of certain cover crops enhances this suppressive effect through the
release of bioactive compounds into the soil (Figure 5) [23,96].

Traditionally, weed control in agricultural systems has relied on mechanical methods,
including soil tillage, manual or mechanical weeding, and mulching. These approaches
physically remove weeds without chemical inputs and remain widely accepted in organic
farming. However, they are often labor-intensive and time-consuming, particularly in
small-scale vegetable production systems. In response to these limitations, increasing
attention has been directed toward the development and implementation of bioherbicides
as innovative alternatives. Bioherbicides based on plant extracts, fatty acids, essential oils,
or beneficial microorganisms offer a promising solution for sustainable weed management,
aligning with the principles of organic farming and environmental protection [30].
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Figure 5. The conceptual framework of allelopathic mechanisms by the biological outcomes.

By definition, bioherbicides are products derived from natural sources, including
microorganisms (such as bacteria, fungi, and viruses), plant-derived compounds, or other
organic compounds, and are used for weed control. These products are considered eco-
logical alternatives to conventional chemical herbicides and, in some cases, to treatments
applied against plant diseases and pests. Their use is associated with a reduced environ-
mental impact, lower toxicity to non-target organisms, and improved compatibility with
biodiversity conservation strategies [11,43,73].

Bioherbicides can be classified into several main categories based on their origin and
mode of action.

(a) Microorganism-based bioherbicides contain bacteria or fungi capable of producing
secondary metabolites that inhibit the germination and development of weed seeds
or seedlings. Representative examples include Phytophthora palmivora Butler., which
has been used to control weeds in perennial crops, and Alternaria cassiae Ness., which
exhibits activity against specific weed species in legume crops [13,80,101,102]. These
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biological agents act by infecting, producing toxins, or interfering with essential
physiological processes in target weeds.

(b) Plant extract-based bioherbicides rely on natural compounds produced by plants
with allelopathic potential. Certain plant species can secrete volatile or water-
soluble substances with herbicidal properties, which can be exploited for weed
management. Extracts derived from pelargonium or citrus plants have demon-
strated effectiveness against annual weeds. Pelargonic acid, a naturally occur-
ring monocarboxylic acid found in Pelargonium species and several other plants,
is widely used as a contact bioherbicide, causing rapid desiccation of weed tissues
upon application [44,57–60,87,88,103,104].

(c) Organic acids and essential oils constitute another important group of bioherbicides.
These natural substances are predominantly obtained from aromatic and medicinal
plants and exhibit strong allelochemical properties. Their herbicidal activity is often
associated with damage to cellular membranes and disruption of metabolic processes
in weed tissues. Citrus oil, for instance, is used as a contact bioherbicide, while
fatty acids such as caprylic and capric acid exert phytotoxic effects by dissolving the
protective waxy layer of leaves. Additionally, lipid benzoquinones such as sorgoleone
are produced by Sorghum Moench. species, interfere with photosynthetic processes
and membrane integrity, ultimately leading to plant death [54,59,60,96].

Overall, integrating allelopathy-based strategies and bioherbicides into sustainable,
organic vegetable production systems offers significant potential for effective weed con-
trol while reducing dependence on synthetic chemical herbicides. These approaches
support the development of resilient agroecosystems that balance productivity with
environmental stewardship.

7. Challenges, Knowledge Gaps, and Future Research Directions
A recurring pattern in the literature on allelopathy is the significant discrepancy be-

tween the activities obtained under controlled conditions and those observed in field exper-
iments. Studies conducted in the laboratory or greenhouse frequently report pronounced
inhibitory effects on germination and plant growth due to the use of high concentrations
of allelopathic compounds that often exceed naturally occurring levels in the soil. These
effects are amplified by the reduced buffering capacity of the substrate used, the absence or
limited activity of microbial communities, and uniform environmental conditions, which
reduce degradation processes, adsorption, or chemical transformation of allelochemicals.

In contrast, studies conducted under field conditions reflect the complexity and het-
erogeneity of the natural environment, where the non-uniform distribution of allelopathic
compounds, soil dynamics, and biotic interactions significantly influence the intensity
and persistence of the observed effects (Table 7). In these systems, allelochemicals are
subject to processes of dilution, leaching, adsorption onto soil particles, and microbial
transformation, which can considerably reduce their bioavailability and biological activity.
In addition, confounding physical effects, such as shading, changes in soil temperature,
moisture retention, or structural changes induced by crop residues, can mask or amplify
plant responses, making it difficult to attribute observed effects solely to chemistry.
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Table 7. Comparative data between laboratory studies and field studies [105–107].

Aspect Greenhouse/
Pot Experiments Field Studies Implications

for Interpretation

Allelochemical
concentration

Highly effective
concentrations due to small

soil volume and
limited dilution

Strong dilution and uneven
spatial distribution

Greenhouse results often
overestimate

field-level effects

Soil microbial complexity Reduced microbial
diversity and activity

High microbial
diversity and

functional redundancy

Rapid degradation or
transformation of
allelochemicals in

field soils

Environmental conditions Controlled moisture
and temperature

Highly variable,
weather-dependent

The activation and decay
of compounds depend on
rainfall and temperature

Residue–soil contact Uniform mixing
and contact

Variable incorporation
depth and

mulch distribution

Inconsistent exposure of
target organisms in

the field

Chemical persistence Longer persistence of
active compounds

Short-lived activity due to
leaching, volatilization,

and microbial breakdown

Narrow dose–time window
under field conditions

Confounding mechanisms Largely minimized
or absent

Dominant (mulch shading,
physical suppression,

nutrient
dynamics, competition)

Difficult to separate
chemical effects from

physical and
ecological ones

Reproducibility High experimental
repeatability

Lower reproducibility
across sites and seasons

Multi-site and multi-year
trials are required

Predictive value
for practice

Useful for mechanistic
understanding

Essential for
agronomic validation

Field studies are the
ultimate test of

practical relevance

This scale dependence emphasizes that allelopathy in crop systems must be under-
stood as a process shaped by ecological context and agricultural management practices,
rather than as a universal, predictable, and constant mechanism of chemical control. The
efficiency of allelopathic interactions is influenced by factors such as soil type, moisture
regime, microbial community structure, crop rotation, and crop residue management.
Therefore, extrapolation of results obtained under controlled conditions to the field scale
requires methodological caution.

In this sense, drawing relevant conclusions for the practical application of allelopathy
requires prioritizing studies conducted across multiple locations and over multiannual
periods that capture the spatial and temporal variability of agricultural ecosystems. It
is also essential to explicitly separate the chemical effects of allelochemicals from phys-
ical and competitive interactions between plants by using appropriate experimental de-
signs and complementary analytical methods. Only through such an integrated approach
can the potential of allelopathy as a functional tool in sustainable crop management be
realistically assessed.

Starting from the frequent observation in the literature of a consistent discrepancy be-
tween activities obtained under controlled conditions (in laboratories or greenhouses) and
those observed in the field, this paper discusses the pedological, biotic, and experimental
factors that determine this variability, as well as the analytical and experimental methods
necessary to advance understanding of, and practical application of, allelopathy.
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Many studies reported in the literature indicate the strong inhibitory effects of plant
extracts or isolated compounds on germination and growth under controlled conditions.
However, these effects are often not confirmed or are greatly reduced at the field scale.
Possible explanations include concentrations used in laboratories that exceed natural soil
levels; substrates with low buffering capacity; the absence or weak activity of microbial com-
munities that degrade or transform allelochemicals; and uniform environmental conditions
that minimise dispersion, adsorption, and degradation processes (Table 8).

Table 8. Synthesis of methodological challenges in allelopathy [105–109].

Category Key Aspect Concise Description Implications for Research
and Practice

Methodological challenges Unrealistic concentrations

Use of crude extracts or
pure compounds at

concentrations exceeding
those naturally occurring

in soils

Overestimation of
allelopathic potential and

limited field relevance

Methodological challenges Inadequate
experimental controls

Use of activated carbon
may alter nutrient

availability and
microbial activity

Misinterpretation of strictly
chemical

allelopathic effects

Methodological challenges Limited spatial and
temporal replication

Field studies conducted at
a single site or during a
single growing season

Reduced the
generalizability and

reproducibility of results

Methodological challenges Confounding mechanisms

Physical effects and
resource competition are

not clearly separated from
chemical effects

Difficulty in attributing
observed effects

exclusively to allelopathy

Knowledge gaps Actual soil concentrations
Lack of data on the real

spatial and temporal levels
of allelochemicals in soils

Uncertainty regarding
ecological and

agronomic relevance

Knowledge gaps Molecular mechanisms

Limited understanding of
the physiological and

molecular responses of
target plants under
natural conditions

Restricted ability to predict
crop and weed responses

Knowledge gaps Multitrophic interactions

Insufficient investigation of
effects on soil

microorganisms and other
trophic levels

Underestimation of
indirect effects and

ecological feedbacks

Knowledge gaps Long-term effects Scarcity of multi-annual
and crop rotation studies

Poor understanding of
cumulative impacts in
agricultural systems

Future directions Multi-site,
multi-year studies

Replicated experiments
across locations and years

Increased robustness and
transferability of findings

Future directions Advanced
chemical analytics

Integration of lc–ms/ms,
metabolomics, and

isotopic tracing

Accurate quantification
and tracking

of allelochemicals

Future directions Factorial
experimental designs

Experimental separation of
competition, physical, and

chemical effects

Clear identification of
dominant mechanisms
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Table 8. Cont.

Category Key Aspect Concise Description Implications for Research
and Practice

Future directions Microbial ecology focus

Studies on microbial
degradation and

adaptation
to allelochemicals

Improved prediction of
persistence and efficacy

in soils

Future directions Integrated modeling
Development of

soil–plant–microbe
mechanistic models

Predictive assessment of
allelopathy under
field conditions

Future directions Agronomic evaluation
Assessment of benefits and

risks in real
cropping systems

Realistic implementation in
sustainable agriculture

These factors lead to overestimation of allelopathic potential when extrapolating to
real agroecosystem conditions. In soil, the ‘bioactive’ concentration of an allelochemical
results from a dynamic balance between source (exudation and decomposition), sorption
to soil particles, leaching, and abiotic and biotic degradation and chemical transformations
(e.g., hydrolysis and oxidation). Soil characteristics such as texture, organic matter content,
pH, and iron and aluminium content strongly influence the sorption and mobility of
phenolic, coumarin, and quinone compounds.

Studies investigating sorption and persistence reveal significant variability among
soils and demonstrate that many allelochemicals are rapidly adsorbed or metabolised,
reducing their long-term effects and durability. These processes must be considered when
interpreting allelopathic efficacy in the field.

Allelopathy is a biological phenomenon with real agronomic potential. However, its
practical use in crop management requires a methodological reorientation, shifting the focus
from “demonstration” studies conducted under controlled conditions to interdisciplinary,
multi-site, and multi-annual projects that integrate environmental chemistry, microbial
ecology, modelling, and agronomy. Only by taking a holistic, rigorous, and reproducible
approach will we be able to accurately evaluate the role that allelopathy can play in
sustainable agricultural systems.

8. Conclusions
Allelopathy can contribute to weed control in vegetable systems, particularly when

integrated into practices involving plant residues, mulching, and high-biomass cover
crops. In such systems, biochemical interactions operate alongside physical suppression
mechanisms to limit weed development.

The widespread adoption of allelopathy remains limited by inconsistent performance
under field conditions, which is primarily influenced by soil properties and climatic vari-
ability. This highlights the need for standardized management approaches specific to
horticulture, rather than relying exclusively on laboratory bioassays.

Numerous allelopathic compounds with inhibitory effects on plant growth have been
identified, particularly from aromatic and medicinal species. Evidence from both vegetable
and cereal cropping systems suggests that these compounds can reduce weed pressure and
decrease reliance on synthetic inputs.

The biological activity of allelochemicals largely depends on their chemical struc-
ture and mode of action, affecting processes such as seed germination, early seedling
development, oxidative stress responses, and biomass accumulation.
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Allelopathic substances represent a promising and environmentally sound tool for
weed management in organic farming, with potential benefits for biodiversity conservation,
soil quality improvement, and reduced herbicide use.

Future research should prioritize field-scale validation and the identification of novel
allelopathic compounds and mechanisms of action, enabling the development of practical
management protocols and supporting more sustainable vegetable production systems.
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