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Effective weed management remains a crucial concern in agriculture. The quest for
alternatives to conventional herbicides, driven by limitations and drawbacks,
presents a challenge today in terms of efficacy, costs, safety, and weed resistance.
Accordingly, new strategies of integrating multiple approaches are emerging. Within
this landscape, the utilization of bioherbicides, sourced from microorganisms or
plants, holds a prominent place. This perspective paper proposes and discusses the
potential of an innovative approach that combines live microorganisms and
botanical components in synbiotic formulations to develop the next generation of
bioherbicides as a promising solution for sustainable weed management. Their
mixture may provide superior efficacy than when each is used individually, due to
synergistic interactions arising from complementary and/or cooperative effects. It
also addresses strategy design, formulation, and product control while presenting
the challenges and potential risks of such concept.
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1 Introduction

Weeds are undesirable competitor plants that severely reduce crop yield in agricultural
fields, thereby threatening global food production and natural ecosystems (Duke et al., 2022;
Kubiak et al., 2022; Jiang et al., 2023). It has been estimated that weed species cause the most
important crop losses in world agriculture compared to other pests (Bailey, 2014). The
selection of effective control strategies is therefore essential and remains a major challenge
today, owing to the limitations and drawbacks associated with existing methods such as
cultural, physical, mechanical, chemical, and biological techniques (Figure 1), either
individually or in an integrated management way (Lamberth et al., 2013; Radhakrishnan
et al.,, 2018; Korres et al., 2019). Among the most common practices for weed management
control is the use of chemical herbicides such as atrazine, glyphosate, and paraquat, which
are efficient compounds in controlling a wide range of weed species germination and
growth, but also increase the cases of herbicide resistance agricultural weeds (e.g.,
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FIGURE 1
Principal weed management techniques and methods.
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Amaranthus palmeri, Conyza bonariensis, Lolium rigidum, and
Avena fatua) after a long term of applications (Ofosu et al., 2023)
and the loss of efficiency (Akhter et al., 2023). Nowadays, there are
273 resistant weed species globally with 57% dicots vs 43%
monocots (Heap, 2026). In addition, these synthetic herbicides
are sources of water and land contamination, which have negative
effects on the environment, as well as on animal and human health.
Consequently, there is an urgent need to ensure long-term and
sustainable solutions for agricultural and food security in both
developed and developing countries (Korres et al., 2019).

The use of nature-based herbicides, known as bioherbicides, is
among the emerging methods of weed control that aligns with the
sustainable development goals established by the United Nations,
contributing, for instance, to responsible consumption and
production (SD12) and good health and well-being (SD3)
(Uludag et al., 2018; Campos et al., 2023).

Bioherbicides consist of living organisms, their derivatives,
plant extracts, and allelochemicals that exhibit biological activity
in controlling weeds (Zhang et al,, 2025). They can mainly be
categorized in: (a) microbial-based herbicides, comprising live
microorganisms and/or their metabolites, and (b) plant-based
herbicides such as pure compounds isolated from plants, plant
extracts, and essential oils (Campos et al., 2023). Their mechanisms
of action are related to several processes and depend on both the
active ingredients and the weed species (Bordin et al., 2021).
Microbial bioherbicides (commercialized or not) belong to
phytopathogenic and non-phytopathogenic bacteria such as
Xanthomonas sp. (Camperico®) and Pseudomonas sp. (D7®),
Streptomyces sp.), phytopathogenic fungi (e.g., Colletotrichum sp./
(Collego)®, Alternaria sp., Phoma sp. (PhomaTM), non-
phytopathogenic fungi e.g., (Trichoderma sp.), obligate fungal
parasites e.g., Puccinia spp. (Dr. BioSedge®), and viruses
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(SolviNixTM) (Kremer, 2005; Duke et al., 2022). On the other
hand, bioherbicides from plant sources are molecules with well-
defined chemical structures, belonging among others to phenolic
compounds (e.g., flavonoids, coumarins, quinones), terpenoids
(e.g., mono-, sesqui-, di-, & triterpenoids), nitrogen-containing
compounds (alkaloids, nonprotein amino acid, benzoxazinoids &
cyanogenic glycosides), or constituted by a mixture of compounds
such as the case of essential oils that can be obtained by various
extraction techniques (Kostina-Bednarz et al., 2023).

Bioherbicides are expected to offer several advantages such as
safety, eco-friendliness, higher biodegradability, and multiple
modes of action, which could reduce the risk of developing
herbicide-resistant weeds compared to synthetic herbicides
(Muifioz et al., 2020). New formulations of microbial- or plant-
based bioherbicides have often been studied and developed
individually rather than in combination for managing weeds.
However, a bioherbicide system combining microorganisms and
plant extracts can offer additional benefits over individual
components in terms of diversity and biological activity,
particularly when the active compounds from microbial and plant
sources act in synergism. Such hybrid microbe-plant systems, using
two component categories from natural sources in one entity, can
generate a wide range of herbicidal activities of next generation to
control a large variety of weeds.

This 2-in-1 concept combining living microorganisms and non-
living substances of plant sources in synbiotics has been successfully
applied for human and animal health applications, but less
developed for crop protection (Swanson et al., 2020). During the
last decades, synbiotics have known a growing interest as functional
ingredients in food and feed sectors for promoting health (Song
et al., 2012). They have also become a focus of interest for plant
preservation/biocontrol and growth, owing to their potential
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biopesticide and biofertilizer activities, respectively (Shaw and
Arnold, 2002; Kouhounde et al., 2022). However, this approach
has rarely been applied in the development of bioherbicides. Even
though synthetic herbicides like glyphosate have been mixed with
microbial herbicides to produce synergistic effect, the combination
with natural-derived compounds has received little consideration
(Gonzini et al., 1999; Peng and Wolf, 2011). Among the most
challenging steps of bioherbicide development are microbial safety,
the concentration and/or purification of raw material extracts, as
well as the choice of enhancers and stabilizing adjuvants used in
formulation. This aims at ensuring sufficient herbicidal activity,
long-term stability, and maintaining such functionalities under a
wide range of environmental conditions of water stress and
temperature, while guaranteeing human and environmental
safety. Another challenge remains the optimization of scale-up
processes towards viable industrial scale implementation.

This perspective article introduces and discusses the potential of
developing synbiotic-based bioherbicides as a promising solution
for sustainable weed control. It also addresses strategy design,
formulation, and product assessment while presenting the
challenges and potential risks of such approach.

2 The emergence of synbiotics
2.1 Definition and concept

Initially, a synbiotic was defined as a mixture of probiotic and
prebiotic, combining live microorganism and fermentable non-
digestible food ingredients that beneficially affect the host (Kolida
and Gibson, 2011). More recently, a larger definition has been
provided by the International Scientific Association for Probiotics
and Prebiotics (ISAPP), as follows: “ A synbiotic is a mixture
comprising live microorganisms and substrate(s) selectively
utilized by host’s microorganisms that confers a health benefit on
the host” (Swanson et al., 2020). In this context, ‘Host
microorganisms’ include both autochthonous microorganisms
(i.e., resident or colonizing the host) and allochthonous
microorganisms (i.e., externally applied such as probiotics). The
microbial and substrate components of a synbiotic may not
necessarily benefits on the target host, but their mixture should
be. Two types of synbiotic have been defined according to the
interactions among components (Kolida and Gibson, 2011). When
the two components act independently without surpassing
effectiveness compared to the simple sum of each, the bioactive
synbiotic is known as complementary. Conversely, when there are
mutual interaction and/or cooperation between the two
components to produce superior effects than those of each
component, it is considered as a synergistic synbiotic.

2.2 Synbiotics as bioherbicides

The idea to combine beneficial microbes with plant-based
bioherbicide in synbiotic is new, or at least rarely exploited in the
agronomic sector, according to the available scientific papers and
patents. One of the interesting examples reported in literature was
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the effect of plant-derived components such as mannoses and oxalic
acid in enhancing microbial virulence of Colletotrichum coccodes
through their functionality as plant defense inhibitors (Ahn et al.,
2005). Another relevant example was the total herbicide effect of a
fungus (Alternaria crassa)/pectin mixture on different weeds tested
in greenhouse (Boyette and Abbas, 1994). Also, Trichoderma
koningiopsis was efficiently associated with commercial
formulations of glyphosate in controlling weeds and soybean
plants (Ulrich et al., 2023).The only patented example was a
formulation combining an essential oil component (e.g., eugenol)
and a mixture of microorganisms (e.g., Streptomyces and Bacillus
genera) for targeted delivery and controlled release to enhance
control of various plant species in a stable and scalable manner
(Frank et al., 2023).

Although numerous microorganisms with biological weeding
activity have been studied and developed (Table 1), only a limited
number have been commercialized. This is mainly due to a narrow
spectrum in weed control and a sensitivity to climate conditions, as
well as a difficulty in scaling-up production. Most of them belong to
fungi, particularly the genera Colletotrichum, Fusarium, Altenaria,
Cercospora, and Puccinia. Bacterial bioherbicides include, for
instance, the genera Pseudomonas, Enterobacter, Flavobacterium,
Xanthomonas, and some Lactobacillus strains. Their weed control
mechanisms rely on phytotoxic metabolites with varied chemical
structures, including organic acids, peptides, phenol compounds,
and others (e.g., Thaxtomin). These metabolites directly affect
specific plant components, disrupting biosynthetic pathways,
membrane receptors, proteins, enzymes, and energy metabolism
in different ways (Cordeau et al, 2016; Fang et al., 2022; Cai
et al., 2023).

Concerning plant-based bioherbicides, also known under the
terminology botanical herbicides (botanicals), they are defined as
single compounds, bioactive mixtures or extracts from plant
materials (Duke et al., 2022; Fang et al, 2022). Beyond their
natural occurring and rapid biodegradation, botanical herbicides
have multiple action modes while exerting low toxicity to nontarget
species. A large category of botanical herbicides has been widely
described in the review paper on the status and prospects botanical
biopesticides (Acheuk et al, 2022). Among the most important
plant sources of botanical herbicides obtained by extraction are
(1) Eugenia caryophyllus or Syzygium aromaticum for [-
caryophyllene, eugenol, and eugenol acetate, (2) Cymbopogon for
citronellal, geraniol and citronellol, (3) Cinnamomum for eugenol
and trans-cinnamic aldehyde, (4) Eucalyptus for B-triketones,
especially leptospermone, (5) Ocimum with geranial and geraniol,
linalool, methyl cinnamate and methyl eugenol, (6) Pelargonium
for pelargonic acid, (7) Thymus for carvacrol and thymol,
(8) Origanum for y-terpinene and thymol, and (9) Lavandula
with fenchone (Campos et al., 2023). Table 2 illustrates the
structural diversity of secondary metabolites with herbicidal
activities from microbial and plant origins.

2.3 Mechanisms of action

Microbial and botanical-based bioherbicides exert herbicidal
activities against weeds through diverse mechanisms, including
plant-pathogen interactions, allelochemicals with direct
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TABLE 1 A list of potential and commercialized microbial bioherbicides and their target weeds.

Bioherbicide
agent

Active ingredients/mode of

action

Commercial

Reference
status

Target weed

Bacterial agents

Echinochl, -galli; Portul /! d Radhakrish:
Enterobacter sp. Indole-3- acetic acid (high concentration) chimocnioa crus-ga 1, ar. ulaca oleracea (see Not yet (Radhakrishnan
germination) et al., 2018)
Xanthomonas L. . G .
. Phytopathogenic interactions Poa annua Annual bluegrass Camperico (Bailey, 2014)
campestris
Lacti i Trifoli 5 Trifoli 5 L iculatus; L,
Lactic acid bacteria u,CtTC ach rifolium re]?ens rlfol'mm pretense; ‘ otus corniculatus; KONA (Cordeau et al
Citric acid Medicago lupulina; and Oxalis acetosella 2016)
Strept
az;gi;;n;’;is Thaxtomin A Digitaria sanguinalis; Sorghum bicolor; Solanum nigrum Not yet (King et al., 2001)
lBucillus ) Cry family proteins (Cry10 Aa, Cry4 Ba, Lolium temulentum L. Not yet (Eigharlou et al.,
wiedmannii and Cry4 Aa) 2024)
Pseud Phytotoxi 1 tides, ic acids,
seudomonas yrotoxin comP ex (peptides ‘orgamc acids Bromus tectorum (Downy brome) D/® (Kennedy, 2018)
fluorescens and lipopolysaccharides)
Fungal agents
Trichod Ulrich et al,,
k:;i:giz;zzl Spores and hydrolytic enzymes, koninginins Euphorbia heterophylla; Brachiaria plantaginea Not yet ( r;;z;) ’
Albifimbri N 3 lial s, in A, H detal,
ifim 1"111 pores, mycelial fr ufgmein S verrucarin Glyphosate-Resistant Conyza canadensis (horseweed) Not yet (Hoagland et a
verrucaria curvicolides 2023)
Echinochl, -galli - Grami ds - G d:
Bipolaris yamadae Spores (conidies), mycelium crinochion crus-ga l FAMIREOUS Weeds - Grass weeds Not yet (Tan et al., 2024)
in arable crops
Chondrost
ondrosteretim Mycelium Stranglervine Chontrol™ (De Jong, 2000)
purpureum
Shah t al.,
Sclerotinia minor Mycelial growth Dandelion & other broadleaf weeds SARITOR ¢ a;)elr;)e b

phytotoxic properties, metabolic disruptions (e.g., enzyme
inhibition), hormonal imbalances, cell wall and membrane
damage, photosynthesis inhibition, oxidative stress, and mitosis
disruption, which are overviewed in the next sections.

2.3.1 Microbial bioherbicides

Live microbial agents can infect target plants through direct or
indirect virulence processes. They produce enzymes such as
pectinases, cellulases, and ligninases to degrade plant cell walls, as
well as proteases, peptidases, amylases, and phospholipases to break
down proteins and lipid membranes. These enzymatic activities
help facilitate the colonization of plant tissues (Harding and
Raizada, 2015).

Additionally, microbes can produce phytotoxic secondary
metabolites (toxins) that interfere with plant metabolism by
disrupting essential physiological processes and ultimately leading
to plant damage or death (Ghorbani et al., 2005).

Other microbial biochemical compounds (e.g.,
phosphinothricin/glufosinate, bialophos, leptospermone =
triketone) target many molecular sites in weeds. Their efficiency is
dependent on the bioactive compound specificity and virulency, but
also on the co-formulants, dose, phenological stage of the target,
and environmental factors. In particular, the plant-associated
bacteria (PAB) have different modes of action (Fang et al., 2022):

1. Production of phytotoxic metabolites such as thaxtomins
(Streptomyces sp.), tagetitoxins (Pseudomonas syringae),
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quinoline (Pseudomonas aeruginosa H6) and its
derivatives, diketopiperazines (Bacillus velezensis JTB8-2),
lipopeptides (Bacillus clausii), hydrogen cyanide
(Rhizobacteria sp.).

2. Production of exopolysaccharides (Rhizobacteria isolated
from isolated form Euphorbia spp.) reducing the growth
of leafy spurge calluses.

3. Overproduction of auxins (e.g., 72 mg/L) that inhibit instead
of promoting plant growth.

4. Disruption of biochemical pathways that may interfere with
crucial enzymatic activities, induce hormonal imbalance, or
inhibit metabolic processes (e.g., gibberellin pathway
inhibition), provoking weed suppression.

5. Other unclear modes such as provoking oxidative stress,
producing volatile ammonia, altering the soil microbial
diversity nearby, combination effects of glycine and
cyanogenic rhizobacteria, and so on.

In the case of fungi-based bioherbicides, various phytotoxins
such as tentoxin (a cyclic tetrapeptide), cornexistin, and macrocidin
A are the active agents exhibiting detrimental effects on weeds
(Golijan et al., 2023). Among these are the inhibition of seed
germination and plant growth, disturbance of photosynthesis,
overproduction of reactive oxygen species, or the appearance of
necrosis zones. An interesting aspect of some fungi is the
production of pectinase that may exhibit the ability to breach the
cellular barriers of weed plants through the enzymatic degradation
of polysaccharide layers (Hoagland et al., 2023). This mode of
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TABLE 2 Examples of microbial and plant phytotoxins.

Chemical class Chemical structure

Microbial source (bacteria and fungi)

Peptides/amino acid-based compounds (Cai et al., 2023)

o} O

HO OH
NH,

o NHy

Glutamic acid

Terpenoids (Yan et al., 2018; Yin et al., 2020)

Aspterric acid

Macrocidins (Graupner et al., 2003)

Phenolic compounds (Gealy et al., 1996; Adetunji et al., 2019)

Macrocidin A

OH

OH

Macrocidin B

OH
NH>

2-hydroxymethyl phenol

2-amino phenol

Botanical source (single and mixture)

O A
O _S._N.___ -OH
P HO #7073y
C’\j HO' “'OH O~
Alkaloids (Zasada et al., 2012; Dayan et al., 2015) OH
Sarmentine Glucolimnanthin
CH; O CHy
AN
H OH
Terpenoids (Verdeguer et al., 2020)
HsC”~ “CHs
HsC CHs;
Citronellal Geraniol
(Continued)
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TABLE 2 Continued

10.3389/fpls.2026.1724814

Chemical class Chemical structure

Botanical source (single and mixture)

Polyphenols (Ben Kaab et al., 2020)

S

_CH,

H Om
SN

CHs OH O

s

Organic/Fatty acids (Cai et al., 2023)

Myritricin

O \/\/\/\)OI\OH

Naringenin

OH

Acetic acid Pelargonic acid

Essential oil constituents (Tworkoski, 2002; Fu et al., 2019)

H3CO:©/\/
HO

Eugenol (Clove)

Leptospermone (Manuka)

action could potentially facilitate the entry of other agents, making
it particularly intriguing for synbiotic associations.

In the case of fungi-based bioherbicides, various fungi produce
metabolites and enzymes capable of impairing weed establishment
and growth through diverse biological mechanisms (Hoagland
et al,, 2023). Fungal phytotoxins are generally classified as host-
selective toxins (HSTs) and non-host-selective toxins (NHSTS).
HSTs are active only against susceptible host plants and are
typically considered key pathogenicity factors, as their production
is often essential for fungal virulence and disease development. In
these systems, a close relationship exists between toxin production
and pathogenicity in the fungus, and between toxin sensitivity and
disease susceptibility in the plant, providing strong evidence that
HSTs govern host-selective infection (Tsuge et al,, 2013). By
contrast, NHSTs are not primary determinants of host range and
are not indispensable for pathogenicity, although they may
substantially contribute to fungal virulence. Owing to their
broader spectrum of activity, NHSTs are of particular interest for
weed management, as they can affect not only the host of the
producing fungus but also a range of non-host plant species. Their
phytotoxic effects include inhibition of seed germination and plant
growth, disruption of photosynthesis, induction of reactive oxygen
species, and necrosis formation. Examples include cornexistin,
which has been investigated as herbicidal compound, and
tentoxin, a cyclic tetrapeptide produced by Alternaria alternata
that interferes with chloroplast development (Pusztahelyi et al,
2015). In addition to toxin production, some fungi secrete cell wall-
degrading enzymes, notably pectinases, which may facilitate
penetration into weed tissues by degrading polysaccharide
barriers (Hoagland et al., 2023). This enzymatic activity may also
enhance the entry or efficacy of other bioactive compounds, making
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fungi particularly attractive candidates for integrated or synbiotic
weed management strategies.

2.3.2 Botanical bioherbicides

Botanical-based bioherbicides are bioactive mixtures, extracts,
and active compounds or allelochemicals from plant materials (e.g.,
leaves, roots, or seeds). Their mechanisms also involve plant-
pathogen interactions or allelopathic compounds through
interference with various physiological processes in weeds.
Among the current botanical bioherbicide categories of a growing
interest include essential oils (EO) that contain several hydrophobic
and volatile components (VOCs) and allelochemicals, including a
variety of natural herbicide compounds (Macias et al., 2019). Their
activity relies on plant-synthesized phytotoxic compounds, which
inhibit the root and seedling growth of weeds along with chlorosis,
necrosis, or leaf burning (Chang et al., 2022). These arises from
various mechanisms effects such as decreased cellular respiration,
oxidative damage, and ROS generation, which cause damage to
membrane integrity, ion leakage, DNA synthesis and mitosis
inhibition, waxy cuticular layer removal, photo-synthesis
inhibition, microtubule polymerization, proline accumulation,
and lipid peroxidation (Ahuja et al., 2015; Lins et al., 2019;
Chang et al., 2022). Such mechanisms can explain the herbicidal
activities of the main allelochemicals and EO, which are
encountered in various plants. The action mechanisms of
essential oils (EO) and their components (EOc), which have
recently gained a growing interest (Acheuk et al, 2022; Martini
et al,, 2023), can illustrate a wide range of botanical bioherbicide
activities. For instance, eugenol from clove EO elicits the generation
of ROS in plants, leading to cell membrane damage and
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photosynthesis inhibition (Tworkoski, 2002; Bainard et al., 20065
Campiglia et al., 2007; Ahuja et al., 2015; Lins et al., 2019; Prasanna
et al.,, 2019). Cinnamic aldehyde from Cinnamomum interacts with
the integrated surface receptors that change the ligand-based
metabolic pathways (Di Pasqua et al, 2006; Lins et al., 2019).
Monoterpenes (Cymbopogon), such as citronellal, citronellol, and
geraniol can alter the membrane permeability through the
phospholipid synthesis regulation, which leads to electrolyte
losses (Silva et al., 2016). Pelargonic acid (Pelargonium) has a
strong phytotoxic effect superior to that of citronellol, causing the
plasma membrane leakage, which, in turn, results in loss of vacuole.
Certain [-triketones from plant sources (e.g., Leptospermum spp.)
inhibit 4-hydroxyphenylpyruvate dioxygenase (HPPD), a key
enzyme in the biosynthesis of plastoquinone precursors. Since
plastoquinone serves as an essential cofactor for phytoene
desaturase, HPPD inhibition results in impaired carotenoid
biosynthesis and consequent photooxidative bleaching. This mode
of action parallels that of synthetic HPPD-inhibiting herbicides,
including mesotrione, tembotrione, and isoxaflutole, which also
induce bleaching through carotenoid depletion (Owens et al., 2013).

2.3.3 Microbial and botanical bioherbicide
combination

Throughout the literature survey, no information is virtually
available on synbiotic bioherbicides that combine live microbes and
botanicals, even though great interest in these new weed
management options in crops has already been announced (Duke
et al., 2022). Three main microbial-botanical combinations can lead
to significant herbicidal activities: (1) both components are known
as bioherbicides, for instance, by associating compatible bacterial
(e.g., Bacillus spp.) or fungal (e.g., Colletotrichum spp.) and
botanical herbicides (e.g., EOc); (2) only one component develops
herbicidal activity, e.g. microbial herbicides (e.g., Bacillus spp.)
formulated with plant-based prebiotics, or bacterial probiotics
(e.g., lactic acid bacteria) combined with botanical bioherbicides
(e.g, EOc), and (3) none of them exhibits herbicidal activity at all,
but their combination becomes active against weeds through
synergistic effect. For this third case, the microbial components
may transform the botanical one, which becomes active after a
bioconversion process. Such cases were observed with antioxidant
synbiotics for which Lactobacilli probiotic strains can convert the
associated prebiotics into more active compounds (Mounir
et al., 2022).

3 Synbioherbicide design and
preparation strategy

3.1 Selection and combination of active
components

The first step in synbioherbicide development involves selecting

microbial and botanical components based on criteria such as
biological activity, safety, and technological suitability. Each
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potential component is subjected to screening for herbicidal
activity, using the in silico, in vitro, and/or in vivo approach. In
addition, the environmental ecotoxicity, host specificity and
compatibility with crops, which are critical in developing
bioherbicides, must be addressed because they directly determine
both safety and effectiveness in real agricultural systems. Bioactive
components are applied for targeting weeds without harming crops,
non-target organisms, and ecosystems.

A virtual screening or in silico approach involves computational
evaluation of bioactive agrochemical structures through ligand-
receptor modeling using computer-aided pesticide design tools
such as Computer-Aided Drug Design (CADD) and Structure-
Based Drug Design (SBDD). The goal is to identify the molecular
structures with potential herbicidal activity by analyzing
physicochemical properties and performing molecular docking.
Most structures used in these analyses are sourced from chemical
databases or proprietary libraries of synthetic and natural
compounds. Numerous potentially herbicidal molecules have
been identified using these methods (Walter, 2002; Eberhardt
et al., 2021).

The in vitro approach, also known as the mechanism-directed
method, focuses on specific molecular mechanisms of herbicidal
action. These may imply, for instance, the inhibition of enzymes or
proteins, disruption of cell membranes, or interference with
hormonal signaling pathways in target weeds. Conversely, the in
vivo testing employs the classical phenotypic method, which assesses
the extent and symptoms of phytotoxicity induced by test
substances. It often involves pre-emergence seed germination tests
in Petri dishes or post-emergence tests on seedlings in growth
rooms or greenhouses (Berestetskiy, 2023). On average, more than
150,000 compounds may need to be screened virtually to identify a
single lead molecule. Promising candidates selected via molecular
docking are then validated through the in vitro and/or in vivo
phytotoxicity bioassays to confirm herbicidal potential (Fu
et al.,, 2019).

3.2 Formulation engineering

Formulation is a critical factor in determining both the efficacy
and safety of synbioherbicide. Special attention must be given to the
properties of active substances, their modes of action,
physicochemical characteristics, and the selection of suitable co-
formulants (Todero et al., 2018a).

Beyond the active ingredients, co-formulants or adjuvants are
added to improve stability, delivery efficiency, and overall product
performance. These may include wetting agents, penetrants,
solvents, buffers, antimicrobial agents, adhesives, UV protectants,
defoamers, and other additives (e.g., inert fillers, dyes, or odorants).
Their roles include enhancing shelf stability and ensuring effective
field application (Mesnage, 2021).

Herbicide formulations may be either solid—such as powders,
granules, or microcapsules—or liquid, including true or colloidal
solutions in water or organic solvents, emulsions, and suspensions
(Berestetskiy, 2023).

Continuous innovation in formulation types and compositions
aims to improve product performance, ease of application, and
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environmental safety (Tadros Tharwat, 2018). Emerging tools such
as artificial intelligence (AI) and advanced silico modeling now
enable the virtual screening of numerous formulation scenarios,
helping to predict optimal delivery systems and long-term stability
profiles (Rajak et al., 2025).

3.3 Product controls

Once optimized, the synbioherbicide formulation, either in dry
(solid) or wet (liquid) form, undergoes rigorous quality,
performance, and stability testing prior to the production scale-up
and pilot trials. For dry formulations (e.g., granules and powders),
the common quality control (QC) parameters include, for instance,
powder color, water activity or relative humidity (Aw), particle size
distribution (granulometry), and thermal stability assessed by
thermogravimetric analysis (TGA). Powder color monitoring
determines the powder’s tendency to brown over time through
the browning index (BI) determined by colorimetry, whereas the
water activity (Aw) should remain as low as possible (aw < 0.3) to
ensure long-term physical, biochemical, and microbiological
stability (Kurtmann et al., 2009). Powder particle size data
provides an idea on the product homogeneity and stability, which
is a quality indicator in relation to the particle aggregation, while its
thermal stability measured by the temperature at which the powder
starts to decompose/degrade is a critical product heat-resistance.
For wet formulations (e.g., dispersion, suspension), typical quality
control (QC) metrics include wet particle size distribution,
polydispersity index (PDI), and electrophoretic mobility that is an
indicator of particle stability in dispersed liquid system against
liquid-solid phase separation (Razafindralambo et al., 2019a). These
metrics can also serve as fingerprints to monitor and trace over time
the powder or dispersion formulation stability. For example, a
thermophysical decomposition profile obtained via TGA is an
indicator of the powder thermal stability, regarding the storage
temperature (Razafindralambo et al., 2019b).

Herbicidal efficacy is assessed through pre-emergence and post-
emergence bioassays using target weed species (Song et al., 2024).
The survival rate of microbial components can also be evaluated
using plate count methods, with results expressed as colony-
forming units (CFU) per gram or milliliter of sample.

Shelf life is evaluated through accelerated aging tests conducted
under stress conditions such as elevated temperatures. Long-term
stability (e.g., over two years) can be predicted using thermo-
bacterial stability models (Khalil, 2023), which track key
parameters over time—such as droplet diameter d(H) and PDI
for liquids, and Aw and color for solids (Berestetskiy, 2023). Viable
probiotic enumeration during storage can also be assessed using
plate counting method, or through molecular approaches based on
propidium monoazide-quantitative PCR (PMA-qPCR) technique,
which suppresses amplification of DNA from dead cells and enables
strain-specific quantification of viable bacteria in probiotic products
(Guo et al.,, 2024).

A workflow for the rational design of synbioherbicide is shown
in Figure 2. This innovative approach begins with the selection of
microbial and botanical components and proceeds through
successive steps, including optimization (compatibility, ratios, and
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doses), formulation, quality control, performance assessment, and
finally scale up of production.

The overall goal is to develop a stable and efficacious
bioherbicide formulation that exhibits synergistic effects between
microbial and botanical components. The optimization step is
critical to avoiding antagonistic interactions and to identifying the
optimal composition and proportions of each component to
maximize synbioherbicide efficacy against the target weed. The
selection of appropriate co-formulants and adjuvants, such as
(bio)surfactants and (bio)stabilizers, is also essential to product
success, ensuring formulation homogeneity, stability, and effective
field application.

4 Challenges, considerations and
potential risks

4.1 Efficacy

Most microbial and plant or botanical-based bioherbicide
products are recognized as more selective by infecting or
interfering with weed growth, whereas synthetic herbicides are
more time effective in suppressing target plants (Todero et al,
2018b). Different challenges and barriers are still to breach for
replacing or reducing the use of synthetic herbicides by natural ones
on a large scale. Among the key factors are high efficiency, large
scale production, and competitive price of bioherbicides.
Combining microbial and botanical components with synergistic
herbicidal activities in synbiotic preparations is therefore a key to
promoting new potential bioherbicides in weed management.
However, several factors must be overcome to develop synbiotic
bioherbicides with high efficacy. Such process involves multiple
interactions among active components, but also between active
components and targeted weeds, particularly for those of microbial

Botanicals (B)

-

SYNBIOTIC
(A +B)
|

2. Optimization

3. Formulation

|

4. Control & Assessment

|

5. Production

SYNBIOHERBICIDE

FIGURE 2
A workflow for the rational design of synbioherbicide.
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agents — weed cells that are both dynamic living systems. These
exhibit intricate physical and biochemical responses, not only to
abiotic factors such as temperature, humidity, sunlight, and
moisture availability, but also to biotic ones, involving the
interactions of all components involved (Hoagland, 1996). This
ambitious approach therefore poses multiple challenges
and considerations.

First, the selection of ingredients requires relevant, fast, and
large screening techniques to cover a wide range of activities, while
identifying the bioactive components at the highest microbial
taxonomy and chemical structure levels (Duke et al., 2000).

Second, the condition for designing synbiotics is the
compatibility of various components involved. The microbial and
botanical constituents of synbiotics must be compatible to avoid
potential antagonistic effects and ensure at least the maintenance of
each component activity. Then, both components are expected to
interact synergistically and provide higher herbicidal activity,
compared to that of each component used individually.

In fact, many of the major botanicals studied for their herbicidal
activity are also recognized as biostatic agents. For example, plant-
derived phenolics such as flavonoids, tannins, stilbenes and
phenolic acids exhibit herbicidal activity, but can also inhibit the
growth and activity of a wide range of microorganisms (Tako et al.,
2020). Similarly, terpenes and terpenoids, predominant constituents
of essential oils, have been shown to have anti-microbial properties
in numerous studies. However, most assessments were performed
on the whole EO rather than for each EOc. Thus, identifying
relevant and suitable botanicals to incorporate into a synbiotic
formulation consists of laborious tasks. Applying the two
components separately is an alternative approach for avoiding
incompatibility (Hoagland, 1996). For instance, the microbial
component(s) can play a helper-driver role (e.g., soil cleaner)
before the botanical one with antimicrobial properties at a certain
dose accomplishes the herbicidal action. A complementary
synbiotic would be at least expected. Another solution to achieve
synbiotic application involving incompatible components is to
protect one component by using encapsulation technique to avoid
antagonistic effects, while controlling the release of the active
components (Pimentel-Gonzalez et al., 2009).

Another aspect to consider is the dose of each component as
well as the ratio microbial/botanical. In fact, there exists a potential
risk of triggering weed defense mechanisms when using botanicals
at sublethal concentrations. This may lead to the elicitation of weed
defense responses, which might develop resistance effects towards
bioherbicide, depending on the botanical concentration
(Hoagland, 1996).

In addition to the discovery of synergistic interactions, the other
challenges are the development of stable and effective formulations
that maintain the viability and activity of both components, and the
application of methods enhancing the efficiency of the synbiotic
bioherbicide product. Adjuvants such as (bio)surfactants,
emulsifiers and hydrophilic polymers are often used for ensuring
efficient formulation by modifying or reinforcing the product
physicochemical and functional properties, including particle
surface hydrophobicity, granulometry, powder wettability, and
dispersibility in dispersing liquid (Ali et al., 2022). The objective
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is to enhance the spreading, penetration, and absorption of
bioactive ingredients in target plants.

Finally, one of the most important challenges in weed
management is also to fight weed resistance, which varies from
species to others, and is still difficult to control by synthetic
herbicides (Holt et al., 2013). Bioherbicides designed in a rational
way could have the advantage in minimizing weed herbicide
resistance by deploying diverse or/and multiple modes of action
(Guo et al., 2020).

4.2 Potential risk and barriers

Bioherbicides are considered to have lower toxicity and
environmental impact compared to synthetic pesticides, mainly
due to their short-lived environmental persistence. However, it is
important to recognize that their natural origin does not guarantee
complete harmlessness. Some natural toxins that could be used for
their phytotoxic activity may also pose a threat to animals, including
mammals. It is therefore imperative to thoroughly assess the range
of effects of these natural toxins (Tako et al., 2020). For instance,
essentials oils are increasingly being studied for their herbicidal
properties. However, depending on the dose and composition, some
of their compounds can be toxic, allergenic, and mutagenic (Maes
et al,, 2021). When essential oil compounds exhibit antimicrobial
activities, their combination with microbial partners in synbiotic
becomes compromised, because of possible incompatibility between
these two components. One of suggested solutions in overcoming
this inconvenience was to encapsulate one component to avoid the
inhibiting activity of the other prior to mixing them. Encapsulation
can improve microbial vitality and stability, allowing survival
during storage and application. For instance, encapsulation
techniques offer several advantages for formulating oil essential-
based bioherbicides, as described with many examples (Campos
et al,, 2023). One of the few studies using encapsulated microbial
bioherbicides was the microencapsulation of a fermented broth of
Diaporthe schini in lactose tested as postemergence treatments
against various weeds (Brun et al., 2022). For all species studied,
microencapsulated fungi showed better herbicidal activity against
A. viridis (74%), followed by B. pilosa (69%), Lolium multiflorum
(24%), and E. crusgalli (20%) than nonencapsulated fungi.

In addition, some bacterial metabolites such as AAL-toxin
produced by Alternaria alternata strains were studied for their
herbicidal activity but were judged to be too toxic for human and
animal health to be used as herbicides (Meena and Samal, 2019).

Another risk in the large-scale production of synbiotic
bioherbicides is the feasibility and cost of the processes, especially
the biomass production by fermentation and drying techniques.
One of the keys is to optimize each process step (Mupondwa et al.,
2015). Moreover, scaling-up production while maintaining its
herbicidal activity from laboratory to chamber bioassays, or in
fields, is not always guaranteed.

4.3 Regulatory

From a regulatory perspective, the development and
commercialization of bioherbicides is subject to stringent
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regulatory frameworks. In Europe, the use of microorganisms,
chemical mediators, and natural substances is covered by the
European Pesticide Regulation (EC) No. 1107/2009 that came
into force in 2011 (Cordeau et al., 2016; Robin and
Marchand, 2019).

Obtaining the commercial authorization for biocontrol
substances is a complex and costly process that has historically
posed challenges to novel products (Robin and Marchand, 2019).
Notably, new rules were published on 31 August 2022 (Regulation
(EU) 2022/1438) that will facilitate the authorization of micro-
organisms as active substances in plant protection products
(Hoagland, 1996; Harding and Raizada, 2015; Tako et al., 2020).
As the concept of synbiotic bioherbicides is new, no regulation is
available. However, it is important to notice that when the microbial
component is only the active ingredient within the synbiotic
preparation, one approval process is necessary, whereas two
agreements are needed for synbiotics in which both microbial and
botanical components possess herbicidal activities.

Although bioherbicides are generally regarded as more
environmentally friendly than synthetic herbicides, they may still
pose ecological risks due to the production of toxins or metabolites,
environmental persistence, or the infection potential of associated
microorganisms. Therefore, the potential environmental hazards of
new plant protection products, such as synbioherbicide, must be
carefully evaluated through comprehensive ecotoxicological
assessments. These evaluations should examine their effects on
non-target organisms as well as on key environmental
compartments, including soil, water, and air. The primary
objective is to ensure that no unacceptable acute or chronic
impacts occur within ecosystems following application.

Risk assessment should encompass parameters such as survival,
dispersal, infectivity, and pathogenicity of the introduced
organisms. In this context, the ecotoxicological risks associated
with synbioherbicide composed of beneficial microbes and
botanical compounds are expected to be lower when they involve
microorganisms and substances classified as generally recognized as
safe (GRAS) or included under the qualified presumption of safety
(QPS) framework. This is exemplified by organisms commonly
used as probiotics, such as lactic acid bacteria (LAB) and certain
Bacillus strains, as well as by prebiotic compounds including
exopolysaccharides and polyphenols.

5 Conclusion

In this perspective paper, we propose an innovative concept
combining live microbes and botanical components into synbiotic
herbicide preparations by considering their potential opportunities,
while discussing the most important challenges for their use in weed
management. Each synbiotic component may mutually act in
complementary or synergism, generating multiple modes of action
and diversity, and possible efficacy against resistant weeds. Moreover,
such a nature-based “synbioherbicide” category appears as a suitable
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next generation candidate in contributing to sustainable solutions for
agricultural and food security. Despite these opportunities, their
development and use require the achievement of stable and effective
formulation, which involves, for instance, effective adjuvants and
smart encapsulation techniques, but also with a guarantee of large-
scale production feasibility and socio-economic viability. Future
research should prioritize enhancing the efficacy and scalable
production of synbioherbicide while ensuring their safety in
controlling weeds, particularly resistant populations. Achieving these
goals will require screening a broad range of bioherbicidal
components, optimizing their combinations by exploiting synergistic
interactions between active and inactive constituents, and refining
formulation and delivery systems through the careful selection of co-
formulants and adjuvants tailored to specific targets. High-throughput
screening, coupled with structure-activity relationship studies using
the in silico approaches for compound identification, interaction
analysis, and formulation optimization—subsequently validated
through experimental work—represents a promising strategy. Such
an approach can reduce resource inputs and development timelines,
thereby accelerating the commercialization of next generation
synbiotic bioherbicides.
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