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Abstract—Weed infestations remain one of the major constraints to global agricultural 

productivity, causing significant yield losses and increasing dependence on synthetic 

herbicides. The rapid evolution of herbicide-resistant weed populations, environmental 

concerns associated with chemical herbicides, and increasing demand for sustainable crop 

production systems have intensified the search for alternative weed management strategies. 

Mycoherbicides, traditionally based on living fungal propagules, have emerged as 

promising biological weed control agents. However, limitations associated with living 

fungal formulations, including environmental sensitivity, short shelf life, inconsistent field 

performance, and regulatory challenges, have restricted their widespread 

commercialization. 

Cell-free fungal broth-based mycoherbicides represent a new generation of bioherbicides 

that exploit fungal-derived bioactive compounds without requiring viable fungal 

propagules. These preparations offer several advantages, including improved formulation 

stability, enhanced biosafety, simplified regulatory requirements, easier standardization, 

and compatibility with modern formulation technologies. 

This review critically examines the current status of cell-free fungal broth-based 

mycoherbicides, covering fungal strain selection, fermentation processes, metabolite 

production, characterization methodologies, formulation technologies, mechanisms of 

herbicidal action, field application strategies, commercialization prospects, and regulatory 

considerations. Future opportunities involving synthetic biology, metabolic engineering, 

artificial intelligence-assisted metabolite discovery, nanoformulations, and precision 

application systems are also discussed. 

The integration of cell-free fungal bioherbicides into integrated weed management 

programs may provide environmentally sustainable solutions for reducing reliance on 

synthetic herbicides while supporting long-term agricultural productivity. 

 

Index Terms—Cell-free fungal broth, mycoherbicide, fungal metabolites, phytotoxins, weed 

management, biocontrol, sustainable agriculture  
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I. INTRODUCTION 

 

1.1 Global Impact of Weeds on Agricultural Productivity 

Weeds are among the most destructive biological constraints limiting agricultural productivity 

worldwide. They compete aggressively with crop plants for essential resources including 

nutrients, water, light, and space, resulting in substantial reductions in crop growth and yield. 

Globally, weeds are responsible for greater economic losses in agriculture than insect pests and 

plant diseases, accounting for approximately 34% of total crop production losses under 

unmanaged conditions (Oerke 2006). 

The increasing adoption of intensive agricultural practices and reliance on chemical herbicides 

have contributed to the evolution of herbicide-resistant weed populations, further complicating 

weed management strategies. To date, more than 270 weed species have evolved resistance to 

one or more herbicide modes of action, representing a major threat to global food security and 

agricultural sustainability (Heap 2025). 

 

1.2 Limitations of Chemical Herbicides 

Synthetic herbicides have remained the cornerstone of weed management for more than six 

decades due to their effectiveness, ease of application, and relatively low cost. 

However, excessive and repeated use of herbicides has generated numerous agronomic, 

environmental, and regulatory concerns. One of the most significant challenges is the rapid 

evolution of herbicide resistance resulting from continuous selection pressure imposed by 

repeated application of herbicides with similar modes of action (Délye et al. 2013). 

Environmental contamination arising from herbicide runoff and leaching has raised concerns 

regarding groundwater quality and ecosystem health. Increasing evidence also indicates that 

some herbicides may negatively affect soil microbial diversity and ecosystem functions, thereby 

compromising long-term soil fertility (Bünemann et al. 2006). 

 

1.3 Biological Weed Management 

Biological weed management has emerged as a sustainable and environmentally compatible 

alternative to conventional chemical control methods. Biological control involves the use of 

living organisms or their products to suppress weed populations below economically damaging 

levels (Charudattan 2001). Among biological control agents, fungal pathogens have attracted 

considerable attention because of their ability to infect and damage specific weed species while 

exhibiting minimal impacts on non-target plants (Singh & Pandey 2019). 

Mycoherbicides are bioherbicidal products based on pathogenic fungi and their propagules. 

Despite their potential, conventional mycoherbicides often suffer from several limitations, 

including dependence on favorable environmental conditions, limited shelf life, inconsistent field 

performance, and challenges associated with large-scale production and storage of viable 

propagules (Auld and Morin 1995; Charudattan and Dinoor 2000). 
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1.4 Emergence of Cell-Free Fungal Metabolite-Based Mycoherbicides 

Recent advances in fungal biotechnology, fermentation science, and natural product chemistry 

have stimulated interest in cell-free fungal metabolite-based mycoherbicides as a next-generation 

weed management strategy (Singh & Pandey 2024; Singh & Pandey 2025). These preparations 

typically contain extracellular phytotoxins, secondary metabolites, hydrolytic enzymes, organic 

acids, peptides, and other bioactive molecules capable of inducing phytotoxic effects in 

susceptible weed species (Hoagland 2001; Evidente et al. 2006). 

Cell-free mycoherbicides offer several advantages over conventional fungal bioherbicides. 

Because they do not contain viable fungal propagules, they exhibit improved storage stability, 

reduced environmental risks, simplified quality control, and greater formulation flexibility. 

Consequently, cell-free fungal metabolite-based products are increasingly recognized as 

promising components of integrated weed management programs aimed at reducing dependence 

on synthetic herbicides while promoting sustainable agricultural production systems. Table 1 

Representative studies reporting the use of fungal culture filtrates, cell-free broths, phytotoxic 

metabolites, and fungal secondary metabolites for biological control of economically important 

terrestrial and aquatic weeds. The table highlights the diversity of fungal taxa, target weeds, 

active compounds, and reported herbicidal effects documented in the literature. 

Table 1. Representative Studies on Cell-Free Fungal Broths and Metabolite-Based 

Mycoherbicides Against Major Weeds 

Year Fungal Species / 

Source 

Target Weed Cell-Free 

Metabolite / 

Broth 

Component 

Reported 

Efficacy* 

Reference 

1977 Alternaria 

alternata 

Various 

broadleaf 

weeds 

Tentoxin Chlorosis, 

inhibition of 

chloroplast 

development 

Liebermann 

et al. (1977) 

1996 Fusarium 

oxysporum 

Various weeds Fusaric acid Growth 

inhibition and 

wilting 

symptoms 

Bacon et al. 

(1996) 

2003 Alternaria 

alternata 

Eichhornia 

crassipes 

Phytotoxic 

metabolites in 

culture filtrate 

Severe leaf 

necrosis and 

plant decline 

Babu et al. 

(2003) 

2004 Alternaria 

alternata 

Eichhornia 

crassipes 

Cell-free toxin-

containing 

filtrates 

Up to 79% 

tissue necrosis 

under optimized 

conditions 

El-Morsy 

(2004) 

2005 Alternaria 

eichhorniae 

Eichhornia 

crassipes 

Phytotoxic 

metabolites 

Complete weed 

suppression 

Shabana 

(2005) 
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and 

extracellular 

products 

under favorable 

conditions 

2006 Curvularia lunata Grassy weeds Curvularin Root growth 

inhibition and 

biomass 

reduction 

Evidente et 

al. (2006) 

2009 Phoma spp. Broadleaf 

weeds 

Cytochalasins 

and secondary 

metabolites 

Significant 

seedling growth 

suppression 

Vurro et al. 

(2009) 

2011 Alternaria 

alternata 

Parthenium 

hysterophorus 

Culture filtrate 

phytotoxins 

Reduced 

germination and 

severe foliar 

injury 

Javaid and 

Ali (2011) 

2014 Phoma dimorpha Multiple weed 

species 

Membrane-

filtered 

phytotoxic 

metabolites 

Strong 

phytotoxicity 

under 

greenhouse 

conditions 

Chaves et 

al. (2014) 

2024 Various fungi 

(Alternaria, 

Colletotrichum, 

Curvularia, 

Fusarium, 

Phoma) 

Amaranthus, 

Bidens, 

Conyza, 

Brachiaria, 

Parthenium 

Cell-free 

fermentation 

filtrates 

Significant 

inhibition of 

germination, 

growth, and 

biomass 

accumulation 

Ocán-Torres 

et al. (2024) 

2024 Alternaria 

alternata 

Parthenium 

hysterophorus 

Cell-free 

metabolites 

Severe damage 

to seeds and 

leaves; strong 

bioherbicidal 

potential 

Singh & 

Pandey 

(2024) 

*Efficacy values reported in different studies were measured using different parameters (weed 

mortality, chlorosis, necrosis, biomass reduction, disease severity, or germination inhibition), 

therefore direct numerical comparison should be interpreted cautiously. 

 

II. CONCEPT AND PRINCIPLES OF CELL-FREE FUNGAL METABOLITE-BASED 

MYCOHERBICIDES 

 

2.1 Definition 

Cell-free fungal metabolite-based mycoherbicides are bioherbicidal preparations derived from 

the extracellular products of phytopathogenic fungi without the presence of viable fungal 
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propagules (Fig 1). These preparations are typically obtained by cultivating selected fungal 

isolates under controlled fermentation conditions followed by removal of fungal biomass through 

filtration, centrifugation, or membrane separation techniques (Hoagland 2001; Evidente et al. 

2006). 

 
Fig 1. Cell-free fungal metabolite-based mycoherbicides 

 

2.2 Components of Cell-Free Fungal Broths 

2.2.1 Phytotoxic Metabolites 

Phytotoxic metabolites constitute the primary active ingredients of most cell-free mycoherbicidal 

preparations. These compounds are typically low-molecular-weight secondary metabolites 

capable of interfering with essential plant physiological processes (Singh & Pandey 2020; Singh 

& Pandey 2024). 

Alternariol is a dibenzopyrone derivative produced by Alternaria species that induces oxidative 

stress, chlorosis, and growth inhibition in susceptible plants (Tsuge et al. 2013). 

Tentoxin is a cyclic tetrapeptide produced by Alternaria alternata that disrupts chloroplast 

development and photosynthetic activity, resulting in chlorosis and reduced plant growth 

(Liebermann et al. 1977). 

Fusaric acid is synthesized by several Fusarium species and interferes with ion transport, cellular 

metabolism, and vascular function, leading to wilting and tissue necrosis (Bacon et al. 1996). 

Other notable phytotoxic compounds include cercosporin, ascochitine, curvularin, and 

cytochalasins, each exhibiting distinct herbicidal mechanisms and target specificities. 
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2.2.2 Extracellular Enzymes 

In addition to phytotoxins, many phytopathogenic fungi secrete extracellular hydrolytic enzymes 

that contribute significantly to herbicidal activity. Cellulases, pectinases, and xylanases facilitate 

degradation of plant cell walls. Proteolytic enzymes and lipases further contribute to cellular 

damage and disruption (Walton 1994; Agrios 2005). 

The combined action of extracellular enzymes and phytotoxic metabolites often produces 

synergistic herbicidal effects that exceed the activity of individual compounds alone. 

 

2.2.3 Secondary Metabolites 

Secondary metabolites constitute a chemically diverse group of fungal natural products. Major 

classes include polyketides, terpenoids, alkaloids, and peptides, each contributing to the overall 

herbicidal potential of cell-free fungal broths through multiple mechanisms of action (Keller et 

al. 2005; Schulz et al. 2002). 

 

III. DEVELOPMENT OF CELL-FREE MYCOHERBICIDES 

 

3.1 Selection of Fungal Isolates 

The selection of suitable fungal isolates represents the most critical step in the development of 

cell-free mycoherbicides. Ideal fungal candidates should produce potent phytotoxic metabolites 

with consistent herbicidal activity against target weed species while exhibiting minimal adverse 

effects on economically important crops and non-target organisms (Vurro et al. 2009). 

Important Fungal Genera for Cell-Free Mycoherbicide Development 

Alternaria spp. produce diverse phytotoxins including alternariol, alternariol monomethyl ether, 

and tentoxin, inducing chlorosis, necrosis, and photosynthetic inhibition. 

Colletotrichum spp. produce polyketides and diketopiperazines with significant potential against 

broadleaf and grassy weeds. 

Fusarium spp. synthesize fusaric acid, beauvericin, and enniatins that interfere with cellular 

metabolism and membrane integrity. 

Curvularia spp. produce curvularin and related macrolides exhibiting strong phytotoxic effects 

on seed germination and seedling growth. 

Exserohilum spp., Phoma spp., and Drechslera spp. have also attracted attention due to their 

production of highly active phytotoxins. 

 

3.2 Fermentation Technologies for Metabolite Production 

3.2.1 Submerged Fermentation (SmF) 

Submerged fermentation is the most widely utilized method for industrial production of fungal 

metabolites, offering high scalability, precise environmental control, efficient mixing, 

automation capability, and simplified downstream processing. These features make SmF 

particularly suitable for large-scale production of extracellular phytotoxins and enzymes (Pandey 

et al. 2000). 
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3.2.2 Solid-State Fermentation (SSF) 

Solid-state fermentation involves fungal cultivation on moist solid substrates, utilizing 

agricultural residues such as wheat bran, rice bran, and sugarcane bagasse. This approach offers 

lower production costs, utilization of inexpensive wastes, reduced wastewater generation, and 

often higher metabolite concentrations compared with submerged fermentation (Mitchell et al. 

2006). 

3.2.3 Process Optimization 

Carbon and Nitrogen Sources: Carbon sources and organic nitrogen sources significantly 

influence metabolite production. High carbon-to-nitrogen ratios generally favor secondary 

metabolite production. 

pH and Temperature: Most phytopathogenic fungi exhibit optimal metabolite production at pH 

4.5-6.5 and temperatures of 25-30°C. 

Aeration and Agitation: Adequate aeration promotes efficient respiration and metabolite 

accumulation, while optimal agitation speeds balance oxygen transfer and fungal physiological 

stability. 

 

IV. CHARACTERIZATION OF CELL-FREE FUNGAL BROTHS 

 

4.1 Chemical Characterization 

4.1.1 Chromatographic Methods 

High-Performance Liquid Chromatography (HPLC) is widely used for quantification of fungal 

phytotoxins and serves as a standard quality control tool (Singh & Pandey 2024; Strobel et al. 

1991). 

Liquid Chromatography–Tandem Mass Spectrometry (LC–MS/MS) enables simultaneous 

identification and quantification of multiple metabolites, becoming one of the most powerful 

tools for studying fungal bioactive compounds (Maffi et al. 2018). 

Liquid Chromatography–Quadrupole Time-of-Flight Mass Spectrometry (LC–QTOF–MS) 

provides accurate mass measurements and high-resolution molecular characterization, valuable 

for discovery of novel phytotoxic metabolites (Wolfender et al. 2019). 

 

4.1.2 Spectroscopic Techniques 

FTIR Spectroscopy facilitates rapid screening of chemical classes including phenolics, ketones, 

alcohols, and peptides (Stuart 2004). 

Nuclear Magnetic Resonance (NMR) Spectroscopy remains the gold standard for structural 

elucidation of natural products and is extensively employed for determining structures of fungal 

phytotoxins (Dewick 2009). 

 

Raman Spectroscopy offers a rapid and non-destructive method for molecular characterization 

with complementary information to FTIR. 
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4.2 Biological Characterization 

Seed Germination Assays provide rapid screening of phytotoxic activity by measuring effects on 

germination percentage and seedling vigor. 

Root Growth Inhibition Assays assess effects on root elongation and biomass accumulation, 

serving as reliable indicators of metabolite potency. 

Chlorophyll Reduction Studies provide information regarding effects on photosynthetic 

machinery through quantification of chlorophyll content and fluorescence parameters. 

Electrolyte Leakage Tests measure membrane integrity and reflect membrane disruption and 

lipid peroxidation. 

 

V. FORMULATION TECHNOLOGIES 

 

5.1 Challenges in Formulation Development 

Despite promising herbicidal potential, fungal metabolites face formulation challenges including 

metabolite instability, UV degradation, oxidative breakdown, and rapid environmental 

degradation. Advanced formulation strategies are required to protect bioactive compounds and 

optimize their herbicidal efficacy under field conditions (Singh & Pandey 2025; Boyette et al. 

2015; Bailey 2014). 

 

5.2 Liquid Formulations 

Soluble Liquid Concentrates (SL) consist of bioactive fungal metabolites dissolved in aqueous 

systems, providing rapid biological activity and ease of dilution. 

Suspension Concentrates (SC) contain finely dispersed metabolites in liquid carrier systems with 

stabilizing agents, offering enhanced storage stability. 

Oil-in-Water (O/W) Emulsions distribute oil droplets containing bioactive compounds, 

improving leaf adhesion and protection of lipophilic metabolites. 

 

5.3. Dry Formulations 

Wettable Powders (WP) adsorb metabolites onto inert carriers, offering excellent storage 

stability and ease of manufacturing. Water-Dispersible Granules (WDG) are dust-free 

formulations that rapidly disintegrate when mixed with water, providing improved handling 

safety. Microgranules contain encapsulated or adsorbed metabolites, useful for soil applications 

and controlled release delivery. 

 

5.4. Encapsulation and Nanoformulations 

Alginate Encapsulation protects metabolites within biodegradable gel matrices, enabling 

controlled release (John et al. 2011). Chitosan Microcapsules provide antimicrobial activity, 

biodegradability, and enhanced surface adhesion (Campos et al. 2014).  Liposomes are 

phospholipid vesicles enhancing cellular penetration and improving metabolite stability (Kah and 

Hofmann 2014). Nanoemulsions are thermodynamically stable dispersions improving foliar 



© Volume 2, Issue 6, June 2026 | JATIR 

JATIR 140548 JOURNAL OF ACADEMIC TRENDS & INNOVATIVE RESEARCH (JATIR) 1485 

coverage and penetration.  Polymeric Nanoparticles improve metabolite stability and facilitate 

targeted delivery significantly enhancing field performance (Fraceto et al. 2016). 

 

VI. MECHANISMS OF HERBICIDAL ACTION 

 

The herbicidal activity of cell-free fungal metabolite-based mycoherbicides arises from complex 

biochemical and physiological disruptions (Fig 2). Unlike synthetic herbicides targeting single 

pathways, fungal metabolites affect multiple cellular processes simultaneously, resulting in 

multifaceted phytotoxic effects that reduce resistance development likelihood (Singh & Pandey 

2022; Dayan and Duke 2014; Berestetskiy 2008). 

 
Fig.2. Mechanism of herbicidal action of fungal metabolites 

 

 6.1 Photosynthesis Disruption 

Chlorophyll Degradation: Several metabolites induce chlorosis through chlorophyll degradation 

or inhibited biosynthesis, reducing the plant & capacity to capture light energy. 
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Photosystem II Inhibition: Metabolites interfere with PSII function, disrupting electron flow and 

reducing ATP and NADPH production (Liebermann et al. 1977). 

Reduced Photosynthetic Efficiency: Cumulative effects decline photosynthetic performance, 

contributing to growth inhibition, necrosis, and plant death. 

 

6.2 Oxidative Stress and ROS Generation 

ROS Production: Metabolites stimulate excessive production of superoxide radicals, hydrogen 

peroxide, and hydroxyl radicals, overwhelming antioxidant defenses (Apel and Hirt 2004). 

Cellular Damage: The oxidative burst causes chlorosis, lipid peroxidation, protein oxidation, 

DNA damage, and cell death (Daub and Ehrenshaft 2000; Gill and Tuteja 2010). 

. 

6.3 Membrane Damage and Cellular Leakage 

Lipid Peroxidation: ROS attack unsaturated fatty acids, compromising membrane fluidity and 

permeability. 

Electrolyte Leakage: Membrane disruption results in leakage of ions and cellular solutes, 

indicating severe impairment (Hoagland 2001). 

Cellular Collapse: Progressive degradation leads to turgor loss, cellular dehydration, and tissue 

necrosis. 

 

6.4 Cell Wall Degradation 

Extracellular enzymes hydrolyze cellulose, hemicellulose, and pectin, degrading plant cell wall 

architecture. Cellulases weaken cell wall integrity, xylanases degrade hemicelluloses, and 

pectinases cause cell separation and tissue maceration (Walton 1994; Agrios 2005). 

 

6.5 Mitochondrial Dysfunction and Programmed Cell Death 

ATP Depletion: Disruption of oxidative phosphorylation reduces ATP production, limiting 

energy for essential cellular processes (Tiwari et al. 2002). 

Programmed Cell Death: Fungal metabolites trigger PCD pathways through DNA fragmentation, 

caspase-like protease activation, and autophagy induction (Lam et al. 

2001; Liu and Bassham 2012). 

 

Multi-target mechanisms distinguish cell-free mycoherbicides from conventional herbicides and 

provide foundations for sustainable weed management. Table 2 represents Commercially 

registered and experimental fungal-derived mycoherbicides, including both propagule-based 

products and emerging cell-free metabolite formulations. The table highlights target weeds, 

formulation types, commercialization status, and current development stages. Commercial 

products such as DeVine®, Collego®, BioMal®, Chontrol™, and Sarritor® represent important 

milestones in biological weed control, whereas cell-free fungal metabolite formulations 

constitute the next generation of bioherbicidal technologies.  
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Table 2. Commercial and Experimental Mycoherbicides Derived from Fungi: Product Status, 

Target Weeds, Formulation Type, and Commercialization Stage 

 

Product 

Name 

Active 

Fungus / 

Agent 

Target 

Weed(s) 

Formulat

ion Type 

Commercial

ization 

Stage 

Country/ 

Region 

Status Key 

Referen

ce 

DeVine

® 

Phytophth

ora 

palmivora 

Strangler 

vine 

(Morrenia 

odorata) 

Liquid 

inoculum 

Fully 

commerciali

zed 

USA First 

registered 

mycoher

bicide 

(1981) 

Charud

attan 

(2001); 

Cordea

u et al. 

(2016) 

Collego

® 

Colletotric

hum 

gloeospori

oides f. sp. 

aeschynom

ene 

Northern 

jointvetch 

(Aeschyno

mene 

virginica) 

Spore 

suspensio

n 

Commercial

ized 

USA Registere

d and 

marketed 

Charud

attan 

(2001); 

Cordea

u et al. 

(2016) 

BioMal

® 

Colletotric

hum 

gloeospori

oides f. sp. 

malvae 

Round-

leaved 

mallow 

(Malva 

pusilla) 

Wettable 

powder 

Commercial

ized 

(limited) 

Canada Commerc

ial 

product 

Bailey 

(2014); 

Cordea

u et al. 

(2016) 

Woad 

Warrior

® 

Puccinia 

thlaspeos 

Dyer's 

woad 

(Isatis 

tinctoria) 

Rust 

inoculum 

Commercial

ized 

USA Niche 

market 

Cordea

u et al. 

(2016) 

Chontrol

™ 

Chondrost

ereum 

purpureum 

Woody 

weeds and 

hardwood 

sprouts 

Paste 

formulati

on 

Commercial

ized 

Canada/E

urope 

Forestry 

applicatio

n 

Cordea

u et al. 

(2016); 

Smoulde

r® 

Chondrost

ereum 

purpureum 

Deciduou

s woody 

weeds 

Stump 

treatment 

paste 

Commercial

ized 

Europe Forestry 

bioherbic

ide 

Cordea

u et al. 

(2016) 

Sarritor

® 

Sclerotinia 

minor 

Dandelion 

(Taraxacu

m 

officinale) 

Granular 

formulati

on 

Commercial

ized 

Canada Turf 

weed 

managem

ent 

Cordea

u et al. 

(2016) 

Alternar

ia-based 

Alternaria 

alternata 

Partheniu

m 

Cell-free 

broth / 

Experimenta

l 

India, 

Egypt 

Greenhou

se and 

Javaid 

and Ali 
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cell-free 

filtrates 

hysteroph

orus, 

aquatic 

weeds 

metabolit

e 

formulati

on 

field 

evaluatio

n 

(2011); 

Shaban

a 

(2005) 

Fusariu

m 

metaboli

te 

formulat

ions 

Fusarium 

oxysporum 

Broadleaf 

weeds 

Cell-free 

metabolit

e 

concentra

tes 

Experimenta

l 

Global Laborator

y and 

greenhou

se stage 

Bacon 

et al. 

(1996); 

Berestet

skiy 

(2008) 

Curvular

in-based 

bioherbi

cides 

Curvularia 

lunata 

Grasses 

and 

broadleaf 

weeds 

Purified 

metabolit

e 

formulati

on 

Experimenta

l 

Global Pre-

commerc

ial 

research 

Evident

e et al. 

(2006) 

Phoma 

metaboli

te 

formulat

ions 

Phoma 

spp. 

Various 

annual 

weeds 

Cell-free 

filtrates 

Experimenta

l 

Europe Greenhou

se 

validatio

n 

Vurro et 

al. 

(2009) 

Exserohi

lum 

metaboli

te 

formulat

ions 

Exserohilu

m spp. 

Echinochl

oa crus-

galli and 

grasses 

Fermenta

tion 

broth 

concentra

tes 

Experimenta

l 

USA, 

Europe 

Research 

phase 

Hoagla

nd 

(2001) 

Cercosp

orin-

based 

formulat

ions 

Cercospor

a spp. 

Broadleaf 

weeds and 

aquatic 

weeds 

Purified 

phytotoxi

n 

formulati

on 

Experimenta

l 

Global Laborator

y 

developm

ent 

Daub 

and 

Ehrensh

aft 

(2000) 

Nano-

encapsul

ated 

fungal 

metaboli

te 

formulat

ions 

Various 

fungi 

Multiple 

herbicide-

resistant 

weeds 

Nanoemu

lsion / 

nanocaps

ule 

Emerging 

technology 

Global Proof-of-

concept 

Kah et 

al. 

(2018); 

Fraceto 

et al. 

(2016) 
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VII. AGRICULTURAL APPLICATIONS 

 

Cell-free fungal metabolite-based mycoherbicides offer significant potential for managing 

diverse weed species under varying environmental conditions. Their broad spectrum of activity 

and multiple modes of action provide opportunities for sustainable weed management in 

agricultural, horticultural, forestry, and aquatic ecosystems (Charudattan 2001; Hoagland 2001). 

 

7.1 Broadleaf Weed Control 

Parthenium hysterophorus: Fungal metabolites from Alternaria, Fusarium, and Phoma species 

suppress seed germination and induce severe foliar necrosis (Evans 1997; Javaid and Ali 2011). 

Xanthium strumarium: Colletotrichum, Alternaria, and Curvularia metabolites show inhibitory 

effects on seedling emergence and photosynthetic activity (Singh and Pandey, 2019a). 

Amaranthus Species: Fungal phytotoxins provide alternative strategies for managing herbicide-

resistant populations (Dayan and Duke 2014). 

 

7.2 Grass Weed Management 

Echinochloa crus-galli: Exserohilum, Curvularia, and Alternaria metabolites inhibit seed 

germination and seedling establishment (Vurro et al. 2009). 

Cynodon dactylon: Cell-free filtrates reduce vegetative growth and suppress regrowth from 

underground propagules (Hoagland 2001). 

Phalaris minor: Fungal metabolites show inhibitory effects on germination and seedling growth 

(Chauhan and Mahajan 2014). 

 

7.3 Aquatic Weed Control 

Eichhornia crassipes: Alternaria eichhorniae, Cercospora piaropi, and Fusarium metabolites 

induce chlorosis and necrosis, providing environmentally compatible control (Shabana 2005). 

Pistia stratiotes and Salvinia molesta: Fungal metabolites impair photosynthesis and reduce 

biomass accumulation (Charudattan 2001; Room et al. 1981). 

 

7.4 Integration into Integrated Weed Management (IWM) 

Cell-free fungal metabolites can be effectively integrated into IWM programs through herbicide 

rotation, mechanical combinations, cover crop systems, precision applications, and site-specific 

strategies. Their multiple mechanisms of action help delay resistance evolution while improving 

overall efficacy (Norsworthy et al. 2012). 

 

VIII. FIELD EVALUATION AND EFFICACY ASSESSMENT 

 

Rigorous evaluation under greenhouse and field conditions determines efficacy, selectivity, 

environmental compatibility, and economic viability. Field trials remain essential for assessing 
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real-world performance under variable environmental conditions (Charudattan 2001; Boyette et 

al. 2015). 

 

8.1 Experimental Design 

Randomized Complete Block Design (RCBD) effectively controls field heterogeneity and 

remains the most widely employed design, typically involving three to six replications per 

treatment (Gomez and Gomez 1984). 

Split-Plot Design is useful for evaluating multiple factors simultaneously, investigating 

interaction effects between variables (Steel et al. 1997). 

 

8.2 Evaluation Parameters 

Weed Mortality: Most direct herbicidal indicator, assessed at regular intervals using standardized 

scales (Charudattan 2001). 

Biomass Reduction: Measures herbicidal efficacy through fresh and dry weight reduction (Vurro 

et al. 2009). 

Chlorophyll Content: SPAD meter readings and spectrophotometric analysis assess physiological 

damage (Dayan and Duke 2014). 

Crop Safety and Selectivity: Essential for determining practical herbicide performance (Boyette 

et al. 2015). 

Yield Response: Ultimate indicator of weed management success and commercial viability. 

 

8.3 Environmental Influences 

Temperature: Most fungi exhibit optimal activity within 20-30°C range (Auld and Morin 1995). 

Relative Humidity: High humidity promotes prolonged droplet persistence and metabolite 

uptake. 

UV Radiation: Major limiting factor for metabolite persistence (Daub and Ehrenshaft 2000). 

Rainfall and Moisture: Precipitation can wash metabolites from leaf surfaces before absorption 

(Vurro et al. 2009). 

 

X. COMMERCIALIZATION AND REGULATORY CONSIDERATIONS 

 

Commercial development requires regulatory approval, safety assessment, market acceptance, 

and economic feasibility. Cell-free products offer advantages over conventional microbial 

bioherbicides but must satisfy rigorous regulatory requirements (Marrone 2019; Bailey 2014). 

 

9.1 Product Registration and Regulatory Frameworks 

United States: Regulated under EPA’s FIFRA and Biochemical Pesticide Program with reduced 

data requirements for lower-risk products (USEPA 2023). 

European Union: Regulated under Regulation (EC) No. 1107/2009 with emphasis on 

environmental protection and biodiversity (EFSA 2021). 
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India: Regulated by CIBRC with growing emphasis on sustainable agriculture (CIBRC 2023). 

 

9.2 Safety Evaluation 

Toxicological Assessment: Evaluates acute/chronic toxicity, genotoxicity, and reproductive 

effects (Dayan et al. 2009). 

Ecotoxicological Assessment: Evaluates impacts on beneficial insects, aquatic organisms, and 

soil microbes (Bailey 2014). 

Environmental Fate: Most fungal metabolites exhibit relatively short environmental half-lives 

(Marrone 2019). 

 

9.3 Market Opportunities 

Organic Agriculture: Fastest-growing agricultural sector creating demand for biological 

alternatives (Willer et al. 2023). 

Herbicide-Resistant Weeds: Expanding global problem creating market demand for alternative 

technologies (Heap 2025). 

Specialty Crops: High-value crops justify investment in sustainable weed management. 

 

X. EMERGING TECHNOLOGIES 

 

Emerging technologies are accelerating fungal metabolite discovery, improving production 

efficiency, and enhancing formulation performance. Integration of metabolic engineering, 

synthetic biology, AI, and precision agriculture is expected to transform bioherbicide 

development (Marrone 2019; Dayan and Duke 2014). 

 

10.1 Metabolic Engineering 

Targeted modification of cellular metabolic pathways enhances phytotoxin production through 

overexpression of biosynthetic genes, deletion of competing pathways, and optimization of 

precursor availability. Recent studies demonstrate substantial improvements through pathway 

engineering (Nielsen and Keasling 2016). 

 

10.2 Synthetic Biology 

Synthetic biology enables design of entirely new biological systems, reconstructing fungal 

biosynthetic pathways in alternative hosts and creating synthetic metabolite analogues. CRISPR-

Cas genome editing accelerates pathway manipulation and discovery of silent biosynthetic 

clusters (Cairns et al. 2018; Awan et al. 2017). 

 

10.3 Artificial Intelligence 

Machine learning algorithms analyze large omics datasets to predict biosynthetic gene clusters, 

novel metabolites, structure-activity relationships, and toxicological properties. 
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AI-assisted metabolite discovery reduces development costs and improves research efficiency 

(Stokes et al. 2020). 

 

10.4 Precision Agriculture and Smart Systems 

Advanced sensing technologies including multispectral imaging, LiDAR, and machine vision 

enable real-time weed detection and mapping. Integration with GIS, GNSS, variable-rate 

application, and IoT sensors facilitates targeted bioherbicide deployment (Gebbers and 

Adamchuk 2010). 

Drone-based application systems enable high-resolution weed mapping and precise herbicide 

delivery to localized infestations, particularly valuable for row crops, specialty crops, and aquatic 

weed management (Huang et al. 2021). 

 

XI. FUTURE PERSPECTIVES 

 

Cell-free fungal metabolite-based mycoherbicides represent one of the most promising frontiers 

in sustainable weed management. Several scientific, technological, regulatory, and commercial 

challenges must be addressed before widespread adoption (Keller 2019). 

 

11.1 Discovery of Novel Metabolites 

Less than 10% of fungal species have been characterized, suggesting enormous untapped 

potential. Future research should prioritize exploration of under-investigated taxa, endophytic 

fungi, marine species, and discovery of metabolites with novel modes of action (Blackwell 

2011). 

 

11.2 Nano-Enabled Delivery Systems 

Nanotechnology offers innovative solutions for protecting fungal metabolites. Development of 

smart nanoparticles, stimuli-responsive systems, UV-protective formulations, and targeted 

delivery mechanisms will significantly enhance field performance (Kah et al. 2018; Fraceto et al. 

2016). 

 

11.3 Climate-Resilient Formulations 

Climate change impacts weed dynamics and herbicide performance. Development of thermally 

stable, UV-resistant, rainfast formulations with controlled-release technologies capable of broad 

environmental adaptability will be essential for global adoption (Matzrafi et al. 2021). 

 

11.4 Regulatory Harmonization 

Harmonization of international registration requirements, establishment of science-based risk 

assessment frameworks, and streamlined approval procedures for biological products would 

reduce development costs and facilitate global market access (Singh & Pandey 2026; Marrone 

2019). 
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11.5 Commercial-Scale Optimization 

Economic feasibility requires development of low-cost fermentation substrates utilizing 

agricultural wastes, process intensification strategies, continuous fermentation systems, and 

advanced bioreactor design. Artificial intelligence-assisted optimization is expected to improve 

metabolite yields and production consistency (Pandey et al. 2019). 

 

XII. CONCLUSION 

 

Cell-free fungal metabolite-based mycoherbicides have emerged as a promising next-generation 

approach for sustainable weed management. By harnessing the herbicidal potential of fungal-

derived phytotoxins, secondary metabolites, extracellular enzymes, and other bioactive 

compounds, these products circumvent limitations of living fungal formulations while offering 

improved stability, enhanced biosafety, simplified regulatory requirements, easier 

standardization, and greater formulation flexibility. 

 

Recent advances in fungal biotechnology, fermentation engineering, metabolomics, proteomics, 

and natural product discovery have substantially enhanced understanding of fungal phytotoxic 

metabolites and their mechanisms of action. Progress in formulation science—including 

encapsulation technologies, controlled-release systems, and nanoformulations—has improved 

stability, efficacy, and field applicability. The multifaceted modes of action provide valuable 

opportunities for managing herbicide- resistant weed populations and reducing reliance on 

conventional herbicides. 

 

Integration of emerging technologies including metabolic engineering, synthetic biology, 

artificial intelligence-assisted discovery, precision agriculture, and drone-based applications is 

expected to accelerate development and commercialization. These innovations offer potential for 

improving metabolite production efficiency, identifying novel compounds, enhancing 

formulation performance, and enabling highly targeted weed management. 

 

Despite considerable progress, challenges remain including large-scale production economics, 

metabolite yield variability, formulation stability, regulatory complexities, and comprehensive 

safety assessments. Addressing these challenges requires coordinated interdisciplinary efforts 

among microbiologists, plant pathologists, weed scientists, formulation chemists, fermentation 

engineers, regulatory authorities, and industry stakeholders. 

 

As global agriculture faces increasing pressures from herbicide resistance, environmental 

concerns, and regulatory restrictions, cell-free fungal metabolite- based mycoherbicides are 

poised to become integral components of integrated weed management programs. Their 

successful development and adoption could contribute significantly to sustainable agricultural 

intensification, environmental conservation, and global food security in coming decades. 
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