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ABSTRACT 

Sclerotia are specialized survival structures that allow soil-borne fungal pathogens to persist between 

seasons, tolerate environmental stress, and sustain recurrent disease pressure in cropping systems. This review 

synthesizes molecular, structural, ecological, and management aspects of sclerotial resilience, with emphasis on 

Sclerotinia sclerotiorum and other emerging sclerotia-forming or sclerotium-like pathogens. It highlights 

regulatory networks governing sclerotial development and persistence, including the Velvet complex, calcium-

mediated morphogenesis, and DHN-melanin biosynthesis. The melanized rind is considered a key survival 

determinant because it reduces environmental stress, microbial degradation, and the penetration of fungicides. 

The review also examines how temperature, soil moisture, drought, and climate variability influence sclerotial 

viability, pathogen epidemiology, and the reliability of disease management. It further evaluates the declining 

durability of fungicide-based control in the context of protected survival structures, reduced sensitivity, and the 

development of resistance. As an alternative, the review proposes an integrated biological framework involving 

metabolically primed Trichoderma spp., abiotic elicitors, arbuscular mycorrhizal fungi, and host-defense 

activation. These strategies target persistent inoculum and the plant–rhizosphere interface by promoting 

enzymatic degradation of sclerotial tissues, microbial antagonism, and induced resistance. Finally, formulation 

stability, climate-adaptive biocontrol strains, and microbiome-informed delivery systems are identified as 

priorities for field-resilient disease management.  

 

Keywords: Sclerotial persistence, melanized rind, Trichoderma spp., biological control, climate-resilient disease 

management. 

 
INTRODUCTION 

 

clerotia-producing soil-borne fungi 

remain major threats to crop protection 

because their compact survival structures 

persist in soil and sustain recurrent disease 

pressure. Among them, Sclerotinia sclerotiorum 

is particularly destructive, infecting more than 

700 plant species across oilseed, vegetable, 

and horticultural systems (Boland and Hall, 

1994; Bandara et al., 2020). Persistence as 

long-lived sclerotia drives repeated seasonal 

outbreaks and constrains chemical control, 

because sclerotia tolerate fungicides, 

ultraviolet radiation, desiccation, and 

microbial antagonism, while repeated 

fungicide use has selected resistant 

populations, including carbendazim-resistant 

isolates (Gupta et al., 2014; Bandara et al., 

2020; Shang et al., 2024). Similar concerns 

apply to other sclerotia-forming pathogens, 

including Neopestalotiopsis, Macrophomina 

phaseolina, and Sordaria sclerogenia, which 

cause diverse diseases and persist under heat, 

drought, or low temperature (Gupta et al., 

2020; Rebollar-Alviter et al., 2020; Yousef et 

al., 2025b). Management must therefore 

account for contrasting ecological niches, 

including cool, humid environments favoring 

S. sclerotiorum and hot, dry conditions 

S 
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preferred by M. phaseolina (Gupta et al., 

2014; Rebollar-Alviter et al., 2020). This 

review synthesizes sclerotial ecology, 

resilience, and control, emphasizing 

Trichoderma-based synergistic strategies and 

environmental stress effects on sustainable, 

immunity-oriented crop protection. 

 

REVIEW METHODOLOGY 

 

Search Strategy and Information Sources 

A structured search of PubMed, Web of 

Science, Scopus, and Google Scholar covered 

peer-reviewed studies and authoritative reviews 

published between 2014 and 2026. Priority was 

given to sclerotial biology and molecular 

biocontrol, especially transcriptional regulation, 

the Velvet complex, and environmentally 

induced melanization linked to sclerotial 

persistence. 

 

Keywords and Search Terms 

Boolean search strings covered molecular, 

ecological, and applied aspects of the topic. 

Pathogen-related terms included “sclerotia-

forming fungi”, Sclerotinia sclerotiorum, 

Sclerotium rolfsii, Macrophomina phaseolina, 

and Sordaria sclerogenia. Additional terms 

targeted persistence mechanisms (“melanized 

rind structure”, “DHN-melanin pathway”, 

“SCD1”, “THR1”, “transcription factor 

SsSMR1”, “Velvet complex”), management 

strategies (“metabolic priming of Trichoderma”, 

“tripartite plant-microbe interactions”, 

“induced systemic resistance”, “DAMP-

triggered immunity”, “abiotic elicitors”), and 

environmental drivers (“climate change 

effects on sclerotial survival”, “heat-induced 

melanization”, “sustainable soil sanitation”). 

 

Inclusion Criteria 

Studies were included when they 

advanced mechanistic understanding or 

practical management of sclerotia-forming 

pathogens. Priority was assigned to molecular 

regulation of sclerotial formation, 

persistence, and degradation, as well as to 

integrated strategies involving Trichoderma 

spp., arbuscular mycorrhizal fungi, and 

abiotic elicitors. Comparative evidence 

across pathogens was retained, with in vitro, 

greenhouse, and field validation prioritized. 

Approximately 33 studies were synthesized 

to examine the link between sclerotial resilience 

and biologically based management. 

 
BIOLOGY AND ECOLOGICAL 

RESILIENCE OF SCLEROTIA-

FORMING FUNGI 

 

Molecular Mechanisms of Morphogenesis 

and Antagonistic Intervention 

Sclerotial development is tightly regulated 

and supports survival and disease 

establishment in many soil-borne fungi. The 

Velvet complex (VeA, VelB, and LaeA) links 

development with secondary metabolism; its 

disruption markedly impairs or abolishes 

sclerotial formation (Calvo and Cary, 2015; 

Huang et al., 2025). Calcium signaling also 

shapes early morphogenesis by controlling 

hyphal differentiation and, consequently, 

sclerotial initiation, abundance, and maturation 

(Pan et al., 2024). 

Against these structures, Trichoderma spp. 

act beyond direct mycoparasitism. Their 

antagonism reflects metabolic plasticity, as 

abiotic elicitors such as salicylic acid and 

selected organic salts can stimulate the 

production of antifungal metabolites, 

including volatile organic compounds and 

phenolic derivatives absent under basal 

conditions (Yousef et al., 2018). This 

response is relevant to sclerotial pathogens, 

whose structural defenses often restrict 

conventional antagonism. Scanning electron 

microscopy has shown severe sclerotial 

damage after exposure to antagonistic 

Trichoderma strains, including disruption of 

the melanized rind and collapse of internal 

cellular organization, thereby weakening 

persistence and increasing susceptibility to 

biological degradation (Yousef et al., 2025a). 

 

Structural Resilience: The Melanized 

Shield 

Mature sclerotia comprise three layers: an 

outer pigmented rind, a cortical layer, and an 

inner medulla (Ordóñez-Valencia et al., 

2015). This architecture supports soil 

persistence, particularly through the rind, 

where DHN-melanin accumulates under 
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regulation by genes such as SCD1 and THR1 

(Liang et al., 2018). The melanized outer 

layer functions as a durable barrier, 

enhancing survival under adverse conditions. 

Functionally, the rind reduces ultraviolet 

injury, restricts fungicide penetration, and 

limits enzymatic degradation by non-adapted 

or unprimed soil microorganisms (Salazar-

García et al., 2022). These features make it a 

central determinant of sclerotial resilience 

and a major obstacle to effective control. 

 

 
 

Figure 1. Diagrammatic cross-section of a Sclerotinia sclerotiorum sclerotium showing its three-layered structure: 

melanized rind, cortex, and medulla. The outer rind provides protection against fungicides and environmental stress, 

while the medulla contains storage compounds such as glycogen, lipids, and proteins (adapted from Shang et al., 2024). 

 

Environmental Adaptation and Climate 

Change Dynamics 

The resilience of Sclerotinia sclerotiorum 

depends on maintaining sclerotial viability 

under environmental change. Temperature 

and soil moisture regulate development and 

disease expression: cool, humid conditions 

generally favor carpogenic germination and 

infection, whereas long-term persistence 

depends on sclerotia remaining intact in 

fluctuating soils (Butler et al., 2009; Cohen, 

2022; Hossain et al., 2023). Rind 

melanization, therefore, acts as an adaptive 

trait that increases tolerance to oxidative 

stress, microbial attack, and environmental 

exposure, sustaining the soil inoculum 

reservoir across variable climates (Figure 2). 

Accordingly, S. sclerotiorum epidemiology 

is better interpreted through climate variability 

than static conditions. Temperature and 

moisture shifts can alter local suitability for 

survival, germination, and spread, affecting 

spatial and seasonal disease expression 

(Cohen, 2023). Because sclerotia persist in 

soil, the pathogen can exploit transient 

favorable conditions. Rhizosphere interactions 

with Trichoderma spp. may support resilience 

by improving nutrient uptake, modulating 

root-associated microbial activity, and priming 

induced systemic resistance, particularly under 

abiotic stress (Hussein et al., 2024; Jung et al., 

2024). These findings support climate-informed 

management integrating pathogen persistence, 

host responsiveness, and biocontrol performance. 
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Figure 2. Effects of environmental stressors on the structural resilience and persistence of fungal sclerotia. 

The diagram shows how abiotic stressors, particularly high temperatures, drought, and fluctuations in soil moisture, 

induce physiological adaptations in the pathogen. These conditions promote rind melanization and cortical thickening, 

thereby enhancing long-term survival in soil and increasing resistance to microbial degradation. 

 

Synergistic Potential of Abiotic Inducers 

and Biocontrol Agents 

Because sclerotia persist in soil for 

extended periods, their suppression usually 

requires integrated rather than single-

component management. Abiotic inducers 

such as salicylic acid may complement 

biological control by enhancing host defense 

readiness and antagonist performance. As a 

regulator of systemic acquired resistance, 

salicylic acid can restrict disease by 

reinforcing defense expression against 

invading pathogens. 

In these systems, Trichoderma acts beyond 

direct antagonism. Besides mycoparasitism 

and secretion of cell wall-degrading enzymes, 

it can activate host resistance through 

hormone-responsive signaling. Current 

evidence indicates that this protection is 

largely ISR-related, with possible SAR-like 

components depending on host, strain, and 

environment. Combined with abiotic defense 

activators, Trichoderma may prime host 

immunity while weakening sclerotial 

structures through enzymatic and metabolic 

attack. Sclerotial degradation may also 

release damage-associated molecular 

patterns, thereby strengthening local and 

systemic responses. Thus, combining 

defense-activating compounds with effective 

biological antagonists may reduce inoculum 

and improve host responsiveness before 

pathogen establishment. 

 

PATHOGENICITY AND GLOBAL 

ECONOMIC IMPACT 

 

Versatile Infection Strategies and Host 

Colonization 

Sclerotia-forming pathogens infect hosts 

through coordinated biochemical and structural 

mechanisms. In Sclerotinia sclerotiorum, 

oxalic acid acidifies host tissues, alters redox 

balance, and suppresses early defenses, 

including oxidative burst and callose 

deposition, favoring necrotrophic growth. 

The pathogen also secretes cell wall-

degrading enzymes, including glycoside 

hydrolases, that promote penetration, tissue 

maceration, and lesion expansion. 

The shift from dormant sclerotia to active 

germination converts persistent inoculum 

into primary infection, making this stage a 

key biological intervention target. 

Antagonists such as Trichoderma can inhibit 

germination through lytic enzymes, 

mycoparasitism, and inhibitory metabolites, 

compromising propagule integrity before 

colonization. The economic importance of 

these pathogens reflects durable survival 

structures and aggressive infection strategies, 

underscoring the need for integrated 
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molecular, ecological, and biological 

management approaches (Figure 3). 

Although Sclerotinia sclerotiorum 

remains the most consequential sclerotia-

forming pathogen, other fungi with persistent 

survival structures are becoming important in 

high-value crops. Recent ultrastructural 

investigations of Sordaria sclerogenia have 

described distinctive perithecial morphogenesis, 

rosette-like ascospores, virulence-associated 

metabolites, and mechanisms of root invasion, 

broadening current understanding of structurally 

differentiated soil-associated fungal pathogens 

(Yousef et al., 2026). These pathogens cause 

fruit rot, shoot dieback, root disease, and post-

harvest decay in specialty systems, extending 

sclerotial or sclerotium-like survival biology 

beyond the classical Sclerotinia pathosystem. 

Their effects include reduced yield and quality, 

shorter shelf life, and higher management costs 

under recurrent disease pressure. Repeated 

outbreaks increase fungicide dependence and 

selection for reduced sensitivity; in S. 

sclerotiorum, documented carbendazim 

resistance underscores the need to diversify 

management beyond single-site chemistries. 

 

Molecular Orchestration of Pathogenesis 

In sclerotia-forming fungi, pathogenicity is 

closely linked to developmental regulation. 

The Velvet system, particularly the VeA-

VelB-LaeA complex, coordinates differentiation, 

secondary metabolism, and infection-related 

traits. In S. sclerotiorum, disruption of this 

complex severely impairs sclerotial development 

and alters genes involved in cell wall degradation 

and infection, indicating integration between 

sclerotiogenesis and virulence. Calcium signaling 

also influences early morphogenetic transitions 

linked to sclerotial formation. Although these 

pathways are mechanistically important, their 

direct use as management targets remains 

prospective and requires pathosystem-specific 

validation. Their convergence on development 

and virulence makes them plausible targets for 

future RNA-based, microbial-interference, or 

signaling-disruption strategies. 

 

 
 

Figure 3. Schematic representation of the pathogenic life cycle of sclerotia-forming fungi and antagonistic intervention 

by Trichoderma spp. The diagram depicts sclerotial germination, host colonization, and secondary inoculum 

production, together with the inhibitory action of Trichoderma lytic enzymes on pathogen structural integrity. 4.2. 

Emerging Pathogens and Economic Consequences. 



918                                                                                                                                                           Number 43/2026 

ROMANIAN AGRICULTURAL RESEARCH 

 

LIMITATIONS OF CONVENTIONAL 

CHEMICAL CONTROL AND THE RISE 

OF RESISTANCE 

 

The Resistance Crisis: Structural and 

Genetic Barriers 

Control of sclerotia-forming pathogens 

has long relied on synthetic fungicides, 

particularly benzimidazoles and 

dicarboximides, but efficacy is increasingly 

constrained by structural protection and 

adaptive resistance. The melanized rind 

shields internal tissues and likely reduces 

fungicide activity against dormant survival 

structures. Although efficacy varies with 

compound, dose, timing, and target stage, 

intact sclerotia remain a major cause of 

incomplete suppression. 

Repeated use of single-site fungicides 

imposes strong selection pressure on 

pathogen populations. In S. sclerotiorum, 

carbendazim resistance is documented, and 

reduced sensitivity to other fungicide classes 

has been reported in some populations. 

Because resistance varies among active 

ingredients, compound-specific interpretation 

is preferable to broad generalization. These 

patterns make resistance management 

essential in fungicide-based programs 

targeting sclerotia-forming pathogens. 

 

Ecological Consequences and Microbiome 

Disruption 

Heavy reliance on fungicides also has 

ecological costs. Chemical exposure can 

disrupt non-target soil microbial communities, 

affecting nutrient cycling, natural disease 

suppression, and beneficial root-associated 

interactions. Because Trichoderma spp. and 

arbuscular mycorrhizal fungi support disease 

suppression, nutrient acquisition, and stress 

tolerance, their disruption may weaken 

rhizosphere buffering capacity and indirectly 

favor pathogen persistence. 

These limitations support a shift from 

fungicide-centered control to integrated 

strategies combining biological antagonists 

with host-defense activators or physiological 

inducers. Such approaches target active 

infection and survival structures driving 

recurrence. 

INTEGRATED MANAGEMENT: 

MICROBIOME ENGINEERING AND 

SYNERGISTIC STRATEGIES 

 

Trichoderma and Biostimulant Synergy 

Integrated management increasingly 

emphasizes rhizosphere optimization rather 

than simply adding biocontrol agents. 

Trichoderma harzianum, applied alone or in 

combination with Bacillus subtilis, improved 

plant vigor and reduced disease pressure 

under field conditions, supporting its 

potential as a component of integrated 

disease management systems (Petcu et al., 

2023). Recent greenhouse evidence further 

demonstrates that integrating Trichoderma 

asperelloides with chitosan and 

biosynthesized silver nanoparticles can 

strongly suppress onion white rot caused by 

the persistent sclerotia-forming pathogen 

Sclerotium cepivorum, although field-scale 

validation and assessment of non-target 

effects remain necessary (El-Debaiky et al., 

2026). Abiotic supplements or biostimulants 

may metabolically prime Trichoderma spp., 

enhancing physiological readiness in a strain- 

and formulation-dependent manner. Abiotic 

supplements or biostimulants may 

metabolically prime Trichoderma spp., 

enhancing physiological readiness in a strain- 

and formulation-dependent manner. This is 

plausible because Trichoderma is a 

multifunctional plant-beneficial fungus that 

combines growth promotion, resistance 

induction, antibiosis, and mycoparasitism, all 

of which are shaped by environmental and 

nutritional context. 

Such priming likely enhances, rather than 

redefines, the existing antagonistic machinery 

of Trichoderma. Under suitable conditions, it 

may increase the production of hydrolytic 

enzymes, antimicrobial metabolites, and 

volatile compounds, thereby improving 

biomass production, sporulation, or 

antifungal performance. This is relevant 

against sclerotial pathogens, whose 

melanized survival structures resist single-

mechanism suppression. Microscopic 

observations show Trichoderma-mediated 

directional growth, attachment, hyphal 

coiling, and appressorium-like structures 
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enabling localized enzymatic disruption of 

resistant propagules. 

The rationale for combining Trichoderma 

with arbuscular mycorrhizal fungi lies in  

their complementary functions. AMF 

enhance nutrient acquisition and influence 

host transcriptional responses, whereas 

Trichoderma provides direct antagonism and 

defense priming. With selected elicitors, 

these organisms form a multilayered system 

that links inoculum suppression, rhizosphere 

reinforcement, and induced resistance to 

durable control of persistent soil-borne 

pathogens. 

 

 
 

Figure 4. Schematic representation of the synergistic mycoparasitic action of biostimulant-augmented Trichoderma spp. 

against S. sclerotiorum. (A) Biostimulant-induced priming enhances the metabolic readiness of Trichoderma mycelia. 

(B) The recognition phase involves close physical interaction and intensive hyphal coiling around the pathogen.  

(C) Appressoria-like structures form at points of contact, enabling mechanical and enzymatic penetration.  

(D) The coordinated action of cell wall-degrading enzymes (CWDEs) drives progressive degradation 

of the melanized sclerotial rind and cortical tissues, leading to sclerotial viability loss. 

(Based on mechanisms established in Yousef et al., 2016, 2018, 2025). 

 

Enzymatic Deconstruction of the Sclerotial 

Fortress  

Effective biological control of sclerotia-

forming pathogens depends largely on 

disrupting the sclerotial rind. In 

Trichoderma-mediated mycoparasitism, this 

occurs mainly through cell wall-degrading 

enzymes, especially chitinases and β-1,3-

glucanases, which support host recognition, 

wall hydrolysis, and nutrient acquisition. As 

these barriers degrade, resistant propagules 

lose structural integrity, reducing survival 

and germination potential. 

Microscopic observations often show 

erosion, pitting, cracking, and collapse of 

sclerotial tissues after enzymatic attack. 

However, such damage should be described 

as substantially reducing viability and 

germination rather than achieving complete 

soil decontamination, which depends on 

inoculum density, soil conditions, antagonist 

persistence, and in situ colonization. 

Enzymatic degradation remains a central 

mechanism by which Trichoderma 

destabilizes the melanized barrier underlying 

long-term inoculum persistence. 

 

Induction of Systemic Resistance (ISR) 

Beyond direct antagonism, Trichoderma 

can strengthen plant defense by inducing or 

priming systemic resistance. After root 

colonization, treated plants often exhibit 

greater activation of defense-related enzymes 

and signaling pathways, enabling faster 

responses to pathogen challenge. Across 

pathosystems, Trichoderma-based treatments 

have been associated with increased 

peroxidase and polyphenol oxidase activity 

and broader activation of pathways linked    

to phenylpropanoid metabolism and 
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pathogenesis-related responses (Figure 5). 

Cross-pathosystem evidence also indicates 

that chitosan can activate salicylic acid-

associated defenses, increase phenolic 

accumulation, and enhance the activities of 

chitinase, β-1,3-glucanase, peroxidase, and 

polyphenol oxidase, supporting its potential 

role as a complementary resistance elicitor 

(Mahmoud et al., 2025).  

This response is valuable because 

Trichoderma suppresses pathogens through 

mycoparasitism and enzymatic degradation 

while physiologically priming the host 

against subsequent invasion. Specific marker 

genes such as PAL1 and CHI II should be 

retained only when directly supported by 

cited studies; otherwise, it is more rigorous to 

state that Trichoderma activates defense-

associated enzymatic and transcriptional 

networks consistent with induced systemic 

resistance. Under variable environments, 

combined inoculum suppression and immune 

priming remain important components of 

sustainable management for persistent soil-

borne pathogens. 

 

Figure 5, proposed model for ISR 

triggered by bio-augmented Trichoderma 

spp.  

The figure depicts a multistage 

rhizosphere-driven defense response in which 

bioaugmented Trichoderma enhances the 

production of elicitor-active compounds 

during root colonization, generates root-to-

shoot systemic signals, and promotes distal 

defense activation, including increased 

peroxidase, polyphenol oxidase, phenolic 

compounds, and resistance-associated genes. 

This model represents “systemic vaccination” 

as a mechanistic interpretation of current 

evidence rather than a fully resolved 

pathway.  

 

 
 

Figure 5. Proposed model of induced systemic resistance (ISR) triggered by bio-augmented Trichoderma spp. 

The numbered stages depict a systemic “vaccination” effect: (1) priming and recognition, in which rhizosphere 

interactions between Trichoderma and biostimulants activate molecular elicitors; (2) systemic signaling, involving 

long-distance movement of defense signals from roots to distal leaves; and (3) defense execution, marked by rapid 

accumulation of biochemical markers (POX, PPO, and phenolics) and upregulation of resistance genes (PAL1 

and CHI II), culminating in systemic protection. 

 

Comparative Evaluation of Management 

Strategies 

This section summarizes the shift from 

chemical control to bio-augmented strategies. 

As shown in Table 1, integrating 

Trichoderma with biostimulants can reduce 

sclerotial viability and improve plant fitness 

more effectively than traditional approaches. 

DISCUSSION AND SYNTHESIS: 

MECHANISTIC INSIGHTS AND 

STRATEGIC IMPLICATIONS 

 

Persistence in sclerotia-forming pathogens, 

particularly Sclerotinia sclerotiorum, reflects 

an integrated survival strategy rather than 

structural defense alone. The melanized rind 
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protects the medulla from physical, chemical, 

and biological stress, enabling long-term soil 

persistence. Environmental instability, 

including temperature extremes, fluctuations 

in moisture, and oxidative stress, may enhance 

melanization and cortical reinforcement, 

extending longevity and complicating 

eradication (Butler et al., 2009; Sousa Melo et 

al., 2019; Cohen, 2022). This explains the 

limited success of fungicide-based control: 

benzimidazoles and dicarboximides are 

constrained by poor access to protected tissues 

and by resistance or reduced sensitivity in 

pathogen populations (Gupta et al., 2014; 

Salazar-García et al., 2022). Continued 

chemical dependence may also disrupt the soil 

microbiome by suppressing antagonists such 

as Trichoderma spp. and beneficial symbionts, 

including arbuscular mycorrhizal fungi 

(AMF), weakening rhizosphere buffering and 

favoring pathogen re-establishment (Talmo 

and Ranjan, 2025).  

 
Table 1. Comparative analysis of control strategies against sclerotia survival structures 

 

Strategy Mechanism of Action Key Advantages Limitations Key References 

Chemical Control 
Inhibition of mycelial 

mitosis and respiration. 

Rapid initial suppression 

of vegetative growth. 

Soil toxicity; minimal penetration 

of melanized rind; emergence of 

MDR strains. 

Butler et al. 

(2009); Gupta et 

al. (2014) 

Traditional 

Biocontrol 

Mycoparasitism and 

competition for 

space/nutrients. 

Environmentally 

sustainable; eco-friendly. 

High variability under field 

conditions; slow action against 

mature sclerotia. 

Silva et al. (2022); 

Ziedan (2022) 

Enhanced 

Biostimulation 

(Trichoderma + 

Inducers) 

Metabolic priming; 

synergistic activation of 

CWDEs (GH family); host 

immune priming 

(ISR/SAR). 

Maximum degradation of 

melanized shield; 

effective under 

fluctuating climates. 

Requires specialized formulation 

and precise timing. 

Yousef et al. 

(2018, 2025a); El-

Sharkawy et al. 

(2025); Lee et al. 

(2026) 

Climate-Based 

Modeling 

Predictive analytics based 

on precipitation and 

thermal thresholds. 

Early-warning system for 

precision application. 

Requires high-resolution climate 

data; site-specific validation. 

Cohen (2022); 

Mapfumo et al. 

(2024) 

 
Table 2. Evidence map for Trichoderma-based priming against sclerotial pathogens: 

from in vitro assays to greenhouse and field validation 

 

Evidence axis 

(what is being 

claimed/tested) 

In vitro evidence 

(lab/plate/microscopy) 

Greenhouse/growth-chamber 

evidence 

(plant-pathogen outcomes) 

Field evidence 

(multi-site realism) 
References 

1. Direct antagonism & 

mycoparasitism of 

sclerotia 

Hyphal attachment/coiling; 

SEM evidence of rind 

erosion; inhibition in dual-

culture assays 

Reduced disease severity 

after soil/root treatment; 

improved plant vigor under 

challenge inoculation 

Often limited or 

heterogeneous; 

requires multi-

location replication 

Yousef et al. 

(2016, 2018, 

2025c); Silva et 

al. (2022) 
2. Cell-wall-degrading 

enzymes (CWDEs) 

targeting sclerotial 

tissues 

Increased chitinase/beta-1,3-

glucanase/protease activity; 

structural pitting/cracking of 

rind 

Lower sclerotial 

viability/germination 

potential translated into 

reduced infection 

Rarely quantified 

directly in the field; 

usually inferred from 

disease suppression 

Khan et al. 

(2020); Yousef et 

al. (2025b) 

3. Induced systemic 

resistance (ISR)/ host 

priming 

Upregulation of defense 

markers (phenolics, 

PPO/POX); defense-gene 

induction (e.g., PAL, CHI) 

Reduced lesion 

expansion/necrosis; improved 

tolerance under pathogen 

pressure 

Field-scale durability 

depends on cultivar x 

environment x 

formulation 

El-Sharkawy et al. 

(2025); Zeilinger 

et al. (2016) 

4. “Stacked priming”: 

Trichoderma + 

elicitors/biostimulants 

Enhanced antagonism and/or 

metabolite/VOC profiles; 

stronger suppression in dual-

culture assays 

Improved growth + stronger 

defense readiness; synergy 

depends on dose/timing 

Promising but under-

validated; needs 

robust agronomic 

trials 

Yousef et al. 

(2025a); El-

Sharkawy et al. 

(2025) 
5. Environment-

dependent performance 

& decision support 

(timing/forecasting) 

Not primarily a lab axis; 

relies on datasets and 

mechanistic understanding 

Used to interpret stress-

condition outcomes and 

consistency 

Strongest when built 

on repeated seasonal 

datasets and 

management contexts 

Mapfumo et al. 

(2024) 

Note: Evidence strength typically decreases from controlled assays (in vitro) to open-field complexity; “field evidence” should be 

reserved for replicated trials under agronomic conditions. 

 



922                                                                                                                                                           Number 43/2026 

ROMANIAN AGRICULTURAL RESEARCH 

 

Bio-enhanced Trichoderma spp. offers an 

alternative by combining direct antagonism 

with host- and rhizosphere-mediated effects. 

Abiotic inducers, including B-vitamins, 

antioxidants, and organic acids, appear to 

enhance growth, sporulation, and secretion of 

cell wall-degrading enzymes and antifungal 

metabolites (Yousef et al., 2016, 2018, 

2025a). Primed Trichoderma also forms 

intensive hyphal coiling and appressoria-like 

structures that disrupt the melanized rind, 

reducing viability of the pathogen’s main 

survival structure (Yousef et al., 2018). Its 

value increases with AMF and the host plant, 

coupling suppression with stronger immune 

competence, including upregulation of PAL1, 

CHI II, and HQT, and increased peroxidase 

and polyphenol oxidase activity (El-

Sharkawy et al., 2025). Salicylic acid may 

further increase pathogen susceptibility by 

destabilizing fungal growth (Yousif, 2019). 

Key uncertainties remain, especially the field 

stability of metabolically enhanced Trichoderma, 

consistency across abiotic environments, and 

interactions with native microbiota. Future work 

should prioritize delivery systems, including 

encapsulation and nano-enabled carriers, and 

should incorporate metagenomic and 

metabolomic analyses. Overall, evidence 

supports biologically integrated, climate-aware 

management that weakens survival structures, 

restricts establishment, and strengthens host 

defense (Table 2). 

 

Strategic Frontiers for Future Research 

Translating Trichoderma-based biocontrol 

into field-ready, climate-resilient management 

requires progress in formulation, strain 

performance, and rhizosphere ecology. 

Precision delivery is critical because 

inconsistent post-application survival and 

activity limit field efficacy. Nano-enabled or 

biodegradable carriers may protect 

Trichoderma propagules and metabolic 

inducers from desiccation, ultraviolet 

exposure, and microbial competition, while 

improving placement near sclerotial 

inoculum during germination and early 

infection. Formulation, therefore, determines 

whether laboratory success translates into 

field performance. 

A second priority is climate-adaptive 

strains. Because temperature extremes, 

irregular rainfall, and water limitation affect 

pathogen and antagonist, future work should 

target Trichoderma strains with stronger 

thermotolerance, osmotic resilience, 

rhizosphere competence, and sustained 

hydrolytic-enzyme and antifungal-metabolite 

production under stress. Evidence from 

thermally stressed root-rot pathosystems 

indicates that endophytic microbial 

antagonists and metabolically active 

biocontrol fungi may retain disease-

suppressive functions under elevated-

temperature conditions, supporting the 

selection of climate-adapted strains for future 

formulations (Farag et al., 2026; Fouad et al., 

2026). A third frontier is the integration of 

rhizosphere microbiomes. Metagenomic, 

metatranscriptomic, and metabolomic 

approaches can clarify interactions between 

introduced Trichoderma and indigenous 

microbiota and their effects on soil 

suppressiveness and persistence. Together, 

these priorities support precision microbiome 

engineering and scalable, biologically 

integrated crop protection. 

 

CONCLUSIONS 

 

Reliance on synthetic fungicides is 

becoming increasingly unsustainable in 

pathosystems dominated by persistent 

sclerotia-forming fungi. The structural 

protection of sclerotia, together with rising 

fungicide resistance, has reduced the 

durability of chemical control and exposed 

the limits of repeated external suppression. 

More effective management must instead act 

simultaneously on the pathogen, the host, and 

the surrounding soil microbiome. Three 

principles emerge from this review. 

Persistent inoculum must be targeted by 

disrupting the mechanisms underlying long-

term survival. Host defense should be 

reinforced through systemic priming and 

biologically mediated resistance. At the same 

time, sustainable suppression depends on 

preserving the microbial complexity of the 

rhizosphere that supports antagonism and 

ecological stability. Together, these 
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principles support a multilayered strategy that 

reduces inoculum pressure, stabilizes crop 

performance, and improves resilience under 

variable environmental conditions. For 

sclerotia-forming pathogens, sustainable 

control is therefore more likely to come   

from integrated metabolic priming, microbial 

synergy, and microbiome-aware management 

than from further escalation of chemical 

inputs.  
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