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Abstract 

This study explored the role of CFEM-domain-containing proteins in Clonostachys rosea strain 

IK726, a well-characterized biocontrol fungus with known mycoparasitic activity. Genome 

analysis of C. rosea IK726 identified 22 genes encoding CFEM proteins, including 11 proteins 

with a transmembrane domain, eight GPI-anchored proteins, and three proteins with predicted 

signal peptides. The proteins with signal peptides were predicted to be secreted. One of these 

secreted CFEM-domain proteins, CRV2T0013563 (named CFEM12), which also harbours an 

antimicrobial peptide domain, was selected for functional characterization by generating gene 

deletion strains. Four individual deletion mutants of cfem12 were generated through 

Agrobacterium tumefaciens mediated transformation and validated through molecular 

techniques. 

A comprehensive phenotypic assessment was conducted under both standard and stress 

conditions. Mycoparasitic and antagonistic assays were performed using dual culture plate 

confrontation and culture filtrate secretion tests against the plant pathogens Botrytis cinerea, 

Fusarium graminearum, and Rhizoctonia solani. A climate chamber experiment evaluating 

biocontrol efficacy against F. graminearum; an in-planta experiment evaluating the biocontrol 

efficacy against B. cinerea; root colonization on wheat; subcellular localization studies; 

transient gene expression assays to assess differences between the wild type (WT) and mutants. 

The phenotypic analysis showed no significant difference related to growth or stress tolerance 

(NaCl, caffeine, SDS, sorbitol) between the C. rosea WT and cfem12 deletion strains. 

However, conidial production in cfem12 deletion strains was significantly affected (p < 0.001). 

While mutants did not differ from the WT in their ability to overgrow pathogens in dual culture 

assays, they exhibited a significantly reduced capacity to inhibit B. cinerea in secretion assays 

(p < 0.001) compared to the WT. No differences were observed in self-interaction between C. 

rosea mutant and WT lines. Furthermore, the mutants showed no significant differences from 

the WT in their ability to colonize wheat roots, control F. graminearum under controlled 

climate chamber conditions and to control B. cinerea in an in planta experiment.  

 Lastly, the transient expression of cfem12 gene did not supress hyper sensitive response (HR) 

induced by the gene avr4 in Nicotiana benthamiana and the subcellular localization-confocal 

analysis did not provide any information about the localization of the gene. 



 
 

In summary, although cfem12 is not essential for growth, stress tolerance, root colonization, or 

mycoparasitic overgrowth, it plays a significant role in conidiation and the secretion of 

antifungal compounds in C. rosea. 

Keywords: antagonisms, biocontrol efficacy, CFEM domain, Clonostachys rosea, fungal 

antagonism, gene deletion, mutant characterization, mycoparasitism. 
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To investigate the functional role of the CFEM-domain-containing gene CRV2T0013563 

(named CFEM12) in C. rosea strain IK726, particularly in relation to antagonistic activity 

against plant pathogens, and plant-associated traits such as root colonization and biocontrol 

efficacy.



 
 

 

1. To generate cfem12 deletion mutants using Agrobacterium tumefaciens (A. 

tumefaciens) mediated transformation and validate them using molecular techniques. 

2. To investigate the capability of cfem12 to supress HR induced by avr4 in Nicotiana 

benthamiana (N. benthamiana) and to investigate its subcellular localization in N. 

benthamiana. 

3. To evaluate phenotypic differences between wild type (WT) and cfem12 deletion 

mutants focussing on growth and development, antagonism, stress tolerance, plant root 

colonization and biocontrol. 

 

 



 
 

 

 

 

 

 



 
 

 

 

 

 

C. rosea formerly known as Gliocladium roseum is an ecologically adaptable ascomycete 

fungus with significant potential as a biocontrol agent (BCA) in sustainable agriculture. It has 

been widely isolated from various environments such as soil, rhizospheres, and decaying plant 

materials (Funck Jensen, D. et al. 2021) and is notable for its broad-spectrum antagonistic 

activity against plant pathogens including B. cinerea, Fusarium spp., and Alternaria spp. 

(Karlsson et al. 2015). The biocontrol mechanisms of C. rosea include mycoparasitism, 

antibiosis, competition, and induced systemic resistance (ISR) (Funck Jensen, D. et al. 2021). 

Mycoparasitism involves direct attack on other fungi through the secretion of cell wall-

-1,3-glucanases, and proteases. These 

enzymes degrade the cell walls of phytopathogens, enabling C. rosea to colonize and 

outcompete them. In terms of antibiosis, the fungus produces bioactive secondary metabolites 

such as sorbicillinoids and peptaibols with antifungal activity (Derntl et al. 2016; Fatema et al. 

2018). Through competition, C. rosea efficiently colonizes space and sequesters nutrients, 

thereby preventing pathogen establishment (Xue et al. 2003). Another important feature is its 

ability to act as an endophyte, promoting plant health and inducing plant defence responses 

(Sun et al. 2020; Gao et al. 2022). The induction of ISR has been documented in various crops 

and may involve signalling pathways mediated by jasmonic acid and ethylene (Zhang et al. 

2021). On a genomic level, C. rosea possesses a genome ranging from 55.4 to 58.3 Mb, with 



 
 

more than 14,000 annotated genes, including those encoding NRPSs, PKSs, ABC transporters, 

and CWDEs (Karlsson et al. 2015). These gene families support its capacity for secondary 

metabolism and environmental adaptation. In addition to its agricultural benefits, C. rosea has 

demonstrated utility in environmental sustainability. Certain strains can degrade synthetic 

-caprolactone), contributing to bioplastic degradation (Li et al. 2022). 

Furthermore, the fungus can produce volatile hydrocarbons, pointing to its potential in 

bioenergy production (Sun et al. 2023). The fungus is also viable for commercialization. Solid-

state fermentation methods have enabled large-scale production of conidia, and C. rosea spores 

show a shelf life of over 180 days under appropriate conditions (Sun et al. 2023). Commercial 

products based on C. rosea, such as Prestop®, have already demonstrated success in 

controlling plant diseases in field settings (Marrone, 2019, Fravel et al. 2005). These 

characteristics make C. rosea an attractive candidate for use as a biocontrol agent in agricultural 

systems. 

Despite its proven potential, the widespread adoption of biocontrol fungi like C. rosea is still 

limited due to challenges such as variable field efficacy, high production costs, and limited 

shelf life of formulations. However, advancements in formulation technology, strain 

improvement, and integrated pest management strategies are expected to increase the reliability 

and adoption of biocontrol agents in the future Marrone, 2019). 

 

 

 

 

 

 

 



 
 

 

 

 

   

   

   

   

   

   

   

   

 

  

  
  

 

The expression of cfem12 gene was evaluated in C. rosea during self-interaction (Cr-Cr) and 

the interaction with the fungal hosts B. cinerea (Cr-Bc) and R. solani (Cr-Rs) at two interaction 



 
 

stages: before contact (BC) and after contact (AC). Supervisors provided the total RNA extracts 

from C. rosea in the different interactions. 1 g of total RNA was treated with DNase I 

(Fermentas, St-Leon-Rot, Germany), following the manufacturer´s protocol. DNase-treated 

total RNA were -Rad, 

Hercules, CA, U.S.A.). 

The gene expression analysis was performed using real-time quantitative polymerase chain 

reaction (RT-qPCR) (Bio-Rad) in four to five biological replicates (4 biological replicates for 

the first five interactions, which were Cr-Cr BC, Cr-Cr AC, Cr-Bc BC, Cr-Bc AC and Cr-Rs 

BC) while the last interaction (Cr  Rs AC) had five biological replicates). Each biological 

replicate had one to two technical replicates.  

Each RT-qPCR well contained a total volume of 10 l, consisting of five l of 2x EVA Green 

(Bio-Rad), 10 pgmol/ l of both forward and reverse primer (0.1 l of the forward and 0.1 l of 

the reverse primer-Table 2), 3.8 l of nuclease-free water and 1000ng/ l of cDNA (1 l). The 

housekeeping gene actin was used to normalise the expression levels across the different 

interactions. The RT-qPCR ran for 40 cycles and with the following specifications:95.0 C for 

3 min, 95.0°Cfor 10 s, 60.0°Cfor 30 s ,72°Cfor 30 s and 95.0 °C for 1 min and the relative gene 

expression was calculated from threshold cycle (Ct) using method (Livak & Schmittgen, 

2001). 
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C with shaking at 180 rpm. 



 
 

 

 

 

Voinnet et al. 2003)

 

 



 
 

 

 

C. rosea culture was flooded with 5 ml sterile deionised water. Secondly, spores were loosened 

from the mycelia by rubbing the sterile spreader across the PDA surface. The resulting 

suspension was then filtered through sterile Mira cloth and funnel into a Falcon tube. The spore 

concentration of the filtrate was estimated to be about 1×107 spores/ml using a haemocytometer 

using the following formula (Equation 1). 

 

                 
 

 

 

 

 



 
 

 

 

 

 

 

 



 
 

 

 

 

 





 
 

 

 

 

  
  

  
  

 

 



 
 

 

 

 

 

 

 

 

 

 



A controlled in planta experiment was conducted to evaluate the efficacy of C. rosea WT and 

deletion strains of the gene cfem12 against B. cinerea, the causative agent of grey mold, using 

N. benthamiana as a model plant. N. benthamiana plants were grown for two weeks under a 

16-hour photoperiod. B. cinerea was cultured on HA medium to enhance sporulation, while C. 

rosea WT and mutant strains were cultured on PDA medium.

Spore suspensions of both C. rosea (WT and deletion mutants) and B. cinerea were prepared 

and counted using a hemacytometer based on a previously described method (Equation 1). 

C. rosea B. 

cinerea. C. rosea spore suspensions were mixed with Tween 20 and applied to N. benthamiana

leaves twice. Plants were then enclosed in boxes covered with plastic film to maintain 

humidity. Two days later, B. cinerea spores were mixed together with half of PDB and also 

glycerol, left for 1 hour at 100rpm at room temperature and were initially inoculated onto the 

same leaf areas. Tween 20 was also added to the B. cinerea spores before inoculation and due 

to presence of HR after the inoculation of leaves with C. rosea spores one spot on each leaf 

was left intact for experimental purposes.

Disease progression was assessed 3 days post-inoculation by measuring the necrotic lesion 

area. Graphical representation of lesion size was generated. Each treatment included three 



 
 

replicate pots. As a positive control, plants were inoculated with B. cinerea 

spores/mL), while the initial application consisted of water with Tween 20 to evaluate any 

potential phytotoxic effects of the surfactant. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 



 
 

 

 

 

 

Leaves infiltrated with the free GFP-p505 construct showed clear fluorescence around the 

plasma membrane (Figure 5A and 5B). In contrast, leaves infiltrated with GFP tagged cfem12, 

either alone or co-infiltrated with the silencing suppressor p19, did not exhibit any detectable 

GFP fluorescence, making it impossible to determine the subcellular localization of the 

construct (Figure 5C).

 

 

 



 
 

 

 

 

 



 
 

 

 

 

 

Growth assays on PDA and under various stress conditions indicated that the deletion of 

cfem12 did not affect the vegetative growth or stress tolerance (Fig.8A, Fig 8B), as the mutant 

strains exhibited growth comparable to the WT across all tested conditions. While the deletion 

itself had no discernible effect, the different stress treatments varied in their impact on growth. 

Specifically, growth inhibition increased in the following order: caffeine (0.1%) < SDS 

(0.025%) < sorbitol (1 M) < NaCl (0.5%) < PDA (Fig 8C).  



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

 



 
 

 

 

 

 



 
 

 

 

 

 



 
 

 

 

 

 

 



 
 

 

 

 

 

 

 



 
 

 

In this study, our primary aim was to investigate the role of CFEM12, a secreted protein from 

the C. rosea IK726 strain that contains a CFEM domain motif, using a series of molecular and 

phenotypic assays.  

To explore whether cfem12 functions similarly to effector-like CFEM proteins described in 

pathogenic fungi, HR suppression and subcellular localization assays were performed. In 

contrast to CFEM genes in Fusarium verticillioides and B. cinerea, which have been shown to 

suppress plant immune responses and localize to the host interface (Li et al. 2025; Zhu et al. 

2017), cfem12 did not exhibit HR suppression in N. benthamiana. This finding suggests that 

cfem12 do not act as a classical effector on immune suppression. The failed GFP localization 

attempt leaves its subcellular distribution unresolved, though the lack of suppression already 

argues against a host-directed effector role. 

Additionally, CFEM proteins have also been linked to fungal development and stress 

responses. In B. cinerea, CFEM deletion impacts sporulation and stress tolerance (Zhu et al. 

2017). In our study, cfem12 mutants in C. rosea showed significantly reduced sporulation but 

retained normal growth and stress resistance. This partial overlap suggests cfem12 is important 

for sporulation but may have diverged functionally from its counterparts in pathogenic fungi, 

possibly reflecting different ecological pressures in biocontrol species. 

Interestingly, cfem12 expression was differentially regulated during fungal interactions, 

aligning with prior observations in Trichoderma where CFEM genes like tacfem1 respond to 

microbial competition (Guzmán-Guzmán et al. 2017). However, despite this transcriptional 

response, biocontrol performance of cfem12 mutants was inconsistent across pathogens. 

Secreted metabolite activity against B. cinerea was reduced, indicating cfem12 may influence 

secondary metabolite production. Yet, this reduction was not reflected in dual culture or in 

planta antagonism assays and thereby should be more investigated. For Fusarium 

graminearum, no impact of cfem12 deletion was observed in any assay, suggesting pathogen-

specific effects or functional redundancy. 

The lack of a strong phenotype in root colonization also contrasts with previous findings in 

endophytic fungi such as Falciphora oryzae, where CFEM gene deletion impaired host 

interaction (Dai et al. 2021). In C. rosea, cfem12 mutants maintained normal colonization of 



 
 

wheat roots, implying that cfem12 may not play a central role in root symbiosis or that 

functional compensation occurs via other CFEM family members. 

Collectively, these findings indicate that cfem12 contributes to fungal sporulation and secreted 

antifungal activity but does not act as a key effector or colonization factor. Its function appears 

to diverge from that of CFEM proteins in pathogenic fungi, supporting the idea that gene 

families involved in host interactions can undergo functional specialization depending on 

ecological context. 
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This study aimed to investigate the role of CFEM proteins in Clonostachys rosea, a fungus 

with significant potential as a biological control agent. By aligning with the United Nations 

Sustainable Development Goals (SDGs), Zero Hunger (Goal 2), Responsible Consumption and 

Production (Goal 12), and Life on Land (Goal 15) these findings would help at reducing 

dependence on synthetic pesticides. This can be achieved by the usage of C. rosea to support 

sustainable agriculture, environmental conservation, biodiversity protection, and soil health. 

Insights into genetic mechanisms and advanced fungal genetics can establish a 

foundation for safer, more effective pest management strategies. Apart from that, the 

implementation of biological control agents, more specifically C. rosea can also help to 

enhance crop yields, improve disease resilience, and address global food security challenges 

while meeting EU regulatory standards. By investigating in detail one CFEM protein, 

CFEM12, particularly in relation to its biological fitness, antagonistic activity against plant 

pathogens, and plant-associated traits such as root colonization and biocontrol efficacy we can 

evaluate the possible potential of those proteins in specificity towards pathogens. Future 

investigation of the other CFEM proteins in C. rosea, CRV2T0016446 and CRV2T0010487, 

could also provide further evidence of the importance of these proteins in specific interaction 

with pathogens, and help design tailored pest management solutions for sustainable farming 

systems. By uncovering the mechanisms behind C. rosea's effectiveness, this research 

underscores the value of science-driven solutions to foster collaboration among researchers, 

farmers, and policymakers, paving the way for a future where agricultural productivity and 

environmental stewardship go hand in hand. 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


