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A B S T R A C T

The fungal genus Trichoderma contains a vast array of species well known for their high opportunistic potential 
and adaptability to various ecological niches. The ability of many Trichoderma species to both colonize the 
rhizosphere and parasitize plant pathogenic fungi has led to their use in biological pathogen control for several 
decades. Reactive oxygen species (ROS) are linked to both the antagonism imposed by the mycoparasite Tri
choderma and the elicited defence reaction by its fungal hosts during the mycoparasitic interaction. Trichoderma 
spp. likely tolerate higher levels of ROS compared with some of their host species, thereby giving them an 
advantage during the mycoparasitic interaction.

In the present study, we investigated glutathione redox dynamics using the fluorescent reporter Grx1-roGFP2 
stably expressed in Trichoderma asperellum following electrotransformation. Grx1-roGFP2 undergoes reversible 
changes in its excitation spectrum in response to variations in the cellular glutathione redox potential, providing 
a real-time indication of intracellular oxidative load. Considering the putative importance of ROS in mycopar
asitic interactions, we performed live-cell imaging of the T. asperellum reporter strain interacting with the cereal 
pathogen Fusarium graminearum. Surprisingly, the glutathione redox potential did not change during this 
mycoparasitic interaction. We found no evidence that host-induced tip growth arrest within T. asperellum hyphae 
is induced by intracellular ROS accumulation. Furthermore, we show that the F. graminearum mycotoxins 
deoxynivalenol and zearalenone do not induce detectable changes in glutathione redox potential, even at very 
high concentrations. We infer that T. asperellum has a robust anti-oxidant defence system, supported by the 
observation that high concentrations of H2O2 are required to fully oxidize the reporter during in vivo calibration. 
We cannot rule out a role for ROS as a signal during mycoparasitic interactions, but, if present, this does not 
appear to be mediated by glutathione redox potential.

1. Introduction

Trichoderma species are cosmopolitan soilborne ascomycetes and 
have emerged as pivotal players in sustainable agriculture. Their ability 
to both colonize the rhizosphere and parasitize plant pathogenic fungi 
has led to their use in biological pest control for several decades 
(Guzmán-Guzmán et al., 2023; Tyśkiewicz et al., 2022; Woo et al., 
2023). Upon interaction with a plant, certain species of the Trichoderma 

genus induce a wide range of cellular responses, including disease sup
pression, enhanced photosynthesis, improved nutrient uptake, drought 
tolerance, and phytohormone secretion (Contreras-Cornejo et al., 2024; 
Tyśkiewicz et al., 2022). Additionally, through a process termed 
mycoparasitism, Trichoderma spp. antagonize plant pathogenic fungi 
and thereby further improve plant survival (Druzhinina et al., 2011; 
Guzmán-Guzmán et al., 2023). Trichoderma asperellum is among the 
Trichoderma spp. with the most effective biocontrol properties and is 
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therefore widely used in biocontrol applications (Tyśkiewicz et al., 
2022).

Trichoderma spp. engage in mycoparasitic interactions with a host 
fungus to exploit it as nutrient source (Barnett, 1963). Throughout this 
interaction, both Trichoderma and the host fungus experience extensive 
stress as a result of the opposing partner’s defence responses. Upon 
microscopic analysis of these interactions, hyphal tip growth arrest of 
hyphae at the interaction zone is one of the main stress phenotypes that 
can be observed (Druzhinina et al., 2011; Karlsson et al., 2017; Mor
eno-Ruiz et al., 2021). Druzhinina et al. (2011) suggest that the stress 
responses in Trichoderma spp. are elicited by both antifungal metabolites 
and reactive oxygen species (ROS) produced by the host fungus. Thus, it 
is possible that hyphal tip growth arrest during the mycoparasitic 
interaction might result from ROS accumulation within T. asperellum 
hyphae. This is similar in mammalian cells, where the accumulation of 
intracellular ROS has been associated with growth arrest (Boonstra and 
Post, 2004; Kuczler et al., 2021).

Hyphal tip growth can be monitored with the CRIB reporter system. 
Previously optimised for Trichoderma atroviride (Moreno-Ruiz et al., 
2021), the CRIB reporter system enables the distinction between 
actively growing hyphae and those with disrupted tip growth. The CRIB 
reporter consists of a Cdc42/Rac1-interactive binding (CRIB) motif 
linked to a fluorescent protein. This fusion protein specifically associates 
with active Rho-type GTPases, such as Cdc42 and Rac1, which are key 
regulators of hyphal tip polarity (Lichius et al., 2014; Riquelme and 
Martínez-Núñez, 2016). Since these GTPases are essential for active 
hyphal growth, the fluorescence accumulation at the tip apex indicates 
activation of the GTPases and thus active hyphal extension 
(Moreno-Ruiz et al., 2021).

Supraphysiological ROS concentrations within the cell pose a threat 
by oxidizing essential lipids, proteins and nucleic acids (Aguirre et al., 
2006; Di Meo et al., 2016; Gessler et al., 2007; Tudzynski et al., 2012; 
Yaakoub et al., 2022). It is well established that part of the plant defence 
mechanism during the interaction with fungal phytopathogens is the 
overproduction of ROS at the infection site. This oxidative burst results 
in localized cell death of invading fungal cells at the infection site (Singh 
et al., 2021). Conversely, several studies indicate that necrotrophic 
phytopathogens such as Botrytis cinerea efficiently produce ROS as part 
of their infection strategy to kill the plant without themselves experi
encing oxidative stress (Heller and Tudzynski, 2011; Mentges and Bor
mann, 2015; Warris and Ballou, 2019). Other plant pathogens, such as 
Fusarium spp. have a particularly strong potential to induce ROS pro
duction through the biosynthesis of potent mycotoxins such as zear
alenone (ZEN) and deoxynivalenol (DON). Both mycotoxins have been 
linked to oxidative stress induction in plants and mammalian cells (De 
Nijs et al., 1997; Favero et al., 2018; Feng et al., 2022; Filek et al., 2019; 
Mishra et al., 2014; Waśkiewicz et al., 2014; Yoon et al., 2019), with 
oxidative stress defined when the intracellular ROS concentration ex
ceeds the antioxidant capacity of the cell (Sies, 1991).

Here, we focus on the interaction between T. asperellum and 
F. graminearum, a widespread pathogen of small grain cereals causing 
Fusarium head blight (Goswami and Kistler, 2004; Parry et al., 1995). 
Analogous to these phytopathogens, Trichoderma spp. also have the 
ability to produce ROS, notably through plasma membrane NADPH 
oxidases (Nox). Such ROS production has been linked to antagonism 
against phytopathogens such as Pythium ultimum (Hernández-Oñate 
et al., 2012; Montero-Barrientos et al., 2011). Furthermore, Morán-Diez 
et al. (2021) even suggest that Trichoderma spp. have the ability to 
tolerate higher levels of ROS compared with some of their host species, 
thus giving them an advantage during the mycoparasitic interaction.

Fungi have evolved various enzymatic and non-enzymatic systems to 
inhibit ROS from oxidizing essential cell structures and causing irre
versible cell damage. An oxidative load is mitigated by an array of so
phisticated antioxidant defence systems, thus resulting in an intricate 
balance of intracellular ROS (Aguirre et al., 2006; Belozerskaya and 
Gessler, 2007; Gessler et al., 2007; Yaakoub et al., 2022). Given the 

hostile environment Trichoderma spp. face upon interaction with a host 
fungus, an effective antioxidant system is likely essential for the ability 
of Trichoderma spp. to successfully exploit their hosts (Morán-Diez et al., 
2021). Although many studies report the ability of Trichoderma spp. to 
stimulate the antioxidant defence system of plants (Ahmad et al., 2015; 
S. Chen et al., 2020; S.-C. Chen et al., 2019; Mastouri et al., 2012), our 
understanding of the antioxidant defences within the fungus itself re
mains incomplete, particularly during mycoparasitic interactions. For 
example, it is unclear whether or how Trichoderma spp. tolerate higher 
ROS levels compared to some of their host species. This highlights the 
need for novel strategies to study these topics.

T. asperellum produces superoxide dismutase and, together with 
catalase, these enzymes remove potentially harmful ROS (Gao et al., 
2018). Other enzymes involved in antioxidant activity are glutathione 
S-transferase, glutathione peroxidase and peroxidase (Ernesto Juniors 
et al., 2020). Nevertheless, the primary antioxidant system in eukaryotes 
is centred around glutathione (Aquilano et al., 2014; Meyer, 2008) 
which neutralises oxidative loads through the reversible conversion of 
its reduced form (GSH) to its oxidized form (GSSG), thereby reducing 
intracellular ROS (Belozerskaya and Gessler, 2007; Meyer, 2008). The 
genetically encoded fluorescence reporter Grx1-roGFP2 allows us to 
monitor the reversible conversion between GSH and GSSG in real-time 
and is therefore ideal for observing the impact of any oxidative load a 
cell is dealing with at a given timepoint. While initially optimised to 
target mitochondria in HeLa cells (Hanson et al., 2004), this fluorescent 
reporter has subsequently been used to study redox dynamics in the 
plant Arabidopsis thaliana and the fungal phytopathogens B. cinerea and 
Magnaporthe oryzae (Heller et al., 2012; Meyer et al., 2007; Samalova 
et al., 2014).

Grx1-roGFP2 combines the specificity of a glutaredoxin 1 (Grx1) 
protein with the redox-sensitive green fluorescent protein (roGFP2). 
roGFP2 is a variant of the green fluorescent protein (GFP) that un
dergoes a reversible conformational change in response to oxidation or 
reduction of its two cysteine residues. This conformational change, i.e. 
the presence (fully oxidized state) or absence (fully reduced state) of a 
disulfide bridge, alters the excitation spectrum of roGFP2. Oxidation of 
the cysteine residues results in increased excitation at 405 nm while 
cysteine reduction increases the 488 nm excitation peak. Importantly, 
the rate and extent of this shift in excitation wavelength are directly 
proportional to the redox potential of the environment surrounding the 
cysteine residues (Hanson et al., 2004). The sensitivity of the reporter 
system is determined by its midpoint redox potential. Given that the 
midpoint redox potential of roGFP2 (− 280 mV) is lower than that of 
glutathione at physiological concentrations (ranging from − 151 mV at 
1 mM to − 181 mV at 10 mM), even a slight increase in glutathione 
oxidation within the organism leads to substantial sensor oxidation 
(Dooley et al., 2004; Chuffart and Yvert, 2014; Gutscher et al., 2008; 
Schwarzländer et al., 2016). The fusion of roGFP2 with Grx1 enhances 
the specificity, response kinetics and sensitivity of the reporter. Gluta
redoxins are thiol-disulfide oxidoreductases that play a central role in 
maintaining cellular redox homeostasis by catalysing the reduction of 
disulfide bonds in target proteins. Grx1 possesses a high affinity for 
glutathione (Ukuwela et al., 2018). Coupling Grx1 directly to the 
roGFP2 reporter ensures rapid responses to fluctuations in the 
GSH/GSSG ratio, providing a direct readout of cellular glutathione 
redox potential (Gutscher et al., 2008).

In this study, changes in the glutathione redox potential within 
T. asperellum hyphae in the absence and presence of the phytopatho
genic fungus F. graminearum were investigated. First, we determined 
whether Grx1-roGFP2 can be functionally expressed in T. asperellum and 
reliably reports the glutathione redox potential during imposed oxida
tion or reduction. Second, we examined whether Grx1-roGFP2 reports a 
change in the glutathione redox potential during mycoparasitic inter
action with F. graminearum. Third, we investigated whether hyphal tip 
growth arrest of T. asperellum during the mycoparasitic interaction is 
correlated with excess ROS accumulation within T. asperellum hyphae. 
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Finally, we investigated whether the Fusarium mycotoxins DON and ZEN 
induce oxidative stress in T. asperellum. By integrating both the Grx1- 
roGFP2 and CRIB reporter systems into the genome of T. asperellum, 
we aimed to develop a system to correlate fluctuations in the glutathione 
redox potential with the growth behaviour of individual T. asperellum 
hyphae. Overall, we seek to better understand the role of ROS in 
mycoparasitism and how T. asperellum mitigates and is affected by 
oxidative loads encountered in its vicinity and specifically upon contact 
with potential host fungi.

2. Materials & methods

2.1. Strains & culture conditions

Trichoderma asperellum CBS 433.97 was used as wild type (WT) for 
transformation with Grx1-roGFP2, to give transgenic strain TarG (Tri
choderma asperellum roGFP2). For dual confrontation assays, 
F. graminearum strain 8/1 (Jansen et al., 2005) and B. cinerea strain 
B05.10 were used as host fungi. For each live-cell imaging session, 
conidia of TarG and F. graminearum were freshly generated. Conidia of 
TarG were generated through cultivation on Potato Dextrose Agar (PDA, 
BD Difco, Franklin Lakes, NJ, USA) at 25 ◦C under a 12h/12h light/dark 
cycle for 4 days. For F. graminearum, mycelial plug inocula were sus
pended in 50 mL mung bean broth and incubated at room temperature 
in a shaker at 150 rpm and a natural light/dark cycle. Mung bean broth 
was generated by boiling 40 g of mung beans in 1 L of water and filtering 
through three layers of Miracloth (Merck KGaA, Darmstadt, Germany). 
After 5–10 days of incubation, F. graminearum macroconidia were 
filtered out using sterile triple layered Miracloth (Merck KGaA, Darm
stadt, Germany). Conidia of B. cinerea were generated through cultiva
tion on PDA for 10 days at room temperature and a natural light/dark 
cycle (Meng et al., 2020). For live-cell imaging, conidia were cultivated 
on Modified M9 medium (MM9) with 1 % phytagel (Merck KGaA, 
Darmstadt, Germany) at 25 ◦C in darkness (Moreno-Ruiz et al., 2020).

2.2. Generation of T. asperellum Grx1-roGFP2 transformants

The fluorescent reporter Grx1-roGFP2 was transformed into WT 
T. asperellum through electrotransformation aiming for ectopic integra
tion into the fungal genome. Plasmids with the reporter cassette for 
high-level cytoplasmic expression of Grx1-roGFP2 were generated as 
follows. Five fragments, each amplified through PCR using Q5 high- 
fidelity DNA polymerase (New England Biolabs, Ipswich, MA, USA) 
according to the manufacturer’s instructions, were assembled. The 
backbone, a hygromycin B resistance-mediating cassette (hph cassette) 
and the CRIB motif from the p21-activated protein kinases (PAK)-like- 
kinase CLA-4 of T. asperellum (crib(cla4)) were amplified from plasmid 
pLS3-CRIBc-mBasicGFP (Moreno-Ruiz et al., 2021). The TagRFP-T flu
orophore was amplified from plasmid pAL12-Lifeact (Lichius and Read, 
2009). Finally, Grx1-roGFP2 was amplified from plasmid 
pBinCM-Grx1-roGFP2 (Gutscher et al., 2008), kindly provided by Mar
kus Schwarzländer. The primers used are given in the supporting data 
(Table S1). Fragments were assembled with the NEBuilder® HiFi DNA 
Assembly Master Mix (New England Biolabs, Ipswich, MA, USA), 
resulting in plasmid pSP-CRIBc-TagRFP-T-Grx1-roGFP2 (Ppki::crib 
(cla4)-TagRFP-T, Ptef1a::Grx1-roGFP2) with the hph cassette positioned 
in between the CRIB reporter and Grx1-roGFP2. A detailed summary and 
illustration of the vector assembly is given in Table S2 and Fig. S1. The 
plasmid was propagated through Escherichia coli Stellar cells (Takara, 
Saint-Germain-en-Laye, FR) and selected plasmid clones were verified 
by colony-PCR using DreamTaq DNA polymerase (Thermo Fisher Sci
entific Inc., Bremen, Germany). Plasmids were extracted from E. coli 
using the Monarch Plasmid Miniprep kit (New England Biolabs, Ipswich, 
MA, USA). The fragment for fungal transformation was amplified from 
the plasmid through PCR using primers P1_F and P1_R (Table S1) and Q5 
high-fidelity DNA polymerase (New England Biolabs, Ipswich, MA, USA) 

followed by purification using the Monarch PCR & DNA Cleanup kit 
(New England Biolabs, Ipswich, MA, USA).

For electroporation, freshly harvested T. asperellum conidia were 
allowed to swell for 6.5 h in yeast extract-peptone-dextrose (YPD) me
dium followed by a washing step and osmotic stabilisation with 1.1 M 
sorbitol solution. Re-useable cuvettes with a 0.2 cm gap width were 
loaded with 5 μg DNA fragment and 3 × 108 conidia suspended in 75 μL 
1.1 M sorbitol solution. An electric shock of 1.8 kV (9 kV/cm field 
strength) was applied with a circuit resistance of 800 Ω and a capaci
tance of 25 μF using the BTX™ Gemini X2 Electroporation System (BTX, 
Harvard Bioscience inc., Holliston, MA, USA). After overnight recovery 
in YPDS (YPD medium containing 1 M sorbitol) the cells were plated on 
PDA medium amended with 1 M sorbitol and 500 μg/mL hygromycin B 
(Calbiochem, CA, USA) as selection agent.

Emerging transformants were analysed for fluorescent protein 
expression through live-cell imaging microscopy. A selection of trans
formants that showed strong fluorescence was purified to mitotic sta
bility through three rounds of single spore isolation on PDA containing 
500 μg/mL hygromycin B (Calbiochem, CA, USA). The purified trans
formants were subjected to a range of growth assays and their growth 
rate and phenotype (pigmentation, sporulation, mycelial density) were 
compared with WT T. asperellum. To this end, the following assays were 
performed: growth assays on PDA and minimal MM9 medium; stress 
assays on PDA in the presence of 1.2 M sorbitol (osmotic stress), 1 M 
NaCl (salt stress), 20 mM H2O2 (oxidative stress) or 200 μM Congo Red 
(cell wall stress); dual interaction assays on PDA using B. cinerea or 
F. graminearum as fungal hosts. Two transformant strains generated the 
highest fluorescence intensity and otherwise displayed an unaltered WT 
phenotype, one transformant was selected for subsequent experiments 
and hereafter referred to as TarG (Fig. 1). The subcellular localization of 
Grx1-roGFP2 and response to H2O2 and DTT exposure was highly 
similar in both transformants (Supplementary Fig. S2). The sequence 
encoding Grx1-roGFP2, within the genome, was verified through Sanger 
Sequencing (Microsynth AG, Balgach, CH) using primers Sanger_F and 
Sanger_R (Table S1).

2.3. Confocal imaging

Time series and images were acquired with a Leica SP5-II confocal 
laser scanning microscope (CLSM), using the LAS AF software (version 
2.7.3, Leica Microsystems, Germany). The Leica SP5-II CLSM was 
equipped with a hybrid detector (HyD), a photomultiplier tube detector 
(PMT) and a 63 × (1.3 NA) glycerol-immersion objective lens. For ratio- 
imaging, the roGFP2 fluorophore was excited with a 405 nm and a 488 
nm laser and the emission was detected at 500–550 nm with the HyD for 
both lasers. Additionally, at 405 nm excitation, a second detector was set 
to 435–485 nm to capture potential autofluorescence and allow its 
removal if necessary. Since no autofluorescence was observed, this 
channel was omitted from the results. Time series were collected at 30 s 
intervals for 14–30 min, with the focal plane set in the middle of the 
hypha of interest. The pinhole was set at 200 μm, resulting in an esti
mated optical section thickness of 1.5 μm, well within the width of 
T. asperellum hyphae (3–8 μm).

2.4. Live-cell imaging of dual confrontation and mycotoxin exposure

Axenic TarG cultures or dual confrontation cultures (TarG versus 
F. graminearum) were grown in inncelly® experimentation chambers 
ib02 (inncellys GmbH, Mils, AT). inncelly® chambers allow 
contamination-free yet aerated incubation as well as injury-free sample 
preparation of intact microcolonies for live-cell imaging analysis 
(Fig. 2). The exclusion of injury-induced stress artefacts was vital for the 
investigation of cellular oxidative stress responses in this context. 
inncelly® chambers contain a 75 × 50 mm glass cover slip on which 20 
mL MM9 medium was poured. Fungal conidia were inoculated by 
pipetting a 5 μL drop of conidial suspension (1000 conidia/μL of TarG or 
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F. graminearum) on the medium. The chambers were incubated for 44 h. 
Upon preparation for confocal imaging, the glass cover slip with the 
fungal culture was gently pushed out of the chamber using the associ
ated stamp plate. Next, 50 μL of 0.9 % NaCl solution was applied to the 
growth front of the hyphal colony and a second glass cover slip was 
placed on top. Subsequently, the sample was inverted and the bottom 
glass cover slip was carefully removed. Finally, a 5 mm diameter circular 
well was made next to the growth front to allow addition of calibration 
solutions (Fig. 2, b). Before imaging dual confrontation cultures, an in 
situ calibration was established. To allow consistency and standardiza
tion throughout the experiments, this calibration was repeated for each 
dual confrontation and mycotoxin exposure sample. In situ calibration 
was achieved by first adding 50 μL of either a 100 mM or a 500 mM H2O2 
solution and waiting until the roGFP2 signal reached a new steady state. 
Next, 100 μL of a 100 mM DTT solution was added. These concentrations 
are diluted by the presence of the 50 μL NaCl solution, resulting in a 
minimum of 50 mM or 250 mM H2O2 and 50 mM DTT actually expe
rienced by the hyphae. Therefore, the minimum concentrations of 50 
mM or 250 mM H2O2 and 50 mM DTT will be referred to hereafter.

Dual confrontation cultures were imaged for up to 30 min. Imaging 
was initiated shortly before TarG and F. graminearum entered physical 
interaction. Tip growth arrest was usually observed when the leading 
edge of the confronting fungal colonies approached within approxi
mately 500 μm of each other. After imaging the confrontation, in situ 
calibration was performed for each sample.

The samples used for the mycotoxin exposure experiments, consisted 
of axenic TarG cultures prepared as described before but with the 
addition of two circular wells. To one well, deoxynivalenol (DON) or 
zearalenone (ZEN) solutions (dissolved in 10 % ethanol; Merck KGaA, 
Darmstadt, Germany) were added and the sample was imaged for up to 
20 min. Afterwards, the opposite well was used for in situ calibration. 
DON and ZEN concentrations of 3.3 mM and 6.6 mM were used, with 50 
μL solution added to the circular well. Once again, the presence of 50 μL 
NaCl solution resulted in a minimum of 1.65 mM DON and 3.3 mM ZEN 
experienced by the hyphae. Therefore, we will refer to 1.65 mM DON 
and 3.3 mM ZEN hereafter.

Samples as well as controls were imaged for a maximum of 30 min. 
The extended time of imaging did neither induce any considerable 
changes in the roGFP2 signal within the hyphae nor other stress mor
phologies (Supplementary Fig. S3). Furthermore, through past 

assessment of laser intensities and frequency of exposure that caused 
stress, we were able to stay below a laser intensity and frequency that 
could negatively affect the hyphae (data not shown).

2.5. Dual-excitation confocal ratiometric analysis

Using a custom MatLab (The MathWorks Inc. (2024). MATLAB 
version: 9.13.0 (R2024a), Natick, Massachusetts: The MathWorks Inc. 
https://www.mathworks.com) program (available on request from M.D. 
F.; Fricker, 2016; Samalova et al., 2014), the dual-excitation time series 
were processed and the ratio of fluorescence emissions was calculated. 
This ratio provides a quantitative measure of the redox potential of the 
Grx1-roGFP2 reporter within the hyphae, thus reflecting the glutathione 
redox potential (Schwarzländer et al., 2016). Firstly, background sub
traction was performed to eliminate any non-specific fluorescence sig
nals. To visualize changes in redox potential across the entire field of 
view, ratio images were generated by dividing the normalized fluores
cence intensity values obtained with 405 nm excitation by those ob
tained with 488 nm excitation on a pixel-by-pixel basis (I405/I488). The 
resulting ratio image provides a spatial map of redox dynamics within 
the hyphae, with regions of higher ratio values corresponding to more 
oxidized cellular compartments and vice versa.

For pseudo-colour display, we encoded the masked ratio using hue 
on a spectral colour scale ranging from blue (most reduced) to red (most 
oxidized). The scale limits were deduced from the in situ calibration 
(described above in ‘Live-cell imaging of dual confrontation and 
mycotoxin exposure’). The application of H2O2 followed by DTT drove 
Grx1-roGFP2 into highly oxidized and reduced forms, respectively. 
Finally, the ratio data for a specific region of interest were converted to 
the degree of oxidation (OxDGrx1-roGFP2) following the approach outlined 
by Schwarzländer et al. (2008). Metadata for these analyses can be 
found in the supplementary data (Table S3).

3. Results

3.1. Grx1-roGFP2 reports glutathione redox potential in T. asperellum

We successfully integrated the genetic information of the Grx1- 
roGFP2 reporter into the genome of T. asperellum, resulting in trans
formant strain TarG. TarG also expresses the CRIB motif attached to the 

Fig. 1. Growth and interaction assays comparing the T. asperellum Grx1-roGFP2-expressing transformant strain (TarG) with T. asperellum wild-type (WT). The growth 
assays monitored fungal growth on PDA, MM9, PDA with 1 M NaCl, PDA with 1.2 M sorbitol, PDA with 200 μM congo red and PDA with 20 mM H2O2. The 
interaction assays were performed with F. graminearum or B. cinerea as hosts. For each growth assay, a representative colony is shown to assess colony morphology 
after four days of cultivation. The colony radius was measured and the resulting bar plot shows the average colony radius (n = three replicates) after three days of 
growth for MM9 and PDA with 200 μM congo red, and four days of growth for PDA, PDA with 1 M NaCl, PDA with 1.2 M sorbitol and PDA with 20 mM H2O2. For the 
interaction assays, both the top and bottom of one representative interaction is shown after seven days of cultivation. No significant differences were observed. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 2. Inncelly® basic chamber (ib02) used for incubation and preparation of the cultures for live-cell imaging analysis. The glass slide with medium is pushed out of 
the chamber in (a) and contains a dual-confrontation between the T. asperellum Grx1-roGFP2-expressing transformant strain (left) and F. graminearum (right). A glass 
slide was placed on top, the sample inverted, the bottom glass slide removed and a 5 mm circular well was made for in situ calibration (b).
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fluorescent protein TagRFP-T (Fig. 3; e1, e2). Through a process of in situ 
calibration using 50 mM or 250 mM H2O2 and 50 mM DTT added 
externally, we were able to confirm reliable performance of the Grx1- 
roGFP2 probe within the newly established transformant strain. Fig. 3
shows a hypha exposed to 50 mM H2O2 and 50 mM DTT (Fig. 3, a1-e1) 
and a hypha exposed to 250 mM H2O2 and 50 mM DTT (Fig. 3, a2-e2). 
Grx1-roGFP2 showed consistent changes in its excitation spectrum as a 
result of H2O2 and DTT exposure. Upon exposure to oxidizing conditions 
(H2O2), the cysteine residues of Grx1-roGFP2 undergo reversible 
oxidation, leading to increased excitation at 405 nm and decreased 
excitability at 488 nm (Fig. 3; b1&2, c1&2, f1&2, g1&2). Conversely, 
under reducing conditions (DTT), the cysteine residues are reduced back 
to their original state, restoring the excitation profile, with more 

prominent excitability at 488 nm (Fig. 3; b1&2, c1&2, f1&2, g1&2). 
Exposure to 50 mM H2O2 resulted in an initial peak in the 405/488 nm 
ratio (Fig. 3; d1, h1) but did not lead to full oxidation of all Grx1-roGFP2 
molecules (Fig. 3; i1). At this H2O2 concentration, the peak was quickly 
followed by a new steady state in the roGFP2 ratio which slowly 
decreased overtime. Through addition of 50 mM DTT, the ratio signal 
rapidly returned to starting values. Upon exposure to 250 mM H2O2 
however, the roGFP2 ratio peaked and then proceeded to further in
crease instead of decreasing (Fig. 3; d2, h2). At this H2O2 concentration, 
the ratio reached the highest values we observed throughout our cali
brations and therefore we define this as the ratio where 100 % of the 
Grx1-roGFP2 molecules are oxidized (Fig. 3; h2, i2). The ratio could only 
be brought back down to starting values through addition of DTT. The 

Fig. 3. Measurement of the glutathione redox potential of the glutathione pool in the T. asperellum Grx1-roGFP2-expressing transformant strain (TarG) during in situ 
calibration. TarG hyphae (a1, a2) were sequentially imaged with excitation at 405 nm (b1, b2) and 488 nm (c1, c2) at 30-s time intervals. The top hypha was imaged 
for 22 min and the bottom hypha was imaged for 19.5 min. After exposure of the hyphae to 50 mM H2O2 (top) or 250 mM H2O2 (bottom) followed by addition of 50 
mM DTT, the degree of oxidation of Grx1-roGFP2 was visualized from the pseudo-colour-coded ratio (d1, d2). Four regions of interest (evenly spaced throughout the 
hypha; a1, a2) were selected where the average fluorescence at 405 nm (f1, f2) and 488 nm (g1, g2) was measured. The corresponding ratio (h1, h2) and degree of 
oxidation (OxDGrx1-roGFP2; i1, i2) were calculated. Tip growth arrest occurred soon after addition of H2O2 as indicated by the disappearance of the CRIB reporter 
fluorescence (e1, e2). Scale bar: 10 μm. Videos of the complete time series can be found in the supporting data (Video S1 and S2). (For interpretation of the references 
to colour in this figure legend, the reader is referred to the Web version of this article.)
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dynamic range of the reporter in T. asperellum was ~4.7 (Table S3), 
consistent with values reported in other plant, animal and fungal sys
tems (Gutscher et al., 2008; Meyer and Dick, 2010; Samalova et al., 
2014; Schwarzländer et al., 2016), and the resting ratio before treatment 
indicates a highly reduced cytoplasmic glutathione redox potential.

At both H2O2 concentrations, tip growth arrest occurred soon after 
H2O2 addition as indicated by the disappearance of the CRIB reporter 
fluorescence (Fig. 3; e1, e2) and cessation of tip elongation. The sample 
calibrated with 50 mM H2O2 was imaged for 22 min and the sample 
calibrated with 250 mM H2O2 was imaged for 19.5 min. We note that the 
sensitivity of the reporter is defined by its mid-point potential with 
respect to the midpoint potential of the GSH/GSSG redox couple, whilst 
the speed of the response and specificity for GSH are enhanced by the 
activity of the coupled Grx1 enzyme. The amount of H2O2 added 
externally that is required to shift the internal glutathione redox po
tential will depend on penetration through the cell wall, the activity of 
ROS detoxification, and the rate of internal GSSG reduction.

3.2. Glutathione redox potential does not change during early-stage 
interaction with F. graminearum

After confirming reliable performance of the Grx1-roGFP2 reporter 
in T. asperellum, we monitored the glutathione redox dynamics within 
TarG during interaction with F. graminearum. Through preculturing in 
inncelly® basic chambers and exact timing of the confocal imaging, we 
were able to image the time frame in which TarG approached 
F. graminearum and started to penetrate the outer edges of the host 
fungus colony, i.e. pre-physical and early physical interaction. In Fig. 4, 
the data for two time series are shown where a TarG hypha approaches 

the F. graminearum colony and then arrests tip growth as indicated by the 
disappearance of CRIB reporter fluorescence (Fig. 4; e1, e2). We show a 
montage of the hypha approaching the F. graminearum colony (Fig. 4; a1- 
e1, a2-e2) and the corresponding graphs with the fluorescence intensity 
at 405 nm or 488 nm excitation and the calculated ratio (Fig. 4; f1-h1, 
f2-h2). Neither during the time in which the T. asperellum hyphae 
approach the F. graminearum colony, nor during the transition to tip 
growth arrest, did we observe any considerable change in the roGFP2 
ratio (Fig. 4; h1, h2). Three more time series are provided in the sup
porting data (Fig. S4). Similarly, during further monitoring of TarG 
hyphae growing into the F. graminearum colony, thus entering early 
physical interaction, no considerable change in roGFP2 fluorescence 
was observed (Supplementary Fig. S5). We hence did not receive any 
indication that a change in the glutathione redox potential of 
T. asperellum occurs during the pre-physical or early physical interaction 
with F. graminearum. In the supporting data (Fig. S6), a calibration is 
given for both time series which confirms reliable performance of the 
Grx1-roGFP2 molecule.

3.3. F. graminearum mycotoxins do not induce detectable oxidative stress

F. graminearum mycotoxins DON and ZEN are linked to oxidative 
stress induction in plants and mammalian cells (De Nijs et al., 1997; 
Favero et al., 2018; Feng et al., 2022; Filek et al., 2019; Mishra et al., 
2014; Waśkiewicz et al., 2014; Yoon et al., 2019). To identify the 
response of T. asperellum to these F. graminearum-derived metabolites, 
we subjected TarG to highly concentrated DON or ZEN and monitored 
the glutathione redox dynamics. In Fig. 5, the data for two time series 
are shown where a TarG hypha was subjected to either DON (Fig. 5; 

Fig. 4. Measurement of the glutathione redox potential of two individual hyphae of the T. asperellum Grx1-roGFP2-expressing transformant strain approaching a 
F. graminearum colony and arresting tip growth. The hyphae were sequentially imaged at 30-s intervals with excitation at 405 nm (b1, b2) and 488 nm (c1, c2). The 
top hypha was imaged for 19.5 min and the bottom hypha was imaged for 24.5 min. The degree of oxidation of Grx1-roGFP2 was visualized from the pseudo-colour- 
coded ratio (d1, d2). Four regions of interest (evenly spaced throughout the hypha; a1, a2) were selected where the average fluorescence at 405 nm (f1, f2) and 488 
nm (g1, g2) was measured and the corresponding ratio (h1, h2) calculated. Tip growth arrest is indicated by the disappearance of the CRIB reporter fluorescence (e1, 
e2). Scale bar: 10 μm. Videos of the complete time series can be found in the supporting data (Video S3 and S4). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.)
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a1-h1) or ZEN (Fig. 5; a2-h2). A montage shows the hyphae (Fig. 5; 
a1-e1, a2-e2) and the corresponding graphs show average emission 
values at 405 nm or 488 nm excitation and the calculated ratio for four 
regions of interest (Fig. 5; f1-h1, f2-h2). Despite the use of up to 1.65 mM 
DON and 3.3 mM ZEN, we did not observe any indications of a change in 
the roGPF2 fluorescence emissions. DON exposure was imaged for 14 
min and did not induce tip growth arrest, while ZEN exposure was 
imaged for 20 min and resulted in tip growth arrest as indicated by the 
disappearance of the CRIB reporter fluorescence (Fig. 5; e1, e2). Cali
brations are shown in the supporting data (Fig. S6) which confirm 
reliable performance of the Grx1-roGFP2 molecule.

4. Discussion

In this study, we investigated glutathione redox dynamics within the 
mycoparasitic fungus T. asperellum through the use of the fluorescent 
reporter roGFP2. We aimed to demonstrate that Grx1-roGFP2 can be 
functionally expressed and used to analyse intracellular redox dynamics 
in real-time. Furthermore, we aimed to reveal whether Grx1-roGFP2 
exhibits a dynamic response during the interaction between 

T. asperellum and a host fungus and whether hyphal tip growth arrest 
could be induced by intracellular ROS accumulation during this inter
action. Finally, we investigated whether the F. graminearum mycotoxins 
DON and ZEN induce oxidative stress in T. asperellum as previously 
described for plants and mammalian cells (De Nijs et al., 1997; Favero 
et al., 2018; Feng et al., 2022; Filek et al., 2019; Mishra et al., 2014; 
Waśkiewicz et al., 2014; Yoon et al., 2019).

We used an electrotransformation approach to successfully integrate 
the Grx1-roGFP2-encoding construct into the genome of T. asperellum 
and showed that this fluorescent probe is functionally expressed in 
T. asperellum hyphae. Moreover, we simultaneously inserted the CRIB 
reporter system (Lichius et al., 2014; Moreno-Ruiz et al., 2021), result
ing in a double fluorescent reporter strain allowing the monitoring of 
both the glutathione redox dynamics and growth behaviour of 
T. asperellum. In T. reesei, electroporation of fungal conidia as a genetic 
transformation approach is well established (Kim and Miasnikov, 2013; 
Schuster et al., 2012; Wanka, 2021). Compared with the classical pro
toplast transformation approach, electroporation tends to be less 
time-consuming and easier to perform while retaining a comparable 
efficiency (Schuster et al., 2012; Wanka, 2021). To our knowledge, this 

Fig. 5. Measurement of the glutathione redox potential of the glutathione pool in the T. asperellum Grx1-roGFP2-expressing strain (TarG) during mycotoxin exposure. 
TarG hyphae (a1, a2) were sequentially imaged with excitation at 405 nm (b1, b2) and 488 nm (c1, c2) at 30-s time intervals. The hypha subjected to DON was 
imaged for 14 min and the hypha subjected to ZEN was imaged for 20 min. After mycotoxin exposure, the degree of oxidation of Grx1-roGFP2 was visualized from the 
pseudo-colour-coded ratio (d1, d2). Four regions of interest (evenly spaced throughout the hypha; a1, a2) were selected where the average fluorescence at 405 nm 
(f1, f2) and 488 nm (g1, g2) was measured. The corresponding ratio (h1, h2) was calculated. Tip growth arrest occurred for the hypha subjected to ZEN but not for 
the hypha subjected to DON, as shown by the disappearance or presence of the CRIB reporter fluorescence, respectively (e1, e2). Scale bar: 10 μm. Videos of the 
complete time series can be found in the supporting data (Video S5 and S6). (For interpretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.)
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study is the first that describes the successful application of electropo
ration to transform T. asperellum. Given the advantages of this approach, 
it will be useful to investigate its application in other Trichoderma spp. 
and optimize it to integrate novel genomic engineering tools such as 
CRISPR-Cas9 (Wang et al., 2022).

Considering the putative significance of ROS during the mycopar
asitic interaction, it is crucial to expand our methodological repertoire to 
study this topic. The development of the roGFP2 reporter system in 
T. asperellum has enabled us to investigate glutathione redox dynamics 
in this key biocontrol fungus. TarG was subjected to interaction with 
F. graminearum to improve our understanding of the antioxidant defence 
system within T. asperellum and its role during the mycoparasitic 
interaction. Following the successful application of roGFP2 in B. cinerea 
and M. oryzae (Heller et al., 2012; Samalova et al., 2014), we are the first 
to apply this probe in a mycoparasitic fungus. Moreover, the 
Grx1-roGFP2 reporter and the CRIB reporter system were co-expressed 
in the same fungus resulting in a reporter strain that allows us to link 
glutathione redox dynamics within the hyphae to growth activity at the 
front of the fungal colony. In future glutathione redox assays where the 
parameter of active tip growth holds significant value and tip growth 
arrest is difficult to detect, the additional CRIB reporter could provide 
essential information on the growth behaviour of the hyphae.

Through application of Grx1-roGFP2 in T. asperellum, unique insights 
into the real-time glutathione redox dynamics within this important 
biocontrol agent were obtained. For in situ calibration, TarG was sub
jected to highly concentrated H2O2 and DTT. Upon addition of 50 mM 
H2O2 externally, we observed an initial peak in the 405/488 nm ratio, 
indicating maximal roGFP2 oxidation. At this concentration, however, 
the hyphae appear to be partially able to mitigate the oxidative loads as 
indicated by the 405/488 nm ratio returning to a lower plateau after 
some minutes. Strikingly, an external concentration of 250 mM H2O2 
was required to induce and maintain a maximally oxidized glutathione 
pool. Upon comparison with plant or HeLa cells, where H2O2 concen
trations of less than 1 mM are sufficient to induce near complete 
oxidation of roGFP2 (Hanson et al., 2004; Meyer et al., 2007), it be
comes apparent that the antioxidant capacity of T. asperellum is vastly 
greater, indicating a robust antioxidant defence system. These findings 
are in agreement with Morán-Diez et al. (2021), who suggested that high 
tolerance to ROS is a peculiarity of Trichoderma spp. that facilitates their 
biocontrol activity against phytopathogens. Nevertheless, similar toler
ance to high levels of H2O2 have also been reported for the phytopath
ogenic fungi B. cinerea (Heller et al., 2012) and M. oryzae (Samalova 
et al., 2014), suggesting that robust anti-oxidant defences are wide
spread in fungi. At this stage we cannot determine whether the tolerance 
to high external H2O2 is achieved through reduced permeability of the 
cell wall, high level of ROS detoxification systems and/or the ability to 
rapidly reduce oxidized GSSG, but the physiological consequence is that 
T. asperellum is remarkably resistant to externally imposed oxidative 
loads.

Monitoring the Grx1-roGFP2 signal during mycoparasitic interaction 
of TarG with F. graminearum further confirmed the effective antioxidant 
system of T. asperellum. Our current understanding of mycoparasitic 
interactions suggests that the mycoparasite experiences considerable 
oxidative loads during the interaction (Druzhinina et al., 2011; 
Morán-Diez et al., 2021; Waśkiewicz et al., 2014). Nevertheless, 
extended monitoring of the roGFP2 signal in T. asperellum being con
fronted with the fungal host, revealed no considerable changes in 
glutathione oxidation during any stage of the interaction. Thus, we 
hypothesize that the T. asperellum antioxidant defence system is able to 
rapidly mitigate any oxidative loads experienced during the mycopar
asitic interaction, an ability which could facilitate the efficient para
sitism of other fungi in its environment, as previously hypothesized by 
Morán-Diez et al. (2021).

The obtained data evidence that tip growth arrest of the Trichoderma 
hyphae at the interaction zone is not the result of extensive intracellular 
glutathione oxidation. Considering the major role of glutathione in the 

antioxidant defence system of eukaryotes, we conclude that hyphal tip 
growth arrest is unlikely to be induced by significant increases in the 
overall oxidative stress experienced by the hyphal cells. Together with a 
rapidly acting antioxidant defence system, T. asperellum likely devel
oped other signalling pathways that induce tip growth arrest before 
intracellular ROS concentrations exceed its antioxidant capacity. As the 
Grx1-roGFP2 reporter only monitors the glutathione redox potential 
(Schwarzländer et al., 2016), it is perfectly possible that redox signalling 
involves shifts in the redox potential of other redox couples or lipid 
oxidation, potentially causing hyphal tip growth arrest.

The F. graminearum mycotoxins DON and ZEN have previously been 
shown to induce oxidative stress in plant and mammalian cells (Filek 
et al., 2019; Mishra et al., 2014; Waśkiewicz et al., 2014; Yoon et al., 
2019). There, DON and ZEN concentrations of 50 μM and 126 μM, 
respectively, represent the upper limit of what is required to connect 
these mycotoxins to oxidative stress induction (Filek et al., 2019; Shieh 
et al., 2021; Wang et al., 2020; Xu et al., 2024; Yoon et al., 2019). In our 
study, the glutathione-related antioxidant defence system of 
T. asperellum remained untriggered even at extremely high DON and 
ZEN concentrations of 1.65 mM and 3.3 mM, respectively. Although 
hyphal tip growth arrest during ZEN exposure was observed, the absence 
of glutathione oxidation inside the fungal hyphae evidences a robust 
antioxidant defence system in T. asperellum. Our findings do not exclude 
shifts in the redox potential of other redox couples or lipid oxidation, but 
the absence of glutathione oxidation indicate that the mycotoxins could 
exert cytotoxic effects on T. asperellum through a mechanism that does 
not lead to intracellular ROS accumulation and thus is completely 
different from what takes place in plant or mammalian cells (Favero 
et al., 2018; Feng et al., 2022; Filek et al., 2019; Mishra et al., 2014).

Our study has successfully laid the foundation for further investi
gation into the oxidative stress response in Trichoderma spp. through 
live-cell imaging. Understanding how Trichoderma species cope with 
oxidative loads is crucial to harnessing their full potential. Future in
vestigations could use this dual-reporter system to investigate gluta
thione redox dynamics at the germling level to improve our 
understanding of how mature colonies establish and which environ
mental stressors could hinder colony establishment. Furthermore, the 
Grx1-roGFP2 probe could be applied to mutants of Trichoderma spp. 
deficient in pathways related to oxidative stress responses such as mu
tants unable to recycle oxidized glutathione (GSSG). Additionally, this 
dual-reporter system can be applied in other Trichoderma spp. such as 
T. virens, T. atroviride and T. harzianum in order to compare the degree of 
resistance to oxidative loads between these mycoparasites and investi
gate differences in resistance to oxidative loads upon interaction with 
fungal hosts. Investigating oxidative responses during the mycoparasitic 
interaction allows us to better understand the role of ROS in the 
antagonism and defence by Trichoderma and its host. The knowledge 
generated through the use of Grx1-roGFP2 as a reporter system may 
pave the way towards increased appreciation for how oxidative stress 
tolerance shapes the mycoparasitic interaction.
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Filek, M., Sieprawska, A., Kościelniak, J., Oklestkova, J., Jurczyk, B., Telk, A., Biesaga- 
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