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Abstract
Background

The widespread use of pesticides and antibiotics in agriculture and clinical settings has accelerated the
emergence of antimicrobial resistance across diverse organisms. Although this phenomenon is widely
recognized in pathogenic microorganisms, much less is known about the effect on beneficial fungi that are
playing a role in sustainable agriculture, such as Trichoderma. Many Trichoderma isolates, especially those
originating from intensively treated soils, exhibit low sensitivity to commonly used laboratory antifungals,
complicating their genetic manipulation.

Results

In this study, we developed new genetic tools to facilitate the characterization and engineering of
Trichoderma species, exploiting endogenous counter-selectable markers. Using Trichoderma atroviride as a
model species, we first assessed fungal susceptibility to the nucleobase analogs 8-azaguanine, 5-
fluorouracil and 5-fluorocytosine. While the fungus was sensitive to the first two compounds, 5-
fluorocytosine showed no inhibitory effect. Using CRISPR/Cas9-mediated protoplast transformation, we
generated mutants lacking a putative nucleobase analog transporter and identified the gene responsible for
8-azaguanine uptake. Deletion of this gene conferred resistance to 8-azaguanine without affecting the
overall phenotype or growth behavior of T. atroviride under a range of tested conditions. This locus was
subsequently employed as a counter-selectable marker for targeted integration events in T. atroviride and
additional Trichoderma species. Furthermore, heterologous expression of the Penicillium chrysogenum
cytidine deaminase gene, which catalyzes the intracellular metabolization of 5-fluorocytosine to 5-
fluorouracil, rendered T. atroviride sensitive to this compound.

Conclusion

Together, our findings establish azg7 as a multifunctional genomic platform and expand the genetic toolkit
available for Trichoderma research, providing the foundation for advanced strain engineering in agricultural
and biotechnological applications.

INTRODUCTION

The genus Trichoderma comprises fast-growing filamentous fungi within the phylum Ascomycota that are
widely distributed across terrestrial and aquatic ecosystems [1, 2]. Species of this genus are well known for
their metabolic versatility, ecological adaptability, and antagonistic interactions with other microorganisms
[1, 3]. Many Trichoderma species exhibit a mycoparasitic lifestyle and produce a diverse array of hydrolytic
enzymes and secondary metabolites, properties that underpin their extensive use as biological control
agents (BCAs) in agriculture [4-6]. In addition, selected species have become indispensable in industrial
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biotechnology, most notably Trichoderma reesei, which is widely exploited for the large-scale production of
cellulolytic enzymes [7, 8].

Other Trichoderma species, including Trichoderma harzianum, Trichoderma asperellum, Trichoderma virens
or Trichoderma atroviride, are commonly used both as BCAs and as model organisms to study fungal-
fungal and fungal—plant interactions, with particular emphasis on mycoparasitism, secondary metabolism,
and photoconidiation [3, 9-17]. However, despite the increasing interest in Trichoderma spp. for the above-
mentioned reasons, the development of efficient genetic tools for these fungi has lagged behind that of
other filamentous ascomycetes [18—22]. T. reesei represents an exception, as, due to its industrial
relevance, it can count on a comparatively mature engineering stack built around auxotrophic and dominant
markers, non-homologous end-joining (NHEJ)-deficient backgrounds, targeted integration,
reusable/bidirectional selection, and Clustered Regularly interspaced short palindromic repeats (CRISPR)-
Cas9 assisted genome engineering [23—-31].

Genetic manipulation in Trichoderma is particularly constrained by the limited repertoire of selectable
markers [20, 21, 28, 32-35]. In contrast to genera such as Aspergillus, where numerous dominant,
auxotrophic, and counter-selectable markers are available [36—45], gene editing in Trichoderma spp. relies
predominantly on a small number of dominant resistance markers, most commonly the hygromycin B
phosphotransferase-encoding gene (hph) [8, 20, 21, 30, 35, 46]. This limitation is strongly linked to the
increased tolerance that some Trichoderma species exhibit to commonly used markers, complicating
transformation-based selection. Such tolerance is frequently associated with their environmental origin, as
many isolates used in research or industrial applications derive from soils extensively treated with
agrochemicals, including fungicides and antibiotics [47-49]. This limitation, together with the unsuitability
to use Ku70/Ku80 deletion mutants as wild type (WT) backgrounds [25], complicates the genetic
engineering of these species, hampers marker recycling, and restricts the implementation of advanced
genome-editing strategies, including iterative gene deletions and targeted integrations.

Counter-selection, also referred to as negative-dominant selection, represents a robust strategy to
overcome these constraints by facilitating the isolation of mutants that lack genes involved in the uptake
and/or metabolic activation of otherwise innocuous compounds, such as prodrugs [50, 51]. In filamentous
fungi, recently-established examples include the use of nucleobase analogs such as 5-fluorocytosine (5-FC)
and 8-azaguanine (8-AG) [41, 52-55]. Aspergillus fumigatus represents the perfect example for the
development of counter-selectable markers. Starting with the optimization of 5-FC selection [40, 56], it was
recently shown how disruption of genes responsible for uptake and key metabolic activities in the
pyrimidine salvage pathway conferred resistance to different pyrimidine analogs [57-59]. Further
implementation of this strategy, by including 8-AG [54, 60], allowed on top of consecutive selection even the
possibility to achieve three simultaneous recombination events in one single transformation [45].

The use of endogenously encoded counter-selectable markers has emerged as an appealing and innovative
approach to facilitate genetic manipulations. Nucleobase analogs are primarily known in cancer therapy,
due to their cytotoxic activity, and their antimicrobial application was mainly restricted to a narrow
spectrum of pathogens and often in combination with other drugs [61, 62]. However, recent discoveries
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reopened the door for repurposing this class of compounds as promising antifungal [56]. Although the
efficacy and versatility of selection systems based on nucleobase analogs have now been established in
Aspergillus, their applicability to Trichoderma spp. has not been systematically explored.

In parallel, the toolbox for Trichoderma spp. is not only deprived of selectable markers, but also of other
molecular instruments that are often used in the characterization of genes or protein functions, like
fluorophores or other reporters [35, 63—66]. Similarly, most studies related to inducible promoters are
conducted only in T. reesei [8, 67—69], due to the industrial pressure to accelerate large-scale heterologous
protein production, but leave the possible use of such systems in other Trichoderma species largely
underexplored. Moreover, the majority of established inducible expression options is triggered by sugars,
amino acids, vitamins, metals and light [8, 68, 70], and similar strategies, even if adequately fitting in the
context of industrial production, appear not well suited for studies in the mycoparasitic species. In a
mycoparasitic confrontation setup, the tight control of factors such as amino acids or sugar content in the
co-incubation medium would not be possible. The Tet-On/ Tet-Off system, with its regulation depending on
tetracycline or doxycycline [71-74], could be a valuable option, but once again the few available studies
have been focused only on T. reesei [8, 68] and never adapted to other species of the genus.

In this study, we addressed the lack of counter-selectable markers for Trichoderma species by investigating
the sensitivity of T. atroviride to various nucleobase analogs. We demonstrated that the WT strain P1 is
sensitive to 8-AG and identified a putative cellular importer based on protein sequence similarity to
Aspergillus nidulans AzgA [55]. Deletion of the respective gene, hereafter referred to as azg7, resulted in
stable resistance of T. atroviride to 8-AG. We further characterized the resulting deletion strain under
different growth conditions and validated the azg7 locus as a counter-selectable target for the integration
of genetic constructs. We extended the applicability of this selection system to additional Trichoderma
species, including T. asperellum, T. virens, and T. reesei, by targeting the respective azg7 loci with reporter
constructs. Finally, we combined the validation of azg7 as counter-selectable marker with a first study on
the Tet-On system applicability as well as with the validation of three new fluorescent reporters in T.
atroviride. Together, our results establish azg1 as a versatile counter-selectable marker and expand the
genetic toolbox available for Trichoderma spp.

MATERIALS AND METHODS
Strains, media and growth conditions

All fungal and bacterial strains used in this study, including Trichoderma strains and prey fungi, are listed in
Supplementary Table S1.

For plasmid amplification and plasmid assembly combining one insert and one vector, Escherichia coli
Stellar cells (Takara, Saint-Germain-en-Laye, France) were employed, while assembly reactions combining
three or more fragments were transformed and amplified in NEB 5-alpha Competent E. coli (New England
Biolabs Inc., Ipswich, MA, USA).
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Standard culture conditions for T. atroviride on solid media consisted of incubation at 25° C undera 12 h
light/12 h dark photoperiod on either potato dextrose agar (PDA, BD Difco, Franklin Lakes, NJ, USA) or TMM
[21]. For fungal protoplast transformation, TMM was supplemented with 1M sorbitol.

RNA handling and real-time quantitative PCR

For RNA extraction, T. atroviride WT spores at a final concentration of 1 x 10° spores/mL were inoculated in
50 mL of liquid TMM containing either 10 mM ammonium sulphate or 10 mM adenine as nitrogen source.
Cultures were grown in biological triplicates for three days at 25°C shaking at 200 rpm. Mycelia were
harvested using Miracloth (Merck KGaA, Darmstadt, Germany) and freeze-dried. Total RNA was extracted
from 1 mg of each sample using TRIzol Reagent (Invitrogen, Karlsruhe, Germany) as previously described
[75]. Isolated RNA was treated with DNAse | (ThermoFisher Scientific Baltic UAB, Vilnius, Lithuania) and
RNA integrity as well as the absence of gDNA contamination were verified by electrophoresis using 1.5%
agarose gels. For cDNA synthesis, 1 ug of DNAse-treated RNA was reverse transcribed using the Revert Aid
H- First Strand cDNA Synthesis Kit (ThermoFisher Scientific Baltic UAB, Vilnius, Lithuania) with a 1:1
combination of oligo(dT) and random hexamer primers supplied by the manufacturer. The resulting cDNA
was diluted 1:10 with double distilled H,0 and stored at -70° C until use.

Real-time quantitative PCR (qPCR) was performed as previously described [76] using the LUNA Universal
gPCR Master Mix (New England Biolabs Inc., Ipswich, MA, USA) in an gTOWERS G cycler (Analytik Jena AG,
Jena, Germany). Reactions were carried out in a final volume of 20 pL, containing 10 pL of Master Mix, 4 uL
of cDNA template, 0.8 L of each primer and 4.4 pL of sterile water. Relative expression of azg71 was
assessed using primers RT-azg1_FW3 and RT-azg1_RV. The reference gene gapdh [76] was used for
normalization. The 2"22%" method was used to calculate relative fold change gene expression, setting the
condition with ammonium as nitrogen source as control. All primer sequences and other oligos used in this
study are listed in Supplementary Table S2.

Generation of transformation constructs

For PCR amplification of transformation constructs, Q5 high-fidelity DNA polymerase (New England Biolabs
Inc., Ipswich, MA, USA) was employed according to the manufacturer’s instructions. Further information
regarding primers and oligos are listed in Supplementary Table S2.

Deletion of azg1 in T. atroviride was initially achieved using the hph selection cassette flanked by 1 kb
upstream and downstream homologous regions for targeted recombination. To this end, the plasmid
pAazg1-HPH was generated via the assembly of four fragments. The backbone was amplified from pGFP-
XYR1 [77] using primers pRITA-bb-F1 and pRITA-bb-R1. The hph cassette was amplified from the same
plasmid using primers hph_F and hph_R. Homology arms corresponding to approximately 1 kb upstream
and downstream of the azg7 locus were amplified from T. atroviride P1 gDNA using primer pairs
azg1_5F_bb/azg1_5R_hph (5' flank) and azg1_3F_hph/azg1_3R_bb (3' flank), respectively.
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The plasmids used for transformation of various Trichoderma species with a CRIB-mBasicGFP reporter
targeted into the azg7 locus, named with the species abbreviation in front (e.g. T. atro or T. rees) followed by
pAazg1-CRIB-mVisGreen, were produced in a similar way. For T. atroviride, the above described pAazg1-
HPH was used as template to PCR amplify the backbone using primers azg1_3F_hph and azg1_5R_hph,
while the reporter expression construct was amplified from pLH2-Tasp [64] with primers Ppki_FW_azg1 and
Tcbh2_RV_azg1. For T. reesei, T. virens and T. asperellum, species-specific primers were designed to amplify
the corresponding upstream and downstream flanking regions of the respective azg1 loci, with primer
overhangs for assembly with the backbone. Reporter constructs were generated using the same strategy
described above, with species-specific primer overhangs. The backbone was amplified from pGFP-XYR1
[77] using primers pRITA-bb-F1 and pRITA-bb-R1 [64].

To assess whether introduction of a cytosine deaminase-encoding gene would induce 5-FC sensitivity in T.
atroviride, four plasmids were generated: pAazg1_Pcfcy1, pAazg1_Anigfcy1, pAazg1_Anidfcy1 and
pAazg1_Ncfcy1. The common backbone was amplified from pAazg1-HPH using primers Tgpdh_FW and
Pgpdh_RV, and contained the necessary elements for plasmid amplification in E. coli, azg1 flanking regions
for homologous recombination and the 5" and 3’ regulatory regions of T. reesei gpdh. The sequence of fcy1
from the selected species were amplified from the respective gDNA using species-specific primers
(Supplementary Table S2) provided with tails for assembly to the backbone.

The two plasmids generated to test Tet-On inducibility in T. atroviride, pAazg1_Tet-On(PoliC)_mVisGreen
and pAazg1_Tet-On(Ppkia)_mVisGreen, were assembled similarly. Both constructs had the same backbone,
amplified from the template pAazg1-HPH using the primers azg1_3F_hph and azg1_5R_hph, as well as the
same reporter construct (mBasicGFP followed by the cbh2 terminator from T. reesei), obtained via PCR
from the template Tatro_pAazg7-CRIB-mVisGreen using the primers mVisGreen_FW and Tcbh2_RV_azg1.
For the inducible promoters, the Tet-On(PoliC) system was amplified from the template plasmid
pAfcyB_sGFPTet-0n(PoliC) [78] using PoliC_azg1_5F and PoliC_mVisGreen_RV, while the Tet-On(PpkiA)
sequence was amplified from the template pAfcyB_sGFPTet-0n(PkiA) [78] using primers Ppkia_azg1_5F and
Ppkia_mVisGreen_RV.

To evaluate FPs expression, each of the selected fluorophores was placed under the control of the
constitutive Pgpdh promoter from T. reesei in the three respective plasmids pAazg1_PgpdH_mko2opt,
pAazg1_PgpdH_mtagbfp2opt, and pAazg1_PgpdH_k2s. A common backbone for all FPs expression
plasmids, containing an origin of replication and ampicillin resistance-encoding gene for amplification in E.
coli, and the 3' and 5' flanking regions of the azg7 gene, was amplified using pAazg1-HPH as template DNA
with primers TgpdH_FW and PgpdH_RV. The specific FP coding sequences were amplified from plasmids
pBM12 (mKO2opt), pBM123 (mTagBFP2opt), and pFG39 (Katushka2S) [59] respectively, using primers
FluoLinker_FW and FluoLinker_RV.

PCR fragments were purified using the Monarch PCR & DNA Cleanup Kit (New England Biolabs Inc.,
Ipswich, MA, USA) and assembled using the NEBuilder HiFi DNA Assembly Master Mix (New England
Biolabs Inc., Ipswich, MA, USA) according to the manufacturer’s instructions. All generated plasmids were
initially verified by colony PCR using OneTaq Quick-Load (New England Biolabs Inc., Ipswich, MA, USA)
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according to the manufacturer’s instructions. Positive clones were inoculated, plasmid extraction was
performed using the Monarch Plasmid Miniprep kit (New England Biolabs Inc., Ipswich, MA, USA) according
to the manufacturer's instruction, and further verification of the assembly was performed by restriction
digestion and Sanger sequencing (Microsynth AG, Balgach, Switzerland). Positively verified constructs were
used as template in a PCR reaction to generate the repair template for fungal transformation using species-
specific primers azg1_5F and azg1_3R.

CRISPR/Cas9-assisted transformation

Trichoderma transformation was performed as previously described [21], with slight modifications. Briefly,
two CRISPR-associated RNAs (crRNAs) were designed to target sequences near the 5' and 3' ends of the
azg1 coding sequence (Supplementary Table S2 and Supplementary Figure S1A). Before transformation,
each crRNA was used to form the respective gRNA duplex, by incubating a 1:1 mix of crRNA and tracrRNA
together with Duplex buffer (IDT, Coralville, 1A, USA) at 95°C for 5 minutes, before letting the mixture cool
down slowly. crRNAs, tracrRNA and Cas9 endonuclease were purchased from Integrated DNA
Technologies (IDT, Coralville, 1A, USA). Protoplasts were generated by incubating conidial germlings at 30°
C with shaking at 70 rpm in a buffering solution (0.6 M KCI, 50 mM CaCl,, 5 mM Tris-HCI) containing 0.1
g/mL VinoTaste Pro (Novozymes, Bagsvaerd, Denmark) for 1.5 to 2 h. The RNP complexes were prepared
combining both gRNAs with 1 ug of Cas9 and 10 pLCas9 working solution (20 mM HEPES, 150 mM KCI, pH
7.5) in a single tube and incubating the reaction for 5 minutes at room temperature. Each transformation
reaction contained about 5 x 108 protoplasts, 1-2 pg of repair DNA and 3 pL of the prepared RNP mix. After
polyethylene glycol (PEG) treatment, protoplasts were plated on selective medium containing 10 ug/mL 8-
AG and incubated at 25°C under 12 h light/12 h dark conditions for up to 10 days.

Emerging transformants were purified to mitotic stability by two rounds of single spore isolation.
Thereafter, spores were collected and used for gDNA extraction, to allow verification of correct in-locus
integration by PCR genotyping. gDNA extraction was achieved using a combination of mechanical and
chemical rupture with glass beads and lysis buffer (0.4 M Tris, 60 mM EDTA, 150 mM NacCl, 10 g/L SDS, pH
8.0). Homogenization was performed using a FastPrep-24 (MP Biomedicals, Eschwege, Germany) device
followed by incubation at 65°C for 30 minutes. Potassium acetate precipitation was used to separate the
nucleic acid from proteins and other debris, and finally gDNA was precipitated with isopropanol. For the
genotyping PCR, a primer internal to the repair template (generally the reverse primer used to generate the
first fragment downstream of the azg7 5’ flank) was used in combination with Mx_azg1_5'_FW, which binds
upstream the designated azg7 5’ flank (Supplementary Table S2).

Phenotypic characterization

To test sensitivity of T. atroviride to various nucleobase analogs, 1x10% spores of the WT strain in a total
volume of 5 pL were spotted in the center of plates filled with 20 mL of TMM (control) and TMM containing
various compounds under investigation, which were added in concentrations previously reported to induce
inhibition in A. fumigatus [40, 45].
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To verify induced resistance to 8-AG upon deletion of azg7, 1x10* spores of T. atroviride WT and mutant
strains in a total volume of 5 pyL were spotted in the center of plates filled with 20 mL of TMM in absence
(control) or with increasing concentrations of the selective agent (1 ug/mL and 30 pg/mL 8-AG). To assess
putative effects of azg7 deletion on radial growth, T. atroviride WT and Aazg1 strains were further tested
under a variety of conditions. TMM containing 1% glucose as carbon and 10 mM glutamine as nitrogen
source was used as control. Tested conditions included: different nutrient sources (1% fructose and,
separately, 10 mM sodium nitrate), complete darkness, osmotic stressors (0.5 M sodium chloride or 1.5 M
sorbitol), oxidative stressors (20 mM hydrogen peroxide or 0.2 mM menadione), cell-wall stressor (50
pg/mL calcofluor white), different temperatures (18°C and 37°C), different agar concentrations (2.5% and
3.5%), and different pH values (pH 3 and pH 7,5). To reach pH 3, 10% phosphate-citrate buffer was added
after autoclaving.

Plates were incubated at 25°C (except those testing different temperatures) in light/dark condition (12 h
cycles). Plates testing growth under complete darkness were kept in a dark box, and pictures and
measurements were taken in a dark room. Incubation was carried on for up to 10 days, taking daily
measurements of the colony diameter and pictures at days 3, 5 and 7. All assays were performed in
technical duplicates for three independent clones. Significant variability of colony growth was evaluated
from diameter measurements with an intermediate samples t-test assuming different variances (p < 0.05)

For evaluating putative effects of azg7 deletion on the mycoparasitic activity of T. atroviride, WT and mutant
strains were confronted on PDA plates with either B. cinerea or F. graminearum as prey fungi in a dual
interaction assay. 1x10* spores (in a total volume of 5 pL) of each interaction partner were spotted at a
distance of about 7 cm on opposite sides of agar plates. Confrontation assays were conducted as well in
technical duplicates for three independent clones. Plates were incubated at 25°C under light/dark
conditions for up to 10 days, and pictures were taken daily for documentation.

Phylogenetic analysis

Protein sequences of putative azg7 orthologs in Trichoderma species were retrieved using azgA from A.
nidulans as query in a protein-protein blast (blastp, NCBI, Bethesda, MD, USA) and the obtained dataset was
aligned with the online tool MAFFT version 7 [79, 80] using the default settings. The alignment was checked
and manually curated (trimmed and corrected for unaligned positions) in Bioedit [81, 82]. The resulting
curated file was used to create a maximum likelihood phylogenetic tree using IQTREE [83, 84]. To assess
the robustness of the tree, 1000 fast Bootstrap replicates were conducted. Final editing and visualization of
the tree were performed in ITOL [85].

Plate reader assay

Assessment of acquired sensitivity to 5-FC was performed in 96-well plates with 1:2 serial dilutions

(ranging between 500 pg/mL and 7.8 pg/mL). Depending on the layout, wells were pre-inoculated with 2X

TMM (containing 10 mM glutamine as nitrogen source), which was then diluted 1:1 with either sterile water

or a 2x10° spores/mL suspension of the desired strain. The T. atroviride WT strain was included as control,
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and two transformants per constructs were analyzed. Plates were incubated at 25° C in dark condition for
up to 3 days and checked daily.

The mBasicGFP reporter signal expressed under the control of various Tet-On systems was measured
using an EnSpire Multimode Plate Reader (PerkinElmer, Waltham, MA, USA). Wavelengths for excitation and
emission were set to 488 nm and 507 nm, respectively. Fungal growth development was evaluated at 600
nm (ODgp). Doxycycline stock solution was prepared by dissolving doxycycline monohydrate in 70%
ethanol followed by filter sterilization. Depending on the layout, wells were pre-inoculated with 2X TMM
(containing 10 mM glutamine as nitrogen source), which was then diluted 1:1 with either sterile water or a
2x10° spores/mL suspension of the tested strain. 10 pL of doxycycline, diluted to the appropriate
concentration (1:2 serial dilution, starting from 100 pg/mL), was added at the time point of inoculation (T0)
or after 20 h of incubation at 25° C (T1). After an initial incubation for 20 h at 25° C in dark conditions,
fluorescence and ODg,y measurements were taken at regular intervals (2 h) until reaching a maximum of
64 h.

Microscopy

Strains used for microscopic analyses were grown for 24 h at 25°C in dark conditions on plates with TMM
and 1% phytagel (instead of agar), placed into inncelly experimentation chambers ib02 (inncellys GmbH,
Mils, AT), as previously described [65], and incubated for 24 h at 25°C in dark conditions.

Visualization of CRIB_mBasicGFP reporter fluorescence was performed using a Nikon Eclipse Ti2 (Nikon
Europe B.V., Amstelveen, Netherlands) inverted fluorescence microscope equipped with Nikon CFI Plan-
Fluor 40x/0.75 NA and 60X/0.85 NA objectives and an Andor Zyla 5.5sCMOS monochrome camera. 490
nm LED light from a CoolLED p4000 LED unit was used at 5% of the full intensity to excite CRIB-GFP
reporter molecules, and emission light between 515-545 nm was collected through a Nikon F66-413
quadband filter cube. Images were acquired using NIS-Elements software and saved in .ND2 format. For
image inspection and analysis, ImagedJ (Fiji distribution) was used with the Bio-Formats importer plugin.

Visualization of mKO2opt, mTagBFP2opt and K2S was performed using a Leica SP8x laser scanning
confocal microscope (Leica Microsystems GmbH, Wetzlar Germany). Images were captured with a 40x
objective and a resolution of 1,024 x 1,024 and 400 Hz. The pinhole was set to 429.95 um. The laser
intensity was 20%. Excitation wavelengths (Ex) and emission ranges (Em) were adapted to the
corresponding FP: Ex 551 nm and Em 561-610 nm for mKO2opt, Ex 405 nm and Em 430-500 nm for
mTagBFP2opt, and Ex 561 nm and Em 600-700 nm for K2S. The fluorescence gain was set around 800 V.

RESULTS

Identification of counter-selectable markers in T. atroviride

A schematic representation of putative metabolic pathways for nucleobase analogs, based on the recent
characterization in Aspergillus species, is presented in Fig. TA. A blastp analysis run against the T. atroviride
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P1 genome database revealed the presence of multiple putative orthologs of the A. fumigatus cytosine
permease FcyB and uracil phosphorybosiltransferase Uprt, as well as orthologs of the A. nidulans adenine-
guanine-hypoxanthine transporter AzgA and for the major transporter of 5-fluorouracile (5-FU) FurD

(Table 1). In contrast, no putative ortholog of the cytosine deaminase FcyA (AFUB_005410), crucial for the
metabolic activation of 5-FC, could be identified.

To complement the bioinformatic analysis and evaluate potential counter-selectable systems
experimentally, we tested the sensitivity of T. atroviride to 5-FC, 5-FU, 5-fluorouridine (5-FUR) and 8-AG
(Fig. 1B). The fungus displayed strong resistance to high concentrations of both 5-FC and 5-FUR, in line
with the absence of a cytosine deaminase and with its reported general broad resistance to various
antifungal compounds. High concentrations of 5-FU (100 ug/mL), however, considerably inhibited T.
atroviride's growth, whereas 8-AG completely prevented growth, even at a concentrations as low as 10
pg/mL. Notably, these results were observed only upon cultivation in minimal medium (TMM); at least
threefold higher concentrations were required to achieve comparable inhibition on rich media such as
potato dextrose agar (PDA) (data not shown).

Table 1. BlastP search results
Selection Query Results
A. fumigatus T. atroviride P1 Score Evalue %identity = %coverage
5-FC AFUB_025700/FcyB  Triatrov1_414389 675 3.55E-23 37.9 70.3
Triatrov1_422238 446 1.89E-25 34.4 52.9
Triatrov1_415578 437 5.03E-25 37.2 43.3
Triatrov1_422021 388 1.71E-16 30.9 44.0
5-FC AFUB_005410/FcyA -
5-FC/5- AFUB_053020/Uprt  Triatrov1_439215 990 9.84E- 77.8 97.2
FU 131
Triatrov1_173768 233 4.39E0.25 35.2 29.9
5-FUR AFUB_001570/CntA  Triatrov1_232098 1726 ?.5368E0- 60.0 83.7
A. nidulans T. atroviride P1 Score Evalue %identity %coverage
8-AG XP_681803.1/AzgA  Triatrov1_60818 2181 8b00E+ 73.1 94.6
Triatrov1_358927 1306 1.25E-72 57.2 80.0
5-FU ABR22526.1/FurD Triatrov1_203172 771 7.81E-36 43.1 59.7
Triatrov1_468840 577 3.33E-27 31.4 29.8

Deletion and functional characterization of azg1 in T. atroviride
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Given the low concentration of 8-AG required to inhibit T. atroviride growth, we selected this compound for
further investigation as a potential counter-selective agent. Among the two putative orthologs identified, we
initially focused on the gene encoding TRIATROV1_ 60818, which showed the highest sequence similarity
to A. nidulans AzgA [54, 55]. We first analyzed the expression of this gene, hereafter designated azg7, upon
fungal cultivation in TMM containing adenine as sole nitrogen source. Relative expression analysis revealed
a considerable fold change in transcript levels in the presence of adenine compared to ammonium
sulphate, supporting a role for azg1 in adenine transport (Fig. 2A). For functional characterization of azg7, a
respective T. atroviride deletion mutant was generated. To enhance transformation efficiency, a split-marker
strategy combined with CRISPR/Cas9 RNPs was employed. Several transformants (> 10) were obtained,
eight of which were randomly selected for single-spore isolation, genomic DNA (gDNA) extraction and
genotyping. Seven of the eight transformants produced the expected PCR band corresponding to correct
integration of the selection cassette at the target locus. Cloning strategy and genotyping results are
available in Supplementary Figure STA-B. Three independent deletion strains were subsequently selected
for further characterization.

All tested Aazg1 mutants displayed growth comparable to that of the WT on TMM containing the preferred
nitrogen source glutamine. In the presence of 10 pg/mL 8-AG, the mutants remained unaffected while the
drug completely inhibited growth of the WT. At concentrations higher than 30 pg/mL, the Aazg7 mutants
exhibited reduced growth but were still able to sporulate (Fig. 2B).

Similar to the WT, Aazg1 mutants exhibited slightly faster growth on fructose-containing TMM compared to
medium containing glucose as the sole carbon source, although sporulation was reduced (Fig. 2C and
Supplementary Figure S2). Growth on sodium nitrate as a nitrogen source resulted in colony diameters
comparable to those observed with glutamine; however, colonies displayed a thinner hyphal mat and
delayed sporulation. Cultivation in complete darkness did not substantially affect vegetative growth but
strongly impaired sporulation. Regardless of the differences observed between conditions, no significant
variation (p value > 0,05) was detected between the WT and the Aazg1 mutants (Fig. 2C and Supplementary
Figure S2).

To determine whether deletion of azg1 affects the response of T. atroviride to stress, the mutants were
exposed to osmotic stress (sodium chloride and sorbitol), oxidative stress (hydrogen peroxide and
menadione), as well as cell-wall stress (calcofluor white). In addition, strains were tested at different
temperatures (18°C and 37°C), under increased agar concentrations (2.5% and 3.5%) and at different pH
values (pH 3 and pH 7.5). No significant growth difference between the WT and the Aazg1 mutants (p
value > 0,05) was detected under any of the tested conditions (Fig. 2C and Supplementary Figure S2).

The mycoparasitic ability of the AazgT mutants was tested in dual confrontation assays using the
phytopathogens Botrytis cinerea and Fusarium graminearum as prey fungi. After five days, the prey fungi
were partially overgrown by T. atroviride with no differences between WT and Aazg1 strains (Fig. 2D).

Collectively, these results indicate that deletion of azg7 confers resistance to 8-AG without affecting the
overall phenotype of T. atroviride. The Aazg1 mutants exhibited growth, stress responses, sporulation, and
mycoparasitic activity comparable to those of the WT under all tested conditions.
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Validation of azg1 as counter-selectable marker in Trichoderma species

In order to test the possible application as counter-selectable marker, the azg1 locus of the T. atroviride WT
strain was targeted to introduce a construct of interest, applying 8-AG as selective agent for
transformation. To facilitate screening of transformants, a previously established fluorescent reporter
construct consisting of the improved green fluorescent protein mBasicGFP fused to the Cdc42/Rac1-
interactive binding (CRIB) motif [64] was used. Transformation was assisted by CRISPR/Cas9 to enhance
homologous recombination efficiency (Supplementary Figure S3A). Eight transformants were screened by
genotyping PCR to verify correct integration of the reporter construct at the target locus (Supplementary
Figure S3B). Six transformants displayed the expected integration PCR band, and three independent strains
were selected for single-spore isolation and fluorescence microscopy analysis. In all six tested strains that
had integrated the construct at the azg7 locus, a strong fluorescent signal at the hyphal tips was detected,
whereas the WT displayed only weak autofluorescence (Fig. 3).

We next investigated whether the azg7-based selection system can be applied to other Trichoderma
species. Azg1 orthologs were identified using A. nidulans AzgA as query and resulting protein sequences
were used to generate a phylogenetic tree. Two highly similar orthologs clustering on opposite sides of the
unrooted tree emerged from this analysis in all analyzed species (Fig. 4A). The upper branch contained the
ortholog with the higher similarity to A. nidulans AzgA, including T. atroviride Azg1, whereas the lower
branch grouped the second paralogues of each species. A closer examination of the upper branch (Fig. 4B)
revealed four major clusters. Cluster | included T. atroviride IMI 206040, several Trichoderma viride isolates,
Trichoderma asperellum, and Trichoderma gamsii. Cluster II, the smallest group, comprised Trichoderma
ceciliae, Trichoderma arundinaceum and Trichoderma cornu-damae, while cluster Ill included, among others,
Trichoderma reesei QM6a, Trichoderma citrinoviride and Trichoderma longibrachiatum. Finally, Cluster IV, the
largest group, encompassed Trichoderma virens Gv29-8, several Trichoderma harzianum isolates as well as
less-characterized species. One representative species from each cluster, except cluster I, was selected for
CRISPR/Cas9 assisted transformations targeting the respective azg1 locus for integration of the CRIB-
mBasicGFP reporter construct.

Not many transformants were obtained for the selected species upon 8-AG selection, but the goal of these
experiment was not to optimize the transformation protocol but to see the efficiency of the azg7 as marker.
Therefore, all transformant colonies, three for T. asperellum and T. reesei and two for T. virens, were
screened via genotyping PCR (Supplementary Figure S4A). Despite the presence of some unspecific bands,
all tested mutants showed the expected amplicon of about 2 kb, while the respective WT resulted in no
amplification. All transformants displayed colony morphology comparable to that of the corresponding WT
strains, and fluorescence microscopy confirmed mBasicGFP accumulation at hyphal tips in all analyzed
colonies (Supplementary Figure S4B).

Possible application for the azg1 locus as marker

To further explore the advantages of the newly established counter-selectable marker system in

Trichoderma spp., we next investigated potential applications of the azg7 locus as a platform for targeted

integration of additional genetic tools. As a first proof of concept, the locus was used to investigate the
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susceptibility of T. atroviride to other nucleobase analogs, focusing specifically on 5-FC. Because T.
atroviride lacks an ortholog involved in the initial step of the pyrimidine salvage pathway, we hypothesized
that its intrinsic resistance to 5-FC results from the absence of a functional cytosine deaminase. We
therefore tested whether heterologous expression of fcy7 orthologs from 5-FC-sensitive fungi could confer
sensitivity to this compound. Orthologs of the A. fumigatus fcyA gene [40] were identified and amplified
from four species phylogenetically related to Trichoderma: Penicillium chrysogenum (EN45_039270),
Aspergillus niger (An01g04210), A. nidulans (Aspnid_9622), and Neurospora crassa (NCU07413). Each
coding sequence was cloned into an integration vector targeting the azg17 locus under Trichoderma-specific
regulatory sequences (Supplementary Figure S5A). Resulting T. atroviride transformants were designated
Aazg1_Pcfcy1 (P chrysogenum), Aazg1_Anigfcy1 (A. niger), Aazg1_Anidfcy1 (A. nidulans), and Aazg1_Ncfcy1
(N. crassa). CRISPR/Cas9-assisted transformation with 8-AG selection yielded four transformants per
construct, except for Aazg1_Anigfcy1 with only two. Genotyping confirmed variable integration patterns,
with one Aazg1_Pcfcy1 clone, both Aazg1_Anigfcy1 transformants, one Aazg7_Anidfcy1 strain, and two
Aazg1_Ncfcy1 clones displaying the expected integration pattern (Supplementary Figure S5B). Two
representative transformants per construct were selected for further analysis. For the construct of P
chrysogenum and A. nidulans only one clone showed the band of the expected size; nevertheless, a second
clone - Aazg1_Pcfcy1 #3 resulting in a product slightly bigger than expected and Aazg71_Anidfcy1 #2
exhibiting a random band pattern that could be due to degradation - was included in further tests. 5-FC
sensitivity was assessed in 96-well plate assays to estimate the minimum inhibitory concentration (MIC) of
5-FC using T. atroviride WT as control. Because optical density measurements at OD¢qq did not provide
reliable quantification of filamentous fungal growth at late time points, inhibition was assessed visually.
Aazg1_Pcfcy1 #2 and both Aazg1_Anigfcy1 selected clones displayed increased 5-FC sensitivity compared
to the WT and other transformants (Fig. 5A), with a MIC equal to 125 pg/mL. These findings were
confirmed by plating spores of Aazg7_Pcfcy1 #2 and Aazg1_Anigfcy1 #1 on TMM supplemented with either
100 pg/mL or 500 pg/mL 5-FC. Both selected transformants were able to grow on 5-FC but failed to
sporulate at 100 pg/mL and produced only a thin hyphal layer at 500 pg/mL, while the WT showed
unaltered growth and sporulation at both 5-FC concentrations (Fig. 5B). Overall, expression of functional
fcy1 orthologs rendered T. atroviride susceptible to 5-FC, suggesting that through further sequence
optimization the cytosine deaminase could have a potential use as an additional counter-selectable marker.

As a second application, the azg7 locus was used to evaluate inducible expression systems in T. atroviride.
Two Tet-On variants optimized for A. fumigatus, Tet-On (PpkiA) and Tet-On (PoliC) [86, 87], were integrated
at the azg7 locus and used to drive the expression of a mBasicGFP reporter. Previous studies [39, 86, 87]
reported that the Tet-On (PoliC) system achieved expression levels exceeding those of the constitutive
PgpdA promoter at relatively low doxycycline concentrations (6 pg/mL), whereas the Tet-On (PpkiA) system
displayed comparatively weak induction even at higher inducer concentrations (100 pg/mL). Consistent
with these reports, the T. atroviride Tet-On (PoliC) strain (Aazg1_TetOn(PoliC)mVisGreen) displayed a clear
fluorescence signal that increased proportionally with doxycycline concentration, whereas the Tet-On
(PpkiA) strain (Aazg1_TetOn(PpkiA)mVisGreen), similar to the WT control, produced no detectable signal
(Fig. 6A). Because high doxycycline concentrations are known to affect fungal growth [88], fluorescence
measurements were normalized to ODg values, although the use of ODgq as a proxy for growth in
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filamentous fungi remains debated. Background-corrected FL/OD values, however, revealed patterns that
differed only slightly from raw fluorescence measurements. In cultures induced immediately after
inoculation (T0), the fluorescence signal increased during early growth before gradually plateauing and
declining after approximately 42 h, with stronger fluorescence signals at higher doxycycline concentrations.
In contrast, delayed induction (T1) triggered a steadier increase in fluorescence after doxycycline addition
that subsequently remained constant for the rest of the experiment (Supplementary Figure S6).

Finally, integration into the azg7 locus was used to investigate the expression and suitability of selected
fluorescent proteins (FPs). Among the evaluated fluorophores were monomeric Kusabira Orange 2 (mK02),
monomeric TagBFP2 (mTagBFP2opt), and Katushka2S (K2S), all characterized by high in vivo brightness
and minimal spectral overlap with each other and with mBasicGFP, making these fluorophores suitable for
future multicolor imaging applications in T. atroviride. Expression cassettes encoding the individual
fluorophores under control of the constitutive gpdh promoter and terminator were integrated into the azg7
locus and 8-AG selected transformants were analyzed by confocal microscopy to assess fluorophore
expression and intracellular localization. Imaging of the periphery of actively growing colonies revealed
strong fluorophore-specific signals for mKO2 (yellow), mTagBFP2opt (blue), and K2S (red) (Fig. 6B), that
enabled visualization of hyphal morphology. WT background fluorescence was negligible under imaging
conditions used for mKO2 and K2S, whereas settings optimized for mTagBFP2opt produced a stronger
background signal in the blue and green channels, indicating intrinsic autofluorescence in this spectral
range.

By applying the azg17 locus as counter-selectable marker and effective integration point, we managed to
validate multiple innovative tools for T. atroviride, such as a new putative marker, an inducible promoter
system and various FPs, providing additional options to better characterize this species.

DISCUSSION

Compared with established fungal model systems such as Aspergillus spp., the molecular toolbox available
for Trichoderma remains limited despite the increasing agricultural and industrial relevance of this genus.
The molecular resources available for strain engineering have been mainly developed for T. reesei, whereas
biocontrol-relevant species still lack a broad set of validated selection markers, reporter systems, and
controllable expression tools [8, 31]. Recent works in T. atroviride still point to limited marker availability as
a major bottleneck for successive genetic manipulations [21, 89].

In this study, we developed a set of genetic tools aiming to overcome this longstanding methodological
gap. Endogenous counter-selectable systems based on nucleobase uptake and salvage pathways have
recently been developed in A. fumigatus, enabling site-directed integration without the need for exogenous
resistance markers and supporting sequential, as well as multigene engineering workflows [40, 45, 56].
These approaches established endogenous genes required for toxic analog uptake as particularly attractive
engineering targets, where successful construct integration is directly coupled to resistance while the
underlying gene disruption is physiologically well tolerated. In the attempt to extend this strategy to
Trichoderma, however, we observed intrinsic resistance of T. atroviride to several antifungal drugs, including
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5-FC and other pyrimidine analogs. We therefore focused on the purine uptake pathway. Building on the
AzgA transporter in A. nidulans, which mediates uptake of adenine, guanine, hypoxanthine and the toxic
analogue 8-AG [54, 55, 60], we functionally characterized one of the two identified orthologs of T. atroviride.
Although filamentous fungi typically encode multiple purine transporters, functional redundancy does not
necessarily extend to toxic substrate uptake [90]. Deletion of the selected gene, azg1, conferred robust
resistance to 8-AG, consistent with previous observations in other fungi, where loss of a single transporter
is sufficient to confer drug resistance despite the presence of paralogs [55, 90].

A critical requirement for the practical utility of any selectable or counter-selectable marker is that its
disruption does not confer a substantial fitness cost. Extensive phenotypic characterization of Aazg1
strains across a wide range of environmental conditions, including osmotic, oxidative, and cell wall stress,
as well as varying temperatures, pH, light exposure, and nutrient conditions, revealed consistently
comparable phenotypes between WT and deletion mutants. Likewise, ecological fitness, assessed through
confrontation assays against B. cinerea and F. graminearum, remained unchanged. The absence of an
obvious defect in the present study supports the view that azg7 is not only a useful counter-selectable
target, but also a strong candidate for a neutral integration locus for routine construct insertion in T.
atroviride. The broader utility of the locus is further supported by its conservation across the genus.
Sequence-based identification of azg7 homologs in additional Trichoderma species enabled extension of
the strategy beyond T. atroviride, showing that the marker concept is not restricted to a single species. This
is an important practical advantage, as transformation efficiency and marker performance can vary
substantially among Trichoderma species [8, 33]. A conserved endogenous target therefore offers a path
toward more comparable engineering workflows across taxa. In that sense, the azg7 system may help
reduce a persistent limitation in Trichoderma genetics, namely that tools often remain species- or
laboratory- specific rather than broadly portable.

The successful use of the azg7 locus for CRISPR/Cas9 mediated integration also highlights its value as a
genomic landing site rather than merely a resistance determinant. This matters because one of the
recurring limitations in Trichoderma genetic engineering has been the difficulty of combining precise editing
with reusable selection strategies and predictable transgene behavior [8, 21, 31]. By coupling targeted
editing to a selectable phenotype, the locus provides a simple framework for repeated construct delivery. In
practical terms, this opens the way to workflows in which reporter cassettes, regulatory modules, or
complementation constructs can be introduced at a defined chromosomal position instead of being
dispersed across the genome.

This feature became especially clear when evaluating heterologous gene or construct integrations. As first
practical application of azg7 as counter-selectable marker, we attempted to dissect the intrinsic resistance
of T. atroviride to 5-FC. This prodrug activity strictly depends on uptake and subsequent conversion through
the pyrimidine salvage pathway [62]. Cytosine deaminase, encoded as FCY1, FCA1, or fcyA depending on
the species, is a central step in this pathway, but drug susceptibility also depends on efficient uptake and
downstream metabolic activation [40, 62]. The partial restoration of 5-FC sensitivity in T. atroviride after
heterologous expression of fcyT orthologs strongly supports the idea that the intrinsic resistance of this
species is predominantly linked to the absence of a functional cytosine deaminase. At the same time, the
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incomplete phenotype is equally informative. It suggests that cytosine deaminase is not the only limiting
factor and that additional barriers, such as suboptimal uptake or efflux, transport specificity, expression
level, or downstream flux through the salvage pathway, still constrain full susceptibility. This interpretation
is consistent with studies in A. fumigatus, where FcyB, FcyA, and Uprt each make distinct contributions to 5-
FC activity and where loss of any one of these steps is sufficient to alter drug response [40, 56, 62]. In that
sense, the azg7 locus could serve as a standardized test bed for expanding a missing metabolic function
and for evaluating how transferable antifungal selection strategies are across genera.

Importantly, the azg7 locus also enabled the development of advanced genetic tools. Several studies have
emphasized that inducible and synthetic expression systems in Trichoderma have been developed mainly
for T. reesei and that tetracycline-controlled systems, although well established in Aspergillus, have not
been broadly implemented across the genus [8, 68]. We therefore tested two systems that recently proved
useful in A. fumigatus for different purposes [78, 86, 87]. The Tet-On (PoliC) construct showed clear,
doxycycline-dependent induction of gene expression, confirming its functionality in T. atroviride. The
differing performance of the tested Tet-On variants shows that successful transfer without extensive
species-specific redesign cannot be assumed. Promoter architecture, codon usage, genomic context, and
transactivator design are all likely to influence system behavior, as has also been seen during optimization
of Tet circuits in other fungi [71, 72]. However, the successful employment of the PoliC-based system
without prior optimization represents a strong starting point for further implementation of tetracycline-
inducible expression systems in Trichoderma.

In parallel, we employed the azg1 locus for integrating a set of FPs for live-cell imaging applications, and
our results likewise have value beyond simple proof of integration. Reporter based imaging has long been
useful in Trichoderma, including early host-inducible GFP systems in T. atroviride [63], and later codon
optimized vector platforms using eGFP and mCherry derivatives [35]. Even so, the palette of fluorophores
routinely used in the genus remains modest compared with more intensively engineered fungal models [8,
35]. The three selected and tested FPs exhibited strong cytoplasmic expression when integrated into the T.
atroviride azg1 locus, enabling clear visualization of hyphal structures. Minimal autofluorescence under
most imaging conditions and adequate spectral separation between fluorophores support their suitability
for multi-color imaging approaches. The observed signal strength and spectral separation indicate that
these reporters should be suitable not only for basic localization studies, but also for future multicolor
experiments aimed at following hyphal differentiation, organelle dynamics, or fungal interactions in living
cells.

Taken together, this study establishes azg1 as a multifunctional genomic platform in Trichoderma. First, it
functions as a robust counter-selectable marker based on 8-AG resistance. Second, it serves as a
candidate neutral landing site for targeted integration. Most importantly, these two features are combined
in a way that is highly useful for iterative strain engineering. In the present study the suitability of the azg1
locus was demonstrated across three distinct applications: restoration of 5-FC susceptibility via
heterologous pathway complementation, installation of a doxycycline responsive expression system, and
deployment of new FPs. This multifunctionality distinguishes the system from conventional dominant
resistance markers, which are typically consumed after a single engineering step and can hinder
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subsequent manipulations [8, 21]. In contrast, an endogenous counter-selectable locus is well matched to
workflows that require repeated genome editing, metabolic pathway testing, reporter exchange, or
regulated transgene insertion.

The broader implication is that Trichoderma genetics may benefit from moving toward endogenous,
reusable, and locus defined engineering strategies similar to those already explored in Aspergillus [40, 45].
The present study provides an initial framework for that shift. Although more extensive validation will be
required, these preliminary findings strongly support the use of azg7 as a counter-selectable marker across
multiple Trichoderma species. This system therefore represents a promising strategy to facilitate genetic
manipulation in species for which efficient selection systems are currently unavailable, thereby expanding
the molecular toolbox for the genus.

Future work should test how robustly the azg1 platform performs across additional Trichoderma
backgrounds, whether homologous integration efficiencies can be further improved in strains with strong
NHEJ, and how far the Tet-based system can be optimized for tighter repression and a wider induction
range. The 5-FC experiments also point to a clear next step, namely reconstructing additional elements of
the pyrimidine salvage and uptake pathway to determine which combination is required for fully efficient
counter selection in Trichoderma. It will likewise be important to determine whether the locus remains
neutral when used for larger constructs, stronger promoters, or more demanding physiological assays.
Even with these open questions, the data presented here mark a substantial advance toward a more
versatile and standardized molecular toolbox for Trichoderma species.

CONCLUSION

In this study, we established azg1 as a versatile counter-selectable marker and genomic landing site for
genetic engineering in Trichoderma. Deletion of azg7 confers stable 8-AG resistance without detectable
fitness defects, enabling targeted and reusable integration of genetic constructs. The successful
application of the locus for pathway complementation, inducible gene expression, and fluorescent reporter
integration demonstrates its potential as a multifunctional platform for strain engineering. Moreover, the
conservation of azg7 across Trichoderma species supports the broader applicability of this strategy.
Together, these findings provide a foundation for more flexible, standardized, and iterative genetic
engineering approaches and contribute to expanding the molecular toolbox available for Trichoderma.
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Uptake and metabolism of nucleobases and sensitivity to their analogs in T. atroviride P1.(A) Simplified
diagram for the pyrimidine (top) and purine (bottom) metabolic pathways, based on available models for
Aspergillus species and on the recent review of Ayoub et al. [91]. Nucleobase analogs are highlighted in red.
Multiple steps in the pathway are indicated with a dashed arrow. The grey curved lines mark the cell
membrane. (B) Sensitivity of T. atroviride to nucleobase analogs, shown as plate assay. Selected pictures
were taken after 5 days of incubation at 25° C in light/dark conditions. Abbreviation: 5-fluorocitosine (5-FC),
5-fluorouracil (5-FU), 5-fluorouridine (5-FUR), 8-azaguanine (8-AG), uridine 5-monophosphate (UMP), 5-
fluorouridine 5-monophosphate (5FUMP), inosine 5-monophosphate (IMP), adenosine 5-monophosphate
(AMP), guanine 5-monophosphate (GMP), 8-azaguanine 5-monophosphate (8AGMP).

A

Tatro_Aazg1_
CRIB-
mVisGreen

Figure 3

Validation of azg7 as counter-selectable marker in T. atroviride. (A) Microscopy pictures confirming
expression of the CRIB-mBasicGFP reporter [77]in the mutant strain. (B) Time-lapse overlay of
Tatro_Aazg1_CRIB-mVisGreen pictures taken every minute for 5 min, showing real-time CRIB reporter
localization at the actively growing hyphal tip.
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clusters. Tree scale indicating 1 change per site. (B) Expanded visualization of the phylogenetic tree upper

branch in rooted form. Cluster identification is reported on the right side. Ultra-fast BS values (BS>90) are
shown over the corresponding branches, tree scale indicating 0.1 change per site.
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Figure 5

Induction of 5-FC susceptibility in T. atroviride. (A) Susceptibility assay verifying whether the presence of
cytosine deaminase conferred sensitivity to the nucleobase analog 5-FC. Mutant strains were evaluated in
comparison to the WT after growth on TMM containing decreasing concentrations of 5-FC. The bottom row
did not contain any nucleobase analog and serves as control condition. The bottom row did not contain any
nucleobase analog and serves as control condition. In red are highlighted the first wells per column where
no growth could be seen. The displayed picture was taken after 3 days of incubation at 25° C. (B) Strains
that showed an increased sensitivity to 5-FC were tested on solid TMM containing 100 ug/mL or 500
pug/mL 5-FC. The displayed picture was taken after 7 days of incubation at 25° C in light/dark condition.
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Implementation of new genetic tools in T. atroviride. (A) Fluorescence-based evaluation of two inducible
Tet-On systems in T. atroviride. The reporter mBasicGFP was placed under the control of Tet-On(PoliC)
[87]and Tet-On(PpkiA) [86], respectively, and integrated into the azg71 locus of T. atroviride. WT is included as
negative control to estimate autofluorescence. Plates were incubated for a total of 64 h at 25 °C in dark

conditions. The bar plot shows values measured at the end point. (B). Assessment of FPs expressionin T.

atroviride. Pictures of the WT (left) and mutant strains carrying three FPs (right) were taken after 24 h of

incubation at 25 °C in dark conditions. The FPs (mKO2, mTagBFP2opt and K2S) [59]were expressed under

the control of the constitutive gpdh promoter and integrated into the azg7 locus of T. atroviride.
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