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MAPkinases regulate secondary 
metabolism, sexual development 
and light dependent cellulase 
regulation in Trichoderma reesei
Miriam Schalamun 1, Sabrina Beier 1, Wolfgang Hinterdobler 1,2, Nicole Wanko 1, 
Johann Schinnerl 3, Lothar Brecker 4, Dorothea Elisa Engl 4 & Monika Schmoll 1,5*

The filamentous fungus Trichoderma reesei is a prolific producer of plant cell wall degrading enzymes, 
which are regulated in response to diverse environmental signals for optimal adaptation, but also 
produces a wide array of secondary metabolites. Available carbon source and light are the strongest 
cues currently known to impact secreted enzyme levels and an interplay with regulation of secondary 
metabolism became increasingly obvious in recent years. While cellulase regulation is already known 
to be modulated by different mitogen activated protein kinase (MAPK) pathways, the relevance of the 
light signal, which is transmitted by this pathway in other fungi as well, is still unknown in T. reesei as 
are interconnections to secondary metabolism and chemical communication under mating conditions. 
Here we show that MAPkinases differentially influence cellulase regulation in light and darkness and 
that the Hog1 homologue TMK3, but not TMK1 or TMK2 are required for the chemotropic response to 
glucose in T. reesei. Additionally, MAPkinases regulate production of specific secondary metabolites 
including trichodimerol and bisorbibutenolid, a bioactive compound with cytostatic effect on cancer 
cells and deterrent effect on larvae, under conditions facilitating mating, which reflects a defect in 
chemical communication. Strains lacking either of the MAPkinases become female sterile, indicating 
the conservation of the role of MAPkinases in sexual fertility also in T. reesei. In summary, our findings 
substantiate the previously detected interconnection of cellulase regulation with regulation of 
secondary metabolism as well as the involvement of MAPkinases in light dependent gene regulation 
of cellulase and secondary metabolite genes in fungi.

To survive in a competitive habitat, organisms evolved complex signaling pathways to properly react to a changing 
environment while optimally balancing resources for survival and growth. Especially sunlight profoundly impacts 
organsims living on earth and if light perception or–response machineries are impaired, severe consequences for 
fitness or even survival were observed1,2. The conserved mitogen activated protein (MAP) kinase pathways play 
a central role in signal transmission and–integration in eukaryotes from fungi to mammals3,4.

MAPkinase cascades have been subject to intense research efforts in eukaryotes, which revealed their con-
tribution to virtually all crucial physiological processes from growth, response to hyphal injury, reproduction, 
stress response, secondary metabolite production to metabolism and light response4–8.

In filamentous fungi, three major MAPkinase pathways are known: The pheromone response pathway9, 
the cell wall integrity pathway10 and the osmoregulation pathway11. MAPkinase pathways each consist of three 
protein kinases, a MAPkinase, a MAPkinase kinase (MAPKK) and a MAPkinase kinase kinase (MAPKKK) 
which form a phosphorylation cascade12,13. This 3-tiered modular construct is likely positively selected during 
evolution14. Stepwise phosphorylation enables signal integration at every stage and is required for activation. 
Subcellular localization of MAPkinases is crucial for their function and establishment of regulatory feedback 
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loops15. Thereby, MAPkinases are known to be subject to feedback inhibition, which contributes to signal fidelity 
and is often achieved by phosphatases dephosphorylating and hence inactivating MAPkinases13.

Evaluation of the functions of the pheromone MAPkinase pathway in Aspergillus flavus showed that its mem-
bers (steC, mkkB, mpkB and steD) act as a complex and are required for aflatoxin B1 production, while in the 
respective deletion mutants an increase in production of leporin B and aspergillicins was observed9. Mechanistic 
investigation of the role of this pathway in aflatoxin production revealed that the regulatory impact of this kinase 
targeted biosynthesis of precursors rather than regulation of the aflatoxin gene cluster16. In contrast, deletion of 
the Hog1-type MAPkinase SakA in A. flavus caused an increase in aflatoxin production17. Components of the 
cell wall integrity pathway are involved in regulation of secondary metabolism in many fungi, where they are 
often required for their production10. Already these few examples show that regulation of secondary metabolism 
is a common trait for the function of MAPkinase pathways in fungi.

Fungi use chemicals to communicate with mating partners and competitors18,19. Importantly, a considerable 
part of the functions of MAPKs is aimed at appropriate communication with the environment, which is crucial 
not only for competition, but also for virulence and pathogenicity7,20. While the correct function of such a com-
munication can be detected relatively easily by genetic screenings and microscopic analysis, the compounds 
responsible for this interaction—the chemical(s) eliciting the response—are much harder to identify. One exam-
ple is the chemotropic growth of the phytopathogen Fusarium oxysporum towards plants which is regulated by 
the CWI MAPkinase pathway, for which a peroxidase was found to be responsible21,22, which is however unlikely 
to be the chemical that is detected. Another case of chemical communication is represented by the rhythmic 
activation of MAPkinases upon fungal communication between Neurospora crassa hyphae23. This interaction 
mechanism is conserved between N. crassa and B. cinerea24 although also here the chemical compounds mediat-
ing this interaction are not yet known.

The rotation of earth causing night and day represents one of the most important environmental cues for life, 
including fungi1. Thereby, organisms do not simply respond the the increasing light intensity in the morning, but 
they prepare for both dusk and dawn using a circadian clock, which keeps running even in the dark25,26. Light 
is essential for entraining the clock and a light pulse resets the clock, which impacts the whole gene regulation 
machinery as well25,27. MAPkinases play an important role in circadian rhythmicity due to their rhythmic acti-
vation and their role in phosphorylation of clock proteins28. They are a crucial output pathway of the circadian 
clock29.

Both upon constant light conditions as well as during a time course reflecting circadian rhythmicity, discrep-
ancies between mRNA abundance and protein abundance were observed30,31 and also metabolism related gene 
oscillate during the circadian day32. With respect to circadian rhythmicity, it is particularly interesting, that the 
rhythmic activation of the osmosensing MAPK pathway influences regulation of translation in dependence of 
osmotic stress33.

The Hog-pathway transmits the phytochrome-related red light signal independently of its function as a stress 
signaling factor in Aspergillus nidulans34.

The genus Trichoderma comprises a diverse array of mostly benefical fungi, which comprise plant symbionts 
and industrial workhorses for enzyme production35–40.

In Trichoderma, light profoundly influences physiology41,42 with respect to growth43–45, asexual and sex-
ual development46,47, regulation of plant cell wall degrading enzymes48, secondary metabolism49,50 and stress 
response51–53. Moreover, the MAPkinase encoding gene tmk3 is induced by light in a photoreceptor dependent 
manner in T. atroviride54 and in T. reesei55 and early, transient phosphorylation of TMK3 occurs in T. atroviride56. 
Also the photoreceptor gene env1 and the photolyase gene phr1 have strongly increased transcript levels in a 
strain lacking tmk3, hence indicating a dampening effect of the HOG pathway on light response and potentially 
increased light sensitivity in deletion strains56.

In S. cerevisiae, the MAPkinase of the pheromone pathway is Fus312, the homologue of T. reesei TMK1. 
Upstream of the S. cerevisiae MAPkinase cascade, the G-protein beta and gamma subunit mediate transmission 
of the pheromone signal to the MAPkinases5. In filamentous fungi not only Fus3 homologues, but also compo-
nents of other MAPkinase pathways were shown to be required for proper sexual development. The MAPkinase 
mediating the cell wall integrity (CWI) pathway in N. crassa was found to be required for formation of protop-
erithecia if a strain was meant to assume the female role in a cross57. Moreover, Slt2 homologues are required for 
female fertility in F. graminearum58 and Magnaporthe grisea59. In F. graminearum, lack of of the Hog-pathway 
MAPkinase blocked sexual development60. Crosstalk was observed among the CWI and pheromone response 
pathways in N. crassa61. Hence, while the pheromone response pathway has a central function in sexual develop-
ment, all three MAPkinases contribute to the process of sexual reproduction.

Induction of sexual development in T. reesei deviates from methods in other fungi in that so far, no proto-
perithecia or similar early female stages were observed in this fungus62,63. However, due to the inability of the 
prominent wild-type strain QM6a to assume the female role in a cross, which is due to a defect in the scaffolding 
protein HAM564,65, is considered female sterile67.

In Trichoderma, three MAPkinase pathways were detected, which are conserved in the genus40,67. Early 
investigations showed that T. virens TmkA and TmkB are required for full antagonistic potential against fungal 
phytopathogens68,69 and TmkA is needed for inducing full systemic resistance70. In T. atroviride, lack of Tmk1 
reduced mycoparasitic activity, yet higher antifungal activity attributed to low molecular weight substances 
including 6-pentyl-α-pyrone (6PP) and peptaibol antibiotics71. Recently, T. atroviride Tmk3 and Tmk1 were 
implicated in polarity stress response during hyphal interaction upon mycoparasitism and the chemotropic inter-
action between individual hyphae in this process72. Another case of antagonism was shown for T. atroviride with 
Drosophila melanogaster larvae, which fed on the fungal mycelium. Tmk3 was required for secondary metabolite 
production in T. atroviride, which was the reason for larvae preferentially feeding on a tmk3 mutant, although 
the mortality of larvae doing so was increased compared to feeding on the wild-type73. Furthermore, T. atroviride 
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Tmk3 was required for proper response to cell wall stress, especially upon exposure to light56, which suggests a 
certain interrelationship of the cell wall integrity pathway (represented by Tmk2) and the osmosensing pathway.

Investigation of the functions of the MAPkinase pathways in T. reesei as well as selected upstream sign-
aling processes revealed roles in cell wall integrity, stress response, glycogen accumulation and asexual 
development74–77. Previously, TMK1 (Fus3-like), TMK2 (Slt2-like) and TMK3 (Hog1-like) were shown to impact 
regulation of cellulase gene expression: TMK3 was reported to exert a strongly positive influence on cellulase 
production76, while the influence of TMK2 on transcript abundance of cellulase genes is minor, despite its nega-
tive influence on secreted cellulase activity74. TMK1 also negatively influences cellulase production75,77, although 
a positive effect of TMK1 was shown on transcript levels of major cellulase and xylanase genes77.

Despite the fact that the influence of light on MAPKinase dependent regulation of stress response and sec-
ondary metabolism was shown previously, this environmental cue was not considered in previous studies of 
the topic with T. reesei. Consequently, we investigated the impact of light on regulation of cellulase production 
and we show significant differences between growth in light and growth in darkness. Our study further revealed 
that MAPkinases are required for female fertility upon mating in T. reesei and that MAPkinases differentially 
impact secondary metabolite production under mating conditions, hence reflecting an influence on chemical 
communication.

Results
Information on environmental cues is transmitted via multiple signaling cascades in fungi, one of which are the 
MAPkinase cascades. Although the MAPkinase genes of T. reesei do not show significant regulation by light49,78, 
previous work revealed an involvement of phosphorylations in general and specifically also by MAPkinase cas-
cades in light response and circadian rhythmicity25,28. Additionally, we showed that the random mutant QM9414 
is less light sensitive with respect to cellulase production than the wild-type strain QM6a79. Therefore we deleted 
the MAPkinase encoding genes tmk1, tmk2 and tmk3 in the wild-type background of QM6a by replacement with 
the hygromycin selection marker cassette80. Througout our study, we investigated the phase of active growth and 
cellulase production of QM6a, which grows somewhat more slowly than QM9414 and produces lower levels 
of cellulases, but has the advantage that the machinery of cellulase regulation associated signaling and gene 
regulation is not altered.

MAPkinases impact growth and sporulation.  As expected, tmk1, tmk2 and tmk3 were not essential in 
QM6a and grew well on malt extract agar plates (Fig. 1A). Analysis of biomass formation in liquid cultivations 
with cellulose as carbon source revealed strikingly different impacts in constant light and constant darkness. 
While in darkness Δtmk3 formed considerably less biomass (Fig. 1B), a similar effect was observed in light for 
Δtmk2 (Fig. 1C). This clear difference in the functions of TMK2 and TMK3 in modulating growth in light and 
darkness strengthens the need for cultivation under controlled light conditions. Moreover, the three MAPkinase 
pathways of T. reesei obviously exert signal transmission tasks for which it is crucial whether they grow in the 
dark or in light.

We also found that lack of tmk3 in the genome causes abolishment of the typical green pigmentation of spores 
(Fig. 1A), which is in agreement with data from T. atroviride56. Hence, we were interested whether this is due 
to an impact of MAPkinases on regulation of pks4, the polyketide synthase responsible for this pigmentation81.

RTqPCR confirmed our hypothesis (Fig. 1D,E), showing that deletion of tmk3, which results in a white 
phenotype, also correlates with abolishment of pks4 transcription in light and darkness. Interestingly, we also 
found that pks4 transcript levels are strongly increased in a strain lacking tmk2, both in light and darkness and 
that Δtmk1 also shows elevated pks4 levels only in darkness. Consequently, MAPkinases crucially impact spore 
pigmentation, both in light, as the preferred sporulation condition and in darkness.

TMK3 is required for chemotropic response to glucose.  Glucose represents an important nutrient 
for T. reesei, which represses cellulase gene expression and elicits carbon catabolite repression82,83. However, 
genome analysis revealed that T. reesei lacks a direct homologue of the prototypical glucose sensors GPR-4 
or Git167. Investigation of G-protein coupled receptors (GPCRs) implicated two class XIII (DUF300 domain) 
GPCRs, CSG1 and CSG2 in glucose sensing due to their impact on cellulase regulation on cellulose and lactose78. 
This function was supported by the requirement of CSG1 and CSG2 for chemotropic responses to specific con-
centrations of glucose84. Since a role in chemotropic reaction to glucose was shown for FMK1, the Fusarium 
oxysporum homologue of filamentation pathway MAPkinase22, we were interested in the role of T. reesei MAP-
kinases in chemotropic reactions to glucose.

Interestingly, in T. reesei TMK3, but not TMK1, the homologue of FMK1, is required for chemotropic response 
to glucose. As for the F. oxysporum homologue MPK122, lack of the cell wall integrity pathway MAPkinase TMK2 
in T. reesei does not perturb chemotropic response to glucose (Fig. 2A).

Since also the GPCRs CSG1 and CSG2 are required for chemotropic reactions to glucose84, the signaling 
pathway triggering this reaction in T. reesei might not be exclusively channeled through the G-protein pathway 
but may be subject to biased signaling85.

MAPkinases regulate cellulase transcription and secreted activity differentially in light and 
darkness.  An involvement of T. reesei MAPkinases in cellulase regulation was shown previously74–76. How-
ever, in these studies, the relevance of light for cellulase regulation was not considered and T. reesei TU-6, a 
parental strain derived from QM9414, with decreased and probably altered light response79 was used. Therefore, 
we aimed to evaluate these previous results under controlled light conditions with cellulose as carbon source and 
we tested for a potential relevance of MAPkinases in the strong down-regulation of cellulases in light.
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We observed that lack of tmk3 in the genome virtually abolished specific cellulase activity in darkness 
(Fig. 2B), which is in agreement with the strongly decreased biomass formation of Δtmk3 under these condi-
tions (Fig. 1B). Due to the strong effect of TMK3 on cellulase regulation, chemotropic response to glucose and 
biomass formation upon growth on cellulose, we were interested whether the growth defect of Δtmk3 is a general 
phenomenon or conditions specific i.e. carbon source specific. Analysis of hyphal extension of Δtmk3 on malt 
extract medium (3% w/v) showed a colony size decreased by 48 + /− 1% (standard deviation of 3 biological repli-
cates), on carboxymethylcellulose the decrease was considerably stronger with 86 + /− 1% and on glucose Δtmk3 
showed no growth after the 48 h in darkness of the experiment used in parallel for the other measurements. 
Consequently, the growth defect caused by the lack of TMK3 is obvious on all media used, albeit the extent of 
the retardation is dependent on the carbon source. The more severe growth defect on carboxymethylcellulose 
compared to the full medium (malt extract) is in agreement with the strong decrease of cellulase expression in 
Δtmk3. The fact that Δtmk3 does not chemotropically react to glucose anymore, a degradation product of cellu-
lose is in agreement with its growth defect on glucose, as it obviously as problems to sense it, which may well be 
connected to perturbed cellulase regulation and the subsequent glucose liberation intra- and/or extracellularly.

Deletion of tmk1 caused increased cellulase activity and for Δtmk2 we found a positive trend (Fig. 2B). In the 
wild-type QM6a, cellulase activity in light decreases to levels around or below the detection limit79, which did not 

Figure 1.   Relevance of MAPkinases for phenotype and biomass formation. (A) MAPkinase mutant strains 
on MEX agar plates in constant light (LL) and constant darkness (DD) after 7 days at 28 °C. (B,C) Biomass 
formation relative to wild-type (WT) QM6aΔku80 upon growth on 1% cellulose in (B) constant darkness and 
(C) constant light. (D,E) Transcript levels of the polyketide synthases gene pks4 upon growth on 1% cellulose in 
(D) constant darkness and (E) constant light.
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Figure 2.   Relevance of MAPkinases for chemotropic response and cellulase regulation. (A) Chemotropic 
response of MAPkinase mutant strains to 1% glucose. (B) Specific cellulase activity upon growth on 1% cellulose 
in darkness. (C,D) Transcript levels of cbh1 upon growth on 1% cellulose (C) in constant darkness and (D) 
constant light. (E,F) Transcript levels of xyr1 upon growth on 1% cellulose (E) in constant darkness and (F) 
constant light. (G,H) Transcript levels of cre1 upon growth on 1% cellulose (G) in constant darkness and (H) 
constant light.
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change in deletion strains of tmk1, tmk2 or tmk3 (data not shown). Consequently, MAPkinases are not involved 
in the (posttranscriptional) mechanism responsible for the block of cellulase formation in light, although they 
do influence cbh1 transcript abundance.

Transcript abundance of cbh1, the major cellobiohydrolase gene of T. reesei, correlated with the results for 
specific cellulase activity in darkness, with significantly increased cbh1 levels in Δtmk2, hence supporting the 
positive trend of cellulase activity in Δtmk2 (Fig. 2C). In light, cbh1 transcript levels are decreased in all three 
MAPkinase mutants (Fig. 2D), reflecting a clear difference to the situation in darkness.

In darkness, transcript levels of the major cellulase transcription factor gene xyr1 correlates with those of 
cbh1 (Fig. 2E), which was shown for other conditions previously86. Also for xyr1, the situation is different in light 
(Fig. 2F), in that the correlation with cbh1 was not observed and in contrast to the down-regulation of transcript 
levels of cbh1 in Δtmk2, xyr1 transcript levels follow the up-regulation as seen in cbh1 and xyr1 in this strain in 
darkness. Therefore, it is tempting to speculate that TMK1 and TMK3, but not TMK2 are relevant for the func-
tion of XYR1 in cellulase regulation in light. Since XYR1 comprises MAPK phosphorylation sites76, this would 
not be without precedent.

In case of the carbon catabolite repressor gene cre1, we also found clear differences in gene regulation by 
TMK1, TMK2 and TMK3 in light and darkness (Fig. 2G,H). The lack of significant regulation of cre1 in dark-
ness does not indicate a relevance of MAPkinases for carbon catabolite repression at the level of modulation of 
transcript abundance of cre1 (Fig. 2G). In light, cre1 transcript abundance decreases in all three deletion strains 
(Fig. 2H), the relevance of which is difficult to interpret, due to the very low levels of expressed cellulases in 
light on cellulose.

MAPkinases are involved in sorbicillin production.  An involvement of MAPkinases of T. reesei in 
regulation of secondary metabolism has not been tested previously. Sorbicillin production is connected to the 
regulation of cellulase gene expression and carbon catabolite repression in T. reesei50,87,88. Therefore, we assessed 
this function with a photometric screening for yellow pigments representing mainly sorbicillin derivatives, 
which show a typical light absorbance maximum close to 370 nm. These compounds are biosynthetized by the 
products of the SOR secondary metabolite cluster50,89,90 upon growth on liquid media with cellulose as carbon 
source (Fig. 3A,B).

We found that both TMK2 and TMK3 positively influence sorbicillinoid production in darkness upon growth 
on cellulose (Fig. 3C), which correlates with the difference in biomass production in case of Δtmk3. In light, the 
situation is reversed for TMK2 (Fig. 3D), which has a considerably negative effect on the production of sorbicil-
lin derivatives. This prompted us to investigate a possible influence of MAPkinases on secondary metabolism 
in more detail.

MAPkinases impact regulation of secondary metabolism.  Among the most crucial regulators of 
secondary metabolism is VEL1, which regulates sexual development and secondary metabolism in T. reesei91, 
shows a regulatory interaction with the photoreceptor ENV192 and is essential for cellulase gene expression93. 
Therefore, we asked whether the regulatory function of the MAPkinases might be connected to the role of VEL1 
by testing transcript abundance of vel1 in deletion strains of tmk1, tmk2 and tmk3.

Indeed, we found a light dependent regulation of vel1 in all MAPkinase mutants, with differential impacts 
either in constant light or in constant darkness (Fig. 3E,F). The regulation pattern of vel1 did not correlate with 
production of sorbicillin derivatives (Fig. 3A,E) as the clear increase of vel1 transcript abundance in Δtmk3 
should rather result in an increased level of sorbicillinoid production in case of a direct correlation, which is 
not the case. Consequently, the regulatory impact of the MAPkinases on sorbicillin production is unlikely to 
be mediated by VEL1.

MAPkinases are required for normal sexual development.  An involvement of MAPkinases in regu-
lation of sexual development was shown previously in fungi. Since the parental strain QM6a is female sterile due 
to a defect in the MAPkinase scaffolding protein HAM564,65, we outcrossed this defect by mating with the fully 
fertile QM6a derivative FF1. The resulting strains with fully fertile strain background were confronted under 
conditions favouring sexual development. All strains were able to form fruiting bodies with the fully fertile 
wild-type strains CBS999.97 MAT1-1 and CBS999.97 MAT1-2 (Fig. 4). However, none of the strains lacking 
a MAPkinase gene could mate with a female sterile strain of the respective compatible mating type (FS69 or 
QM6a) or with another strain lacking a MAPkinase. Therefore, we conclude that deletion of tmk1, tmk2 or tmk3 
causes female sterility.

In homozygous crosses of strains lacking TMK2 or crosses between Δtmk2 and Δtmk3 of either mating type 
we observed a small but visible clearing zone. This finding suggests that the clear effects in regulation of secondary 
metabolism under different conditions by TMK2 and TMK3 also affect chemical communication and potentially 
cause a retardation of growth or decrease in aerial hyphae formation prior to contact. The minor effects of TMK1 
on secondary metabolism are unlikely to be relevant for chemical communication. However, it has to be noted 
that for example fatty acid derived secondary metabolites would not be detected in our assay and hence we can-
not fully exclude an influence of TMK1 on certain compounds not observed here.

MAPkinases contribute to regulation of chemical communication.  Secondary metabolite produc-
tion changes under fermentative conditions in T. reesei, which was also shown for sorbicillinoids94,95, which 
are responsible for the yellow coloration of liquid and solid media inoculated with T. reesei wild-types89,90. The 
involvement of TMK2 and TMK3 in regulation of secondary metabolism and the relevance of all three MAP-
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kinases for sexual development prompted us to assess their role in chemical communication under conditions 
facilitating mating.

Our analyses showed that TMK1 is required for production of at least one metabolite, which is also decreased 
upon lack of TMK3. Deletion of tmk2 further resulted in a shift of abundance of certain secondary metabolites 
(Fig. 5). The most striking effect was found for Δtmk3 (Fig. 5A) revealing that in this strain the production of 
all compounds detected in the wild-type was downregulated or abolished. Using a reference compound95, we 
could identify the sorbicillin derivative trichodimerol that is strongly regulated by TMK3 (Fig. 5A and Figure S1). 
Hence, the hypothesis that MAPkinases contribute to regulation of chemical communication of T. reesei by secret-
ing (secondary) metabolites to the environment is well supported. However, although a correlation of defects in 
secondary metabolite secretion with perturbed mating behavior was reported previously91,94, the precise role of 
these secondary metabolites in initiation of sexual development still remains to be clarified.

Considering the results for growth in liquid media with cellulose as carbon source, we conclude that MAP-
kinases represent important signaling cascades, differentially integrating signals with varying relevance upon 
growth on different carbon sources, on surfaces or submerged and in dependence of light.

MAPkinases regulate production of trichodimerol (21S)‑bisorbibutenolid.  Besides trichodi-
merol as product of the SOR cluster, also several other compounds showed alterations in one or more MAPki-

Figure 3.   Relevance of MAPkinases for sorbicillin production and genes involved in secondary metabolism. 
(A,B) Evaluation of sorbicillin production as influenced by MAPkinases. Absorbances are shown for 370 nm, 
which is representative for sorbicillins90. (C,D) Specific sorbicillin abundance in supernatant as related to 
biomass formation upon growth on 1% cellulose in (C) constant darkness and (D) constant light. (E,F) 
Regulation of transcript abundance of vel1 in MAPkinase mutant strains in (E) constant darkness and (F) 
constant light.
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nase deletion strains. Hence, we were interested in the nature of these compounds and aimed at isolation and 
structural elucidation of one strongly regulated and hence the most interesting changing peak. Due to the com-
plexity of different structures of sorbicillinoids, which nevertheless show similar UV spectra, we aimed to purify 
a compound of interest to enable unequivocal assignment of the structure.

2.8 The yellow color of the compound selected for detailed anaysis revealed that it is likely to be a sorbicilliniod 
and mass spectrometry indicated a similarity with bisorbibutenolide, which required more indepth investigation 

Figure 4.   Involvement of MAPkinases in mating abilities. Sexual development of backcrossed MAPkinase 
mutant strains after 14 days grown in light cycles (12 h light, 12 h darkness) at 22 °C.

Figure 5.   HPLC analysis of MAPK deletion mutants and identification of sorbicillin derivatives. (A) 
Chromatograms of wild-type (Δku80) and MAPkinase deletion mutants (Δtmk1-3) at 230 nm. Wild type 
profile is shown in grey for better comparission. Asterisks indicate strongly regulated peaks. Trichodimerol 
is highlighted in yellow and (21S)-bisorbibutenolide in orange. (B) UV-spectrum of trichodimerol. (C) 
UV-spectrum of (21S)-bisorbibutenolide. (D) (21S)-bisorbibutenolide98. Numbering of protons and carbons is 
shown in Fig. 5D and in agreement with those used previously98.
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for confirmation. (21S)-bisorbibutenolide (Fig. 5B–D), isolated from extract of T. reesei, shows in HR-ESI-
TOF-MS in negative ionization a deprotonated molecular ion [M–H]− of m/z 495.2033, and a [M + Na]+ of m/z 
519.1980 in positive ionization mode. This correlates quite well with the calculated [M–H]− of m/z 495.2024 and 
[M + Na]+ of m/z 519.1989 of the molecular formula C28H32O8. 1D and 2D NMR measurements led to a total 
number of six methyl-, zero methylen-, eleven methine groups and eleven quaternary carbon atoms resulting in 
three additional non carbon bound protons. Further investigations of the UV and NMR spectroscopic as well as 
MS spectrometric data imply a molcular structure of an unsymetric dimer of sorbicillinol.

The central moiety of this dimer is identified as a bicyclo[2.2.2]octane sleketon. This structure can be deter-
mined in HMBC by the 2JC–H and 3JC–H couplings of protons in its positions 4, 7 and 8 as well as of the protons in 
two methyl substituents in positions 1 and 5 (Fig. 5B). Namely, the methyl group at position 1 shows couplings 
to the carbons C-1, C-2, C-6 and C-7 while the methyl group at position 5 shows couplings to C-4, C-5 and C-6. 
Protons H-4, H-7 and H-8 each show eight or nine C-H long range couplings to the corresponding carbons 
via two or three covalent bonds, respectively (Figure S2). Some of these couplings even reach to carbon atoms 
in substituents which are bound to the bicyclo[2.2.2]octane sleketon. Additionally, chemical shifts of δC 210.7 
and 197.4 as well as the multiplicities of carbons C-2 and C-6 indicate the presence of ketone functionalities in 
these positions. Furthermore, the chemical shift and the multiplicity of C-5 indicate that attached apart from 
the methyl group there is a hydroxy group bound in this position.

A (E,E)-hexa-2,4-dienoyl (sorbyl) substituent is attached in position 7 to the bicyclo[2.2.2]octane. This sub-
stituent can be identified by 3JH–H couplings in COSY (Figure S3) as well as in HSQC by the 2,3JC–H couplings 
within this moity and to the methine group in position 7 (Figure S2). The E configurations of both double bonds 
result in particular from the quite large 3JH–H coupling constants between the sp2 hybridised methin groups. An 
second (E,E)-hexa-2,4-dienoyl substituent can be identified to be bound in position 3. However, this moiety is 
predominately present as enol tautomer between C-9 and C-3, which emerges of the chemical shifts and multi-
plicities of these two carbon atoms. The presence of these two diene conjugated carbonyl chromophores can be 
confirmed by UV absorption at 372 nm (Figure S4). Furthermore, an enolized 3-oxo-2,4-dimethylbutanolide 
ring is bound to C-8. The carbon skeleton of this moiety can be identified by the 2JC–H and 3JC–H couplings of the 
protons in methyl groups bound to C-21 and C-23. The chemical shifts of C-22, C-23 and C-24 (δC 188.8, 92.3 
and 180.2, respectively) further clearly indicate the enolization in this structural moiety.

The relative stereochemistry of (21S)-bisorbibutenolide was determined using NOEs recorded in the NOESY 
spectum (Figure S5). The stereochemistry at positions 4, 5, 7 and 8 in the bicyclo[2.2.2]octane sleketon can 
especially be explained by NOEs between the CH3 group at C-5 and the protons H-10 and H-11 as well as by 
the missing NOEs from this methyl group to H-7 and H-8. Furthermore, H-8 shows an NOE to H-16 as well as 
H-7 has an NOE to the methyl group at position 21. The absolute stereochemistry was deduced on the stereo-
chemistry of S-sorbicillinol, which is yet only repored enantiomer of this natural product96 (Scifinder, 2022). It 
results in the (1R,4S,5S,7R,8S)-bisorbibutenolide for the stereocenters in the central moiety (Fig. 5C), which are 
in agreement with those reported earlier97,98 for the same molecular structure. Furthermore, the stereochemistry 
at position 21 in the butanolide moiety was determined with regard to Maskey et al.98. They have shown that 
an 21S configuration causes the deprotonation of the OH group in position 22 with a concomitant enolisation 
of C-22, C-23 and C-24. This is caused by a spatial proximity of the deprotonated hydroxy group at C-22 to the 
hydroxy group at C-9 as well as to the ketone at C-3. In case of a 21R configuration, such deprotonation occures 
to a significantly lesser extent, since the described spatial proximity between C-3, C-9 and C-22 is not possible.

Overall, the structure is those of (21S)-bisorbutenolide, which is shown in Fig. 5D. All recorded spectroscopic 
data are summarized in section “Materials and Methods” and the spectra are shown in the Supplementary Mate-
rial (Figures S2–S11). These data are consistent with those reported by Maskey et al.98 for (21S)-bisorbutenolide 
as well as well as with those reported by97 for the structurally identical “trichotetronine”. Thus, we assume that 
all three independently determined structures are identical.

Discussion
Fungi have to react to multiple environmental cues to succeed in competition in order to balance resources 
between investment in biomass formation and colonization, reproduction and warfare—production of second-
ary metabolites to defend nutrients, mating partners and reproductive structures. Our study revealed that the 
MAPkinase pathways of T. reesei are central to regulation of these tasks, as they differentially integrate signals 
and coordinately rather than separately modulate their output pathways (Fig. 6). The different functions, which 
TMK1, TMK2 and TMK3 assume are all influenced by light. This is in perfect agreement with the crucial func-
tions of their homologues in light response and circadian clocks in other fungi. Importantly, the MAPkinase 
pathway acts downstream of the circadian clock and hence also of the photoreceptor complex members as its 
core components28,99. Thereby, the MAPkinases obviously provide important information on the environment 
which are integrated with the light signals perceived by photoreceptors to achieve an appropriate response in 
light or darkness.

For TMK1 we see a small, but significant increase in specific cellulase activity in darkness and a correspond-
ing trend in slightly elevated cbh1 and xyr1 transcript levels, while in light cbh1 transcript levels decrease, which 
may have contributed to the lack of detection of an effect of TMK1 in previous work75.

TMK2 negatively influences cellulase expression upon growth on wheat bran combined with Avicel. However, 
biomass formation of this strain is unclear and data on specific activity are not available in this study74. Deletion of 
tmk2 caused decreased growth in the presence of lactose and glucose, but not glycerol in T. reesei77. We could now 
confirm the negative impact of TMK2 on cellulase regulation in T. reesei upon growth on cellulose. This regula-
tory effect is reflected in an increase of transcript abundance of cbh1 and xyr1 as well as a positive trend in specific 
cellulase activity in Δtmk2. The previously detected only minor effect of TMK2 on cbh1 transcript abundance 
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may be due to the uncontrolled light conditions during cultivation: Since we observed a clear increase of cbh1 
in Δtmk2 in darkness and a decrease in light, what previously was found, may well be a mixture of these effects.

In case of TMK3 our results for cellulase regulation are in agreement with previous data76, although also here 
the regulation pattern we observed is more severe, with activity and transcript levels barely detectable anymore. 
Again, random light pulses during cultivation and harvesting may have alleviated the strongly decreased values 
we found.

MAPkinases are well known to act at higher levels of the signaling cascade, above the transcription factors 
of the downstream pathways, which may be impacted directly by phosphorylation or indirectly be regulation 
of positive or negative factors influencing them. However, a potential feedback regulation acting via a nutrient 
sensing pathway might still influence regulation of MAPkinase genes at the transcriptional level. We therefore 
checked available transcriptome data from comparable conditions for indications if such a feedback might 
exist50,100–102, but since we did not find significant regulation of tmk1, tmk2 or tmk3 in these data, we conclude 
that this is not the case.

Interestingly, in N. crassa the OS pathway, corresponding to the Hog1-pathway in yeast and comprising a 
homologue of TMK3 has no significant influence on cellulase production103, which is in contrast to our results.

In summary, our data obtained with experiments under controlled light conditions clearly show a light 
dependent regulatory function of all three MAPkinases on cellulase gene regulation and secreted cellulase activ-
ity, which is jeopardized by random light pulses.

The GPCR CSG1, which is essential for the chemotropic response of T. reesei to glucose84, was shown to be 
required for posttranscriptional regulation of cellulase gene expression78. Importantly, this GPCR is not related to 
other known glucose sensing GPCRs like GPR-1 in N. crassa or Gpa2 of S. cerevisiae78. In contrast, the function 
of CSG1 as a member of class XIII of GPCRs was for the first time characterized as posttranscriptional regula-
tion of cellulases78. Here we found that also TMK3 is needed for the chemotropic response to glucose, although 
here, in contrast to the situation with CSG178, not only cellulase activity, but also transcript abundance decrease 
strongly (Fig. 2B,C). Hence, we assume that perturbed chemotropic reaction to glucose does not necessarily 
correlate with diminished cellulase transcript abundance, but is likely to be important for regulating the amount 
of produced cellulases at different levels.

Interestingly, research with F. oxysporum showed a dependence of the chemotropic response to glucose on 
TMK122, which we did not observe and the relevance of TMK3 on this process was not studied yet. Due to the 
different habitats and ecological functions of these two fungi—F. oxysporum being a plant pathogen and T. reesei 
mainly a saprotroph—glucose sensing may have a different relevance in these fungi. However, the widespread 
presence and conservation of MAPkinase pathways from yeast to man rather speaks against such a hypothesis 
and the reason for this discrepancy remains to be investigated.

We found that the glucose signal is transmitted via the class XIII GPCR CSG1, which is also essential for the 
chemotropic response to glucose84. Our results for TMK3 reveal, that this chemotropic response is not exclusively 
channeled throught the heterotrimeric G-protein pathway, but also through the MAPkinase pathway. Hence, a 
potential role of biased GPCR signaling85 in the chemotropic response to glucose is worth exploring in T. reesei.

Figure 6.   Schematic representation of the involvement of the MAPKinases, TMK1, TMK2 and TMK3 in 
sexual development (female fertility), cellulase regulation and secondary metabolism in constant light (LL) and 
constant darkness (DD). The figure was designed in Adobe Photoshop CS6 by MoS.
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Female sterility is defined as the inability to assume the female role during sexual development and can have 
diverse physiological reasons104 including a defect in hyphal fusion, for example due to mutations in the ham5 
gene105,106. In fungi like N. crassa, formation of protoperithecia is induced in the female strain prior to fertiliza-
tion with conidia of the male strain to assess male and female fertility. In T. reesei this method is not applicable, 
because no growth condition is known under which such structures are formed. Consequently, tests for male or 
female fertility are performed by assessment of mating and fruiting body formation with strains comprising a 
female sterile strain background in addition to the deletion of the gene of interest or as mating partners63. Defects 
in sexual development due to lack of MAPkinases were shown for all three pathways in N. crassa107 as well as in 
other fungi. Sexual development is consistently impacted by all three MAPkinases in T. reesei, which are obviously 
responsible for the ability to mate with a partner having a defect in female fertility such as mutations in HAM5. 
HAM5 acts as a scaffolding protein for MAPkinase pathways and is crucial for their function106. Consequently, 
the phenotype we see upon deletion of tmk1, tmk2 and tmk3 is in agreement with the female fertility caused by 
the pathway involving HAM5, which is also responsible for the sexual defect of T. reesei QM6a64,65,67.

Since at least the TMK1 and TMK2 mutant strains in S. macrospora and N. crassa are fusion mutants as are 
those lacking HAM5105,108, it would not be without precedent if the sexual defect of the T. reesei MAPkinases 
were due to abolished ability of hyphal fusion in these strains as well.

Carbon catabolite repression was recently reported to be impacted by the high osmolarity MAPK pathway, 
which contributes to a protein complex regulating CreA cellular localization and dissociates upon addition of 
glucose109. In N. crassa, genetic and omics analyses showed that the MAPkinase pathway is not acting through 
the canonical carbon catabolite repressor CRE-1103. Hence, the minor changes in transcript abundance we found 
for regulation of T. reesei cre1 by MAPkinases in light gives a hint to their relevance, but does not reflect the full 
mechanism of regulation, which may be considerably more significant at the protein- and interaction level also 
in T. reesei. However, the abolished chemotropic response to glucose in a strain lacking TMK3 suggests that the 
Hog pathway may be connected to glucose signal transmission also in T. reesei. Additionally, the differences 
between light and darkness we see in our experiments indicate that both conditions should be investigated in 
fungi to obtain a comprehensive picture.

As previously shown in T. reesei, interaction with potential mating partners of opposite mating types involves 
specifically changing secondary metabolite patterns91,94. We chose conditions enabling sexual development for 
our assay to enable conclusions as to altered chemical communication by strains lacking one of the MAPki-
nases. Among the compounds regulated via TMK3 is the sorbicillinoid bisorbibutenolide110. Bisorbibutenolid 
(or bislongiquinolide) deters the aphid Schizaphis graminum from feeding111 and showed significant growth 
inhibitory activity against cancer cell lines through cytostatic and not cytotoxic effect112. The production of 
bisorbibutenolide is hence likely to be aimed at fending off competitors, which is in agreement with findings 
in T. atroviride on larvae preferentially feeding on tmk3 mutants73. However, the SOR cluster , which is mainly 
responsible for sorbicillinoid production in T. reesei, was acquired through lateral gene transfer and is subject 
to strong evolutionary selection113. This cluster is not present in T. atroviride and consequently, a conservation 
of this phenomenon between T. reesei and T. atroviride remains to be shown.

Materials and methods
Strains and cultivation conditions.  The wild-type strain used in this study is QM6aΔku8050 (deficient 
in non-homologous end joining). For analysis of gene regulation, enzymatic activity and biomass formation 
by TMK1, TMK2 and TMK3 strains were grown in liquid cultivation in constant light (white light; 1700 lx) or 
constant darkness, 200 rpm and 28 °C for 96 h. Before inoculation, strains were grown on 3% (w/v) malt extract 
(MEX) agar plates in constant darkness for 14 days (to exclude influences by the circadian rhythm). For liquid 
culture 109 conidia/L were inoculated in Mandels Andreotti minimal medium114 with 1% (w/v) microcrystalline 
cellulose (Alfa Aesar, Karlsruhe, Germany) as carbon source, 5 mM urea and 0.1% peptone to induce germina-
tion. After 96 h, mycelia and supernatants were harvested, for the constant darkness cultures only a very low red 
safety light (darkroom lamp, Philips PF712E, red, 15W) was used as single light source.

Construction of recombinant strains.  Deletion of tmk1, tmk2 and tmk3 was done in QM6aΔku80 fol-
lowing the procedure as described previously80 with the hygromycin (hph) marker cassette constructed by yeast 
recombination of the 1 kb flanking regions up- and downstream of the gene of interest and the hph marker. 
Transformation was done by protoplasting and 50 µg/mL hygromycin B as selection reagent (Roth, Karlsruhe, 
Germany)115. Protoplasts were isolated three to six days after transformation and subjected to a minimum of 
two rounds of single spore isolation. Successful deletion was confirmed by the absence of the gene by PCR 
(Table S1). All three mutants were confirmed to only have a single integration of the deletion cassette by copy 
number determination102.

Crossing and selection for fully fertile progeny for assessment of sexual development.  All 
crosses for the analysis of sexual development were performed on 60 mm 2% MEX agar plates at 22 °C and 
12 h light–dark cycles as previously described116. To obtain progeny carrying the deletion in both mating types 
with a functional ham5 gene, the mutant strains in the QM6a (MAT1-2, defective ham5 copy) background 
were crossed with the female fertile strain FF1 (MAT1-1, functional ham5 copy). The FF1 strain was obtained 
from backcrossing the female fertile strain CBS999.97 (described in detail previously65) 10 times with QM6a to 
acquire sexual fertility while retaining the QM6a phenotype91. Ascospore derived progeny were analyzed for the 
presence of gene deletion and mating type by PCR (Table S1). The functionality of the ham5 gene was confirmed 
by high resolution melt curve (HRM) analysis, performed as described previously117.
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Isolation of nucleic acids and RTqPCR.  Isolation of RNA was done from mycelia from liquid culture 
using the Qiagen RNeasy Plant mini kit following the manufacture’s guidelines. After DNase digest (Ther-
moFisher) of 1  µg total RNA and cDNA synthesis (GoScript reverse transcriptase, Promega, Madison, WI, 
USA), RT-qPCR was performed using the GoTaq® qPCR Master Mix (Promega) as previously described with 
sar1 as reference gene and other primers listed in Table S194,118. For RT-qPCR three biological and three techni-
cal replicates were considered, for cbh1, twice three technical replicates were included and for the analysis CFX 
maestro analysis software was used. Isolation of DNA for mutant and progeny screening, was done following the 
rapid minipreparation protocol for fungal DNA as described previously119.

Analysis of enzyme activity and biomass formation.  Enzymatic activity was measured from super-
natants of liquid cultures using the CMC-cellulose kit (S-ACMC-L Megazyme) measuring endo-1, 4-ß-D-glu-
canases. For specific cellulase activities, the activities were correlated with the biomass produced which was 
determined from frozen mycelia in the presence of insoluble cellulose45. Shortly, mycelia were frozen in liquid 
nitrogen and ground with pestle and mortar before sonification and incubation in 0.1 M NaOH to break up cells. 
The freed protein content was measured using the Bradford method.

Chemotropic response assay.  Analysis of chemotropism assay was done essentially as described 
previously22 except that the water agar was supplemented with 0.0025% peptone as optimized previously84. The 
chemoattractant (1% glucose) was applied onto the plates in comparison with water as a control on the oppo-
site side. The orientation of germ tubes was determined under the microscope (VisiScope TL524P microscope; 
200 × magnification) and chemotropic indices calculated from a minimum of 3 biological replicates, counting a 
minimum of 400 germ tubes per plate, as previously described22.

Photometric analysis of sorbicillinoid production.  Supernatants of liquid cultivation were centri-
fuged for 5 min at 10.000 g to remove residual cellulose and absorbance at 370 nm indicative yellow sorbicil-
linoids were measured from biological triplicates.

Isolation of (21S)‑bisorbibutenolide.  The dry crude extract (350 mg) was dissolved in 2 mL pure methanol 
(MeOH) and the obtained suspension centrifuged ar 14,000 rpm for 3 min. The supernatant was subsequently sub-
jected to column chromatography over Sephadex LH20 eluted isocratically with pure MeOH. A total of 30 fractions á 
5 mL were collected. Fractions 17 to 21 were pooled (11.3 mg) and finally purified by preparative thin layer chroma-
tography (precoated glass plates, silica gel 60, F254, 0.25 mm thickness) developed in CHCl3/MeOH (95:5). This step 
afforded 4.3 mg of (21S)-bisorbibutenolide. All separation steps were monitored by HPLC.

Secondary metabolite analysis by HPLC.  For the extraction of secondary metabolites, strains were 
grown on 3% malt extract medium in constant darkness for 14 days. For each strain three biological replicates 
were used. For each sample, two agar plugs of 1,8 cm2 were taken from 3 plates. Agar plugs were collected in 
15 mL tubes and 3 mL of 50% acetone in water (v/v) was added and put into an ultrasonic bath for 15 min for 
better dilution. Subsequently 1 mL of chloroform was added. Tubes were then centrifuged at 4 °C at 1000 g for 
1 min for phase separation. The organic phase was transferred to a glass vial and chloroform extraction was 
repeated twice before the vials were left for evaporation over night. The dry extracts were redissolved in 140 μL 
methanol and stored in glass vials at − 20 °C before analysis.

Analytical HPLC measurements were performed on Agilent 1100 series coupled with UV-diode array detec-
tion at 230 nm and a Hypersil BDS column (100 × 4 mm, 3 µm grain size). An aq. buffer (15 mM H3PO4 and 
1.5 mM Bu4NOH) (A) and MeOH (B) was used as eluents. The following elution system was applied: From 
55–95% B within 8 min, and 95% B was kept for 5.0 min, with a flow rate of 0.5 mL min−1. The injection volume 
was 5.0 µL.

Statistics.  Statistical significance was evaluated by the t-test in R-studio (compare means, ggpubr version 
0.4.0) **p value < 0.01, *p value < 0.05. At least three biological replicates were considered in every assay.

NMR spectroscopy.  For NMR spectroscopic measurements (21S)-bisorbibutenolide was dissolved in 
CD3OD (~ 4.2 mg in 0.7 mL) and transferred into 5 mm high precision NMR sample tubes. All spectra were 
measured on a Bruker DRX-600 at 600.18 MHz (1H) or 150.91 MHz (13C) and performed using the Topspin 
3.5 software. Measurement temperature was 298 K ± 0.05 K. 1D spectra were recorded by acquisition of 64 k 
data points and Fourier transformed spectra were performed with a range of 7200 Hz (1H) and 32,000 Hz (13C), 
respectively. To determine the 2D COSY, TOCSY, NOESY, HMQC, and HMBC spectra 128 experiments with 
2048 data points each were recorded, zero filled and Fourier transformed to 2D spectra with a range of 6000 Hz 
(1H) and 24,000 Hz (HSQC) or 32,000 Hz (HMBC) (13C), respectively. Residual CD2HOD was used as internal 
standard for 1H NMR measurements (δH 3.34) and CD3OD for 13C NMR measurements (δC 49.0).

Mass spectrometry.  Mass spectra were measured on a high resolution time-of-flight (hr-TOF) mass spec-
trometer (maXis, Bruker Daltonics) by direct infusion electrospray ionization (ESI) in positive and negative 
ionization mode (mass accurancy +/− 5 ppm). TOF MS measurements have been performed within the selected 
mass range of m/z 100–2500. ESI was made by capillary voltage of 4 kV to maintain a (capillary) current between 
30 and 50 nA. Nitrogen temperature was maintained at 180 °C using a flow rate of 4.0 L min−1 and the N2 nebu-
lizer gas pressure at 0.3 bar.
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Spectroscopic data for (21S)‑bisorbibutenolide98.  UVmax, MeOH, 234, 298, 372 nm; HR ESI-MS m/z 
495.2033 [M–H]− (calcd for C28H31O8

−, 495.2024), m/z 519.1980 [M + Na]+ (calcd for C28H32O8Na+, 519.1989); 
1H NMR (600 MHz, CD3OD): δH = 7.35 (1H, dd, J = 14.7, 11.7 Hz, H-11), 7.26 (1H, dd, J = 11.8, 11.0 Hz, H-17), 
6.41 (1H, m, H-19), 6.40 (1H, m, H-13), 6.38 (1H, m, H-12), 6.37 (1H, m, H-18), 6.32 (1H, d, J = 14.7 Hz, H-10), 
6.16 (1H, d, J = 11.8 Hz, H-16), 3.41 (1H, m, H-7), 3.35 (1H, m, H-4), 3.17 (1H, m, H-8), 1.89 (3H, d, J = 6.7 Hz, 
H-14), 1.88 (3H, d, J = 6.7 Hz, H-20), 1.42 (3H, s, CH3-23), 1.35 (3H, s, CH3-21), 1.18 (3H, s, CH3-5), 0.94 (3H, s, 
CH3-1); 13C NMR (150 MHz, CD3OD): δC = 210.7 (s, C-6), 203.9 (s, C-15), 197.4 (s, C-2), 188.8 (s, C-22)*, 180.2 
(s, C-24)*, 169.4 (s, C-9), 148.0 (d, C-17), 144.8 (d, C-19), 143.1 (d, C-11), 140.3 (d, C-13), 132.4 (d, C-18), 131.7 
(d, C-12), 128.9 (d, C-16), 119.2 (d, C-10), 110.4 (s, C-3), 92.3 (s, C-23), 85.0 (s, C-21), 75.9 (s, C-5), 63.8 (s, C-1), 
51.8 (d, C-7), 43.9 (d, C-8), 43.7 (d, C-4), 24.0 (q, CH3-5), 23.2 (q, CH3-21), 19.0 (q, C-20), 18.9 (q, C-14), 11.4 
(q, CH3-1), 6.4 (q, CH3-23); * determined via HMBC.

Numbering of protons and carbons is shown in Fig. 5D and in agreement with those used previously98. All 
data as well as the naming of the compound are in agreement with those reported earlier for this compound97,98, 
(there named as “trichotetronine”). It should be noted that the naming of this compound, particularly with regard 
to the stereochemistry at position 21, as well as of structurally and biosynthetically closely related compounds 
are not entirely consistent throughout the entire literature. 1D and 2D NMR spectra are shown in Figures S2, S3 
and S5–S9, HR ESI MS spectra (pos. and neg. mode) are shown in Figure S10,S11, and chromatogram as well 
as UV spectrum are shown in Figure S4.

Data availability
The datasets generated and analysed during the current study are available from the corresponding author on 
reasonable request.

Received: 25 October 2022; Accepted: 27 January 2023

References
	 1.	 Fischer, R., Aguirre, J., Herrera-Estrella, A. & Corrochano, L. M. The complexity of fungal vision. Microbiol. Spectr. 4, 4–6. 

https://​doi.​org/​10.​1128/​micro​biols​pec.​FUNK-​0020-​2016 (2016).
	 2.	 Corrochano, L. M. Light in the fungal world: From photoreception to gene transcription and beyond. Annu. Rev. Genet. 53, 

149–170. https://​doi.​org/​10.​1146/​annur​ev-​genet-​120417-​031415 (2019).
	 3.	 Avruch, J. MAP kinase pathways: The first twenty years. Biochim. Biophys. Acta 1773, 1150–1160. https://​doi.​org/​10.​1016/j.​

bbamcr.​2006.​11.​006 (2007).
	 4.	 Martinez-Soto, D. & Ruiz-Herrera, J. Functional analysis of the MAPK pathways in fungi. Rev. Iberoam. Micol. 34, 192–202. 

https://​doi.​org/​10.​1016/j.​riam.​2017.​02.​006 (2017).
	 5.	 Lengeler, K. B. et al. Signal transduction cascades regulating fungal development and virulence. Microbiol. Mol. Biol. Rev. 64, 

746–785 (2000).
	 6.	 Medina-Castellanos, E. et al. Danger signals activate a putative innate immune system during regeneration in a filamentous 

fungus. PLoS Genet. 14, e1007390. https://​doi.​org/​10.​1371/​journ​al.​pgen.​10073​90 (2018).
	 7.	 Roman, E., Arana, D. M., Nombela, C., Alonso-Monge, R. & Pla, J. MAP kinase pathways as regulators of fungal virulence. 

Trends Microbiol 15, 181–190 (2007).
	 8.	 Turra, D., Segorbe, D. & Di Pietro, A. Protein kinases in plant-pathogenic fungi: Conserved regulators of infection. Annu. Rev. 

Phytopathol. 52, 267–288. https://​doi.​org/​10.​1146/​annur​ev-​phyto-​102313-​050143 (2014).
	 9.	 Frawley, D. & Bayram, O. The pheromone response module, a mitogen-activated protein kinase pathway implicated in the 

regulation of fungal development, secondary metabolism and pathogenicity. Fungal Genet. Biol. 144, 103469. https://​doi.​org/​
10.​1016/j.​fgb.​2020.​103469 (2020).

	 10.	 Valiante, V. The cell wall integrity signaling pathway and its involvement in secondary metabolite production. J. Fungi (Basel) 
3, 68. https://​doi.​org/​10.​3390/​jof30​40068 (2017).

	 11.	 Hohmann, S. An integrated view on a eukaryotic osmoregulation system. Curr. Genet. 61, 373–382. https://​doi.​org/​10.​1007/​
s00294-​015-​0475-0 (2015).

	 12.	 Gustin, M. C., Albertyn, J., Alexander, M. & Davenport, K. MAP kinase pathways in the yeast Saccharomyces cerevisiae. Micro-
biol. Mol. Biol. Rev. 62, 1264–1300 (1998).

	 13.	 Gonzalez-Rubio, G., Fernandez-Acero, T., Martin, H. & Molina, M. Mitogen-activated protein kinase phosphatases (MKPs) in 
fungal signaling: Conservation, function, and regulation. Int. J. Mol. Sci. 20, 1709. https://​doi.​org/​10.​3390/​ijms2​00717​09 (2019).

	 14.	 Tian, T. & Harding, A. How MAP kinase modules function as robust, yet adaptable, circuits. Cell Cycle 13, 2379–2390. https://​
doi.​org/​10.​4161/​cc.​29349 (2014).

	 15.	 Serrano, A. et al. Spatio-temporal MAPK dynamics mediate cell behavior coordination during fungal somatic cell fusion. J. Cell 
Sci. 131, jcs213462. https://​doi.​org/​10.​1242/​jcs.​213462 (2018).

	 16.	 Ma, L. et al. Fus3, as a critical kinase in MAPK cascade, regulates aflatoxin biosynthesis by controlling the substrate supply in 
A. flavus, rather than the cluster genes modulation. Microbiol. Spectr. 10, e0126921. https://​doi.​org/​10.​1128/​spect​rum.​01269-​21 
(2022).

	 17.	 Tumukunde, E. et al. Osmotic-adaptation response of sakA/hogA gene to aflatoxin biosynthesis, morphology development and 
pathogenicity in A. flavus. Toxins (Basel) 11, 41. https://​doi.​org/​10.​3390/​toxin​s1101​0041 (2019).

	 18.	 Clark-Cotton, M. R., Jacobs, K. C. & Lew, D. J. Chemotropism and cell-cell fusion in fungi. Microbiol. Mol. Biol. Rev. 86, e0016521. 
https://​doi.​org/​10.​1128/​mmbr.​00165-​21 (2022).

	 19.	 Leeder, A. C., Palma-Guerrero, J. & Glass, N. L. The social network: Deciphering fungal language. Nat. Rev. Microbiol. 9, 440–451. 
https://​doi.​org/​10.​1038/​nrmic​ro2580 (2011).

	 20.	 Fleissner, A. & Herzog, S. Signal exchange and integration during self-fusion in filamentous fungi. Semin. Cell Dev. Biol. 57, 
76–83. https://​doi.​org/​10.​1016/j.​semcdb.​2016.​03.​016 (2016).

	 21.	 Nordzieke, D. E., Fernandes, T. R., El Ghalid, M., Turra, D. & Di Pietro, A. NADPH oxidase regulates chemotropic growth of 
the fungal pathogen Fusarium oxysporum towards the host plant. New Phytol. 224, 1600–1612. https://​doi.​org/​10.​1111/​nph.​
16085 (2019).

	 22.	 Turra, D., El Ghalid, M., Rossi, F. & Di Pietro, A. Fungal pathogen uses sex pheromone receptor for chemotropic sensing of host 
plant signals. Nature 527, 521–524. https://​doi.​org/​10.​1038/​natur​e15516 (2015).

https://doi.org/10.1128/microbiolspec.FUNK-0020-2016
https://doi.org/10.1146/annurev-genet-120417-031415
https://doi.org/10.1016/j.bbamcr.2006.11.006
https://doi.org/10.1016/j.bbamcr.2006.11.006
https://doi.org/10.1016/j.riam.2017.02.006
https://doi.org/10.1371/journal.pgen.1007390
https://doi.org/10.1146/annurev-phyto-102313-050143
https://doi.org/10.1016/j.fgb.2020.103469
https://doi.org/10.1016/j.fgb.2020.103469
https://doi.org/10.3390/jof3040068
https://doi.org/10.1007/s00294-015-0475-0
https://doi.org/10.1007/s00294-015-0475-0
https://doi.org/10.3390/ijms20071709
https://doi.org/10.4161/cc.29349
https://doi.org/10.4161/cc.29349
https://doi.org/10.1242/jcs.213462
https://doi.org/10.1128/spectrum.01269-21
https://doi.org/10.3390/toxins11010041
https://doi.org/10.1128/mmbr.00165-21
https://doi.org/10.1038/nrmicro2580
https://doi.org/10.1016/j.semcdb.2016.03.016
https://doi.org/10.1111/nph.16085
https://doi.org/10.1111/nph.16085
https://doi.org/10.1038/nature15516


14

Vol:.(1234567890)

Scientific Reports |         (2023) 13:1912  | https://doi.org/10.1038/s41598-023-28938-w

www.nature.com/scientificreports/

	 23.	 Fleissner, A., Leeder, A. C., Roca, M. G., Read, N. D. & Glass, N. L. Oscillatory recruitment of signaling proteins to cell tips 
promotes coordinated behavior during cell fusion. Proc. Natl. Acad. Sci. USA 106, 19387–19392. https://​doi.​org/​10.​1073/​pnas.​
09070​39106 (2009).

	 24.	 Haj Hammadeh, H. et al. A dialogue-like cell communication mechanism is conserved in filamentous ascomycete fungi and 
mediates interspecies interactions. Proc. Natl. Acad. Sci. USA 119, e2112518119. https://​doi.​org/​10.​1073/​pnas.​21125​18119 (2022).

	 25.	 Diernfellner, A. C. R. & Brunner, M. Phosphorylation timers in the Neurospora crassa circadian clock. J. Mol. Biol. 432, 3449–
3465. https://​doi.​org/​10.​1016/j.​jmb.​2020.​04.​004 (2020).

	 26.	 Dunlap, J. C. & Loros, J. J. Making time: Conservation of biological clocks from fungi to animals. Microbiol. Spectr. https://​doi.​
org/​10.​1128/​micro​biols​pec.​FUNK-​0039-​2016 (2017).

	 27.	 Schafmeier, T. & Diernfellner, A. C. Light input and processing in the circadian clock of Neurospora. FEBS Lett. 585, 1467–1473. 
https://​doi.​org/​10.​1016/j.​febsl​et.​2011.​03.​050 (2011).

	 28.	 Goldsmith, C. S. & Bell-Pedersen, D. Diverse roles for MAPK signaling in circadian clocks. Adv. Genet. 84, 1–39. https://​doi.​
org/​10.​1016/​B978-0-​12-​407703-​4.​00001-3 (2013).

	 29.	 Vitalini, M. W. et al. Circadian rhythmicity mediated by temporal regulation of the activity of p38 MAPK. Proc. Natl. Acad. Sci. 
USA 104, 18223–18228 (2007).

	 30.	 Hurley, J. M. et al. Circadian proteomic analysis uncovers mechanisms of post-transcriptional regulation in metabolic pathways. 
Cell Syst. 7, 613-626 e615. https://​doi.​org/​10.​1016/j.​cels.​2018.​10.​014 (2018).

	 31.	 Xiong, Y. et al. The proteome and phosphoproteome of Neurospora crassa in response to cellulose, sucrose and carbon starvation. 
Fungal Genet. Biol. 72, 21–33. https://​doi.​org/​10.​1016/j.​fgb.​2014.​05.​005 (2014).

	 32.	 Hurley, J. M., Loros, J. J. & Dunlap, J. C. The circadian system as an organizer of metabolism. Fungal Genet. Biol. 90, 39–43. 
https://​doi.​org/​10.​1016/j.​fgb.​2015.​10.​002 (2016).

	 33.	 Caster, S. Z., Castillo, K., Sachs, M. S. & Bell-Pedersen, D. Circadian clock regulation of mRNA translation through eukaryotic 
elongation factor eEF-2. Proc. Natl. Acad. Sci. USA 113, 9605–9610. https://​doi.​org/​10.​1073/​pnas.​15252​68113 (2016).

	 34.	 Yu, Z., Armant, O. & Fischer, R. Fungi use the SakA (HogA) pathway for phytochrome-dependent light signalling. Nat. Microbiol. 
1, 16019. https://​doi.​org/​10.​1038/​nmicr​obiol.​2016.​19 (2016).

	 35.	 Bischof, R. H., Ramoni, J. & Seiboth, B. Cellulases and beyond: the first 70 years of the enzyme producer Trichoderma reesei. 
Microb Cell Fact 15, 106. https://​doi.​org/​10.​1186/​s12934-​016-​0507-6 (2016).

	 36.	 Guzman-Guzman, P., Porras-Troncoso, M. D., Olmedo-Monfil, V. & Herrera-Estrella, A. Trichoderma species: Versatile plant 
symbionts. Phytopathology 109, 6–16. https://​doi.​org/​10.​1094/​PHYTO-​07-​18-​0218-​RVW (2019).

	 37.	 Harman, G. E. Multifunctional fungal plant symbionts: New tools to enhance plant growth and productivity. New Phytol. 189, 
647–649. https://​doi.​org/​10.​1111/j.​1469-​8137.​2010.​03614.x (2011).

	 38.	 Harman, G. E., Howell, C. R., Viterbo, A., Chet, I. & Lorito, M. Trichoderma species–opportunistic, avirulent plant symbionts. 
Nat. Rev. Microbiol. 2, 43–56 (2004).

	 39.	 Schalamun, M. & Schmoll, M. Trichoderma-Genomes and genomics as treasure troves for research towards biology, biotechnol-
ogy and agriculture. Front. Fungal Biol. in press (2022).

	 40.	 Schmoll, M. et al. The genomes of three uneven siblings: Footprints of the lifestyles of three Trichoderma species. Microbiol. 
Mol. Biol. Rev. 80, 205–327. https://​doi.​org/​10.​1128/​MMBR.​00040-​15 (2016).

	 41.	 Schmoll, M., Esquivel-Naranjo, E. U. & Herrera-Estrella, A. Trichoderma in the light of day—Physiology and development. 
Fungal Genet. Biol. 47, 909–916. https://​doi.​org/​10.​1016/j.​fgb.​2010.​04.​010 (2010).

	 42.	 Carreras-Villaseñor, N., Sanchez-Arreguin, J. A. & Herrera-Estrella, A. H. Trichoderma: Sensing the environment for survival 
and dispersal. Microbiology 158, 3–16. https://​doi.​org/​10.​1099/​mic.0.​052688-0 (2012).

	 43.	 Casas-Flores, S., Rios-Momberg, M., Bibbins, M., Ponce-Noyola, P. & Herrera-Estrella, A. BLR-1 and BLR-2, key regulatory 
elements of photoconidiation and mycelial growth in Trichoderma atroviride. Microbiology 150, 3561–3569 (2004).

	 44.	 Casas-Flores, S. et al. Cross talk between a fungal blue-light perception system and the cyclic AMP signaling pathway. Eukaryot 
Cell 5, 499–506 (2006).

	 45.	 Schmoll, M., Franchi, L. & Kubicek, C. P. Envoy, a PAS/LOV domain protein of Hypocrea jecorina (Anamorph Trichoderma 
reesei), modulates cellulase gene transcription in response to light. Eukaryot Cell 4, 1998–2007 (2005).

	 46.	 Chen, C. L. et al. Blue light acts as a double-edged sword in regulating sexual development of Hypocrea jecorina (Trichoderma 
reesei). PLoS ONE 7, e44969. https://​doi.​org/​10.​1371/​journ​al.​pone.​00449​69 (2012).

	 47.	 Seibel, C., Tisch, D., Kubicek, C. P. & Schmoll, M. ENVOY is a major determinant in regulation of sexual development in 
Hypocrea jecorina (Trichoderma reesei). Eukaryot Cell 11, 885–890 (2012).

	 48.	 Schmoll, M. Regulation of plant cell wall degradation by light in Trichoderma. Fungal Biol. Biotechnol. 5, 10. https://​doi.​org/​10.​
1186/​s40694-​018-​0052-7 (2018).

	 49.	 Hitzenhammer, E. et al. YPR2 is a regulator of light modulated carbon and secondary metabolism in Trichoderma reesei. BMC 
Genom. 20, 211. https://​doi.​org/​10.​1186/​s12864-​019-​5574-8 (2019).

	 50.	 Monroy, A. A., Stappler, E., Schuster, A., Sulyok, M. & Schmoll, M. A CRE1—Regulated cluster is responsible for light dependent 
production of dihydrotrichotetronin in Trichoderma reesei. PLoS ONE 12, e0182530 (2017).

	 51.	 Lokhandwala, J. et al. Structural biochemistry of a fungal LOV domain photoreceptor reveals an evolutionarily conserved 
pathway integrating light and oxidative stress. Structure 23, 116–125. https://​doi.​org/​10.​1016/j.​str.​2014.​10.​020 (2015).

	 52.	 Lokhandwala, J. et al. A native threonine coordinates ordered water to tune light-oxygen-voltage (LOV) domain photocycle 
kinetics and osmotic stress signaling in Trichoderma reesei ENVOY. J. Biol. Chem. 291, 14839–14850. https://​doi.​org/​10.​1074/​
jbc.​M116.​731448 (2016).

	 53.	 Rodriguez-Iglesias, A. & Schmoll, M. Protein phosphatases regulate growth, development, cellulases and secondary metabolism 
in Trichoderma reesei. Sci. Rep. 9, 10995. https://​doi.​org/​10.​1038/​s41598-​019-​47421-z (2019).

	 54.	 Garcia-Esquivel, M., Esquivel-Naranjo, E. U., Hernandez-Onate, M. A., Ibarra-Laclette, E. & Herrera-Estrella, A. The Tricho-
derma atroviride cryptochrome/photolyase genes regulate the expression of blr1-independent genes both in red and blue light. 
Fungal Biol. 120, 500–512. https://​doi.​org/​10.​1016/j.​funbio.​2016.​01.​007 (2016).

	 55.	 Schuster, A., Kubicek, C. P., Friedl, M. A., Druzhinina, I. S. & Schmoll, M. Impact of light on Hypocrea jecorina and the multiple 
cellular roles of ENVOY in this process. BMC Genom. 8, 449 (2007).

	 56.	 Esquivel-Naranjo, E. U. et al. A Trichoderma atroviride stress-activated MAPK pathway integrates stress and light signals. Mol. 
Microbiol. 100, 860–876. https://​doi.​org/​10.​1111/​mmi.​13355 (2016).

	 57.	 Park, G., Pan, S. & Borkovich, K. A. Mitogen-activated protein kinase cascade required for regulation of development and 
secondary metabolism in Neurospora crassa. Eukaryot Cell 7, 2113–2122. https://​doi.​org/​10.​1128/​EC.​00466-​07 (2008).

	 58.	 Hou, Z. et al. A mitogen-activated protein kinase gene (MGV1) in Fusarium graminearum is required for female fertility, het-
erokaryon formation, and plant infection. Mol. Plant Microbe Interact. 15, 1119–1127. https://​doi.​org/​10.​1094/​MPMI.​2002.​15.​
11.​1119 (2002).

	 59.	 Xu, J. R., Staiger, C. J. & Hamer, J. E. Inactivation of the mitogen-activated protein kinase Mps1 from the rice blast fungus prevents 
penetration of host cells but allows activation of plant defense responses. Proc. Natl. Acad. Sci. USA 95, 12713–12718 (1998).

	 60.	 Van Thuat, N., Schafer, W. & Bormann, J. The stress-activated protein kinase FgOS-2 is a key regulator in the life cycle of the 
cereal pathogen Fusarium graminearum. Mol. Plant Microbe Interact. 25, 1142–1156. https://​doi.​org/​10.​1094/​MPMI-​02-​12-​
0047-R (2012).

https://doi.org/10.1073/pnas.0907039106
https://doi.org/10.1073/pnas.0907039106
https://doi.org/10.1073/pnas.2112518119
https://doi.org/10.1016/j.jmb.2020.04.004
https://doi.org/10.1128/microbiolspec.FUNK-0039-2016
https://doi.org/10.1128/microbiolspec.FUNK-0039-2016
https://doi.org/10.1016/j.febslet.2011.03.050
https://doi.org/10.1016/B978-0-12-407703-4.00001-3
https://doi.org/10.1016/B978-0-12-407703-4.00001-3
https://doi.org/10.1016/j.cels.2018.10.014
https://doi.org/10.1016/j.fgb.2014.05.005
https://doi.org/10.1016/j.fgb.2015.10.002
https://doi.org/10.1073/pnas.1525268113
https://doi.org/10.1038/nmicrobiol.2016.19
https://doi.org/10.1186/s12934-016-0507-6
https://doi.org/10.1094/PHYTO-07-18-0218-RVW
https://doi.org/10.1111/j.1469-8137.2010.03614.x
https://doi.org/10.1128/MMBR.00040-15
https://doi.org/10.1016/j.fgb.2010.04.010
https://doi.org/10.1099/mic.0.052688-0
https://doi.org/10.1371/journal.pone.0044969
https://doi.org/10.1186/s40694-018-0052-7
https://doi.org/10.1186/s40694-018-0052-7
https://doi.org/10.1186/s12864-019-5574-8
https://doi.org/10.1016/j.str.2014.10.020
https://doi.org/10.1074/jbc.M116.731448
https://doi.org/10.1074/jbc.M116.731448
https://doi.org/10.1038/s41598-019-47421-z
https://doi.org/10.1016/j.funbio.2016.01.007
https://doi.org/10.1111/mmi.13355
https://doi.org/10.1128/EC.00466-07
https://doi.org/10.1094/MPMI.2002.15.11.1119
https://doi.org/10.1094/MPMI.2002.15.11.1119
https://doi.org/10.1094/MPMI-02-12-0047-R
https://doi.org/10.1094/MPMI-02-12-0047-R


15

Vol.:(0123456789)

Scientific Reports |         (2023) 13:1912  | https://doi.org/10.1038/s41598-023-28938-w

www.nature.com/scientificreports/

	 61.	 Lan, N. et al. Coordinated regulation of protoperithecium development by MAP kinases MAK-1 and MAK-2 in Neurospora 
crassa. Front. Microbiol. 12, 769615. https://​doi.​org/​10.​3389/​fmicb.​2021.​769615 (2021).

	 62.	 Schmoll, M. et al. Introducing or inactivating female fertility in filamentous fungal cells (2013).
	 63.	 Hinterdobler, W., Beier, S., S., K. & Schmoll, M. in Recent Developments in Trichoderma Research New and future developments 

in microbial biotechnology and bioengineering (eds. S. Zeilinger, I. Druzhinina, H. B. Singh, & V. K. Gupta), Ch. 9, 185–206 
(Elsevier, 2020).

	 64.	 Linke, R. et al. Restoration of female fertility in Trichoderma reesei QM6a provides the basis for inbreeding in this industrial 
cellulase producing fungus. Biotechnol. Biofuels 8, 155. https://​doi.​org/​10.​1186/​s13068-​015-​0311-2 (2015).

	 65.	 Tisch, D. et al. Omics analyses of Trichoderma reesei CBS99997 and QM6a indicate the relevance of female fertility to carbo-
hydrate-active enzyme and transporter levels. Appl. Environ. Microbiol. 83, e01578-17. https://​doi.​org/​10.​1128/​AEM.​01578-​17 
(2017).

	 66.	 Seidl, V., Seibel, C., Kubicek, C. P. & Schmoll, M. Sexual development in the industrial workhorseTrichoderma reesei. Proc. Natl. 
Acad. Sci. USA 106, 13909-13914. https://​doi.​org/​10.​1073/​pnas.​09049​36106 (2009).

	 67.	 Schmoll, M. The information highways of a biotechnological workhorse—Signal transduction in Hypocrea jecorina. BMC Genom. 
9, 430 (2008).

	 68.	 Kumar, A. et al. Overlapping and distinct functions of two Trichoderma virens MAP kinases in cell-wall integrity, antagonistic 
properties and repression of conidiation. Biochem. Biophys. Res. Commun. 398, 765–770. https://​doi.​org/​10.​1016/j.​bbrc.​2010.​
07.​020 (2010).

	 69.	 Mukherjee, P. K., Latha, J., Hadar, R. & Horwitz, B. A. TmkA, a mitogen-activated protein kinase of Trichoderma virens, is 
involved in biocontrol properties and repression of conidiation in the dark. Eukaryot Cell 2, 446–455 (2003).

	 70.	 Viterbo, A., Harel, M., Horwitz, B. A., Chet, I. & Mukherjee, P. K. Trichoderma mitogen-activated protein kinase signaling is 
involved in induction of plant systemic resistance. Appl. Environ. Microbiol. 71, 6241–6246 (2005).

	 71.	 Reithner, B. et al. Signaling via the Trichoderma atroviride mitogen-activated protein kinase Tmk1 differentially affects myco-
parasitism and plant protection. Fungal Genet. Biol. 44, 1123–1133 (2007).

	 72.	 Moreno-Ruiz, D., Salzmann, L., Fricker, M. D., Zeilinger, S. & Lichius, A. Stress-activated protein kinase signalling regulates 
mycoparasitic hyphal-hyphal interactions in Trichoderma atroviride. J. Fungi (Basel) 7, 365. https://​doi.​org/​10.​3390/​jof70​50365 
(2021).

	 73.	 Atriztan-Hernandez, K., Moreno-Pedraza, A., Winkler, R., Markow, T. & Herrera-Estrella, A. Trichoderma atroviride from 
predator to prey: Role of the mitogen-activated protein kinase Tmk3 in fungal chemical defense against fungivory by Drosophila 
melanogaster larvae. Appl. Environ. Microbiol. 85, e01825-e1918. https://​doi.​org/​10.​1128/​AEM.​01825-​18 (2019).

	 74.	 Wang, M. et al. Identification of the role of a MAP kinase Tmk2 in Hypocrea jecorina (Trichoderma reesei). Sci. Rep. 4, 6732. 
https://​doi.​org/​10.​1038/​srep0​6732 (2014).

	 75.	 Wang, M. et al. Role of Trichoderma reesei mitogen-activated protein kinases (MAPKs) in cellulase formation. Biotechnol. Biofuels 
10, 99. https://​doi.​org/​10.​1186/​s13068-​017-​0789-x (2017).

	 76.	 Wang, M. et al. A mitogen-activated protein kinase Tmk3 participates in high osmolarity resistance, cell wall integrity mainte-
nance and cellulase production regulation in Trichoderma reesei. PLoS ONE 8, e72189. https://​doi.​org/​10.​1371/​journ​al.​pone.​
00721​89 (2013).

	 77.	 de Paula, R. G. et al. The duality of the MAPK signaling pathway in the control of metabolic processes and cellulase production 
in Trichoderma reesei. Sci. Rep. 8, 14931. https://​doi.​org/​10.​1038/​s41598-​018-​33383-1 (2018).

	 78.	 Stappler, E., Dattenböck, C., Tisch, D. & Schmoll, M. Analysis of light- and carbon-specific transcriptomes implicates a class of 
G-protein-coupled receptors in cellulose sensing. mSphere 2, e00089-00017. https://​doi.​org/​10.​1128/​mSphe​re.​00089-​17 (2017).

	 79.	 Stappler, E., Walton, J. D. & Schmoll, M. Abundance of secreted proteins of Trichoderma reesei is regulated by light of different 
intensities. Front. Microbiol. 8, 2586 (2017).

	 80.	 Schuster, A. et al. A versatile toolkit for high throughput functional genomics with Trichoderma reesei. Biotechnol. Biofuels 5, 1. 
https://​doi.​org/​10.​1186/​1754-​6834-5-1 (2012).

	 81.	 Atanasova, L., Knox, B. P., Kubicek, C. P., Druzhinina, I. S. & Baker, S. E. The polyketide synthase gene pks4 of Trichoderma 
reesei provides pigmentation and stress resistance. Eukaryot Cell 12, 1499–1508. https://​doi.​org/​10.​1128/​EC.​00103-​13 (2013).

	 82.	 Adnan, M. et al. Carbon catabolite repression in filamentous fungi. Int. J. Mol. Sci. 19, 48. https://​doi.​org/​10.​3390/​ijms1​90100​
48 (2017).

	 83.	 Bazafkan, H., Tisch, D. & Schmoll, M. in Biotechnology and Biology of Trichoderma (eds. V. K. Gupta et al.). 291–307 (Elsevier, 
2014).

	 84.	 Hinterdobler, W. et al. (2021) Integration of chemosensing and carbon catabolite repression impacts fungal enzyme regulation 
and plant associations. bioRxiv. https://​doi.​org/​10.​1101/​2021.​05.​06.​442915.

	 85.	 Schmoll, M. & Hinterdobler, W. in Progress in Molecular Biology and Translational Science in press (Academic Press, 2022).
	 86.	 Schuster, A., Tisch, D., Seidl-Seiboth, V., Kubicek, C. P. & Schmoll, M. Roles of protein kinase A and adenylate cyclase in light-

modulated cellulase regulation in Trichoderma reesei. Appl. Environ. Microbiol. 78, 2168–2178. https://​doi.​org/​10.​1128/​AEM.​
06959-​11 (2012).

	 87.	 Cao, Y. et al. Dual regulatory role of chromatin remodeler ISW1 in coordinating cellulase and secondary metabolite biosynthesis 
in Trichoderma reesei. MBio 13, e0345621. https://​doi.​org/​10.​1128/​mbio.​03456-​21 (2022).

	 88.	 Zhang, W. et al. Influences of genetically perturbing synthesis of the typical yellow pigment on conidiation, cell wall integrity, 
stress tolerance, and cellulase production in Trichoderma reesei. J. Microbiol. 59, 426–434. https://​doi.​org/​10.​1007/​s12275-​021-​
0433-0 (2021).

	 89.	 Derntl, C. et al. In Vivo study of the sorbicillinoid gene cluster in Trichoderma reesei. Front. Microbiol. 8, 2037. https://​doi.​org/​
10.​3389/​fmicb.​2017.​02037 (2017).

	 90.	 Derntl, C., Rassinger, A., Srebotnik, E., Mach, R. L. & Mach-Aigner, A. R. Identification of the main regulator responsible for 
synthesis of the typical yellow pigment produced by Trichoderma reesei. Appl. Environ. Microbiol. 82, 6247–6257. https://​doi.​
org/​10.​1128/​AEM.​01408-​16 (2016).

	 91.	 Bazafkan, H. et al. Mating type dependent partner sensing as mediated by VEL1 in Trichoderma reesei. Mol. Microbiol. 96, 
1103–1118. https://​doi.​org/​10.​1111/​mmi.​12993 (2015).

	 92.	 Bazafkan, H., Dattenbock, C., Stappler, E., Beier, S. & Schmoll, M. Interrelationships of VEL1 and ENV1 in light response and 
development in Trichoderma reesei. PLoS ONE 12, e0175946. https://​doi.​org/​10.​1371/​journ​al.​pone.​01759​46 (2017).

	 93.	 Karimi Aghcheh, R. et al. The VELVET A orthologue VEL1 of Trichoderma reesei regulates fungal development and is essential 
for cellulase gene expression. PLoS ONE 9, e112799. https://​doi.​org/​10.​1371/​journ​al.​pone.​01127​99 (2014).

	 94.	 Bazafkan, H. et al. SUB1 has photoreceptor dependent and independent functions in sexual development and secondary metabo-
lism in Trichoderma reesei. Mol. Microbiol. 106, 742–759. https://​doi.​org/​10.​1111/​mmi.​13842 (2017).

	 95.	 Hinterdobler, W. et al. The role of PKAc1 in gene regulation and trichodimerol production in Trichoderma reesei. Fungal Biol. 
Biotechnol. 6, 12. https://​doi.​org/​10.​1186/​s40694-​019-​0075-8 (2019).

	 96.	 SciFinder; Chemical Abstracts Service: Columbus, OH; https://​scifi​nder.​cas.​org (Accessed September 19 2022).
	 97.	 Shitota, O. et al. Structural elucidation of trichotetronines: polyketides possessing a bicyclo [2.2.2.] octane skeleton with a tetronic 

acid moiety isolated from Trichoderma spp.. J. Chem. Soc Perkin Trans. 1, 2961–2964 (1997).

https://doi.org/10.3389/fmicb.2021.769615
https://doi.org/10.1186/s13068-015-0311-2
https://doi.org/10.1128/AEM.01578-17
https://doi.org/10.1073/pnas.0904936106
https://doi.org/10.1016/j.bbrc.2010.07.020
https://doi.org/10.1016/j.bbrc.2010.07.020
https://doi.org/10.3390/jof7050365
https://doi.org/10.1128/AEM.01825-18
https://doi.org/10.1038/srep06732
https://doi.org/10.1186/s13068-017-0789-x
https://doi.org/10.1371/journal.pone.0072189
https://doi.org/10.1371/journal.pone.0072189
https://doi.org/10.1038/s41598-018-33383-1
https://doi.org/10.1128/mSphere.00089-17
https://doi.org/10.1186/1754-6834-5-1
https://doi.org/10.1128/EC.00103-13
https://doi.org/10.3390/ijms19010048
https://doi.org/10.3390/ijms19010048
https://doi.org/10.1101/2021.05.06.442915
https://doi.org/10.1128/AEM.06959-11
https://doi.org/10.1128/AEM.06959-11
https://doi.org/10.1128/mbio.03456-21
https://doi.org/10.1007/s12275-021-0433-0
https://doi.org/10.1007/s12275-021-0433-0
https://doi.org/10.3389/fmicb.2017.02037
https://doi.org/10.3389/fmicb.2017.02037
https://doi.org/10.1128/AEM.01408-16
https://doi.org/10.1128/AEM.01408-16
https://doi.org/10.1111/mmi.12993
https://doi.org/10.1371/journal.pone.0175946
https://doi.org/10.1371/journal.pone.0112799
https://doi.org/10.1111/mmi.13842
https://doi.org/10.1186/s40694-019-0075-8
https://scifinder.cas.org


16

Vol:.(1234567890)

Scientific Reports |         (2023) 13:1912  | https://doi.org/10.1038/s41598-023-28938-w

www.nature.com/scientificreports/

	 98.	 Maskey, R. P., Grun-Wollny, I. & Laatsch, H. Sorbicillin analogues and related dimeric compounds from Penicillium notatum. 
J. Nat. Prod. 68, 865–870. https://​doi.​org/​10.​1021/​np040​137t (2005).

	 99.	 de Paula, R. M., Lamb, T. M., Bennett, L. & Bell-Pedersen, D. A connection between MAPK pathways and circadian clocks. Cell 
Cycle 7, 2630–2634. https://​doi.​org/​10.​4161/​cc.7.​17.​6516 (2008).

	100.	 Antonieto, A. C., dos Santos Castro, L., Silva-Rocha, R., Persinoti, G. F. & Silva, R. N. Defining the genome-wide role of CRE1 
during carbon catabolite repression in Trichoderma reesei using RNA-Seq analysis. Fungal Genet. Biol. 73, 93–103. https://​doi.​
org/​10.​1016/j.​fgb.​2014.​10.​009 (2014).

	101.	 Dos Santos Castro, L. et al. Understanding the role of the master regulator XYR1 in Trichoderma reesei by global transcriptional 
analysis. Front. Microbiol 7, 175. https://​doi.​org/​10.​3389/​fmicb.​2016.​00175 (2016).

	102.	 Tisch, D. & Schmoll, M. Targets of light signalling in Trichoderma reesei. BMC Genom. 14, 657. https://​doi.​org/​10.​1186/​1471-​
2164-​14-​657 (2013).

	103.	 Huberman, L. B., Coradetti, S. T. & Glass, N. L. Network of nutrient-sensing pathways and a conserved kinase cascade integrate 
osmolarity and carbon sensing in Neurospora crassa. Proc. Natl. Acad. Sci. USA 114, E8665–E8674. https://​doi.​org/​10.​1073/​pnas.​
17077​13114 (2017).

	104.	 Hornok, L., Waalwijk, C. & Leslie, J. F. Genetic factors affecting sexual reproduction in toxigenic Fusarium species. Int. J. Food 
Microbiol. 119, 54–58 (2007).

	105.	 Fu, C. et al. Identification and characterization of genes required for cell-to-cell fusion in Neurospora crassa. Eukaryot Cell 10, 
1100–1109. https://​doi.​org/​10.​1128/​EC.​05003-​11 (2011).

	106.	 Jonkers, W. et al. HAM-5 functions as a MAP kinase scaffold during cell fusion in Neurospora crassa. PLoS Genet. 10, e1004783. 
https://​doi.​org/​10.​1371/​journ​al.​pgen.​10047​83 (2014).

	107.	 Park, G. et al. Global analysis of serine-threonine protein kinase genes in Neurospora crassa. Eukaryot Cell 10, 1553–1564. https://​
doi.​org/​10.​1128/​EC.​05140-​11 (2011).

	108.	 Teichert, I. et al. PRO40 is a scaffold protein of the cell wall integrity pathway, linking the MAP kinase module to the upstream 
activator protein kinase C. PLoS Genet. 10, e1004582. https://​doi.​org/​10.​1371/​journ​al.​pgen.​10045​82 (2014).

	109.	 de Assis, L. J. et al. Multiple phosphatases regulate carbon source-dependent germination and primary metabolism in Aspergillus 
nidulans. G3 (Bathesda) 5, 857–872. https://​doi.​org/​10.​1534/​g3.​115.​016667 (2015).

	110.	 Abe, N., Arakawa, T., Yamamoto, K. & Hirota, A. Biosynthesis of bisorbicillinoid in Trichoderma sp. USF-2690; evidence for the 
biosynthetic pathway, via sorbicillinol, of sorbicillin, bisorbicillinol, bisorbibutenolide, and bisorbicillinolide. Biosci. Biotechnol. 
Biochem. 66, 2090–2099. https://​doi.​org/​10.​1271/​bbb.​66.​2090 (2002).

	111.	 Evidente, A. et al. Bisorbicillinoids produced by the fungus Trichoderma citrinoviride affect feeding preference of the aphid 
Schizaphis graminum. J. Chem. Ecol. 35, 533–541. https://​doi.​org/​10.​1007/​s10886-​009-​9632-6 (2009).

	112.	 Balde, E. S. et al. Investigations of fungal secondary metabolites with potential anticancer activity. J. Nat. Prod. 73, 969–971. 
https://​doi.​org/​10.​1021/​np900​731p (2010).

	113.	 Druzhinina, I. S., Kubicek, E. M. & Kubicek, C. P. Several steps of lateral gene transfer followed by events of “birth-and-death” 
evolution shaped a fungal sorbicillinoid biosynthetic gene cluster. BMC Evol. Biol. 16, 269. https://​doi.​org/​10.​1186/​s12862-​016-​
0834-6 (2016).

	114.	 Mandels, M. & Andreotti, R. Problems and challenges in the cellulose to cellulase fermentation. Proc. Biochem. 13, 6–13 (1978).
	115.	 Gruber, F., Visser, J., Kubicek, C. P. & de Graaff, L. H. The development of a heterologous transformation system for the cel-

lulolytic fungus Trichoderma reesei based on a pyrG-negative mutant strain. Curr. Genet. 18, 71–76 (1990).
	116.	 Schmoll, M. in Trichoderma: Biology and Applications (eds. P. K. Mukherjee et al.), 67–86 (CAB International, 2013).
	117.	 Hinterdobler, W. et al. The G-protein coupled receptor GPR8 regulates secondary metabolism in Trichoderma reesei. Front. 

Bioeng. Biotechnol. 8, 558996. https://​doi.​org/​10.​3389/​fbioe.​2020.​558996 (2020).
	118.	 Tisch, D., Kubicek, C. P. & Schmoll, M. New insights into the mechanism of light modulated signaling by heterotrimeric 

G-proteins: ENVOY acts on gna1 and gna3 and adjusts cAMP levels in Trichoderma reesei (Hypocrea jecorina). Fungal Genet. 
Biol. 48, 631–640. https://​doi.​org/​10.​1016/j.​fgb.​2010.​12.​009 (2011).

	119.	 Liu, D., Coloe, S., Baird, R. & Pederson, J. Rapid mini-preparation of fungal DNA for PCR. J. Clin. Microbiol. 38, 471 (2000).

Acknowledgements
We want to thank Marlene Stiegler for excellent technical assistence with cultivations. Work of MiS and MoS 
was supported by the Austrian Science Fund (FWF, Grant P31464 to MoS). Work of NW was supported by 
the FEMtech program for young female talents of the Austrian Research Promotion Agengy (FFG). Work of 
WH was supported by the GFF (formerly NFB; Science Fund of Lower Austria, Grant LC16-04 to MoS). We 
acknowledge NMR Center and MS Center, Faculty of Chemistry, University of Vienna for measuring NMR and 
MS spectra, respectively.

Author contributions
Mi.S. contributed to experimental work and drafting of the manuscript, S.B. performed experimental work and 
contributed to figure design, W.H. contributed to secondary metabolite isolation and analysis and drafting of the 
manuscript. N.W. contributed to secondary metabolite isolation and D.E. contributed to secondary metabolite 
analysis, J.S. and L.B. performed secondary metabolite analysis and contributed to drafting the manuscript. 
M.S. conceived the study, contributed to analysis and interpretation of results and wrote the final version of the 
manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​023-​28938-w.

Correspondence and requests for materials should be addressed to M.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1021/np040137t
https://doi.org/10.4161/cc.7.17.6516
https://doi.org/10.1016/j.fgb.2014.10.009
https://doi.org/10.1016/j.fgb.2014.10.009
https://doi.org/10.3389/fmicb.2016.00175
https://doi.org/10.1186/1471-2164-14-657
https://doi.org/10.1186/1471-2164-14-657
https://doi.org/10.1073/pnas.1707713114
https://doi.org/10.1073/pnas.1707713114
https://doi.org/10.1128/EC.05003-11
https://doi.org/10.1371/journal.pgen.1004783
https://doi.org/10.1128/EC.05140-11
https://doi.org/10.1128/EC.05140-11
https://doi.org/10.1371/journal.pgen.1004582
https://doi.org/10.1534/g3.115.016667
https://doi.org/10.1271/bbb.66.2090
https://doi.org/10.1007/s10886-009-9632-6
https://doi.org/10.1021/np900731p
https://doi.org/10.1186/s12862-016-0834-6
https://doi.org/10.1186/s12862-016-0834-6
https://doi.org/10.3389/fbioe.2020.558996
https://doi.org/10.1016/j.fgb.2010.12.009
https://doi.org/10.1038/s41598-023-28938-w
https://doi.org/10.1038/s41598-023-28938-w
www.nature.com/reprints


17

Vol.:(0123456789)

Scientific Reports |         (2023) 13:1912  | https://doi.org/10.1038/s41598-023-28938-w

www.nature.com/scientificreports/

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2023

http://creativecommons.org/licenses/by/4.0/

	MAPkinases regulate secondary metabolism, sexual development and light dependent cellulase regulation in Trichoderma reesei
	Results
	MAPkinases impact growth and sporulation. 
	TMK3 is required for chemotropic response to glucose. 
	MAPkinases regulate cellulase transcription and secreted activity differentially in light and darkness. 
	MAPkinases are involved in sorbicillin production. 
	MAPkinases impact regulation of secondary metabolism. 
	MAPkinases are required for normal sexual development. 
	MAPkinases contribute to regulation of chemical communication. 
	MAPkinases regulate production of trichodimerol (21S)-bisorbibutenolid. 

	Discussion
	Materials and methods
	Strains and cultivation conditions. 
	Construction of recombinant strains. 
	Crossing and selection for fully fertile progeny for assessment of sexual development. 
	Isolation of nucleic acids and RTqPCR. 
	Analysis of enzyme activity and biomass formation. 
	Chemotropic response assay. 
	Photometric analysis of sorbicillinoid production. 
	Isolation of (21S)-bisorbibutenolide. 
	Secondary metabolite analysis by HPLC. 
	Statistics. 
	NMR spectroscopy. 
	Mass spectrometry. 
	Spectroscopic data for (21S)-bisorbibutenolide98. 

	References
	Acknowledgements


