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Trichoderma reesei Sch9 and Yak1 regulate vegetative growth, 
conidiation, and stress response and induced cellulase production

Protein kinases are key players in controlling many basic 
cellular processes in almost all the organisms via mediating 
signal transduction processes. In the present study, we cha-
racterized the cellulolytic Trichoderma reesei orthologs of 
Saccharomyces cerevisiae Sch9 and Yak1 by sequence align-
ment and functional analysis. The T. reesei Trsch9Δ and 
Tryak1Δ mutant strains displayed a decreased growth rate 
on different carbon sources and produced less conidia. The 
absence of these two kinases also resulted in different but 
abnormal polarized apical growth as well as sensitivity to 
various stresses. In addition, disruption of the genes Trsch9 or 
Tryak1 resulted in perturbation of cell wall integrity. Interes-
tingly, while the induced production of cellulases was slightly 
compromised in the Trsch9Δ strain, the extracellular pro-
duction of cellulases was significantly improved in the ab-
sence of Yak1. The results indicate that TrSch9 and TrYak1 
play an important role in filamentous growth, stress response 
and induced production of cellulases in T. reesei.

Keywords: protein kinase, vegetative growth, conidiation, 
stress response, induced cellulase production

Introduction

All organisms have evolved sophisticated mechanisms to deal 
with the extreme environmental changes including nutrient 
shifts and stresses by reprogramming their metabolism and 
gene expression to achieve proper growth, proliferation, and 
development. Protein phosphorylation represents one such 
important regulatory mechanism to control many cellular 
processes. About 30% of proteins of the proteome are af-
fected by protein phosphorylation in Saccharomyces cerevisiae 
(Ptacek et al., 2005). Many protein kinases have thus been 
reported to be involved in regulating cellular processes as 
diverse as differentiation, survival and cell cycle progression.
  In eukaryotes, PKA (protein kinase A) and TOR (target of 

rapamycin) are two major growth-promoting kinases acting 
by stimulation of protein synthesis, inhibition of stress res-
ponses and regulation of other cellular processes in response 
to nutrient availability (Thevelein and de Winde, 1999; San-
tangelo, 2006). The pathways controlled by PKA and TOR 
display diverse ways of cross-talk sharing several common 
targets. Yak1 and Sch9 are two such targets (Urban et al., 
2007; Lee et al., 2011). Yak1 is an evolutionarily conserved 
serine/threonine protein kinase belonging to the DYRK 
family (dual specificity Yak1-related kinase). It was initially 
identified as an antagonizer of cell proliferation which is 
under the negative control of PKA (Garrett et al., 1991; Lee 
et al., 2008), and null mutations in yak1 could suppress loss 
of function of the cAMP-PKA pathway (Garrett et al., 1991). 
Yak1 can therefore be phosphorylated by the catalytic PKA 
subunit Tpk1 (Budovskaya et al., 2005). It has been later es-
tablished that Yak1 functions as a bridge between PKA and 
stress-responsive transcription factors, Hsf1 and Msn2/4 to 
regulate stress response (Lee et al., 2008). Moreover, it has 
been reported that Yak1 is involved in the initiation and main-
tenance of hyphal growth in Candida albicans (Goyard et al., 
2008). Similar to S. cerevisiae Yak1, involvement of Yak1 or-
thologue in stress response in Penicillium marrneffei has 
been also reported (Suwunnakorn et al., 2014).
  Unlike Yak1, Sch9 is one of the AGC (protein kinase A, G, 
or C) kinases which is structurally related to the catalytic 
subunits of PKA. It was initially isolated as a high-copy sup-
pressor of the growth defect resulting from loss of the TPK 
genes (Toda et al., 1988). Sch9 is later identified as a major 
target of TOR complex 1 (TORC1) and can be directly phos-
phorylated by TORC1 to regulate ribosome biogenesis, trans-
lation initiation, and entry into G0 phase (Urban et al., 2007). 
Despite their similar physiological roles in response to nu-
trient availability, it has become clear that PKA and Sch9 also 
oppositely regulate given target genes including those in-
volved in stress responses and post-diauxic shift (PDS) (Toda 
et al., 1988; Roosen et al., 2005; Pascual-Ahuir and Proft, 
2007). Moreover, loss of sch9 in the S. cerevisiae expressing 
the HSF allele HSF (1-583) could be capable of restoring its 
high-temperature growth by regulating Hsp90 chaperone 
complex activity (Morano and Thiele, 1999). All these results 
thus demonstrate that Sch9 is a key player in integrating 
nutrient signals with various other cellular processes.
  Trichoderma reesei (teleomorph Hypocrea jecorina) is one 
of the most prolific cellulase producers in industry and an 
organism to look into regulated responses to environmental 
cues (Lynd et al., 2002, 2005). Despite recent advances in 
the understanding of the induced production of hydrolytic 
enzymes in T. reesei, less is known about how different car-
bon sources are sensed and inducing signals are transduced. 
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Fig. 1. Phylogenetic analysis of TrSch9 and 
TrYak1 and their homologues from other fil-
amentous ascomycete fungi. Sch9 and Yak1 
from T. reesei were represented in bold. Amino 
acid sequence alignment was performed using
ClustalX. Phylogenetic analysis was performed
with MEGA4.0 using neighbor-joining method
with 1,000 bootstraps.

Although it has been reported that adenylatecyclase (ACY1) 
and PKA influenced the regulation of vegetative growth 
and the transcript abundance of cellulase genes for the light 
responsiveness (Schuster et al., 2012), and that deletions of 
schA and yakA in Aspergillus nidulans abolished the induced 
transcription of endoglucanase genes eglA and eglB (Brown 
et al., 2013), functional characterization of such important 
protein kinases has been lacking in the model cellulolytic fun-
gus T. reesei. Moreover, due to the adoption of different life 
styles, it is anticipated that differences may exist between fila-
mentous fungi and yeast. Here, we report the identification 
and characterization of T. reesei Sch9 and Yak1 (TrSch9 
and TrYak1). The physiological role of these kinases is inves-
tigated with their gene locus disrupted. Collectively, we de-
monstrate that TrSch9 and TrYak1 play an important role 
in filamentous growth, stress response and induced produc-
tion of cellulases.

Material and Methods

Strains, medium and culture conditions
The wild type strain Trichoderma reesei TU-6 (ATCC MYA- 

256) was uridine auxotrophy (pyr4Δ) and was maintained 
on malt extract agar containing 10 mM uridine when nece-
ssary (Gruber et al., 1990b). Strains were grown in 1-L Erlen-
meyer flasks on a rotary shaker (200 rpm) at 30°C in the me-
dium as described by Mandels and Andreotti (1978). Carbon 
sources were added at a final concentration of 10 g/L. Esche-
richia coli DH5α was used for plasmid construction and 
cloning.
  In order to analyze the production of celluases, T. reesei 
strains were precultured on glycerol for 36 h and grown for 
another 12 h in the same fresh medium. Mycelia were har-
vested by filtration and washed twice with medium with no 
carbon source. Equal amounts of mycelia were transferred to 
a fresh medium containing Avicel (1% w/v) without pep-
tone, and incubation was continued for the indicated time 
periods.

Sequence analysis
Amino acid sequences of Sch9 and Yak1 from T. reesei and 
other relevant species were obtained from NCBI database. 
Amino acid sequence alignment was performed using Clustal 
(Larkin et al., 2007). Phylogenetic analysis was performed 
with MEGA5.0 (Tamura et al., 2011) using neighbor-join-
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         (A)

        (B)

        (C)

Fig. 2. The effect of the individual absence of 
TrSch9 and TrYak1 on the vegetative growth, 
hyphal polarity and conidiation of T. reesei.
(A) Growth of WT, Trsch9Δ and Tryak1Δ 
strains on plates with various carbon sources 
as indicated at a final concentration of 1% 
(w/v) at 30°C for 4 days. The arrowed lines 
represented mycelial radius. (B) Microscopic 
analysis of the hyphal mophology of TU6, 
Trsch9Δ, and Tryak1Δ cultured on MM liquid 
medium for 16 h. Panels from left to right 
represent five independent observations for 
each strain. (C) Microscopic analysis of the 
effect of the individual absence of TrSch9 and
TrYak1 on the conidiation of T. reesei. Micro-
graphs were taken after staining of mycelia 
with lacto-phenol cotton blue. Inset graph in-
dicated conidial morphology for each strain.

ing method with 1,000 bootstraps.

Disruption of the sch9 and yak1 genes in T. reesei
For disruption of Trsch9 and Tryak1, the 2.7-kb pyr4 gene 
fragment was amplified from pFG1 (Gruber et al., 1990a), 
digested with SpeI and PmeI and was ligated into the pMDTM 

19-T vector to obtain pMD19-Tpyr4. The two ~2.3-kb frag-
ments upstream of ATG codon and downstream of the stop 
codon of the sch9 and yak1 gene separately were amplified 
from T. reesei chromosomal DNA, and were ligated into the 
corresponding sites in pMD19-Tpyr4 to yield the disruption 
vectors pMDsch9pyr4 and pMDyak1pyr4. After lineariza-
tion by BamHI and SspI respectively, PMDsch9pyr4 and 
pMDyak1pyr4 were used to transform T. reesei TU6 essen-
tially as described by Penttilä (1987). Transformants were 
selected on minimal medium for uridine prototroph.

Microscopy
The mycelia morphology was visualized under bright-field, 
differential interference contrast (DIC) microscopy (Olympus 
BX51) after the conidia were cultivated in a 16-well micro-
plate with 1 ml of minimal medium and grown for 16 h at 

30°C. For conidiophore observation, strains were grown on 
malt extra agar (Sigma-Aldrich) solid medium plates at 30°C 
for 3 days, and then the conidia were stained with lacto- 
phenol cotton blue according to the methods described by 
Parija et al. (2003). Microscopic images were captured on 
Nikon Eclipse 80i light microscope, and images were cap-
tured and processed with the NIS-ELEMENTS AR software.
  For analysis of sporulation, the growing strains of TU6, 
Trsch9Δ, and Tryak1Δ were inoculated on plates with malt 
extract agar (Sigma-Aldrich) for 5 days. For analysis of the 
integrity of the cell wall, TU6, Trsch9Δ, and Tryak1Δ strains 
were inoculated on plates with minimal medium with 1% 
(w/v) glucose plus stressing agents of 0–50 mg/L calcofluor 
white (CFW) or 0–500 mg/L congo red (CR) for 4 days at 
30°C. For analysis of the sensitivity of mutant strains to dif-
ferent stresses, growing strains of TU6, Trsch9Δ, and Tryak1Δ 
were inoculated on plates with minimal medium with 1% 
glucose plus 0–600 mM NaCl or 0–50 nM H2O2 for 3 days 
at 30°C. The effect of CFW, CR, temperature or NaCl on 
growth of T. reesei was evaluated by statistical analysis of 
mycelial diameter change according to an equation as fol-
lows: Diameter change (%) = (Dtreated – Duntreated) / Duntreated × 
100%, where D stands for mycelial diameter.
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         (A)                                                                                       (B)

         (C)                                                                       (D)

Fig. 4. The effect of the individual absence of 
TrSch9 and TrYak1 on response to oxidative 
stress and thermal-tolerance in T. reesei. (A) 
Growth of WT and mutant strains on plate 
containing minimal medium with increasing 
concentrations of H2O2 at 30°C for 60 h. (B) 
Growth of WT and mutant strains on plates 
containing minimal medium at 30°C and 37°C
for 60 h respectively. (C) and (D), statistical 
analysis of mycelial diameter change for each 
strain respectively. D stands for the diameter 
of mycelial colony. The differences of growth
between the WT and mutants were found to 
be statistically relevant by Student’s t-test ; two
asterisks, P is less than 0.01; three asterisks, 
P is less than 0.001.

    (A)

    (B)

Fig. 3. The effect of the individual absence of TrSch9 and TrYak1 on res-
ponse to salt stress in T. reesei. (A) Growth of WT and mutant strains on 
plates containing minimal medium with increasing concentrations of 
NaCl at 30°C for 60 h and (B) statistical analysis of mycelial diameter 
change for each strain. D stands for the diameter of mycelial colony. The 
differences of growth between the WT and mutants were found to be 
statistically relevant by Student’s t-test ; two asterisks, P is less than 0.01; 
three asterisks, P is less than 0.001.

Phenotypic analysis
For assay of growth under different conditions, about a dia-
meter of 1-cm agar with growing strains were inoculated on 
plates with minimal medium with different carbon sources. 
The diameters of final radial growth were determined after 
4 days of growth.

Cellulase and protein analysis
For analysis of cellulase activity, 200 μl of reaction mixtures 
containing 50 μl of culture supernatant and 50 μl of the re-
spective substrates, in 100 μl 50 mM sodium acetate (pH 5.0) 
were established. The cellobiohydrolase activity with 5 mM 
p-nitrophenol-D-cellobioside (pNPC) (Sigma-Aldrich) as 
substrate plus 0.1% δ-gluconolactone and β-glucosidase ac-
tivity with 5 mM p-nitrophenyl-β-D-glucopyranoside (pNPG) 
(Sigma-Aldrich) as substrate were measured after incuba-
tion for 30 min at 45°C. CMCases activity with 1% sodium 
carboxymethyl cellulose (CMC-Na, Sigma-Aldrich) as sub-
strate was determined after incubation at 50°C for 30 min. 
Total secreted proteins were determined using the method of 
Bradford protein assay with BSA as the standard (Bradford, 
1976).

Results and Discussion

Identification of T. reesei TrSch9 and TrYak1
The protein kinases Sch9 and Yak1 are known to be func-
tionally important in regulating cell growth and stress res-
ponses in S. cerevisiae (Hartley et al., 1994). To investigate the 
physiological roles of these protein kinases in cellulolytic T. 
reesei, we searched the genome of T. reesei for homologs of 
the S. cerevisiae protein kinases Sch9 (NP_012075) and Yak1 
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          (A)

           (B)

           (C)                                                                 (D)

Fig. 5. The effect of the individual absence of 
TrSch9 and TrYak1 on cell wall integrity of 
T. reesei cells. (A) and (B) growth of WT and 
mutant strains on plate containing minimal 
medium with 0–50 mg/L calcofluor white 
(CFW) and 0–500 mg/L congo red (CR) at 
30°C for 60 h respectively. (C) and (D) statis-
tical analysis of mycelial diameter change for 
each strain treated by CFW and CR respec-
tively. D stands for the diameter of mycelial 
colony. The differences of growth between the 
WT and mutants were found to be statisti-
cally relevant by Student’s t-test ; one asterisk,
P is less than 0.05; two asterisks , P is less than
0.01; three asterisks, P is less than 0.001.

(NP_012394). Two putative protein kinase genes were iden-
tified: Trsch9 (Tr_119614) and Tryak1 (Tr_44330). The Trsch9 
gene comprises a 4306-bp open reading frame, which is in-
terrupted with three introns and encodes a protein of 528 
amino acids. The Tryak1 gene comprises a 2,902-bp open 
reading frame, which is interrupted with five introns encod-
ing a protein of 836 amino acids. Comparisons of the amino 
acid sequences of TrSch9 and TrYak1 with those from S. 
cerevisiae revealed that they shared relatively high sequence 
identity (46% and 36%). Furthermore, phylogenic analysis 
revealed that orthologs of TrSch9 and TrYak1 are widely 
distributed among filamentous ascomycete fungi (Fig. 1).

TrSch9 and TrYak1 are involved in regulation of vegetative 
growth, hyphal polarity, and conidiation in T. reesei
For detailed analysis of the physiological functions of TrSch9 
and TrYak1, we constructed T. reesei mutants that lacked 
the coding sequences of Trsch9 or Tryak1 via targeted gene 

replacement. Inoculation of the wild-type (WT, TU-6) and 
mutant strains on plates containing different carbon sources 
followed by incubation at 30°C for four days showed that 
both the mutants exhibited dramatically reduced colony 
size on all of the carbon sources investigated, thereby indi-
cating that the hyphal extension rate greatly decreased com-
pared with the parental strain (Fig. 2A). Loss of Tryak1 led 
to a more significant reduction in the growth rate compared 
with the loss of Trsch9. Investigations of growth on the same 
carbon sources in liquid cultures also indicated decreased 
biomass formation (data not shown). Moreover, the mutants 
were microscopically examined to assess the effects on hy-
phal morphogenesis. The absence of Trsch9 and Tryak1 re-
sulted in abnormal hyphal polarity in liquid cultures com-
pared with the WT strain (Fig. 2B). Loss of Trsch9 reduced 
hyphal branching, whereas the lack of Tryak1 appeared to 
facilitate the branching of hyphae, which was in accordance 
with the observation that yak1 contributes to the initiation 
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(A)                                                                       (B)

(C)                                                                       (D)

Fig. 6. The effect of the individual absence of 
TrSch9 and TrYak1 on cellulase production.
Extracellular total protein (A), pNPC hydro-
lytic activity (B), CMC hydrolytic activity (C), 
and pNPG hydrolytic activity (D) were deter-
mined with the culture supernatant from WT,
Trsch9Δ, and Tryak1Δ strains on Avicel. Equal
amount of culture supernatant relative to bio-
mass was measured for all the assays. 

and maintenance of hyphal growth in Candida albicans 
(Goyard et al., 2008). Moreover, when the conidiation of the 
WT and mutant strains were evaluated on malt extract agar, 
both mutants exhibited compromised conidiation with fewer 
conidiophore structures compared with the WT strain (Fig. 
2C). However, no changes in the conidial morphology were 
detected (Fig. 2C).

TrSch9 and TrYak1 are involved in regulating stress responses
It has been well established that Sch9 and Yak1 contribute 
to the adaptation of yeast cells to various stress conditions. 
In order to examine the functions of these two kinases in 
osmostress adaptation, we compared the growth of the WT 
and mutant T. reesei strains on plates containing various 
concentrations of NaCl (Fig. 3A). The deletion of Trsch9 
resulted in slightly more pronounced growth defects under 
salt stress, whereas Tryak1Δ mutants exhibited only moder-
ate sensitivity to NaCl (Fig. 3B). S. cerevisiae sch9 mutants 
have been characterized as hyper-resistant to oxidative stress 
in the stationary phase, whereas exponentially growing cells 
are sensitive (Fabrizio et al., 2001). Therefore, we included 
H2O2 treatment in the phenotypic analysis of the kinase mu-
tants. As shown in Fig. 4C, Trsch9Δ and Tryak1Δ mutants 
were both moderately more sensitive to oxidative stress than 
the WT strain.
  It has been reported that overexpression of in S. cerevisiae 
sch9 resulted in sensitivity to heat shock, whereas the inacti-
vation of sch9 suppressed the temperature-sensitive growth 
caused by Hsp90 mutant (Morano and Thiele, 1999). There-
fore, we analyzed the thermotolerance of the kinase mutants 
(Fig. 4B and D). In contrast to the WT and Tryak1Δ mutant 
strains, Trsch9Δ mutant exhibited significantly pronounced 
thermotolerance. Taken together, these results demonstrate 

that both TrSch9 and TrYak1 kinases are important determi-
nants of osmotic and oxidative stress adaptation in T. reesei, 
and TrSch9 may also be involved in regulating hsp chaperone 
complex signal transduction, as found in S. cerevisiae.

TrSch9 and TrYak1 contribute in maintaining cell wall in-
tegrity
To determine whether the stress response defects exhibited 
by the mutant strains were due to perturbations of the cell 
wall, the integrity of the cell wall was analyzed based on the 
sensitivity of the WT and mutant strains to calcofluor white 
(CFW) and Congo red (CR) (Ram and Klis, 2006). When 
increasing concentrations of CFW and CR were added to the 
plates, the growth rates of Trsch9Δ and Tryak1Δ mutants 
were dramatically inhibited compared with the WT strain, 
even at lower concentrations (Fig. 5). In particular, Tryak1Δ 
mutant was more sensitive to CFW and CR than Trsch9Δ. 
These results suggest that TrSch9 and TrYak1 are involved 
in the maintenance of cell wall integrity, which may further 
contribute to stress resistance.

TrSch9 and TrYak1 differentially regulate the induced pro-
duction of cellulases
T. reesei is well established as an efficient cellulase producer. 
Previous studies have shown that the protein kinases SchA 
and YakA are important for the production of cellulases in 
Aspergillus nidulans (Brown et al., 2013). Thus, we analyzed 
whether the absence of TrSch9 and TrYak1 affected the in-
duced production of cellulases in T. reesei. In contrast to 
the phenotypes obtained with schA and yakA deletions in 
A. niudulans, the induced production of cellulases was not 
completely abolished in Trsch9Δ mutant and only a slight 
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decrease in the production of extracellular cellulases was 
observed after incubation with Avicel (Fig. 6). By contrast, 
the extracellular cellulase activities were significantly higher 
in Tryak1Δ mutant compared with the WT strain. These 
results indicate that Sch9 and Yak1 not only have opposing 
effects in the regulation of the induced production of cellu-
lases in T. reesei but they also have different functions in 
evolutionarily related filamentous fungi.
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