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ARTICLE INFO ABSTRACT
Keywords: The Skn7, Ssk1 and Rim15 proteins are response regulators involved in osmotic, oxidative and nutritional stress
Biological control in fungi. In order to verify the involvement of these genes in Trichoderma atroviride IMI206040’s growth, con-
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idiation, direct antagonism against plant pathogens (Rhizoctonia solani and Sclerotinia sclerotiorum), production of
volatile organic compounds (VOCs) with fungistatic effect, and interaction with plants (growth promotion),
single mutants were generated, and the phenotypic patterns were analysed in comparison to the wild-type (wt)
strain. The mutants were submitted to osmotic, oxidative, membrane and cell wall stress conditions in vitro. The
Askn7 and Arim15 mutants did not show either significant differences at morphological level, or marked de-
creases in mycelial growth and conidiation in relation to wt, whereas Assk1 had altered phenotypes in most
conditions tested. The plant-growth promotion of Arabidopsis thaliana seedlings induced by VOCs was not
quantitatively modified by any of the mutants in relation to the wt strain, although possible differences in sec-
ondary root hairs was noticed for Arim15. The fungistatic activity was significantly altered for Assk1 and Arim15.
Overall, the Assk1 strain showed remarkable morphological differences, with decrease in mycelial growth and
conidiation, being also affected in the antagonistic capacity against plant pathogens. The impacts demonstrated
by the deletion of ssk1 suggest this gene has a relevant participation in the signalling response to different stresses
in T. atroviride and in the interactive metabolism with phytopathogens and plants. On the other hand, unlike
other fungal models, Skn7 did not appear to have a critical participation in the above-mentioned processes;
Rim15 seemed to confirm its involvement in modulating cellular responses to nutritional status, although with a
possible cross-talk with other cellular processes. Our results suggest that Ssk1 likely plays a key regulatory role,
not only in basic metabolisms of T. atroviride, but also in biocontrol-related characteristics.

1. Introduction conditions that provide optimal growth and survival, usually caused by
modifications in the surrounding environment. Microorganisms must be
For a biological organism, ‘stress’ refers to a departure from able to perceive environmental stimuli and respond quickly and
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adequately to maintain their integrity in a stressing environment
(Montibus et al., 2015), causing a metabolic reprogramming for
re-adaptation that assures survival in the altered conditions (Leach and
Cowen, 2014). As a group of organisms capable of colonizing an
extensive array of environments, fungi display a remarkable ecological
relevance (Peay et al., 2008). Such a comprehensive adaptive ability
depends on the performance of different genetic elements, which induce
the synthesis of compounds related to the relief of the stressing condition
(Causton et al., 2001). The signalling pathways involved in environ-
mentally induced stress responses in fungi have been extensively studied
(Fassler and West, 2011; Chen et al., 2012; Saito and Posas, 2012; Wang
etal., 2014; Montibus et al., 2015; Yu et al., 2016), as they also regulate
critical cellular processes, such as cell growth, differentiation, sporula-
tion, drug resistance, cell wall biosynthesis, virulence etc. (Oide et al.,
2010). Many of the proteins involved in these processes are
mitogen-activated kinases (MAPKs), which participate in signalling
systems for responses to different types of environmental changes and
stresses (Mohanta et al., 2016). Activation of these signalling pathways
often occurs through the so-called ‘two-component system’ (TCS),
extensively studied in Saccharomyces cerevisiae (Hohmann, 2002).

The TCS is characterized by a sensor and a response regulator.
Briefly, the former component is usually a self-phosphorylating protein
kinase responsible for sensing the external stimulus, and as a result,
donating a phosphoryl group. This group can be transferred directly to
another component, the response-regulating protein (RR), or to an in-
termediate protein responsible for transferring the signal between the
sensor and the RR (Posas et al., 1996; Li et al., 1998; Ketela et al., 1998;
Santos and Shiozaki, 2001). For the latter component, the signals are
transmitted by a 3-step phosphorylation (His-Asp-His-Asp) (Santos and
Shiozaki, 2001), including the proteins Slnl (histidine kinase hybrid),
Ypdl (intermediate protein) and a response regulator protein. The
activated RR can directly control the transcription of various specific
genes of primary metabolism, or it can transfer the signal to a MAPK that
will control (directly or via a signal transduction cascades) the tran-
scription of other stress-related genes (Oide et al., 2010).

Three proteins known as Skn7, Sskl and Rim15 are amongst the
regulatory elements involved in response to various types of fungal
stresses (Oide et al., 2010). The Sskl regulator works in response to
osmotic and oxidative stresses in S. cerevisiae via the MAPK-HOG
pathway (Santos and Shiozaki, 2001). It has the signal receiver
domain (REC) in its C-terminal portion and has no output domains. The
Skn7 regulator has been identified and characterized in studies indi-
cating their participation in the expression of genes necessary for pro-
tection against oxidative stress, as the deletion of the skn7 gene has
resulted in increased sensitivity to oxidizing agents (Morgan et al.,
1997). Besides the REC domain, this regulator also displays a Heat Shock
Factor (HSF) DNA-binding domain in the N-terminal region (Fassler and
West, 2011), which can function as a transcriptional activator (Brown
et al., 1994). Therefore, this protein operates simultaneously as a sensor
and as a response regulator. Its REC-domain activation occurs by a
phosphate transference, via the Sln1-Ypd1 phosphorylation pathway, as
well as by the Ssk1 (Santos and Shiozaki, 2001). Finally, Rim15 is a RR
involved in modulation of the cell cycle in response to nutritional con-
ditions, which is critical for microbial survival (Swinnen et al., 2006).
Several cellular functions in fungi are regulated through signalling
processes that are dependant upon carbon and nitrogen sources (Liang
et al., 2017); this regulator has a prominent role in signalling the cell
entry into the GO phase. Under a condition of nutritional limitation,
Rim15 is activated and translocated to the nucleus (Pedruzzi et al., 2003;
Urban et al., 2007; Mirisola et al., 2014), where it interacts with tran-
scription factors responsible for activating the expression of
stress-response genes (Liang et al., 2017). In this condition, the genes of
the ribosome biogenesis are repressed, and as a consequence, genes
necessary for the assimilation of alternative sources of carbon and ni-
trogen are induced (Cutler et al., 2001).

Trichoderma atroviride strains have been used as biocontrol agents for
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a variety of phytopathogens (El Komy et al., 2015; Jain et al., 2015;
Waghunde et al., 2016) and have contributed to the promotion of
growth and relief of several abiotic stresses in plants (Salas-Marina et al.,
2015; Lee et al., 2015; 2016; Zeilinger et al., 2016; Medeiros et al., 2017;
Zhang et al., 2019; De Palma et al., 2019; dos Santos et al., 2022). This
species has been used as an experimental model for several studies,
allowing the generation of an array of mutants through consistent and
reproducible methods (Hernandez-Onate et al., 2012; Medi-
na-Castellanos et al., 2014; Schmoll et al., 2016). Since the molecular
mechanism for signal sensing, transduction and gene expression mod-
ulation for Ssk1, Skn7 and Rim15 are different from each other, in this
study we reported how wild-type and mutant strains for these three
TCS-RR genes from T. atroviride behave phenotypically under distinct
culture conditions and in vitro treatments. The experimental design
aimed at addressing questions related to possible involve-
ment/interference of these genes in both primary and interactive fungal
metabolisms with abiotic (nutrition and stress-inducing compounds)
and biotic (plants and other fungi) factors.

2. Materials and methods
2.1. Microorganisms and culture conditions

Trichoderma atroviride IMI206040 strain was used as the wild-type
(wt), and Askn7, Asskl and Ariml5 single mutants were generated
from this strain, based on a strategy previously reported (Hernande-
z-Onate et al., 2012). Spores of the wt and mutant strains were grown in
PDA (Difco®) at 25 °C for 7 days, under a 12 h/12 h light/dark regime.
This photoperiod was used for all the experiments described below,
except when indicated otherwise. The phytopathogen strain of Rhizoc-
tonia solani RS73-13b (LU8003) was propagated by applying mycelial
discs (5 mm) onto PDA plates. In contrast, a Sclerotinia sclerotiorum strain
(LU8B006) was propagated by the transfer of mature sclerotia to PDA
plates. Both were incubated for five days, as described by Steyaert et al.
(2016).

2.2. Growth and conidiation under stress conditions

Conidia from the T. atroviride strains, grown as described in the
previous section, were collected in sterile double-distilled water and
filtered through two layers of sterile Miracloth® (Calbiochem™) to
eliminate hyphae/mycelia. The collected spores from the wt, Askn7,
Asskl and Ariml5 strains were counted in a haemocytometer and
adjusted to 10° spores in 5 pL water per strain for application on the
centre of PDA plates. In addition to the control plates (with no supple-
ment), various distinct stressing conditions (osmotic, oxidative, cell-wall
and cell membrane stresses) were tested by supplementing the PDA
medium with NacCl (0.5 M), sorbitol (1.0 M), SDS (0.014%), Calcofluor
White (CW, 600 pgmL’l), Congo red (CR, 1000 mg/mL’l), or Mena-
dione (0.5 mM). All inoculated PDA plates (treatments and control) were
incubated at 25 °C for 7 days (12 h/12 h light/dark). The colonies’ di-
ameters were assessed every 24 h during this period, and the total
number of conidia produced was also evaluated. Six replicates (plates)
per treatment were used, and the whole experiment was repeated three
times.

2.3. Direct confrontation assays with T. atroviride wt and mutants

The direct antagonistic assays were performed using the in vitro dual
culture method, according to the guidelines described in Steyaert et al.
(2016), with some modifications. Mycelial disks (5 mm) of
S. sclerotiorum or R. solani cultures (previously grown in the dark for 5
days in PDA plates; see above), and of the wt and mutants from
T. atroviride were transferred to Petri dishes containing PDA medium
and incubated at 25 °C. Growth and mycelial interaction were moni-
tored every 24 h with interaction images being recorded. The evaluation
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of the antagonistic treatments was performed when the control plate
(without T. atroviride) was completely covered by the phytopathogen.
The percentage inhibition was calculated by the formula: Inhibition (%)
=([C-T)x100] / C, in which ‘C’ = fungal diameter (cm) in the control
plate, and T = fungal diameter (cm) in Trichoderma-treated plates
(Steyaert et al., 2016). The experiment was conducted with three rep-
licates for each T. atroviride strain (treatment) and were repeated three
times.

2.4. Plant-growth promoting effects

The growth-promoting effects of volatile organic compounds (VOCs)
synthesized by T. atroviride strains upon Arabidopsis thaliana was
assessed as previously described by Nieto-Jacobo et al. (2017). Five
A. thaliana (Col-0) seeds per plate were pre-sterilized and then placed on
one side of a 90 mm-diameter, two-compartments Petri dish (Labserv™)
containing 0.2x MS medium (Murashige and Skoog, Sigma-Aldrich™),
supplemented with 0.6% sucrose and pH adjusted to 7.0. Plates were
sealed with plastic film and placed on their edge at an angle of
approximately 65° (from horizontal level), and incubated at 22 °C under
a photoperiod of 16 h light / 8 h dark. After 7 days of culture, a 5 ul
suspension containing 10® Trichoderma spores was applied into the
opposite compartment from the seedlings. The plates were re-sealed and
incubated for an additional 7 days. Fresh weight of shoot, roots and total
biomass (roots + shoot) per plant were measured. Forty plants per
treatment (8 plates) were used, and the assays were repeated three
times.

2.5. Fungistatic effects of T. atroviride VOCs

The impact of T. atroviride VOCs from wt, Askn7, Asskl and Arim15
on R. solani and S. sclerotiorum growth was determined using the method
described by Steyaert et al. (2016). A 5 mm-diameter disc of Trichoderma
mycelium (3-days culture) was applied onto Petri dishes (90 x 25 mm)
containing PDA medium and incubated for 48 h at 25 °C. Two days after
inoculation of Trichoderma, additional PDA plates were inoculated with
a 5-mm myecelial disc from a colony of R. solani or from S. sclerotiorum,
previously cultured for 72 h, as described above. The lids of the plates
with Trichoderma were replaced by the plates inoculated with the phy-
topathogens, so that the fungi were facing each other, in a
single-chamber system. Both plates were sealed together with a triple
layer of plastic film to prevent loss of the volatile compounds. The
phytopathogenic fungi were set on top to avoid potential contamination
by Trichoderma conidia. PDA plates containing only the phytopathogens
were used as controls. All these single-chamber dual plates were incu-
bated under the same conditions as indicated above. The diameter of the
phytopathogen growth was recorded every 24 h. After 7 days, the
fungistatic activity of VOCs from T. atroviride wt and mutants was
stopped by removing the plates containing Trichoderma and replacing
them back with the sterile lids, thus allowing the R. solani or
S. sclerotiorum fungi to resume their growth for additional 7 days under
the same incubation conditions. Five plates were used per treatment,
and the assays were repeated three times.

2.6. Analysis of VOCs profiles by T. atroviride wt and mutants

The profiles of VOCs produced by T. atroviride strains were per-
formed as previously described by Nieto-Jacobo et al. (2017), which
were based on gas chromatography coupled to Shimadzu GCMS-QP2010
mass spectrometer (Shimadzu™ Co., Japan), and equipped with a
Restek Rxi-5 ms fused silica capillary column (30.0 m x 0.25 mm id x
0.25 pm, Bellefonte, PA, USA).

2.7. Carbon and nitrogen usage profiles of T. atroviride wt and mutants

The study on usage profiles of different C and N sources was done by

Current Research in Microbial Sciences 3 (2022) 100139

using the Biolog FF MicroPlate™ and Biolog PM3B MicroPlate™ sys-
tems (Biolog Inc., Hayward, CA, USA). The experiments were conducted
as described by Friedl et al. (2008) with some modifications. Tricho-
derma conidia were suspended in sterile inoculating fluid supplied along
with the Biolog Plates kits and vortexed; the spores concentration were
adjusted to an absorbence reading (optical density, OD) of 0.2 at 600 nm
and the conidial suspensions (100 pL per testing strain) were distributed
into the wells; the plates were incubated at 25 °C, under a 12 h/12 h
light/dark regime. ODs related to mycelial growth (at 750 nm) and
mitochondrial activity (at 490 nm) were assessed at O h, 24 h, 48 h, 96 h
and 120 h, using a microplate reader (Multiskan GO, Thermofisher
Scientific™). The values referring to OD at 750 nm at 120 h were used as
reference points for analysis of the mycelial growth, as they allowed
better comparison of the biomass formation in all carbon and nitrogen
sources. The experiments were done in independent triplicates. To
quantify the conidia, a previously defined scale based on scores (Friedl
et al., 2008) was used as follows: ‘0’ = total absence of conidia and
conidiophores, ‘1’ = formation of immature pustules without mature
conidia, 2’ to ‘5’ = four levels of conidiation, ranging from weak and
diffuse conidia (2) to total conidia development and coverage of the
entire well (5). These levels were defined by visual inspection with
further aid of a colony counter. The mean values per time point were
used for statistical analyses. A clustering procedure of C and N sources
per strain was performed by using Euclidean distance of the mean values
at each time. This method was used to analyse both types of nutritional
sources, according to the growth and conidia profile presented by the
strains.

2.8. Statistical analyses

Data from all experiments, except Biolog Phenotype Microarrays™,
were subjected to analysis of variance (ANOVA) separately and the
means were compared by the Tukey’s test (p < 0.05) using the TukeyC
package (Faria et al., 2018) in the ‘R’ platform (Team, 2013). To analyse
the mycelial growth and conidiation data generated by the Biolog
Phenotype Microarrays™ system, we used multivariate analysis for data
clustering and generated heatmaps using the gplot package (Warnes
et al., 2016) from the R platform.

3. Results
3.1. Ssk1 is longer than predicted

Conserved domains present in the amino acid sequences of the three
stress-response regulatory proteins were identified in T. atroviride
IMI206040 (Fig. 1A). The amino acid sequence of Ssk1 showed only the
response regulator (RR) domain of the REC type, a receptor domain
homologous to the CheY (Hess et al., 1988). For Skn7, its amino acid
sequence showed a binding domain that is homologous to HSF (Heat
Shock Factor) and specific to certain DNA sequences (Sorger, 1991), in
addition to the REC domain. The Rim15 amino acid sequence, on its
turn, showed four identifiable domains: PAS (Per-Arnt-Sim), PK (Protein
Kinase), AGC kinase and a RR domain of the REC type, as predicted in
S. cerevisiae (Swinnen et al., 2006). Alignment of the RR domains from
Ssk1, Skn7 and Rim15 showed the conservation of key amino acids for
these stress-response regulators in T. atroviride (Fig. 1B); a putative
phosphorylation site was found (indicated by an asterisk), which cor-
responds to an amino acid that works as receptor of phosphate groups.
The number of predicted amino acids for the Rim15, Skn7 and Ssk1 RRs
in T. atroviride was 1944, 581 and 1233, respectively (Fig. 1A). Inter-
estingly, the Ssk1 protein in T. atroviride is longer than initially predicted
when compared to its homologous (Fig. 1A and 1C), e.g., in S. cerevisiae
(721aa) (https://www.yeastgenome.org/locus/S000003996). As shown
in Fig. 1D, this larger size for T. atroviride Sskl was confirmed after
alignment with a series of sequences for this protein characterized from
various species of Trichoderma.
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Fig. 1. Structure and sequence of the
histidine kinase response regulators
Ssk1, Rim15 and Skn7 from T. atroviride
IMI206040 strain. (A) Domain structure
of Ssk1, Rim15 and Skn7. The protein
domains were identified in InterPro (htt
ps://www.ebi.ac.uk/interpro/); the
receiver domains are indicated as RR
(red circles). (B) ClustalW-based
sequence alignment between the
receiver domain of Sskl, Riml15 and
Skn7 from T. atroviride. Ssk1 (JGI Pro-
tein ID: 149,807); Rim15 (JGI Protein
ID: 320,942) and Skn7 (JGI Protein ID:
137,669) sequences were obtained from
JGI (https://mycocosm.jgi.doe.go
v/Triat2/Triat2.home.html). Dashed
lines represent gaps in the alignment.
Conserved amino acid residues between
the three proteins are indicated in
black, and the semi conserved residues
in grey. The conserved aspartic acid
from Sskl and Skn7 are indicated in
red, while in Rim15, a glutamic acid in
the same position has been observed in
other orthologues in fungi. (C) Sche-
matic view of the predicted 1400-bp
ssk1 (ID: 149,807) by JGI (‘Sskl re-
ported’ region), compared to a 3702-bp
intron-less open-reading frame (orf)
identified for ssk1 (‘Sskl identified’ re-
gion) after PCR amplification of
genomic DNA, using 0AM-LU539 (5'-
TTACATATGGCGCCTGACATTGCTAA-
3) and o0AM-LU541 (5'-TAAG-
GATCCGTTTGTACTTTTGTCTGGTGA-
GACA-3;’) primer-pair. To confirm this
suggested larger orf, a sskl-derived
cDNA was created using total RNA iso-
lated from T. atroviride IMI206040
mycelia grown on PDB medium for 72
h; as shown in the gel, those primers
were used in PCR amplification without
(-RT) or with reverse transcriptase
(+RT), to amplify a ~4k-bp fragment.
(D) Alignment of publicly available
Ssk1l orthologues from other Tricho-
derma species. The first line represents
the larger orf identified in this work.
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3.2. Influences of Ssk1, Skn7 and Rim15 response regulators (RR) in
growth and conidiation of T. atroviride

To study the phenotypic effects for the loss-of-function of these three
RRs in T. atroviride, single mutants for the genes ssk1 (JGI Protein ID:
149,807), skn7 (JGI Protein ID:137,669) and rim15 (JGI Protein ID:
320,942) were generated (Supplementary methods). The effects on
growth and conidiation of the wt, Assk1, Askn7 and Arim15 strains were
assessed under conditions of osmotic (0.5 M NaCl or 1.0 M sorbitol),
oxidative (0.5 mM Menadione), cell wall (600 pg mL ! Calcofluor white
or 1000 mg mL! Congo Red) or membrane (0.014% SDS) stress. With
the exception of the osmotic stress, the Askn7 and Arim15 mutants
showed a similar morphological pattern to each other and to wt for all
the conditions tested, whereas the Asskl presented visibly distinct
morphologies (Fig. 2A). On the other hand, under the specific conditions
of osmotic stress (NaCl and Sorbitol), all mutants presented altered
phenotypes in relation to wt. In this condition, Arim15 and Askn7 pre-
sented a lower colony size than the wt, whereas Assk1 was severely
affected, showing no sign of mycelial growth (Fig. 2A and 2B). The stress
condition caused by Menadione (oxidative stress) caused a significantly
higher relative growth for Assk1 than for Arim15, although they were not
different to wt and Askn7 (Fig. 2B). In the plasma-membrane stress
condition (SDS), only Assk1 showed significantly less mycelial growth
than the wt; Askn7 showed significantly higher growth than other mu-
tants but not than wt (Fig. 2B). The observed alteration in colony colour
for Assk1 in SDS (Fig. 2A) was probably related to the observed reduc-
tion in conidia production (Fig. 2C). This strain was also the only one
with mycelial growth affected under cell-wall stress conditions (CW and
CR) (Fig. 2A and 2B).

Overall, it is noteworthy that no conidia were produced for any strain
under conditions of osmotic stress (NaCl and Sorbitol), and that Assk1
underwent a significant reduction in conidiation for all stress treatments
tested, as well as for the PDA-only control (Fig. 2C). For the Arim15 and
Askn7 mutants, their conidiation values were statistically similar to
those of wt except for the CW stress, in which the conidiation values for
all strains were significantly different from each other, following the
descending order of Arim15 > wt > Askn7 > Assk1 (Fig. 2C). The con-
idiation for the Askn7 mutant was significantly lower than wt only for the
PDA control and higher only for the cell-membrane SDS stressor
(Fig. 2C). The Arim15 behaved mostly as the wt for all treatments.

Additionally, we evaluated the effect of light on the growth of wt,
Assk1, Askn7 and Arim15 strains under conditions of oxidative (Mena-
dione and H305) and cell wall (Congo Red) stresses. Most of the growth
patterns observed in such assays were in agreement with the expected
effects shown in Fig. 2. In general, all strains tested exhibited lower
mycelial growth under the light condition (Supplementary Fig. S1). This
is expected, since the light condition is an oxidative-type of abiotic stress
factor, which has a direct impact on the regulation of DNA repair sys-
tems. Interestingly, Arim15 was more severely affected in 40 mM H05
stress treatment in the dark, showing a lower colony size than the wt and
the other strains (Suppl. Fig. S1).

3.3. Nutrients assimilation in the Assk1, Askn7 and Arim15 mutants

The profiles of carbon and nitrogen sources assimilation were
assessed for growth and conidiation of all strains (Suppl. Fig. S2). A
considerably higher variation in the patterns of assimilation was
observed for mycelial growth than for conidiation, in both types of nu-
trients tested. Considering the entire nutrients-consumption profiles, C
sources were generally more discriminative of individual T. atroviride
strains than N sources; in this sense, while only 15 and 6 single C sources
did not show differences in growth and conidiation, respectively, for all
tested strains (Suppl. Fig. S2A and 2C), 20 and 22 individual N sources
could not discriminate the strains in growth and conidiation, respec-
tively (Suppl. Figs. S2B and S2D). A goodness-of-fit chi-square analysis
rejected the null hypothesis of an equal number of individual C and N
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sources as being incapable of discriminating the four strains (p = 0.021).
Due to this more discriminative power of C sources, a more evident
grouping of the strains was observed: two groups were formed for
mycelial growth (wt + Asskl and Askn7 + Arim15) and a group with
remarkable similarities amongst their three members (wt + Assk1 +
Askn7) for conidiation (Fig. 2A and 2C). N sources were much less
discriminative of strains for mycelial growth but more discriminative in
terms of conidiation results (Supplementary Fig. S2B and 2D). Inter-
estingly, based on the C and N assimilation profiles, the Arim15 appeared
to have been more strongly affected in terms of conidiation than in
mycelial growth when compared to wt and the other mutants (Suppl.
Fig. S2C and 2D). As discussed further below, these patterns are
consistent with a role of Rim15 in the regulation of metabolisms related
to nutrients assimilation in fungi.

3.4. Influence of Ssk1, Skn7 and Rim15 RRs in the direct interaction of
T. atroviride with other fungi

To verify whether the RRs under study interfere in the fungus-fungus
interactive phenotypes, direct confrontation assays between the
T. atroviride wt and mutant strains against Rhizoctonia solani and Scle-
rotinia sclerotiorum plant pathogens were assessed. The results for
R. solani showed three distinct morphological patterns of growth/
interaction: one represented by the wt and the Askn7 mutant, another by
the Arim15 and the last by the Assk1, although the inhibition of R. solani
was not significantly different between the latter two (Fig. 3). The
quantitative levels of growth inhibition observed for this phytopathogen
confirmed the existence of the indicated morphological patterns (Fig. 3).
On the other hand, the challenges against S. sclerotiorum showed an
overall different morphological phenotype of inhibition, but a similar
grouping pattern for the strains under study, i.e., Askn7 morphology was
more similar to that of wt, whereas Arim15 was closer to Assk1; however,
these two inhibition groups were not confirmed quantitatively, as only
Assk1 was significantly less inhibitory than the wt (Fig. 3). In general,
when comparing the results for both pathogens, the T. atroviride strains
appeared to have a stronger antagonistic capacity against R. solani,
whereas S. sclerotiorum, on the other hand, appeared to have a greater
competition and resistance ability against the Trichoderma strains of this
study (Fig. 3). For both pathogens, the inhibition phenotypes of the
Assk1 mutant was the most affected one, followed by those of Arim15;
the least effect for the loss of function was observed for Askn7 in relation
to wt (Fig. 3).

3.5. Influence of the three stress RR in the production of volatile organic
compounds (VOCs) with effects on growth and morphology of Arabidopsis
thaliana seedlings

The production and emission of volatile organic compounds (VOCs)
by fungi is known as a ‘wireless’ type of communication between plants
and microbes in nature (Bitas et al., 2013; Schmidt et al., 2015). To
assess the influence of the three fungal RRs under study in the growth
and morphology of plantlets, sealed-chamber experiments were per-
formed with Arabidopsis thaliana seedlings and the wt and mutant
T. atroviride strains. All the tested strains led to a significant increase in
partial and total biomass of A. thaliana seedlings when compared to
control plants (Supplementary Fig. S3). Interestingly, a particular
phenotype was noticed for the Arim15 treatment: in terms of the VOCs’
effects of the T. atroviride strains on plant growth promotion, there were
no significant differences in the biomass values between the wt and
mutant treatments; nevertheless, the Arim15 mutant’s volatiles led to a
specific morphological structure of A. thaliana roots, which visibly
presented more lateral roots compared to the control and the other
mutant treatments (Suppl. Fig. S3). Furthermore, the remarkable
changes observed in growth and developmental morphology observed
for the Asskl strain did not apparently alter its ability of synthesi-
zing/emitting VOCs with plant growth-promotion capacity (Suppl.
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Fig. 2. Patterns of morphology, growth and conidiation of Askn7, Assk1l, and Arim15 strains, compared to the wild-type (wt) of Trichoderma atroviride IMI206040,
subjected to culture medium supplemented with distinct stressing agents. (A) Morphological patterns presented by the T. atroviride strains under different stress
conditions. (B) Relative values of mycelial growth. Plotted mean values and error bars come from six replicates for each of the treatments, which were evaluated in
relation to the reference control data (100%). (C) Conidia quantification. Plotted mean values and errors were obtained from 3 plates per treatment. The experiments
were repeated three times with similar results. Analysis of variance was performed, and the means were compared by the Tukey’s test (p < 0,05). Different letters on
top of bars indicate statistically significant differences amongst strains within each treatment of stressing agent. SDS, Sodium dodecyl sulphate; CW, Calcofluor White;
CR, Congo Red.
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Fig. 3. Comparison of direct antagonism of Trichoderma wt and RR mutant
strains against R. solani and S. sclerotiorum. The wt, Askn7, Assk1l and Arim15
strains appear at the bottom half of the dual-culture plates, whereas the phy-
topathogens (indicated on the left) appear in the top half. The values below
each plate represent the mean inhibition rates calculated from three biological
replicates. The different letters within the plate series of each pathogen indicate
significant differences by Tukey’s test (p < 0.05).

Fig. S3).

3.6. Effects of RRs in the production of T. atroviride VOCs with fungistatic
action

Since Trichoderma spp. have been reported as capable of producing
volatile compounds with fungistatic action against other fungi (Kottb
et al., 2015; Cruz-Magalhaes et al., 2019), we evaluated such an ability
of the T. atroviride strains under study in a single-chamber system
(paired plates) against R. solani and S. sclerotiorum (Fig. 4). All strains
produced VOCs with significant inhibitory effects on the growth of both
pathogens tested, which were able to resume growth after removing the
Trichoderma wt and RR mutants (Fig. 4). However, although these pat-
terns were overall similar for both pathogenic fungi, the activity of those
VOCs appeared to be pathogen-specific. While the wt and Askn7 showed
a stronger and significantly different inhibition of R. solani than did
Asskl and Arim15, such differences amongst strains were less pro-
nounced for S. sclerotiorum (Fig. 4), consistent with the higher resistance
shown by this pathogen to the Trichoderma strains in the direct
confrontation assays (Fig. 3). Based on the results for both pathogens,
the loss of function for the ssk1 gene showed a significant decrease in the
fungistatic VOCs emission when compared to wt, whereas no
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significantly different phenotypic effect was observed for the skn7
(Fig. 4); for the Arim15 strain, the effect observed was pathogen-specific,
being different than wt only for R. solani (Fig. 4A and 4B).

3.7. Profile of volatiles emitted by the T. atroviride wt and mutants strains

Considering that the VOCs produced by all the T. atroviride strains
under study had a fungistatic effect against R. solani and S. sclerotiorum
phytopathogens (Fig. 4), but that they did not show any significant
difference in their effects on growth and biomass of A. thaliana (Suppl.
Fig. 3), we assessed the general profile of these compounds produced by
the four strains, using a micro phase extraction system followed by
GC-MS determination. As it could be seen from Table 1, in relation to
the wt, each mutation caused an effect not only on the total amount of
VOCs produced, but also in the relative proportion of various com-
pounds within the set of volatiles produced. An interesting observation
was that the total amount of volatiles detected per strain did not appear
to correlate with fungistasis, as the Asskl and Ariml5 showed the
highest amounts of total VOCs (Table 1), but the lowest inhibitory

Table 1
Percentages of total VOCs production from Trichoderma atroviride (IMI206040)
wild type, Askn7, Assk1, and Arim15 strains.

Class Compounds’ T. atroviride IMI206040

N Wildtype  Askn7  Asskl Arim15
- Total VOCs detected (RPA) # 106.02 51.24 146.18  313.49
(%) °

OT-1 2-Methyl-1-butanol 1.8 10.2 2.4 2.9
C7-1 2-Heptanone * 40.3 51.0 9.7 5.3
C7-2 2-Heptanol * 3.9 6.3 1.2 0.4
C8-1 1-Octen-3-ol 0.28 1.0 0.7 0.0
C8-2 3-Octanone 2.2 10.3 10.8 0.3
C9-1 2-Nonanone * 1.8 5.3 0.3 0.3
FU-1 2-Pentyl-furan 1.0 3.0 2.5 4.6
MT-1 p-Menth-2-en-7-ol 0.2 0.7 0.2 0.1
ST-1 a-Bergamotene 0.1 0.1 0.05 2.0
6PP- 6-Pentyl-2H-pyran-2-one 35.7 0.6 65.7 46.4

1
6PP- (E)—6-Pent-1-enylpyran-2- 0.9 0.0 1.4 1.1

2 one
- Others 11.8 13.8 5.1 36.6

! Volatile Organic Compounds were measured by gas chromatography
coupled to a mass spectrometer (GC-M-). This Table summarizes some of the
values presented on Supplementary Table S1, aiming at illustrating most rele-
vant VOCs for the scope of this study.
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Fig. 4. Fungistatic activity of VOCs from T. atroviride wt and RR mutants against two phytopathogens in sealed, paired-plates system. The inhibition effects of VOCs
produced by the Trichoderma strains were evaluated by gauging mycelial growth of (A) R. solani and (B) S. sclerotiorum. This growth (in mm) was an average of 4
replicates, being subjected to Analysis of Variance (ANOVA). Different letters at the top of the bars indicate statistical differences by the Tukey’s test (P < 0.05). The

experiment was performed twice with similar results.
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effects on the pathogens (Fig. 4). Therefore, the fungistatic effects
observed were likely a result of the specific activity of one or a few
volatiles within the whole set, or yet, the result of a particular combi-
nation of them. An array of 29 volatile compounds produced by the wt
strain were detected (Suppl. Table S1); however, only two of them, 2-
Heptanone (C7-1) and 6-Pentyl-2H-pyran-2-one (6PP-1), comprised
76% of all VOCs. Despite these two compounds were also highly rep-
resented within the sets of mutants’ VOCs (51.5% of Askn7, 75.4% of
Asskl and 51.7% of Arim15, Table 1), only wt was able to produce high
percentages of both compounds simultaneously. The Askn7 showed a
dramatic decrease of 6PP-1, whereas the other two mutants propor-
tionally increased it in relation to wt. On the other hand, Asskl and
Arim15 sharply reduced the amount of 2-heptanone, whereas Askn7
increased it (Table 1). A detailed inspection on the proportion (Table 1)
and absolute values (Supplementary Table S1) of the specific VOCs
produced by the wt and mutants revealed that the patterns of variation
found for 2-Heptanone, 2-Heptanol and 2-Nonanone agree with the
fungistatic effects observed for the T. atroviride strains (Figs. 3 and 4).
Interestingly, despite being the mutant with remarkably less total
amount of VOCs produced, Askn7 produced proportionally higher levels
of those three volatiles, and yet, was as fungistatic as the wt (Fig. 4).

4. Discussion

Trichoderma spp. are cosmopolitan filamentous fungi, found in
several environments and widely used in agriculture as the basis of
various bioproducts, the majority of which related to biological control
(Druzhinina et al., 2011; Hermosa et al., 2012; Szczalba et al., 2019;
Adnan et al., 2019). In this context, T. atroviride is one of the most used
biocontrol-agent species, having a recognized action also in the relief of
abiotic and biotic stresses, promotion of plant growth, direct physical
antagonism against other fungi, and induction of plant resistance to
phytopathogens (Zeilinger et al., 2016; Druzhinina et al., 2011; Her-
mosa et al., 2012; dos Santos et al., 2022). These features result from a
complex metabolic network involving a series of response regulator (RR)
proteins. The interaction of a given strain genotype with environmental
conditions (i.e. nutrient availability, pH, moisture, temperature, etc.)
defines the outcomes of these characteristics (Nieto-Jacobo et al., 2017).
In this study, we used loss-of-function single-mutants of T. atroviride to
address the effects of three stress-related RRs, namely Skn7 (oxidative),
Sskl (osmotic) and Rim15 (nutrition). Their possible implications on
growth and reproduction (primary metabolisms) of T. atroviride, as well
as on its interaction with plants and other fungi are discussed.

Considering qualitative (morphology) and quantitative (growth and
conidiation) phenotypes, the comparative analysis of the T. atroviride wt
and mutants suggests that the three RR genes somewhat modulate the
fungal response to different stresses, although the lack of function for
Skn7 and Rim15 appeared to have a much lower impact on the fungus
metabolism/physiology than Ssk1l (Fig. 2). The significantly altered
morphology, growth and conidiation observed for Asskl colonies for
virtually all stress conditions tested likely indicates a general role of Ssk1
in stress-response regulation in T. atroviride, similarly to what has been
described in the Candida albicans (Chauhan et al., 2003) and Alternaria
alternata (Yu et al., 2016) models. In addition, the total lack of growth of
Assk1 under the osmotic stress conditions given by NaCl and Sorbitol
(Fig. 2) strongly suggests a direct regulatory role for Sskl in this
particular type of stress, as previously reported in other fungal models
(Horie et al., 2008; Chen et al.,, 2017; Liu et al., 2017; Rodri-
guez-Gonzalez et al., 2017). Finally, under the cell wall stress conditions
(CW and CR treatments), Asskl was the only strain that showed a sig-
nificant reduction in mycelial growth. Taken together, these results not
only suggest the possibility of a crosstalk between the oxidative, osmotic
and nutritional stress responses signalling pathways in T. atroviride
(Friedl et al., 2008), but they also point to an upstream regulatory action
of Sskl, in relation to Skn7 and Rim15, in modulating these response
metabolisms. Interestingly, despite the observed reduction in mycelial
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growth under the oxidative stress generated by Menadione, Assk1 was
able to grow significantly more than the other strains (Fig. 2B), which
suggests that ssk1 expression in wt may exert a repressive (or negative)
mode of growth regulation under this stress condition.

Congo red (CR) and calcofluor white (CW) are two fluorophores that
act as stressing agents (Roncero and Duran, 1985; Nodet et al., 1990),
due to binding to polysaccharides, explicitly affecting the glucan (CR)
and chitin (CW) chains, thereby compromising the integrity of the cell
wall. Considering a similar culture time, the wt and mutant strains grew
less in CR than in CW (Fig. 2A and 2B), suggesting that T. atroviride
seems more sensitive to disruption of the glucan chains in the assembly
of its cell wall. However, the loss-of-function for Ssk1 was apparently of
a larger magnitude for the CW stress (Fig. 2B), thus suggesting a more
intense regulatory role on maintenance of the chitin chains integrity.
Since no strain was able to conidiate when cultured in medium sup-
plemented with osmotic stress agents (NaCl and Sorbitol, Fig. 2), a
minimally proper osmolarity appears to be essential for the conidiation
process in T. atroviride. For the plasma membrane stress condition
caused by SDS, the Askn7 strain was able to produce more conidia than
the others (Fig. 2), which possibly indicate the involvement of Skn7 as a
negative regulator of conidiation in T. atroviride.

Since light is a well-acknowledged factor that affect growth and
conidiation in Trichoderma (Casas-Flores et al., 2004; Steyaert et al.,
2010), we have also evaluated its effects on mycelial growth of the four
T. atroviride strains under study, in combination with oxidative and cell
wall stresses. Indeed, light affected the growth of T. atroviride, since all
strains tested showed a reduced-growth phenotype (Supplementary
Fig. S1). This is not unexpected, as the MAPK Tmk3 pathway has already
been shown to be essential for T. atroviride in the regulation of DNA
repair systems operating in the dark (Esquivel-Naranjo et al., 2016).
Interestingly, since the participation of Rim15 was expected in the
response metabolism to nutritional stress, it was surprising that Arim15
was affected in the condition of oxidative stress (HoO2 40 mM) in the
dark (Suppl. Fig. S1A and 1B).

The profiles of carbon and nitrogen sources assimilation by the
T. atroviride strains revealed a more relevant variation in their effects on
mycelial growth than on conidiation (Suppl. Fig. S2). This suggests that
the three RR genes are likely involved in a greater variety of biochemical
pathways related to vegetative growth than to reproductive processes,
when considering either positive or negative regulatory modes. Rim15
has been reported as a RR for nutritional stress (Inai et al., 2013) such
that the loss of its function should expectedly lead to difficulties in
metabolizing C and N sources, and so, cause an overall lower growth and
conidiation. Indeed, considering the general nutrients-consumption
profiles, this condition showed to be truer for conidiation than for
mycelial growth and for C than for N sources; for mycelial growth,
though, Arim15 was as much different from wt as were the other mutants
(Suppl. Fig. S2). These results would suggest a more critical involvement
of Rim15 in regulation of reproductive metabolisms, likely with a pos-
itive mode of action, as the loss of its function tended to decrease con-
idiation. We also suggest that, in terms of conidiation, carbon-sources
metabolisms would be more subjected to regulation by Rim15, since a
greater impact of different C sources was perceptible when compared to
the N nutrients (Suppl. Fig. S2C and 2D, respectively). The results also
indicated that a number of C and N nutrients seem not usable by
T. atroviride either for growth or conidiation metabolisms. For the other
sub-sets of C and N nutrient sources in which mutants grew and/or
sporulated more than wt, the respective RR genes likely function in
repressive (or negative) regulatory modes (Suppl. Fig. S2). To shed
further light on specific metabolisms in which the three RR proteins
might be involved, additional studies are currently in progress to eval-
uate specifically affected/altered biochemical pathways, based on the
patterns of growth and conidiation observed for each nutrient, in each
T. atroviride strain (to be published elsewhere).

Based on what was observed for the direct antagonism against
R. solani, Askn7 did not appear to have been affected in this ability
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(Fig. 3), which suggests that Skn7 may not be directly involved in
metabolic pathways related to such trait. The opposite seems to be true
for both Arim15 and Assk1, in which a significantly stronger phenotypic
effect was observed for the latter, for both pathogens (Fig. 3). Taking
into account an overall decrease for growth and conidiation displayed
by the Assk1 (Fig. 2), the idea of a broad involvement of Sskl in regu-
lating a variety of relevant metabolisms / biochemical pathways can be
advanced. Hence, an affected fungal development resulting from this RR
loss of function may be the primary cause of the decreased antagonistic
activity observed (Fig. 3). Nevertheless, this possibility does not rule out
a possible direct involvement of Sskl in cellular processes related to
fungus-fungus hyphal interaction responses. Concerning the activity of
Rim15 in T. atroviride, it may be interesting to speculate about how this
RR could be related to the decrease in direct antagonistic activity
observed (Fig. 3), since the Biolog™ plates resulting profiles for Arim15
(Suppl. Fig. S2) and other previous studies (Swinnen et al., 2006; Liang
et al., 2017) have related Rim15 with nutritional stress responses. The
most logical inference would be that the observed pattern of a reduced
competitive potential of Arim15 with both phytopathogens (Fig. 3) may
be related to a possibly reduced ability in regulating nutrients upta-
ke/metabolism caused by the loss of Rim15 function. In general, despite
that these in vitro assays are not enough to predict efficiency/efficacy of
antagonistic behaviour in the field (Utkhede and Sholberg, 1986;
Loguercio et al., 2009), the distinct results from Trichoderma vs R. solani
and vs S. sclerotiorum confrontation assays reinforce a common view that
microbial antagonistic interactions are strain/species-specific.
Microbial VOCs work as a complex communication/signalling
‘wireless’ network involving microorganisms and plants (Schmidt et al.,
2015). The production of VOCs by fungi has been receiving special
attention with regards to their ecological roles in nature (Bitas et al.,
2013; D’Alessandro et al., 2014). Previous studies have shown that
VOCs from Trichoderma strains can promote the growth of A. thaliana
trough VOCs (Hung et al., 2013; Lee et al., 2014; 2015; Jalali et al.,
2017; Nieto-Jacobo et al., 2017; Cruz-Magalhaes et al., 2019), a trend
confirmed by our results. Although the RR mutants were not different
from wt in terms of biomass accumulation effects on the seedlings
(Suppl. Fig. S3), the VOCs from the T. atroviride mutant strains (specially
Arim15) seemed to have affected the architecture of A. thaliana roots,
agreeing with previous studies done in a fungus-plant co-culturing
scheme (Nieto-Jacobo et al., 2017). The results pointed towards possible
qualitative effects of Rim15 and Sskl in the root system architecture,
with a likely repressive/negative regulatory action on the development
of A. thaliana lateral roots (Suppl. Fig. S3). We also cannot rule out a
possible indirect involvement of ssk1, as a result of an overall lower
growth of the corresponding mutant strain, which might have affected
the synthesis of plant-interacting VOCs (Suppl. Fig. S3). Experiments in
which one varies the amount of initial Trichoderma conidia and the
exposure times can provide a further in-depth assessment of these issues.
The blend of microbial VOCs that induce plant-growth promotion
can also contain specific compounds with fungistatic effects at a distance
against other microorganisms (Lee et al., 2016; Jalali et al., 2017). Our
results confirmed these phenotypes, suggesting that the RRs under study
are not critical for the fungistatic VOCs synthesis, but their loss of
function can alter/reduce the fungistasis effects, in a pathogen-specific
mode (Fig. 4). The significant decrease in the fungistasis effect
observed for Assk1, for both pathogens (Fig. 4), strengthens even further
the possibility raised by a comprehensive assessment of the previous
experiments; taken together, all the results suggest that Ssk1 appears to
be more broadly involved in an array of responsive metabolisms, as the
various assessed phenotypes of its T. atroviride mutant showed a sig-
nificant departure from the wt responses (Figs. 2, 3 and S3). On its turn,
the loss of function for riml5 appeared to be dependant on
fungus-fungus interactive specificities, as its fungistasis results were
statistically distinct between the R. solani and S. sclerotiorum (Figs. 3 and
4). At last, Skn7 showed to be the least involved in the phenotypic re-
sponses, as the results for Askn7 were not different from wt for the
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majority of conditions tested.

When specific volatiles were assessed in the blend emitted by the
T. atroviride strains (Tables 1 and S1), various interesting aspects could
be noticed. First, the total amount and relative proportion of individual
VOCs have changed substantially amongst strains. This suggests the loss
of function of each RR interfere in the metabolic regulation of volatiles
production/emission at some points, although we cannot precisely
define where and how this occurs. Moreover, it was possible to observe
that with the loss of RRs function, the strains assumed different patterns
of VOC emission (Tables 1 and S1), providing further evidence towards a
role played by these RRs in the emission and regulation of these com-
pounds in T. atroviride. Second, the blend of VOCs in T. atroviride tends to
be dominated by two compounds, C7-1 and 6PP-1 (Tables 1 and S1),
which occurred in highest amounts only in the wt. Hence, the data
interestingly suggest that Skn7 is likely involved in the synthesis/
emission of 6PP1, whereas Sskl and Rim15 are likely associated with
synthesis/emission of C7-1, because these single compounds sharply
decreased their amounts in the blend by the loss of function of those
genes in the mutants, respectively (Table 1). Third, the agreement found
between the fungistasis activity of wt and mutants (Fig. 4) and the cor-
responding relative amounts of the C7-1, C7-2 and C9-1 compounds in
their blends of VOCs (Table 1) suggest these three individual volatiles
may specifically have fungistatic action at a distance. When they drop-
ped their presence in the blend, less fungistatic effect was observed
(Fig. 4 and Table 1). At this point, we do not know, however, if they are
required in a combined manner (amongst themselves and/or with other
VOCs) to display the fungistatic activity, and/or if there are some indi-
vidual or combined thresholds of their amounts to trigger the effect. The
fact that C7-1 and C7-2 for Askn7 showed to be in lower absolute
amounts than for wt, but there was no difference in their fungistatic
effects for both pathogens, might suggest the existence of such thresh-
olds. Further experiments controlling the conditions of absolute and
relative amounts of these particular VOCs are needed to sort out this
issue.

An interesting alternative view for the fungistasis at a distance re-
sults when comparing wt and mutants is worth noting: since the syn-
thesis/emission of VOCs is also a complex signalling network that allows
a fungus to “sense” the presence of other fungi in the environment (Bitas
et al., 2013), the loss of function for these RRs might rather be related to
such “senseless” phenotype. Under this view, the loss of function for
Ssk1 and Rim15 could have reduced the ability of T. atroviride in sensing
the presence of another fungus (at the wt levels), thereby resulting in a
decreased (but not eliminated) fungistasis effect. This view is also
compatible with the strain/species-specific interactions observed for the
T. atroviride fungistatic VOCs activities against R. solani and
S. sclerotiorum (Fig. 4), as the ability to sense a given microbe depends on
its particular signals emitted, which modulate the VOCs production by
Trichoderma. Further experiments specifically designed to address this
question are certainly warranted.

5. Conclusions

In summary, we showed in this study the potential involvement of
three fungal regulators belonging to the two-component regulatory
system, namely Skn7, Ssk1 and Rim15, in a variety of cellular responses
for stressing/interacting cues in T. atroviride, based on single-gene mu-
tation strategy. Taken together, the results suggest that Sskl may
function as a hub-like RR in T. atroviride, as growth, conidiation and
interactive phenotypes with plants and other fungi were all affected by
the loss of its function. On the other hand, Skn7 did not appear to be
critically involved in the majority of those processes, as its functional
loss did not significantly alter the mutant phenotype in relation to the wt.
Finally, the phenotypic results of Arim15 to the various stimuli under
study seems to confirm the apparent Rim15 participation in modulating
cellular responses to nutritional availability (Swinnen et al., 2006),
although with a potential cross-talk with other pathways yet to be
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defined/confirmed. Although each of the three RRs somehow altered the
total production and relative proportion of VOCs, the synthesis/e-
mission of volatiles related to promotion of plant growth was not
affected. Moreover, the results combined are suggestive that, for those
regulatory processes in which Ssk1 and Rim15 appear to be involved,
the former seems to operate upstream to the latter in the corresponding
metabolisms. Further investigation addressing specific issues raised by
interpretation of our results were indicated, opening new lines of
research on two-component response regulators in Trichoderma spp.
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