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A B S T R A C T

Heat shock proteins (Hsp) are important factors in the response of organisms to oscillations in environmental
conditions. Although Hsp have been studied for a long time, little is known about this protein class in
Trichoderma species. Here we studied the expression of Hsp genes during T. asperellum growth, and mycopar-
asitism against two phytopathogens: Sclerotinia sclerotiorum and Fusarium oxysporum, as well as during thermal
stress. The expression levels of these genes were observed by real-time PCR and they showed to be differentially
expressed under these conditions. We verified that the TaHsp26c, TaHsp70b and TaHsp70c genes were differ-
entially expressed over time, indicating that these genes can be developmentally regulated in T. asperellum.
Except for TaHsp26a, all other genes analyzed were induced in the post-contact condition when T. asperellum was
cultured in a confrontation plate assay against itself. Additionally, TaHsp26b, TaHsp26c, TaHsp90, TaHsp104a
and TaHsp104b were induced during initial contact between T. asperellum hyphae, suggesting that these proteins
must play a role in the organism´s self-recognition mechanism. When we examined gene expression during
mycoparasitism, we observed that some genes were induced both by S. sclerotiorum and F. oxysporum, while
others were not induced during interaction with either of the phytopathogens. Furthermore, we observed some
genes induced only during confrontation against S. sclerotiorum, indicating that the expression of Hsp genes
during mycoparasitism seems to be modulated by the phytopathogen. To assess whether such genes are ex-
pressed during temperature oscillations, we analyzed their transcription levels during thermal and cold shock.
We observed that except for the TaHsp70c gene, all others presented high transcript levels when T. asperellum
was submitted to high temperature (38 °C), indicating their importance in the response to heat stress. The
TaHsp70c gene was significantly induced only in cold shock at 4 °C. Our results show the importance of Hsp
proteins during self-recognition, mycoparasitism and thermal stress in T. asperellum.

1. Introduction

The genus Trichoderma is the most studied group of biocontrol
agents of plant pathogenic fungi. Its rapid mycelial growth, associated
with high conidia production, synthesis of several antibiotics, and
ability to live in different lifestyles (saprotroph, symbiont or myco-
parasite) are characteristics that make it attractive for this purpose.

The most direct mode of action of Trichoderma action against phy-
topathogenic fungi is through the interaction known as mycoparasitism.
Of all plant disease control mechanisms, this is the most complex and
shows the greatest number of steps involved (Lima et al., 1998). Tri-
choderma act as antagonists against several plant pathogenic fungi, such
as Fusarium, Rhizoctonia, Phytium and Sclerotinia species, pathogens that

are of fundamental importance for agriculture (Thrane et al., 1997).
The ability of Trichoderma to inhabit different environments is related
to its capacity to overcome varied environmental conditions (Hermosa
et al., 2004; Montero-Barrientos et al., 2008).

To adapt to oscillations in environmental conditions, the vast ma-
jority of organisms, including microorganisms, respond to these stimuli
by altering cellular metabolism, and activating their defense mechan-
isms. Among the known stress defense proteins, Heat shock proteins
(Hsps) have a prominent role, being fundamental in the response to
varied environmental conditions (Georg and Gomes, 2007a; Seidl et al.,
2009; Schmoll et al., 2016). Heat shock proteins are proteins re-
sponsible for the folding or re-folding of other proteins, and are ex-
tremely important under stress conditions (Lindquist, 1986; Lindquist
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and Craig, 1988; Vierling, 1991; Plesofsky-Vig and Brambl, 1993).
These proteins are grouped into families: sHsp (Hsp of small molecular
weight), Hsp40, Hsp60, Hsp70, Hsp90 and Hsp100, according to their
amino acid sequences and molecular weights (in kD) (Jäättelä and
Wissing, 1992; Fuller et al., 1994).

Hsps play different roles in fungal biology; the expression of these
proteins is variable and occurs both in response to stress and during
basal metabolism. Studies have demonstrated the crucial role of these
proteins in fungi, whether in morphogenic change, adaptation to stress,
or antifungal resistance (Tereshina, 2005; Lamoth et al., 2015). Indeed,
there are reports in the literature suggesting the involvement of Hsps in
mycoparasitism by Trichoderma (Seidl et al., 2009; Steindorff et al.,
2012). However, the mechanism by which these genes participate in
phytopathogen interaction have not been studied in detail until now. In
addition, studies indicating the involvement of Trichoderma Hsps in
mycoparasitism are based on large-scale techniques, and these data
have not been confirmed by northern blot or RT-qPCR.

The few functional reports that exist in the literature about Hsps
from Trichoderma are mainly summarized in evaluation of the over-
expression of Trichoderma Hsps in plants or in Trichoderma itself and
acquisition of increased tolerance to stresses (Montero-Barrientos et al.,
2007, 2008; Montero-Barrientos et al., 2010). Even so, little informa-
tion exists regarding the study of Trichoderma Hsp genes under en-
vironmental stresses as well as during growth under non-stressful
conditions. To the best of our knowledge, functional studies on the
importance of Hsps during the confrontation with phytopathogens or
during Trichoderma self-recognition are nonexistent.

Considering the importance of this class of proteins for cellular
homeostasis we evaluated the expression levels of nine genes encoding
Hsps to better understand the role of Hsps genes during T. asperellum
growth, mycoparasitism, and in response to temperature oscillations.
We observed that Hsps genes are differentially expressed according to T.
asperellum growth conditions, being expression levels not correlated to
Hsp family. We also verified that the T. asperellum self-recognition
process modulates the expression of all Hsps genes analyzed. In this
way, this work opens new perspectives in the study of Trichoderma self-
recognition mechanism.

2. Materials and methods

2.1. Maintenance of isolates

The isolates of Trichoderma asperellum (TR356), Sclerotinia scler-
otiorum (SS26) and Fusarium oxysporum (FO344) belonging to the col-
lection of the Enzymology Laboratory of the Federal University of Goiás
(UFG) were used. Fungi were maintained with periodic culture in MYG
medium [5% (w/v) malt extract, 0.25% (w/v) yeast extract, 1% (w/v)
glucose and 2% (w/v) agar].

2.2. Sequence analyses

The amino acid sequences of the T. asperellum Hsp proteins (http://
genome.jgi.doe.gov/Trias1/Trias1.home.html) (Druzhinina et al.,
2018) were aligned against all proteins predicted in the genomes of: T.
atroviride (https://genome.jgi.doe.gov/Triat1/Triat1.home.html), T.
harzianum (https://genome.jgi.doe.gov/Triha1/Triha1.home.html)
(Druzhinina et al., 2018), T. reesei (https://genome.jgi.doe.gov/
TrireRUTC30_1/TrireRUTC30_1.home.html) (Jourdier et al., 2017;
Koike et al., 2013) and T. virens https: //genome.jgi.doe. gov / Tri-
viGv29_8_2 / TriviGv29_8_2.home.html), using the Blastp tool (Altschul
et al., 1997). Hsp amino acid sequences identified after the comparison
were posteriorly aligned using Clustal Omega (Sievers et al., 2011), and
their promoter sequences were retrieved from the genome database to
predict regulatory elements. Using MultiLoc2 (https://abi.inf.uni-
tuebingen.de/Services/MultiLoc2) (Blum et al., 2009) it was possible
to predict the subcellular localizations of all 9 proteins examined.

2.3. Primer design

The primers for real-time (RT-qPCR) reactions were designed with
the Primer3 program (Untergasser et al., 2012; Koressaar and Remm,
2007). The nucleotide sequences of the primers used in this work are
presented in Table 1.

2.4. Dual culture test

The interactions between T. asperellum, Sclerotinia sclerotiorum and
Fusarium oxysporum phytopathogens were evaluated using the paired
culture test. All isolates were cultured on MYG medium in Petri dishes.

Colonized 5mm diameter discs from T. asperellum and from phy-
topathogens were transferred to 9 cm plates containing MYG medium
previously covered with sterile cellophane membranes. The discs were
arranged on opposite sides of the plate, at 1 cm from the edge. The
plates were incubated in a BOD incubator at a temperature of 28 °C, and
photoperiod of 12 h (Steindorff et al., 2014). For RNA extraction, the
mycelia of T. asperellum from the front edge of these colonies, cultivated
alone, with itself, and with phytopathogens F. oxysporum and S. scler-
otiorum, was scraped from the surface of the plate using previously
autoclaved spatulas. The scraping of the mycelia was carried out during
the pre-contact phases (about 1.5 cm separation from hyphae), contact
(visually determined contact with hyphae) and post-contact (after five
days of growth). Scraping of T. asperellum mycelia was performed with
a safety margin to avoid contamination with mycelia from the chal-
lenging fungi (Supplementary data 1). The T. asperellum mycelia
scraped under the conditions cited above were wrapped in sterile alu-
minum foil and frozen at −80 °C. All experiments were performed with
three biological replicates.

2.5. Cultivation in liquid medium

For the thermal stress test, cultures were performed on 9 cm plates
containing MYG medium. After growth for seven days, T. asperellum
mycelium was scraped from plates (¼ of mycelium area) and inoculated
into 250ml flasks containing 50ml TLE [1.0 g L−1 Bactopeptone,
0.3 g L−1 Urea, 2.0 g L−1 KH2PO4, 1.4 g L−1(NH4)2SO4, 0.3 g L−1

MgSO4 0.7H2O, 0.2 g L−1 CaCl2 0.2H2O, 2% (v/v) trace element solu-
tion, pH 5.0] with 2% (w/v) glucose. The flasks were incubated on a
rotating shaker at 28 °C and speed of 180 rpm.

Table 1
Sequences of oligonucleotides used for analysis of gene expression in real-time
PCR.

Name Sequence (5’→3’) Bases Tm °C

Actin R ACG TAG GAG TCC TTC TGA CCC ATA 24 58.6
Actin F CGA CAA TGG TTC CGG TAT GTG CAA 24 59.8
TriasHsp26aF AGT TGA GCG CAC TTA CAC AG 20 55.3
TriasHsp26aR ATT GCG CCA CTC ATT GAA GC 20 56.6
TriasHsp26bF AAG AAC CTG TGC GCA GAA AC 20 56.1
TriasHsp26bR ACG ACT TCA AAG CCC GAT TC 20 55.4
TriasHsp26cF AAG TCG CAA AGT CCT CTG AGG 21 56.9
TriasHsp26cR TGA AAT TGG CCG ACA CGT TG 20 56.4
Triashsp70 aF TTC AGT CGC CAA GTT TGC TC 20 55.9
Triashps70 aR TCT GCG TTC TCA ATG ATG CG 20 55.7
Triashsp70 bF TCA ACG AGT TCA AGC GCA AG 20 56.0
Triashsp70 bR AGA AGA AAG GGT TCG CTT GG 20 55.2
Triashsp70 cF TTG ATT GGT CGC AAG TTC GC 20 56.4
Triashsp70 cR ACC TGA ACA ATG GGC TTT CC 20 55.6
TriasHsp90F ACC TGC GCA TTG ACA TCA TC 20 55.9
TriasHsp90R AGG TTG TTG ACA AGG TCA GC 20 55.4
TriasHsp104aF TGC AAG TCA CCT GAA ACT GC 20 55.9
TriasHsp104aR TTT TTC TCG GCG CTC TTT GC 20 56.7
TriasHsp104bF ATG CCA TCA ACG CAG GAA AC 20 56.4
TriasHsp104bR GCC ACA TCT GCA GCA TTC TTC 21 56.9
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2.6. Thermal stress

After 48 h growing in TLE medium on a rotary shaker, vials con-
taining mycelia were conditioned at 38 °C for 1, 2 or 4 h. Another
thermal stress test was performed where, after 48 h of growth in TLE
medium, vials containing mycelia were conditioned at 4 °C, 10 °C and
32 °C for 1 h. The mycelia from each treatment and controls (28 °C)
were vacuum filtered, washed in 0.9% saline solution and frozen at
−80 °C for RNA extraction. All experiments were performed with three
biological replicates.

2.7. RNA extraction and cDNA synthesis

Total RNA was isolated from frozen mycelial cells at −80 °C using
Trizol reagent and following the procedure recommended by the
manufacturer (Life Technologies). RNA concentration and purity were
evaluated by measuring 260 nm and 280 nm absorbance with a
Nanodrop spectrophotometer. The quality of total RNA was evaluated
by agarose gel electrophoresis (Sambrook et al., 1989). For visualiza-
tion of the fragments, the gel was exposed to Gel Documentation Sys-
tems. Total RNA samples were treated with DNAse (Fermentas) and
posteriorly used for cDNA synthesis (Maxima ™ First Strand cDNA
Synthesis kit - Fermentas), according to the manufacturer's instructions.

2.8. Analysis of gene expression by real-time PCR

cDNA was used after dilution (1/5) for real-time PCR analysis on the
iQ5 (Bio-Rad) equipment. Each reaction consisted of 10 μL of SYBR
Green (Thermo Scientific), 0.5 mM of each oligonucleotide (forward
and reverse), 2 μL of template cDNA, and MiliQ water to a final volume
of 20 μL. Expression of the gene encoding β-actin protein was used as
the reference gene to normalize the total amount of cDNA present in
each reaction (Steindorff et al., 2012). The reactions were performed in
triplicate for each sample analyzed.

The reaction steps for real-time PCR were: 95 °C for 10min, fol-
lowed by 40 cycles of 95 °C for 10 s and 60 °C for 30 s, then followed by
60 °C dissociation curve up to 95 °C with successive increments of 0.5 °C
for 10 s. Real-time PCR data demonstrated in all analyses the presence
of only one peak in the melting curve, confirming that only one specific
product was amplified.

2.9. Mathematical model and statistical analyzes

Quantification of gene expression was calculated according to the
Livak method, 2−ΔΔCT (Livak and Schmittgen, 2001). To facilitate the
reading of expression level variations, the relative expression of the
genes was presented in log2. To compare the relative expression levels
of the genes analyzed in the experimental conditions with the condi-
tions used as control, a simple variance analysis (ANOVA) was per-
formed, which compares the tests with the control, using the program
GraphPad Prism version 7.00. The significance level considered was
5%.

3. Results

3.1. General analysis of HSP proteins in Trichoderma asperellum

As Hsps proteins are still not well characterized in Trichoderma spp,
we initially performed a search of the T. asperellum genome for the
genes encoding sHsps, Hsps70, Hsps90 and Hsps100. These genes were
chosen since there are some reports in the literature suggesting their
participation during Trichoderma mycoparasitism (Marra et al., 2006;
Seidl et al., 2009; Lorito et al., 2010; Steindorff et al., 2012). We ob-
served that T. asperellum possesses four members of the sHsp family (IDs
53394, 271370, 44896 and 146718), twelve from the Hsp70 family (IDs
445543, 128301, 80694, 140277, 24918, 23336, 53053, 148983,

83736, 43441, 150656 and 188291), three from the Hsp100 family (IDs
59635, 48690 and 61928) and only one Hsp90 gene (ID 152105).

For this study, we analyzed the expression profiles of nine T. as-
perellum Hsp genes, namely TaHsp26a, TaHsp26b, TaHsp26c, TaHsp70a,
TaHsp70b, TaHsp70c, TaHsp90, TaHsp104a, and TaHsp104b. We ver-
ified that the proteins encoded by these genes present homologs in
other Trichoderma species, such as T. atroviride, T. harzianum, T. reesei
and T. virens (Table 2). Furthermore, these proteins are predicted to
localize to various cellular compartments: cytoplasm (TaHsp26a,
TaHsp26b, TaHsp26c, TaHsp70b, TaHsp90 and TaHsp104b), mi-
tochondria (TaHsp70a and TaHsp104a) and endoplasmic reticulum
(TaHsp70c) (Supplementary data 2).

To evaluate the similarity between the Hsp proteins of the same
family, a multiple sequence alignment was performed using the Clustal
Omega program (https://www.ebi.ac.uk/Tools/msa/clustalo/). We
observed a high degree of amino acid conservation among re-
presentatives of the sHsp, Hsp70 and Hsp100 families, demonstrating
that these proteins are highly conserved in T. asperellum (Fig. 1). We
also verified a high similarity even at the N- and C-termini of sHsp
proteins, regions that normally present very low levels of amino acid
conservation.

We also analyzed the putative promoter region sequences of the
nine T. asperellum Hsp genes, looking for sequences recognized by
regulatory elements related to transcription activation as well as to
stress responses (Supplementary data 3). Almost all Hsp genes showed
motifs for TATA-box, CAAT-box and heat shock elements (HSE), except
for TaHsp70b and TaHsp90, which did not show TATA-box sequences.
TaHsp70a, TaHsp70b, TaHsp70c, TaHsp104b and mainly TaHsp90
showed stress response elements (STRE). TaHsp90 was also the only Hsp
gene that contained a specific protein 1 (Sp1) motif.

3.2. Expression analysis of genes encoding Hsp proteins during T.
asperellum self-recognition and mycoparasitism

To evaluate the relative expression of Hsp genes during mycopar-
asitism, we performed T. asperellum confrontation assays against itself
(T. asperellum mycelium growing from both ends towards the center of
the plate) and confrontation assays against F. oxysporum and S. scler-
otiorum. We also analyzed expression levels of the Hsp genes during T.
asperellum growth alone on plates at times that would correspond to
pre-contact, contact and post-contact conditions (Figs. 2 and 3). We

Table 2
T. asperellum Hsp proteins and their corresponding orthologues in other
Trichoderma species. The numbers correspond to the percentage of similarity
obtained by comparing the Hsp proteins of T. asperellum against the database of
other fungi using the program BlatstP. The accession numbers for the proteins
are shown in parentheses.

T. asperellum T. atroviride T. harzianum T. reesei T. virens

TaHsp26a 84.8 77.2 71,4 78.1
(53394) (146119) (504208) (122251) (217094)
TaHsp26b 95.2 71,6 65,5 72,2
(271370) (146319) (108885) (100314) (215292)
TaHsp26c 94.8 65.2 70.0 88.1
(146718) (160834) (510360) (123565) (46820)
TaHsp70a 97.5 96.8 94.5 96.8
(43441) (149341) (489504) (12362) (78895)
TaHsp70b 91.7 90.2 89.9 90.2
(80694) (132465) (499175) (121926) (210885)
TaHsp70c 94.6 92.8 92.4 92.3
(188291) (142538) (81081) (25648) (72131)
TaHsp90 95.0 94.0 93.0 94.0
(152105) (129493) (93459) (102206) (89650)
TaHsp104a 96.9 95.2 94.5 94.8
(59635) (157172) (509199) (73724) (80583)
TaHsp104b 94.4 93.5 93.2 93.7
(61928) (157453) (8037) (113088) (216898)
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observed that most of the Hsp genes did not present significative var-
iations in gene expression during the T. asperellum growth alone, with
mRNAs corresponding to TaHsp70 genes displaying the greatest abun-
dance under this condition. However, we verified that the TaHsp26c,
TaHsp70b and TaHsp70c genes were differentially expressed over time,
indicating that these genes can be developmentally regulated in T. as-
perellum.

To better evaluate whether Hsp genes would be differentially ex-
pressed during T. asperellum interaction assays (either with itself or with
phytopathogens), we analyzed the relative mRNA levels using the pre-
contact condition as a reference (Figs. 4A–I).

Regarding the sHsp family, we observed that the TaHsp26a gene
showed no significant expression during confrontations assays, whereas
TaHsp26b and TaHsp26c were up-regulated in contact and post-contact
conditions when grown against itself. These genes were also highly
induced during post-contact both with F. oxysporum and S. sclerotiorum
(Fig. 4A, D and G).

We observed that the TaHsp70a and TaHsp70b genes were induced
under post-contact conditions against S. sclerotiorum but repressed
under contact conditions against F. oxysporum. The TaHsp70c gene
presented low levels in both confrontation tests against phytopathogens
(Fig. 4B, E and H). Interestingly, we also noted that the TaHsp70a,
TaHsp70b and TaHsp70c genes were induced in the post-contact con-
dition when T. asperellum was grown in confrontation against itself.

The genes TaHsp90, TaHsp104a and TaHsp104b were significantly
induced on contact and increased in the post-contact phase of T. as-
perellum against itself (Fig. 4C, F and I). When T. asperellum was con-
fronted with F. oxysporum and S. sclerotiorum phytopathogens, the
TaHsp104a and TaHsp104b genes were significantly upregulated in the
post-contact phase. TaHsp90 was not significantly induced in the

confrontation of T. asperellum against F. oxysporum but was induced
both during contact and post-contact with S. sclerotiorum.

3.3. Expression analysis of the genes encoding T. asperellum Hsp proteins
during thermal stress

Thermal stress is the most recognized condition that positively
regulates Hsp proteins. To further characterize T. asperellum Hsp genes,
we evaluated the effects of prolonged exposure to heat shock on Hsp
gene expression. For this, we submitted T. asperellummycelia to thermal
stress at 38 °C for 1, 2 or 4 h (Fig. 5).

T. asperellum exposed to thermal stress increased the amount of
mRNA corresponding to all TaHsp26 genes analyzed, as well as
TaHsp90, TaHsp104a and TaHsp104b, with maximum levels observed
after 1 h at 38 °C. Transcription levels decreased significantly after 4 h
at high temperature, except for the TaHsp26c gene, whose mRNA levels
remained high even after this period. The TaHsp70a and TaHsp70b
genes were also upregulated by heat shock, while the TaHsp70c gene
was not. Among Hsp70 genes, TaHsp70b showed the greatest induction,
with a significant increase in transcript levels after 1 h of treatment,
which was maintained at a high level even after 4 h of heat stress.

A second heat shock test was performed with T. asperellum, which
after growing for 48 h at 28 °C was subsequently exposed to tempera-
tures of 4, 10 and 32 °C for 1 h (Fig. 6). Under cold shock at 4 °C,
TaHsp26a, TaHsp70c and TaHsp104a genes were significantly induced.
Meanwhile during the treatment at 10 °C, the TaHsp70a and TaHsp104a
genes were the only ones upregulated. During heat shock at 32 °C al-
most all genes studied presented a large increase in the amount of
mRNA, except for the TaHsp70c gene, which was downregulated.

Fig. 1. Multiple alignment of amino acid sequences by Clustal Omega and visualization generated by the Boxshade program. (A)-TaHsp26a, TaHsp26b and
TaHsp26c. ACD=Alpha Crystallin Domain. (B)- Hsp70a, Hsp70b and Hsp70c. Signature sequences are boxed. (C)- TaHsp104a and TaHsp104b. Signature sequences
are boxed. NBD=Nucleotide Binding Domain. For both, the dark areas of the alignment indicate identical conserved amino acid residues; gray squares indicate
changes in functionally conserved amino acids, and the dashes represent alignment gaps.
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4. Discussion

The ability of some species of fungi to overcome environmental
conditions has been previously related to Hsp, proteins that are highly
conserved in eukaryotes and prokaryotes (Montero-Barrientos et al.,

2010). Despite their importance for cellular maintenance, Hsp proteins
are still poorly studied in Trichoderma, including T. asperellum; there are
so far no articles presenting functional studies of Trichoderma Hsp90 or
Hsp100 genes in the Pubmed database.

Hsp proteins have been associated with Trichodermamycoparasitism

Fig. 2. Cultivation of T. asperellum growing alone, or in paired culture between T. asperellum x T. asperellum, T. asperellum x F. oxysporum and T. asperellum x S.
sclerotiorum. Pre-contact (A); Contact (B); Post-contact (C).

Fig. 3. Heat map of qPCR expression analyses of Hsp genes from T. asperellum. Data are represented as 2^-ΔΔCT, and compared to the β-actin gene, used as a reference
gene.
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Fig. 4. Relative gene expression (log2) of TaHsp26a, TaHsp26b, TaHsp26c, TaHsp70a, TaHsp70b, TaHsp70c, TaHsp90, TaHsp104a, and TaHsp104b genes of T. as-
perellum during contact and post-contact. (A–C)- Between identical colonies, (D–F) - T. asperellum in confrontation against F. oxysporum. (G–I)- T. asperellum in
confrontation against S. sclerotiorum. mRNA levels during pre-contact condition were used as control condition. The data present the expression relative to the β-actin
gene, used as reference gene. P value: (ns) 0.12, 0.0033 (*), 0.002 (**),< 0.0001 (***). α=0.05.

Fig. 5. Relative gene expression (log2). (A)-
TaHsp26a, TaHsp26b and TaHsp26c; (B)-
TaHsp70a, TaHsp70b and TaHsp7c; (C)-
TaHsp90, TaHsp104a and TaHsp104b of T. as-
perellum during heat stress treatment at 38 °C
for 1, 2 and 4 h. Control temperature 28 °C. The
data present expression relative to the β-actin
gene, used as a reference gene. P value: (ns)
0.12, 0.0033 (*), 0.002 (**),< 0.0001 (***)
α=0.05.
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in some large-scale studies (Marra et al., 2006; Seidl et al., 2009; Lorito
et al., 2010; Steindorff et al., 2012). However, detailed analysis has not
yet been carried out. The work published by Seidl et al. (2009) eval-
uated the T. atroviride transcriptome response to the presence of Botyris
cinerea and Rhizoctonia solani, two plant pathogens (as well as other
experimental conditions). They performed this study by using EST se-
quencing and induction of Hsp genes by mycoparasitism, though the
expression changes were not confirmed by northern blot or real-time
PCR analysis.

In this work we analyzed the expression patterns of Hsp genes from
T. asperellum during the self-recognition process, mycoparasitism and
thermal stress. Of these three conditions, only the second was employed
in the work of Seidl et al. (2009). Moreover, in the current study,
mycoparasitism experiments were performed against two different
phytopathogens (S. sclerotiorum and F. oxysporum). We also analyzed
the expression of the Hsp genes during the interaction of T. asperellum
with itself and observed that these genes were also important during
self-recognition. Hsp have not previously been associated with this
biological process. In addition, Trichoderma species are regularly ex-
posed to temperature variations; for example, T. asperellum, one of the
most abundant Trichoderma species found in Cerrado soils, can be ex-
posed to temperatures reaching 40 °C (Lopes et al., 2012; Santos, 2010).
Therefore, we also evaluated the expression profile of Hsp genes of T.
asperellum in response to thermal stress, a condition not evaluated in
previous studies. The fungus T. asperellum was chosen due to its high
efficiency in the biological control of the phytopathogens such as S.
sclerotiorum and F. oxysporum, (Geraldine et al., 2013).

The promoter region of almost all T. asperellum Hsp genes showed
motifs for TATA-box, CAAT-box and heat shock elements (HSE).
Interestingly, the presence of DNA sequences known as binding sites for
stress-related transcriptional activators (STRE) was also found in the
upstream region of the genes TaHsp70a, TaHsp70b, TaHsp70c and
TaHsp104b. Except for the TaHsp70c gene, all others were induced by
heat shock and during mycoparasitism.

After aligning the predicted amino acid sequences from the

paralogous proteins TaHsp70a, TaHsp70b and TaHsp70c from T. as-
perellum, we noticed a high degree of similarity, with the presence of
identical amino acids indicating conserved domains, which demon-
strates the evolutionary importance of these proteins. In eukaryotes,
Hsp70 proteins are found in all major compartments of the cell, usually
represented by multiple Hsp70 homologues with distinct cellular
functions (Craig et al., 1994). In fact, of the 12 genes encoding Hsp70
proteins in T. asperellum, eight are predicted to be cytoplasmic, two
from endoplasmic reticulum and two from mitochondria.

Although the proteins from each Hsp family presented high amino
acid similarity among themselves, we observed that their expression
patterns were quite distinct. Hsp are involved in a variety of functions
and are responsible for the maintenance of protein folding homeostasis
related to folding, re-folding and degradation of damaged proteins
(Parsell and Lindquist, 1993). Therefore, these different transcript le-
vels could reflect different contributions of each gene to cellular
homeostasis depending on the environmental conditions to which T.
asperellum is exposed.

When analyzing T. asperellum growing alone over time, coinciding
with the phases in which the mycelia are in pre-contact, contact and
post-contact confrontation conditions, we observed changes in the ex-
pression of some of the Hsp genes studied (TaHsp26c, TaHsp70b and
TaHsp70c). Differential expression of chaperones during different de-
velopmental stages has been reported in fungi. These cell differentiation
stages consist mainly of the formation of vegetative or sexual spores and
their germination, and vegetative growth phases (Plesofsky-Vig, 1996;
Georg and Gomes, 2007a). It is known that Hsps act in fungal mor-
phogenesis and play an important role in replication, transcription,
post-transcriptional processing, translation, post-translational pro-
cesses, and activation of signaling pathways (Tiwari et al., 2015).

Except for TaHsp26a, all other genes analyzed were induced in the
post-contact condition when T. asperellum was cultured in a con-
frontation plate against itself. Additionally, TaHsp26b, TaHsp26c,
TaHsp90, TaHsp104a and TaHsp104b were also induced during initial
contact between T. asperellum hyphae, suggesting a role in the T.

Fig. 6. Relative gene expression (log2).
TaHsp26a, TaHsp26b, TaHsp26c, TaHsp70a.
TaHsp70b, TaHsp70c, TaHsp90, TaHsp104a and
TaHsp104b of T. asperellum during heat stress
treatment at 4 °C, 10 °C and 32 °C for 1 h.
Control temperature 28 °C. The data present
expression relative to the β-actin gene, used as
a reference gene. P value: (ns) 0.12, 0.0033 (*),
0.002 (**),< 0.0001 (***) α=0.05.
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asperellum self-recognition mechanism. If they were induced only be-
cause of competition for space or nutrients, these genes should also be
expected to be induced during T. asperellum interaction with all phy-
topathogens, which is not what we observed. The expression of T. as-
perellum Hsp genes seems to be modulated by both the type of phyto-
pathogen as well as T. asperellum interaction with itself, since we
observed distinct expression patterns in each one of these conditions. It
was previously reported that T. atroviride changes gene expression both
in the presence of plant-pathogenic fungi and when interacting with
itself (Reithner et al., 2011). Several proteins are important in self-re-
cognition processes in fungi, especially cell wall proteins (Inbar and
Chet, 1992; Gomes et al., 2015). However, to reach the extracellular
compartment, proteins must be properly folded and translocated across
membranes, a role performed by proteins from the Hsp family. The
induction of these proteins during T. asperellum self-recognition could
be important for the correct transport of proteins to the T. asperellum
cell wall.

When we examined gene expression during mycoparasitism, it was
observed that some Hsp genes were induced both by S. sclerotiorum and
F. oxysporum (TaHsp26b, TaHsp26c, TaHsp104a and TaHsp104b), while
others were not induced during interaction with either of the phyto-
pathogens (TaHsp26a and TaHsp70c). Furthermore, we observed some
genes induced only during confrontations against S. sclerotiorum
(TaHsp70a, TaHsp70b and TaHsp90), indicating that the expression of
Hsp genes during mycoparasitism seems to be modulated by the phy-
topathogen. In fact, it was observed that Trichoderma species can em-
ploy different mycoparasitism strategies against the same phyto-
pathogen (Atanasova et al., 2013) and that the mycoparasitism process
also depends on the pathogen type (Monteiro et al., 2010). During
confrontation experiments against the phytopathogen R. solani, dif-
ferent sets of genes were up- or downregulated depending on the Tri-
choderma species analyzed. Per example, five chaperone/heat shock
genes were upregulated in Trichoderma virens while in Trichoderma re-
esei no gene from this family was induced (Atanasova et al., 2013).
Considering these data, it is natural that the T. asperellum Hsp70 genes
present a different expression profile during mycoparasitism compared
to that observed in T. atroviride (Seidl et al., 2009), especially during
interaction with different phytopathogens.

Seidl et al. (2009) observed by EST sequencing that some Hsp genes
present high mRNA abundance in cDNA libraries constructed from RNA
extracted from T. atroviridae mycelia during mycoparasitism against R.
solani. In T. asperellum, the TaHsp26b, TaHsp26c, TaHsp70a, TaHsp70b,
TaHsp90, TaHsp104a and TaHsp104b genes appear to be differentially
expressed during mycoparasitism, being induced in the final phase,
during post-contact and/or contact with S. sclerotiorum. Studies on
hydrolytic enzymes produced by Trichoderma species during mycopar-
asitism show that genes encoding these enzymes were also induced
mainly after contact with phytopathogenic fungi (Qualhato, 2013).

To evaluate whether Hsp genes are expressed during temperature
oscillations we analyzed their transcript levels during heat and cold
shock. When we analyzed heat stress over time we observed that the
induction pattern of the TaHsp26a, TaHsp26b, TaHsp26c TaHsp90,
TaHsp104a and TaHsp104b genes were quite similar, indicating that the
heat shock induction is transient. To maintain their functioning, cells
need to respond rapidly and intensely to the denaturation of proteins
provoked by the increase in temperature. This expressive synthesis of
Hsps cannot be maintained indeterminately, so the induction of Hsps in
response to heat stress is usually transient (Georg and Gomes, 2007a;
Pugliese et al., 2008).

Concerning thermal stress, the TaHsp26a gene should be high-
lighted, since it was the only one that was highly induced by heat shock
at 38 °C but was not expressed during the growth of T. asperellum alone,
nor during the confrontation assays, either with itself or with phyto-
pathogens. Also, we did not observe significant differences in the pro-
moter region of the three TaHsp26 genes that justify this difference in
TaHsp26a expression. In addition, TaHsp26a was upregulated both

during cold shock at 4 °C and mild-heat shock at 32 °C. Despite being
upregulated by severe heat stress (41 °C), the T. virens hsp23 gene was
more induced by low (4 and 10 °C) than high temperatures. In contrast,
the hsp23 gene of T. harzianum was highly induced by thermal shock at
41 °C and no expression was observed at lower temperatures (Montero-
Barrientos et al., 2007). In this sense, it is possible to observe that the
expression of Hsp genes is distinct for different species of Trichoderma,
even in response to thermal stress, a condition expected to cause in-
duction of these genes.

The TaHsp90 gene showed abundant mRNA levels during T. asper-
ellum growth and was upregulated during self-recognition, mycopar-
asitism against S. sclerotiorum, and thermal stress. In most organisms
and cell types, Hsp90 proteins are already abundant prior to cellular
stress and are typically induced only a few-fold. It has been estimated
that Hsp90 accounts approximately for 1% of the total soluble cytosolic
protein in unstressed cells, making it one of the most abundant proteins
in the cell (Lai et al., 1984; Schopf et al., 2017).

Another gene that called attention is TaHsp104a. We observed that
this gene was upregulated in all conditions analyzed, with higher levels
of induction observed during thermal stress, both during heat and cold
shock. In T. atroviride, hsp104 gene expression was observed during
mycoparasitism against R. solani (Seidl et al., 2009). In T. asperellum,
the TaHsp104a gene appears to be part of the general stress response.
Nevertheless, Hsp100 proteins do not act alone, requiring interaction
with sHsp and Hsp70 proteins to disaggregate protein complexes (Mogk
et al., 2003).

TaHsp70 genes were those that presented the most abundant mRNA
levels during T. asperellum growth, with TaHsp70a and TaHsp70b in-
duced in response to heat stress. Ryan et al. (1991) have suggested that
the amount of synthesized Hsp70 is dependent on the severity of the
stress to which the organism is subjected, and the existing Hsp70 cel-
lular levels before the stress condition. The importance of Hsp proteins
in response to heat stress is well documented, although not all Hsp is
induced by high temperatures. For instance, the aquatic fungus Blas-
tocladiella emersonii possesses ten Hsp70 genes and only seven of them
are significantly induced by heat shock (Georg and Gomes, 2007b). In
fact, the TaHsp70c gene seems to be constitutively expressed, since it
was not induced by heat stress nor by confrontation with phytopatho-
gens.

It is known that the synthesis of Hsp70 proteins in heat-exposed
cells is reduced when the same cells are subsequently exposed to a
second heat stress (Ryan et al., 1991). This adaptive condition was
called acquired thermotolerance and is an important response of en-
vironmental thermal regulation (Gerner and Scheneider, 1975). This
acquisition of thermotolerance may explain the ability of some Tri-
choderma strains to overcome adverse environmental conditions, facil-
itating their presence in different geographic locations (Hermosa et al.,
2004; Montero-Barrientos, 2008).

We observed that TaHsp26a, TaHsp70a, TaHsp70c and TaHsp104a
were induced in response to cold shock. Several factors may interfere
with the performance of Trichoderma as a biocontrol agent, and among
these is low temperature (Kredics et al., 2003). In fact, when 360 iso-
lates of Trichoderma spp. were assessed in relation to tolerance to cold
stress, only 14 grew well at 5 °C, corresponding to T. aureoviride, T.
harzianum and T. viride species (Antal et al., 2000). Although Hsp
proteins are more frequently induced in response to heat shock, their
induction is also observed in response to low temperature stress
(Montero-Barrientos et al., 2007; Wang et al., 2017).
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