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Trichoderma harzianum is a fungus well known for its potential as a biocontrol agent against
many fungal phytopathogens. The aim of this study was to characterize the proteins secreted
by T. harzianum ALL42 when its spores were inoculated and incubated for 48 h in culture
media supplemented with glucose (GLU) or with cell walls from Fusarium solani (FSCW), a
phytopathogen that causes severe losses in common bean and soy crops in Brazil, as well as
other crop diseases around the world. Trichoderma harzianum was able to grow in Trichoderma
Liquid Enzyme Production medium (TLE) and Minimal medium (MM) supplemented with
FSCW and in TLE+GLU, but was unable to grow in MM+GLU medium. Protein quantifi-
cation showed that TLE+FSCW and MM+FSCW had 45- and 30- fold, respectively, higher
protein concentration on supernatant when compared to TLE+GLU, and this difference was
observable on 2D gel electrophoresis (2DE). A total of 94 out of 105 proteins excised from
2DE maps were identified. The only protein observed in all three conditions was epl1. In the
media supplemented with FSCW, different hydrolases such as chitinases, �-1,3-glucanases,
glucoamylases, �-1,3-glucanases and proteases were identified, along with other proteins with
no known functions in mycoparasitism, such as npp1 and cys. Trichoderma harzianum showed
a complex and diverse arsenal of proteins that are secreted in response to the presence of
FSCW, with novel proteins not previously described in mycoparasitic-related studies.
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Significance of the study

Trichoderma harzianum ALL42 has a great potential for in-
hibiting the growth of Fusarium solani in vitro. Our research
group has developed several approaches to study the inter-
action between T. harzianum ALL42 and F. solani by us-
ing methods based on EST libraries and subtractive library
hybridization. The present work describes proteomic analy-
ses of the T. harzianum ALL42 secretome based on 2D gel
eletrophoresis combined with mass spectrometry. The vari-
ations in protein expression profile have been studied when
T. harzianum ALL42 was grown in the presence of glucose or

in the presence of F. solani cell walls (mycoparasitic-related
secretome). We also discuss the possible functional roles of
the identified proteins in the mycoparasitic-related condi-
tions and analyze their gene expression by quantitative real-
time RT-PCR (RT-qPCR). Our findings have revealed that
T. harzianum ALL42 was able to secrete a rich repertoire of
proteins potentially involved in mycoparasitism, nutrient ac-
quisition and induction of defensive responses in plants, not
previously observed on the RNA-based approaches regarding
this interaction and in other mycoparasitic-related studies.

1 Introduction

Soil-borne pathogenic fungi are widely distributed and are
responsible for serious damage to many agricultural and hor-
ticultural crops worldwide. The diseases caused by soil fungi
are responsible for great losses in common bean (Phaseolus
vulgaris L.) productivity in irrigated areas of the Southeast
and Midwest regions of Brazil [1]. The diseases most com-
monly found in these regions are caused by Rhizoctonia solani
Kühn, Fusarium solani f. sp. phaseoli and Sclerotinia sclerotio-
rum (Lib.) de Bary [2] and have previously been controlled
through the use of chemical fungicides [1]. Fusarium solani
(Mart.) Sacc. (teleomorph = Nectria haematococca (Berk. &
Br.)) is a phytopathogenic fungus classified in the Martiella
section, and it is an important causal agent of several crop
diseases [3]. Despite the long-standing presence of this plant-
pathogenic fungus in Brazil and extensive literature about
the agronomic aspects of infection, information regarding
the use of fungal biocontrol agents in this country is still
lacking.

The genus Trichoderma (Ascomycetes, Hypocreales) was
first described by Persoon more than 200 years ago, and con-
sists of anamorphic fungi that are among the most commonly
distributed fungi in nature, being found in ecosystems rang-
ing from tundra to tropical [4]. The potential of Trichoderma
as a biological control agent was first recognized in the early
1930s. Since then, the genus has been extensively investi-
gated as an antagonist of soil-borne plant pathogens. The
success of Trichoderma species as biological control agents
is due to their high reproductive capacity, ability to survive
under severe conditions, high efficiency in using nutrients,
strong aggressiveness against plant pathogenic fungi and ef-
ficiency in promoting plant defense mechanisms [5]. Some
Trichoderma strains have the ability to reduce the severity
of plant diseases by inhibiting plant pathogens, mainly in
the soil or plant roots, through their high antagonistic and
mycoparasitic potential [6]. On the other hand, some Tricho-
derma rhizosphere-competent strains have a direct effect on
plants, increasing their growth potential and nutrient uptake
and stimulating plant defense mechanisms against biotic and
abiotic damage [7].

All of the ecological traits of Trichoderma require, among
other factors, secretion of key proteins probably involved in
the Trichoderma–fungal host or Trichoderma–plant interac-
tion. Proteomic analysis provides an excellent tool to study
variations in protein profile during these complex processes.
Secretome studies of Trichoderma during growth on cell
walls of plant pathogenic fungi such as Rhizoctonia solani,
Macrophominia phaseolina, Fusarium sp. and Botrytis cinerea,
have previously been carried out [5, 8–10]. A recent study
was used in in-silico analysis of the secretome of T. reesei,
T. atroviride and T. virens together with data obtained from
the genomes of these three species [11]. These studies have
provided new information regarding the molecular physiol-
ogy and ecology of these fungi. Most of the proteomic stud-
ies carried out have detected several cell wall-degrading en-
zymes such as chitinases, chitosanases, �-1,3/1,6-glucanase
and many families of glycosyl hydrolases and proteases [12].
These proteins are important for interactions between the
fungus and the environment, and some are necessary for the
induction of the defensive response in plants [13].

Trichoderma species are readily isolated from Brazilian
Cerrado soil by conventional methods and have been used
in biotechnological exploitation of enzyme production and
biological control [14, 15]. Previous results have shown that
the isolate T. harzianum ALL42 has a great potential for
inhibiting the growth of F. solani in-vitro [16] and for reducing
disease impact in common bean (unpublished data). Our
research group has developed several approaches to study
the interaction between T. harzianum ALL42 and F. solani by
using methods based on EST libraries [16] and subtractive
library hybridization [17]. The present work describes pro-
teomic analyses of the T. harzianum ALL42 secretome based
on 2D gel eletrophoresis combined with mass spectrometry.
The variations in protein expression profile have been studied
when T. harzianum ALL42 was grown in the presence of glu-
cose or in the presence of F. solani cell walls (mycoparasitic-
related secretome). We also discuss the possible functional
roles of the identified proteins in the mycoparasitic-related
conditions and analyze their gene expression by quantitative
real-time RT-PCR (RT-qPCR). Our findings have revealed that
T. harzianum ALL42 was able to secrete a rich repertoire of
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proteins potentially involved in mycoparasitism, nutrient ac-
quisition and induction of defensive responses in plants, not
previously observed on the RNA based approaches regarding
this interaction and in other mycoparasitic-related studies.

2 Materials and methods

2.1 Organisms and culture conditions

Trichoderma harzianum ALL42 (Enzymology Group collec-
tion, UFG-ICB) and F. solani (EMBRAPA-CNPAF) were
grown on Malt-Yeast-Glucose (MYG) medium (0.5% (w/v)
malt extract (Himedia, Milano, Italy) 0.25% (w/v) yeast ex-
tract (Biobrás, Montes Claros, Brazil) 1% (w/v) glucose
(Sigma Chemical Co., St. Louis, USA) and 2% (w/v) agar
(Bio-Rad, Marne-La-Coquette, France). 107 spores/mL of T.
harzianum ALL42 were collected in sterile water, centrifuged
at 500 × g, washed twice and inoculated in 1 L Erlenmeyer
flasks containing 200 mL of Trichoderma Liquid Enzyme
production medium (TLE) composed of: 0.1% (w/v) bac-
topeptone (Himedia), 0.03% (w/v) urea (VETEC, Duque de
Caxias, Brazil), 0.2% (w/v) KH2PO4 (VETEC), 0.14% (w/v)
(NH4)2SO4 (VETEC), 0.03% (w/v) MgSO4.7H2O (Sigma)
and 2% (v/v) trace elements solution containing 0.025%
(w/v) FeSO4, 0.0085% (w/v) MnSO4, 0.007% (w/v) ZnSO4

and 0.01% (w/v) CaCl2 (all from Sigma) or on Minimal
Medium (MM) composed of: 0.2% (w/v) KH2PO4, 0.14%
(w/v) (NH4)2SO4, 0.03% (w/v) MgSO4.7H2O and 2% (v/v)
trace elements solution. Both media types were supple-
mented with 0.5 % (w/v) F. solani cell walls (FSCW) or with
2% (w/v) glucose (GLU), as a carbon source. The pH of all me-
dia was adjusted to 5.0 prior to inoculation. The cultures were
grown in an orbital shaker at 180 rpm, at 28�C for 48 h. Five
repetitions were performed for TLE+FSCW and MM+FSCW
and 20 repetitions for TLE+GLU. The supernatants of the
replicates were collected by filtering using Whatman R© filter
paper Grade 1 and were stored at -20�C until use. Mycelia
were also collected and stored at -80�C until further analysis.

2.2 Protein preparation

Protein concentration was determined by the method of Brad-
ford [18] using bovine serum albumin (Sigma) as a standard.
The supernatants were concentrated by ultrafiltration using
an Amicon (Millipore, Billerica, US) system with a 10 kDa
cut-off membrane. The volume necessary to obtain 600 �g
was lyophilized, recovered in 125 �L of deionized water and
the proteins were precipitated using 2D Clean-up Kit (GE
Healthcare). Each sample was re-suspended with 230 �L
of De-Streak Rehydration Solution (GE Healthcare,Upsalla,
Sweden), containing 0.5% (v/v) IPG buffer pH range 4–7 (GE
Healthcare).

2.3 Protein separation by 2DE

The IPG strips (13 cm pH 4–7) were passively rehydrated with
the samples containing 600 �g of protein for 14 h. Isoelectric
focusing was performed in an IPGPhor III (GE Healthcare)
system as follows: one step of 500 V for 1 h, one gradient to
1000 V for 1 h, one gradient to 8000 V for 4 h and one step
of 8000 V for 6 h, accumulating a total of 67250 Vh. The IPG
strips were than equilibrated in two steps, for 20 min each,
using an equilibration buffer (50 mM Tris-HCl pH 8.8, 6 M
Urea, 30% (v/v) glycerol, 30% (w/v) SDS and trace amounts
of bromophenol blue, all from GE Healthcare) containing 1%
(w/v) DTT (GE Healthcare) or 2.5% (w/v) iodoacetamide (GE
Healthcare). Equilibrated strips were submitted to the sec-
ond dimension of electrophoresis on 12.5% (w/v) SDS-PAGE
gels, according to Laemlli [19], in an Ettan Dalt Six cube sys-
tem (GE Healthcare), using Electrophoresis Power Supply -
EPS601 at 10 mA per gel for 1 h, and then at 40 mA per gel
until complete. Temperature was controlled by a MultiTemp
III (GE Healthcare) at 15�C. An Amersham Low Molecu-
lar Weight Kit for SDS Eletrophoresis (GE Healthcare) was
used as molecular weight marker. Gels were stained using
PhastGelTM Blue R (GE Healthcare) according to the manu-
facturer´s instructions.

2.4 Gel analysis and in-gel digestion

The stained gels were scanned and analysis was performed
using the ImageMaster 2D Platinum v.7.0 system (GE Healh-
care). The best three replicates of each condition were selected
for further analysis. Three landmarks were set to adjust for de-
viations in the analysis of the replicates themselves, followed
by analysis between conditions. Spots different from the con-
trol condition (TLE+GLU), and only present in this condition
were excised and digested with Trypsin Gold-Mass V582A
(Promega, Madison, USA) according to the method described
by [20], with modifications. Briefly, 100 �L of 50% (v/v) ace-
tonitrile (J.T. Baker, Xalostoc, Mexico) /25 mM NH4HCO3

(VETEC) were added to triturated spots on 0.5 mL micro-
tubes under agitation for 20 min. This procedure was repeated
twice. Spots were dehydrated with acetonitrile for 5 min un-
der agitation and then vaccum dried for 15 min. Spots were
rehydrated with 15 �L of digestion buffer (25 mM NH4HCO3

containing 10 ng/�L of trypsin) for 15 min. Exceeding vol-
ume was discarded and then 80 �L of 25 mM NH4HCO3

was added to rehydrated gel spots. Digestion was performed
at 37�C for 16 h. After digestion, the supernatant was col-
lected on new microtubes. Gel pieces were agitated with 50 �L
of 50% (v/v) acetonitrile/miliQ water containing 5% (v/v) of
trifluoracetic acid (J.T. Baker) for 10 min. The supernatant
was collected and added to the digested peptides previous
collected. This procedure was repeated once. Tryptic pep-
tides were vacuum dried and stored until mass spectrometric
analysis.
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2.5 MS

The resulting peptides from each spot were submitted
to mass spectrometric analysis, which was carried using
an UltraFlex III MALDI-TOF/TOF spectrometer (Bruker
Daltonics, Bremen, Germany), controlled by the FlexCon-
trol 3.0 software (Bruker Daltonics). The samples were mixed
with �-cyano-4-hydroxycinnamic acid (Fluka, Buchs, Switzer-
land) matrix solution (3:1, v/v) directly on an MTP An-
chorChip 400/384 target plate (Bruker Daltonics) and dried
at room temperature. Peptide monoisotopic masses were ob-
tained in reflector mode over a range of 700–4500 m/z with
external calibration using Peptide Calibration Standard II
(Bruker Daltonics). Peptide MS/MS spectra were obtained
by means of LIFT fragmentation after analyzing the obtained
MS spectra and selection of precursor ions for fragmenta-
tion. The software FlexAnalysis 3.0 (Bruker Daltonics) and
PepSeq (Waters, London, UK) were used for mass spectro-
metric data analysis. Peptide primary structures were inferred
by means of manual de novo interpretation of fragmen-
tation. MS spectra were analyzed using MASCOT Peptide
Mass Fingerpring tool (www.matrixscience.com). MS/MS
spectra were also identified using MS/MS Ion search tool
(www.matrixscience.com). The three methods were com-
pared for protein identification. The obtained sequences from
manual de novo interpretation were then searched against
the NCBI-nr protein database (www.ncbi.nlm.nih.gov) and
against the Trichoderma harzianum CBS226.95 genome
v.10 (http://genome.jgi.doe.gov/Triha1/Triha1.home.htmL)
using the algorithm blastp. The identified protein sequences
from T. harzianum genome were than submitted to Peptide-
Mass tool from Expasy (www.expasy.org) to determine the
theoretical isoeletric point and molecular weight, to WoLF
PSORT [21] to determine whether a signal peptide could be
identified, thus indicating secretion, and Pfam database anal-
ysis to indicate protein functions.

2.6 Enzyme assays

Enzyme activities of �-1,3-glucanase, glucoamylase, en-
doglucanase, exoglucanase, �-glucosidase, chitinase, �-L-
arabinofuranosidase, �-mannosidase and proteases were de-
termined according to [15, 22–24] and the descriptions pro-
vided in Supporting Information Material 1. All activities
were expressed as specific activity (U/mg of protein).

2.7 Quantitative real-time RT-PCR analysis (RT-qPCR)

RT-qPCR was used to evaluate gene expression of the iden-
tified proteins of T. harzianum when grown in the different
culture media. Primers were designed using PrimerQuest
Advanced tool (www.idtdna.com) (Supporting Information
Material 2). Total RNA was obtained from the mycelia grown
in different media and digested with DNase I (Invitrogen,

Carlsbad, USA). Total RNA (5 �g) from each pooled sample
was reverse transcribed into cDNA using an oligo(dT) primer
in a volume of 20 �L using the RevertaidTM First Strand cDNA
synthesis kit (Fermentas, Vilnius, Fermentas). The synthe-
sized cDNA was diluted with 80 �L of water and used as a
template for real-time PCR. Reactions were performed in the
iQ5 real-time PCR system (Bio-Rad, Hercules, USA). Each
reaction (20 �L) contained 10 �L of MAXIMA

R©
SYBR-green

PCR Master mix (Fermentas), forward and reverse primers
(500 nM each), cDNA template and nuclease free water. PCR
cycling conditions were 10 min at 95�C (1 cycle), 15 s at 95�C
followed by 1 min at 60�C (40 cycles) and a melting curve of
30 s at 60�C with a final ramp to 95�C with continuous data
collection (1 cycle) to test for primer dimers and nonspecific
amplification. The �-tubulin (HS574101) transcript was used
as an internal reference to normalize the amount of total
cDNA present in each reaction. The expression level of the
genes was calculated from the quantitation cycle according
to the quantitation cycle method [25]. The experiments were
conducted with three repetitions for each sample and results
were compared by one-way ANOVA with Dunnett’s post-test
(� = 5%) to analyze the differences between the different con-
ditions and the control using GraphPad Prism version 5.00
for Windows.

3 Results and discussion

3.1 Protein preparation and 2DE

Proteomic approaches carried out on Trichoderma spp. have
provided novel insights into the mechanisms of interaction
with plant pathogenic fungi and plants [12, 26]. Trichoderma
requires the secretion of proteins in order to break down
polymeric organic molecules into a form that can be absorbed.
In addition they also secrete proteins that can act as toxins or
signals for communication with mutual partners. Therefore,
the inventory of the secretome of such an organism may
reveal its potential ecological adaptations [26].

This study describes the identification of the most abun-
dant proteins secreted by T. harzianum ALL42 into growth
media containing either glucose (TLE+GLU) or F. solani
cell walls (MM+FSCW/TLE+FSCW). Growth in glucose-
containing medium was used as a control condition,
whereas growth in FSCW-containing media was used as a
mycoparasitic-related condition [17]. Trichoderma harzianum
ALL42 was able to grow and secrete proteins in TLE+FSCW,
MM+FSCW and TLE+GLU media (Table 1), but was not
able to grow on MM+GLU. Growth rate between condi-
tions were comparable (data not shown). The striking dif-
ference in secretion levels (Table 1) is expected since glu-
cose is a well-known catabolic repressor of many proteins in
fungi, especially of glycosyl hydrolases [27, 28]. This differ-
ence also may be partly due to the difference in pH in cul-
ture media after 48 h (Table 1). A proteomic study related to
lignocellulolytic enzymes of Trichoderma reesei strains showed
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Table 1. Summary of the parameters observed from the reference bidimensional gels of each condition

Culture condition Number of spotsa) R2b) Protein quantification ± pH
SD (�g/mL)c)

TLE+GLU 11 0.97/0.92 2.86 ± 0.13 2.3
TLE+FSCW 202 0.98/0.94 90.52 ± 0.40 6.2
MM+FSCW 194 0.99/0.97 60.37 ± 0.67 6.7

a) Number of spots detected by ImageMasterTM 2D Platinum v7.0 after processing. The same amount (600 �g) of protein was used for each
gel.
b) Correlation between the reference map and its replicas using three different spots as landmarks for error correction.
c) Quantification of proteins from each supernatant and their standard deviations.

that the production and efficiency of these enzymes are sig-
nificantly affected by pH in cellulosic culture media [29].

An SDS-PAGE experiment was performed prior to 2DE
to evaluate the quality and profile of the samples (Support-
ing Information Material 3). The mycoparasitic conditions
showed a very similar profile between them, almost undis-
tinguishable, as TLE+GLU showed a very different profile.
Protein profiles from total extracellular proteins from each
culture supernatant were better visualized on 2DE. The re-
sulting protein maps are shown in Fig. 1. Approximately
202, 194 and 11 protein spots were separated by 2DE from
the supernatant of TLE+FSCW, MM+FSCW and TLE+GLU
(Table 1), respectively. The high R² between replicates
(Table 1) of each sample indicates that the protocol estab-
lished for this study was highly reproducible. The distribution
of spots showed that the most strongly secreted proteins had
molecular weights (MW) between 15.18 and 81.10 kDa. Most
proteins showed different MW and pI values from those pre-
dicted after identification, suggesting protein modifications
such as glycosylation and proteolytic cleavage, among others.

A total of 105 spots, from all conditions were excised, di-
gested with trypsin and the resulting peptides analyzed by
MALDI-TOF/TOF mass spectrometry. Among the 105 spots,
97 spots showed MS spectra with good ion intensity. The
peptides m/z were selected and reanalyzed by means of LIFT
fragmentation. A total of 300 MS/MS spectra were obtained
and the primary amino acid sequence of each one was manu-
ally interpreted using PepSeq (Waters) and FlexAnalysis 3.0
(Bruker Daltonics). The resulting peptides were then com-
pared to the NCBI-nr Database and to the T. harzianum
CBS226.95 genome v1.0 in order to identify the proteins
present in the excised spots (Table 2). A total of 94 proteins,
from 37 different genes (Table 2 and Supporting Information
Material 4) were identified in this study. Identified proteins
were numbered from 1 to 67. Some proteins with the same
parameters (MW and pI) in different conditions were excised
and identified, yielding the same identifications and, conse-
quently the same ID numbers. Some proteins were identified
as the same but were given different ID numbers due to their
different locations on the 2DE maps.

An automatic interpretation of MS spectra via MASCOT
Peptide Mass Fingerprint and MS/MS spectra via MS/MS
Ion search were also performed to identify protein spots.

Both methods resulted in a lower protein identification when
compared to manual de novo interpretation. MASCOT re-
sulted in 41 identified proteins from 11 different genes
as MS/MS Ion Search resulted in 76 identified proteins
from 29 different genes (Supporting Information Material 5).
MS/MS Ion Search tool failed to assign homology to proteins
from database on correct sequences, lowering overall protein
identification and protein coverage. Only 50% of the manually
interpreted peptides sequences presented on Supporting In-
formation Material 5 were confidently assigned to sequences
from NCBInr database by MS/MS Ion Search (p>0.05) (Sup-
porting Information 5 and 6).

To avoid these issues, we opted for a time-consuming
but more reliable approach. Through manually interpreting
MS/MS spectra, we were able to annotate a higher number
of MS/MS spectra peptides sequences (Supporting Informa-
tion Material 6) and avoid misinterpretation or interpreta-
tion failure due to glycosylation or di- or tripeptides, among
other problems that could decrease the total level of identi-
fication [30]. This approach therefore led to a high level of
protein/gene identification. This is the first secretome study
of Trichoderma spp. to show such a high diversity of different
proteins/genes identified on mycoparasitic-related studies,
identifying over 89% of the analyzed protein spots. Studies to
date were able to identify only three to ten different proteins
[8–10,28], most of them known enzymes such as 42 kDa chiti-
nases, B-1,3-glucanases and trypsin-like proteases. Through
de novo interpretation, we were able to explore a new set of
proteins, many of them not related to date with T. harzianum
mycoparasitic mechanisms.

This high diversity of different proteins/genes identified in
this study is also closely related to the study of genes related to
mycoparasitism over several years and, more recently, facili-
tated by widespread analysis approaches such as EST analysis
[16], subtractive library hybridization [17], RNA-seq [31] and
the public accessibility of Trichoderma genomes.

3.2 Identified proteins, functions and gene

expression analysis

The highest diversity of proteins was identified for
TLE+FSCW and MM+FSCW (Table 2 and Fig. 2). Among
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all of the differently identified proteins/genes, only one was
observed in all conditions, and 24 were observed both in
TLE+FSCW and MM+FSCW, while three were exclusive
to TLE+FSCW, 7 to MM+FSCW and two to TLE+GLU
(Table 2 and Fig. 2A). All 37 proteins/genes were separated
in three classes: CAZYmes, Proteases and other functions
(Fig. 2B) based on the NCBI-nr Blast search.

Protein domains were searched using Pfam database to
assign putative functions for the identified proteins (Fig. 3).
Five proteins (cbd13, cbd9, hypot, lyso and cys, gene name ref-
erences present in Table 2) did not show any Pfam matches.
All matches for TLE+FSCW and MM+FSCW are shown in
Fig. 3, except for the glutaminase-like protein (Gene ID: glut),
which showed a domain of unknown function (DUF), and it
was not considered for further discussion. TLE+GLU exclu-
sive proteins were assigned to Proteases classes (aspartate
Protease, Asp; and tripeptidyl protease, S8 peptidase) and
one in Other functions (cerato-platanin class, epl1).

3.3 CAZymes

The CAZymes identified in this study were only observed on
the 2DE maps when T. harzianum was induced by FSCW
compounds. We observed by RT-qPCR that all of them were
overexpressed in the presence of FSCW confirming the gel
results; the exception was the �-galactosidase (agalac) gene
(Table 2). Specific enzyme activities were performed to vali-
date the gel results for some classes (Table 3), but correlation
to gene expression was not further discussed. Trichoderma
harzianum possess several genes from the same class, like
GH18 family which has 32 genes on T. harzianum CBS226.95
genome (Supporting Information Material 7). We only iden-
tified the product of four of these genes. There are evidences
that other enzymes from GH18 family may be present in
T. harzianum ALL42 secretome [16], and contribute to overall
chitinase activity, although not identified in our study.

The mycoparasitic capacity of Trichoderma spp. is related to
its ability to control the host fungus and to assimilate the car-
bon sources from its cell wall and cytosol [32]. A comparative
analysis of genomes reveals the abundance of genes encod-
ing chitin- and �-glucan- degrading enzymes, with respect
to which Trichoderma (particularly the vigorous mycopara-
sites T. virens and T. atroviride) outperform other fungi [11].

� Figure 1. Reference bidimensional gels of T. harzianum ALL42
secreted proteins when cultivated in different conditions. (A)
TLE+FSCW; (B) MM+FSCW and; (C) TLE+GLU. Numbers indi-
cate the proteins that were identified after mass spectrometric
analysis (Table 2 and Supporting Information Material 4) and col-
ors indicate the putative classes of each identified spot. Black –
CAZymes; Gray – Proteases; White – Other functions. As showed
in Table 1, the difference in protein quantification profiles when
T. harzianum was cultivated in the presence or absence of FSCW
showed a very different protein profile between these conditions.
Between the conditions supplemented with FSCW, most of the
differences were identified (Table 2 and Supporting Information
Material 4).

C© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.proteomics-journal.com
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Figure 2. Distribution and putative
functions of the different identified
proteins. (A) Venn diagram of the dis-
tribution of proteins/genes per condi-
tion on 2DE maps. Out of all the iden-
tified proteins/genes, only one was
observed in all conditions (epl1), 24
were observed both in TLE+FSCW
and MM+FSCW, three were exclusive
to TLE+FSCW (cbd9, m28 and glut), 7
of MM+FSCW and two to TLE+GLU
(aps2 and tripep). (B) Putative func-
tion of the different identified proteins
from all growth conditions based on
NCBInr Blast search.

Although cell wall composition varies among fungal species,
the structural scaffold is composed of chitin and �-1,3-glucan,
which are together embedded in the amorphous fraction of �-
glucans, galactomannans and other carbohydrate polymers,
that account for > 90% of the cell wall [33, 34].

Four different endochitinases (GH18) were identified,
and among these chit48 was only observed in MM+FSCW.
Chit33, 37 and 42 have been purified, characterized and their
roles in mycoparasitism studied [35–37]. Chit33 and 42 were

previously observed to be overexpressed in the presence of
FSCW [16, 17]. To date there is no further information avail-
able for the endochitinase designated here as chit48. An-
other protein that can hydrolyze �-1,4-N-acetylglucosamine
and N-acetylmuramic acid linkages, usually found in pep-
tidoglycans [38], is a lysozyme-like protein (lyso) identi-
fied only on MM+FSCW supernatant. Although all endo-
chitinase genes, except for chit48 were overexpressed in
TLE+FSCW (Table 2), endochitinase specific activity was

Figure 3. Pfam analysis of the identi-
fied proteins from T. harzianum ALL42
when grown in different conditions. (A)
TLE+FSCW; B. MM+FSCW. Four pro-
teins (cys, cbd13, cbd9 and glut) did
not show any Pfam match. TLE+FSCW
showed 12 CAZymes and five pro-
teases matches as MM+FSCW showed
17 TLE+GLU and 5 proteases matches
as well, but M28 was only present in
TLE+FSCW and Asp only present in
MM+FSCW. TLE+GLU showed three
Pfam matches (cerato-platanin, S8 Pep-
tidase and Asp), but are not repre-
sented in this figure.
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Table 3. Enzymatic activity of the supernatant of T. harzianum ALL42 cultivated in different conditions

Enzymes (CAZYmes classes) TLE+GLU TLE + FSCW MM + FSCW

Specific activity ± SD (U/mg)

Endochitinase (GH18,GH18-CBM1) 0 1.35 ± 0.04 1.51 ± 0.01
�-1,3-glucanase (GH55, GH16) 0 10.54 ± 0.75 20.84 ± 1.06
Glucoamylase (GH15-CBM20) 0 2.99 ± 0.03 4.09 ± 0.06
�-mannosidase (GH47) 0 0.006 ± 0.00 0.04 ± 0.00
�-L-arabinofuranosidase (GH54-CBM42) 0 0.02 ± 0.00 0.02 ± 0.01
�-glucosidase (GH3) 0 0.63 ± 0.03 1.51 ± 0.00
Endoglucanase (GH12, GH16) 0 0.42 ± 0.02 1.94 ± 0.32
Exoglucanase (GH6, GH7-CBM1) 0 0 0.33 ± 0.00
Acid protease 12.50±2.52 6.27 ± 0.157 3.92 ± 0.12
Neutral protease 3.93±0.50 7.80 ± 0.754 4.37 ± 0.09
Basic protease 2.50±0.51 6.29 ± 1.010 3.78 ± 0.07

higher in MM+FSCW, suggesting that lyso and other chiti-
nases not visualized/identified in our study might be con-
tributing for this activity.

An endo-�-1,3-glucanase (GH55) [39] and an endo-�-
1,3(4)-glucanase (GH16) were also identified. These en-
zymes play important roles in mycoparasitism and in
morphogenetic-morpholitic processes during development
[40], and in the mobilization of �-glucans under condi-
tions of carbon and energy starvation [41]. The endo-�-1,3(4)-
glucanase MW is similar to an endo-�-1,3-glucanase purified
from T. harzianum [42] and from T. asperellum [43] and its
gene was also identified on an EST library when T. harzianum
ALL42 was grown in the presence of FSCW [16].

Four different spots, with different molecular weights (42.5
and 57 kDa) were identified as �-1,6-glucanases (GH30),
products of the same gene, and were also identified in an
EST library [16] and a subtractive library hybridization [17] of
T. harzianum ALL42 grown in the presence of FSCW. These
differences could be due to proteolytic activity involved in ac-
tivation, since T. harzianum secretes a large set of proteases
(as discussed later) or alternatively may be due to alterna-
tive splicing. De la Cruz et al. [44] observed that at least two
endo-�-1,6-glucanase were secreted by T. harzianum and a
43 kDa enzyme (BGN16.2) has been purified. This enzyme
acted synergistically with �-1,3-glucanase and chitinases in
the degradation of fungal cell walls. A 51 kDa �-1,6-glucanase
(BGN16.1) purified and characterized by de la Cruz & Llobel
[45], was also identified and the authors ruled out the possibil-
ity that BGN16.2 was a proteolytic major product of BGN16.1
after observing that an antibody did not bind to both pro-
teins, suggesting that they were products of different genes.
However, almost all of the peptides obtained in our study
were observed in all of the protein spots, and matched the
same gene in the database. Further analysis of this gene is
required in order to determine whether these �-1,6-
glucanases are products of different genes, or the same gene,
or whether this is a strain-specific finding.

The same situation was observed for the protein spots iden-
tified as glucoamylase (GH15), but there were also differences

in pI. The major product was of approximately 63.89 kDa, a
similar MW to that of the protein encoded by the 2.1 kb tran-
script of the Gla66 gene [46]. As observed in our study, this
gene is repressed by the presence of high glucose concen-
tration, and its minor transcript does not seem to encode
splicing variants, suggesting that the other spots were the
product of proteolytic breakdown.

Other glycosyl hydrolases, such as �-1,3-glucanases
(GH71), �-galactosidase (GH27), �-1,2-mannosidase (GH47)
and �-L-arabinofuranosidase (GH54) were also identified.
These enzymes might be related to the degradation of
the amorphous fraction of the fungal cell wall, but the �-
mannosidase may be also involved in the deglycosylation of
glycoproteins present in the fungal cell wall, since F. oxyspo-
rum has a high mannose concentration among its cell wall
glycoproteins [47]. It may also be involved in the deglycosyla-
tion of proteins secreted by other microorganisms, rendering
these proteins more susceptible to proteolytic cleavage [48].

Two �-1,3-glucanases (agluc42 and agluc75) were identi-
fied in this study. The gene encoding the protein here defined
as agluc75 was upregulated when T. harzianum was cultivated
under mycoparasytic conditions [49]. F. oxysporum cell wall is
rich in �-1,3-glucan [47], suggesting that F. solani might have
a similar cell wall composition.

The identification of �-L-arabinofuranosidase and �-
galactosidase was unexpected since these enzymes, together
with xylanases are involved in the degradation of hemicellu-
lose [50], a polymer not found in fungi. There is evidence that a
22 kDa xylanase secreted by Trichoderma spp. leads to ethylene
production and induces local defense mechanisms in plants
[51]. �-L-arabinofuranosidase and �-galactosidase can be in-
volved in inducing defense responses in plants in the pres-
ence of phytopathogens as discussed later for npp1. Studies
regarding these enzymes so far have been focused on T. reesei
due to its efficient cellulolytic enzyme system, and its applica-
bility in the biotechnology industry. However, �-galactosidase
can be also involved in the cleavage of galactomannans from
fungal cell wall, together with �-mannosidase produced by T.
harzianum.
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The hypothetical protein defined here as a putative �-1,6-
glucan synthase requires further study to identify its real
function. BLAST results indicate that this protein is similar
to a �-1,6-glucan synthase from Metarhizium anisopliae, and
Interpro scan results (IPR017853) indicate that this protein
possesses a domain that belongs to several glycosyl hydrolase
families. The CAZymes discussed so far were observed in
TLE+FSCW and MM+FSCW.

We observed that five CAZymes were only identified in
MM+FSCW, and gene expression analysis confirmed these
findings (Table 2 and Supporting Information Material 8).
�-1,3-glucanosyltransferase (GH72) is a GPI-anchored pro-
tein that participates in the biogenesis and elongation of �-
1,3-glucan chains, and is important for fungal growth [52].
As a membrane-anchored protein, we did not expect to ob-
serve such a high concentration in the extracellular medium,
although it has a signaling peptide indicating secretion.

At first, we believed that this was a response to nitro-
gen starvation, but we identified the same protein as well
as a glycosylphosphatydilinositol phospholipase in the su-
pernatant of T. harzianum ALL42 when cultivated in TLE
medium supplemented with F. oxysporum cell walls (Ra-
mada et al., unpublished data), though in a lower concen-
tration than in MM+FSCW. This may reflect a process of
protein cleavage for protein turnover, or may be related to
cell-morphogenesis processes, or alternatively may be impor-
tant for another physiological process as yet undetermined,
since one �-1,3-glucanosyltransferase from Saccharomyces
cerevisiae has been shown to be involved in transcriptional
silencing [53].

The proteins endoglucanase (GH12), cellobiohydrolase
I (GH7) and cellobiohydrolase II (GH6), involved in the
degradation of cellulose polymers, were only observed in
MM+FSCW, while �-glucosidase, was also observed in
TLE+FSCW. Endoglucanase and �-glucosidase-specific en-
zymatic activities were higher in MM+FSCW than in
TLE+FSCW, while exoglucanase activity was only observed
in this condition (Table 3). Gene expression analysis con-
firmed that these genes were overexpressed on MM+FSCW
(Table 2) when compared to the other two, suggesting nitro-
gen regulation, although Ilmen et al. [54] reported that carbon
and nitrogen starvation is not sufficient to trigger significant
expression of cellulolytic genes on Trichoderma reesei.

3.4 Proteases

Although there was a greater number of protein spots identi-
fied as CAZymes, a large set of different proteases were also
identified in the three different conditions. Proteases may
play important roles in host cell lysis by attacking lipids and
proteins, which are also a part of the cell-wall, and in the
inactivation of enzymes secreted by phytopathogens during
the infection process in plants, as well as in self-protein re-
cycling [55, 56]. Trichoderma may have one of the largest sets
of proteases among fungi [57]. Around 20% of the predicted

Trichoderma proteases possess a signal peptide and are there-
fore destined for the secretory pathway. Druzhinina et al. [26]
observed that the dominant groups were aspartyl proteases,
serine proteases, subtilisin-like proteases, dipeptidyl pepti-
dases and tripeptidyl peptidases, although the larger set of
proteases identified in our study included members of the
serine protease, subtilisin-like protease and metalloprotease
classifications.

An aspartic protease (asp2), which was previously be-
lieved to be only expressed when induced with fungal cell
walls [28], was identified only on TLE+GLU. One other pro-
tease was only observed in TLE+GLU, and was identified
as a propeptidase from the family s53, a serine tripeptidyl
peptidase (tripep). Gene expression analysis showed that
these genes are overexpressed on TLE+GLU (Table 2), and a
higher specific activity was also observed for acid proteases in
this supernatant (Table 3). The pH in TLE+GLU was around
2.3, suggesting that these proteases are pH-regulated.

Another aspartic protease (asp1) was observed only on
MM+FSCW, and gene expression analysis confirmed its
overexpression in this condition. Aspartic proteases have
been mostly associated with proteolytic degradation. In
T. reesei, an aspartic protease with the same molecular weight
as the one observed in our study was isolated under a
cellulose-inducing condition and was involved in the degra-
dation of this GH [58]. Asp1 and the cellulase proteins were
only identified in MM+FSCW, indicating that this enzyme
expression might act in a similar manner to the one isolated
from T. reesei.

The majority of extracellular proteases related to biocon-
trol processes in Trichoderma spp. have been characterized as
serine proteases. In our study we identified two subtilisin-like
serine proteases (serin33 and serin75), but serin75 was only
observed on TLE+FSCW, and gene expression confirmed its
overexpression in this condition. However, Trichoderma pro-
teases are not only efficient against fungi, but are also impor-
tant for the control of other phytophatogens. The trypsin-like
protease identified was isolated from T. harzianum, charac-
terized and displayed nematicidal activity [59]. This nemati-
cidal activity was also observed for the serine protease sprt,
(matched in our study to a SprT from T. koningii) character-
ized from T. pseudokoningii, that showed closer similarity to
nematicidial serine proteases from nematode parasistic fungi
than to serine proteases from Trichoderma [60].

Four metalloproteases (M36, M28 and two M14) were
also induced by FSCW, indicating that these enzymes may
play roles in this process, as is the case for the serine pro-
teases and some aspartyl proteases [26]. The two M14 pro-
teins were identified in the same spot, showing similar pre-
dicted MW and pI, while the genes encode for predicted
442 and 422 amino acid proteins. Both were overexpressed
in MM+FSCW, while M36 and M28 were overexpressed in
TLE+FSCW. The high diversity of proteases secreted by T.
harzianum in the mycoparasitic-related conditions may re-
flect a synergistic system for the efficient use of proteins by
this mycotrophic fungus.
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3.5 Other functions

One of the largest groups of proteins secreted by Trichoderma
is the small secreted cysteine-rich proteins (SSCPs). They
were identified under the criteria that they should be � 300
amino acids long and contain four or more cysteine residues
[61]. This group is subdivided into four groups [13]. The only
protein that was observed in all three conditions was epl1.
Seidl et al. [62] suggests that this protein is constitutively
expressed by Trichoderma atroviride. Epl1 is a protein that
belongs to the second SSCP group, the cerato-platanin protein
family, associated with the induction of defense responses in
plants [62, 63]. Gene expression analysis showed that epl1 is
overexpressed on TLE+GLU (Table 2). Another SSCP pro-
tein was identified in our study (cys). This protein is 143
amino acid residues long and has 18 cysteine residues. Gene
expression was similar for the mycoparasitic-related condi-
tions, and was overexpressed when compared to TLE+GLU.
Apparently, this protein belongs to the fourth group of SS-
CPs, the largest and most unique group, but with no function
assigned so far.

The protein identified as npp1 is an interesting protein
that might act as another inducer of plant resistance. In-
filtration of npp1 from Phytophthora sp. into leaves of Ara-
bidopsis thaliana plants results in transcript accumulation of
pathogenesis-related (PR) genes, production of reactive oxy-
gen species (ROS) and ethylene, callose apposition and hyper-
sensitive response-like cell death [64]. The npp1 gene might
be induced by some elicitor from the fungal phytopathogen
or by some mechanism other than the presence of the plant,
since npp1 was overexpressed in the presence of FSCW.

The remaining identified proteins/genes (cdb13, cdb19
and glut) did not show any match with Pfam database search
or with a class with known function. They were overex-
pressed in FSCW supplemented media, but their role in
mycoparasitic-related condition is still unknown.

In this study, we were able to identify a larger number
of different proteins, when compared to previous studies,
which are potentially involved in the response of T. harzianum
ALL42 to F. solani. From the 37 different proteins identified
from the secretome, just four genes (chit42, chit33, b16gluc
and b134gluc) were also identified on the transcriptome anal-
ysis of T. harzianum ALL42 in response to FSCW by EST
library [16] and subtractive library hybridization [17], high-
lighting the importance of proteomics as a powerful approach
to analyze and obtain novel information from mycoparasitic-
related conditions.

4 Concluding remarks

The nature of fungal secretomes is closely dependent on their
biotic and abiotic environment, a property that depends on the
ecological spectrum of fungal species. The structure of these
secretomes consists of hydrolases necessary to the fungal food
supply. Different strata of effectors can increase the fungal

secretome “strike force,” as manifested by the production of
isoforms/multiforms of hydrolases functionally required in
different physicochemical environments, and/or synthesis of
specific protective proteins [65].

Trichoderma harzianum secretes a complex protein profile
according to the environment in which the fungus finds it-
self. Several proteomic, ESTs, RNA-seq or prediction studies
have been or are being performed in an attempt to obtain
novel information concerning the important and characteris-
tic process from Trichoderma spp, known as mycoparasitism.
The number of genes/proteins related to mycoparasitism is
growing fast, showing a high level of diversity of proteins that
does not include only cell wall degrading enzymes, such as
chitinases, �-1,3-glucanases and proteases. Proteins that dis-
play functions related to the symbiotic interaction with plants
are also secreted, probably including proteins that interact
with other microorganisms from the environment, as well
as a host of other genes/proteins without known functions.
The synergism between enzymes and metabolism is reported
in the literature and represents an efficient strategy for Tri-
choderma´s opportunistic success. Many studies have been
carried out using cell wall, a complex structure, as an inducer
of Trichoderma´s arsenal in order to visualize its potency in
these mycoparasitic-related conditions.

A wider view of the process allows the identification of
many proteins that might be involved at a given moment or
in a given mechanism, but the lack of information in the
databases is a rising concern in the era of data generation.
Further gene or protein studies are necessary in order to
validate the prediction studies and the assigned functions
for many genes/proteins identified by large-scale analyses
such as EST analysis, RNA-seq and proteomics. We believe
that this is the next step for a better understanding of the
mycoparasitism of Trichoderma along with the study of the
complex Trichoderma–phytopathogen interaction.
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