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Functional Analysis of a Subtilisin-like Serine Protease Gene from 
Biocontrol Fungus Trichoderma harzianum

The subtilisin-like serine protease gene ThSS45 has been 
cloned from Trichoderma harzianum ACCC30371. Its cod-
ing region is 1302 bp in length, encoding 433 amino acids, 
with a predicted protein molecular weight of 44.9 kDa and 
pI of 5.91. ThSS45 was shown by RT-qPCR analysis to be 
differentially transcribed in response to eight different treat-
ments. The transcription of ThSS45 was up-regulated when 
grown in mineral medium, under carbon starvation, and 
nitrogen starvation, and in the presence of 1% root powder, 
1% stem powder, and 1% leaf powder derived from Populus 
davidiana × P. bolleana (Shanxin poplar) aseptic seedlings. 
The highest increase in transcription approached 3.5-fold 
that of the control at 6 h under induction with 1% poplar 
root powder. The transcription of ThSS45 was also slightly 
up-regulated by 1% Alternaria alternata cell wall and 5% A. 
alternata fermentation liquid. Moreover, the analyses of cod-
ing and promoter regions of ThSS45 homologs indicated 
that serine protease may be involved in both mycoparasitism 
and antibiotic secretion. ThSS45 was cloned into the pGEX- 
4T-2 vector and then expressed in Escherichia coli BL21. The 
recombinant protein, with an expected molecular weight of 
approximately 69 kDa, was then purified. When transfor-
mant BL21-ss was induced with 1 mM IPTG for 6 h, the 
purified protease activity reached a peak of 18.25 U/ml at 
pH 7.0 and 40°C. In antifungal assays the purified protease 
obviously inhibited the growth of A. alternata mycelia.

Keywords: Trichoderma harzianum, subtilisin-like serine 
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Introduction

Trichoderma species are used as biological control agents 
against many fungal phytopathogens, including Fusarium 
oxysporum, Sclerotinia sclerotiorum, Cytospora chrysosperma, 
and Rhizoctonia solani (Yang et al., 2013). Proteases, which 

are secreted by Trichoderma species during biocontrol of 
plant diseases, not only enhance plant resistance to biotic 
stresses via root colonization by Trichoderma species (Hanson 
and Howell, 2004; Pozo et al., 2004), but also suppress phyto-
pathogenic fungi by hydrolyzing cell wall proteins (De Marco 
and Felix, 2002; Pozo et al., 2004; Viterbo et al., 2004; Suarez 
et al., 2005; Liu and Yang, 2007; Liu et al., 2009). Further-
more, oligopeptides released from hydrolysis of phytopa-
thogenic fungal proteins may play important roles in recog-
nition between Trichoderma species and fungal phytopath-
ogens (Druzhinina et al., 2011). This recognition can trigger 
a signaling cascade and enhance the expression of secondary- 
metabolite-biosynthesis enzymes and cell wall lytic enzymes, 
and ultimately enhance the biocontrol ability of Trichoderma 
(Druzhinina et al., 2011). Therefore, proteases play signifi-
cant roles in the interaction of Trichoderma with fungal 
phytopathogens.
  The role of proteases in biocontrol has been studied at the 
levels of both transcription and translation. Transcription of 
a serine protease gene, tvsp1, could be induced in wild-type 
Trichoderma virens and three tvsp1-overexpression strains, 
by the purified cell walls of R. solani (Pozo et al., 2004). 
Overexpression of tvsp1 in T. virens strains significantly in-
creased the survival rate of cotton seedlings infected with 
R. solani by 15–32% over the wild-type strain (Pozo et al., 
2004). In addition, the aspartic protease gene papA from 
Trichoderma asperellum T-203 is involved in mycoparasi-
tism (Viterbo et al., 2004). Dual plate confrontation assays 
with the plant pathogen R. solani revealed a 4-fold induc-
tion in papA transcription in the presence of the pathogen 
prior to physical contact (Viterbo et al., 2004). Aspartic pro-
tease P6281 (MW 33 kDa and pI 4.3) from Trichoderma har-
zianum CECT 2413 was also highly induced by cell walls of 
fungal pathogens Pythium ultimum, Botrytis cinerea, and 
R. solani (Suarez et al., 2005). Moreover, the purified protease 
from an 18.8 kDa protease-overproducing T. harzianum 
strain substantially hydrolyzed the cell wall of the phyto-
pathogen Crinipellis perniciosa 48 h after contact (De Marco 
and Felix, 2002). Protease activity has been detected not only 
in wild-type and protease-overproducing Trichoderma spe-
cies, but also in heterologous overexpression strains. The 
aspartic protease gene SA76 (Liu and Yang, 2007), serine pro-
tease gene SL41 (Liu et al., 2009), and subtilisin-like serine 
protease gene SS10 (Liu and Yang, 2009) from T. harzianum 
T88 have been expressed in Saccharomyces cerevisiae, and 
the aspartic protease gene TaAsp from T. asperellum T4 has 
been expressed in Pichia pastoris (Yang et al., 2013). The 
activity of these four heterologously expressed proteases was 
analyzed, and they were found to inhibit the growth of five 
phytopathogenic fungi. For example, recombinant SA76 
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Table 1. Primers for RT-qPCR

Gene 
name

Primers 
name Sequence (5 →3 ) Tm 

(°C)
Size of 

product 
(bp)

ThSS45 Yss-L CCTCATCAAGAACCTCGCTACC 58 89
Yss-R GGTTGGCGTTGTTGGCAATG

α-Tubulin atu-L TGGTATGTCGGTGAGGGCATG 59 93
atu-R GGCGGCAACCTCTTCGTAGT

actin Act-L CGACCGACTCAACAATGAGCTG 58 88
Act-R GAATCTACGCTCGCTCGACAAG

inhibited the radial growth of five phytopathogenic fungi 
(Alternaria alternata, F. oxysporum, C. chrysosperma, R. 
solani, and S. sclerotiorum) by 7–38% (Liu and Yang, 2007). 
Thus, studying proteases from Trichoderma species is sig-
nificant for developing approaches to detect and increase 
the biocontrol activity of beneficial fungi (Liu and Yang, 
2009). The T. harzianum ACCC30371 strain is an excellent 
biocontrol agent against many kinds of phytopathogenic 
fungi (Ding et al., 2012), but there are no reports on whether 
proteases are involved in the biocontrol activity of this strain. 
Thus, further research is required to identify the function 
of protease genes in the T. harzianum ACCC30371 biocon-
trol process.
  In this study, the subtilisin-like serine protease gene ThSS45 
from biocontrol strain T. harzianum ACCC30371 was cloned 
and its sequence was analyzed. The transcription of ThSS45 
was also studied by RT-qPCR in response to eight nutri-
tional conditions (including exposure to Shanxin poplar and 
its fungal host). Coding and promoter regions of ThSS45 
homologs were analyzed. In addition, ThSS45 was cloned 
into the pGEX-4T-2 vector and then expressed in Escherichia 
coli BL21. The recombinant protease was purified and its 
enzymatic and antifungal activities were assayed to further 
verify its biocontrol function.

Materials and Methods

Strains, plasmids, and plant material
T. harzianum ACCC30371 was obtained from the Agricul-
tural Culture Collection of China. E. coli strain TOP10 and 
vector pMD18-T were obtained from TakaRa Biotechnology 
Co. (China). E. coli BL21 and prokaryotic expression vector 
pGEX-4T-2 were from GE Healthcare (UK). Phytopatho-
genic fungus A. alternata (poplar leaf wither) was obtained 
from the Forestry Protection Laboratory, Northeast Forestry 
University of China. Aseptic Populus davidiana × Populus 
bolleana (Shanxin poplar) seedlings were cultured in 0.5× 
Murashige and Skoog (MS) differentiation medium (supple-
mented with 0.05 mg/L α-naphthalene acetic acid (NAA), 
0.5 mg/L 6-benzyladenine (6-BA), 20 g/L sucrose, and 6.0 g/L 
agar at pH 5.8) and liquid rooting medium, woody plant 
medium (WPM) (supplemented with 0.4 mg/L indole-3- 
butyric acid (IBA) and 20 g/L sucrose at pH 5.8), at 25°C 
under a 16/8 h light/dark cycle (Faisal et al., 2012).

Gene cloning and bioinformatic analysis
The full-length cDNA sequence of ThSS45 was obtained from 
the transcriptome database of T. harzianum ACCC30371, 
according to a BLASTX search result. Primers for ThSS45 
cloning were ss-1 (5 -TCATCTCGCATCTCCAAGTCCT-3 ) 
and ss-2 (5 -CGGATAAGCAGATGAGATGTCG-3 ). The 
PCR conditions were 94°C for 3 min; 35 cycles of 94°C for 
30 sec, 56°C for 40 sec, and 72°C for 80 sec; 72°C for 7 min. 
The amplified fragment was purified and ligated into the vec-
tor pMD18-T according to the manufacturer’s instructions 
and then sequenced (Shanghai Sangon Co., China).
  The ThSS45 amino acid sequence was used as a query to 
search for similar coding sequences with tBLASTN in the 

genome databases of Trichoderma atroviride ATCC74058, 
T. virens Gv29-8, T. harzianum CBS 226.95, and T. asperel-
lum CBS 433.97 (http://genome.jgi-psf.org/). Bioinformatic 
analysis was performed according to the methods of Mijiti 
et al. (2012), Tamura et al. (2011), and Liu and Yang (2009). 
Furthermore, the 1,500 bp upstream fragments of these cod-
ing regions were obtained as predicted promoter regions. 
Regulatory motifs in these regions were predicted using the 
Promoter Database of Saccharomyces cerevisiae (http://rulai. 
cshl.edu/SCPD/) and the STRING tool (Franceschini et al., 
2013).

Transcription analysis of ThSS45 in T. harzianum
The transcription of ThSS45 in response to eight inducing 
conditions was studied, namely mineral medium (MM) 
with 0.5% (w/v) glucose and 0.5% (w/v) ammonium sulfate 
(Penttilä et al., 1987), carbon starvation (0.5% (w/v) ammo-
nium sulfate in MM without glucose), nitrogen starvation 
(0.5% (w/v) glucose in MM without ammonium sulfate), 
and variable carbon source in MM (0.5% (w/v) ammonium 
sulfate) as follows: 1% (w/v) root powder, 1% (w/v) stem 
powder, or 1% (w/v) leaf powder from Shanxin poplar, 1% 
(w/v) powdered cell walls of A. alternate, and 5% (v/v) fer-
mentation supernatant of A. alternata grown in 0.25× po-
tato dextrose (PD) (Difco, USA) medium for 10 days.
  Root, stem, and leaf powders for studying induction of 
ThSS45 transcription were prepared by grinding the res-
pective parts of 30-day-old aseptic poplar seedlings with a 
height of 10 cm and a root length of 3.0 cm into powder. 
To prepare fungal phytopathogen cell walls, A. alternata 
spores were inoculated into 0.25× PD medium and cultured 
at 25°C and 170 rpm for 36 h. Mycelia were collected by gauze 
filtration, then ground into powder, which was washed five 
times with sterile water and collected by centrifugation at 
8000 × g for 15 min. Fungal cell walls were prepared accord-
ing to the description of Fleet and Phaff (1974).
  A total of 1 × 106 conidia from T. harzianum (6 days of age) 
were inoculated into 180 ml of 0.25× PD and grown at 28°C 
in a shaker at 200 rpm for 48 h. Mycelia were filtered, washed, 
grown in MM for 2 h and then in one of the different induc-
ing media for 72 h. Induction experiments were performed 
in triplicate (three flasks per inducing medium). Twenty-five 
milliliters of mycelia per flask were mixed and collected at 
0, 2, 6, 12, 24, 48, and 72 h post-induction, and then stored at 
-80°C. Total RNA was extracted from mycelia using Trizol 
reagent (Invitrogen, USA), digested by DNaseI (Promega, 
USA), and reverse-transcribed into cDNA using a PrimeScript 
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RT Kit (TaKaRa) according to the manufacturer’s instruc-
tions. The transcription level of ThSS45 in T. harzianum 
was evaluated by RT-qPCR according to the 2−ΔΔCt method 
(Livak and Schmittgen, 2001; Schmittgen and Livak, 2008; 
Liu et al., 2010), using cDNA as a template and actin and 
α-tubulin as reference genes. Three RT-qPCR replicates per 
cDNA sample were performed. All of the above experiments 
were performed three times. Primer pairs for RT-qPCR (Table 
1) were designed using Primer 6.0 software (PREMIER Bio-
soft Co., USA).

Vector construction and E. coli transformation
To express the ThSS45 protein in E. coli, the primers ss-3 
(5 -TGCGGATCCATGCCTTTCCATAACCGCCACTCG
CT-3 , BamHI site underlined) and ss-4 (5 -CATGAATT 
CCGAGGTTGGCGTTGTTGGCAATGAGG-3 , EcoRI site 
underlined) were used to amplify the region of ThSS45 that 
encodes the mature protein. The recombinant vector pGEX- 
ss and the transformant BL21-ss were obtained using the 
method of Tu et al. (2005).

SDS-polyacrylamide gel electrophoresis (PAGE)
The recombinant transformant BL21-ss and control trans-
formant BL21-pGEX were inoculated into 10 ml of LB broth 
(containing 50 μg/ml ampicillin) and grown at 37°C and 
160 rpm for 12 h. Cultures of BL21-ss and BL21-pGEX in 
logarithmic phase (OD600 = 0.5–0.6) were induced for 5 h 
with 1 mM isopropyl-β-D-thiogalactopyranoside (IPTG) at 
30°C and 160 rpm. The E. coli cells were harvested by cen-
trifugation at 12000 × g for 5 min after culturing for 1, 2, 3, 
4, and 5 h. The induced cells were processed using E. coli 
Protein Extraction Solution (HaiGene, China) following the 
manufacturer’s instructions. After adding 1× loading buffer, 
the supernatants and the cell pellets were boiled for 5 min, 
centrifuged for 10 min at 8,000 × g, and loaded onto a 12% 
(v/v) polyacrylamide gel for SDS-PAGE. Recombinant pro-
tein ThSS45 was purified using the method of Sun et al. 
(2012).

Measurement of enzyme activity
The purified recombinant protein ThSS45 (0.3 ml) and 
0.5% (w/v) casein solution (0.3 ml) in NaH2PO4-K2HPO4 
buffer (pH 6.0–8.0) were pre-incubated at 40°C for 5 min 
and then mixed. The mixture was incubated at 40°C for 10 
min, and then 1.2 ml of 0.4 M trichloroacetic acid was added 
to the mixture to stop the reaction. The reaction mixture 
was centrifuged at 13000 × g and 4°C for 15 min. The su-
pernatant (0.3 ml) was mixed with 1.5 ml of 0.4 M sodium 
carbonate and 0.3 ml of Folin phenol reagent. The mixture 
was incubated at different temperatures (25–55°C) for 20 
min. The tyrosine content in the supernatant was deter-
mined colorimetrically at 660 nm using the Folin-phenol 
method (Lowry et al., 1951). The heat-denatured protease 
ThSS45 served as the control. Four replicates were performed 
for each experiment. One unit activity of protease was de-
fined as the amount of enzyme that catalyzes the release of 
1 mg of L-tyrosine/min under the above conditions (Liu and 
Yang, 2007).

Anti-fungal activity assay
To prepare agar plates for the anti-fungal activity assay, the 
purified recombinant protease ThSS45 was added to potato 
dextrose agar (PDA) (Difco, USA) medium at a final con-
centration of 10% (v/v). The same volume of heat-denatured 
protease ThSS45 was added to PDA medium as a control. 
A disc of A. alternata mycelia (5 mm diameter) was in-
oculated at the center of the PDA agar plate and cultured at 
28°C. Ten replicates were performed. Growth diameters of 
the pathogens were measured 5 d post-inoculation, and the 
growth inhibition rate was calculated by the method of Liu 
and Yang (2007).

Results

Sequence analysis of subtilisin-like serine protease ThSS45
The cDNA sequence of the subtilisin-like serine protease gene 
ThSS45 is 1,302 bp in length, encoding a protein of 433 aa 
with a calculated molecular weight of 44.9 kDa and a pI of 
5.91. The cDNA sequence was deposited in GenBank under 
the accession number KC876057. Analysis of the amino acid 
sequence identified a signal sequence cleavage site between 
positions Ala21 and Met22. ThSS45 is a member of the 
“Peptidases_S8_PCSK9_ProteinaseK_like family” (Pf00082) 
(Fig. 1A), and is a stable extracellular protease. Furthermore, 
MEROPS BLAST analysis of the amino acid sequence re-
vealed that protease ThSS45 from T. harzianum ACCC30371 
belongs to the subfamily S8A. The ThSS45 amino acid se-
quence shares 95.3% (E-value = 1.5e-142) and 69.4% (E-value 
= 3.6e-100) identity with known subfamily S8A unassigned 
peptidases (ABK64119) from T. harzianum T88 and Neuro-
spora crassa, respectively (Rawlings et al., 2012). Two poten-
tial N-glycosylation sites (Asn41-Met-Thr and Asn211-Asp- 
Thr) were identified in the ThSS45 amino acid sequence by 
the NetNGlyc 1.0 server (http://www.cbs.dtu.dk/services/ 
NetNGlyc/).
  BLASTP analysis indicated that the amino acid sequence of 
protease ThSS45 has a peptidase S8 family domain that is 
common to protease K-like proteins. Protease K is a secreted 
endopeptidase with a high degree of sequence conservation. 
It can hydrolyze keratin and other proteins with subtilisin- 
like specificity (Marchler-Bauer et al., 2013). To further iden-
tify the characteristics of the ThSS45 amino acid sequence, 
a MOTIFS search and a multiple sequence alignment were 
performed. The amino acid sequence of protease ThSS45 
and twelve similar sequences from the BLASTP results were 
analyzed. The three characteristic sequence domains, seven 
active site residues, and two calcium binding sites of pepti-
dase S8 were all highly conserved (Fig. 1B). The MOTIFS 
search showed that the sequence of T. harzianum ACCC 
30371 ThSS45 contained the sequence domains of peptidase 
S8 at amino acid residues 183–194 (AYVVDTGIRVTH), 
218–228 (HGSHVAGTIGG), and 374–384 (GTSMATPHV 
AG). Amino acid residues Asp187, His218, and Ser376 of 
ThSS45 form the catalytic triad of the active site, and the 
other four active site residues are Leu282, Gly283, Asn310, 
and Ser373. Calcium binding site 1 is composed of amino 
acid residues Pro324, Ala326, and Asp350, and calcium 



132 Fan et al.

      (A)

     (B).

Fig. 1. Multiple sequence alignment of partially conserved domains in different subtilisin-like serine (SS) protease amino acid sequences. (A) Putative con-
served domains of the ThSS45 protease from T. harzianum ACCC30371. B, Multiple sequence alignment of the partially conserved domain in SS proteases; 
KC876057 indicates ThSS45 from T. harzianum ACCC30371 used in the current study. The catalytic motifs of subtilisin-like serine proteases are shown 
with gray background. Catalytic residues are boxed. Active site residues are in bold italics. Calcium binding site 1 is marked in bold type, and calcium 
binding site 2 is marked in bold and underlined. 

binding site 2 is made up of residues Ile159, Ser162, and 
Asn163 (Fig. 1B). These results further confirm that the 
ThSS45 protein of ACCC30371 is a member of the sub-
tilisin-like serine protease family.

Phylogenetic tree
A phylogenetic tree from amino acid sequences of subtili-
sin-like serine proteases was constructed based on multiple 
sequence alignment (Fig. 1B). The evolutionary distances 

ranged from 0–0.35. The phylogenetic analysis revealed 
that subtilisin-like serine proteases from Trichoderma clus-
ter in the same branch (Fig. 2).

Analyses of the coding and promoter regions of sequences 
similar to ThSS45
Twenty-one sequences that were homologous to ThSS45 were 
obtained from the genomes of four biocontrol Trichoderma 
species (Table 2). The genomes of T. atroviride, T. virens, 



Characterization of serine protease gene ThSS45 from Trichoderma 133

Table 2. Coding genes and promoters of ThSS45-similar sequences 
Gene 
and 

promoter
Location of gene on 

chromosome
Similarity to 

amino acid of 
ThSS45 (%)

Number of 
exons

Number of 
introns AA pI MW

(kDa)
Cleavage site of 
signal peptide CD

SS1-Tat

SS1-TatP

scaffold_11:
90955–92477(−)
92478–93977(−)

81 4 3 439 5.74 45.19 15//16: AAA–LP 163–416

SS2-Tat

SS2-TatP

scaffold_1:
86459–88053(−)
88054–89553(−)

43 3 2 409 6.40 42.27 20//21: VLA–AP 130–388

SS3-Tat

SS3-TatP

scaffold_4:
1879532–1880898(−)
1880899–1882398(−)

42 3 2 418 6.57 45.60 20//21: ITA–LP 138–398

SS4-Tat

SS4-TatP

scaffold_1:
5552932–5554166(−)
5554167–5555666(−)

40 3 2 371 5.90 37.89 No 101–325

SS5-Tat

SS5-TatP

scaffold_8:
226251–228890(+)
224751–226250(+)

39 4 3 633 5.88 68.00 No 256–533

SS1-Tvi

SS1-TviP

scaffold_3:
1001421–1002769(−)
1002770–1004269(−)

90 4 3 388 5.67 39.96 No 112–366

SS2-Tvi

SS2-TviP

scaffold_18:
661146–662949(+)
659646–661145(+)

46 3 2 409 6.59 42.34 20//21: VLA–AP 130–388

SS3-Tvi

SS3-TviP

 scaffold_9:
355685–357006(+)
354185–355684(+)

45 3 2 402 7.17 41.99 20//21: VLA–AP 126–378

SS4-Tvi

SS4-TviP

scaffold_10:
1029518–1031340(+)
1028018–1029517(+)

46 3 2 391 5.98 40.42 15//16: VLA–AP 117–367

SS5-Tvi

SS5-TviP

scaffold_4:
1083966–1085310(+)
1082466–1083965(+)

39 3 2 407 6.27 43.78 20//21: VTA–YP 134–387

SS6-Tvi

SS6-TviP

scaffold_10:
1166934–1169073(+)
1165434–1166933(+)

36 2 1 539 5.81 57.31 No 160–437

SS1-Tha

SS1-ThaP

scaffold_6:
1492679–1494156(+)
1491179–1492678(+)

100 4 3 433 5.91 44.91 21//22: AAA–MP 157–411

SS2-Tha

SS2-ThaP

scaffold_3:
3071034–3072619(+)
3069534–3071033(+)

45 3 2 409 6.40 42.48 20//21: VLA–AP 130–388

SS3-Tha

SS3-ThaP

scaffold_11:
1032060–1033521(+)
1030560–1032059(+)

47 3 2 380 5.52 39.03 No 106–356

SS4-Tha

SS4-ThaP

scaffold_9:
1349423–1350792(–)
1350793–1352292(–)

36 3 2 408 6.06 43.65 20//21: VTA–LP 135–386

SS5-Tha

SS5-ThaP

 scaffold_11:
1164822–1166952(+)
1163322–1164821(+)

35 2 1 539 5.43 57.60 16//17: AQA–ST 161–438

SS1-Tas

SS1-TasP

scaffold_7:
783056–784580(−)
784581–786080(−)

78 4 3 438 5.91 45.20 15//16: AAA–LP 162–415

SS2-Tas

SS2-TasP

scaffold_5:
2272226–2274070(+)
2270726–2272225(+)

44 3 2 409 6.80 42.46 20//21: VLA–AP 130–387

SS3-Tas

SS3-TasP

scaffold_1:
3758894–3760129(−)
3760130–3761629(−)

43 3 2 371 5.60 37.97 No 101–325

SS4-Tas

SS4-TasP

scaffold_10:
880180–881513(+)
878680–880179(+)

43 3 2 402 6.57 43.99 20//21: IAA–LP 128–382

SS5-Tas

SS5-TasP

scaffold_18:
33698–35800(+)
32198–33697(+)

39 2 1 539 5.43 57.53 No 160–437

The subtilisin-like serine protease genes were named in the order that they were retrieved. SS, subtilisin-like serine protease; Tat, T. atroviride ATCC74058; Tvi, T. virens 
Gv29-8; Tha, T. harzianum CBS 226.95; Tas, T. asperellum CBS 433.97; AA, number of amino acids; pI, isoelectric point; MW, molecular weight of protein; CD, conserved domain; 
(+), plus strand coding; (−), minus strand coding. 
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Table 3. Number of element-binding motifs in promoters of ThSS45-similar sequences and descriptions of the function of elements
Element name TasP TatP ThaP TviP Total Function descriptiona

GCN4 27 27 27 33 114 amino acid biosynthesis and multiple stress responses
HSE 6 6 4 5 21 heat stress response
STRE 2 1 4 4 11 multiple stress responses
AP-1 0 0 1 2 3 involved in pleiotropic drug resistance
GCR1 24 20 20 23 87 glycolytic genes transcriptional activator
GAL4 1 1 1 1 4 contributes to converting galactose to glucose
ADR1 7 9 12 20 48 glucose-repressible alcohol dehydrogenase transcriptional activator 
ABF1 3 4 4 5 16 transcriptional activator
TBP 2 4 2 2 10 directing the transcription of genes
MIG1 0 0 3 1 4 involved in glucose repression of some gene expression

TatP, TviP, ThaP, TasP: Promoters of ThSS45-similar sequences in genomes of T. atroviride ATCC74058, T. virens Gv29-8, T. harzianum CBS 226.95 and T. asperellum CBS 
433.97, respectively. a Functional descriptions were obtained by searching the Saccharomyces Genome Database (SGD) (http://www.yeastgenome.org/).

Fig. 2. Phylogenetic analysis of amino acid 
sequences of subtilisin serine proteases from 
13 different fungi. KC876057 indicates ThSS45
from T. harzianum ACCC30371 used in this 
study. The tree was constructed by the max-
imum likelihood method using the MEGA 
5.1 program. The numbers next to the bran-
ching points indicate the percentages with 
which a given branch was supported in 1000 
bootstrap replicates. Scale bar: 0.05 represents
5% amino acid difference in protein evolution.

T. harzianum, and T. asperellum contained five, six, five, 
and five ThSS45-similar sequences, respectively (Table 2). 
The similarity of their amino acid sequences to ThSS45 
ranged from 35–100%. The numbers of exons in the coding 
regions of these sequences ranged from two to four, and 
the number of corresponding introns ranged from one to 
three. The number of amino acids ranged from 371–539, 
and predicted molecular weights ranged from 37.9–58.0 
kDa. Fourteen sequences contained signal peptide cleavage 
sites. Among them, nine cleavage sites were between posi-
tions 20 and 21. The conserved domains were mostly com-
posed of 250–260 amino acids. Except for protease SS3-Tvi, 
most serine proteases in the four genomes could be classi-
fied as acidic proteases according to their isoelectric point 
(pI) (Table 2). The calculated pI of 7.17 for SS3-Tvi indicated 
that this serine protease could hydrolyze protein under al-
kaline conditions. This means higher functional stability in 
hydrolyzing phytopathogenic fungal protein during myco-
parasitism of Trichoderma species.
  The names of promoters of ThSS45-similar sequences and 
their locations in the genomes of the four biocontrol Tri-
choderma species are shown in Table 2. The functional des-
criptions of regulatory motifs in promoter regions are shown 
in Table 3, and their locations in the promoter regions are 
shown in Fig. 3. They are involved in stress response, glu-
cose hydrolysis, ethanol metabolism, transcription enhance-
ment, and repression of gene expression. Many motifs were 

related to the biocontrol of Trichoderma species. The pres-
ence of these motifs further verified that serine proteases 
are involved in biocontrol by Trichoderma species. For in-
stance, four alcohol dehydrogenase regulator 1 (ADR1) bin-
ding motifs in SS1-ThaP may confer on T. harzianum the 
ability to generate high levels of antifungal chemical sub-
stances such as acetaldehyde (Fig. 3).

Transcription of ThSS45 in response to eight different in-
duction conditions
To investigate the transcription of ThSS45 in response to 
plant and fungal phytopathogens, RT-qPCR was performed. 
The RT-qPCR analysis indicated that transcription of ThSS45 
was differentially regulated by different culture conditions. 
The transcription of ThSS45 was up-regulated in cultures 
supplemented with 1% (w/v) root, stem, and leaf powders 
from the Shanxin poplar, with peak transcription increases 
of 3.47-, 2.28-, and 2.65-fold at 6, 12, and 6 h of culture, re-
spectively (Fig. 4D–4F). The transcription of ThSS45 was 
slightly up-regulated in media containing 1% (w/v) A. alter-
nata cell wall and 5% (v/v) A. alternata fermentation liquid, 
at 6 h and 12 h post-induction, reaching levels of 1.40 and 
1.50 times those of pretreatment, respectively (Fig. 4G and 
4H). In addition, the impact of carbon or nitrogen starva-
tion on the transcription of ThSS45 was studied. The tran-
scription of ThSS45 was up-regulated in normal, carbon- 



Characterization of serine protease gene ThSS45 from Trichoderma 135

Fig. 3. Regulatory element-binding motifs in promoters of ThSS45-sim-
ilar sequences from four biocontrol Trichoderma genomes. 

deficient, and nitrogen-deficient MM media, in which the 
transcription peaks were 3.83, 2.15, and 2.02 times those of 
the control at 72, 12, and 72 h, respectively (Fig. 4A–4C). In 
summary, the transcription of ThSS45 was mainly up-regu-
lated under the eight different conditions. Both plant and 
plant pathogenic fungi triggered ThSS45 transcription, and 
the transcription peak was obtained within 12 h of treatment.

Heterologous expression of ThSS45 in E. coli BL21
Compared to the control transformant BL21-pGEX, the re-
combinant transformant BL21-ss produced a clear protein 
band with a molecular weight of approximately 69 kDa on 
the SDS-PAGE gel (Fig. 5A). This result indicated that pro-
tease ThSS45 had been successfully synthesized in the E. 
coli cells. The recombinant protein was also successfully 
purified (Fig. 5B). The optimal enzyme reaction temperature 
was 40°C and the optimal pH was 7.0 (data not shown). 
When transformant BL21-ss was induced with 1 mM IPTG 
for 6 h, the purified protease activity reached a peak of 18.3 
U/ml at pH 7.0 and 40°C (Fig. 6).

Inhibition of purified recombinant protein ThSS45 on the 
growth of A. alternata mycelia
Purified recombinant protein ThSS45 clearly inhibited the 

growth of A. alternata mycelia on PDA plates (Fig. 7). When 
A. alternata mycelia were cultured for 5 d on PDA plates 
with 10% (v/v) purified protease ThSS45, the inhibition 
rate reached 12%.

Discussion

In this study, the subtilisin-like serine protease gene ThSS45 
was cloned from T. harzianum ACCC30371. The coding 
and promoter regions of ThSS45-similar sequences in the 
genomes of four biocontrol Trichoderma species were also 
analyzed.
  Analysis of the coding regions of sequences homologous 
to ThSS45 from four biocontrol Trichoderma species showed 
there were at least five ThSS45-similar sequences in each 
genome (Table 2), and that these serine proteases may com-
plement each other in the process of Trichoderma myco-
parasitism. Furthermore, bioinformatic analysis revealed that 
many regulatory motifs in promoter regions of ThSS45- 
similar sequences were closely related to the biocontrol role 
of Trichoderma. Binding motifs of stress response elements 
GCN4, HSE, STRE, and AP-1, which are involved in res-
ponse to heat, oxidative and osmotic stress, and drugs, 
were detected in these promoters (Table 3 and Fig. 3). The 
STRE binding motif has also been found in the aspartyl 
protease (papA), basic proteinase (prb1), and endochitinase 
(ech42) gene promoter sequences in T. harzianum (Cortés 
et al., 1998; Delgado-Jarana et al., 2002). The presence of 
stress response element binding motifs indicated the serine 
proteases possess obvious roles in the biocontrol by Tricho-
derma species. Several recognition sites for GCR1 and GAL4, 
which are related to glycolysis and conversion of galactose 
to glucose, respectively, were also detected in the promoters 
(Table 3 and Fig. 3). The presence of these motifs may confer 
Trichoderma species with high glucose hydrolytic ability, sug-
gesting that serine proteases have synergistic effects with 
glucanase on the degradation of phytopathogenic fungal cell 
walls, similar to the phenomenon described by Elad and 
Kapat (1999). ADR1 binding motifs were also found in the 
promoters (Table 3 and Fig. 3). These motifs may contribute 
to the conversion of ethanol to acetaldehyde, which is an 
antifungal secondary metabolite released by Trichoderma 
species (Sivasithamparam and Ghisalberti, 1998). Finally, 
binding sites for TATA-binding protein TBP and trans-
cription activator ABF1 were identified in promoters (Table 
3 and Fig. 3). These may help activate the transcription of 
serine protease genes and increase the biocontrol activity 
of Trichoderma species. In summary, the above results re-
vealed that serine proteases play key roles in the interaction 
of Trichoderma species with phytopathogenic fungi.
  Many biocontrol proteases in Trichoderma species have 
been identified and their transcription patterns have been 
studied under stimulation by phytopathogenic fungi, plants, 
and different carbon or nitrogen sources. In these studies, 
the transcription of protease genes was induced by cell walls 
of phytopathogenic fungi. For example, in the presence of 
cell walls from fungi (C. chrysosperma, R. solani or F. oxys-
porum), SS10 mRNA levels peaked at 4 h, with a strong decay 
of the signal after 12 h (Liu and Yang, 2009). In this study, 
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              (A)                                                       (B)

Fig. 5. SDS-PAGE of recombinant protein ThSS45 from transformant 
BL21-ss. (A) Unpurified recombinant protein; (B) Purified recombinant 
protein. Arrows indicate the protein ThSS45. Lanes: 1, supernatant of 
control transformant BL21-pGEX induced for 4 h; 2, Cell lysate of con-
trol transformant BL21-pGEX induced for 4 h; 3, Protein marker; 4, 
Supernatant from transformant BL21-ss induced for 3 h; 5, Cell lysate of 
transformant BL21-ss induced for 3 h; 6, Supernatant from transformant 
BL21-ss induced for 4 h; 7, Cell lysate of transformant BL21-ss induced 
for 4 h; 8, Cell lysate of transformant BL21-ss induced for 5 h; 9, Purified 
recombinant ThSS45 protein; 10, Protein marker. 

Fig. 4. Expression of serine protease gene 
ThSS45 in T. harzianum in response to 
eight different culture conditions. X-axis, 
time points; Y-axis, fold change in expre-
ssion, i.e. expression level of treatment/ex-
pression level at 0 h. Con, control gene ex-
pression level at 0 h. Expression levels were 
calculated according to the 2-ΔΔCt method. 
Values represent the mean of three inde-
pendent experiments ± standard deviation. 
(A) MM with 0.5% glucose and 0.5% am-
monium sulfate; (B) carbon starvation; (C) 
nitrogen starvation; (D) 1% Shanxin poplar
root powder; (E) 1% Shanxin poplar stem 
powder; (F) 1% Shanxin poplar leaf pow-
der; (G) 1% A. alternate cell wall; (H) 5% 
fermentation supernatant from A. alternata
grown in 0.25× PD for 10 d. 

transcription of the serine protease gene ThSS45 from T. 
harzianum ACCC30371 was also slightly up-regulated in 
the presence of 1% cell wall or 5% fermentation supernatant 
from A. alternata, as determined by RT-qPCR analysis (Fig. 
4G and 4H). These results indicate that exposure to phyto-
pathogenic fungi could trigger ThSS45 gene transcription, 
resulting in increased biocontrol activity of Trichoderma 
species against fungal phytopathogens.
  The transcription of protease genes from Trichoderma spe-
cies is also up-regulated by plant roots. For example, trans-
cription levels of aspartic protease and subtilisin-like serine 
protease were significantly up-regulated by 2-fold after 20 h 
in a T. harzianum T34-tomato roots interaction model (Rubio 
et al., 2012). In this study, the highest level of induction ap-
proached 3.5 times the control at 6 h, under induction with 
1% poplar root powder. The transcription of ThSS45 could 
also be induced by poplar stem or leaf powders (Fig. 4D– 
4F). This induction of ThSS45 gene transcription shows 
plants can stimulate the biocontrol activity of Trichoderma 
species.
  In addition, the transcription of some biocontrol proteases 
is subject to nitrogen and carbon repression. For instance, 
transcription of serine protease gene SS10 was repressed by 

MM (1% glucose and 0.5% ammonium) and nitrogen star-
vation (1% glucose and 0% ammonium), and weakly in-
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Fig. 6. Effect of inducing time on enzymatic activity of purified protease 
ThSS45. Transformant BL21-ss was induced with 1 mM IPTG and samples 
were collected from 3–9 h post-inoculation at 1-h intervals. Protease was 
purified from the samples and then activity was measured. Activity values 
represent protease activity per ml supernatant from purified protease 
ThSS45. The error bars indicate the mean of four replications ± standard 
deviation. One unit activity of protease is defined as the amount of enzyme 
that catalyzes the release of 1 mg of L-tyrosine/ min at pH 7.0 and 40°C.

    (A)                                            (B)

Fig. 7. Antifungal assay of purified protease ThSS45. Five-day-old A. al-
ternate mycelia grown on a PDA plate supplemented with 10% (v/v) pu-
rified protease ThSS45. (A) Denatured purified protease ThSS45; (B) 
Purified protease ThSS45.

duced by carbon starvation stress (0% glucose and 0.5% 
ammonium) (Liu and Yang, 2009). Transcription of aspartic 
protease gene SA76 (Liu and Yang, 2007) and serine pro-
tease gene SL41 (Liu et al., 2009) was repressed by MM (2% 
glucose and 0.5% ammonium), and weakly induced under 
carbon or nitrogen starvation. In the current study, the regu-
latory motif search revealed the presence of MIG1-binding 
motifs in promoters SS1-ThaP, SS3-ThaP, and SS5-ThaP 
(Fig. 3). The regulatory motif for MIG1 is related to glucose 
repression (Westholm et al., 2008). The MIG1-binding motif 
is functionally similar to motifs of the carbon catabolite re-
pressor CreA, which was found in the basic protease gene 
(prb1) and aspartic protease gene (P6281) promoter se-
quences of T. harzianum (Cortés et al., 1998; Suarez et al., 
2005). However, the transcription of ThSS45 from T. har-
zianum ACCC30371 was not repressed by glucose or nitro-
gen. The peak transcription level of ThSS45 in mycelia was 
3.83 times that of the control at 72 h in MM culture (0.5% 
glucose and 0.5% ammonium sulfate). Transcription of 
ThSS45 was also up-regulated, to peak at more than 2-fold 
that of the control, in response to carbon or nitrogen starva-

tion (Fig. 4A–4C). The main difference between the present 
study and previous studies is that we used glucose concen-
trations 0.25–0.5 times those of the other studies (Suarez et 
al., 2004; Viterbo et al., 2004; Liu and Yang, 2007, 2009; 
Liu et al., 2009). This suggested that glucose repression of 
protease gene transcription may be heavily dependent on 
the concentration of glucose. Further investigations will be 
required to determine how the role of protease ThSS45 in 
the mycoparasitic process is affected by environmental fac-
tors. In summary, the transcription of subtilisin-like serine 
protease could be induced by both pathogenic fungi and 
their host plant, including both the herbaceous and woody 
parts of the plant.
  In this study, the subtilisin-like serine protease gene ThSS45 
was cloned and its characteristics were analyzed by bioin-
formatic methods. Furthermore, ThSS45 was expressed in 
E. coli. Enzymatic activity and antifungal ability of the pu-
rified recombinant protease ThSS45 were further assayed. 
These results may provide theoretical support and a prac-
tical reference for the development of biological protease 
fungicides from T. harzianum.
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