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The genus Trichoderma comprises more than 400 species of fungi distributed across all
ecosystems worldwide. Fungi of this genus have been widely reported to produce metabolites
with various activities, which have been used in diverse areas such as in pest biocontrol,
resistance induction in plants, and production of biomolecules of biotechnological interest. This
review aims to provide an overview of the main species of Trichoderma that produce
biomolecules with activities that are useful in the biotechnological field, emphasizing metabolites
with antibacterial and antitumor activity. We have provided an overview of 21 different species of
Trichoderma and 59 metabolites that display activity of interest. In addition, more than 500 other
metabolites have been reported in the scientific literature, which have not yet been tested or have
not been demonstrated to show activity of interest with respect to the scope of this review,
providing ample possibility for many other biotechnological applications of Trichoderma
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INTRODUCTION

Historically, plants have been used to treat various diseases.
However, the discovery and production of diverse fungal bioactive
metabolites have changed this trend. Some fungi have the potential to
produce toxins such as antibiotics, which can destroy other microbes
even at low concentrations. Owing to the diversity of these toxins,
they have been shown to be effective against prokaryotes and
eukaryotes, the major producers of secondary bioactive metabolites,
which can be useful for bio-competition, proliferation, search for
nutrients, and other biological processes. These metabolites include
flavonoids, alkaloids, and terpenoids with antibacterial, antifungal,
antiviral, anti-inflammatory, and antitumor properties [1]. The genus
Trichoderma is of particular interest, mainly with respect to the
processes of environment colonization and host interactions (e.g.,
symbiosis with plants and mycoparasitism). Species of this genus
have been widely used as biocontrol agents in agriculture owing to
their suppressive effects on plant diseases and antibiosis activity.
Thus, Trichoderma spp. have great potential for the development of
drugs and compounds of biotechnological interest (Fig. 1) [2].

Here, this review aims to provide an overview of the main species of
Trichoderma that produce biomolecules with activities that are useful
in the biotechnological field, emphasizing metabolites with
antibacterial and antitumor activity.

Production of nanoparticles (NPs) with antibacterial activity:
Nanotechnology is a rapidly growing field that deals with the
synthesis and development of various nanomaterials with a wide
range of applications. Copper, zinc, titanium, magnesium, gold,
alginate, and silver can be used to create different types of metallic
nanomaterials. Among the noble metals, gold NPs (AuNPs) and silver
NPs (AgNPs) have received substantial attention in recent years given
their wide range of potential applications such as in drug delivery and
as therapeutics for various types of diseases, including microbial
infections and cancer [3]. The cytotoxicity of NPs depends on their
size, shape, coating/covering agent, and the type of pathogens against
which their toxicity is investigated, as some pathogens are more
susceptible to NPs than others. NPs slowly envelop microbes and
enter the cell, thereby inhibiting vital cellular functions [4]. The
possible mechanism underlying the antibacterial activity of AgNPs
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may involve NPs penetrating the cell wall and entering the cells,
where they compress the DNA, which simultaneously inactivates
cellular proteins [5]. Trichoderma metabolites were shown to play a
critical role in the production and dispersion of NPs. Guilger ef al. [6]
reported the synthesis of AgNPs from 7. harzianum, and further
demonstrated that a marine strain of 7. hamatum (JX308232) is useful
for the rapid and efficient synthesis of AgNPs and AuNPs.
Saravanakumar [7] also synthesized AgNPs with antibacterial activity
using a Trichoderma atroviride strain.

Trichoderma hamatum SU 136: AuNPs were shown to have
antimicrobial activity against four pathogenic bacteria, namely
Bacillus subtilis ACCB 133, Staphylococcus aureus ACCB 136,
Pseudomonas aeruginosa ACCB 156, and Serratia sp. ACCB 178.
Interestingly, AuNPs exhibited antimicrobial activity against the four
pathogenic bacterial strains in the presence of the standard antibiotic
streptomycin [3].

Trichoderma viride: AgNPs synthesized using T. viride were shown
to have antibacterial activity against methicillin-resistant S. aureus
(MRSA), Shigella boydii, Acinetobacter baumannii, Shigella sonnei,
and Salmonella typhimurium. Gram-negative bacteria also exhibited
greater zones of inhibition in the presence of 7. viride AgNPs when
compared with those produced by gram-positive bacteria and those
produced in response to the antibiotic control [8]. Chitra and
Annadurai [S] reported that AgNPs exhibited antibacterial activity
against B. subtilis and Klebsiella planticola with a maximum zone of
inhibition occurring after treatment with 50 uL of AgNPs. Moreover,
depending on their shape and concentration, AgNPs were shown to
have different antibacterial activities against other human pathogens.
Spherical AgNPs of 2-5 nm led to a maximum inhibition of 40%,
32%, 51%, 43%, 53.9%, and 55.8% against S. sonnei, Escherichia
coli, Serratia marcescens, S. aureus, and P. aeruginosa, respectively,
whereas AgNPs with a size of 50-100 nm and a hexagonal shape
showed 32%, 41%, 31%, 42.84%, and 42.80% inhibition against
these species, respectively. Notably, the association of AgNPs with
antimicrobials demonstrated greater bactericidal activity, even against
multidrug-resistant microorganisms [9].

Trichoderma koningii: AgNPs produced using T. koningii showed
antibacterial activity against Salmonella typhimurium at a
concentration of 45 pg/mL [10]. A summary of the Trichoderma
species, type of NPs, and their respective references is provided in
Table 1.

Table 1. Nanoparticles (NPs) production from Trichoderma spp.
with antibacterial activity

Species Metabolite References
T. hamatum SU 136 | AuNPs (gold nanoparticles) [3]

T. viride AgNPs (silver nanoparticles) | [5,8,9]

T. koningii AgNPs (silver nanoparticles) | [10]

Metabolites with antibacterial activity

Trichoderma harzianum: Crude extracts from different strains of 7.
harzianum have been used successfully in antibacterial assays. Anwar
and Igbal [1] reported the compounds extracted using ethyl acetate
and acetonitrile. The ethyl acetate extracts showed a minimum
inhibitory concentration (MIC) of 10.41 + 4.50 ng/mL against E. coli,
whereas the acetonitrile extracts showed a MIC of 6.50 + 2.25 pg/mL
against S. aureus [1]. Similarly, secondary metabolites obtained from
T. harzianum crude extracts showed antibacterial activity against S.
aureus, E. coli, Klebsiella pneumoniae, Streptococcus pyogenes, P.
aeruginosa, and Enterococcus faecalis [11]. The T9 compound was
isolated and tested for antibacterial activity against S. aureus
ATCC25923, Salmonella typhi ATCCS5784, B. subtilis TISTR00S, B.
subtilis  ATCC6633, Bacillus cereus ATCC11778, Bacillus
amyloliquefaciens TISTR1014, Bacillus lichenisformis TISTR1010,
S. aureus E.15:H7, and Vibrio cholerae (clinical) [12]. Moreover,
chitosan-oligosaccharides (COSs) were isolated from T. harzianum
and evaluated for their antitumor and antibacterial activities. COSs

were shown to have antibacterial activity at concentrations of 2.5-10
mg/mL, with the most sensitive bacterium being E. coli at a
concentration of 2.5 mg/mL, whereas MRSA was the most resistant,
being inhibited only at concentrations higher than 10 mg/mL [13].

Trichoderma gamsii SP4 and Trichoderma flavus SP5: T. gamsii
SP4 crude extracts were shown to have antibacterial properties.
Moreover, T. flavus SP5 extracts were found to be effective against
various human pathogens such as P. aeruginosa ATCC 27853, E. coli
ATCC52922, and Candida tropicalis ATCC 750 [14].

Trichoderma asperellum: [ The ethyl acetate extract from T
asperellum was shown to have antibacterial activity, with an 80%
inhibitory concentration (ICgy) between 15.6 and 62.5 pg/mL,
whereas methanol extracts showed antibacterial activity with an 1Cg,
of 31.2-62.5 ng/mL against S. aureus and E. coli [15]. In addition,
four T. asperellum metabolites, namely bisabolane sesquiterpene,
norbisabolane, sesquiterpene, and trichodenone, were revealed to
have antibacterial activity. The compounds displayed weak
antibacterial activity against Vibrio parahaemolyticus, Vibrio
anguillarum, Vibrio harveyi, and Vibrio splendidus for which the
compounds showed the highest antibacterial activity [16].

Trichoderma brevicompactum: | The ethyl acetate extract exhibited
antibacterial activity with an ICgy between 15.6 and 62.5 pg/mL,
whereas methanol extracts exhibited antibacterial activity with an
ICgp of 31.2-62.5 pg/mL against S. aureus and E. coli [15].
Degenkolb ef al. [17,18] isolated 75 metabolites from T.
brevicompactum by producing alamethicins similar to those produced
by 7. viride with known antibacterial activity, as well as
chrysospermins, which can form non-elongated membrane channels,
thus exhibiting strong antibacterial activity against gram-positive
bacteria, yeasts, and fungi. Trichothecene-produced harzianum A
(HA) was also identified, suggesting effective antibacterial activity.

Trichoderma koningiopsis: [ Ethyl acetate and methanol extracts
showed antibacterial activity with an ICgy of 15.6-62.5 pg/mL and
31.2-62.5 pg/mL against S. aureus and E. coli, respectively [15].
Similarly, five isolated compounds showed antibacterial and
antitumor activities: (1) Koninginol A, (2) Koninginol B, (3)
Koninginol C, (4) 11-hydroxy-15-drimeneoic acid, and (5)
Koninginol D. Compounds 1 and 2 showed significant antibacterial
activity against B. subtilis with MIC values of 10 and 2 pg/mL,
respectively [19].

Trichoderma longibrachiatum: | Ethyl acetate and methanol extracts
showed antibacterial activity with an ICgy of 15.6-62.5 pg/mL and
31.2-62.5 pg/mL against S. aureus and E. coli, respectively [15].

Trichoderma atroviride: The T. atroviride metabolites TM1 (1,3-
dione-5,5-dimethylcyclohexane) and TM2 (4H-1,3-dioxin-4-one-
2,3,6-trimethyl) showed significant inhibitory activity against
Helicobacter pylori and Shiga toxin-producing E. coli (STEC). TM1
was shown to have a MIC of 8.92 + 1.80 ug/mL for E. coli and 17.18
+ 1.25 ug/mL for STEC. However, TM2 showed greater antibacterial
activity at low concentrations, with a MIC of 14.5 £ 0.4 ug/mL and
14.67 + 0.15 against E. coli and STEC, respectively [7]. The
compounds isolated from the T. atroviride extract also demonstrated
antibacterial ~activity against S. aureus and Staphylococcus
epidermidis, with inhibition of 40% and 10%, respectively. This
extract was also shown to exhibit an inhibitory effect of more than
10% for Candida species [20].

Trichoderma asperelloides: Santos et al. [21] demonstrated that 7.
asperelloides extracts have more efficient antibacterial activity than
gentamicin for S. aureus, while also inhibiting the formation of
biofilms produced by the bacterium.

Trichoderma saturnisporum: Saturnispols F was extracted from 7.
saturnisporum DI-IA after fermentation. This species lives in marine
environments and excretes metabolites based on sorbicillin
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(secondary metabolites classified as sorbicillinoids, which are a
diverse group of yellow pigments produced by several fungal groups).
The isolated compound showed significant antibacterial activity
against vancomycin-resistant enterococci. In addition, antibacterial
activity was found against the gram-negative bacteria K. pneumoniae
and P. aeruginosa, with MIC values ranging from 1.63 to 12.9 pg/mL
[22].

Trichoderma sp. strain MF106: Wu et al. [23] isolated two
compounds that showed antibacterial activity: (1) trichodin A and (2)
pyridoxatin. Trichodin A showed moderate antimicrobial activity
against gram-positive B. subtilis (50% inhibitory concentration
[ICso] = 27.05 £ 0.53 uM), S. epidermidis (ICsy = 24.28 + 3.90 uM),
MRSA (ICsy = 80 uM), and the yeast Candida albicans (ICs5y = 25.38
+ 0.41 uM). Pyridoxatin was shown to be active against B. subtilis, S.
epidermidis, MRSA, C. albicans, and Trichophyton rubrum, with ICs,
values of 5.28 + 0.42 uM, 4.25 + 0.81 uM, 4.40 £ 0.14 uM, 26.25 +
0.14 uM, and 4.05 + 1.28 uM, respectively [23].

Trichoderma sp. strain Ym311505: Trichoderma sp. YM 311505,
which was isolated from Azadirachta indica fruit, was found to
produce three metabolites with antibacterial activity. The compound
7-methoxy-4,6-dimethyl phthalide was shown to have antibacterial
activity for E. coli, B. subtilis, and Pyricularia oryzae with a MIC of
64 pg/mL. However, 7-hydroxy-4,6-dimethyl phtalide and daidzein
showed antibacterial activity only against E. coli, with a MIC of 64
pg/mL [24].

Trichoderma sp. strain Jing-8: 1 The compound 1-hydroxy-9-
methyl ether was obtained from Trichoderma sp. Jing-8 isolated from
the Panax notoginseng stem, and was shown to have antibacterial
activity against B. subtilis and S. aureus with a MIC of 64 pg/mL
[25].

Trichoderma arundinaceum: The trichothecene pathway is used in
the synthesis of trichodiene, in which, after consecutive oxygenations
and hydroxylations, HA and trichodermin, two mycotoxins with
antibiotic and antitumor activities, are produced. HA, which was
isolated from 7. arundinaceum and T. brevicompactum cultures, was
previously confirmed to exhibit antifungal activity against
Kluyveromyces marxianus [26]. Cardoza et al. [27] also identified the
gene involved in the production of HA and demonstrated that only
Trichoderma species have this gene, indicating that other fungal
species cannot produce HA. The species of Trichoderma and the
types of antibacterial metabolites produced with their respective
references are summarized in Table 2.

Antitumor activity

T. harzianum: In addition to their antimicrobial activity, COSs
isolated from 7. harzianum showed antitumor activity against HeLa
cells, a cervical cancer cell line, by altering cell proliferation and
causing deformations in the cell structure. The most effective
concentration was 8 mg/mL, with a decrease in cell proliferation of
approximately 40% (p < 0.05), whereas at concentrations of 4 and 6
mg/mL, cell proliferation decreased by 23% and 32%, respectively
[13]. In addition, L-methioninase, which was also isolated from T.
harzianum, displayed high antitumor potential. However, further
analyses are necessary [29].

Hypocracea (Trichoderma) sp. strain F000527: HA was shown to
have antitumor activity against HT1080 fibrosarcoma cells (ICsy = 0—
65 pg/mL), HeLa cells (ICso = 5-07 pg/mL), and the human breast
cancer cell line MCF-7 (IC5o = 10-13 pg/mL) [30].

Trichoderma gamsii SP4: The crude extract of 7. gamsii SP4 was
shown to have antitumor activity against Hep2 liver cancer cells, with
an ICsq of 25.7 ng/mL [14].

Trichoderma koningiopsis: Chen et al. [19] reported three isolated
metabolites, named 2, 15, and 16, which showed antitumor activity by

inhibiting cell growth in the human lung cancer cell line A549, with
ICs, values 0f 46.6, 31.3, and 22.2 pM, respectively.

Table 2. Metabolites with antibacterial activity

Metabolite Reference
Ethyl acetate [1]
Secondary metabolites

T9

Chitosan-oligosaccharides (COS)
Secondary metabolites
Secondary metabolites

Ethyl acetate

Bisabolane sesquiterpene
Norbisabolane Sesquiterpene
Trichodenone

Ethyl acetate

Alamethicins

Chrysospermins

Harzianum A

Ethyl acetate

Methanol extracts

[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
Koninginol A [19]
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[

Species
T. harzianum

T. gansii SP4
T. flavus SP5
T. asperellum

T. brevicompactum

T. koningiopsis

Koninginol B

Ethyl acetate

Methanol extracts

T. atroviride ™1

™2

Secondary metabolites

Secondary metabolites
Saturnispols F

Trichodin A

Pyridoxatin
7-Methoxy-4,6-dimethyl Phthalide
7-Hydroxy-4,6-dimethyl Phthalide
Daidzein

1'-Hydroxy-9-methyl ether
Harzianum A

Trichodermin

T. longibrachiatum

T. asperelloides
T. saturnisporum
T. sp. Strain MF106

T. sp. Strain Ym311505

T. sp. Strain Jing-8
T. arundinaceum

Trichoderma longibrachiatum: The Trichogin GA IV compound
isolated from 7. longibrachiatum was shown to have antitumor
effects against HeLa cells, with an ICsy of 4-6 uM [31].

Trichoderma atroviride: Two T. atroviride metabolites, namely TM1
and TM2, with antitumor activity against human prostate cancer PC3
cells were isolated. TM2 was shown to be more effective at inducing
cell death when compared to TM1, with ICsy values of 1250 pg/mL
for TM1 and 187.2 pg/mL for TM2 [7,28].

Trichoderma viride: 1L-Lysine a-oxidase isolated from T. viride was
shown to severely inhibit the growth of ovarian cancer cells while
exhibiting relatively low cytotoxicity for normal cells. Furthermore,
Kalra et al. [32] reported that lysyl-oxidase, which produces reactive
oxygen species such as H,O, that act on L-lysine, showed antitumor
activity, reaching 250% inhibition in ovarian cancer cells depending
on the dose.

Trichoderma kanganensis: A novel water-soluble polysaccharide
metabolite designated as TPS was shown to inhibit the proliferation
of mouse colon cancer cells (CT26) while exerting no toxicity on
normal cells (LO2). The inhibition rate reached 34.28% at a
concentration of 800 pg/mL. In addition to its cytotoxic activity, TPS
demonstrated great antioxidant activity when compared to ascorbic
acid, with an increase in activity from 13.29% to 58.11% in a dose-
dependent manner [33].

Trichoderma (marine) Hypocrea lixii TSKS, Hypocrea rufa SKS2:
[ Saravanakumar et a. [6] reported the identification of two
compounds: 16-methylheptadecanoic acid methyl ester (HDA) and
9,12-octadecadienoic acid (ODA). Both compounds were found to
have antitumor activity against oral cancer cells (KB) and skin
carcinoma cells (A431). The IC50 against KB oral cancer cells was
18.75 £ 0.12 mg/mL for HDA and 75.50 + 0.42 mg/mL for ODA,
whereas the IC50 values of HDA and ODA against A431 cells were
37.5 + 0.42 mg/mL and 72.89 + 0.15 mg/mL, respectively. In vivo
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testing was also performed using albino mice, with a 33.44% survival
rate for mice with KB tumors [6].

Trichoderma pseudokoningii: Exopolysaccharides (EPS) derived
from T. pseudokoningii were isolated and tested against MCF7 breast
cancer cells at a concentration of 1.0 mg/mL for 72 h. The results
showed that the viability of MCF-7 cells was reduced to 50.35% post-
treatment, demonstrating that EPS exhibit significant antimoral
activity [34].

Trichoderma arundinaceum: Rivera-Chavez et al. [35] tested several
biological compounds against human cancer cells. Biocomposite 1,
identified as Trichoverin BIII-D, showed moderate activity against
HCT 116 and HT-29 cells, with ICs, values of 6.8 mM and 6.7 mM,
respectively. Compound 3, identified as GLU (OME) in Alameticin
F50, was shown to be the most active compound, with ICs, values
ranging from 2.5 to 6.5 mM for HCT 116 cells (colorectal
carcinoma); DLD-1, HT-29, and SW948 cells (colorectal
adenocarcinoma); Hep-G2 and Huh-7 cells (liver cancer); and HeLa
cells (adenocarcinoma) [35]. As previously mentioned, HA isolated
from T. arundinaceum showed effective antitumor activity in addition
to reasonable antifungal and antibacterial activity [30,36].

Trichoderma sp. strain MF106: Compounds produced by
Trichoderma sp. strain 307 were evaluated to determine their
cytotoxic activity, which were shown to have antitumor activity
against GH3 cells (pituitary adenoma) and MMQ cells
(prolactinoma). Compound (3R)-de-O-methylla siodiplodin (3.8 mg)
exhibited greater toxicity against GH3 and MMQ cells, with an ICs,
of 6.44 and 6.58 uM, respectively. Compound (3R)-nordinone
showed moderate cytotoxicity, with ICsy values of 12.33 and 10.13
uM, respectively. Finally, compound 8 was shown to be the least
active, with ICsy values of 21.42 and 13.59 uM, respectively [37].
The species of Trichoderma with the types of antitumor metabolites
produced and their respective references are summarized in Table 3.

Table 3. Metabolites with antitumor activity

Species Metabolite Reference
T. harzianum Chitosan-oligosaccharides [13]
(COS)
L-methioninase [29]
Hypocracea (T.) sp. Harzianum A [30]
strain F000527
T. gansii SP4 Crude extract [14]
T. koningiopsis Koninginol D [11]
Koninginol C [11]
11-Hydroxy-15-drimeneoic acid ~ [11]
T. longibrachiatum Trichogin GA IV [31]
T. atroviridi ™1 [7,28]
™2 [7,28]
T. viride L-Lysine a oxidase (LysOX) [32]
Lysyl-oxidase [32]
T. kanganensis TPS metabolite [33]
Trichoderma (marine) 16-Methylheptadecanoic Acid  [6]
Hypocrea lixii TSK8, methyl ester (HDA)
Hypocrea rufa SKS2 9,12-Octadecadienoic acid  [6]
(ODA)
T. pseudokoningii Exopolysaccharide (EPS) [34]
T. arundinaceum Trichoverin BIII-D [35]
GLU (OME) [35]
Harzianum A [30,35]
Trichoderma sp.  (3R)-de-O-methylla Siodiplodin  [37]
strain MF106 (3R)-nordinone [37]

CONCLUSION

Trichoderma spp. are widely known for their bioactivity and
abundance of secondary metabolites. In this review, we identified a
broad spectrum of Trichoderma-derived metabolites that showed
antibacterial and antitumor activity. In addition, several authors have
reported on their antifungal, cytotoxic, anti-inflammatory, and
enzymatic inhibitory effects, as well as their role as growth promoters
and their ability to induce local and systemic resistance in plants.
Therefore, owing to the growing demand for biomolecules with such

properties, further research on metabolites of microbial origin, and
particularly of fungal origin such as those from the genus
Trichoderma, is necessary for the development of new drugs and
biofertilizers, as well as cleaner, cheaper, and more environmentally
friendly methods of biological pest control.
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