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ABSTRACT RESUMEN

There is a growing interest in the development of sustainable 
alternatives to the use of chemical pesticides for pest manage-
ment in agricultural systems. This research aimed to isolate and 
characterize native strains of Trichoderma spp. from different 
soils of Paraguay using morphological and molecular criteria. 
We processed plant and soil samples from eight commercial 
farms distributed in different departments of Paraguay and 
isolated 14 monosporic isolates of Trichoderma spp., obtaining 
two isolates from the Department of Alto Paraná (FCQ36 and 
FCQ37), four isolates from Cordillera (FCQ42, FCQ43, FCQ44, 
and FCQ46), one isolate from Central (FCQ32), and seven 
isolates from Itapúa (FCQ13, FCQ16, FCQ18, FCQ19, FCQ21, 
FCQ23, and FCQ47). In addition, phylogenetic analyses using 
the ITS and tef1α loci were carried out. A better resolution of 
the tef1a gene than the ITS region was observed. Moreover, a 
third phylogenetic tree from the concatenated ITS and tef1α 
sequences matrix was generated, obtaining the same topology 
with higher bootstrap support values. Through this approach, 
we reported for the first time the presence of Trichoderma 
koningiopsis (FCQ19, FCQ36, and FCQ37), Trichoderma neo-
koningii (FCQ13), and Trichoderma asperellum (FCQ42, FCQ43, 
FCQ44, and FCQ46), Trichoderma brevicompactum (FCQ18 
and FCQ21), and Trichoderma longibrachiatum (FCQ 47) in 
Paraguay. The Trichoderma species identified in this study can 
be used to develop effective biocontrol products for agricultural 
and industrial purposes in Paraguay.

Existe un creciente interés en el desarrollo de alternativas 
sostenibles al uso de plaguicidas químicos para el manejo de 
plagas en los sistemas agrícolas. El objetivo de este trabajo fue 
aislar y caracterizar por criterios morfológicos y moleculares 
cepas nativas de Trichoderma spp. de diferentes suelos de 
Paraguay. Se procesaron muestras de plantas y suelo de ocho 
fincas comerciales distribuidas en diferentes departamentos de 
Paraguay para el aislamiento de 14 aislados monospóricos de 
Trichoderma spp., obteniendo dos aislados del Departamento 
de Alto Paraná (FCQ36 y FCQ37), cuatro aislados de Cordille-
ra (FCQ42, FCQ43, FCQ44 y FCQ46), un aislado de Central 
(FCQ32) y siete aislados de Itapúa (FCQ13, FCQ16, FCQ18, 
FCQ19, FCQ21, FCQ23 y FCQ47). Además, se realizaron aná-
lisis filogenéticos utilizando los loci ITS y tef1α. Se observó una 
mejor resolución del gen tef1α en comparación con la región 
ITS. Además, se generó un tercer árbol filogenético a partir de la 
matriz concatenada de ambas secuencias ITS y tef1α obteniendo 
la misma topología con mayores valores de soporte bootstrap. 
A través de este enfoque, se reporta por primera vez la presen-
cia de Trichoderma koningiopsis (FCQ19, FCQ36 y FCQ37), 
Trichoderma neokoningii (FCQ13) y Trichoderma asperellum 
(FCQ42, FCQ43, FCQ44 y FCQ46), Trichoderma brevicompac-
tum (FCQ18 y FCQ21) y Trichoderma longibrachiatum (FCQ 
47) en Paraguay. Las especies de Trichoderma identificadas en 
este trabajo pueden ser utilizadas en el desarrollo de productos 
de control biológico eficaces para fines agrícolas e industriales 
en Paraguay.
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Introduction

The genus Trichoderma comprises more than 375 species 
of free-living fungi that are present mainly in the organic 
matter and as endophytes in plant roots colonizing their 
rhizosphere (Samuels, 2006; Pappu, 2018; Cai & Dru-
zhinina, 2021). Trichoderma species are cosmopolitan and 
widely diverse in the tropics (Rivera-Méndez et al., 2020). 

Several studies have demonstrated that these fungi benefit 
plants due to their protection against plant pathogens and 
as plant growth promoters (Howell, 2003; López-Quintero 
et al., 2013). Different species of Trichoderma produce dif-
ferent compounds that activate systemic plant defenses and 
regulate pathogen infections, significantly altering plant 
physiology (Li et al., 2019; Patel et al., 2019). Because of this, 
Trichoderma has been applied to crops as a plant growth 
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promoter and inductor of resistance to abiotic stress and 
plant pathogens (Alkooranee et al., 2019; Mayo-Prieto et 
al., 2020; Moreno-Ruiz et al., 2020).

Currently, commercial products of the fungus Trichoderma 
spp. are formulated for its application in agricultural sys-
tems (Fraceto et al., 2018). These products do not always 
have the same efficiency because they depend on envi-
ronmental conditions (Altintas & Bal, 2008; Nieto-Jacobo 
et al., 2017; Di Lelio et al., 2021). The biocontrol activities 
of Trichoderma species are significantly affected by the 
host plant and soil type as well as other microbial popula-
tions present in the same ecological niche (Lombardi et 
al., 2018; Naseby et al., 2000; Morán-Diez et al., 2020). 
Therefore, Trichoderma species can produce highly spe-
cialized metabolites to interact with specific plant hosts 
and phytopathogens (Silva et al., 2014; Contreras-Cornejo 
et al., 2016; Kubicek et al., 2019). Consequently, isolation 
and identification of effective native strains that are well 
adapted to a locatioń s edaphoclimatic conditions in which 
they are to be deployed are necessary for effective biological 
control (Consolo et al., 2012; Yendyo et al., 2017; Ferreira 
et al., 2020).

Numerous studies have been conducted in Latin America 
to identify Trichoderma isolates from different coun-
tries. These studies employ a polyphasic characteriza-
tion approach that combines traditional phenotypic and 
physiological methods with modern molecular biology. 
Endophytic biological control agents such as Trichoderma 
ovalisporum have been isolated from the Peruvian Ama-
zon’s ecozones to manage cocoa diseases. These isolates are 
described morphologically, physiologically, and molecu-
larly (Holmes et al., 2004). Similarly, in Argentina research 
focused on studying the genetic diversity of Trichoderma 
species and their biocontrol mechanisms allow the reg-
istration of commercial products based on Trichoderma, 
which are used as biological control agents and plant 
growth promoters (Consolo et al., 2012; Amerio et al., 
2020). Research on the use and application of Trichoderma 
in southern Brazil began in 1989, with the production 
and distribution of native strains performed by Empresa 
Brasileira de Pesquisa Agropecuária (Embrapa) (Bettiol 
& Morandi, 2009). Trichoderma species in Brazil, such as 
Trichoderma harzianum, Trichoderma tomentosum, Tricho-
derma asperellum, Trichoderma ghanense, Trichoderma 
azevedoi, Trichoderma peberdyi, Trichoderma reesei, and 
Trichoderma atroviride, are used for biocontrol of plant 
pathogens (Lopes et al., 2012; Inglis et al., 2020), enzyme 
production (Horta et al., 2018), and secondary metabolite 
isolation (Brito et al., 2014). In Paraguay, the isolation and 

description of Trichoderma species has recently started 
compared to other countries in the region (Stauffer Bonzon, 
1999; Ortellado Franco & Orrego Fuente, 2013; Sanabria 
Velázquez, 2020). Therefore, Paraguay remains an unex-
plored source of new Trichoderma species with potential 
biotechnological applications. 

The first description of the Paraguayan species of Tricho-
derma at the molecular level was in 2017 when seven 
Trichoderma species from sesame soils were isolated from 
northeastern Paraguay. These Trichoderma spp. are 
characterized using only the Internal transcribed spacer 
(ITS) region as a DNA marker (Fernández Gamarra et al., 
2017). Despite this DNA marker being widely accepted as a 
tool for the preliminary taxonomic identification of fungi, 
it does not have enough resolution to differentiate between 
species of Trichoderma because of a high level of homoplasy 
(Druzhinina et al., 2005; Schoch et al., 2012). Therefore, 
employing more genes with good resolution to describe 
these species is critical. A commonly used marker is the 
translation-elongation factor 1α (tef1α) since it is highly 
polymorphic and helps as an additional DNA marker for 
species delimitation of Trichoderma (Hermosa et al., 2004; 
Chaverri et al., 2015; Stielow et al., 2015; Rivera-Méndez 
et al., 2020).

The appropriate characterization of native species of 
Trichoderma is critical for developing commercial bio-
control products and to deploy these appropriately in the 
field (Chaverri et al., 2015). Moreover, Trichoderma isolates 
can produce novel molecules of interest for biotechnologi-
cal industries that require the correct identification and 
preservation of these selected isolates to register novel 
commercial products (Woo et al., 2014; Błaszczyk et al., 
2016). Previous studies could not characterize Trichoderma 
fungi in Paraguay to the species level nor preserve them ap-
propriately. Therefore, this research aimed to identify and 
describe the morphological, physiological, and molecular 
characteristics of the Trichoderma isolates. This informa-
tion can be valuable for understanding the diversity and 
distribution of Trichoderma in the agricultural soils of 
Paraguay. To achieve this goal, we isolated native strains 
of Trichoderma spp. from different agricultural fields of 
Paraguay and characterized them morphologically using 
macro and microscopic morphometric observations and 
molecularly using ITS 1-4 and tef1α gene regions. Since 
these isolates were obtained from commercial farms 
distributed in different parts of Paraguay, they have the 
potential to be used as biocontrol agents or for other bio-
technological applications.
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Materials and methods

Sampling and isolation
We collected soil, rhizosphere, and plant samples from 
different Paraguay crop production areas to isolate Tricho-
derma spp. Soil samples were collected using a soil sampler 
to a depth of approximately 20 cm. We labeled each sample 
and georeferenced them through a global positioning 
system (GPS) and transported them to the laboratory 
for analysis (Tab. 1). We prepared serial dilution of each 
sample following previously described methods (Samuels & 
Hebbar, 2015). Two hundred μl of soil suspension was 
poured on the surface of a PDA (Papa-Dextrose-Agar, 
Liofilchem®, Teramo, Italy) culture medium with oxytet-
racycline (TerramicinaLA®, Zoetis, AR). 

In order to isolate potential endophytic Trichoderma 
spp. from the plants, we cut the tissues into pieces of ap-
proximately 0.5 cm, washed them with 70% ethanol for 
30 s, then washed them with sodium hypochlorite 3% 
solution for another 30 s, and rinsed the material three 
times with sterile distilled water. We dried the disinfested 
samples and placed four pieces on the surface of the PDA 
medium with oxytetracycline. All plates were incubated 
at 28 ± 2°C for 5 d in complete darkness. Colonies with 
macroscopic characteristics of Trichoderma spp. were 
selected, and microscopic structures, conidiophores, and 
we analyzed conidiospores with appropriate identification 
keys (Barnett & Hunter, 1998). We transferred colonies 
identified as Trichoderma spp. to PDA medium to obtain 

a pure culture. All plates were incubated at 28 ± 2°C for 
5 d. Monosporic isolates of Trichoderma spp. were ob-
tained to ensure genetic homogeneity.

We prepared serial dilutions of the suspension from the 
pure culture and placed 200 µl on the surface PDA medium 
and incubated at 28 ± 2°C for 24 or 48 h. We transferred 
the first germinated spores to new PDA media. We identi-
fied cultures using sequential alphanumeric codes and 
stored them for posterior analyses in test tubes with PDA 
culture medium at 4°C and Eppendorf tubes with sterile 
glycerol at -20°C.

Morphology of the Trichoderma isolates
We grew fourteen Paraguayan monosporic isolates of 
Trichoderma spp. on PDA medium for 3 d at 28 ± 2°C 
and measured colony growth and color. To describe 
colony colors, we used the RGB color model available 
at ArtyClick Colors (ArtyClick Pty Ltd, Sydney, Aus-
tralia, https://colors.artyclick.com/color-name-finder/). 
We measured the width and length of conidiophores, 
phialides, and conidia using a microscope with a digital 
camera (3MP, AMScope, USA), employing the software 
AMScope Version 4.7. We reported descriptive analyses of 
the measurements using Infostat (version 2017, Córdoba, 
AR), presenting means followed by standard deviation 
values. We used three biological replicates per isolate for 
macroscopic measurements, using 30 replicates per isolate 
for microscopic structural measurements.

TABLE 1. Description of the Trichoderma isolates obtained from different locations and crops from different production areas in Paraguay and their 
GenBank accession numbers.

Sample type Crop Isolate code Specie
Genbank accession N°

ITS tef1α

Soil Tomato (Solanum lycopersicum) FCQ13 T. neokoningii MZ339274 MZ442668

Soil Tomato (S. lycopersicum) FCQ16 T. harzianum MZ339256 MZ442661

Soil Tomato (S. lycopersicum) FCQ18 T. brevicompactum MZ339234 MZ442659

Soil Tomato (S. lycopersicum) FCQ19 T. koningiopsis MZ339263 MZ442663

Soil Tomato (S. lycopersicum) FCQ21 T. brevicompactum MZ339235 MZ442660

Rhizosphere Pepper (Capsicum annuum) FCQ23 T. harzianum MZ339258 MZ442662

Soil Pepper (C. annuum) FCQ32 T. harzianum MZ339273 MZ442666

Soil Corn (Zea mays) FCQ36 T. koningiopsis MZ339264 MZ442664

Soil Soybean (Glycine max) FCQ37 T. koningiopsis MZ339265 MZ442665

Soil Pepper (C. annuum) FCQ42 T. asperellum MZ339228 MZ442655

Soil Pepper (C. annuum) FCQ43 T. asperellum MZ339229 MZ442656

Soil Stevia (Stevia rebaudiana) FCQ44 T. asperellum MZ339230 MZ442657

Parasite of Colletotrichum spp. Ornamentals (Tagetes spp.) FCQ46 T. asperellum MZ339231 MZ442658

Cortex Lemon verbena (Aloysia citrodora) FCQ47 T. longibrachiatum MZ339223 MZ442667

https://colors.artyclick.com/color-name-finder/
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DNA extraction and amplification
Fourteen monosporic isolates of Trichoderma spp. were 
grown in PDB medium (Potato-Dextrose-Broth, Lio-
filchem®, Teramo, IT) for 5 d at 25±2°C. We filtered the 
mycelium using a Büchner funnel, washed with sterile 
distilled water, and frozen until further processing. 
The modified hexadecyltrimethylammonium bromide 
(CTAB) method was used to extract the DNA (Murray 
& Thompson, 1980). Each frozen sample was brief ly 
macerated with liquid nitrogen and incubated with 
2×CTAB buffer at 65°C for 40 min. An equal volume of 
chloroform was added, and the phases were separated by 
centrifugation. The DNA in the supernatant was precipi-
tated with isopropanol, washed with 70% ethanol, and 
resuspended in ultrapure water (Invitrogen, Carlsbad, 
CA). The ITS region was amplified by PCR using ITS1 
(TCCGTAGGTGAACCTGCGG) and ITS4 (TCCTCC-
GCTTATTGATATGC) and tef1α locus using EF1-728F 
(CATCGAGAAGTTCGAGAAGG) and TEF1REV (GC-
CATCCTTGGAGATACCAGC) primers (Hermosa et al., 
2004; Samuels & Hebbar, 2015). In both cases, 25 μl of mix 
containing 1 μl of a 1:10 dilution of the DNA sample, 2.5 μl 
of Buffer 10X TopTaq, 0.5 μl of 10 μM dNTPs, 1 μl of each 
primer 10 μM, and 0.25 μl of TopTaq polymerase (Qiagen, 
Mississauga, Ontario, Canada) were used. Amplifica-
tions were carried out in a thermal cycler (SimpliAmp™, 
ThermoFisher) with the following conditions: an initial 
denaturation cycle at 94°C for 5 min, followed by 35 cycles 
at 94°C for 1 min, 55°C for 1 min for ITS regions or 59°C 
during 1 min for the (tef1α) gene, 72°C for 1 min with a 

final extension of 72°C for 10 min. The PCR products 
were resolved through a 1% electrophoresis agarose gel 
and purified using PureLink™ Quick Gel Extraction Kit 
(Invitrogen, Carlsbad, USA). The PCR products were 
sequenced by Macrogen (Seoul, Korea).

Phylogenetic analysis
The sequencing files were first analyzed for quality and 
trimmed with BioEdit 7.0.5.3. We identified the sequences 
of the ITS and tef1α regions with TrichoMARK2020 
(https://www.trichokey.com/index.php/trichomark) that 
was formerly available on the homepage of the International 
Commission on Trichoderma (ICTT).  We also performed 
a BLAST search to find related sequences in the NCBI da-
tabase. We carried out sequence alignment using AliView 
1.26 (Larsson 2014) with the MAFFT v. 7.450 binary (Katoh 
et al., 2019), using local alignment parameters. The ICTT 
reference dataset ITS56 was first used to generate a local 
database (Cai & Druzhinina, 2021) (Tab. S1). After further 
primer removal, we analyzed the sequences to determine 
the best evolutionary model. We selected the K2+G model 
(10.1007/BF01731581) according to MEGA X Software 
10.0.5 (Kumar et al., 2018), and the Neighbor-Joining trees 
were assembled with 1000 bootstrap replications. We as-
sembled the phylogenetic trees using previously reported 
tef1α gene sequences (Tab. S1) to generate a local database. 
We removed the primer portions and aligned the sequences 
using the same parameters as previously described. We then 
joined together the processed ITS and tef1α sequences for 
the concatenated tree.

FIGURE 1. Map of Paraguay indicating sampled locations of Trichoderma spp. isolates obtained in 2016.
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Results 

Isolation and morphological characterization
We processed plant and soil samples from eight com-
mercial farms distributed in different departments of 
Paraguay (Fig. 1) to isolate fourteen monosporic isolates 
of Trichoderma spp. 

We obtained two isolates from departments of Alto 
Paraná (FCQ36 and FCQ37), four from Cordillera 
(FCQ42, FCQ43, FCQ44, and FCQ46), one isolate from 
Central (FCQ32), and seven isolates from Itapúa (FCQ13, 
FCQ16, FCQ18, FCQ19, FCQ21, FCQ23, and FCQ47). 
All isolates showed morphological characteristics of 
the genus Trichoderma with septate hyphae, branched 
conidiophores, and small conidia scattered or grouped 
(Fig. 2). Also, all isolates were able to cover completely 
the surface of the PDA medium on the 90 mm Petri plate 
after 3 d of incubation at 28 ± 2°C, except for the isolate 
FCQ13 that presented the slowest growth with a rate of 
13.60 ± 1.10 mm d-1 (Tab. 2). 

The colonies of isolate FCQ13 were often white at first, 
forming greenish-grey conidiophores after one week of 

incubation, with cylindrical phialides of 7.11 ± 2.79 × 2.59 
± 0.37 μm of length and width. Conidia were ellipsoidal and 
measured 3.36 ± 0.93 × 2.47 ± 0.51 μm on average (Tab. 2, 
Fig. 2A). Isolate FCQ16 produced light green and yellow-
ish conidiophores that grew scattered throughout the plate 
with yellow pigment secreted into the agar (Fig. 2D). The 
3-d-old monosporic cultures had ampulliform phialides of 
average length and width of 7.47 ± 1.25 × 3.46 ± 0.29 μm, 
and conidia were subglobose with measurements averaging 
2.94 ± 0.8 × 2.64 ± 0.45 μm. 

The isolate FCQ18 sporulated after 72 h, producing 
greenish-grey colonies with scant aerial mycelia, compact 
tufts, and without pigmentation on the reverse side of the 
plate. Microscopic examination of conidiophores revealed 
ampulliform to lageniform phialides of 6.67 ± 1.61 × 3.26 
± 0.78 μm in length and width (Fig. 2C). The conidia were 
subglobose with a length and width of 2.69 ± 0.47 × 2.56 
± 0.39 μm. Although isolated from a similar soil and host 
(Tab. 1), the colonies of FCQ19 were slightly different from 
FCQ18, with a glade green color, and grew uniformly on 
PDA medium. Conidiophores of FCQ19 supported lageni-
form phialides of 8.22 ± 1.9 × 4.12 ± 0.9 μm of length and 

TABLE 2. Morphological characterization of 14 Trichoderma strains isolated from different locations and crops from different production areas in 
Paraguay.

Isolate
Colony Conidia Phialides

Growtha Color RGB color 
code Lengthb Widthb Characteristics Lengthb Widthb Characteristics

FCQ13 13.60±1.10 Greenish Grey #99AA99 3.36±0.93 2.47±0.51 Ellipsoidal 7.11±2.79 2.59±0.37 Cylindrical

FCQ16 28.47±0.83 Greenish Yellow #99A540 2.94±0.8 2.64±0.45 Subglobose 7.47±1.25 3.46±0.29 Ampulliform

FCQ18 27.88±1.10 Greenish Grey #99AA99 2.69±0.47 2.56±0.39 Subglobose 6.67±1.61 3.26±0.78
Ampulliform to 

lageniform

FCQ19 27.04±1.91 Glade Green #668066 3.86±0.9 2.64±0.35 Ellipsoidal 8.22±1.9 4.12±0.9 Lageniform

FCQ21 27.57±0.91 Green Smoke #99AA66 2.88±0.71 2.73±0.42
Subglobose to 

ovoidal
6.33±2.44 3.71±0.7

Ampulliform to 
lageniform

FCQ23 27.80±1.29 Green Smoke #99AA66 2.84±0.67 2.78±0.45 Subglobose 7.01±1.56 3.77±0.52 Ampulliform

FCQ32 28.26±0.70 Glade Green #668066 2.45±0.44 2.4±0.48 Subglobose 6.33±1.34 3.5±0.24 Ampulliform

FCQ36 28.36±1.21 Greenish Grey #99AA99 3.61±0.75 2.56±0.92 Ellipsoidal 8.55±1.53 3.79±1.01 Lageniform

FCQ37 28.07±1.46 Glade Green #698366 3.94±0.98 2.96±0.55 Ellipsoidal 7.9±1.56 3.42±0.9 Lageniform

FCQ44 28.15±0.87 Glade Green #698366 4.01±0.75 3.66±0.82
Subglobose to 

ovoidal
8.48±1.73 3.65±0.87 Lageniform

FCQ42 27.76±1.37 Glade Green #698366 3.62±0.48 2.98±0.46
Subglobose to 

ovoidal
8.46±0.82 2.81±0.72 Lageniform

FCQ43 28.35±0.90 Glade Green #698366 3.56±0.55 2.88±0.75
Subglobose to 

ovoidal
8.4±1.58 3.55±0.24 Lageniform

FCQ46 27.18±1.36 Green Pine #365536 3.79±0.84 3.08±1.18
Subglobose to 

ovoidal
9.82±0.76 3.75±0.97 Lageniform

FCQ47 28.54±1.20 Glade Green #668066 3.51±0.6 3.03±0.58 Ellipsoidal 9.83±2.12 3.18±0.84 Lageniform

a Measured in mm d-1 . Values are means ± standard deviation of three replicates per isolate.
b Measured in μm. Values are means ± standard deviation of 30 replicates. 
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FIGURE 2. Representative cultures of each Trichoderma species: A) T. neokoningii, FCQ13; B) T. asperellum, FCQ42, FCQ43, FCQ44; FCQ46. C) 
T. brevicompactum, FCQ18, and FCQ21; D) T. harzianum, FCQ16, FCQ23, and FCQ32; E) T. koningiopsis, FCQ19, FCQ36, and FCQ37; and F) T. 
longibrachiatum, FCQ47. Each column represents the following: 1) potato-dextrose-agar (PDA) cultures after 3 d of incubation at 28°C; 2) Conidio-
phores; and 3) conidia of each Trichoderma species observed under a light microscope with 400 × magnification.
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width with terminal ellipsoidal conidia measuring an 
average of 3.86 ± 0.9 × 2.64 ± 0.35 μm (Tab. 2, Fig. 2E). 
The isolate FCQ21 produced green smoke colonies without 
pigmentation on the reverse side of the plate. All colonies 
sporulated on PDA with conidiophores that terminated in 
ampulliform to lageniform phialides of 6.33 ± 2.44 × 3.71 
± 0.7 μm (Fig. 2C). 

We obtained the isolates FCQ23 and FCQ32 from similar 
soil and host (Tab. 1) that yielded morphologically similar 
colonies. Monosporic colonies of FCQ23 had abundant 
mycelia, loose tufts, and filiform margins. The conidio-
phores had ampulliform phialides of 7.01 ± 1.56 × 3.77 ± 
0.52 μm in length and width. Conidia were subglobose and 
averaged a length and width of 2.84 ± 0.67 × 2.78 ± 0.45 μm 
(Fig. 2D). Similarly, the isolate FCQ32 showed green colo-
nies with loose tufts that were not uniformly distributed 
on the PDA medium. The conidiophores observed under 
the microscope presented opposite branches with shorter 
ampulliform phialides of 6.33 ± 1.34 × 3.5 ± 0.24 μm. The 
conidia were subglobose and yellowish-green in color with 
an average size of 2.45 ± 0.44 × 2.4 ± 0.48 μm (Fig. 2D). 

The isolates FCQ36 and FCQ37 were obtained from similar 
agricultural fields but different crops (Tab. 1). Still, the 
colonies of both isolates were morphologically similar and 
had greenish-grey color colonies that grew uniformly on 
PDA. For isolate FCQ36, conidiophores were long with 
lageniform phialides of 8.55 ± 1.53 × 3.79 ± 1.01 μm, while 
for isolate FCQ37 these were 7.9 ± 1.56 × 3.42 ± 0.9 μm. 
Likewise, the conidia of both isolates were ellipsoidal with 
FCQ36 measuring an average of 3.61 ± 0.75 × 2.56 ± 0.92 
μm and FCQ37 and measuring 3.94 ± 0.98 × 2.96 ± 0.55 
μm (Fig. 2E).  

The isolates FCQ42, FCQ43, and FCQ44 were obtained 
from different soils and fields (Tab. 1). Colonies were 
morphologically similar, with a glade green color, except 
for FCQ46 that had a darker green color (Tab. 2, Fig. 2B).

Closer examination revealed that conidiophores in these 
isolates were symmetrical, ending in three or more lageni-
form phialides and with subglobose or ovoid conidia (Fig. 
2B). The isolate FCQ47 obtained from the plant tissue 
cortex (Tab. 1) was morphologically different from the 
previous isolates. Colonies were glade green with abundant 
mycelia, and loose tufts were uniformly distributed (Fig. 
2F). Closer examination of microscopic structures con-
firmed septate hyphae and branched conidiophores with 
longer main branches and terminal lageniform ellipsoidal 
phialides 9.83 ± 2.12 × 3.18 ± 0.84 μm. Conidia were green 

and ellipsoid with an average of 3.51 ± 0.6 × 3.03 ± 0.58 
μm of length and width (Tab. 2).

Phylogenetic analysis
Fourteen sequences of the ITS region of Paraguayan iso-
lates of Trichoderma were obtained, with an amplification 
product size ranging from 540 to 599 base pairs. The pair-
wise similarity of the obtained sequences was compared 
phylogenetically with ITS reference sequences and assigned 
to the Trichoderma genus (Tab. S1). Paraguayan isolates 
clustered in different sections with three isolates grouped 
within section Harzianum/Virens: Isolates FCQ16, FCQ23, 
and FCQ32, grouping with AY605713 (T. harzianum) and 
NR144868 (Trichoderma lentiforme) (Fig. 3). Two isolates, 
FCQ18 and FCQ21, were grouped within the Brevicom-
pactum clade alongside EU330941 (T. brevicompactum) 
with 100% bootstrap support. Moreover, eight isolates 
clustered within section Trichoderma: FCQ43, FCQ44, 
and FCQ46 grouped with MH021852 (T. asperellum) with 
75% bootstrap support with FCQ42 clustering nearby this 
branch with 68% support. The isolate FCQ47 grouped 
within the unresolved section Longibrachiatum, close to 
T. longibrachiatum, T. reesei, and Trichoderma parareesei, 
and had 59% bootstrap support with NR120298 (T. longi-
brachiatum) (Fig. 3, Tab. S2).

Due to the difficulty of resolving the complex of T. har-
zianum and divide Trichoderma using only ITS region 
sequences, we obtained tef1α sequences for each isolate by 
PCR, with amplicons ranging from 566 to 645 base pairs. 
Was observe longer distances for species grouping within 
the Harzianum clade, confirming a better resolution of the 
tef1α gene than the ITS region (Fig. 4, Tab. S3). 

Isolate FCQ32 grouped within the Harzianum clade, along-
side FJ463310 (T. lentiforme), EU279992 (T. harzianum), 
and HM142375 (T. amazonicum) with 56% bootstrap sup-
port. Notably, despite FCQ16 and FCQ23 also clustering 
within the Harzianum clade with 83% bootstrap support, 
no Trichoderma reference sequence grouped near these 
two sequences (Fig. 4). As both isolates fell within the T. 
harzianum complex species, they either belong to T. harzia-
num strictu senso or another species within this complex.

In the section Trichoderma, isolates FCQ43, FCQ44, and 
FCQ46 were grouped in the same clade as EU279961 (T. 
asperellum) with 55% bootstrap support and FCQ42 nearby 
this same clade with 99% support. In addition, isolates 
FCQ19, FCQ37, and FCQ36 grouped alongside EU279998 
(T. koningiopsis) with 91% bootstrap support. The isolate 
FCQ13 clustered next to KJ665620.1 (T. neokoningii) with 
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99% support (Fig. 4). Isolates FCQ18 and FCQ21 were 
grouped with EU280061 (T. brevicompactum) within the 
Brevicompactum clade with 99% bootstrap support. Finally, 
the isolate FCQ47 was grouped within section Longibra-
chiatum, alongside AY8656408 (T. longibrachiatum) with 
99% bootstrap support (Fig. 4).

A third phylogenetic tree was generated from the conca-
tenated matrix of both ITS and tef1α sequences (Fig. 5). 

Overall, we saw the same topology of the tef1α tree with 
no changes in the clustering of Paraguayan Trichoderma 
isolates (Figs. 3-4). The differences between the concat-
enated ITS-tef1α tree were mainly related to each node’s 
branch length and bootstrap support values. For example, 
FCQ32 and T. lentiforme grouped with a bootstrap value 
of 76%, compared to 56% from the tef1α gene alone (Fig. 
4), while the value for FCQ16 and FCQ23 went from 83% 
support from the tef1α tree (Fig. 4) to 95%. At the same 
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FIGURE 3. Phylogenetic tree of the Internal transcribed spacer (ITS) sequences from 14 Trichoderma isolates with Hypomyces aurantius as the out-
group. The scale bar corresponds to the number of substitutions per site. ST - section Trichoderma, SH/V - section Harzianum/Virens, SL - section 
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time, the bootstrap value of the T. harzianum complex 
that includes the species cited so far, went from 93% 
(Fig. 4) to 98% (Fig. 5).

In section Trichoderma, the bootstrap support value of 
the clade with isolates FCQ19, FCQ36, FCQ37, and T. 
koningiopsis increased slightly to 98% (Fig. 5) from 91% 
in the tef1α tree (Fig. 4). Bootstrap support of the isolates 
FCQ43, FCQ44, FCQ46, and T. asperellum increased from 

55% (Fig. 4) to 76% (Fig. 5). But, the bootstrap support 
for FCQ42 was slightly reduced from 99% in the previous 
tef1α tree to 95% bootstrap support in the concatenated 
phylogram (Fig. 5). Similarly, there was a slight reduc-
tion of support for FCQ13 and T. neokoningii from 99% 
support to 96% in the concatenated tree. The bootstrap 
values of the clades containing isolates FCQ18 and FCQ21 
increased slightly from 99% support on the tef1α tree 
to 100% on the concatenated tree, similar to the clade 
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containing isolate FCQ47 and the reference sequences for 
T. longibrachiatum (Fig. 5).

Discussion 

Species of Trichoderma naturally inhabit agricultural soils, 
making them an interesting source of beneficial strains 
(Inglis et al., 2020). In this research, a total of 14 isolates of 
Trichoderma were obtained from various agricultural pro-
duction areas of Paraguay. In addition, Trichoderma isolates 
were characterized morphologically and molecularly using 

ITS and tef1α markers, with species identified for the first 
time in Paraguay. 

The morphology of colonies and conidiophores agreed 
with those commonly observed in Trichoderma spp. Mor-
phological features between isolates were diverse, allowing 
their separation based on dissimilarities; however, these 
differences were not consistent given that, in some cases, 
isolates of the same species had different morphologies. For 
example, colonies FCQ18 and FCQ21 (T. brevicompactum) 
had slightly different morphologies; the conidia of the latter 

FIGURE 5. Phylogenetic tree of the concatenated ITS (left accession code) and tef1α (right accession code) sequences from 14 Trichoderma isolates 
with Hypomyces aurantius as the out-group. The scale bar corresponds to the number of substitutions per site. ST - section Trichoderma, SH/V - 
section Harzianum/Virens, SL - section Longibrachiatum, and B - clade Brevicompactum. The phylogenetic tree was obtained using DNA distance-
based and neighbor-joining analysis. Bootstrap percentages higher than 50% (1000 bootstraps) are indicated above the branches.
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tended to be ovoid, while the former were subglobose. In 
addition, it was difficult to differentiate between conidia 
of different species; this was the case for FCQ21 (T. brevi-
compactum) that was morphologically similar to FCQ23 
(T. harzianum). Morphological characteristics can vary 
significantly depending on the incubation parameters, 
media, and even brands of reagents (Jaklitsch, 2011). 
Optimal incubation temperatures for Trichoderma range 
between 25-30°C in darkness with differences in growth 
rate between species not greater than 10 mm (Chaverri & 
Samuels, 2003; Samuels & Hebbar, 2015), which is sup-
ported by our results. The recommended media to conduct 
morphological characterization of Trichoderma species is 
PDA Difco (Becton, Dickinson and Company, Franklin 
Lakes, NJ, USA), as described in the reference work of 
Samuels and Hebbar (2015). Other commonly used media 
are Spezieller Nahrstoffarmer agar (SNA), Cornmeal agar 
(CMA), and Malt Extract Agar (MEA) that allow better 
micromorphology characterization (Chaverri et al., 2015; 
Samuels & Hebbar, 2015). However, in this work, we used 
only the PDA medium from Liofilchem®, which could have 
influenced the morphological characteristic of the isolates.

Initial characterization of Trichoderma isolates in Paraguay 
only used the morphological and antagonistic activity 
against plant pathogens as a method of characterization of 
Trichoderma.  The first attempts to investigate the poten-
tial of native strains of Trichoderma as biological control 
agents were conducted by Stauffer (1999). Afterward, more 
studies focused on the isolation and description of native 
Trichoderma at the morphological level to develop alterna-
tive management products for sesame and soybean seed 
treatment against Macrophomina phaseolina (Garcete & 
Orrego, 2011; Ortellado Franco & Orrego Fuente, 2013). 
These studies encouraged the interest in the application of 
Trichoderma in other pathosystems aiming to protect other 
specialty crops such as macadamia (Sanabria Velazquez & 
Grabowski, 2016), stevia (Britos & Jongdae, 2016), and chia 
(Albrecht et al., 2017). However, none of these previous 
studies employed molecular tools for species identification 
and were named only Trichoderma spp. Since phenotypic 
traits do not allow for species-level differentiation, they are 
complementary to the molecular characterization (Cai & 
Druzhinina, 2021).

The ITS region is considered the molecular barcode for fun-
gal identification and is the most commonly used marker 
for diagnosing fungal species (Raja et al., 2017). However, 
the ITS region does not have enough resolution to resolve 
the species complex of T. harzianum and divide groups 
of Trichoderma. This lack of resolution was confirmed by 

multiple authors (Druzhinina & Kubicek, 2005; Samuels 
et al., 2006; Chaverri et al., 2015; Cai & Druzhinina, 2021). 
The ITS region proved useful for exploring the genetic 
diversity of Trichoderma in Brazil, resulting in more than 
33% of the isolates being related to T. harzianum in the 
Harzianum complex. However, this region’s analysis alone 
was insufficient to distinguish between species belonging 
to the same complex (Feitosa et al., 2019).

The tef1α sequences were analyzed to determine the spe-
cies complex of T. harzianum and the section Trichoderma. 
This analysis showed better resolution of the tef1α gene 
than the ITS gene. Two isolates, FCQ16 and FCQ23, clus-
tered together and within the section Harzianum/Virens, 
yet these could not be properly identified as there was no 
close match for a reference sequence. Nonetheless, both 
isolates fell within the T. harzianum complex of species. 
Trichoderma harzianum is considered a complex of poly-
phyletic species that are morphologically indistinguishable.  
Similarly reported in previous works (Chaverri et al., 2015), 
the analysis of tef1α sequences provided a better-defined 
section Trichoderma. The intricate nature of the T. har-
zianum species complex has been previously reported by 
Druzhinina et al. (2010) and Kubicek et al. (2019).

The concatenation of ITS and tef1α sequences improved 
statistical support for species identification. Similar to 
our results, previous recent reports using the combination 
of ITS and tef1α have successfully characterized Tricho-
derma species (Lisboa et al., 2017; Haouhach et al., 2020). 
Other genes used for this purpose were rpb2, ech42, cal1, 
act, acl1,18S rRNA, and 28S rRNA. However, as not all 
Trichoderma species were sequenced using these genes, 
for example old sequences from public databases, they 
have reduced utility for molecular identification at the 
species level. Cai and Druzhinina (2021) argue that using 
tef1α and rpb2 regions allows the correct identification of 
Trichoderma species based on the sequence similarities 
between the query strain and the reference strains. More 
complete evidence of different species within the complex 
could be achieved by considering sequence similarities and 
phylogenetic concordance.

We found the species T. brevicompactum (FCQ18 and 
FCQ21), which have been reported to produce high con-
centrations of trichodermin, an antifungal metabolite 
that inhibits protein synthesis and is deadly to living cells 
(Degenkolb et al., 2008; Malmierca et al., 2012; Barúa et 
al., 2019). This compound has been reported to inhibit 
seed germination and reduce plant growth (Tijerino et al., 
2011). Also, when tomato seedlings were treated with T. 
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brevicompactum, the root length and plant size were sig-
nificantly reduced. In addition, there were more necrotic le-
sions when treated with T. brevicompactum and inoculated 
with the plant pathogen Botrytis cinerea. For these reasons, 
the isolates FCQ18 and FCQ21 may potentially produce 
trichodermin in high concentrations, thus limiting their 
use as biological control agents. However, this capacity is an 
attribute of strains that cannot be attributed to the produc-
tion of a specific metabolite or their endophytic capacity.

T. asperellum was frequently found in this study (FCQ42, 
FCQ43, FCQ44, and FCQ46). Similarly, isolates of T. as-
perellum were reported from agricultural soils of northern 
Paraguay but based only on morphological and ITS region 
analysis (Fernández Gamarra et al., 2017). The species 
T. asperellum has been studied extensively because of its 
potential as a biological control agent for plant pathogens 
(Wu et al., 2017). In the neighboring country, Brazil, T. 
asperellum application in soybean seeds significantly in-
creased the yield (Chagas et al., 2017) and suppressed the 
growth of the pathogen Sclerotinia sclerotiorum isolate to 
varying degrees (Macena et al., 2020).

We reported one isolate of T. longibrachiatum, FCQ47, 
obtained from the cortex of lemon verbena (Aloysia citro-
dora) with the potential to act as an endophytic strain, 
though this was not confirmed in this study. Previous 
research reported the potential of endophytic strains of 
T. longibrachiatum isolated from Dendrobium nobile stem 
segments to increase plant metabolites and inhibit bacterial 
pathogens (Sarsaiya et al., 2020), suggesting that this spe-
cies has the potential to be employed as a biocontrol agent. 
This hypothesis was confirmed by Zhang et al. (2018), who 
reported that the strain of T. longibrachiatum T6 was effec-
tive against Valsa mali, the causal agent of apple tree valsa 
canker disease, and the primary mechanism of control of 
the pathogen, the production of secondary metabolites. 
However, some characteristics might limit the potential of 
T. longibrachiatum employed as a commercial biocontrol 
agent. This fungus produced trichokonin VI (TK VI), a 
peptaibol compound that significantly reduced the root 
growth of Arabidopsis (Shi et al., 2016).  Moreover, T. lon-
gibrachiatum was described as an opportunistic pathogen 
of immunocompromised humans in several publications 
(Kuhls et al., 1999; Richter et al., 1999; Akagi et al., 2017). 

The results of various studies show that the species compo-
sition of Trichoderma in agricultural soils in Latin America 
is diverse (Holmes et al., 2004; Consolo et al., 2012; Amerio 
et al., 2020; Inglis et al., 2020). This can be contrasted with 
the findings in Paraguay, considering that the sample of 

isolates is relatively small; and, thus, the results should be 
interpreted with caution.  

A large number of fungal species can act as biological con-
trol agents of agricultural pests (McSpadden Gardener & 
Fravel, 2002), whose antagonistic properties are based on 
the activation of multiple mechanisms such as competition 
for space and nutrients (Sempere Ferre & Santamarina, 
2010), mycoparasitism (Atanasova et al., 2013), and anti-
biosis with the production of enzymes (Wu et al., 2017) and 
secondary metabolites such as antibiotics, mycotoxins, and 
phytotoxins that participate in the control of the pathogen 
(Tijerino et al., 2011; Barúa et al., 2019; Cubilla-Ríos et al., 
2019). Although many researchers focused their atten-
tion on the potential that these metabolites have for the 
biological control of phytopathogens, there is a diverse 
group of secondary metabolites that differ in chemical 
structure, and that exhibit multiple biological functions 
for applications in agriculture (McSpadden Gardener & 
Fravel, 2002), pharmacy (Daniel & Rodrigues Filho, 2007), 
and food processing (Galante et al., 1998) that cannot be 
ignored. Therefore, this work of characterization of native 
Trichoderma isolates can help to raise interest in producing 
Paraguayan biotechnological products based on Tricho-
derma species as well as providing documentation of the 
biogeographic distribution of this economically significant 
group of microscopic fungi in this region of the world. In 
summary, we report T. asperellum, T. brevicompactum, T. 
longibrachiatum, T. koningiopsis, and T. neokoningii for 
the first time in Paraguay, based on morphological and 
molecular data from the ITS and tef1α loci.

Acknowledgments
This work was supported by the Consejo Nacional de 
Ciencia y Tecnología (CONACYT) from Paraguay grant N° 
14-INV-194. We are grateful to A. Mendoza, L. M. Cabrera, 
and H. Bittar for the samples from Central, Itapúa, and Alto 
Parana, respectively, and D. Verdina for the isolate FCQ47. 
Thanks to E. Monte and R. Hermosa for the kind guidance 
and recommendations in the project design. The funders 
had no role in study design, data collection and analysis, 
publication decisions, or manuscript preparation.

Conflict of interest statement
The authors declare that there is no conflict of interests 
regarding the publication of this article.

Author’s contributions
ADSV curated the data, conducted formal analysis, and 
wrote the original draft. MMFP conducted investigations, 
performed formal analysis, and contributed to the original 



13Sanabria-Velázquez, Florentín Pavía, Insaurralde Ayala, Flores-Giubi, Romero-Rodríguez, Sotelo, and Barúa: Characterization of Trichoderma species from 
agricultural soils of Paraguay

draft writing. LIA also conducted the experiments. MEFG 
conceptualized the project, wrote and edited reviews, and 
contributed to the writing. MCRR provided supervision, 
writing, and visualization. PHS developed the method-
ology, validated the findings, and reviewed and edited 
the project. JEBC conceptualized the project, provided 
resources, and edited the work. All authors reviewed the 
final version of the manuscript.

Literature cited 
Akagi, T., Kawamura, C., Terasawa, N., Yamaguchi, K., & Kubo, 

K. (2017). Suspected pulmonary infection with Trichoderma 
longibrachiatum after allogeneic stem cell transplantation. 
Internal Medicine, 56(2), 215–219. https://doi.org/10.2169/
internalmedicine.56.5316

Albrecht, A. B., Albrecht, M., & Morinigo, K. (2017). Determinación 
de Trichoderma sp. en raíz del cultivo de chía (Salvia hispanica 
L). Agrotecnia, 25, 13–13. https://doi.org/10.30972/agr.0252445

Alkooranee, J. T., & Kadhum, N. N. (2019). Induce systemic resis-
tance in cucumber by some bio-elicitors against Alternaria 
leaf blight disease caused by Alternaria cucumerina fungus. 
Plant Archives, 19(1), 747–755. https://www.plantarchives.org/
PDF%2019-1/747-755%20(4656).pdf

Altintas, S., & Bal, U. (2008). Effects of the commercial product based 
on Trichoderma harzianum on plant, bulb and yield character-
istics of onion. Scientia Horticulturae, 116(2), 219–222. https://
doi.org/10.1016/j.scienta.2007.11.012

Amerio, N. S., Castrillo, M. L., Bich, G. A., Zapata, P. D., & Vi-
llalba, L. L. (2020). Trichoderma in Argentina: State of art. 
Ecologia Austral, 30(1), 113–124. https://doi.org/10.25260/
EA.20.30.1.0.945

Atanasova, L., Le Crom, S., Gruber, S., Coulpier, F., Seidl-Seiboth, 
V., Kubicek, C. P., & Druzhinina, I. S. (2013). Comparative 
transcriptomics reveals different strategies of Trichoderma 
mycoparasitism. BMC Genomics, 14(1), Article 121. https://
doi.org/10.1186/1471-2164-14-121

Barnett, H. L., & Hunter, B. B. (1998). Illustrated genera of imperfect 
fungi. The American Phytopathological Society. APS Press. 

Barúa, J. E., de la Cruz, M., de Pedro, N., Cautain, B., Hermosa, R., 
Cardoza, R. E., Gutiérrez, S., Monte, E., Vicente, F., & Collado, 
I. G. (2019). Synthesis of trichodermin derivatives and their an-
timicrobial and cytotoxic activities. Molecules, 24(20), Article 
3811. https://doi.org/10.3390/molecules24203811

Bettiol, W., & Morandi, M. A. B. (2009). Trichoderma in Brazil: 
history, research, commercialization and perspectives. The 
Meeting of the Working Group on Biological Control of Fun-
gal and Bacterial Plant Pathogens IOBC/wprs Bulletin, 43, 
235–237. https://ainfo.cnptia.embrapa.br/digital/bitstream/
item/143491/1/2009AA-079.pdf

Błaszczyk, L., Strakowska, J., Chełkowski, J., Gąbka-Buszek, A., 
& Kaczmarek, J. (2016). Trichoderma species occurring on 
wood with decay symptoms in mountain forests in Central 
Europe: genetic and enzymatic characterization. Journal 
of Applied Genetics, 57(3), 397–407. https://doi.org/10.1007/
s13353-015-0326-1

Brito, J. P. C., Ramada, M. H. S., Magalhães, M. T. Q., Silva, L. P., & 
Ulhoa, C. J. (2014). Peptaibols from Trichoderma asperellum 
TR356 strain isolated from Brazilian soil. SpringerPlus, 3(1), 
Article 600. https://doi.org/10.1186/2193-1801-3-600

Britos, R., & Jongdae, P. (Eds.) (2016). Ka’a He’e. Stevia rebaudi-
ana (Bertoni) Bertoni. La dulce planta de Paraguay para el 
mundo. Alternativa para la diversificación de la finca. IPTA 
– KOPIA. Caacupé, Paraguay. https://www.researchgate.net/
publication/312899595_Ka’a_he’e_Stevia_rebaudiana_Ber-
toni_Bertoni_La_dulce_planta_de_Paraguay_para_el_mun-
do_alternativa_para_la_diversificacion_de_la_finca

Cai, F., & Druzhinina, I. S. (2021). In honor of John Bissett: au-
thoritative guidelines on molecular identification of Tricho-
derma. Fungal Diversity, 107, 1–69. https://doi.org/10.1007/
s13225-020-00464-4

Chagas, L. F. B., Chagas Junior, A. F., Fidelis, R. R., Carvalho Filho, 
M. R., & Miller, L. O. (2017). Trichoderma asperellum efficiency 
in soybean yield components. Comunicata Scientiae, 8(1), 
165–169. https://doi.org/10.14295/CS.v8i1.1754

Chaverri, P., Branco-Rocha, F., Jaklitsch, W., Gazis, R., Degenkolb, 
T., & Samuels, G. J. (2015). Systematics of the Trichoderma 
harzianum species complex and the re-identification of com-
mercial biocontrol strains. Mycologia, 107(3), 558–590. https://
doi.org/10.3852/14-147

Chaverri, P., & Samuels, G. (2003). Hypocrea/Trichoderma 
(Ascomycota, Hypocreales, Hypocreaceae): species with 
green ascospores. Studies in Mycology, 48, 1–116. https://
www.researchgate.net/profile/Priscila-Chaverri/publica-
tion/259188197_HypocreaTrichoderma_Ascomycota_Hypo-
creales_Hypocreaceae_Species_with_green_ascospores/
links/02e7e52a487bdbc37c000000/Hypocrea-Trichoderma-
Ascomycota-Hypocreales-Hypocreaceae-Species-with-green-
ascospores.pdf

Consolo, V. F., Mónaco, C. I., Cordo, C. A., & Salerno, G. L. (2012). 
Characterization of novel Trichoderma spp. isolates as a search 
for effective biocontrollers of fungal diseases of economically 
important crops in Argentina. World Journal of Microbiology 
and Biotechnology, 28(4), 1389–1398. https://doi.org/10.1007/
s11274-011-0938-5

Contreras-Cornejo, H. A., Macías-Rodríguez, L., del-Val, E., & 
Larsen, J. (2016). Ecological functions of Trichoderma spp. and 
their secondary metabolites in the rhizosphere: interactions 
with plants. FEMS Microbiology Ecology, 92(4), Article fiw036. 
https://doi.org/10.1093/femsec/fiw036

Cubilla-Ríos, A. A., Ruíz-Díaz-Mendoza, D. D., Romero-Rodríguez, 
M. C., Flores-Giubi, M. E., & Barúa-Chamorro, J. E. (2019). 
Antibiosis de proteínas y metabolitos en especies de Tricho-
derma contra aislamientos paraguayos de Macrophomina 
phaseolina. Agronomía Mesoamericana, 30(1), 63–77. https://
doi.org/10.15517/am.v30i1.34423

Daniel, J. F. S., & Rodrigues Filho, E. (2007). Peptaibols of Tricho-
derma. Natural Product Reports, 24(5), 1128–1141. https://doi.
org/10.1039/b618086h

Degenkolb, T., Dieckmann, R., Nielsen, K. F., Gräfenhan, T., 
Theis, C., Zafari, D., Chaverri, P., Ismaiel, A., Brückner, H., 
Von Döhren, H., Thrane, U., Petrini, O., & Samuels, G. J. 
(2008). The Trichoderma brevicompactum clade: A separate 

https://doi.org/10.2169/internalmedicine.56.5316
https://doi.org/10.2169/internalmedicine.56.5316
https://doi.org/10.30972/agr.0252445
https://www.plantarchives.org/PDF%2019-1/747-755%20(4656).pdf
https://www.plantarchives.org/PDF%2019-1/747-755%20(4656).pdf
https://doi.org/10.1016/j.scienta.2007.11.012
https://doi.org/10.1016/j.scienta.2007.11.012
https://doi.org/10.25260/EA.20.30.1.0.945
https://doi.org/10.25260/EA.20.30.1.0.945
https://doi.org/10.1186/1471-2164-14-121
https://doi.org/10.1186/1471-2164-14-121
https://doi.org/10.3390/molecules24203811
https://ainfo.cnptia.embrapa.br/digital/bitstream/item/143491/1/2009AA-079.pdf
https://ainfo.cnptia.embrapa.br/digital/bitstream/item/143491/1/2009AA-079.pdf
https://doi.org/10.1007/s13353-015-0326-1
https://doi.org/10.1007/s13353-015-0326-1
https://doi.org/10.1186/2193-1801-3-600
https://www.researchgate.net/publication/312899595_Ka'a_he'e_Stevia_rebaudiana_Bertoni_Bertoni_La_dulce_planta_de_Paraguay_para_el_mundo_alternativa_para_la_diversificacion_de_la_finca
https://www.researchgate.net/publication/312899595_Ka'a_he'e_Stevia_rebaudiana_Bertoni_Bertoni_La_dulce_planta_de_Paraguay_para_el_mundo_alternativa_para_la_diversificacion_de_la_finca
https://www.researchgate.net/publication/312899595_Ka'a_he'e_Stevia_rebaudiana_Bertoni_Bertoni_La_dulce_planta_de_Paraguay_para_el_mundo_alternativa_para_la_diversificacion_de_la_finca
https://www.researchgate.net/publication/312899595_Ka'a_he'e_Stevia_rebaudiana_Bertoni_Bertoni_La_dulce_planta_de_Paraguay_para_el_mundo_alternativa_para_la_diversificacion_de_la_finca
https://doi.org/10.1007/s13225-020-00464-4
https://doi.org/10.1007/s13225-020-00464-4
https://doi.org/10.14295/CS.v8i1.1754
https://doi.org/10.3852/14-147
https://doi.org/10.3852/14-147
https://www.researchgate.net/profile/Priscila-Chaverri/publication/259188197_HypocreaTrichoderma_Ascomycota_Hypocreales_Hypocreaceae_Species_with_green_ascospores/links/02e7e52a487bdbc37c000000/Hypocrea-Trichoderma-Ascomycota-Hypocreales-Hypocreaceae-Species-with-green-ascospores.pdf
https://www.researchgate.net/profile/Priscila-Chaverri/publication/259188197_HypocreaTrichoderma_Ascomycota_Hypocreales_Hypocreaceae_Species_with_green_ascospores/links/02e7e52a487bdbc37c000000/Hypocrea-Trichoderma-Ascomycota-Hypocreales-Hypocreaceae-Species-with-green-ascospores.pdf
https://www.researchgate.net/profile/Priscila-Chaverri/publication/259188197_HypocreaTrichoderma_Ascomycota_Hypocreales_Hypocreaceae_Species_with_green_ascospores/links/02e7e52a487bdbc37c000000/Hypocrea-Trichoderma-Ascomycota-Hypocreales-Hypocreaceae-Species-with-green-ascospores.pdf
https://www.researchgate.net/profile/Priscila-Chaverri/publication/259188197_HypocreaTrichoderma_Ascomycota_Hypocreales_Hypocreaceae_Species_with_green_ascospores/links/02e7e52a487bdbc37c000000/Hypocrea-Trichoderma-Ascomycota-Hypocreales-Hypocreaceae-Species-with-green-ascospores.pdf
https://www.researchgate.net/profile/Priscila-Chaverri/publication/259188197_HypocreaTrichoderma_Ascomycota_Hypocreales_Hypocreaceae_Species_with_green_ascospores/links/02e7e52a487bdbc37c000000/Hypocrea-Trichoderma-Ascomycota-Hypocreales-Hypocreaceae-Species-with-green-ascospores.pdf
https://www.researchgate.net/profile/Priscila-Chaverri/publication/259188197_HypocreaTrichoderma_Ascomycota_Hypocreales_Hypocreaceae_Species_with_green_ascospores/links/02e7e52a487bdbc37c000000/Hypocrea-Trichoderma-Ascomycota-Hypocreales-Hypocreaceae-Species-with-green-ascospores.pdf
https://www.researchgate.net/profile/Priscila-Chaverri/publication/259188197_HypocreaTrichoderma_Ascomycota_Hypocreales_Hypocreaceae_Species_with_green_ascospores/links/02e7e52a487bdbc37c000000/Hypocrea-Trichoderma-Ascomycota-Hypocreales-Hypocreaceae-Species-with-green-ascospores.pdf
https://doi.org/10.1007/s11274-011-0938-5
https://doi.org/10.1007/s11274-011-0938-5
https://doi.org/10.1093/femsec/fiw036
https://doi.org/10.15517/am.v30i1.34423
https://doi.org/10.15517/am.v30i1.34423
https://doi.org/10.1039/b618086h
https://doi.org/10.1039/b618086h


14 Agron. Colomb. 41(3) 2023

lineage with new species, new peptaibiotics, and mycotoxins. 
Mycological Progress, 7(3), 177–219. https://doi.org/10.1007/
s11557-008-0563-3

Di Lelio, I., Coppola, M., Comite, E., Molisso, D., Lorito, M., Woo, S. 
L., Pennacchio, F., Rao, R., & Digilio, M. C. (2021). Temperature 
differentially influences the capacity of Trichoderma species 
to induce plant defense responses in tomato against insect 
pests. Frontiers in Plant Science, 12, Article 678830. https://
doi.org/10.3389/fpls.2021.678830

Druzhinina, I. S., Kopchinskiy, A. G., Komoń, M., Bissett, J., Szakacs, 
G., & Kubicek, C. P. (2005). An oligonucleotide barcode for 
species identification in Trichoderma and Hypocrea. Fungal 
Genetics and Biology, 42(10), 813–828. https://doi.org/10.1016/j.
fgb.2005.06.007

Druzhinina, I., & Kubicek, C. P. (2005). Species concepts and biodi-
versity in Trichoderma and Hypocrea: from aggregate species 
to species clusters?  Journal of Zhejiang University-Science B, 
6(2), 100–112. https://doi.org/10.1631/jzus.2005.B0100

Feitosa Y. B., Cruz-Magalhães V., Argolo-Filho R. C., Souza J. T., & 
Loguercio, L. L. (2019). Characterization of genetic diversity 
on tropical Trichoderma germplasm by sequencing of rRNA 
internal transcribed spacers. BMC Research Notes, 12, Article 
663. https://doi.org/10.1186/s13104-019-4694-1

Fernández Gamarra, M. A., Maidana Ojeda, M., & Enciso Maldona-
do, G. A. (2017). Identificación molecular y tasa de crecimiento 
de cepas nativas de Trichoderma spp. aisladas de la Región 
Norte del Paraguay.  Investigación Agraria, 19(2), 127–132. 
https://doi.org/10.18004/investig.agrar.2017.diciembre.127-132

Ferreira, F. V., Herrmann-Andrade, A. M., Calabrese, C. D., Bello, 
F., Vázquez, D., & Musumeci, M. A. (2020). Effectiveness of 
Trichoderma strains isolated from the rhizosphere of citrus tree 
to control Alternaria alternata, Colletotrichum gloeosporioides 
and Penicillium digitatum A21 resistant to pyrimethanil in 
post-harvest oranges (Citrus sinensis L. (Osbeck)). Journal of 
Applied Microbiology, 129(3), 712–727. https://doi.org/10.1111/
jam.14657

Fraceto, L. F., Maruyama, C. R., Guilger, M., Mishra, S., Keswani, 
C., Singh, H. B., & Lima, R. (2018). Trichoderma harzianum-
based novel formulations: potential applications for manage-
ment of Next-Gen agricultural challenges. Journal of Chemical 
Technology and Biotechnology, 93(8), 2056–2063. https://doi.
org/10.1002/jctb.5613

Galante, Y. M., De Conti, A., & Monteverdi, R. (1998). Application 
of Trichoderma enzymes in the food and feed industries. In G. 
E. Harman, & C. P. Kubicek (Eds.), Trichoderma and Gliocla-
dium, Volume 2.  Enzymes, biological control and commercial 
applications (pp. 341–356). Taylor & Francis Ltd. https://books.
google.com.co/books?hl=en&lr=&id=20NZDwAAQBAJ&oi
=fnd&pg=PA327&dq=+Application+of+Trichoderma+enzy
mes&ots=QYtPa5-D8b&sig=h5NYpOlEzR0APKh62ntzeSo
Y4WY&redir_esc=y#v=onepage&q=Application%20of%20
Trichoderma%20enzymes&f=false

Garcete Gómez, J. M., & Orrego Fuente, A. L. (2011). Efecto de 
aislados nativos de Trichoderma spp. en la incidencia de 
Macrophomina phaseolina (Tassi) Goid en sésamo (Sesamum 
indicum L.). Investigacion Agraria, 13(2), 87–93. https://www.
agr.una.py/revista/index.php/ria/article/view/220

Haouhach, S., Karkachi, N., Oguiba, B., Sidaoui, A., Chamorro, 
I., Kihal, M., & Monte, E. (2020). Three new reports of 
Trichoderma in Algeria: T. atrobrunneum, (South) T. lon-
gibrachiatum (South), and T. afroharzianum (Northwest). 
Microorganisms, 8(10), Article 1455. https://doi.org/10.3390/
microorganisms8101455

Hermosa, M. R., Keck, E., Chamorro, I., Rubio, B., Sanz, L., Vizcaíno, 
J. A., Grondona, I., & Monte, E. (2004). Genetic diversity shown 
in Trichoderma biocontrol isolates. Mycological Research, 
108(8), 897–906. https://doi.org/10.1017/S0953756204000358

Holmes, K. A., Shroers, H. -J., Thomas, S. E., Evans, H. C., & Samuels, 
G. J. (2004). Taxonomy and biocontrol potential of a new spe-
cies of Trichoderma from the Amazon basin of South America. 
Mycological Progress, 3(3), 199–210. https://doi.org/10.1007/
s11557-006-0090-z 

Horta, M. A. C., Ferreira Filho, J. A., Murad, N. F., Santos, E. O., 
Santos, C. A., Mendes, J. S., Brandão, M. M., Azzoni, S. F., & 
Souza, A. P. (2018). Network of proteins, enzymes and genes 
linked to biomass degradation shared by Trichoderma species. 
Scientific Reports, 8(1), Article 1341. https://doi.org/10.1038/
s41598-018-19671-w

Howell, C. R. (2003). Mechanisms employed by Trichoderma species 
in the biological control of plant diseases: the history and evo-
lution of current concepts. Plant Disease, 87(1), 4–10. https://
doi.org/10.1094/PDIS.2003.87.1.4

Inglis, P. W., Mello, S. C. M., Martins, I., Silva, J. B. T., Macêdo, K., 
Sifuentes, D. N., & Valadares-Inglis, M. C. (2020). Trichoderma 
from Brazilian garlic and onion crop soils and description 
of two new species: Trichoderma azevedoi and Trichoderma 
peberdyi. PLoS ONE, 15(3), Article e0228485. https://doi.
org/10.1371/journal.pone.0228485

Jaklitsch, W. M. (2011). European species of Hypocrea part II: species 
with hyaline ascospores. Fungal Diversity, 48(1), 1–250. https://
doi.org/10.1007/s13225-011-0088-y

Katoh, K., Rozewicki, J., & Yamada, K. D. (2019). MAFFT online 
service: multiple sequence alignment, interactive sequence 
choice and visualization. Briefings in Bioinformatics, 20(4), 
1160–1166. https://doi.org/10.1093/bib/bbx108

Kubicek, C. P., Steindorff, A. S., Chenthamara, K., Manganiello, G., 
Henrissat, B., Zhang, J., Cai, F., Kopchinskiy, A. G., Kubicek, 
E. M., Kuo, A., Baroncelli, R., Sarrocco, S., Noronha, E. F., 
Vannacci, G., Shen, Q., Grigoriev, I. V., & Druzhinina, I. S. 
(2019). Evolution and comparative genomics of the most com-
mon Trichoderma species. BMC Genomics, 20(1), Article 485. 
https://doi.org/10.1186/s12864-019-5680-7

Kuhls, K., Lieckfeldt, E., Börner, T., & Guého, E. (1999). Mo-
lecular reidentification of human pathogenic Trichoderma 
isolates as Trichoderma longibrachiatum and Trichoderma 
citrinoviride. Medical Mycology, 37(1), 25–33. https://doi.
org/10.1080/02681219980000041

Kumar, S., Stecher, G., Li, M., Knyaz, C., & Tamura, K. (2018). MEGA 
X: molecular evolutionary genetics analysis across computing 
platforms. Molecular Biology and Evolution, 35(6), 1547–1549. 
https://doi.org/10.1093/molbev/msy096

Li, M., Ma, G., Lian, H., Su, X. , Tian, Y., Huang, W., Mei, J., & Jiang, 
X. (2019). The effects of Trichoderma on preventing cucumber 
fusarium wilt and regulating cucumber physiology. Journal of 

https://doi.org/10.1007/s11557-008-0563-3
https://doi.org/10.1007/s11557-008-0563-3
https://doi.org/10.3389/fpls.2021.678830
https://doi.org/10.3389/fpls.2021.678830
https://doi.org/10.1016/j.fgb.2005.06.007
https://doi.org/10.1016/j.fgb.2005.06.007
https://doi.org/10.1631/jzus.2005.B0100
https://doi.org/10.18004/investig.agrar.2017.diciembre.127-132
https://doi.org/10.1111/jam.14657
https://doi.org/10.1111/jam.14657
https://doi.org/10.1002/jctb.5613
https://doi.org/10.1002/jctb.5613
https://books.google.com.co/books?hl=en&lr=&id=20NZDwAAQBAJ&oi=fnd&pg=PA327&dq=+Application+of+Trichoderma+enzymes&ots=QYtPa5-D8b&sig=h5NYpOlEzR0APKh62ntzeSoY4WY&redir_esc=y#v=onepage&q=Application%20of%20Trichoderma%20enzymes&f=false
https://books.google.com.co/books?hl=en&lr=&id=20NZDwAAQBAJ&oi=fnd&pg=PA327&dq=+Application+of+Trichoderma+enzymes&ots=QYtPa5-D8b&sig=h5NYpOlEzR0APKh62ntzeSoY4WY&redir_esc=y#v=onepage&q=Application%20of%20Trichoderma%20enzymes&f=false
https://books.google.com.co/books?hl=en&lr=&id=20NZDwAAQBAJ&oi=fnd&pg=PA327&dq=+Application+of+Trichoderma+enzymes&ots=QYtPa5-D8b&sig=h5NYpOlEzR0APKh62ntzeSoY4WY&redir_esc=y#v=onepage&q=Application%20of%20Trichoderma%20enzymes&f=false
https://books.google.com.co/books?hl=en&lr=&id=20NZDwAAQBAJ&oi=fnd&pg=PA327&dq=+Application+of+Trichoderma+enzymes&ots=QYtPa5-D8b&sig=h5NYpOlEzR0APKh62ntzeSoY4WY&redir_esc=y#v=onepage&q=Application%20of%20Trichoderma%20enzymes&f=false
https://books.google.com.co/books?hl=en&lr=&id=20NZDwAAQBAJ&oi=fnd&pg=PA327&dq=+Application+of+Trichoderma+enzymes&ots=QYtPa5-D8b&sig=h5NYpOlEzR0APKh62ntzeSoY4WY&redir_esc=y#v=onepage&q=Application%20of%20Trichoderma%20enzymes&f=false
https://books.google.com.co/books?hl=en&lr=&id=20NZDwAAQBAJ&oi=fnd&pg=PA327&dq=+Application+of+Trichoderma+enzymes&ots=QYtPa5-D8b&sig=h5NYpOlEzR0APKh62ntzeSoY4WY&redir_esc=y#v=onepage&q=Application%20of%20Trichoderma%20enzymes&f=false
https://www.agr.una.py/revista/index.php/ria/article/view/220
https://www.agr.una.py/revista/index.php/ria/article/view/220
https://doi.org/10.3390/microorganisms8101455
https://doi.org/10.3390/microorganisms8101455
https://doi.org/10.1017/S0953756204000358
https://doi.org/10.1007/s11557-006-0090-z
https://doi.org/10.1007/s11557-006-0090-z
https://doi.org/10.1038/s41598-018-19671-w
https://doi.org/10.1038/s41598-018-19671-w
https://doi.org/10.1094/PDIS.2003.87.1.4
https://doi.org/10.1094/PDIS.2003.87.1.4
https://doi.org/10.1371/journal.pone.0228485
https://doi.org/10.1371/journal.pone.0228485
https://doi.org/10.1007/s13225-011-0088-y
https://doi.org/10.1007/s13225-011-0088-y
https://doi.org/10.1093/bib/bbx108
https://doi.org/10.1186/s12864-019-5680-7
https://doi.org/10.1080/02681219980000041
https://doi.org/10.1080/02681219980000041
https://doi.org/10.1093/molbev/msy096


15Sanabria-Velázquez, Florentín Pavía, Insaurralde Ayala, Flores-Giubi, Romero-Rodríguez, Sotelo, and Barúa: Characterization of Trichoderma species from 
agricultural soils of Paraguay

Integrative Agriculture, 18(3), 607–617. https://doi.org/10.1016/
S2095-3119(18)62057-X

Lisboa, D. S., Santos, C., Barbosa, R. N., Magalhães, O., Paiva, L. M., 
Moreira, K. A., Lima, N., & Souza-Motta, C. M. (2017). Requali-
fication of a Brazilian Trichoderma collection and screening of 
its capability to decolourise real textile effluent. International 
Journal of Environmental Research and Public Health, 14(4), 
Article 373. https://doi.org/10.3390/ijerph14040373

Lombardi, N., Vitale, S., Turra, D., Reverberi, M., Fanelli, C., Vinale, 
F., Marra, R., Ruocco, M., Pascale, A., D’Errico, G., Woo, 
S. L., & Lorito, M. (2018). Root exudates of stressed plants 
stimulate and attract Trichoderma soil fungi. Molecular Plant-
Microbe Interactions, 31(10), 982–994. https://doi.org/10.1094/
MPMI-12-17-0310-R

Lopes, F. A. C., Steindorff, A. S., Geraldine, A. M., Brandão, R. S., 
Monteiro, V. N., Lobo Júnior, M., Coelho, A. S. G., Ulhoa, C. 
J., & Silva, R. N. (2012). Biochemical and metabolic profiles of 
Trichoderma strains isolated from common bean crops in the 
Brazilian Cerrado, and potential antagonism against Sclero-
tinia sclerotiorum. Fungal Biology, 116(7), 815–824. https://doi.
org/10.1016/j.funbio.2012.04.015

López-Quintero, C. A., Atanasova, L., Franco-Molano, A. E., Gams, 
W., Komon-Zelazowska, M., Theelen, B., Müller, W. H., Boek-
hout, T., & Druzhinina, I. (2013). DNA barcoding survey of 
Trichoderma diversity in soil and litter of the Colombian low-
land Amazonian rainforest reveals Trichoderma strigosellum 
sp. nov. and other species. Antonie van Leeuwenhoek, 104(5), 
657–674. https://doi.org/10.1007/s10482-013-9975-4

Macena, A. M. F., Kobori, N. N., Mascarin, G. M., Vida, J. B., & 
Hartman, G. L. (2020). Antagonism of Trichoderma-based 
biofungicides against Brazilian and North American iso-
lates of Sclerotinia sclerotiorum and growth promotion of 
soybean. BioControl, 65(2), 235–246. https://doi.org/10.1007/
s10526-019-09976-8

Malmierca, M. G., Cardoza, R. E., Alexander, H. J., McCormick, 
S. P., Hermosa, R., Monte, E., & Gutiérrez, S. (2012). Involve-
ment of Trichoderma trichothecenes in the biocontrol activity 
and induction of plant defense-related genes. Applied and 
Environmental Microbiology, 78(14), 4856–4868. https://doi.
org/10.1128/aem.00385-12

Mayo-Prieto, S., Campelo, M. P., Lorenzana, A., Rodríguez-
González, A., Reinoso, B., Gutiérrez, S., & Casquero, P. A. 
(2020). Antifungal activity and bean growth promotion of 
Trichoderma strains isolated from seed vs soil. European Jour-
nal of Plant Pathology, 158, 817–828. https://doi.org/10.1007/
s10658-020-02069-8

McSpadden Gardener, B. B., & Fravel, D. R. (2002). Biological control 
of plant pathogens: research, commercialization, and applica-
tion in the USA. Plant Health Progress, 3(1), Article 17. https://
doi.org/10.1094/php-2002-0510-01-rv

Morán-Diez, M. E., Tranque, E., Bettiol, W., Monte, E., & Hermosa, 
R. (2020). Differential response of tomato plants to the applica-
tion of three Trichoderma species when evaluating the control 
of Pseudomonas syringae populations. Plants, 9(5), Article 626. 
https://doi.org/10.3390/plants9050626

Moreno-Ruiz, D., Lichius, A., Turrà, D., Di Pietro, A., & Zeilinger, 
S. (2020). Chemotropism assays for plant symbiosis and my-
coparasitism related compound screening in Trichoderma 

atroviride. Frontiers in Microbiology, 11, Article 601251. https://
doi.org/10.3389/fmicb.2020.601251

Murray, M. G., & Thompson, W. F. (1980). Nucleic acids re-
search rapid isolation of high molecular weight plant 
DNA. Nucleic Acids Research, 8(19), 4321–4326. https://doi.
org/10.1093%2Fnar%2F8.19.4321

Naseby, D. C., Pascual, J. A., & Lynch, J. M. (2000). Effect of biocon-
trol strains of Trichoderma on plant growth, Pythium ultimum 
populations, soil microbial communities and soil enzyme 
activities. Journal of Applied Microbiology, 88(1), 161–169. 
https://doi.org/10.1046/j.1365-2672.2000.00939.x

Nieto-Jacobo, M. F., Steyaert, J. M., Salazar-Badillo, F. B., Vi Nguyen, 
D., Rostás, M., Braithwaite, M., Souza, J. T., Jimenez-Bremont, 
J. F., Ohkura, M., Stewart, A., & Mendoza-Mendoza, A. (2017). 
Environmental growth conditions of Trichoderma spp. affects 
indole acetic acid derivatives, volatile organic compounds, and 
plant growth promotion. Frontiers in Plant Science, 8, Article 
102. https://doi.org/10.3389/fpls.2017.00102

Ortellado Franco, B. M., & Orrego Fuente, A. L. (2013). Com-
patibilidad in vitro de aislados nativos de Trichoderma 
spp. con fungicidas para el tratamiento de semillas. Inves-
tigacion Agraria, 15(1), 15–22. http://scielo.iics.una.py/scielo.
php?script=sci_arttext&pid=S2305-06832013000100003&ln
g=en&nrm=iso

Pappu, L. (2018). Enhanced rhizosphere competence of Trichoderma 
viride grown in solid state fermentation on corn cob residue. 
Archives of Phytopathology and Plant Protection, 51(9–10), 
505–529. https://doi.org/10.1080/03235408.2018.1490236

Patel, J., Teli, B., Bajpai, R., Meher, J., Rashid, M., Mukherjee, A., 
& Yadav, S. K. (2019). Trichoderma-mediated biocontrol and 
growth promotion in plants: an endophytic approach. In A. 
Kumar, A. Kishore Singh, & K. Kumar Choudary (Eds.), Role of 
plant growth promoting microorganisms in sustainable agricul-
ture and nanotechnology (pp. 219–239). Woodhead Publishing. 
https://doi.org/10.1016/b978-0-12-817004-5.00013-0

Raja, H. A., Miller, A. N., Pearce, C. J., & Oberlies, N. H. (2017). Fun-
gal identification using molecular tools: a primer for the natu-
ral products research community. Journal of Natural Products, 
80(3), 756–770. https://doi.org/10.1021/acs.jnatprod.6b01085

Richter, S., Cormican, M. G., Pfaller, M. A., Lee, C. K., Gingrich, 
R., Rinaldi, M. G., & Sutton, D. A. (1999). Fatal disseminated 
Trichoderma longibrachiatum infection in an adult bone mar-
row transplant patient: species identification and review of the 
literature. Journal of Clinical Microbiology, 37(4), 1154–1160. 
https://doi.org/10.1128/jcm.37.4.1154-1160.1999

Rivera-Méndez, W., Obregón, M., Morán-Diez, M. E., Hermosa, 
R., & Monte, E. (2020). Trichoderma asperellum biocontrol 
activity and induction of systemic defenses against Sclerotium 
cepivorum in onion plants under tropical climate conditions. 
Biological Control, 141, Article 104145. https://doi.org/10.1016/j.
biocontrol.2019.104145

Samuels, G. J. (2006). Trichoderma: Systematics, the sexual state, 
and ecology. Phytopathology, 96(2), 195–206. https://doi.
org/10.1094/PHYTO-96-0195 

Samuels, G. J., Dodd, S., Lu, B. S., Petrini, O., Schroers, H. J., 
& Druzhinina, I. S. (2006). The Trichoderma koningii 

https://doi.org/10.1016/S2095-3119(18)62057-X
https://doi.org/10.1016/S2095-3119(18)62057-X
https://doi.org/10.3390/ijerph14040373
https://doi.org/10.1094/MPMI-12-17-0310-R
https://doi.org/10.1094/MPMI-12-17-0310-R
https://doi.org/10.1016/j.funbio.2012.04.015
https://doi.org/10.1016/j.funbio.2012.04.015
https://doi.org/10.1007/s10482-013-9975-4
https://doi.org/10.1007/s10526-019-09976-8
https://doi.org/10.1007/s10526-019-09976-8
https://doi.org/10.1128/aem.00385-12
https://doi.org/10.1128/aem.00385-12
https://doi.org/10.1007/s10658-020-02069-8
https://doi.org/10.1007/s10658-020-02069-8
https://doi.org/10.1094/php-2002-0510-01-rv
https://doi.org/10.1094/php-2002-0510-01-rv
https://doi.org/10.3390/plants9050626
https://doi.org/10.3389/fmicb.2020.601251
https://doi.org/10.3389/fmicb.2020.601251
https://doi.org/10.1093%2Fnar%2F8.19.4321
https://doi.org/10.1093%2Fnar%2F8.19.4321
https://doi.org/10.1046/j.1365-2672.2000.00939.x
https://doi.org/10.3389/fpls.2017.00102
http://scielo.iics.una.py/scielo.php?script=sci_arttext&pid=S2305-06832013000100003&lng=en&nrm=iso
http://scielo.iics.una.py/scielo.php?script=sci_arttext&pid=S2305-06832013000100003&lng=en&nrm=iso
http://scielo.iics.una.py/scielo.php?script=sci_arttext&pid=S2305-06832013000100003&lng=en&nrm=iso
https://doi.org/10.1080/03235408.2018.1490236
https://doi.org/10.1016/b978-0-12-817004-5.00013-0
https://doi.org/10.1021/acs.jnatprod.6b01085
https://doi.org/10.1128/jcm.37.4.1154-1160.1999
https://doi.org/10.1016/j.biocontrol.2019.104145
https://doi.org/10.1016/j.biocontrol.2019.104145
https://doi.org/10.1094/PHYTO-96-0195
https://doi.org/10.1094/PHYTO-96-0195


16 Agron. Colomb. 41(3) 2023

aggregate species. Studies in Mycology, 56(1), 67–133. https://
doi.org/10.3114/sim.2006.56.03

Samuels, G. J., & Hebbar, P. K. (2015). Trichoderma: identification 
and agricultural applications. APS Press. https://my.apsnet.
org/ItemDetail?iProductCode=44846

Sanabria Velázquez, A. D. (2020). Evaluación de aislados de Tricho-
derma spp. nativos del Paraguay para el control de Colletotri-
chum spp. causante de la antracnosis en frutilla. Investigacion 
Agraria, 22(1), 53–62.  https://doi.org/10.18004/investig.
agrar.2020.junio.53-62

Sanabria Velazquez, A. D., & Grabowski Ocampos, C. J. (2016). 
Control biológico de Rosellinia sp. causante de la muerte 
súbita en macadamia (Macadamia integrifolia) con aislados de 
Trichoderma spp. Investigacion Agraria, 18(2), 77–86. https://
www.agr.una.py/revista/index.php/ria/article/view/306

Sarsaiya, S., Jain, A., Fan, X., Jia, Q., Xu, Q., Shu, F., Zhou, Q., Shi, J., 
& Chen, J. (2020). New insights into detection of a dendrobine 
compound from a novel endophytic Trichoderma longi-
brachiatum strain and its toxicity against phytopathogenic 
bacteria. Frontiers in Microbiology, 11, Article 337. https://doi.
org/10.3389/fmicb.2020.00337

Schoch, C. L., Seifert, K. A., Huhndorf, S., Robert, V., Spouge, J. L., 
Levesque, C. A., Chen, W., Bolchacova, E., Voigt, K., Crous, P. 
W., Miller, A. N., Wingfield, M. J., Aime, M. C., An, K. D., Bai, 
F. Y., Barreto, R. W., Begerow, D., Bergeron, M. J., Blackwell, 
M., …, & Schindel, D. (2012). Nuclear ribosomal internal tran-
scribed spacer (ITS) region as a universal DNA barcode marker 
for Fungi. Proceedings of the National Academy of Sciences of 
the United States of America, 109(16), 6241–6246. https://doi.
org/10.1073/pnas.1117018109

Sempere Ferre, F., & Santamarina, M. P. (2010). Efficacy of Tricho-
derma harzianum in suppression of Fusarium culmorum. An-
nals of Microbiology, 60(2), 335–340. https://doi.org/10.1007/
s13213-010-0047-y

Shi, W. L., Chen, X. L., Wang, L. X., Gong, Z. T., Li, S., Li, C. L., Xie, 
B. B., Zhang, W., Shi, M., Li, C., Zhang, Y. Z., & Song, X. Y. 
(2016). Cellular and molecular insight into the inhibition of 
primary root growth of Arabidopsis induced by peptaibols, a 
class of linear peptide antibiotics mainly produced by Tricho-
derma spp. Journal of Experimental Botany, 67(8), 2191–2205. 
https://doi.org/10.1093/jxb/erw023

Silva, R. N., Steindorff, A. S., & Monteiro, V. N. (2014). Metabolic 
diversity of Trichoderma. In V. K. Gupta, M. Schmoll, A. 
Herrera-Estrella, R. S. Upadhyay, I. Druzhinina, & M. G. Tuohy 
(Eds.), Biotechnology and biology of Trichoderma (pp. 363–376). 
Elsevier. https://doi.org/10.1016/B978-0-444-59576-8.00027-8

Stauffer Bonzon, A. (1999). Obtención de aislados de Trichoderma 
sp. a nivel local y su efecto en el control de hongos fitopatogé-
nicos. Informe de Investigación. Dirección General de Inves-
tigaciones Cientificas y Tecnológicas, Universidad Nacional 
de Asunción. https://www.cnc.una.py/opac/cliente.cgi?codbi
blio=DGICT&orderby=&mode=full&last_mode=brief&last_
limit=15&last_next_rec=1&last_cclquery=au%3D%28Stauffer
+or+Bonzon%29&last_codbiblio=TODAS&last_cant_total_re
g=29&cclquery=ln%3D205664914&sintaxis=XML 

Stielow, J. B., Lévesque, C. A., Seifert, K. A., Meyer, W., Irinyi, L., 
Smits, D., Renfurm, R., Verkley, G. J. M., Groenewald, M., 
Chaduli, D., Lomascolo, A., Welti, S., Lesage-Meessen, L., Fa-
vel, A., Al-Hatmi, A. M. S., Damm, U., Yilmaz, N., Houbraken, 
J., Lombard, L., …, &  Robert, V. (2015). One fungus, which 
genes? Development and assessment of universal primers for 
potential secondary fungal DNA barcodes. Persoonia - Molecu-
lar Phylogeny and Evolution of Fungi, 35(1), 242–263. https://
doi.org/10.3767/003158515X689135

Tijerino, A., Hermosa, R., Cardoza, R. E., Moraga, J., Malmierca, 
M. G., Aleu, J., Collado, I. G., Monte, E., & Gutierrez, S. (2011). 
Overexpression of the Trichoderma brevicompactum tri5 gene: 
effect on the expression of the trichodermin biosynthetic genes 
and on tomato seedlings. Toxins, 3(9), 1220–1232. https://doi.
org/10.3390/toxins3091220

Woo, S. L., Ruocco, M., Vinale, F., Nigro, M., Marra, R., Lombardi, 
N., Pascale, A., Lanzuise, S., Manganiello, G., & Lorito, M. 
(2014). Trichoderma-based products and their widespread use 
in agriculture. The Open Mycology Journal, 8(Supp1), 71–126. 
https://doi.org/10.2174/1874437001408010071

Wu, Q., Sun, R., Ni, M., Yu, J., Li, Y., Yu, C., Dou, K., Ren, J., & 
Chen, J. (2017). Identification of a novel fungus, Trichoderma 
asperellum GDFS1009, and comprehensive evaluation of its 
biocontrol efficacy. PLoS ONE, 12(6), Article e0179957. https://
doi.org/10.1371/journal.pone.0179957

Yendyo, S., Ramesh, G. C., & Pandey, B. R. (2017). Evaluation of 
Trichoderma  spp., Pseudomonas f luorescence and Bacillus 
subtilis for biological control of Ralstonia wilt of tomato. 
F1000Research, 6, Article 2028. https://doi.org/10.12688%2F
f1000research.12448.3

Zhang, S., Xu, B., Zhang, J., & Gan, Y. (2018). Identification of the 
antifungal activity of Trichoderma longibrachiatum T6 and as-
sessment of bioactive substances in controlling phytopathgens. 
Pesticide Biochemistry and Physiology, 147, 59–66. https://doi.
org/10.1016/j.pestbp.2018.02.006

https://doi.org/10.3114/sim.2006.56.03
https://doi.org/10.3114/sim.2006.56.03
https://my.apsnet.org/ItemDetail?iProductCode=44846
https://doi.org/10.18004/investig.agrar.2020.junio.53-62
https://doi.org/10.18004/investig.agrar.2020.junio.53-62
https://www.agr.una.py/revista/index.php/ria/article/view/306
https://www.agr.una.py/revista/index.php/ria/article/view/306
https://doi.org/10.3389/fmicb.2020.00337
https://doi.org/10.3389/fmicb.2020.00337
https://doi.org/10.1073/pnas.1117018109
https://doi.org/10.1073/pnas.1117018109
https://doi.org/10.1007/s13213-010-0047-y
https://doi.org/10.1007/s13213-010-0047-y
https://doi.org/10.1093/jxb/erw023
https://doi.org/10.1016/B978-0-444-59576-8.00027-8
https://www.cnc.una.py/opac/cliente.cgi?codbiblio=DGICT&orderby=&mode=full&last_mode=brief&last_limit=15&last_next_rec=1&last_cclquery=au%3D%28Stauffer+or+Bonzon%29&last_codbiblio=TODAS&last_cant_total_reg=29&cclquery=ln%3D205664914&sintaxis=XML
https://www.cnc.una.py/opac/cliente.cgi?codbiblio=DGICT&orderby=&mode=full&last_mode=brief&last_limit=15&last_next_rec=1&last_cclquery=au%3D%28Stauffer+or+Bonzon%29&last_codbiblio=TODAS&last_cant_total_reg=29&cclquery=ln%3D205664914&sintaxis=XML
https://www.cnc.una.py/opac/cliente.cgi?codbiblio=DGICT&orderby=&mode=full&last_mode=brief&last_limit=15&last_next_rec=1&last_cclquery=au%3D%28Stauffer+or+Bonzon%29&last_codbiblio=TODAS&last_cant_total_reg=29&cclquery=ln%3D205664914&sintaxis=XML
https://www.cnc.una.py/opac/cliente.cgi?codbiblio=DGICT&orderby=&mode=full&last_mode=brief&last_limit=15&last_next_rec=1&last_cclquery=au%3D%28Stauffer+or+Bonzon%29&last_codbiblio=TODAS&last_cant_total_reg=29&cclquery=ln%3D205664914&sintaxis=XML
https://www.cnc.una.py/opac/cliente.cgi?codbiblio=DGICT&orderby=&mode=full&last_mode=brief&last_limit=15&last_next_rec=1&last_cclquery=au%3D%28Stauffer+or+Bonzon%29&last_codbiblio=TODAS&last_cant_total_reg=29&cclquery=ln%3D205664914&sintaxis=XML
https://doi.org/10.3767/003158515X689135
https://doi.org/10.3767/003158515X689135
https://doi.org/10.3390/toxins3091220
https://doi.org/10.3390/toxins3091220
https://doi.org/10.2174/1874437001408010071
https://doi.org/10.1371/journal.pone.0179957
https://doi.org/10.1371/journal.pone.0179957
https://doi.org/10.12688%2Ff1000research.12448.3
https://doi.org/10.12688%2Ff1000research.12448.3
https://doi.org/10.1016/j.pestbp.2018.02.006
https://doi.org/10.1016/j.pestbp.2018.02.006


17Sanabria-Velázquez, Florentín Pavía, Insaurralde Ayala, Flores-Giubi, Romero-Rodríguez, Sotelo, and Barúa: Characterization of Trichoderma species from 
agricultural soils of Paraguay

SUPPLEMENTARY TABLE 1. Trichoderma spp. sequences used for the phylogenetic analyses.

Species
Genbank accession N°

ITS tef1α

Hypomyces aurantius FJ442642 FJ467643

Trichoderma amazonicum NR111529 HM142375

Trichoderma asperellum MH021852 EU279961

Trichoderma brevicompactum EU330941 EU280061

Trichoderma caribbaeum NR137302 DQ289010

Trichoderma citrinoviride NG056275 AY865637

Trichoderma erinaceum NR111837 DQ109547

Trichoderma gamsii DQ315459 DQ307541

Trichoderma ghanense NR120299 AY865638

Trichoderma guizhouense JN191311 AY937440

Trichoderma hamatum EU280124 EU856307

Trichoderma harzianum AY605713 EU279992, KU738448

Trichoderma helicum NR153213 AY605812

Trichoderma intricatum NR134343 AF348110, EU248630

Trichoderma konilangbra MF113487 MK435374

Trichoderma koningiopsis NR131281 EU279998

Trichoderma lentiforme NR144868. FJ463310

Trichoderma lieckfeldtiae NR138438 EU856324

Trichoderma longibrachiatum NR120298 AY865640

Trichoderma neokoningii NR138446 KJ665620

Trichoderma ochroleucum NR134401 FJ860659

Trichoderma ovalisporum NR134342 AY387660

Trichoderma parareesei NR138453 KF699130

Trichoderma paucisporum NR134360 DQ109541

Trichoderma pleuroticola NR134420 EU918160

Trichoderma pseudokoningii NR120296 AY865641

Trichoderma reesei MH861154 Z23012

Trichoderma rossicum NR111834 EU280062

Trichoderma samuelsii NR138452 EU280023

Trichoderma saturnisporum NR103704 AY865642

Trichoderma seppoi NR134413 FJ179582

Trichoderma shennongjianum NR144880 KT735253

Trichoderma spirale NR077177 KJ665740

Trichoderma strictipile NR134337 AY865644

Trichoderma taiwanenense NR144874 DQ284973

Trichoderma texanum NR137308 KT278988

Trichoderma theobromicola NR134359 EU856321

Trichoderma tibetense NR144881 KT735254

Trichoderma virens NR138428 KC291138

Trichoderma viride NR138441 DQ672615

Trichoderma viridescens MH855595 HQ293004
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SUPPLEMENTARY TABLE 2. BLAST results for the ITS sequences of each Trichoderma species isolated in the study.

Isolate Species Identity (%) Accession length Matched accession

FCQ13

T. koningiopsis 100.00 613 MK791649.1

T. viride 100.00 576 KC576682.1

T. sp. 99.81 578 MF136557.1

FCQ16

T. harzianum 100.00 604 MN262484.1

T. rifaii 100.00 585 OL757372.1

T. afarasin 100.00 604 FJ442665.1

T. inhamatum 99.81 545 MH861135.1

FCQ18

T. turrialbense 100.00 627 MT530012.1

T. sp. 100.00 585 MN602854.1

T. brevicompactum 100.00 579 MK253291.1

FCQ19

T. sp. 100.00 580 MW765133.1

T. sulphureum 99.81 624 MT530250.1

T. koningiopsis 99.81 565 MT520626.1

T. afroharzianum 99.81 1131 MN644679.1

FCQ21

T. turrialbense 100.00 627 MT530012.1

T. sp. 100.00 585 MN602854.1

T. brevicompactum 100.00 579 MK253291.1

FCQ23

T. harzianum 100.00 619 MK738150.1

T. azevedoi 100.00 603 MK714903.1

T. sp. 100.00 582 MK808887.1

T. simmonsii 100.00 560 MF078647.1

T. lixii 100.00 592 OL741785.1

T. lentiforme 99.81 603 FJ442251.1

FCQ32

T. lentiforme 100.00 600 MN262489.3

T. harzianum 100.00 570 MK751758.1

T. breve 100.00 640 MN400089.1

T. lixii 100.00 653 KY315574.1

T. simmonsii 100.00 598 MZ835628.1

Sordariomycetes sp. 100.00 1106 MW529552.1

T. harzianum 99.81 599 KX379172.1

FCQ36

T. sulphureum 99.81 624 MT530250.1

T. sp. 99.81 565 MT520637.1

T. koningiopsis 99.81 565 MT520626.1

T. afroharzianum 99.81 1131 MN644679.1

FCQ37

T. sulphureum 100.00 624 MT530250.1

T. koningiopsis 100.00 565 MT520626.1

T. afroharzianum 100.00 1131 MN644679.1

T. atroviride 100.00 602 MN341303.1

T. caribbaeum var. caribbaeum 100.00 658 NR _ 166015.1

T. neokoningii 100.00 581 MW269083.1

T. ovalisporum 100.00 588 MW268857.1

T. ghanense 100.00 862 MT892811.1

to be continued
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Isolate Species Identity (%) Accession length Matched accession

FCQ42

T. asperellum 100.00 588 MT367901.1

T. sp. 100.00 599 MT150599.1

T. hamatum 100.00 898 MT111894.1

T. yunnanense 100.00 597 MT102857.1

T. viride 100.00 577 MT007532.1

Phytophthora cinnamomi 100.00 603 MZ771300.1

T. pubescens 100.00 548 MW280120.1

T. koningii 100.00 548 MW265008.1

Fusarium oxysporum f. sp. Ricini 100.00 609 MW074252.1

T. harzianum 100.00 583 MT995126.1

FCQ43

T. hamatum 100.00 634 MT355443.1

T. asperellum 100.00 595 MT341772.1

T. sp. 100.00 557 MT133836.1

T. harzianum 100.00 543 MW965792.1

FCQ44

T. hamatum 100.00 634 MT355443.1

T. asperellum 100.00 595 MT341772.1

T. sp. 100.00 557 MT133836.1

FCQ46

T. hamatum 100.00 634 MT355443.1

T. asperellum 100.00 595 MT341772.1

T. sp. 100.00 557 MT133836.1

T. harzianum 100.00 543 MW965792.1

FCQ47

T. longibrachiatum 100.00 599 MT520646.1

T. sp. 100.00 598 MT520642.1

Fusarium oxysporum 100.00 604 MW775868.1
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SUPPLEMENTARY TABLE 3. BLAST results for the tef1α sequences of each Trichoderma species isolated in the study.

Isolate Species Identity (%) Accession length Matched accession

FCQ13

T. neokoningii 98.43 818 KJ871265.1

T. neokoningii 97.50 601 DQ841718.1

T. sp. vd1 91.68 611 DQ841711.1

T. gamsii 91.13 644 KR051477.1

T. paraviridescens 91.12 629 MW791206.1

FCQ16

T. harzianum 100.00 516 KP890327.1

T. sp. VB-2019a 100.00 531 MH352423.1

T. camerunense 100.00 524 MG822709.1

T. azevedoi 100.00 485 MN585285.1

T. rifaii 98.00 555 MK644113.1

FCQ18

T. brevicompactum 98.72 631 MT058876.1

T. sp. VNB-2019b 97.87 420 MT300493.1

T. turrialbense 93.49 540 EU338282.1

T. arundinaceum 89.63 623 MT058877.1

FCQ19
T. koningiopsis 99.22 959 EU279995.2

T. arenarium 97.67 520 MT242306.3

FCQ21

T. brevicompactum 99.63 877 AB558910.1

T. arundinaceum 90.00 623 MT058877.1

T. turrialbense 93.70 540 EU338282.1

T. sp. VNB-2019b 96.68 420 MT300493.1

FCQ23

T. harzianum 100.00 516 KP890327.1

T. sp. VB-2019a 100.00 531 MH352423.1

T. camerunense 100.00 524 MG822709.1

T. azevedoi 100.00 485 MN585285.1

T. rifaii 97.95 555 MK644113.1

T. pollinicola 97.95 973 MF939619.1

T. lixii 100.00 610 KJ855089.1

FCQ32

T. lentiforme 96.72 546 MK644114.1

T. harzianum 96.32 888 AY605768.1

T. lixii 95.88 601 JQ040449.1

T. guizhouense 96.19 522 FJ463289.1

FCQ36
T. koningiopsis 100.00 959 EU279995.2

T. arenarium 97.67 520 MT242306.3

FCQ37
T. koningiopsis 100.00 959 EU279995.2

T. arenarium 97.67 520 MT242306.3

FCQ42 T. asperellum 99.62 535 GU198232.1

FCQ43 T. asperellum 99.81 892 MN307415.1

FCQ44 T. asperellum 100.00 892 MN307415.1

FCQ46 T. asperellum 100.00 892 MN307415.1

FCQ47 
T. longibrachiatum 100.00 871 MH208265.1

T. bissettii 100.00 817 HG931271.1


