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ABSTRACT
Ilex paraguariensis St. Hil (yerba mate) is an important crop in the north of Argentina, mainly in
Misiones province. The application of Trichoderma as a biocontroller and biofertilizer can replace
or reduce the use of agrochemicals, decreasing the negative ecological impact. In this research,
we evaluated in vitro and in vivo antagonistic and plant growth promoting (PGP) properties of
Trichoderma species isolated from different regions of Misiones province. Dual culture assays of
Trichoderma against phytopathogenic fungi associated with yerba mate showed that
T. stilbohypoxyli LBM 120 was the most effective antagonist, inhibiting in more than 75% all
phytopathogen growth. Trichoderma atroviride LBM 112 and T. stilbohypoxyli LBM 120 were
positive on endoglucanase, protease, chitinase, siderophore production, and phosphate solubi-
lisation showed the best biological control agents and PGP properties. The PGP properties of
Trichoderma spp. evaluated in vivo on yerba mate seedlings showed that T. atroviride LBM 112,
T. stilbohypoxyli LBM 120, and T. koningiopsis LBM 219 enhanced plant dry weight over 47% in
total and 24% in the aerial part. Moreover, T. koningiopsis LBM 219 increased root dry weight 25%
in contrast with in vitro controls. In conclusion, native Trichoderma strains could be a sustainable
solution to improve yerba mate yield.
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Introduction

Ilex paraguariensis St. Hill., a species of the family
Aquifoliaceae, is a native tree of the Atlantic Forest
in northeastern Argentina, Paraguay, and South
Brazil. This tree is a very valuable regional crop
because its leaves are processed into a traditional
beverage called mate (Bergottini et al. 2015). The
features and ecological conditions suitable for its
successful growth are met in the aforementioned
countries. Moreover, Argentina is the world’s largest
producer of this tree; the production takes place
mainly in Misiones and Corrientes provinces.
Unfortunately, about 50% of the cultivated area is
under degradation process. This can be associated
essentially to the longevity of the plants, but there
are also other factors such as destructive soil man-
agement, material with low genetic quality, inade-
quate harvest, and incorrect pruning, among others
(Prat Kricun and Belingheri 2003). In the manage-
ment of yerba mate crops, it is currently

recommended to adopt conservationist practices
such as zero tillage (using herbicides) and the intro-
duction of plant species companions as green roofs
or native tree species (Eibl et al. 2000; Prat Kricun and
Belingheri 2003; Ilany et al. 2010).

The growing increase of the planted area has
unleashed epidemic pests and diseases due to the
accumulation of susceptible hosts, both on the field
and under controlled conditions on a greenhouse.
Damping off is one of the major phytosanitary pro-
blems undergone by this crop, causing productivity
losses of around 30% (Poletto et al. 2006). This disease
is commonly caused by several species of Fusarium
sp., Pythium sp., and Rhizoctonia sp. To reduce the use
of chemical products, it is recommended to give
priority to cultural and biological methods of pest
control. The use of fungal strains of the genus
Trichoderma to control plant diseases is one of the
most promising alternatives to the use of chemical
fungicides. Furthermore, it has been reported that it
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has a stimulating effect on the growth of crops such
as tomato, bean, cucumber, and others (Gravel et al.
2007; Hoyos-Carvajal et al. 2009).

The aim of this work was to evaluate the biologi-
cal control capacity in vitro and the plant growth
promoting (PGP) properties of four Trichoderma
strains previously isolated from soil of different
yerba mate cultivated regions in Misiones province.
Antagonist dual assays, production of diffusible and
volatile metabolites of Trichoderma strains, were per-
formed. The enzymes presumably involved on the
antagonist activity of these fungi, such as lipase,
endoglucanase, and protease, were also evaluated.
The PGP activity was assessed both in vitro through
the phosphate solubilisation capacity and sidero-
phore production and in vivo by inoculation of
a spore suspension of Trichoderma on yerba mate
plants under greenhouse conditions.

Materials and methods

Organism and maintenance

The strains used in this study belong to the collection
of the Institute of Biotechnology Misiones and were
named LBM. The Trichoderma strains used were
T. atroviride LBM 112, T. koningiopsis LBM 116,
T. stilbohypoxyli LBM 120, and T. koningiopsis LBM 219.

The phytopathogenic fungi assayed were
Colletotrichum gigasporum LBM 183, Fusarium oxy-
sporum LBM184, Alternaria destruens LBM 186,
Phoma destructive LBM189, Phoma sp. LBM 207, and
Pilidium concavum LBM 208. These strains were iso-
lated from different tissue lesions of Ilex paraguar-
iensis St. Hil (data not shown). Microorganisms were
maintained at 4°C in Potato Dextrose Agar (PDA).

Fungal inhibition assay

Dual culture assays were performed to evaluate the
antagonism of Trichoderma strains against several
phytopathogenic fungi following the methodology
described by Desai et al. (2002), with modifications.
Mycelial plugs of 5 mm diameter of Trichoderma and
phytopathogen were placed on the same dish with
PDA medium at 7 cm from each other. Paired cul-
tures were incubated at 28 ± 1°C under constant
light. Dishes inoculated only with test pathogens
served as controls. Three replications of each plate

were done. Radial pathogen growth was measured
progressively. The inhibition of pathogenic fungal
growth by the antagonist was evaluated quantita-
tively by means of the inhibition rate (IR). The IR
was calculated after seven days of incubation using
equation (1)

IR ¼ 100 � ðR2 � R1Þ
R2

(1)

where IR is the percentage of reduction in mycelial
growth of the phytopathogen, R1 is the average
growth of pathogen in the treated plates, and R2 is
the average growth of pathogen in the control
plates. The Trichoderma strain that inhibited the
pathogen growth 50% or more was considered an
effective antagonist.

The antagonism index was calculated after 10 days of
incubation using the Bell scalemodified (Bell et al. 1982).
A strain having an index of 3 or 4 is considered an
effective antagonist. After 10 days of incubation,
Trichoderma strains were tested for mycoparasitism
and antibiosis against phytopathogens. For this pur-
pose, the inhibition zone (confrontation zone) was cut
using a sharp blade and transferred onto clean slides
according to the methodology described by
Kuzmanovska et al. (2018). Coverslips with a drop of
lactophenol-cotton-blue (LCB) stain were mounted on
the mycelia. Interactions such as circular winding (or
“coiling”), side winding, and spores around the hyphae
between the antagonist and the pathogen were
observed under a light microscope.

Diffusible and volatile metabolites

To verify diffusible metabolite production, we used
the cellophane method described by Dennis and
Webster (1971a), with modifications. Five-mm-
diameter PDA plugs of Trichoderma were placed at
the centre of Petri dishes containing cellophane
sheets over PDA. After 5 days of incubation at 28 ±
1°C, the cellophane was removed, and a single 5-mm
diameter mycelial plug of phytopathogen was
placed at the centre of each dish. Each pathogen
growing on PDA served as control. Plates were incu-
bated at 28 ± 1°C for 5 days, and growth diameters
were measured. Each condition was tested in tripli-
cate; the results were expressed as percentage of
growth inhibition calculated with Equation (1).
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To evaluate the volatile metabolite production,
quantitative and qualitative methods were used.
The quantitative method was based on the metho-
dology described by Dennis and Webster (1971b),
with modifications. Plates with PDA were inoculated
centrally with agar disks cut from stock cultures of
Trichoderma. The lid of each dish was replaced by
a bottom containing PDA inoculated with
a phytopathogen strain. The two dishes were taped
together and sealed with parafilm. The pathogen
growth on PDA served as control. Plates were incu-
bated at 28 ± 1°C under constant light for 7 days,
and the radial pathogen growth was measured pro-
gressively. The percentage of growth inhibition was
calculated with Equation (1). Test plates and control
plates were set up in triplicate.

We followed the Strobel et al. (2001) methodol-
ogy, with modifications, for qualitative determina-
tion. An agar strip of 2.5 cm wide was first removed
from the centre of a Petri plate of PDA. A PDA plug
with a 7-day-old mycelium of phytopathogenic fungi
was placed on one side of the plate confronted with
a plug of a 7-day-old mycelium of Trichoderma strain
on the other side. Petri plates with phytopathogenic
fungi growing alone were used as controls. Petri
dishes were incubated at 28 ± 1°C under constant
light for 7 days. At the end of the assay, the control
plates were contrasted with the plates containing
Trichoderma species and pathogenic strains.

Qualitative determination of enzymatic activity,
siderophore production, and phosphate
solubilisation

Endoglucanase, lipase, protease, and chitinase activity
determinations were carried out on agar plates con-
taining minimum media with different carbon sources.
A 5-day-old plugwithmycelium of Trichoderma species
was inoculated in different media. Determinations
were replicated three times for each Trichoderma strain.

To establish the strains with the best characteris-
tics, the strains showing the best qualitative features
were used in dendrograms in the Numerical
Taxonomy System (NTSys) program (Rohlf 2004)
where 1 (one) was considered a positive result and
0 (zero) a negative result. Clustering was performed
using the unweighted pair group method of arith-
metical averages (UPGMA) algorithm based on
Jaccard’s coefficient.

Endoglucanase activity
A medium with carboxymethylcellulose (CMC) as car-
bon source was used to verify endoglucanase activity.
Petri dishes were incubated with plugs of different
Trichoderma species for 5 days at 28 ± 1°C under con-
stant light. After incubation, plates were revealed with
0.1% Congo Red dye for 5 min and washed with
5MNaCl and 0.1% (v v−1) acetic acid. A clear halo around
the colony represented a positive result that indicated
endoglucanase production.

Lipolytic activity
To evaluate lipolytic activity, we used the methodol-
ogy described by Howe and Ward (1976). The com-
position medium was 5 g NaCl, 0.1 g CaCl2, 10
g peptone, 20 g agar, and 10 g Tween 80 (polyox-
yethylene sorbitan monooleate) per litre distilled
water. Plates with Trichoderma strains were incu-
bated for 5 days at the previously mentioned condi-
tions. The colony capable to hydrolyse Tween 80 was
considered positive due to the presence of opaque
precipitate around the colony.

Proteolytic activity
Trichoderma strains were grown on Petri dishes contain-
ing 50 g skim milk and 10 g agar per litre distilled water
(Dunne et al. 1997). Protease activity was manifested by
the presence of a clear zone around the colony after 48
h of incubation at 28 ± 1°C with constant light.

Chitinase activity
Chitin from shrimp shells (Sigma C-7170) was used to
determine chitinase activity. Trichoderma spp. were
grown on a solid medium with colloidal chitin as
carbon source, prepared according to Shimahara
and Takiguchi (1988). The medium contained 1.5
g colloidal chitin, 2.7 g K2HPO4, 0.7 g MgSO4.7H2O,
0.5 g NaCl, 0.5 g KCl, 0.13 g yeast extract, and 15
g agar per litre distilled water at pH 5.5. Trichoderma
strains were inoculated and incubated for 5 days at
28 ± 1°C with constant light. A positive result was
observed as a transparent halo around the colony.

Siderophore production
Siderophore production was determined by using two
different methods. In the first method, chrome-azurol S-
agar (Louden et al. 2011) modified to pH 6.0 was inocu-
lated with Trichoderma strains. After five days of incuba-
tion at 28 ± 1°C with constant light, strains exhibiting an
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orange halo were considered as siderophore producers.
In the second method, 8-hydroxyquinoline (50 mg L−1)
was added to malt extract agar (Hoyos-Carvajal et al.
2009). The strains capable to grow on this medium after
5 days of incubation at 28 ± 1°C were considered posi-
tive for siderophore production.

Phosphate solubilisation
Phosphate solubilization was determined using the
National Botanical Research Institute’s phosphate
medium (NBRIP) (Nautiyal 1999) containing 5 g Ca3
(PO4)2, 5 g MgCl2.6H2O, 0.25 g MgSO4.7H2O, 0.2
g KCl, 0.1 (NH4)2SO4, 14 g agar, and 10 g glucose
per litre distilled water. Agar plates were inoculated
with a plug of Trichoderma and were incubated for
five days at 28 ± 1°C with constant light. The pre-
sence of clear zones around the colonies indicated
phosphate solubilisation ability.

Bio-inoculation assay on yerba mate seedlings

Assays in organic nursery were carried out in order to
evaluate the effect of Trichoderma spp. on some growth
parameters of yerba mate seedlings after inoculation
with this fungus. The assays were performed in an
organic nursery of yerba mate in Santo Pipó, Misiones,
Argentina, from May to September 2016. One-year-old
yerba mate seedlings with the most homogenous phe-
notype were selected from the seedbed to be trans-
planted according to Bergottini et al. (2015). Yerba
mate plants were inoculated with 5 ml per pot of
a suspension of 107 spores ml−1 of each Trichoderma
sp. at different times (Yedidia et al. 1999). The inocula-
tions were conducted at 7, 30, and 60 days after the first
inoculation. Controls were irrigated with the same
volume with distilled sterile water.

The length of the aerial part, the diameter, and the
number of leaves were measured at the beginning
and at the end of the assay. The dry weight of root
and aerial parts was measured at the end of the assay.

Statistical analysis

Results from antagonism, diffusible and volatile
metabolites, and in vivo assay tests were statistically
analysed using one-way ANOVA at 95% confidence
limit and Fisher test with 5% confidence using the
Statgraphics Centurion XV version 15.2.06 program.

Results

Fungal inhibition assay

All the evaluated Trichoderma strains were capable to
inhibit the growth of all phytopathogens by 40% or
more. There were no significant differences (p > 0.05)
between the percentage of growth inhibition of all
Trichoderma strains and the ones of phytopathogenic
strains (data not shown).

Figure 1 shows the plates with dual culture after 10
days of incubation; the Bell scale results are summar-
ized in Table 1. Qualitative results after 10 days of
incubation showed that T. stilbohypoxyli LBM 120
was capable to invade and reduce the growth of the
six pathogens by more than 75%. Phoma destructiva
LBM 189 and P. concavum LBM 208 were totally
invaded by all the Trichoderma strains used in the
experiment with an antagonist index of 3 or 4
(Figure 1 and Table 1).

After 10 days post inoculation, the antagonism of
Trichoderma spp. against phytopathogenic strains was
observed as a dual culture with a light microscope
(Figure 2). Light micrographs revealed two modes of
antagonism by Trichoderma spp. against phytopatho-
genic strains. When T. atroviride LBM 112 was con-
fronted with A. alternata LBM 186, T. koningiopsis LBM
116 was confronted with C. gigasporum LBM 183, and
T. stilbohypoxyli LBM 120 was confronted with Phoma
sp. LBM 207, we observed phytopathogenic hyphae
surrounded by spore aggregate antagonists. We also
detected that the hyphae of Trichoderma were intact
(Figure 2(a–c), respectively). Trichoderma koningiopsis
LBM 219 against both Phoma sp. LBM 207 and
F. oxysporum LBM184 showed a circular winding pat-
tern (Figure 2(d,e)) in the interaction zone.

Diffusible and volatile metabolites

The results of the determination of diffusible metabo-
lites showed that the growth of C. gigasporum LBM183,
P. destructive LBM 189, and Phoma sp. LBM 207 were
inhibited by 15% or more by T. stilbohypoxyli LBM 120
(p = 0.0126), T. atroviride LBM 112 (p = 0.0052), and
T. koningiopsis LBM 219 (p = 0.021), respectively. The
growth of F. oxysporum LBM 184 was reduced in more
than 25% by T. koningiopsis LBM 116 and LBM 219 (p =
0.0026). The growth of A. alternate LBM186 was inhib-
ited by more than 15% by all Trichoderma strains with-
out significant differences (p = 0.4087) whereas
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T. stilbohypoxyli LBM120 and T. koningiopsis LBM 219
were capable to inhibit the growth of P. concavun LBM
208 in more than 15% (p = 0.021). All pathogens were
inhibited inmore than 20% for at least one Trichoderma
strain (Figure 3).

The two methods used to determine volatile
metabolites verified that all Trichoderma strains
inhibited the growth of phytopathogenic fungi
(Figures 4 and 5). Fusarium oxysporum LBM 184
growth was inhibited up to 46% by
T. koningiopsis LBM 116 and T. koningiopsis LBM
219. These inhibition percentages differ signifi-
cantly (p = 0.0027) with the results obtained for
T. atroviride LBM 112 and T. stilbohypoxyli LBM
120. There were no significant differences
between the inhibition percentages of all
Trichoderma strains against C. gigasporum LBM
183 (p = 0.2544) and P. destructiva LBM 189 (p

Figure 1. Photographs of PDA plates with Trichoderma and phytopathogenic strains after 10 days the assay started. Trichoderma
strains were inoculated on the left side of the plate while phytopathogens were inoculated on the right side of the plate.

Table 1. Antagonist index after 10 days the assay started.
Numbers correspond to the Bell scale modified.

Strain

Antagonist Index

LBM
183

LBM
184

LBM
186

LBM
189

LBM
207

LBM
208

LBM 112 I3 I1 I1 I4 I4 I4
LBM 116 I1 I1 I4 I4 I1 I4
LBM 120 I4 I4 I4 I3 I3 I3
Trichoderma sp. I3 I3 I2 I4 I1 I4
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= 0.1441); both pathogens were inhibited up to
50% by volatile metabolites produced by all
Trichoderma strains. The growth of A. alternata
LBM 186 was reduced in more than 40% by
T. atroviride LBM 112 (p = 0.0246). The growth
of Phoma sp. LBM 207 was inhibited in more than
45% by T. stilbohypoxyli LBM 120 and
T. koningiopsis LBM 219 with significant

differences (p = 0.0247) from other Trichoderma
spp. against the same phytopathogen. Pilidium
concavum LBM 208 was inhibited in more than
36% by T. atroviride LBM 112, T. stilbohypoxyli
LBM 120, and T. koningiopsis LBM 219 without
significant differences (p = 0.0052), but
T. koningiopsis LBM 116 only inhibited it in 15%
(Figure 4).

Figure 2. Photograph of interaction zones between Trichoderma and phytopathogenic strains after 10 days of incubation seen at
a light microscope. A. Trichoderma atroviride LBM 112 interaction with A. alternata LBM 186 (40X); B. Trichoderma koningiopsis LBM
116 interaction with C. gigasporum LBM 184 (40X); C. Trichoderma stilbohypoxyli LBM 120 confronted with Phoma sp. LBM 207 (10X);
D. Trichoderma koningiopsis LBM 219 confronted with Phoma sp. LBM 207 and E. Trichoderma koningiopsis LBM 219 confronted with
F. oxysporum LBM 183 (10X). Yellow arrows show Trichoderma spores around pathogen hyphae and red arrows indicate the circular
winding between T. koningiopsis LBM 219 and phytopathogens.

Figure 3. Percentage of phytopathogen growth inhibition by diffusible metabolites produced by Trichoderma strains. Standard error
is represented with bars. The letter above the bars indicates homogenous group formation.
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Figure 4. Percentage of phytopathogen growth inhibition by volatile metabolites produced by Trichoderma strains. Standard error is
represented with bars. The letter above the bars indicates homogenous group formation.

Figure 5. Photographs of the qualitative method of volatile metabolites production after seven days the assay started. The letter
above the bars indicates homogenous group formation. Trichoderma strains were inoculated on the left side of the plate while
phytopathogens were inoculated on the right side of the plate. Plate controls were only inoculated on the right side with pathogen
strains.
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Qualitative determination of enzymatic activity,
siderophore production, and phosphate
solubilisation

Trichoderma atroviride LBM 112 and T. stilbohypoxyli
LBM 120 showed positive results for endoglucanase,
protease, chitinase, and phosphate solubilisation.
Trichoderma atroviride LBM 112 was positive for side-
rophore production on CAS medium. However,
T. stilbohypoxyli LBM 120 was positive for sidero-
phore production using 8-hydroxyquinoline.
Trichoderma koningiopsis LBM 116 was positive only
for siderophore on CAS medium and chitinase activ-
ity whereas T. koningiopsis LBM 219 showed negative
results in endoglucanase production and phosphate
solubilisation (Figure 6). These results can be
observed in the dendrogram shown in Figure 7,
where T. atroviride LBM 112 and T. stilbohypoxyli
LBM 120 were clustered in the same group, away
from other Trichoderma strains.

Bio-inoculation assay on yerba mate seedlings

Native bio-inoculants had a highly significant posi-
tive effect on the growth of yerba mate seedlings in

soil (Figure 8). Trichoderma atroviride LBM 112,
T. stilbohypoxyli LBM 120, and T. koningiopsis LBM
219 produced a significant (p = 0.0016) increase on
the dry weight of the total and aerial parts in con-
trast with uninoculated controls. The increases in
aerial part mass were 28% for T. atroviride LBM 112,
49% for T. stilbohypoxyli LBM 120, and 24% for
T. koningiopsis LBM 219; the total dry weight
increases were 47%, 66%, and 46%, respectively.
Trichoderma koningiopsis LBM 219 significantly (p =
0.0042) increased root dry weight by 25% in contrast
with uninoculated controls. There were no significant
differences in aerial part length, diameter, and leaf
number among treatments at the beginning and at
the end of the assay (data not shown).

Discussion

Trichoderma presents different mechanisms to inhibit
pathogen growth, which consist primarily of mycopar-
asitism, direct competition for space or nutrient, and
production of metabolites or antibiotic (Howell 2003;
Ezziyyani et al. 2004; Harman et al. 2004).
Mycoparasitism is a complex process that involves
the tropic growth of the biocontrol agent towards

Figure 6. Plates show the results obtained from enzymatic determination, phosphate solubilisation and siderophore production.
A. Endoglucanase activity*. B. Lipolytic activity*. C. Proteolytic activity*. D. Siderophore 1 production for T. atroviride LBM 112 and
T. koningiopsis LBM 219. E. Siderophore 1 production for T. koningiopsis LBM 116 and T. stilbohypoxyli LBM 120. F. Positive results of
chitinase activity. G. Siderophore 2 production as positive result. H. Phosphate solubilisation, 2: Trichoderma atroviride LBM 112, 7:
Trichoderma koningiopsis LBM 116, 11: Trichoderma stilbohypoxyli LBM 120 and H: Trichoderma koningiopsis LBM 219. *The order of
the strains on Petri plates is: Trichoderma koningiopsis LBM 116 at the top, on the left-hand side; T. atroviride LBM 112 at the top, on
the right-hand side; T. koningiopsis at the bottom, on the left-hand side, T.stilbohypoxyli LBM 120 at the bottom, on the right-hand
side.
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the target fungi, the lectin-mediated coiling of attach-
ment of Trichoderma hyphae to the pathogen, and the
attack and dissolution of the target fungus cell wall by
the activity of enzymes, which may be associated with
the physical penetration of the cell wall (Harman 2000).

According to our results, Trichoderma strains eval-
uated in this study displayed different interactions
between the pathogen and the antagonists.
Trichoderma atroviride LBM 112, T. koningiopsis LBM
116, and T. stilbohypoxyli LBM 120 showed high
antagonism indexes, with hyphaes of phytopatho-
gens surrounded by spore aggregate antagonists.
These results can be correlated with the intense
sporulation observed macroscopically and the
detected production of enzymes. Amira et al. (2017)

had observed this interaction among Trichoderma
harzianum Ths97 and Fusarium solani. However,
restricted by technical limits, no germination was
clearly discernable after adhesion in their in vitro
experiment.

On the other hand, we observed the development
of helicoidal-shaped hyphae by T. koningiopsis LBM
219 around the pathogenic hyphae (or “coiling”).
These coiled cell structures are commonly seen in
various mycopathosystems (Moraga-Suazo et al.
2011; Amira et al. 2017).

As previously mentioned, Trichoderma spp. pro-
duce numerous biologically active compounds,
including cell wall degrading enzymes (CWDEs) and
secondary metabolites such as diffusible and volatile

Figure 7. Dendrogram obtained with NTSys program using UPGMA and Jacard´s correlation.

Figure 8. In vivo assay results. Representation of total, aerial part and root dry weight in grams. Standard error is represented with
bars. The letter above the bars indicates homogenous group formation.
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organic compounds (VOCs) (Vinale et al. 2008).
Trichoderma VOCs would weaken the cell walls of
phytopathogens, which could then be further
affected by hydrolytic enzymes. (Moya et al. 2018).
In our study, we observed that all phytopathogens
were inhibited in more than 20% and more than 35%
for at least one Trichoderma species on the determi-
nation of diffusible and volatile metabolites. The
ability to produce volatile compounds was demon-
strated in all the tested Trichoderma spp., suggesting
the potential of these microorganisms as biocontrol-
lers and biofertilizers. Our results suggest that the
production of Trichoderma metabolites is related to
their ability to invade and reduce the growth of
pathogens and to the type of pathogens they are
exposed to. It is known that the presence of other
microorganisms enhances growth and induces the
activation of genes related to parasitism and compe-
tition in several Trichoderma species (Atanasova et al.
2013). The control efficacy varies with the
Trichoderma species and the target diseases
(Harman et al. 2004).

In this context, the strain LBM 120 grew profusely
on dual culture assays to inhibit growth of the six
phytopathogens and produced hydrolytic enzymes,
mainly chitinases, endoglucanases, and proteases,
along with diffusible and volatile metabolites with
the potential to destabilise the membrane systems.
Similar results were demonstrated by Sharma et al.
(2017) in antagonism assays between T. velutinum
ACR-P1 and several phytopathogens.

Moreover, Kotasthane et al. (2015) suggested that
several metabolic factors such as phosphate solubili-
sation and siderophore and auxin productions may
be responsible for growth regulation in different
agricultural and vegetable crops. Some Trichoderma
spp. can penetrate and live endophytically within
plant roots like mycorrhizal fungi (Kleifeld and Chet
1992); this lifestyle is common for Hypocreales
(Zhang et al. 2018). In soil, various plant nutrients
undergo complex transitions from soluble to insolu-
ble forms that strongly influence their accessibility
and absorption by roots (Harman et al. 2004).
Trichoderma asperellum strain CHF 78 has several
plant growth-promoting traits, such as the phos-
phate-solubilising ability and the production of side-
rophores, and could significantly increase plant dry
weight (Li et al. 2018). Similarly, in our experiments,
LBM 112 and LBM 120 showed positive results in at

least one of the techniques tested for siderophore
production and were able to solubilised phosphate;
in greenhouse conditions, LBM 112 and LBM 120 had
significant differences when contrasting the control
with the aerial part and total dry weight of yerba
mate plants.

On the other hand, we observed that LBM 219 was
the only strain that showed positive siderophore
production on both CAS and 8-hydroxyquinoline
medium and showed significant differences in root
dry weight contrasted with controls. These findings
suggest that increased iron uptake by yerba mate
plants promoted by the production of both sidero-
phores LBM 219 was probably associated with
enhanced dry root weight.

In previous studies, Bergottini et al. (2015)
reported that three endophytic bacteria isolated
from yerba mate root produced a highly significant
increase in yerba mate biomass yield in soil in com-
parison to the non-native PGPR strain A. brasilense
245, which points out the importance of using native
strains as effective bio-inoculants (Fages and Arsac
1991). Moreover, there are many studies on
Trichoderma spp. showing their capacity to promote
plant growth on cucumber, cacao, tomato, and other
crops (Yedidia et al. 2001; Bae et al. 2009; Macías-
Rodríguez et al. 2018) but, to our knowledge, the
present report is the first one showing the native
Trichoderma effect on yerba mate crops.

Conclusion

Native Trichoderma strains from Misiones soil are
promising fungi to improve the development of
yerba mate crops. The strains tested in this work
were able to inhibit pathogen growth using different
mechanism involved in biological control and PGP
properties such as the production of diffusible and
volatile metabolites, the secretion of hydrolytic
enzymes, the production of siderophores, and the
solubilisation of phosphates.

The results from in vitro and in vivo assays allowed
us to conclude that T. stilbohypoxyli LBM 120 and
T. koningiopsis LBM 219 were the most promising
microorganisms as alternatives for their application
on yerba mate crops. We conclude that native
Trichoderma strains isolated from Misiones soils
could be a sustainable solution to improve yerba
mate yield.
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