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Abstract
During scaling of fermentations, choosing a bioreactor is fundamental to ensure the product's quality. This study aims to 
produce bioherbicides using Trichoderma koningiopsis fermentation, evaluating process parameters in an Airlift bioreactor. 
As a response, we quantified the production of enzymes involved in the bioherbicide activity (amylase, cellulase, laccase, 
lipase, and peroxidase). In addition, it evaluated the agronomic efficiency of the fermented extract optimized through tests 
that promoted soybean growth and nodulation, soybean seed germination, and in vitro phytopathogen control. As a result 
of optimizing the scaling bioprocess, it was possible to obtain an adequate fermentation condition, which, when applied to 
soybean seeds, had beneficial effects on their growth. It allowed the production of an enzyme cocktail. These results add a 
crucial biotechnological potential factor for the success of the optimized formulation in the Airlift bioreactor, in addition to 
presenting relevant results for the scientific community.
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Introduction

Biotechnological products have always aroused great inter-
est among consumers, scientists, and companies. Within 
this sector, sales of organic products have increased sig-
nificantly due to the population's demand for healthier 
products obtained in a sustainable, ecological, and organic 
way [1].

The popularization of the use of products of biologi-
cal origin is a matter of time. The growing demand for 
this type of product has stimulated the expansion of the 
agricultural bio-input market, for example. Bio-inputs 
are more beneficial for soil fertility than chemical-based 
inputs. In addition to helping in the sustainable manage-
ment of crops, it is possible to reduce the use of agro-
chemicals [2].

Fermentation is the main bioprocess involved in obtain-
ing valuable bioproducts. Submerged fermentation is the 
most promising technology for the recovery of liquid 
waste; in addition to enabling the development of a fully 
controlled bioprocess, these characteristics are relevant to 
study parameters in bioreactors, aiming at expanding the 
process scale [3].

During the scale-up of fermentations, monitoring pH, 
dissolved oxygen, temperature, cell concentration, and 
aeration is essential for a successful scale-up. The choice 
of the type of bioreactor is also fundamental to ensure the 
quality of the final product. This will also depend on the 
microorganism used to produce the expected product. The 
choices for this study were based on fungal strains [4].

In this sense, submerged fermentation with free cells 
can be favored by employing mechanical aeration. Airlift 
bioreactors fulfill this function very well, performing com-
plete aeration inside the reactor by forming a column of 
bubbles. This is one of the most applied designs in fungal 
fermentation bioprocesses, as this type of aeration contrib-
utes to sporulation [5].

The optimization of obtaining bioproducts via bio-
reactors can be determined by approaches that consider 
the type of strain, the sporulation and growth process, 
the nutritional conditions of the culture medium, and the 
operating conditions of the bioreactor [4]. In Airlift type 
bioreactors, the ascending airflow is designed to promote 
constant circulation of the substrate as it is aerated; this is 
beneficial for developing filamentous fungi. In addition, 
they have other advantages, such as low energy consump-
tion, mixing, oxygenation, and heat transfer efficiency [6].

As important as developing strategies for optimizing 
bioprocesses in a bioreactor, it is essential to study the 
influence of operating parameters (pH, temperature, dis-
solved oxygen, air flow, etc.) on the quality of the final 
product. It is possible to adjust the fermentation conditions 

according to what is expected, directing the composition 
of the final product via process optimization. Therefore, 
finding the optimal fermentation conditions that provide 
stability, maximize its potential, and minimize environ-
mental damage, allowing these products to reach agricul-
tural producers with high biological activity, is the key to 
expanding the market of farming bio inputs [5, 7].

Bioherbicides are formulated based on their biologically 
active compound, which will make the necessary interac-
tions with the target plant, such as weeds [1]. Some fungi 
can form metabolites during the fermentation process, such 
as phytohormones, organic acids, alcohols, plant growth 
regulators, and enzymes (lipases, peroxidases, cellulases, 
amylases, among others) that can act by degrading plant cell 
walls [8]. The action of bioherbicides can be directed; more 
specifically, we can facilitate the formation of enzymes and 
other metabolites during fermentation, provided the condi-
tions for this available [9–11].

In previous studies [9, 11], our research group first opti-
mized the production of composites on a small scale via 
submerged fermentation using the fungus Trichoderma 
koningiopsis to control weeds in crops. In addition, we 
evaluated their phytotoxicity through applications in the 
E. heterophylla plant, and we determined the acute toxic-
ity of these bioproducts using the microcrustacean Daphnia 
magna [9]. After that, we evaluate bioherbicide production 
from the same fungus by a fermentative process in a stirred 
tank bioreactor, its application on weeds, and determining its 
genotoxicity potential in model plants [11]. This represents a 
scale-up, but the bioreactor design was not the most effective 
for this process, which justifies the research presented here.

Now, this study aims to prospect the parameters of the 
fermentation process of a fungal extract using microalgal 
biomass as the substrate from the phytoremediation treat-
ment of wastewater from biogas production in an Airlift bio-
reactor. At the same time, as a response, we quantified the 
production of enzymes involved in the bioherbicide activity 
(amylase, cellulase, laccase, lipase, and peroxidase) in the 
extracts obtained by different fermentation processes. Fur-
thermore, the agronomic efficiency of the fermented extract 
optimized in Airlift was evaluated through tests on promot-
ing soybean growth and nodulation, soybean seed germina-
tion, and in vitro phytopathogen control.

Material and methods

Microalgae biomass: fermentation substrate

The microalgae used as fermentative substrate belong to the 
genus Chlorella spp. and come from the phytoremediation 
treatment of wastewater from biogas production (digestate), 
implemented at EMBRAPA Swine and Poultry (Concordia, 
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SC, Brazil) [12]. Microalgal biomass comprises 56.1% m/m 
of protein, 34.7% m/m of carbohydrate, 1.7% m/m of lipid, 
and 7.8% m/m of minerals [13].

Microbial strain: Trichoderma koningiopsis

The fungus used in this study was the Trichoderma koningi-
opsis (identification code in GenBank MK860714), which 
was isolated from the weed Digitaria ciliares and showed 
promising results for enzyme production and weed control 
in other studies [9, 14, 15].

Airlift bioreactor operating conditions

Preliminary small-scale fermentation tests were developed 
and provided subsidies for the conditions tested in scale-
up [16]. The fermentations occurred in an Airlift benchtop 
bioreactor, model Bio-Tec-Pro-II (Tecnal, Brazil) (Fig. 1), 
with a practical volume of 3.0 L. Five different fermentations 
were carried out, in which adjustments in the operational 
parameters were made until an adequate condition for the 
development of the bioherbicide potential was obtained. The 
conditions tested can be seen in Table 1.

The fermentations occurred with a final volume of 
2.0 L. The medium was composed of 200 g of wet micro-
algal biomass, aiming to meet the supplementation of 

a synthetic fermentative medium for bioherbicide pro-
duction [9], and the remainder of the liquid portion was 
divided between distilled water, inoculum, and antifoam 
(see Table  1). Dissolved oxygen was monitored, aim-
ing at its minimum maintenance of 75%. This value was 
determined to maintain the microorganism for enzymatic 
production.

During the study in a bioreactor, it was necessary to add 
antifoam, aiming at its control and prioritizing the preserva-
tion of the equipment and the process with minimal inter-
ventions. As a control, F1 was performed without inoculum, 
only with the substrate. In F2, an antifoam called Fermax, 
provided by the Centro de Tecnologia Canavieira (CTC) was 
used. In F3, F4, and F5 tests, the antifoam AFP 320 was 
used from FAXON Química. Table 1 also shows the total 
amounts of antifoam used in the fermentations, and the val-
ues are arranged as follows: Vi + Vf = total. F3, F4, and F5 
were performed with the antifoam diluted in the fermenta-
tion medium, represented by the initial volume values (Vi). 
In addition, the antifoam was added during the process (Vf). 
The bioreactor was autoclaved at 120 °C for 30 min at 1 atm. 
After sterilization, they were inoculated with  106 spores/mL 
of Trichoderma koningiopsis suspension. During fermenta-
tion, samples (approximately 20 mL) were taken every 24 h 
for enzymatic verification.

In fermentations F4 and F5, at each sample withdrawal, 
the same volume of microalgal biomass diluted in distilled 
water (10% concentration) was added to the bioreactor to 
evaluate how the process would behave with the reintroduc-
tion of the substrate over time.

Fermentations remained until a plateau in enzyme pro-
duction was verified. The collected samples and the final 
extract were filtered by manual pressing in synthetic fabric, 
the solid retained was sterilized and discarded, and the liquid 
permeate was centrifuged (NT 815-NovaTecnica, Brazil) at 
2000 rpm, 4 °C for 30 min. The supernatant from the cen-
trifugation was used for the subsequent steps.

Fig. 1  Airlift benchtop bioreactor, model Bio-Tec-Pro-II (Tecnal, 
Brazil)

Table 1  Operating conditions used in the Airlift benchtop bioreactor 
to optimize the fermentation process to obtain bioherbicide potential

a Liters per minute
b pH was not controlled. The values referred to the end fermentation 
process and did not show significant oscillations (p < 0.05)

Fermentation Operating conditions

Airflow 
 (LPMa)

Tempera-
ture (ºC)

pHb Antifoam (mL) 
(Vi + Vf = total)

F1 2 28 7.0 –
F2 2 28 8.0 0 + 50 = 50
F3 5 28 7.9 20 + 131 = 151
F4 5 28 7.8 200 + 34 = 234
F5 8 28 8.3 400 + 12 = 412
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Enzymatic activities

Some enzymes involved in the bioherbicide activity were 
quantified to evaluate the effects of the different tests (F1, 
F2, F3, F4, F5) carried out in the bioreactor. The activities 
of amylase, cellulose, lipase, and peroxidase were quanti-
fied using the fermented extract [9, 14–24]. For the deter-
mination of the amylase activity, the extract was initially 
reacted with starch-diluted acetate buffer (100 mM, pH 
5.0) at 38 °C for 10 min for subsequent quantification of 
the total reducing sugars (TRS) at 540 nm in a spectro-
photometer (UV-M51, Bel Photonics, Monza, Italy) using 
the DNS method. Cellulase activity was assayed using the 
reaction of the extract in acetate buffer (0.2 mM, pH 5.5) at 
50 °C for subsequent TRS measurement. Enzymatic activi-
ties of amylase and cellulose were calculated based on the 
glucose standard curve and were expressed as U/mL.

Lipase activity was measured using titration according 
to the methodology using an emulsion composed of gum 
Arabic (5%, v/v. Degree of purity P.A. Dinâmica, Brazil) 
olive oil (10%, v/v. Gallo, Portugal) and phosphate buffer 
(100 mM, pH 6.0) was prepared, to which the fermented 
extract was added and maintained at 35 °C, 165 rpm for 
32 min. The reaction was stopped with acetone/ethanol 
solution (1:1, v/v. Degree of purity 99,5%. Dinâmica, Bra-
zil) and titrated to pH 11.0 with sodium hydroxide (NaOH, 
0.050 M. Degree of purity 98%. Dinâmica, Brazil). A con-
trol containing the extract, emulsion, and acetone/ethanol 
solution (for non-reaction) was tested for each sample. 
Lipase activity was calculated using sodium hydroxide's 
molarity and expressed as U/mL.

To quantify peroxidase enzyme activity, the extract 
was added to the reaction medium composed of phos-
phate buffer (5 mM, pH 5.0), guaiacol (1%. Degree of 
purity ≥ 98,0%, Merck, Germany), hydrogen peroxide 
(0.08%. Degree of purity 35%, Dinâmica, Brazil) and dis-
tilled water, at 35 °C for 10 min. A control sample was 
tested using water instead of the fermented extract. The 
transmittance of the oxidized compounds was measured 
at 470 nm, and the enzymatic activity was estimated by 
the oxidation reaction of the substrate to tetraguaiacol and 
was expressed as U/mL.

Fermented extract produced by the fungus 
(bioherbicide) optimized in airlift: agronomic 
validation

Trials were carried out to validate the fermented extract’s 
activity in Airlift against promoting soybean growth and 
nodulation, soybean seed germination, and in vitro phy-
topathogen control, aiming to evaluate its agronomic 
efficiency.

The soybean growth and nodulation promotion trial was 
conducted in a greenhouse, using a completely randomized 
design, including four treatments:

1. Control (containing only commercial inoculant based on 
Bradyrhizobium spp.);

2. 100% crude extract (EB100) + commercial inoculant;
3. 50% crude extract (EB50) + commercial inoculant;
4. Trichoderma koningiopsis + commercial inoculant.

The 50% crude fermented extract was obtained by mix-
ing the 100% crude extract and water in a 1:1 ratio. Six 
replications were performed per treatment. It is essential to 
highlight that the crude extract used in these tests refers to 
the extract considered optimized during the fermentation 
optimization study in the Airlift bioreactor.

Soybean seeds from the BMX Lança IPRO cultivar 
were previously disinfected by immersing them in 70% 
ethanol for one minute, followed by sodium hypochlo-
rite (2.5% active chlorine) for two minutes, and washed 
in sterilized distilled water. Sowing was carried out by 
adding two soybean seeds per vase. Then, the bioproducts 
(treatments 1–4) were inoculated at 0.5 mL of bioproduct 
per  seed−1 in Leonard-type vases. The vases contained 500 
 cm3 of a 1:2 (v/v) mixture of sand and sterile vermiculite 
in the upper part and 350 mL of modified autoclaved nutri-
ent solution without nitrogen in the lower part [25]. Pure 
water was added daily to replace evapotranspiration, and 
the nutrient solution was renewed 15 days after sowing.

After 30 days, the number of nodules (NN), dry mass 
of nodules (DMN), dry roots mass (DRM), and dry mass 
of aerial part (DMAP) were determined. To determine the 
mass, the material obtained was dried in an oven with air 
circulation at 60 ºC until constant weight. Additionally, 
the nitrogen content in the shoot was determined using the 
semi-micro Kjedahl method [26]. The nitrogen accumu-
lated in the aerial part was obtained by multiplying the N 
content with the air mass produced.

Aiming to verify the influence of the extracts on the 
germination of soybean seeds from the BMX Lança IPRO 
cultivar, they were treated with the three bioproducts (EB 
100, EB 50, and Trichoderma) by adding 50 mL of each 
bioproduct to 100 seeds, which were subjected to stirring 
(140 rpm) for 15 min, at 25 ºC. A control treatment con-
sisting of sterilized distilled water was also used. Sub-
sequently, the pre-treated soybean seeds (n = 24) were 
distributed equidistantly on Germitest paper, applying 
sterilized water in an amount equivalent to 3 times the 
weight of the paper. Then, the seeds and Germitest paper 
were placed in plastic bags to maintain humidity and incu-
bated at 25 ºC in an incubation chamber. The germination 
percentage was determined every 24 h for four days. Tests 
were performed in triplicate.
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To evaluate the potential of the optimized fermented 
extract against the control of phytopathogens in vitro, the 
fungal isolate Rhizoctonia solani (Collection of Microorgan-
isms of Interest for Agriculture of Embrapa Soja, nº 1796) 
was used as a target, which is known to be a pathogen for 
several crops of agricultural interest, including soybeans. 
Petri dishes (90 × 15 mm) were used as an experimental unit 
for the tests, with five replications per treatment. In addition 
to the treatments corresponding to seeds treated with bio-
products, the following treatments were tested:

a. Positive control: soybean seeds treated with a commer-
cial product based on Trichoderma asperellum, indicated 
for controlling the target of interest, as indicated for use 
by the manufacturing company

b. Negative control: soybean seeds treated only with steri-
lized distilled water;

c. Control: Petri dishes containing only the pathogen.

To evaluate the biofungicide potential, four soybean seeds 
treated with bioproducts were added to each plate. With the 
aid of a template, the central positioning of the seeds was 
defined concerning the center of the vessel, where a 5 mm 
diameter disc containing propagules of the target of inter-
est was introduced. The evaluations were carried out when 
the growth of the target pathogen of the control treatment 
reached 100% of the plaque. The assessments consisted of 
determining the average diameter of the target colony (mm) 
using a digital caliper to determine the percentage of patho-
gen growth inhibition, according to Eq. 1.

Therefore, CP refers to the average colony diameter of the 
target pathogen obtained from two perpendicular measure-
ments, and CT refers to the colony diameter of the control 
treatment.

Statistical analysis

The data were statistically treated by analysis of variance 
followed by Tukey’s test, considering a significance level of 
95% (p < 0.05). Statistica 8.0 software (Statsoft Inc., Tulsa, 
OK, USA) was used for this. The agronomic validation 
data were subjected to normality analysis (Shapiro–Wilk) 
and homogeneity of variances (Bartlett). Considering the 
assumptions, the data were submitted to ANOVA with a 5% 
probability in the statistical program SISVAR, version 5.6 
(Ferreira, 2011). The SNK mean separation test or regres-
sion analysis was carried out if there were significant differ-
ences. Graphs were generated with the Software Sigma-Plot 
v. 12.5 (Systat Corp., San Jose, USA).

(1)Inhibition (%) = 100− ((∞ CP∕∞ CT) ∗ 100)

Results and discussion

Use of antifoam

Between 72 and 120 h of fermentation, an intensification of 
foam formation in the medium was observed. This may be 
linked to the moment of more excellent metabolic activity 
of the fungus Trichoderma koningiopsis, a period in which 
the fungus is assimilating nutrients from the medium in its 
exponential phase, and this fact was also observed in other 
studies using a stirred tank bioreactor [11].

Foam formation demonstrated stability and persistence, 
which may indicate the presence of saponins, possibly origi-
nating from microalgae, in the fermentation medium. The 
main characteristic of the existence of saponins is the forma-
tion of foam when in contact with water and agitation, which 
was the situation observed when fermentations occurred in 
the Airlift bioreactor. Furthermore, as saponins are consid-
ered secondary metabolites, they can produce various agro-
industrial products, including biopesticides [27–29]. Foam 
can also originate from protein–protein interaction and inter-
action with other molecules present in the medium, such as 
enzymes produced during fermentation [30, 31].

Antifoam did not negatively affect fungal development 
and enzyme production; however, it enabled fermentations 
to occur in this bioreactor, preserving the equipment and 
the bioprocess.

Enzymatic activities and airlift bioreactor operating 
conditions

The enzymatic activity results are represented graphically, 
as shown in Fig. 2 (A–E). The graphs show each fermenta-
tion's enzymatic production over time (F1, F2, F3, F4, and 
F5). Fermentations continued for 168 h until constancy in 
enzymatic quantifications was observed.

The highest enzymatic productions were concen-
trated between 120 and 168 h, reflecting the more excel-
lent metabolic activity of the fungus, observed both by 
enzymatic activities and foam formation (previously 
reported). Among the conditions studied, fermentations 
4 and 5 deserve to be highlighted in terms of enzymatic 
production, which can be linked to the reintroduction of 
the substrate during the fermentation process and also to 
the maintenance of dissolved oxygen (check Fig. 3). Other 
studies have already demonstrated that the reintroduc-
tion of the substrate increases enzyme production mainly 
because the bioprocess does not suffer adverse effects from 
the depletion of nutritional sources [31, 32].

Another relevant parameter for enzyme production was 
the pH of the fermentations. It is essential to highlight 
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Fig. 2  Results of enzymatic production of amylase (A), cellulase (B), 
laccase (C), lipase (D), and peroxidase (E), present in fermentations 
carried out in the Airlift bioreactor under different conditions: F1, F2, 

F3, F4 e F5.a,b,c Different lowercase letters in the graph bars indicate 
statistical differences by Tukey’s test, with a confidence level of 95% 
(p < 0.05). Equal letters do not differ significantly from each other
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that no adjustment was made during the fermentations; 
the pH was only monitored to reproduce a fermentation 
system with minimal operational interventions. The pH 
of the medium increased with the addition of antifoam, 
which may be due to the accumulation of protein particles 

and changes in surface hydrophobicity [32]. Generally, 
pH values of antifoam vary between 6.5 and 8.3, which 
corroborates the medium's pH values increasing with 
antifoam’s addition [33]. Furthermore, other studies that 
investigated the enzymatic production of Trichoderma 

Fig. 3  Monitoring dissolved oxygen profile during fermentations F1, F2, F3, F4, and F5. The points collected refer to the moment of sample col-
lection for enzymatic quantification
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koningiopsis using microalgae biomass as substrate found 
that at pH 8.5, it was possible to obtain an enzymatic pool 
(amylase, cellulase, lipase, laccase, and peroxidase) and an 
ideal value of fungal biomass for application as a potential 
bioherbicide [13] results that corroborate the findings in 
our study.

Oxygen transfer is an essential operational parameter for 
process maintenance and enzyme production. As shown in 
Fig. 3, in fermentation 5 (F5), we could execute a more sta-
ble process compared to other fermentations. During F5, 
dissolved oxygen remained close to 100% throughout the 
process. We believe that the aeration of 8 (LPM), the reintro-
duction of a substrate, and the volume of defoamer enabled 
an optimized system, which benefited an excellent adapta-
tion of the microorganism to the process, also providing a 
favorable environment for the production of enzymes.

Therefore, fermentation 5 was defined as an optimized 
condition considering the process's peculiarities, such as 
microalgal substrate, microorganism, and type of bioreactor. 
Finally, the optimized condition has the following character-
istics: 200 g of wet microalgal biomass, aeration of 8 LPM, 
temperature 28 ºC, pH 8.3, 400 mL of antifoam diluted in 
the fermentation medium, and final volume of 2.0 L. The 
volume of antifoam used during the process may vary.

As in fermentation 5, there were no sudden drops in 
dissolved oxygen, and this may have been another factor 
favoring enzymatic production and greater robustness of the 
process. In contrast, in fermentations with sudden drops in 
oxygen, it could be that the effect of shear has negatively 
acted on fungal growth and, consequently, on enzyme pro-
duction. This behavior probably resulted from the different 
operational configurations in fermentations, as they caused 
a change in the hydrodynamic performance of bioprocesses 
[33–36].

Therefore, we can associate the production of enzymes 
with fermentative conditions such as aeration, dissolved 
oxygen, antifoam, pH, microorganism, and substrate. Dif-
ferent optimization techniques will probably lead to different 
results. Still, in our study, it is essential to emphasize that the 
enzymes obtained are of industrial and agronomic interest, 
demonstrating the biotechnological potential of this study 
[37–39].

Agronomic validation tests with the fermented 
extract (bioherbicide) optimized in airlift

Figure 4 shows the results of the biometric and nutritional 
variables of soybeans treated with bioproducts after 30 days 
of sowing. The treatments had no significant effects on the 
DRM and DMAP variables nor the N content and N accu-
mulation of soybeans. These tests were enhanced with the 
extract produced by fermentation 5, which was considered 
the optimized condition in this study.

Regarding nodulation, it was verified that treatments had 
no significant effect on the number of soybean root nodules. 
However, it was found that bioproducts significantly reduced 
nodules' dry mass (Fig. 5).

In Fig. 4, it is noticeable with the application of EB 100 
that there was an increase in the dry mass of the roots and 
area of the plant, which corroborates the more significant 
number of nodulations after the application of the extract 
(Fig. 4). This may result from stimuli caused by the meta-
bolic profile of this extract (microalgae, Trichoderma konin-
giopsis, enzymes, and other metabolites that may have been 
excreted), which increased the absorption of nutrients by the 
plant roots, favoring the growth of the aerial part the plant. 
This test's higher dry weight values of roots, leaves, and 
nodulation can observe this fact.

The improvement in nodulation obtained with the appli-
cation of EB 100 is interesting in the sense that the char-
acteristics of the extract were beneficial in the treatment 
of soybean seeds. We can understand that the mechanism 
involved in this context acted as a symbiosis, in which the 
bioproduct colonized the roots, and together with the decom-
position of the soil, the nutrients could be more available for 
absorption [40].

The EB 100 test accumulated a significant amount of N. 
This may be linked to the presence of microalgae, the fer-
mentative substrate used to obtain the bioproduct. Microal-
gae can potentially increase soil porosity and secrete metab-
olites that assist in this process. Furthermore, microalgae 
are already known for their potential as biofertilizers [41].

When the bioproduct based on Trichoderma koningiopsis 
is used, N levels are even higher than the control, which may 
be linked to the ability of this fungus to fix atmospheric 
N and act directly on photosynthesis, as well as improving 
vegetative growth and reproductive and plant development 
[41, 42].

The influence of nodulation and N fixation directly 
impacts soybean productivity and the performance of the 
applied bioproduct. However, performance will be affected 
by factors such as nutrients, soil pH, and climate. This must 
be considered for successful use of the product [43].

Table 2 presents the results of the germination of soy-
bean seeds treated with bioproducts over 96 h of incubation. 
There was a significant effect of incubation time on seed 
germination, with quadratic regression adjustment. On the 
other hand, there was no significant effect of seed treatment 
with the tested bioproducts.

Trichoderma treatment demonstrated a higher germi-
nation rate than the fermented extract tests. This may be 
linked to the phytohormones it produces, which may not 
be present in the fermented extract, as it went through a 
fermentative process that may have modified its metabolite 
profile. Likewise, we believe the seed coat was protected 
by the applied bioproducts since there was no significant 
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Fig. 4  Effect of bioproduct application on biometric (DRM and 
DMAP) and nutritional variables (N content and accumulation) 
of soybean, 30  days after sowing. Control (treatment containing 
only commercial inoculant based on Bradyrhizobium spp.; EB100: 
100% crude extract + commercial inoculant; EB50: 50% crude 

extract + commercial inoculant; and Trichoderma: Trichoderma kon-
ingiopsis + commercial inoculant. Vertical bars represent the standard 
error of average (n = 6). There were no significant differences accord-
ing to the F test (p > 0.05)

Fig. 5  Number (A) and dry mass of nodules (B) in soybeans after 
application of bioproducts. Control (treatment containing only 
commercial inoculant based on Bradyrhizobium spp.; EB 100: 
100% crude extract + commercial inoculant; EB 50: 50% crude 
extract + commercial inoculant; and Trichoderma: Trichoderma 

koningiopsis + commercial inoculant. Vertical bars represent the 
error mean pattern (n = 6). There were no significant differences by 
the F test (p > 0.05) in Fig. 4 A. In Fig. 4 B, means followed by the 
same lowercase letter do not differ from each other by the SNK test 
(p < 0.05)
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difference between the treatments, and they did not nega-
tively affect germination. On the contrary, they allowed 
germination more healthily and safely, being able to offer 
pre-germination treatment [40]. Other studies concluded that 
some strains of Trichoderma specialized in the rhizosphere 

when applied, showing positive effects in promoting plant 
growth and nutrient absorption, increasing seed germination 
rate, and stimulating plant defense [41, 42].

Although there were no significant benefits for soybean 
growth and nodulation under the conditions tested, we 
understand that due to the origin and/or composition of the 
evaluated bioproducts, they can also act as biofertilizers or 
soil conditioners, contributing to plant growth in stages most 
advanced cultures. In this sense, studies involving the soil's 
physical, chemical, and biological attributes could better 
evaluate bioproducts' agronomic efficiency.

Figure 6 shows that all bioproducts used in the treatment 
of soybean seeds showed the ability to inhibit the target 
pathogen Rhizoctonia solani under in vitro conditions. The 
Trichoderma-based bioproduct, which presented an inhibi-
tion capacity close to 50%, similar to the positive control, 
deserves to be highlighted, and this presented inhibition 
approximately three times higher than the other bioproducts 
evaluated (EB 100 and EB 50).

In this line of investigation, the potential of bioproducts 
to act in the biological control of pathogens was highlighted, 
with emphasis on Trichoderma koningiopsis, which pre-
sented an ability to antagonize Rhizoctonia solani, similar 

Table 2  Germination percentage of soybean seeds after application of 
bioproducts over 96 h of incubation

Control (seeds treated with sterile distilled water); EB 100 (100% 
crude extract); EB 50 (50% crude extract); and Trichoderma (Tricho-
derma koningiopsis)
a no significant effect
b significant effect for incubation time (y = −  15.8 + 2.2x−0.012x2; 
 R2 = 0.80)

Treatment Incubation time (h) Means of 
treatments 
(%)a24 48 72 96

Control 30% 74% 84% 91% 70
EB 50 25% 63% 70% 83% 60
EB 100 26% 63% 73% 78% 60
Trichoderma 33% 65% 81% 95% 69
Mean (incubation time)b 29% 66% 77% 87% 65

Fig. 6  In vitro antagonism test of soybean seeds treated with bioprod-
ucts on the growth of the target pathogen Rhizoctonia solani. Con-
trol (seeds treated with sterile distilled water); EB 100 (crude extract 
100%); EB 50 (crude extract 50%); Trichoderma (Trichoderma kon-

ingiopsis). Vertical bars represent the standard error of the mean 
(n = 5). Means followed by the same letter do not differ by the SNK 
test (p < 0.05). Illustration of the antagonism potential of bioproducts 
on the target pathogen in vitro in the inferior part
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to a commercial product registered for soybean cultivation. 
This phenomenon can be explained by the mycoparasitic 
potential of the genus Trichoderma, which occurs mainly 
through the secretion of cell wall-degrading enzymes, fol-
lowed by the target fungus's penetration and inhibition or 
death. Other studies have already highlighted the potential 
of Trichoderma spp. for the biocontrol of R. solani, in which 
the metabolites provided by Trichoderma from different spe-
cies formed a protective shield against rot, a disease caused 
by R. solani that can strongly affect crops of economic 
importance such as beans and soy [44].

Conclusion

The results obtained in this study expand our knowledge 
about the beneficial effects of bioherbicide production using 
Airlift bioreactors. Likewise, this study provides insights 
into how the type of bioreactor and the bioprocess's opera-
tional mode impact the bioproduct's productivity and quality.

Therefore, we believe that the bioproducts tested can 
control other plant pathogens of agronomic importance, the 
results of which can facilitate and encourage their introduc-
tion into the national bio-input market.

So, this study adds a crucial biotechnological potential 
factor for the success of the optimized formulation in the 
Airlift bioreactor and presents relevant results for the sci-
entific community.
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