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Abstract: Microbial contaminations represent an important issue for crop production, resulting in
tons of losses worldwide every year. One of the highest-risk pathogens involved in these infections is
Botrytis cinerea, which is responsible for the grey mold disease. In this study, a biosurfactant extracted
from corn steep liquor (CSL), an agro-industrial residue from the corn-milling industry, was used in
combination with copper oxychloride (Cu-Oxy), a copper-based pesticide, to evaluate their fungitoxic
activity on B. cinerea cells. The results showed that the mixture of 2 g/L of Cu-Oxy with 16 g/L
of the biosurfactant extract from CSL, named biosurfactant pesticide formulation (BS-P), helped in
the reduction of colony growth, in the decrease of biomass production, and in the improvement of
copper bioaccumulation on fungal mycelium in comparison with aqueous solutions of commercial
and pure-copper-based fungicides. A factorial design was conducted to obtain the best operational
conditions for enhancing the bioaccumulation of copper by B. cinerea cells in the presence of BS-P,
resulting in a maximum copper uptake of 2122 ug Cu/g dry weight when using 1 g/L of Cu-Oxy
combined with 8 g/L of CSL biosurfactant extract at an incubation temperature of 15 °C. It was also
proved that, due to the absence of the biosurfactant extract, the amount of copper bio-adsorbed by
fungal mycelium was considerably decreased and, therefore, so was its fungitoxic activity. These
results suggest that the biosurfactant extract studied could be involved in eco-friendlier pesticide
formulations, reducing the environmental impact of copper-based active principles.

Keywords: biosurfactant; corn steep liquor; Botrytis cinerea; pesticide; bioaccumulation; copper
oxychloride

1. Introduction

B. cinerea is commonly known for being responsible for the grey mold disease, and it is
considered to be an important fungus phytopathogen that can infect around two hundred
plant species, causing elevated economic losses in crops around the world [1]. It has been
classified among the top ten fungal plant pathogens, occupying the second place in the
ranking only after the Magnaporthe oryzae [2,3]. The costs of damages caused by B. cinerea
are very difficult to estimate because they affect all the different stages of the supply chain,
from crop cultivation to storage, transport, or market distribution, with wine and table
grapes being one of the more affected sectors [4]. In this sense, it is important to highlight
that the B. cinerea fungus has developed a tolerance to most specific botrycides, including
benzimidazoles, phenylcarbamates, sulphamides, and other commercial fungicides [5,6].
Therefore, developing new and more effective antimicrobials against high-risk pathogens
such as B. cinerea is needed. In recent studies, the potential of copper nanoparticles (Cu-NPs)
was tested either alone [7] or in combination with conventional fungicides [8] against the
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fungus B. cinerea. Moreover, a higher fungitoxic effect of Cu-NPs against some fungal plant
pathogens in comparison with commercial copper-based fungicides, such as copper (II)
hydroxide or copper sulphate, was also proved [9].

In addition, the promising future of biosurfactants in agrochemical applications can
be highlighted [10], removing plant pathogens due to its antimicrobial activity [11]. In
fact, the effectiveness of lipopeptides as biopesticides against the fungus B. cinerea has
already been tested [12], as well as the role of rhamnolipids against the plant pathogen
Phytophthora sojae [13] and also against Fusarium verticillioides, the main pathogen of maize
cultivars [14]. Another application of biosurfactants in agrochemical industry is focused
on replacing the chemical surfactants available in commercial fungicide formulations [15]
in order to obtain eco-friendlier and more effective fungicides. In fact, it was found that a
biosurfactant obtained from Pseudomonas sp. B0406 was able to significantly increase the
aqueous solubility of two hydrophobic pesticides (methyl parathion and endosulfan) and,
consequently, their fungicide effectiveness [16]. However, the high cost of production of
biosurfactants represents a challenge that prevents these metabolites from being used in
industrial applications. Currently, the capacity of a biosurfactant extract obtained from corn
steep liquor (CSL) was also tested in order to increase the aqueous solubility of both copper
oxychloride (Cu-Oxy) and cuprous oxide (Cu-Ox), two copper-based active principles
that are widely used to control plant fungal diseases. It is important to highlight the
exceptionally low water solubility of both Cu-Oxy and Cu-Ox (around 0.1% in both cases),
which limits their fungicidal activity. However, this value was significantly increased
to 96.5% for Cu-Oxy [17] and 13.2% for Cu-Ox [18] in the presence of the biosurfactant
extract from CSL at concentrations of 16.1 g/L and 3.9 g/L, respectively. This biosurfactant
extract obtained from CSL possesses the advantage that it is produced spontaneously in
CSL [19], avoiding the cost of the fermentative process. Moreover, in a previous work [20],
it was its antimicrobial activity was demonstrated on different pathogenic strains, such
as Pseudomonas aeruginosa and Escherichia coli; however, its effect on microorganisms that
infect crops such as B. cinerea has never been tested.

Considering the abovementioned, this work is focused on the evaluation of the fun-
gitoxicity of a biosurfactant extract, with demonstrated antimicrobial capacity, alone or
combined with Cu-Oxy on B. cinerea cells. Several parameters were studied, such as
myecelial growth, biomass production, and percentage of inhibition of B. cinerea cultures,
as well as the biosorption capacity of copper ions by the fungus cells. The effect of the
Cu-Oxy concentration, biosurfactant concentration, and incubation temperature on the
copper bioaccumulation in the mycelium was assessed by means of a Box-Behnken factorial
design in order to establish theoretical predictions of copper bio-adsorption in the presence
of the biosurfactant extract used and to provide the best fungitoxic conditions.

2. Materials and Methods
2.1. Extraction and Surface-Active Properties of a Biosurfactant Extract from Corn Steep Liquor

The extraction of the biosurfactant extract from CSL was carried out by performing
a liquid-liquid (L-L) extraction with ethyl acetate as the organic solvent, following the
protocol described by Vecino et al. [21]. Briefly, a mixture of CSL solution and ethyl acetate
(1:3 v/v) was used for the extraction after 60 min of agitation at room temperature. Ethyl
acetate was recovered after the extraction process by vacuum distillation, thus obtaining the
biosurfactant extract. The CSL raw material was provided by Nutropam CSL (Companhia
Portuguesa de Amidos, S.A. (COPAM), San Joao da Talha, Portugal), and ethyl acetate was
supplied by CARLO ERBA Reagents, S.A.S (Val de Reuil Cedex, France).

Surface-active properties were measured by means of a Kriiss K20 EasyDyne tensiome-
ter with a platinum Willhemly plate of 1.9 cm (Kriiss GmbH, Hamburg, Germany). All
determinations were measured at room temperature by preparing triplicates of successive
dilutions of a biosurfactant extract from CSL with an initial concentration of 1 g/L and
graphing the concentration of each solution against the surface tension (ST) values in
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order to obtain the final value of critical micellar concentration (CMC) for the biosurfactant
extract.

2.2. Preparation of Biosurfactant Pesticide Formulations

The pesticides used in this work to evaluate their fungitoxicity against B. cinerea cells
were the pure Cu-Oxy (99.0% m/m) and the commercial fungicide (50% m/m of Cu-Oxy) at
concentrations of 2 g/L in both cases. In addition, an eco-friendlier pesticide formulation
including the combination of the pure Cu-Oxy with the biosurfactant extract obtained
from CSL was also employed. This biosurfactant biopesticide formulation (BS-P) was
prepared by mixing 2 g/L of pure Cu-Oxy with 16 g/L of the CSL biosurfactant extract.
The BS-P was prepared by following the procedure described in a previous work [10] that
consists of obtaining a homogeneous mixture in distilled water between the Cu-Oxy and
the biosurfactant extract by stirring for 20 min in a shaker (150 rpm) at room temperature.
The resulting aqueous solution containing the Cu-Oxy active principle partly dissolved
was centrifuged for 10 min at 5000 rpm and filtered with a polytetrafluoroethylene (PTFE)
membrane (0.45 um) before being used for antimicrobial purposes. The pure reagent
Cu-Oxy (99.0% m/m) was supplied by LGC Labor GmbH (Augsburg, Germany), and
the commercial fungicide Cu-Oxy (50% m/m of Cu-Oxy) was provided by Solabiol (SBM
Dévelopments SAS, Ecully, France). Both pure and commercial Cu-Oxy fungicides were
employed in this work with the aim of comparing their fungitoxicity against B. cinerea cells.

2.3. Preliminary Experiments
2.3.1. Fungitoxic Effect of Biosurfactant Pesticides Formulations

The fungitoxic effect of different pesticide formulations was assessed against the
fungal strain Botrytis cinerea Persoon 1794 (CECT-20973), which was obtained from the
Spanish Type Culture Collection (CECT) (Valencia, Spain).

Working cultures of B. cinerea were prepared in sterilized Petri dishes with potato
dextrose agar (PDA) medium, which was centrally inoculated with 30 uL of B. cinerea
colonies containing 3 x 10° of colony forming units (CFU)/mL. These dishes were sup-
plemented with 200 pL of each one of the pesticide formulations previously indicated
in the previous section, Section 2.2 (pure Cu-Oxy 2 g/L, commercial Cu-Oxy 2 g/L and
the BS-P), in order to evaluate their influence in the development of fungal colonies and,
consequently, their fungitoxicity. A Petri dish with only inoculated B. cinerea cells was used
as a control test. Then, all dishes were incubated at 26 °C for 5 days, and the following
parameters were daily measured: dry mycelium biomass, radial growth, and percentage
of growth inhibition. The dry mycelium biomass was obtained by removing the B. cinerea
cells from the dishes, washed twice with Milli-Q ultrapure water, and dried at 80 °C for
48 h to achieve a constant weight, following the methodology carried out by Gharieb [6].
The radial growth, expressed in mm, of the developed colonies was measured by drawing
two cardinal diameters in the bottom of the dish. The percentage of growth inhibition was
calculated in reference to the control test. This methodology was performed following
previous publications [22,23].

2.3.2. Bioaccumulation of Copper on the Botrytis Cinerea Mycelium

To assess the amount of copper that was bio-adsorbed by B. cinerea mycelium, the
different worked cell cultures were incubated for 5 days at 26 °C. After this, the developed
cells were removed from the Petri dishes, washed twice with Milli-Q ultrapure water, and
dried at 80 °C for 48 h, until reaching a constant weight. Then, the dry-weight mycelium
(between 0.5 and 6 mg) was treated with both 1 mL of hyper-pure nitric acid (69% m/m)
and 1 mL of hydrogen peroxide (30% m/v) during 1 h at 90 °C to complete the dissolution
of the solid sample. Each digestion solution was transferred to a 5 mL volumetric flask
and completed to the final volume with Milli-Q ultrapure water. Finally, the copper
concentration in these solutions was quantified in order to evaluate its uptake by fungal
cells. This methodology was carried out by following the protocol established by Gharieb
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(2002) [24]. All the experiments were performed in triplicates. The reagents employed for
acid dissolution were supplied by Panreac (nitric acid) and Carlo Erba (hydrogen peroxide)
and all of them were of a high-quality analytical reagent grade.

The copper content in the dissolved samples was measured by a Perking Elmer Atomic
Absorption Spectrophotometer, model AAnalyst 800, equipped with a Zeemam background
correction and THGA tubes. The furnace program used involves an ash temperature of
1200 °C and an atomization temperature of 2000 °C, observing linearity in the range of
0.20-20 ug/L. Detection and quantification limits were calculated as the concentration
corresponding to three or ten times the standard deviation of the background noise, and
the values found were 0.20 and 0.67 ng/L, respectively. This methodology was performed
by following previous publications [24,25].

2.4. Factorial Design for Improving Copper Bioaccumulation by Botrytis Cinerea Cells in Presence
of Biosurfactant Pesticide Formulations

The synergic effect of a CSL biosurfactant extract in the fungitoxicity of Cu-Oxy against
B. cinerea cells was evaluated by quantifying the amount of copper bioaccumulated by
the fungal mycelium. For this purpose, an incomplete Box—Behnken factorial design [26]
was employed to obtain the specific relationship between the optimized variables and the
bio-adsorbed copper ions.

The independent variables optimized were the concentration of Cu-Oxy, coded as x1;
the concentration of CSL biosurfactant extract, coded as x,; and the incubation temperature,
coded as x3. The dependent variable, coded as y;, was the bioaccumulation of copper
on the B. cinerea mycelium. The limits established for the independent variables ranged
from 0 to 2 g/L for x1 (Cu-Oxy concentration), 0 to 16 g/L for x; (biosurfactant extract
concentration), and 4 to 26 °C for x3 (incubation time). The ranges established for the
independent variables x; and x, were chosen by taking into account the results obtained in a
previous work regarding the solubility of pure Cu-Oxy in the presence of CSL biosurfactant
extracts [10]. In addition, the range of the variable x3 was established by considering the
most favorable incubation temperatures for the growth of B. cinerea cells. Coded values
of —1 (minimum limit), 0 (central point), and +1 (maximum limit) were assigned for all
independent variables and represent the ranges of the operational conditions established
for each variable accordingly (Table 1).

Table 1. Independent and dependent variables used in this study. (BS—biosurfactant.)

Independent Variables

Concentration of Cu-Oxy
Concentration of BS extract

Temperature

Dimensionless Coded Independent Variables

Concentration of Cu-Oxy
Concentration of BS extract

Temperature
Dependent Variables

Bioaccumulation
of copper

Units Range of Variation
g/L 0-2
g/L 0-16
°C 4-26
Nomenclature Definition Range of Variation
X1 (Cu-Oxy) — 1)/1 (-1,1)
x2 (BS-8)/8 (=11
X3 (T-15)/11 (-1,1)
Nomenclature Units
n ng Cu/g dry weight

The 15 experiments corresponding to the matrix of the Box-Behnken factorial design
are presented in Table 2. These experiments were developed by incubating working cultures
of B. cinerea for 5 days and following the experimental procedure that was described
above, in Section 2.3.2, but using the range of the independent variables (x1, x3, and x3)
defined in Table 1. It is important to note that all the experiments were conducted in
duplicates and that the sequence of the 15 experiments was performed randomly; thus,
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the possibility of systematic errors was reduced. The experimental results were analyzed
by means of the response surface method with the Design-Expert Version 13 software
(Stat-Ease, Inc., Minneapolis, MN, USA) by fitting the experimental data to a quadratic
equation, Equation (1), where y represents the dependent variable, 8 indicates the regression
coefficients calculated by multiple regressions using the least squares method, and x denotes
the independent variables.

¥ =Bo + Prx1 + Paxy + Baxz + BraxiXa + B1aX1xs + PoaxaXs + Br1x1” + Baaxa® + Basxs® (1)

Table 2. Operational conditions used in this study, expressed as coded independent dimensionless
variables, namely concentration of Cu-Oxy (x1), concentration of the CSL biosurfactant extract (xy),
and incubation temperature (x3); and the results obtained for the dependent variable, bioaccumulation
of copper (y1).

Experiment Independent Variables Dependent Variable
X1 X2 X3 Y1
1 0 -1 -1 6.72
2 0 1 -1 580.00
3 0 -1 1 66.26
4 0 1 1 552.80
5 -1 -1 0 6.84
6 -1 1 0 70.09
7 1 -1 0 37.96
8 1 1 0 1345.00
9 -1 0 -1 14.26
10 -1 0 1 21.68
11 1 0 -1 600.00
12 1 0 1 802.60
13 0 0 0 2122.00
14 0 0 0 2122.00
15 0 0 0 2122.00

This equation is used to predict the copper bioaccumulated in B. cinerea cells in the
presence of the CSL biosurfactant extract, thus providing the best fungitoxic conditions
against the high-risk plant pathogen studied.

3. Results and Discussion
3.1. Fungitoxicity of Copper Oxychloride in Presence of a Corn Steep Liquor Biosurfactant

Preliminary experiments were carried out to evaluate the influence of a biosurfactant
extract obtained from CSL on the fungitoxicity of the active principle of Cu-Oxy against
the B. cinerea pathogen. The biosurfactant employed was able to reduce the ST of water
up to 40 mN/m with a CMC of 440.4 mg/L, which agrees with the values obtained in a
previous work, where the ST reduction was in the range of 36.9-38.0 mN/m, and the CMC
was from 424.1 to 442.1 mg/L for biosurfactant extracts obtained from CSL [18]. Figure 1
shows the progress of the measured parameters, such as the radial growth, the inhibition
percentage of colony formation, and the dry weight of biomass in working colonies of
B. cinerea incubated for five days at 26 °C. The fungicides evaluated were commercial
pesticide Cu-Oxy (2 g/L), pure Cu-Oxy (2 g/L), and a BS-P formed by a mixture of pure
Cu-Oxy (2 g/L) and CSL biosurfactant extract (16 g/L). In Figure 1a, the radial growth
(expressed in mm) of all the colonies studied is shown, and the values of this parameter
were clearly inferior when the cultures were supplemented with the BS-P. This is the
best combination to reduce the growth of the studied strain during incubation periods
ranging from 2 to 4 days. In addition, in Figure 2, the pictures of two B. cinerea cultures after
3 incubation days at 26 °C can be observed, corresponding to the control test (Figure 2a) and
a culture inoculated with the BS-P (Figure 2b). In these images, the significant reduction of
the colony diameter in the presence of the BS-P can be highlighted, which is in consonance



Fermentation 2023, 9, 528

6 of 14

with the minor growth of radial diameter observed in Figure la between days 2 and 4
of incubation. In fact, on the third day of incubation, the radius of both the control test
and the biopesticide’s presence was 29.67 and 24.33 mm, respectively. The same effect
was also observed for the percentage of inhibition of colony formation that was calculated
in respect to the control test (Figure 1b), particularly in the first four days of incubation.
Thus, on the third day, the higher percentage of inhibition (19.23%) corresponds to the
B. cinerea culture supplemented with the BS-P. Furthermore, the amount of dry biomass
(expressed in mg) can be observed in Figure 1c, and a good agreement with the above
results was found when the presence of the BS-P provided lower biomass values after the
third day of incubation. Nevertheless, the most significant differences in the biomass were
found on the fifth day of incubation, where the biomass value obtained in the presence of
the BS-P (2.45 mg) was even less than half of that obtained in the control test (5.50 mg),
representing a reduction percentage of 55.4% in the biomass production in the presence
of the BS-P, thus obtaining better results than with the commercial pesticide (23.6%) or
the pure Cu-Oxy (around 0%). Other authors [27] also proved the high antifungal activity
of eco-friendly nanomaterials based on silica, chitosan, and Cu-nanoparticles (NPs) and
their combination against B. cinerea. The in vitro assays showed that the highest reduction
of colony growth was achieved when using both the silica-NPs and the silica—chitosan—
Cu-NPS (43% in both cases) compared to a percentage of inhibition of only 25% in the
presence of Cu-NPs at concentrations of 4 mg/mL in all cases. The in vivo assays that were
developed at the end of the cold storage also confirm that the use of the silica-NPs and
the silica—chitosan—Cu-NPS, applied at 3 g/L allowed for a reduction in the percentage of
rotted fruit between 54 and 56%; these are values considerably higher than those achieve
with Cu-NPs (8%).

In addition, the influence of a biosurfactant extract from CSL in the bioaccumulation of
copper by B. cinerea cells was also evaluated after 5 days of incubation at 26 °C. The results,
which are expressed in pg Cu/g dry mycelium, are shown in Figure 3. As it can be observed
in Figure 3, the copper bioaccumulated by the fungal pathogen was significantly increased
when using the BS-P, i.e., Cu-Oxy in the presence of the biosurfactant extract from CSL.
Thus, the working culture supplemented with the BS-P allowed for the bioaccumulation
of 607.2 pg Cu/g dry weight, and this value was considerably higher than those obtained
when using the same principle active in the absence of the extract. In fact, the copper
uptake obtained when using both commercial Cu-Oxy fungicide (2 g/L) and pure Cu-Oxy
(2 g/L) was only 15.2 and 12.7 pug Cu/g dry weight, respectively. The statistical comparison
of these results by means of Tukey’s b-test also corroborates the significant differences
(p values < 0.05) between the copper bioaccumulated when using the BS-P culture medium
regarding other growing media assayed. Furthermore, it was also proved in previous
work [17] that the presence of CSL biosurfactant extract significantly increased the wa-
ter solubility of the Cu-Oxy fungicide, which could enhance the copper uptake by the
B. cinerea mycelium, thus decreasing its spore spreading and, consequently, its radial growth
and dry-weight biomass, as can be observed in the graphics of Figure 1a,c, respectively.
In summary, these results suggest that BS-P is the most fungitoxic formulation against
the B. cinerea resistant fungus, with the additional advantage of being an eco-friendlier
formulation compared to conventional ones, because it does not contain other chemical
additives in its composition.
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Figure 1. (a) Radial growth (mm), (b) percentage of inhibition (%), and (c) dry weight biomass (mg)
of B. cinerea cultures supplemented with different pesticide formulations (2 g/L of pure Cu-Oxy,
2 g/L of commercial Cu-Oxy, and a BS-P) and a control test after 5 days of incubation at 26 °C.



Fermentation 2023, 9, 528

8 of 14

Bioaccumulation of Cu (ng/g)

800

600

400
20

15

10

BARNIN ~

Figure 2. Pictures of Botrytis cinerea cultures after 3 days of incubation at 26 °C, corresponding to the
control test (a) and supplemented with a BS-P (b).
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Figure 3. Bioaccumulation of copper in B. cinerea cells, expressed as pg Cu/g dry weight, in a control
test and in working cultures inoculated with different pesticide formulations (2 g/L of commercial
Cu-Oxy, 2 g/L of pure Cu-Oxy, and a BS-P) after 5 days of incubation at 26 °C. Different Latin letters
indicate significant differences among culture medium (Tukey’s b-test; p < 0.05).

Other authors [16] also proved that a biosurfactant obtained from Pseudomonas sp.
B0406 was able to enhance the water solubility of two hydrophobic pesticides (methyl
parathion and endosulfan), increasing their solubility from 0.41 at 0.92 mg/L for endosulfan
and from 34.58 at 48.10 mg/L for methyl parathion, therefore improving the availability
of these pesticides towards microorganisms and, thus, their fungicide effectiveness. In a
previous work [24], it was reported that a significant correlation between the solubilization
of the Cu-Oxy fungicide and the bioaccumulation of copper by Aspergillus niger mycelium
was found. In fact, the addition of calcium to the fungicide significantly enhanced the
solubility of the active principle and doubled the cellular copper content (from 0.08 to
0.16 pmol/mg dry weight) after 2 h of incubation. In addition, the dry weight of the fungal
mycelium growth after 5 days of incubation also revealed an important increase of the
fungicidal toxicity in the presence of calcium.

Recently, the potential of different nanoparticles (NPs) against some plant pathogens,
including B. cinerea, was also tested, and it was observed that Cu-NPs were more fungitoxic
than other conventional copper-based fungicides, such as copper (II) hydroxide or even
copper sulphate, in most of the fungi evaluated. In the case of B. cinerea, the percent-
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age of inhibition of colony formation achieved with Cu-NPs (70.58%) was considerably
higher than that obtained with the reference fungicide copper (II) hydroxide (44.11%) at
the same fungicide dose (1000 ug/mL) [8]. The same effect on antifungal activity was
also found by Cu-NPs at a concentration of 100 pg /L, achieving a significant percent-
age of inhibition against B. cinerea (94.12%) and Sclerotinia sclerotiorum (92.48%), whereas
CuSOy inhibited the growth of these pathogens by only 58.82 and 77.44%, respectively, at a
40-times-higher concentration (4000 pg/mL). Nevertheless, these results are more favorable
than those obtained with a recommended chemical fungicide (Topsin-M 70 WP) at a dose of
1000 pg/mL, where the growth inhibition was only 9.8% against B. cinerea and 75.56%
against S. sclerotiorum [28]. In addition, the effect of combining Cu-NPs and other con-
ventional fungicides (thiophanate methyl and fluazinam) was also evaluated, to which
B. cinerea has developed resistance. In this sense, the synergic activity developed both
in vitro and in vivo experiments carried out with different phenotypes of B. cinerea inocu-
lated with a mixture formed by Cu-NPs and fluazinam must be highlighted. Important
increments in the percentage of inhibition of colony formation were observed when us-
ing the combination Cu-NPs and fluazinam (40-43%) compared with the low values of
mycelium suppression achieved by both Cu-NPs (8-28%) and fluazinam (9-22%) employed
separately [9].

3.2. Factorial Design for Improving Copper Bioaccumulation by Botrytis Cinerea Cells in Presence
of Biosurfactant Pesticide Formulations

The bioaccumulation of copper (y1) by B. cinerea cells that were inoculated with differ-
ent pesticide formulations was evaluated under different concentrations of Cu-Oxy (x1),
different concentrations of the biosurfactant extract from CSL (x;), and different incubation
temperatures (x3), conducting a Box-Behnken factorial design of 15 experiments [26]. The
experimental results obtained for the dependent variable, bioaccumulation of copper (1),
can be observed in Table 2, as well as the operational conditions of each experiment, de-
scribed by means of the independent variables (x; —x3). All of these results are expressed
as the mean value of two determinations.

Regression coefficients were calculated with experiments 1 to 12, whereas the experi-
ments 13 to 15 represent the central point of the studied system, which was designed to
estimate the possible influence of the experimental errors. Table 3 shows the regression
coefficients and their statistical significance, expressed as p-values, for the bioaccumulation
of Cu (y1) by B. cinerea cells. Those coefficients with p-values lower than 0.05 were consid-
ered to be statistically significant. In regard to these results, the experiments conducted
showed that the concentration of Cu-Oxy (x1) and the concentration of the biosurfactant
extract from CSL (x;) were the most influential variables on the copper bio-adsorption. In
addition, the interaction of both variables was also significant, as well as their quadratic
coefficients. In contrast, for the incubation temperature (x3), only the quadratic term was
found to be significant. This means that the bioaccumulation of copper by B. cinerea fungus
is positively influenced by the presence of the CSL biosurfactant extract, thus highlighting
its antimicrobial activity against plant pathogens. These results are in good agreement
with those obtained in a previous work [10], where it was demonstrated that lipopeptides
produced by Bacillus XT1 CECT 8661 produced in controlled fermentation inhibited the
growth of B. cinerea colonies by reducing the mycelium diameter from 19 to 71% when
using concentrations of lipopeptides from 2 to 10 mg/L after 15 days of incubation at 25 °C.

Table 3. Regression coefficients and their statistical significance for the dependent variable y;
(bioaccumulation of copper).

Coefficients 1 Py1
bg 2122 <0.0001 2
by 334.07 <0.0001 @
b1 —849.42 <0.0001 @

by 303.75 <0.0001 2
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Table 3. Cont.

Coefficients 1 Py1
bao —907.62 <0.0001 @
bs 30.29 0.1956
bs3 —912.94 <0.0001 @
bio 310.93 0.0001 2
bis 48.79 0.1497
bos —21.70 0.4835

2 Significant coefficients (p < 0.05).

By replacing the significant regression coefficients shown in Table 3, in Equation (1),
and mentioned in the factorial design section from the Material and Methods, a theoretical
equation, Equation (2), was obtained. This equation allows us to predict the amount of
copper bioaccumulated (1) by B. cinerea cells as follows:

Yy = 2122 + 334.07x1 + 303.75x; + 310.93x1x, — 849.42x1% — 907.62x,% — 912.94x32  (2)

where x1, x5, and x3 are the concentration of Cu-Oxy in g/L, the concentration of the
biosurfactant extract from CSL in g/L, and the temperature of incubation in °C, respectively.

To evaluate the suitability of the factorial design in regard to the experimental results,
the 72 value obtained was 0.995, which corroborates that the theoretical model can predict
with accuracy the cellular copper accumulated (y1) by B. cinerea mycelium within the ranges
of variation defined for each independent variable in Table 1.

Moreover, Figure 4 shows the 3D response surface plots regarding the variation of the
bioaccumulation of copper (1) with the concentration of Cu-Oxy (x1) and the concentration
of the biosurfactant extract from CSL (x;) at different temperatures of incubation (x3):
(@)4°C, (b) 15°C, and (c) 26 °C.

Figure 4 shows an increase in the copper uptake by B. cinerea fungus when increasing
the incubation temperature from 4 to 15 °C, with the bioaccumulation of Cu being reduced
at 26 °C—though this was higher than at 4 °C. In general, it was observed that the uptake
of copper was significantly increased when using the active principle of Cu-Oxy in the
presence of the biosurfactant extract from CSL, showing its capacity as an enhancer of
fungitoxicity.

It can be observed in Figure 4b that the highest amount of copper bioaccumulated in
the fungal strain, with a value of 2122 pug Cu/g dry weight, was achieved when using the
experimental conditions corresponding to the central point of the factorial design, with
this being an optimum value regarding the copper bio-adsorption. Therefore, a higher
Cu-Oxy permeation was observed at intermediate temperatures of 15 °C rather than at the
optimal temperature of B. cinerea. Usually, microorganisms acquire different phenotypes
depending on the fermentation conditions and probably, at 15 °C, B. cinerea acquires a
more permeable structure to Cu-Oxy, favored also by the presence of the biosurfactant
extract. These results complement those obtained by Lopez-Prieto et al. [17], who proved
that the CSL biosurfactant extract is able to dissolve up to 96.5% of copper in aqueous
solutions, hence showing its capacity to be a carrier of copper in biopesticide formulations
facilitating its intake by plant pathogens such as B. cinerea. In addition, the results of this
work are in good agreement with those reported in previous research, where the increasing
solubility of Cu-Oxy was correlated with the improvement of copper bioaccumulated by
A. niger mycelium; however, in this case, the variable that increased the solubility and
bioaccumulation of copper was the presence of calcium [24]. In this sense, in a previous
work [29] it was also proved that the combined formulation of insoluble copper compounds
(copper hydroxide (CuHyOx), Cu-Oxy, and tribasic copper sulphate (CuTBS)), along with
synthetic hydroxyapatite (HA), significantly enhanced the release and absorption of Cu (II)
ions by B. cinerea cells regarding in vitro assays made in the absence of HA. A significant
increase in the percentage of growth inhibition was observed when using HA concentrations
of 6%, especially for CuHyOx and Cu-Oxy at all copper concentrations assayed (0.05, 0.1,
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and 0.2%), being more notable at the highest copper dose (0.2%). However, it is important
to remark that this formulation does not include natural compounds comparable with the
biosurfactant extract under evaluation. The literature about the use of biosurfactant extracts
for improving the permeation of agrochemical active principles is almost inexistent.

y1 — Bioaccumulation of Cu (ng/g)

b)

527
55
SRR

y; — Bioaccumulation of Cu (ng/g)

y1 — Bioaccumulation of Cu (ng/g)

@ Above Surface
O Below Surface

6.72 [ 2122

Figure 4. Three-dimensional response surface plots showing the variation of the dependent variable,
showing the bioaccumulation of copper (y1) with the concentration of Cu-Oxy (x1)—[Cu-Oxy] and
the concentration of CSL biosurfactant (x;)—[BS] when using different temperatures of incubation
(x3): (@) 4 °C, (b) 15 °C, and (c) 26 °C.
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Finally, the theoretical equation reported by the factorial design allowed us to estimate
the experimental conditions to use the minimum quantity of Cu-Oxy, within the ranges
established in Table 1, to maximize the bioaccumulation of copper in B. cinerea cells and,
consequently, its fungitoxicity. In this sense, Equation (2) predicts that with only 0.51 g/L
of Cu-Oxy and 8.67 g/L of the CSL biosurfactant extract at an incubation temperature
of 15 °C, it is possible to accumulate 1766 pg Cu/g dry weight, a value considerably
higher than that obtained when using the same concentration of Cu-Oxy and incubation
temperature in the absence of the biosurfactant extract (695 ng Cu/g dry weight). These
results highlight the role of the CSL biosurfactant extract as an enhancer of the solubility of
copper-based pesticides and carrier of these active principles to be more easily bio-adsorbed
and bioaccumulated by fungal mycelia in eco-friendlier pesticide formulations.

4. Conclusions

The results obtained in this work allow us to conclude that the biosurfactant extract
obtained from CSL increases Cu-Oxy permeation through B. cinerea plant pathogen cells.
The combination of Cu-Oxy with the biosurfactant extract was able to significantly inhibit
the growth of B. cinerea colonies with lower mycelium diameters and lower biomass
production under favorable microbial growth conditions when comparing with the control
test. The biosurfactant extract under evaluation improved, to a high extent, the permeation
of Cu-Oxy in comparison to commercial Cu-Oxy pesticide without the biosurfactant extract.
The formulation recommended for achieving the maximum Cu-Oxy permeation values
through B. cinerea cells at intermediate temperatures consists of 1 g/L of Cu-Oxy and 8 g/L
of the biosurfactant extract.

Moreover, in this work, it was demonstrated that it is possible to establish theoretical
equations that allow us to calculate permeation values for Cu-Oxy under different sce-
narios of temperature (426 °C), Cu-Oxy concentrations (up to 2 g/L), and biosurfactant
concentrations (up to 16 g/L).

Taking into consideration the scarce literature available about the use of biosurfactants
in agrochemical formulations, this work opens the door for testing the effect of biosurfactant
extracts on the permeation of active principles, with the aim of improving their performance
and reducing the minimum inhibitory dose when added to crops. It must be considered
that the current work was carried out under very favorable conditions for the growth of B.
cinerea; hence, in a real scenario, the effect of the biosurfactant extract could be even more
favorable, and this will be considered in future works.
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