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Abstract

Fungal secondary metabolites with antimicrobial properties are used for biological pest control. Their production is influ-
enced by several factors as environment, host, and culture conditions. In the present work, the secondary metabolites from
fermented extracts of Beauveria bassiana PQ2 were tested as antifungal agents against Gibberella moniliformis LIA. The L 4
(2! x 37 orthogonal array from Taguchi methodology was used to assess 8 parameters (pH, agitation, sucrose, yeast extract,
KH,PO,, MgSO,, NH,NO;, and CaCl,) in B. bassiana PQ2 submerged fermentation. The ability of the fermented extracts
to slow down the growth rate of G. moniliformis LIA was evaluated. The results from 18 trials were analyzed by Statistica 7
software by evaluating the signal-to-noise ratio (S/N) to find the lower-the-better condition. Optimal culture conditions were
pH, 5; agitation, 250 rpm; sucrose, 37.5 g/L_l; yeast extract, 10 g/L_l; KH,PO,, 0.8 g/L_l; MgSO,, 1.2 g/L_l; NH,NO;,
0.1 g/L™"; and CaCl,, 0.4 g/L™!, being the agitation at the highest level the most significant factor. The optimal conditions
were validated in a sparged bottle bioreactor resulting in a higher S/N value (12.48) compared to the estimate. The extract
obtained has the capacity to inhibit the germination of G. moniliformis spores at 24 h. HPLC-ESI-MS? allowed to identify
the water-soluble red pigment as oosporein (m/z 304.9). The secondary metabolites from B. bassiana PQ2 are a suitable
alternative to control the growth and sporulation of G. moniliformis.
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microorganisms has been constant, mainly for use in bio-
control of pests because they are biodegradable, efficient,
and safe compared to chemical pesticides [1]. At industrial
scale, its production is less complex, being able to gener-
ate biomass and metabolites in a brief time [2]. Secondary
metabolites are generally of low molecular weight and can
be aromatic compounds, peptides, polyketides, or oligosac-
charides that exhibit antibacterial, antifungal, anti-parasitic,
and even antitumor activities [3]. It is known that about 1500
compounds have been identified from fungi, more than half
with biological activity [4]. This diversity depends on the
optimization of cultivation conditions [5]. Beauveria bassi-
ana is an entomopathogenic fungus (EF) used worldwide
due to its capacity as an insecticide. Currently, the secondary
metabolites that this EF produces under in situ conditions
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favor infection in insects and have antimicrobial activity.
The major secondary metabolites produced by B. bassiana
include oosporein, tenellin, bassianin, beauvericin, bassia-
nolide, and oxalic acid. The most studied have been beau-
vericin, oosporein, and tenellin obtained from liquid culture
[6].

Among the most important phytopathogenic fungi in
terms of economic losses is the genus Fusarium sp. that
is estimated to comprise over 300 phylogenetically dis-
tinct species [7]. Some of the Fusarium species are plant
pathogens with the ability to reproduce both sexually and
asexually and are a great threat due to overcoming control
methods based on fungicides and host resistance [8]. Gib-
berella moniliformis is the teleomorph of Fusarium verticil-
lioides and is primarily a pathogen of maize[9]. However, it
has also been reported affecting other crops such as banana
[10], vanilla [11], pineapple [12], and onion [13]. The patho-
genicity of G. moniliformis includes the contamination of
food- and feedstuffs with the fumonisin mycotoxins, result-
ing in economically significant losses to both farmers and
food processors [9]. In the present work, Taguchi method
was used to evaluate the antifungal capacity of second-
ary metabolites produced by B. bassiana PQ2 against G.
moniliformis LIA by manipulating the submerged culture
conditions. The influence of different factors on the quality
of the process was shown, and the best culture conditions
were selected and validated in a bottle bioreactor. Also, the
secondary metabolites produced from the fermented extract
were identified by HPLC-MS/MS.

Materials and methods
Fungal strains and culture conditions

The strain of Beauveria bassiana PQ2 was obtained from the
collection of the Food Analysis Laboratory, Instituto Tec-
nolédgico de Ciudad Valles, San Luis Potosi, Mexico.

The G. moniliformis LIA strain was provided by the Food
Research Laboratory, Autonomous University of San Luis
Potosi, and was isolated from a mango fruit according to
Martinez-Bolafos et al. [14]. The fungal strain was identi-
fied on the basis of the ITS (internal transcribed spacer)
fragment. The DNA was amplified using the polymerase
chain reaction (PCR). The primers ITS4 (TCCTCCGCT
TATTGATATGC) and ITS5 (GGAAGTAAAAGTCGTACA
AGC) were used. The PCR amplification was performed by
using 14.5 pL sterile deionized distilled cold water, buffer
3.5 pL (0.28 mM), 2 pL reverse primer (0.8 pM), 2 pL
forward primer (0.8 pM), 0.5 pL of Taq DNA polymerase
(0.1 U/ pL), and 2 pL. of DNA template. A thermocycler
(Veriti 96-well Thermal Cycler, Applied Biosystems) was
used under the following program: 94 °C for 10 min, 35
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cycles, 94 °C for 1 min; 55 °C for 1 min; 72 °C for 1 min;
and final extension at 72 °C for 5 min. The DNA quantifi-
cation was carried out in spectrophotometer (NANODROP
1000, Thermo Scientific). The nucleotide sequence of the
strain was carried out by the dideoxynucleoside method
using the genetic analyzer models 3500 and 3130 (Applied
Biosystems, USA). The sequence was revised using the
software BioEdit 7.2.5. The obtained sequence was com-
pared with the reported sequences in GenBank database
through BLAST tool (Basic Local Alignment Search Tool)
from NCBI and also registered with the GenBank accession
number OL672312.

The reactivation of each strain was carried out in potato
dextrose agar from 7 days at 27 °C.

Medium optimization in liquid media

The L5 (2! x37) orthogonal array was used to determine the
optimal medium conditions for antifungal activity from the
Taguchi design of experiment (DOE) using Statistica 7 soft-
ware (Statsoft, Tulsa, OK). The culture media was the Cza-
pek-Dox medium composed of KH,PO,, MgSO,, NH,NO;,
and CaCl,, sucrose and yeast extract also, pH and agitation
were considered (Table 1). One milliliter from B. bassiana
PQ2 spore suspension (1 x 10° spores/mL) was inoculated in
500-mL Erlenmeyer flasks containing 50 mL of the culture
medium previously autoclaved at 121 °C for 15 min in dupli-
cate for each trial (Table 2) and placed in a rotary shaker
(IKA KS 4000 i control) at 30 °C for 7 days. Once the fer-
mentation time was finished, the extracts were filtered with
sterile Whatman No. 1 filter paper using a vacuum pump and
next with sterile membrane 0.45 pm (Millipore, Minisart,
Sartorius Stedim Biotech). The filtered extracts were stored
in 50-mL conical tubes at 4 °C until use.

Antifungal activity of B. bassiana fermented
extracts

At the end of the fermentation process, the antifungal
activity of the fermented extracts was evaluated by poisoned

Table 1 Factors and levels considered for the fermentation process

No Factor Level 1 Level 2 Level 3
1 Initial pH 5 6 -

2 Agitation (rpm) 150 200 250

3 Sucrose (g/L) 12.5 25.0 37.5

4 Yeast extract (g/L) 2.5 5.0 10.0

5 KH,PO, (g/L) 0.2 04 0.8

6 MgSO, (g/L) 0.3 0.6 1.2

7 NH,NO; (g/L) 0.05 0.1 0.2

8 CaCl, (g/L) 0.2 0.4 0.8
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Table 2 Experimental matrix and results for the orthogonal array L, (2! x37)
Run pH  Agitation Sucrose  Yeast Phosphate  Magnesium  Ammonium  Calcium  S/N Growth rate R?
(Signal/Noise)  (mm/h)
1 1 1 1 1 1 1 1 1 8.55 0.37 0.999
2 1 1 2 2 2 2 2 2 8.96 0.36 0.994
3 1 1 3 3 3 3 3 3 9.00 0.35 0.996
4 1 2 1 1 2 2 3 3 8.45 0.38 0.997
5 1 2 2 2 3 3 1 1 8.69 0.37 0.995
6 1 2 3 3 1 1 2 2 9.19 0.35 0.995
7 1 3 1 2 1 3 2 3 8.93 0.36 0.998
8 1 3 2 3 2 1 3 1 8.67 0.37 0.996
9 1 3 3 1 3 2 1 2 8.68 0.37 0.996
10 2 1 1 3 3 2 2 1 8.95 0.36 0.999
11 2 1 2 1 1 3 3 2 8.82 0.36 0.994
12 2 1 3 2 2 1 1 3 8.76 0.36 0.998
13 2 2 1 2 3 1 3 2 8.56 0.37 0.994
14 2 2 2 3 1 2 1 3 7.90 0.40 0.995
15 2 2 3 1 2 3 2 1 8.32 0.38 0.998
16 2 3 1 3 2 3 1 2 9.24 0.35 0.994
17 2 3 2 1 3 1 2 3 8.74 0.37 0.997
18 2 3 3 2 1 2 3 1 8.87 0.36 0.997

media method proposed by Balouiri, Sadiki, and Ibnsouda
[15], using the 20% extract to obtain 15 mL as the final
volume (extract/culture medium). Then, 20 puL of G.
moniliformis LIA spore suspension (1 X 10° spores/mL) was
inoculated in the center of the PDA solidified medium. As a
control, PDA medium was used with the same concentration
of spores. The radial growth was measured using a rule in
each treatment every 24 h for 9 days. All experiments were
carried out in duplicates.

Experimental data analysis
Mathematical modeling of experimental data

The data obtained from the fungal radial growth against the
time were adjusted with the primary model of Baranyi and
Roberts [16] using the software DMFit (Microsoft Excel
add in) (Institute of Food Research, Norwich Research Park,
UK) in order to determine the growth rate according to the
following equation:

lIn 1+
m

1 vt | q=h0  q=vt—hO
1) = Yo + Ut + In(]™""+77" - -
y( ) yO Hmax pumax (I —| —I

where y (f) corresponds to the diameter of the colony (mm);
t time (d); y, concentration or initial diameter of the colony;
pmax specific growth rate (h™), m; v curvature parameters
to characterize the transition of the exponential phase; and
h, dimensionless parameter that quantifies the initial physi-
ological state of the cells.

Statistical analysis based on the Taguchi methodology

The data obtained were analyzed with the software Statistica 7
(Statsoft, Tulsa, OK). In the present work, the quality function
used based on Taguchi methodology was smaller the better,
in order to achieve the conditions to slow down growth rate,
according to the following equation:

% T loglO[(%) £ ) (yi)] )
mumaxl+LIn(e""’+e”’[)—e"""ho)
] o —1 (1)

em(ymax—y0)
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where the factor -10 ensures that this ratio measures the
inverse of “bad quality,” y represents the experimental value
obtained in each trial, and 7 is the number of samples.
Subsequently, an analysis of variance (ANOVA) was car-
ried out to obtain the contribution percentage of each factor
determined as follows:
SS; SS; — MS;xdf;
P= SS. * 100% = ————

* 100% 3)
T S T

where P is contribution percentage, SS; individual sum of
squares, SSy total sum of squares, MS; initial mean square,
and df; degrees of individual freedom.

Validation in sparged bottle bioreactor

To validate the optimal conditions, a sparged bottle bioreac-
tor was used in duplicate. Three hundred fifty milliliters of
culture medium (autoclaved at 15 psi for 15 min) was pre-
pared, and 1 x 10° spores/mL of B. bassiana PQ2 was inocu-
lated. The fermentation system was incubated at 30 °C and
aeration rate at 4 volumes of air/volume of culture/min. The
final time of the fermentation was after 92 h. The extracts
were recovered through filtration, and the antifungal activity
was evaluated in triplicate as was mentioned above.

Spore germination assay

The effect of the extract obtained in the validation step
was evaluated on the spore germination of G. moniliformis
LIA according to Costa et al. [17]. In triplicate, 100 pL of
fermented extract (previously filtered) and 30 pL of spore
suspension (1 x 10° spores/mL) were placed on glass slides
and incubated at 25 °C/24 h. Then, two drops of lactophenol
cotton blue stain were added and observed at 40 X under light
microscope to evaluate 200 spores per slide to give a total of
600, considering that a conidium had germinated when the
presence of its germinative tube was observed, regardless of
its length. The results were expressed as percentage of spore
germination according to the following equation:

EG
Gy = (72 ) * 100 &)
E

where G (4, means the percentage of germination; E; the
number of germinated conidia; and T, the total of conidia.

RP-HPLC analysis tandem mass spectrometry
(HPLC-ESI-MS)

The filtered aqueous extract obtained in the validation was
analyzed according to Aguilar-Zarate et al. [18] meth-
odology, with some modifications, by reversed-phase
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high-performance liquid chromatography: autosampler
(Varian ProStar 410, USA), ternary pump (Varian ProS-
tar 2301, USA), and a PDA detector (Varian ProStar 330,
USA). Sample (5 pL) was injected into a Denali C-18 col-
umn (150 mm x 2.1 mm, 3.1 pm, Grace, USA); the oven
temperature was 30 °C. The elution gradient was formic
acid (0.2% v/v, solvent A) and acetonitrile (solvent B) with
initial gradient course of 3% B; 5-15 min, 16% B linear;
and 15-45 min and 50% B linear. The flow rate was 0.2 mL/
min, and the elution was monitored at 287 nm. A liquid
chromatograph ion trap mass spectrometry (Varian 500-MS
IT Mass Spectrometer, USA) equipped with an electrospray
ion source was used. The MS analysis was performed in
the negative mode [M-H]~! using nitrogen as nebulizing
gas and helium as damping gas. The parameters of the ion
source were 5.0 kV spray voltage, 90.0 V capillary voltage,
and 350 °C of temperature. Full-scan spectra were acquired
in the m/z range 100-2000, and subsequently the MS/MS
analyses were performed on a series of selected ions. The
data was collected and processed using MS Workstation
software (V 6.9).

Results and discussion

Evaluation of antifungal activity of fermented
extracts

Beauveria bassiana PQ2 fermented extracts shown anti-
fungal activity against G. moniliformis LIA in all the runs
tested to reduce the growth rate from a range of 0.35 mm/h
to 0.40 mm/h (Table 2); this could be due to the diversity of
metabolites that were generated with the evaluated condi-
tions based on the fact that the same strain can be metaboli-
cally diverse. However, it is important to note that from all
the metabolite B. bassiana possesses, only oosporein and
beauvericin have a moderate antifungal effect [19]. In each
case, the signal-to-noise ratio was inversely proportional to
growth rate; hence, of the total treatments, it was observed
that only three of them (trials 3, 6, and 16) had the lowest
growth rate (0.35 mm/h) and the highest signal-to-noise ratio
(9, 9.19, and 9.24 S/N, respectively); the R? value closer to
1 in all cases ensure the fit of the data obtained. Also, the
trial number 14 (0.40 mm/h) had the lowest S/N value (7.90)
than others and it is proportional with growth rate value in
each case. Based on Taguchi’s L5 experimental design using
the quality characteristic “smaller the better,” it has been
possible to investigate the antifungal activity of fermented
B. bassiana PQ2 extracts and find the conditions where the
said extract has the capacity to reduce the mycelial growth
of a phytopathogenic fungus. It is important to note that the
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higher the signal-to-noise (S/N) value, the lower the process
variability and therefore the better the response [20].

It is important to mention that this is the first study where
the antifungal effect on the production of secondary metab-
olites of an entomopathogenic fungus is considered since
the use of the Taguchi experimental design has been car-
ried out for biotechnological purposes in the optimization
of biomass production [21], enzymes [22—24], synthesis of
nanoparticles [25, 26], nano-emulsions [27], nutrient effect

[28] and optimization of culture medium for the production
of spores [29].

Analysis of individual factor contribution

The influence of each factor evaluated show that calcium
(level 2), agitation, sucrose, yeast, phosphate, and magne-
sium at high concentrations (level 3) contribute to the culture
medium to achieve controlled culture conditions to offer a
better antifungal effect against G. moniliformis LIA (Fig. 1).

Fig. 1 Influence of individual 9.0
factors at different levels ’
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Table3 Analysis of variance Serial Factors df SS MS F P Percentage P (%)

1 pH 1 0.051 0.051 0.26 0.662 3.01

2 Agitation 2 0.433 0.216 1.08 0.480 25.34

3 Sucrose 2 0.107 0.053 0.27 0.789 6.26

4 Yeast 2 0.188 0.094 0.47 0.680 11.02

5 Phosphate 2 0.011 0.005 0.03 0.973 0.64

6 Magnesium 2 0.115 0.057 0.29 0.776 6.76

7 Ammonium 2 0.134 0.067 0.34 0.748 7.88

8 Calcium 2 0.267 0.133 0.67 0.599 15.65

Error 2 0.400 0.200 23.43
Total 17 1.709 0.880 100
Table 4 Optimum culture conditions nitrogen (KNO;) as inorganic (yeast extract) contributes sig-
Factors Level Value Contribution nificantly in the production of B. bassiana spores in liquid
medium (32.80% and 49.33%, respectively).

pH 1 5 0.05 As for the rest of the parameters evaluated, their contribu-
Agitation 3 250 0.12 tion, being less than 10%, is considered insignificant as they
Sucrose (g/L™") 3 37.5 0.07 do not influence the process [37].
Yeast extract (g/L™") 3 10 0.09
KH,PO, (/L™ 3 0.8 0.03 Submerged fermentation in sparged bottle
MgSO, (/L™ 3 12 0.10 bioreactor
NH,NO; (g/Lfl) 2 0.1 0.11
CaCl, (/L") 2 0.4 0.17 The conditions of the optimal culture medium composition
Expected (S/N) 9.47 (Table 4) were reproduced in a sparged bottle bioreactor.
Experimental (S/N) 12.48 It resulted in the production of a diffusible red pigment

The relative influence of each factor is shown in Fig. 2. It is
observed that there are factors that do not exert a significant
effect, being to a lesser extent phosphate and pH. In relation
to the error obtained (23.43%), Aguilar-Zarate et al. [24]
mentioned that obtaining a high error value does not mean
that the quality of the experiment is bad but there are factors
that cannot be controlled or that have not been taken into
account as factors to be evaluated. From the ANOVA analy-
sis, the contribution percentage of each factor was calculated
(Table 3). The agitation was the physical parameter that most
influenced to the production of metabolites that slow down
the growth rate of G. moniliformis contributing 25.34%, fol-
lowed by calcium (15.65%) and the yeast extract (11.02%).

Some authors have reported that at high values of agita-
tion a greater production of secondary metabolites in liquid
medium is obtained [30-32] and therefore a better antimi-
crobial effect is generated [33]. On the other hand, calcium
regulates, for example, the cell cycle in fungi [34], and it
has been reported that at the concentration used in this study
(0.4 g/L), high concentrations of biomass and blastospores
of B. bassiana are obtained [35]. Nitrogen sources are a
crucial factor not only for the growth of the fungus but also
for the production of secondary metabolites [36]; according
to Petlamul and Prasertsan [29], the combination of organic
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throughout the medium which was detected at the fourth day
of fermentation (Fig. 3) as reported by Amin et al. [38], con-
trary to that observed in fermentation in the Erlenmeyer flask
where the extracts were colorless. The crude fungal extract
caused a reduction in the growth rate of G. moniliformis LIA
(1=0.41 mm/h) compared to the control (un=0.45 mm/h).
On the other hand, the experimental value of signal-to-noise
(S/N) obtained was higher than expected by the Taguchi
analysis (Table 4).

Zero percent of germination of the spores of G. mon-
iliformis LIA was observed at 24 h with the red extract
obtained in the validation. The pigment produced has been
reported as oosporein, characteristic of Beauveria spp. [6]. It
must be considered that oosporein has the capacity to react,
through redox reactions, with proteins and amino acids
through the change of -SH groups resulting in enzymatic
malfunction [39]. It has also been reported that it inhibits
the ATPase activity of erythrocytes with the consequent
cell lysis [40]. Meazza, Dayan, and Wedge [41] studied
the antifungal activity of quinones (1,4-naphthoquinones,
1,2-anthraquinones, and 1,4-benzoquinones) on Colletotri-
chum flagariae, C. gloeosporioides, and C. acutatum. Their
results showed activity of sensitive to resistant, being the
most resistant C. acutatum. In addition, they mentioned
that the main function of quinones is to inhibit the trans-
port of electrons, important in mitochondrial respiration.
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Fig.3 Submerged fermenta-
tion in bottle bioreactor. On the
left, the bottle bioreactor with
parts. On the right, shows red
pigment produced by Beauveria T
bassiana PQ2 on the fourth day
of fermentation. In addition,
abundant white mycelium is
observed on the walls of the ©
bottle

e

CO, output

This is relevant due to the fact that oosporein is a quinone
(1,4-dibenzoquinone) [42]. This is the first report of the
effects of oosporein on G. moniliformis. Some authors have
reported the antifungal effect of oosporein isolated from Ver-
ticillium psalliotae against Phytophthora infestans, Alter-
naria solani, and Fusarium oxysporum [43]; Chaetomium
cupreum against Rhizoctonia solani and Pythium ultimum
[44]; and Cochliobolus kusanoi against Candida albicans
[45].

Characterization of compounds by HPLC-ESI-MS
The extract was separated and characterized by RP-

HPLC-ESI-MS in order to know the number of com-
pounds present in the aqueous extract obtained in bioreactor

(Table 5). The results obtained in the characterization of
the compounds show nine peaks (Fig. 4) where oosporein
was the only relevant metabolite detected. It was identi-
fied by information reported in the literature, with formula
C,4H,,Og [42, 46-48]. Also, maltose was detected. This
could be due to the fact that Beauveria spp. can produce
some soluble carbohydrates as an osmo-protection strat-
egy or adaptation to stress [49]. It should be noted that the
metabolites tenellin, bassianin, and beauvericin commonly
produced by Beauveria species were not identified. This
agrees with the results obtained by Strasser, Abendstein,
et al. [46] who also consider that the production of oosporein
is constitutive. However, the Beauveria genus is not the
only one that produces it, since it has also been reported in
some fungi such as V. psalliotae [43], C. kusanoi [45, 50],

Table 5 Characterization of
secondary metabolites by

Peak no Tentative identity RT (min) [M-H]™ (m/z) MS? ion fragment (m/z)

HPLC-ESI-MS analysis 1 Not identified 3.77
2 Maltose 4.7
3 Maltose 5.31
4 Not identified 7.17
5 Not identified 8.88
6 Not identified 9.55
7 Not identified 14.23
8 Not identified 15.52
9 Oosporein 31.25

352.8 334.8; 324.9; 316.9; 298.9; 260.9; 254.8; 219.1
341.0 323.1; 179.1; 161.1; 143.1; 118

341.0 323;300.6; 179.2; 161.1

290.0 254.1; 229.9; 214; 200; 128.1

150.9 131.2

242.9 199.9; 110

282.0 150.1; 133

385.9 343; 298.9; 297.9; 286

304.9 276.9; 262; 261; 249; 233; 217; 205; 189.1;161.1

Abbreviations: RT retention time
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Fig.4 HPLC chromatogram of 0.45
metabolites of Beauveria bassi- 2
ana PQ2 extract. Nine peaks 04
are shown where the latter is
identified as oosporein 0.35 7
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=2 02
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Lecanicillium aphanocladii [47], Tremella fuciformis [51],
C. cupreum [44], and Isaria cicadae [52]. The composition
of nutrients and the conditions of the culture medium influ-
enced the antifungal activity of Beauveria bassiana PQ2.

Conclusion

The optimal culture conditions based on the inhibition of
the growth of G. moniliformis LIA by the effect of second-
ary metabolites was obtained. It was achieved to produce
oosporein as the main secondary metabolite in a sparged
bottle bioreactor. The water-soluble pigment was capable to
inhibit the G. moniliformis LIA growth and spore germina-
tion. However, it is necessary to develop further experiments
for the evaluation of antifungal activity and other bioactivi-
ties of purified oosporein.
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