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Abstract: Beauveria bassiana PfBb is a new strain with high host specificity to the target pest
Phauda flammans. We conducted a series of experiments to optimize the biphasic fermenta-
tion system of B. bassiana PfBb by screening the medium compositions and fermentation
environmental conditions in both liquid and solid fermentations. In the liquid fermentation,
glucose and yeast extract with a C:N ratio of 17:1 were the optimal carbon and nitrogen
sources, respectively, for B. bassiana PfBb mycelium growth and blastospore production,
and liquid fermentation with an inoculation concentration of 1 x 108 /mL and an inoculum
content of 50 mL conidial suspension, at 180 rpm/min rotation speed, pH 7 and 26 °C, fa-
vored mycelium growth. However, additional trace elements did not significantly improve
liquid fermentation. In the solid fermentation, wheat bran and chaff at a ratio of 8:2 were
identified as the best substrates that facilitated B. bassiana PfBb sporulation and conidial
germination, and optimal substrates with 20% inoculum content, 50% water content, and
3-day fermentation in darkness had the highest conidia yield. The resulting conidia, stored
at —20, 4, and 20 °C for one year, did not significantly change the water content, and with
prolonged storage duration, conidial germination was significantly higher at —20 and 4 °C.
Moreover, conidia stored at 4 °C for one year maintained its validity and virulence, which
were toxic to all instar larvae of P. flammans. Our results provide essential support for the
commercial production of B. bassiana PfBb-based biopesticides.

Keywords: Beauveria bassiana; fermentation technology; mycelium growth; sporulation;
conidial validity and virulence; prolonging storage

1. Introduction

Entomopathogenic fungi cause mortality of insect pests through infections and sup-
press pest populations in nature through epizootics. To date, more than 100 commercial
biopesticides based on entomopathogenic fungi have been developed and widely used as
sustainable biocontrol agents in integrated pest management (IPM) programs [1-7]. For
instance, the entomopathogenic fungus Beauveria bassiana (Balsamo-Crivelli) Vuillemin
(Hypocreales: Cordycipitacae) could attack a broad range of insect pests among the orders
of Lepidoptera, Coleoptera, Hemiptera, Orthoptera, and Diptera [8], and is applied for
pest management in greenhouses and fields [4,6,9]. However, it is highly challenging to
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optimize the fungal fermentation technology to produce adequate quantities of high-quality
conidia and maintain the validity and virulence of stored conidia for a long storage period.

Biphasic fermentation can reduce processing time and increase production yields of
entomopathogenic fungi on an industrial scale [10] and is thus commonly applied for mass
production for biological control programs [11-14]. In biphasic fermentation, fungi are
first grown in a liquid culture medium to produce metabolic active blastospores, which
serve as inocula and are then inoculated on the solid culture substrates to produce aerial
conidia [15,16]. Blastospores are a type of fungal spore produced asexually by budding,
while conidia are asexual, non-motile spores produced by blastospores [7]. Blastospores
can be mass-produced efficiently in liquid cultures, enabling cost-effective industrial-scale
production [17,18]. Furthermore, blastospores germinate rapidly upon contact with insect
hosts, accelerating infection compared to conidia [19]. However, blastospores exhibit poor
tolerance to field conditions, particularly UV radiation and desiccation [19,20]. In contrast,
solid-state fermentation enables cost-effective, scalable conidia production [21], and coni-
dia exhibit superior tolerance to UV radiation, desiccation, and temperature fluctuations,
ensuring persistence in field applications [22,23], and their robustness allows long-term
storage and formulation into stable bioinsecticidal products [17,20]. However, production
of conidia in solid-state fermentation is labor-intensive and less efficient than liquid culture
methods [14], and the slower germination of conidia may potentially reduce immediate effi-
cacy compared to blastospores [20]. The biphasic culture system shows distinct advantages,
including precise control of nutritional and environmental factors, tailoring of the medium
for optimal spore production, increasing of conidia production, recycling of inert substrate
after removal of conidia and reprocessing, promotion of biomass generation, shortening of
fermentation time, minimization of contamination risks, provision of a scalable and robust
platform for mycopesticide production, etc. [7,11,14,15,24,25]. Large-scale production of
entomopathogenic fungi as insect biocontrol agents using biphasic fermentation will meet
the increasing demands of agricultural producers and commercial companies.

It is generally known that optimizing liquid or solid fermentation can offer more cost-
effective scaling capabilities under controlled nutritional and environmental
conditions [14,24-34]. However, to develop cost-effective large-scale production pro-
cesses, it is essential to identify the medium materials and environmental factors that
favor mycelial growth, sporulation, and conidia yield in either liquid or solid fermen-
tation. The key parameters for optimizing industrial fermentation of pathogenic fungi
may include nutrients, temperature, hydrogen ion concentration (pH), rotation speed, and
inoculum size in liquid fermentation [30,34-39], and solid substrate composition, water
content, aeration, inoculum size, temperature, lighting, and fermentation period in solid
fermentation [14,31,32,34,40-45]. However, those key parameters for fungal fermentation
are not identical but species- or even strain-specific [46—48].

In addition to designing production systems with a high yield of entomopathogenic
fungi, the stability, validity, infectivity, and virulence of conidia in the resulting biopesti-
cides are key parameters to determine the success of biocontrol programs, and thus must
be considered during process development [49]. It is well known that the key quality
parameters of conidia are affected by external environmental factors (e.g., temperature
and humidity). Storage at low temperature and low humidity is essential to maintain
the conidial quality [50-52], extend the shelf life, and help control the cost of biopesticide
production [53]. Extending the shelf life of microbial pesticides will guarantee the potential
large-scale applications in pest management [38,54-56].

Phauda flammans (Walker) (Lepidoptera: Phaudidae) is a serious pest of Ficus trees
(Urticales: Moraceae) in China [57] and India [58]. Larvae of P. flammans feed on leaves
and phloem at the tender tips of Ficus trees over large areas, eventually causing plant
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death [59]. Several potential biological control measures, such as nuclear polyhedrosis
virus [60], parasitoids [61], and sex pheromones of P. flammans have been reported, but
rarely applied, to control this pest [62]. Recently, we have identified a promising Chinese
isolate of B. bassiana named PfBb that is highly effective in infecting and killing P. flam-
mans larvae [63,64]. B. bassiana PfBb is even toxic to non-target species, for example, the
important agricultural pest, fall armyworm, Spodoptera frugiperda (J. E. Smith) (Lepidoptera:
Noctuidae), indicating its high potential in pest control on a large scale [65]. Our previous
study confirms that this B. bassiana PfBb strain is more pathogenic to P. flammmans larvae
than other commercially available entomopathogenic fungi [63].

In this study, we carried out a series of experiments to optimize the nutrients and
environmental conditions for B. bassiana PfBb growth and blastospore production in liquid
culture fermentation, selected the optimum substrates determined the optimum medium
environmental conditions for conidiation in solid culture fermentation, and finally, tested
the conidia validity and its virulence on different instar larvae of P. flammans after a
prolonging storage. Our results deliver knowledge to facilitate the mass production of
B. bassiana PfBb.

2. Materials and Methods
2.1. Fungi

Beauveria bassiana PfBb used in this study was isolated from infected P. flammans
larvae, collected in Hechi City, Guangxi, China [64]. The Beauveria bassiana P{Bb strain was
inoculated and cultured on potato dextrose agar, which was stored at —80 °C before using
for experiments.

2.2. Insects

Mature P. flammans larvae (n = 2000) were collected on Ficus benjamina L. in Nanning
City (108.21° E, 22.64° N), Guangxi Zhuang Autonomous Region, China, from June to July
2022. Fifteen P. flammans larvae were reared on fresh F. benjamina leaves in a transparent
plastic container (20 cm diameter x 15 cm height) with 20-30 pinholes (1 mm diameter)
for ventilation. The plant leaves were replaced with fresh ones daily until pupation. The
pupae were kept individually in plastic tubes (2.7 cm diameter x 12 cm height) with
10-15 pinholes (1 mm diameter) on the lids. Newly emerged moths were paired and
placed in a net cage (80 cm length x 80 cm width x 100 cm height) for mating. A potted
F. benjamina seedling (60 cm height) was maintained in the cage as the oviposition substrate.
The hatched larvae were reared as mentioned above until they developed into the desired
instar stages used for the experiments. The insects were maintained at 25 + 1 °C, 75 £ 5%
relative humidity, and a photoperiod of 13L/11D (light/dark).

2.3. Optimization of Liquid Fermentation for B. bassiana PfBb
2.3.1. Preparation of Standardized Blastospore and Conidial Suspension

Prior to the experiment, the B. bassiana PfBb strain was cultured on the potato dextrose
agar (PDA) medium, composed of 200 g potato, 20 g glucose, 15 g agar, and 1000 mL
water with a natural pH of 7, at 25 £ 1 °C, 80 £ 5% RH, and a 12L /12D photoperiod for
14 days. After this time, the conidia were harvested from the surface of the culture medium.
The conidial concentration was measured using a hemocytometer and then adjusted to
1 x 107 conidia/mL using 0.05% Tween-80 solution to obtain the standardized blastospores
and conidial suspension for experiments. Conidium counting was performed under a
microscope (CX21, Olympus Optics, Tokyo, Japan).
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2.3.2. Optimization of Nutrients in Liquid-State Culture Medium

In this experiment, a liquid-state culture medium, composed of 40 g glucose, 10 g
peptone, and 1000 mL water with a pH of 7, was applied to optimize the carbon and
nitrogen nutrients for B. bassiana PfBb growth. To optimize the carbon nutrient, we replaced
glucose in the liquid-state culture medium with an equal amount (40 g) of fructose, sucrose,
maltose, or mannitol as the carbon source, but maintained the 10 g peptone as the nitrogen
source in the medium. To optimize the nitrogen nutrient, we replaced peptone in the
liquid-state culture medium with an equal amount (10 g) of yeast extract, beef extract,
corn flour, or sodium nitrate as the nitrogen source, but maintained the 40 g glucose as the
carbon source in the medium. A quantityof 10 mL of standardized conidial suspension as
prepared above were added into a 250 mL flask, maintaining 100 mL liquid-state culture
medium containing one of the test carbon or nitrogen sources. The flask maintaining the
test medium was placed on a rotary shaker (HNY-100B, Erno Instruments Co., Ltd., Tianjin,
China) with a rotation speed of 150 rpm /min and incubated at 26 °C for 3 days, after which
the incubated medium was shaken well. The blastospore concentration was quantified
with a hemocytometer under the microscope. To determine the mycelium dry weight, the
incubated liquid medium was filtered in a vacuum filter (SHZ-DIII, Ruide, Zhengzhou,
China) through a filter paper placed on a Buchner funnel. The filtered samples on the
filter paper were placed into a drying oven (GPX-9052, Yuejin Co., Ltd., Shanghai, China)
set at 80 °C, dried until constant weight, and then weighed using an analytical balance
(AR-224CN, Aarhus Instruments Co., Ltd., Shanghai, China). The liquid-state culture
medium without standardized conidial suspension added served as control. There were
three replicates for control and each test of carbon or nitrogen sources.

Based on the results of the above experiment, a further experiment was conducted to
optimize the concentrations of the best carbon and nitrogen sources for the liquid medium.
By using the same methods described above, the mycelium dry weight and blastospore
concentration were evaluated at varying glucose concentrations of 20, 30, 40, 50, and
60 g/L with a constant yeast extract concentration of 10 g/L, and at varying yeast extract
concentrations of 5, 10, 15, 20, and 25 g/L with a constant glucose concentration of 40 g/L.
The carbon content in glucose is 40%, and carbon and total nitrogen contents in yeast
extract are 40% and 10%, respectively [66]. Therefore, the carbon-to-nitrogen ratios (C:N)
in the above tested glucose concentrations were 9:1, 13:1, 17:1, 21:1, and 25:1, respectively,
and those in yeast extract concentrations were 33:1, 17:1, 11.7:1, 9:1, and 7.4:1, respectively.
There were three replicates for each nutrient concentration test.

To determine the type and concentration of trace elements suitable for liquid culture,
the selected carbon and nitrogen sources and their concentrations (i.e., 40 g glucose/L
and 15 g yeast extract/L) were used to prepare the liquid medium for this test. Each test
medium was supplemented with 0.1 g of KCl, MgSO,, CaCl,, CuSQy4, ZnSO4, MnSOy,
or CoCl,. Three trace elements (i.e., MgSO,, KCl, and MnSQy; Figure 1) that potentially
promoted B. bassiana PfBb growth were selected to test the effects of various concentrations
(i.e., 0,0.001, 0.01, 0.05, 0.1, 0.25, 0.5, and 1 g/L) on blastospore production. There were
three replicates for each element and each concentration. The mycelium dry weight and
blastospore concentration were measured as described above.
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Figure 1. Mean (+SE) mycelium dry weight and blastospore number of B. bassiana PfBb growing
in liquid culture medium affected by carbon source (a), nitrogen source (b), glucose concentration
(c), yeast extract concentration (d), trace element (e), MgSO, concentration (f), KCl concentration

(g), and MnSOy concentration (h). For mycelium weight, columns with the same English letters are

not significantly different; and for blastospore number, columns with the same Greek letters are not

significantly different (LSD test: p > 0.05).
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2.3.3. Development of Environmental Conditions for B. bassiana PfBb Growth in Liquid
Culture Medium

To improve the liquid culture medium, the effects of inoculation concentration (1 x 105,
1x10°,1 x 107,1 x 108, and 1 x 10° conidia/ mL), inoculation volume of culture medium
(50, 75, 100, 125, and 150 mL), agitation speed (120, 150, 180, 210, and 240 rpm/min),
temperature (20, 23, 26, 29, and 32 °C) and pH (5, 6, 7, 8, and 9) on B. bassiana PfBb growth
and reproduction were tested. In addition to the above test elements, the standard culture
medium (i.e., 40 g glucose/L, 15 g yeast extract/L, 0.1 g KCI/L, 0.25 g MnSOy4/L, 0.1 g
MgSO4/L, and 1000 mL water with a pH of 7) was prepared; 10 mL standard conidial
suspension (1 X 107 conidia/mL) was added to a 250-mL flask maintaining 100 mL of
standard culture medium, and the flask was then placed on a rotary shaker at 150 rpm/min
and incubated at 26 °C for 3 days. The mycelium dry weight for each test condition was
determined as described in Section 2.3.2. Each test was repeated three times.

2.4. Optimization of Solid Fermentation for B. bassiana PfBb
2.4.1. Selection of Substrates for Solid Fermentation

To optimize the solid-state fermentation for conidia production of B. bassiana P{Bb,
we individually tested various types of substrates: (1) wheat bran, corn flour, beer draff,
rice, and soybean meal that still retained a significant amount of nutritional components
for fungal growth, and (2) bagasse, peanut shell, chaff, tobacco stem, and coir that might
improve the physical structure of the culture medium. A test substrate (80 g) was mixed
with 80 mL water and bagged in a sealed bag (40 cm length x 28 cm width) (BKMAM
Biotechnology Co., Ltd., Changsha, China). For the rice substrate, 100 g rice was soaked
in boiling water for 30 min and air dried before being mixed with water. The bagged
medium was sterilized in an autoclave at 121 °C under 15 psi for 20 min, after which it was
naturally cooled under laboratory conditions. The solid medium (80 g) was inoculated with
20 mL conidial suspension (1 x 108 conidia/mL). The inoculated medium or substrate was
incubated at 26 °C under dark conditions for the three days and then under light conditions
for nine days. The incubated medium or substrate with B. bassiana PfBb conidia was air-
dried at 30 °C for 24 h, then pulverized using a grinder (200T Boou Hardware Products
Co., Ltd., Jinhua, China) and passed through an 80-mesh sieve to obtain conidia powder.

To determine the conidia yield, 1 g of BI (biological indicator) powder was dissolved
with 100 mL of 0.05% Tween-80 solution, and the conidia number was counted using the
hemocytometer under the microscope. To assess the conidial germination rate, 1 g BI
powder was dissolved in 100 mL 0.05% Tween-80 solution, diluted to 1 x 107 conidia/mL
suspension, and then inoculated into liquid culture comprising 4% glucose and 1.5%
yeast extract. The liquid culture was incubated at 26 °C for 24 h. Conidia germination
rate was observed using a hemocytometer under the microscope. Conidia with their
germinal tube reaching approximately half the diameter of the conidia were considered as
germination [67]. Each treatment was replicated three times.

An additional experiment was conducted to determine the best culture medium-to-
substrate ratio (i.e., wheat bran-to-chaff ratio), and the conidia yield was evaluated at
various wheat bran-to-chaff ratios of 9:1, 8:2, 7:3, 6:4, and 10:0 (100 g in total). After mixing
with 100 mL water, the bagged blend was sterilized in an autoclave as mentioned above. A
quantity of mL conidial suspension (1 x 107 conidia/mL) was inoculated onto the sterilized
solid medium. The inoculated medium was then incubated at 26 °C under a 12L /12D
photoperiod for 10 days, and the conidia yield was determined.
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2.4.2. Development of Conditions for B. bassiana PfBb Growth in Solid-State Medium

To improve the solid-state medium, the conidia yield was detected at the optimum
ratio of conidial suspension to substrate inoculation content (proportion of fermented
optimal-liquid medium to solid substrate: 10%, 15%, 20%, 25%, and 30%), various water
content of cultural medium (40%, 45%, 50%, 55%, and 60%), and incubation duration in
darkness (0, 3, 6, 9, and 12 days). In addition to the above test conditions, the standard solid
medium with a wheat bran-to-chaff ratio of 8:2 and water content of 50% inoculated with
20% fermented optimal-liquid medium was incubated at 26 °C with a 12L /12D photoperiod
for 10 days. The conidia yield was determined for different single factor conditions as
described in above part.

2.5. Validity and Virulence of Stored B. bassiana PfBb Conidia Powder

This experiment was to detect the effect of conidia storage temperature on water
content and conidial germination. The conidia powder produced by solid-state medium
was maintained in vacuum-sealed bags and stored at one of the three test temperatures of
—25, 4, and 20 °C, for 12 months. Three bags were sampled from each storage temperature
monthly. To determine the conidia yield, 1 g BI powder was collected from each bag
dissolved with 100 mL of 0.05% Tween-80 solution, and the conidia number was counted
using the hemocytometer under the microscope. To assess the conidial germination rate,
1 g BI powder was dissolved in 0.05% Tween-80 solution, diluted to 1 x 107 conidia/mL
suspension, and then inoculated into liquid broth culture comprising 4% glucose and
1.5% yeast extract. The liquid broth culture was incubated at 26 °C for 24 h. The conidial
germination rate was observed using a hemocytometer under the microscope, as mentioned
in above part.

To determine the conidial water content after storage, a 1 g sample was collected
from each bag and maintained in a glass bottle which was previously baked in an oven
(PHG-9248A, Shanghai Jinghong Experimental Equipment Co., Ltd., Shanghai, China) at
120 °C for one hour. The conidia powder sample was oven dried for 2 h. The glass bottle
containing conidia power was weighed before and after oven drying to determine the
conidial water content.

All six larval instars of P. flammans were utilized to assess the virulence of B. bassiana
PfBb conidia after storage at 4 °C for various durations (30, 60, 90, 120, and 360 days).
There were four replicates for each storage duration. For each replicate, 15 larvae were
individually sprayed with conidia powder for two seconds. Those conidia-infected larvae
were placed in a Petri dish (20 cm diameter x 15 cm height) and fed with fresh F. benjamina
leaves. The Petri dishes were maintained at 25 £+ 1 °C and 75 & 5% RH with a photoperiod
of 13L/11D. They were checked twice daily (09:00 and 21:00) for seven consecutive days.
Larvae were considered deceased if they did not respond when touched with a brush. The
larval mortality rate was calculated. For each replicate, the dead larvae were transferred to
a sterilized Petri dish. Larvae with mycelia growing on their integument were classified as
cadavers. The number of larval cadavers was recorded, and the cadaver rate was calculated
as (number of cadavers/total number of dead larvae) x 100%.

2.6. Statistical Analysis

Data were analyzed using SAS v.9.13 software (SAS Institute, Cary, NC, USA) with
o = 0.05. The effect of storage duration on conidia virulence on different larval instars were
analyzed using a generalized linear model (GLIMMIX procedure) followed by a binomial
distribution and a logit function, with an LSD test for multiple comparisons. Data on
the proportion of conidial water content and germination over varying storage duration
at different temperatures were normally distributed (Shapiro-Wilk test, UNIVARIATE
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procedure) and analyzed using a general regression model (GLM procedure); the slopes
of the regression models were compared by an analysis of covariance (ANCOVA, GLM
procedure) with a ‘contrast’ statement for multiple comparisons. Other data were also
normally distributed (Shapiro-Wilk test, UNIVARIATE procedure) and thus analyzed using
ANOVA (GLM procedure) with an LSD test for multiple comparisons.

3. Results
3.1. Optimization of Liquid Fermentation for B. bassiana PfBb

Glucose as the carbon source had significantly higher mycelium dry weight
(Fg10 = 76.08, p < 0.0001), and produced significantly more blastospores (F419 = 3.51,
p = 0.0488) (Figure 1a). Yeast extract used as nitrogen sources in medium generated sig-
nificantly higher mycelium dry weight (F4 19 = 309.92, p < 0.0001) and more blastospores
(F4,10 = 152.28, p < 0.0001) (Figure 1b). The optimal concentrations of glucose and yeast
extract were detected at 40 g/L (C:N 17:1) and 15 g/L (C:N 11.7:1), respectively (glucose:
F410 =125.26, p < 0.0001 for mycelium weight, and F4 19 = 4.09, p = 0.0323 for blastospore
number; yeast extract: Fy19 = 8.73, p = 0.0027 for mycelium weight, and F4 19 = 22.40,
p < 0.0001 for blastospore number) (Figure 1c,d).

Trace elements in the culture medium did not significantly promote B. bassiana PfBb
growth and reproduction; rather, adding CoSO,, CaCl,, or CoCl, significantly decreased
mycelium weight (F7 16 = 35.53, p < 0.0001) and blastospore number (F7 14 = 8.55, p = 0.0002)
(Figure le). In addition, increasing concentration of MgSQOy, KCl, and MnSO4 had no
significant effect on mycelium weight (F7 15 = 0.84, 0.64, and 0.80, respectively, p > 0.05),
and increasing MgSO, concentration had no significant effect on blastospore number
(F716 = 0.78, p = 0.6130) (Figure 1f), while increased concentration of KCl and MnSOy signif-
icantly decreased blastospore production concentration (F7 14 = 2.81 and 15.71, respectively,
p < 0.05) (Figure 1g,h).

The mycelium dry weight of B. bassiana PfBb was significantly affected by the inocu-
lation concentration of the conidial suspension (Fy 19 = 340.20, p < 0.0001), the inoculum
content of the liquid medium (F4 19 = 85.73, p < 0.0001), the rotation speed (Fy19 = 48.83,
p <0.0001), the pH value of the liquid medium (F4 19 = 37.07, p < 0.0001), and the incubation
temperature (F419 = 216.51, p < 0.0001), with the highest mycelium weight detected at
an inoculation concentration of 1 x 108 blastospore/mL (Figure 2a), inoculum content
of 50 mL (Figure 2b), rotation speed of 180 rpm/min (Figure 2c), pH 7 (Figure 2d), and
incubation temperature of 26 °C (Figure 2e).

3.2. Optimization of Solid Fermentation for B. bassiana PfBb

As shown in Table 1, conidia yield was significantly higher for the wheat bran medium
than other medium types (F4 10 = 131.50, p < 0.0001), and the conidial germination rate
was significantly higher for the wheat bran, corn flour, and rice mediums than for other
medium types (F4 19 = 10.33, p = 0. 0014), suggesting that wheat bran medium was the best
for B. bassiana PfBb growth.

Conidia yield was significantly higher for the chaff substrate than other substrate types
(F4,10 = 20.13, p < 0.0001), and the conidial germination rate was significantly higher for the
chaff and bagasse substrates than for other substrate types (F4 19 = 10.75, p = 0.0012) (Table 1),
suggesting that chaff substrate was the best for B. bassiana PfBb growth. The optimal wheat
bran-to-chaff ratio for B. bassiana PfBb growth was found to be 8:2 (F4 19 = 3.84, p = 0.0385)
(Figure 3).
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Figure 2. Mean (+SE) mycelium dry weight of B. bassiana PfBb growing in liquid culture medium af-
fected by inoculation concentration of conidial suspension (a), inoculum content of liquid medium (b),
rotation speed (c), pH value of liquid medium (d), and incubation temperature (e). Columns with the
same letters are not significantly different (LSD test: p > 0.05).

Table 1. Effect of different solid substrates on B. bassiana PfBb conidia yield and germination.

Substrate Conidia Yield (10%/g) Germination (%)
Nutritional substrate
Wheat bran 445 +0.082 93.01 £0.822
Corn flour 3.1540.13° 93.52 + 0.24 2
Rice 237 +0.15¢ 93.73 £ 04772
Soybean meal 1.57 +0.07 4 90.04 + 1.06 ®
Beer draff 1.18 £0.13¢ 87.94 + 0.96°
Structural substrate
Chaff 1.68 +0.072 9455 +1.202
Bagasse 1.20 +0.09° 93.01 +0.52 2
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Table 1. Cont.
Substrate Conidia Yield (10%/g) Germination (%)
Coir 0.75+0.13 ¢ 89.03 + 1.69 P
Peanut shell 0.67 +0.09 86.20 & 0.98 P
Tobacco stem 0.73 £ 0.09 € 86.48 + 1.08 b

For the nutritional or structural substrates, means (£ SE) with the same letters in a column are not significantly
different (LSD test: p > 0.05).

5_
a
J ab T
e T - T S
L0 T 2
RER
=
5 2+
=
o
@] 1 -
0 )
6:4 7:3 8:2 9:1 10:0

Wheat bran-to-chaff ratio

Figure 3. Mean (+ SE) conidia production of B. bassiana PfBb affected by varying wheat bran-to-chaff
ratios. Columns with the same letters are not significantly different (LSD test: p > 0.05).

The conidia production of B. bassiana PfBb was significantly affected by the inoculation
volume of the medium (F4 19 = 7.23, p = 0.0053), the water content of the solid medium
(F410 =5.32, p = 0.0147), and the incubation duration in darkness (F4 19 = 8.11, p = 0.0035),
with the highest conidia number detected at an inoculum content of 25% (Figure 4a), a 55%
water content in medium (Figure 4b), and a dark incubation duration of 3 days (Figure 4c).

3.3. Validity and Virulence of Stored B. bassiana PfBb Conidia Powder

As shown in Figure 5, prolonging the storage duration of conidia power signifi-
cantly decreased conidial germination rate at constant temperatures of —20, 4, and 20 °C
(Figure 5a). The decreases in the conidial germination rate were significantly faster at
20 °C than at —20 and 4 °C (Fy,192 = 100.41, p < 0.0001) (Figure 5a). However, the storage
duration of conidia power had no significant impact on conidia water content, and there
was no significant difference in the slopes of regression lines between the different storage
temperatures (F; 192 = 0.50, p = 0.6086, Figure 5b).

Conidia stored at 4 °C for one year did not significantly decrease the virulence of
P. flammans larvae on different instars, and there was no significant difference in larval
mortality between instars for each storage duration, except that when conidia were stored
for 360 days, the mortality of fifth and sixth instar larvae was significantly lower than that
for first-fourth instars (Table 2). The cadaver rate of P. flammans larvae was not significantly
different between different conidia storage durations for each larval instar, or between
different larval instars for each storage duration (Table 3).
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Figure 4. Effects of water content of solid medium (a), inoculum volume (b), and incubation duration

in darkness (c) on conidia production of B. bassiana PfBb. Columns with the same letters are not
significantly different (LSD test: p > 0.05).

Table 2. Effect of storage duration (days) of B. bassiana PfBb conidia powder on mortality (%) of

P. flammans larvae of different instars.

Storage Larval Instar F5,18 p
burion st 2nd 3rd 4th 5th 6th
30 100 100 100 100 95.00 £ 3.19 85.00 £ 1.67 0.61 0.6948
60 100 100 100 100 95.00 + 3.19 81.67 +3.19 091 0.4950
90 100 100 100 91.67 +3.19 9333 £2.72 83.33 +-3.33 0.69 0.6350
120 100 100 100 100 93.33 £2.72 80.00 £ 6.08 0.84 0.5362
150 100 100 100 98.33 + 1.67 91.67 £ 3.18 83.33 +1.92 1.24 0.3303
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Table 2. Cont.
Storage Larval Instar F5,18 p
D“f;;i"“ 1st  2nd 3rd 4th 5th 6th
180 100 100 100 91.75 £ 5.00 85.00 = 4.19 71.67 +4.19 1.61 0.2076
360 1002 1002 9833+ 1672 96.67 £3.332 78.33 +4.19P 63.33 + 5.77P 4.64 0.0068 *
Fe21 0 0 0 0.59 2.40 2.14
P 1 1 1 0.7318 0.0634 0.0918
* Means (£SE) with the same letters in the row for storage duration of 360 days were not significantly different
(LSD test: p > 0.05).
(a) 100 -
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S 8-
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Figure 5. Effects of storage duration of B. bassiana PfBb conidia powder stored at different tempera-
tures on the conidial germination rate (a), and conidia water content (b).
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Table 3. Effect of storage duration (days) of B. bassiana PfBb conidia powder on larval cadaver (%) of
P. flammans larvae of different instars.

Storage Larval Instar Fs18 p
D“(rgf“’“ 1st 2nd 3rd 4th 5th 6th
30 95.00 + 1.67 95.00 + 3.19 98.33 + 1.67 91.67 + 3.19 92,96 +2.73 90.06 + 3.86 0.73 0.6116
60 93.33 +2.76 93.33 + 3.85 95.00 + 3.19 86.67 +2.72 86.03 +2.76 93.88 + 3.76 1.09 0.3995
90 91.67 + 3.19 90.00 + 4.30 91.67 +4.19 94.74 + 3.25 89.78 + 6.12 90.18 + 3.17 0.68 0.6424
120 91.67 + 4.19 90.00 + 4.30 90.00 + 4.30 88.33 +3.19 87.21 + 3.85 90.31 £+ 3.51 0.13 0.9833
150 96.67 + 1.92 93.33 £2.72 95.00 £+ 3.19 89.76 +2.07 92.82 +2.73 91.83 + 3.41 0.51 0.7676
180 95.00 + 1.67 95.00 + 1.67 91.67 + 3.19 95.26 + 5.87 92.10 + 0.42 93.37 £2.22 0.27 0.9239
360 95.00 £+ 3.19 91.67 £ 3.19 95.00 &+ 3.19 91.92 +5.92 91.57 + 3.19 92.95 + 4.40 0.62 0.6878
Fe 21 0.37 0.38 0.0.73 0.46 0.72 0.16
P 0.8902 0.8806 0.6316 0.8299 0.6360 0.9835

4. Discussion

The biphasic system, in which fungi are first grown under liquid-state conditions
to produce metabolic active blastospores and then allowed to conidiate in solid-state
conditions, is an efficient technology for mass production of B. bassiana for the biological
control programs [14]. Usually, fungi can utilize a wide variety of nutrients sources present
in the environment [30,41,68-71] and adapt to different environmental conditions [72-74].
This study optimized the nutrients, medium substrates, and fermentation environmental
conditions for B. bassiana PfBb growth and conidiation, and developed measures to maintain
storage validity and virulence and to prolong the shelf life of microbial pesticides, which
are critical to the success of biological control programs using B. bassiana P{Bb.

4.1. Optimization of Liquid Fermentation of B. bassiana PfBb

Carbon and nitrogen are the two main nutrients regulating fungal growth and pro-
duction [26,28,33,34,75-77]. The amount of various carbon sources [68,78-80] and nitro-
gen sources [41,70,71,81,82], glucose, and yeast extract are highly favorable for B. bassiana
growth in liquid fermentation [28,42,45,83-85]. Our results also indicate that liquid medium
using glucose as the carbon source and yeast extract as the nitrogen source produced signif-
icantly higher mycelium mass and yielded more blastospores. Rangel et al. (2006) reported
that glucose is the most utilizable carbon source for fungi, as it could be readily incorpo-
rated into the cell, and occupies the central position of the glycolytic pathway while other
carbon sources are less preferred [78]. Furthermore, in many fungi, a process known as
carbon and nitrogen catabolite repression may be involved in the efficient use of resources
in the presence of nutrients, allowing the preferential utilization of glucose (or preferred
sugars) and easily assimilated nitrogen sources (such as ammonium and glutamine) before
other available carbon and nitrogen sources [76,86—-89]. Therefore, our results suggest
that glucose and yeast extracts were, respectively, the most favorable carbon and nitrogen
sources in the liquid medium that facilitated the growth and production of B. bassiana PfBb.

Moreover, we showed that the lower and higher concentrations of glucose or yeast
extract tended to reduce the mass growth and blastospore production of B. bassiana P{Bb,
with the optimal concentrations of glucose and yeast extract found to be 40% and 15%, re-
spectively. It is reported that an increase in filamentous growth and blastospore production
in Metarhizium anisopliae (Metchnikoff) Sorokin is associated with an increase in glucose
concentration [90]. However, a very high glucose concentration may decrease the water
activity of the medium, which will in turn reduce blastospore production [91]. Vega et al.
(2003) and Safavi et al. (2007) reveal that the optimized carbon-to-nitrogen ratio is about 10:1
for the maximal fungal growth of B. bassiana [26,92]. In this study, the medium with C:N
ratios of 17:1 (40 g glucose with 10 g yeast extract) and 11.7:1 (40 g glucose with 15 g yeast
extract) facilitated mass growth and blastospore production, suggesting that the B. bassiana
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PfBb strain required less nitrogen to maximize the growth and reproduction compared to
other strains. Nitrogen is the main input (cost) in mass production of entomopathogenic
fungi [81]. Our results provide useful information to develop the cost-effective fermentation
of B. bassiana P{Bb in the liquid stage.

In addition to the macronutrients such as the carbon and nitrogen, some micronutri-
ents, supplied at micromolar concentrations, including trace elements like calcium, copper,
iron, manganese, and zinc, would be required for fungal cell growth [93-95]. It has been
reported that the addition of MgSO,-7H,0O, KCI, or MnSO, promotes B. bassiana sporu-
lation [30]. However, we find that the test micronutrients, including KCI, MgSO,, CaCl,,
CuSOy, ZnSO4, MnSOy, or CoCl,, did not significantly promote B. bassiana PfBb growth
and reproduction; on the contrary, CuSOy, CaCl,, and CoCl, induced a negative impact on
liquid fermentation of B. bassiana PfBb, and increasing the MgSO, concentration had no
significant effect on liquid fermentation or high concentrations of KCl and MnSQOy, even
significantly decreasing sporulation. We speculate that micronutrients affecting fungal
growth and sporulation is strain-specific [96-99].

The mycelium weight increased significantly when the inoculation rate increased from
1 x 10° to 1 x 108 conidia/L, after which no significant increase in mycelium weight was
observed, suggesting an optimal inoculation rate of 1 x 108 conidia/L. However, mycelium
weight decreased significantly when the inoculum content of liquid medium increased
from 50 to 150 mL. Whether the inoculum content of 50 mL was the optimal one remains
for further study. The decrease in mycelium weight with increasing inoculum content
may be attributed to two reasons. First, the high inoculum content could lead to nutrient
deficiency in the later fermentation stage, inhibiting mycelium growth [100-102]. Second,
since the entomopathogenic fungi, including B. bassiana, are aerobic, the high inoculum
content might reduce the amount of dissolved oxygen for liquid fermentation [103,104].
Agitation is thus necessary to improve the dissolution of oxygen in liquid fermentation.
While a low rotation speed may result in a lack of oxygen in the culture medium [39,104],
a high rotation speed can reduce enzyme production [98] and create shear forces among
the suspended microbial cells in the liquid culture medium and cause cell damage by cell
collision, resulting in a decrease in production [39,105,106]. We found an optimal rotation
speed of 180 rpm/min for liquid fermentation of B. bassiana PfBb in this study.

The initial pH value is the critical factor affecting biomass accumulation [25].
Hallsworth and Magan (1996) report that a pH value ranging between 5 and 8 favors
entomopathogenic fungal growth and conidial production; for example, in B. bassiana, M.
anisopliae, and Paecilomyces farinosus [40]. The optimal pH value of 7 for maximal fungal
growth found in the present study (Figure 1d) supported the study of Mishra and Ma-
lik [28]. In general, B. bassiana grows within a wide temperature range from 8 to 35 °C,
with the optimal temperatures between 25 and 28 °C [23,107]. In this study, the optimal
temperature for liquid fermentation of B. bassiana PfBb was 26 °C.

4.2. Optimization of Solid Fermentation of B. bassiana PfBb

For the mass production of entomopathogenic fungi for pest management programs,
the selection of substrates and adoption of cultivation methods for solid fermentation
may directly impact the cost and conidial yield. Many agricultural by-products and
wastes can be employed as solid substrates in solid fermentation of B. bassiana P{Bb,
including rice bran, wheat bran, bagasse, coffee husks, and beer draff [27,83,106-111]. In
this study, among the test solid substrates, wheat bran and chaff, respectively utilized as
the nutritional and structural substrates, produced a significantly higher conidia yield and
conidial germination rate. Previous research has indicated that wheat bran retains high
levels of carbohydrates, starches, proteins, and minerals and is the most commonly utilized
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solid fermentation substrate for fungal production [110,112,113]. We reveal that the optimal
wheat bran-to-chaff ratio for B. bassiana PfBb growth was at 8:2. Our results suggest that
wheat bran supplied with sufficient nutrients and chaff with a wheat bran-to-chaff ratio of
8:2 performed the optimal physical structure that support sporulation.

The optimal inoculum content of fermented-liquid medium inoculated into the solid
culture medium depends on the fungal strains and types of substrates. We show that
when used wheat bran and chaff, the substrates with a ratio of 8:2, the conidia yield
significantly increased with the increase of inoculum content from 10% to 20%, after which
it did not increase at 25% inoculum with a decrease detected at 30% inoculum. The results
agree with Camara et al. (2022) that 20-25% inoculum is optimal in solid fermentation
of B. bassiana [45]. The decrease in conidia yield at 30% inoculum may be because that
the moisture content of solid culture fermentation is usually maintained in the range of
12-70%, typically around 60% [29,45] and 50% water content with an inoculum of 20 mL
conidial suspension generated the highest conidia yield; inoculating additional fermented-
liquid medium (10% = 30-20%) would increase the moisture content of the solid substrate,
reducing oxygen level and thus the conidia yield [114].

Additionally, lighting impacts sporulation in B. bassiana [43]. For instance, dark
treatment during the initial stage of solid fermentation of B. bassiana fosters mycelium
growth, whereas supplementary lighting during the conidia production stage enhances
mycelium conidia production [115]. Zhang et al. (2014) reveal that the conidia production
of B. bassiana in solid fermentation under continuous light is higher compared to that
under intermittent lighting [72]. However, our results show that fermentation in darkness
for three days produced significantly higher conidia yield, and similar conidia yield was
recorded when solid medium was fermented for 12-16 days under a 12L/12D photoperiod
(unpublished data). Therefore, fermentation in darkness will shorten the duration and
significantly reduce the costs of mass production.

In addition to the successful mass production of fungal biopesticides, maintaining the
validity and virulence of conidia for 12-18 months before utilization is critical to the imple-
mentation of biological control programs [38,56,116,117]. Previous studies have shown that
low temperatures are more favorable for the long-term preservation of B. bassiana conidia
powder [38], while high temperatures may lead to the reduction in conidia viability and
virulence of B. bassiana [118,119]. In the present study, when B. bassiana PfBb conidia were
stored in vacuum-sealed bags at —20, 4, or 25 °C, the conidial germination rate significantly
decreased over the 12-month storage duration; however, the decrease in germination rate
was significantly lower at —20 and 4 °C than at 25 °C. Therefore, storing B. bassiana PfBb
conidia at a temperature slightly above freezing is feasible. The higher germination rate at
—20 and 4 °C may be partially attributed to the constant lower water content of conidia
over the storage duration, as a lower water content (<12%) is required to maintain the
higher survival rate, stability, and virulence of B. bassiana PfBb conidia [120].

4.3. Validity and Virulence of Stored B. bassiana PfBb Conidia Powder

We further reveal that conidia were stored at 4 °C for one year, and the mortality rate
P. flammans larvae and the cadaver rates of larvae were not significantly different between
conidia storage durations for each larval instar, or between the six larval instars for each
storage duration, except that conidia stored for one year induced a significantly lower
mortality of fifth and sixth instar larvae than of first-fourth instars. Our previous study
demonstrates that the toxicity of B. bassiana PfBb to the S. frugiperda larvae and the cadaver
rate of larvae significantly decrease with the increase in instar stage [65]. Our results have
three implications: (1) storage at 4 °C could maintain the virulence of B. bassiana PfBb
conidia for a long period of time, (2) the high cadaver rate of dead larvae will enable
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the spread and insistence of B. bassiana P{Bb in fields, and (3) B. bassiana PfBb has a high
potential for the biological control of rate P. flammans. Further experiments will test the
toxicity of B. bassiana PfBb to other target and non-target pest species in order to determine
if this biopesticide could be applied for large-scale pest management.

The cause of reduced mortality of fifth and sixth instar larvae exposed to one-year-old
B. bassiana PfBb conidia may be that a prolonged storage period might reduce the germina-
tion capacity or virulence of conidia due to metabolic stress [17,20]. Furthermore, late-instar
larvae of moths usually have thicker cuticles [121-123] and often develop more robust
immune systems (e.g., melanization, hemocyte activity) [122,124], which can decrease the
possibility of fungal penetration and colonization, respectively. In addition, older instar
larvae may exhibit stronger grooming behaviors or avoid contaminated surfaces, reducing
contact with conidia [125,126]. Therefore, a higher dose of viable conidia is required to
achieve a higher mortality of older larvae; this remains for further investigations.

5. Conclusions

We find that in liquid fermentation, glucose, and yeast extract with a C:N ratio of
17:1 are the best carbon and nitrogen sources for B. bassiana PfBb growth and blastospore
production, and the inoculation concentration of 1 x 108/mL and inoculum content of
50 mL conidial suspension, 180 rpm/min rotation speed, pH of 7, and temperature of
26 °C create the optimal medium conditions for liquid fermentation. In solid fermentation,
wheat bran and chaff with a ratio of 8:2 optimize B. bassiana PfBb sporulation and conidial
germination, and the inoculum content of 25%, 55% water content in medium, and 3-day
fermentation in darkness produce the highest conidia yield. The resulting biopesticides
stored at 4 °C for one year will maintain the validity and virulence of stored B. bassiana
PfBb conidia, which are toxic to all instar larvae of P. flammans. Our results provide
essential information to improve the production of commercial biopesticides based on
B. bassiana P{Bb.

Author Contributions: Y.-P.G.: Methodology, Investigation, Data curation, Writing—original
draft, Writing—review and editing; D.-X.S.: Investigation, Data curation, Writing—original draft,
Writing—review and editing; Y.-H.L.: Investigation, Data curation, Writing—review and edit-
ing; X.Z.H.: Data curation, Formal analysis, Writing—review and editing; X.-Y.W.: Formal anal-
ysis, Writing—review and editing; K.L.: Writing—review and editing; X.-L.Z.: Methodology,
Writing—original draft, Writing—review and editing, Project administration, Funding acquisition,
Conceptualization. All authors have read and agreed to the published version of the manuscript.

Funding: This research was financially supported by the Guangxi Key Research and Development
Program under grant (Guinongke AB241484044).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

1. Ferron, P. Biological control of insect pests by entomogenous fungi. Ann. Rev. Entomol. 1978, 23, 409-442. [CrossRef]

2. Fuxa,].R. Ecological considerations for the use of entomopathogens in IPM. Ann. Rev. Entomol. 1987, 32, 225-251. [CrossRef]
3. Shah, P.A,; Pell, ] K. Entomopathogenic fungi as biological control agents. Appl. Microbiol. Biotechnol. 2003, 61, 413-423. [CrossRef]

[PubMed]


https://doi.org/10.1146/annurev.en.23.010178.002205
https://doi.org/10.1146/annurev.en.32.010187.001301
https://doi.org/10.1007/s00253-003-1240-8
https://www.ncbi.nlm.nih.gov/pubmed/12764556

J. Fungi 2025, 11, 202 17 of 21

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Clifton, E.H.; Hajek, A.E.; Jenkins, N.E.; Roush, R.T.; Rost, ].P.; Biddinger, D.]. Applications of Beauveria bassiana (Hypocreales:
Cordycipitaceae) to control populations of spotted lanternfly (Hemiptera: Fulgoridae), in semi-natural landscapes and on
grapevines. Environ. Entomol. 2020, 49, 854-864. [CrossRef] [PubMed]

Litwin, A.; Nowak, M.; Rézalska, S. Entomopathogenic fungi: Unconventional applications. Rev. Environ. Sci. BioTechnol. 2020, 19,
23-42. [CrossRef]

Sullivan, C.E; Parker, B.L.; Skinner, M. A review of commercial Metarhizium- and Beauveria-based biopesticides for the biological
control of ticks in the USA. Insects 2022, 13, 260. [CrossRef]

Morales-Ramos, J.A.; Guadalupe Rojas, M.; Shapiro-Ilan, D.I. Mass Production of Beneficial Organisms: Invertebrates and Ento-
mopathogens, 2nd ed.; Academic Press: New York, NY, USA, 2023.

Fuguet, R.; Théraud, M.; Vey, A. Production in vitro of toxic macromolecules by strains of Beauveria bassiana, and purification of a
chitosanase-like protein secreted by a melanizing isolate. Comp. Biochem. Physiol. Part C Toxicol. Pharmacol. 2004, 138, 149-161.
[CrossRef]

Wang, H.-H.; Liu, S.; Wang, S.Y.; Lei, Z.R. Research and development of wettable powder of Beauveria bassiana and its control and
application to Frankliniella occidentalis. Chin. |. Biol. Control 2020, 36, 858-861.

Polyane de S4, S.; Abati, K.; Mendoza, N.V.R.; Mascarin, G.M.; Italo, D., Jr. Nutritional impact of low-cost substrates on biphasic
fermentation for conidia production of the fungal biopesticide Metarhizium anisopliae. Bioresour. Technol. Rep. 2021, 13, 100619.
Feng, M.G.; Poprawski, T.J.; Khachatourians, G.G. Production, formulation and application of the entomopathogenic fungus
Beauveria bassiana for insect control: Current status. Biocontrol Sci. Technol. 1994, 4, 3-34. [CrossRef]

Guillon, M. Production of biopesticides: Scale up and quality assurance. In Microbial Insecticides: Novelty or Necessity; BCPC:
Farnham, UK, 1997; pp. 151-162.

Chong-Rodriguez, M.]J.; Maldonado-Blanco, M.G.; Herndndez-Escarefio, J.J.; Galdan-Wong, L.J.; Sandoval-Coronado, C.E. Study of
Beauveria bassiana growth, blastospore yield, desiccation-tolerance, viability and toxic activity using different liquid media. Afr. J.
Biotechnol. 2011, 10, 5736-5742.

Lopez-Perez, M.; Rodriguez-Gomez, D.; Loera, O. Production of conidia of Beauveria bassiana in solid-state culture: Current status
and future perspectives. Crit. Rev. Biotechnol. 2015, 35, 334-341. [CrossRef] [PubMed]

Mascarin, G.M.; Alves, S.B.; Lopes, R.B. Culture media selection for mass production of Isaria fumosorosea and Isaria farinose. Braz.
Arch. Biol. Technol. 2010, 53, 753-761. [CrossRef]

Machado, A.C.R.; Mochi, D.A.; Monteiro, A.C. Crop optimization and pre-steps standardization to get a Bipolaris euphorbiae-based
bioherbicide. Pesqui. Agropecu. Trop. 2013, 43, 392-399. [CrossRef]

Jackson, M. A ; Jaronski, S.T. Production of microsclerotia of the fungal entomopathogen Metarhizium anisopliae and their potential
for use as a bioinsecticidal agent. Mycol. Res. 2009, 113, 842-850. [CrossRef]

Leland, J.E.; Mullins, D.E.; Vaughan, L.J.; Warren, H.L. Effects of media composition on submerged culture spores of the
entomopathogenic fungus, Nomuraea rileyi. |. Invertebr. Pathol. 2005, 88, 129-138.

Vega, EE.; Goettel, M.S.; Blackwell, M.; Chandler, D.; Jackson, M. A ; Keller, S.; Koike, M.; Maniania, N.K.; Monzén, A.; Ownley,
B.H.; et al. Fungal entomopathogens: New insights on their ecology. Fungal Ecol. 2009, 2, 149-159. [CrossRef]

Jenkins, N.E.; Grzywacz, D. Quality control of fungal and viral biocontrol agents-assurance of product performance. Biocontrol
Sci. Technol. 2000, 10, 753-777. [CrossRef]

Mattedi, A.; Sabbi, E.; Farda, B.; Djebaili, R.; Mitra, D.; Ercole, C.; Cacchio, P.; Del Gallo, M.; Pellegrini, M. Solid-state fermentation:
Applications and future perspectives for biostimulant and biopesticides production. Microorganisms 2023, 11, 1408. [CrossRef]
Rangel, D.E.N.; Braga, G.U.L.; Fernandes, EKK; Keyser, C.A.; Hallsworth, J.E.; Roberts, D.W. Stress tolerance and virulence of
insect-pathogenic fungi are determined by environmental conditions during conidial formation. Curr. Genet. 2015, 61, 383-404.
[CrossRef]

Acheampong, M.A.; Coombes, C.A.; Moore, S.D.; Hill, M.P. Temperature tolerance and humidity requirements of select
entomopathogenic fungal isolates for future use in citrus IPM programmes. |. Invertebr. Pathol. 2020, 174, 107436. [CrossRef]
[PubMed]

Jackson, M.A.; Cliquet, S.; Iten, L.B. Media and fermentation processes for the rapid production of high concentrations of stable
blastospores of the bioinsecticidal fungus Paecilomyces fumosoroseus. Biocontrol Sci. Technol. 2003, 13, 23-33. [CrossRef]

Kim, S.W.; Hwang, H.].; Xu, C.P; Sung, ].M.; Choi, ] W.; Yun, ].W. Optimization of submerged culture process for the production of
mycelial biomass and exo-polysaccharides by Cordyceps militaris C738. |. Appl. Microbiol. 2003, 94, 120-126. [CrossRef] [PubMed]
Safavi, S.A.; Shah, EA,; Pakdel, A.K; Rasoulian, G.R.; Bandani, A.R; Butt, T.M. Effect of nutrition on growth and virulence of the
entomopathogenic fungus Beauveria bassiana. FEMS Microbiol. Lett. 2007, 270, 116-123. [CrossRef]

Pham, T.A.; Kim, ].].; Kim, K. Optimization of solid-state fermentation for improved conidia production of Beauveria bassiana as a
my-coinsecticide. Mycobiology 2010, 38, 137-143. [CrossRef]

Mishra, S.; Malik, A. Nutritional optimization of a native Beauveria bassiana isolate (HQ917687) pathogenic to housefly, Musca
domestica L. ]. Parasit. Dis. 2013, 37, 199-207. [CrossRef]


https://doi.org/10.1093/ee/nvaa064
https://www.ncbi.nlm.nih.gov/pubmed/32488261
https://doi.org/10.1007/s11157-020-09525-1
https://doi.org/10.3390/insects13030260
https://doi.org/10.1016/j.cca.2004.06.009
https://doi.org/10.1080/09583159409355309
https://doi.org/10.3109/07388551.2013.857293
https://www.ncbi.nlm.nih.gov/pubmed/24494702
https://doi.org/10.1590/S1516-89132010000400002
https://doi.org/10.1590/S1983-40632013000400012
https://doi.org/10.1016/j.mycres.2009.03.004
https://doi.org/10.1016/j.funeco.2009.05.001
https://doi.org/10.1080/09583150020011717
https://doi.org/10.3390/microorganisms11061408
https://doi.org/10.1007/s00294-015-0477-y
https://doi.org/10.1016/j.jip.2020.107436
https://www.ncbi.nlm.nih.gov/pubmed/32619548
https://doi.org/10.1080/0958315021000054368
https://doi.org/10.1046/j.1365-2672.2003.01754.x
https://www.ncbi.nlm.nih.gov/pubmed/12492932
https://doi.org/10.1111/j.1574-6968.2007.00666.x
https://doi.org/10.4489/MYCO.2010.38.2.137
https://doi.org/10.1007/s12639-012-0165-5

J. Fungi 2025, 11, 202 18 of 21

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Chen, H. Modern Solid State Fermentation: Theory and Practice; Springer: Heidelberg, Germany, 2013.

Liu, HX; Wang, P.; Hu, YH.; Zhao, G.H.; Liu, H,; Li, ZM.; Wu, H.; Wang, L.; Zheng, Z.M. Optimised fermentation conditions
and improved collection efficiency using dual cyclone equipment to enhance fungal conidia production. Biocontrol Sci. Technol.
2015, 25, 1011-1023. [CrossRef]

Webb, C. Design aspects of solid state fermentation as applied to microbial bioprocessing. J. Appl. Biotechnol. Bioeng. 2017, 4,
511-532. [CrossRef]

Postigo, L.O.C.; Jacobo-Veldzquez, D.A.; Guajardo-Flores, D.; Amezquita, L.E.G.; Garcfa-Cayuela, T. Solid-state fermentation for
enhancing the nutraceutical content of agrifood by-products: Recent advances and its industrial feasibility. Food Biosci. 2021,
41, 100926.

Widayanti, V.T.; Estiasih, T.; Zubaidah, E.; Taher, M. The role of carbon and nitrogen sources in the production of bioactive
compounds in Monascus fermentation products: A mini review. IOP Conf. Ser. Earth Environ. Sci. 2021, 924, 012083. [CrossRef]
Zhang, X.P.; Hou, X.W.; Xu, D.; Xue, M.Y,; Zhang, ].Y.; Wang, ].C.; Yang, Y.L.; Lai, D.W.; Zhou, L.G. Effects of carbon, nitrogen,
ambient pH and light on mycelial growth, sporulation, sorbicillinoid biosynthesis and related gene expression in Ustilaginoidea
virens. |. Fungi 2023, 9, 390. [CrossRef] [PubMed]

Manpreet, S.; Sawraj, S.; Sachin, D.; Pankaj, S.; Banerjee, U.C. Influence of process parameters on the production of metabolites in
solid-state fermentation. Malays. J. Microbiol. 2005, 1, 1-9. [CrossRef]

Mascarin, G.M.; Jackson, M.A.; Kobori, N.N.; Behle, R.W.; Dunlap, C.A.; Jtnior, I.D. Glucose concentration alters dissolved
oxygen levels in liquid cultures of Beauveria bassiana and affects formation and bioefficacy of blastospores. Appl. Microbiol.
Biotechnol. 2015, 99, 6653-6665. [CrossRef] [PubMed]

Dhar, S.; Jindal, V.; Gupta, V.K. Optimization of growth conditions and medium composition for improved conidiation of newly
isolated Beauveria bassiana strains. Indian J. Exp. Biol. 2016, 54, 634-643.

Mascarin, G.M.; Jaronski, S.T. The production and uses of Beauveria bassiana as a microbial insecticide. World J. Microbiol. Biotechnol.
2016, 32, 177. [CrossRef]

Mustafa, HK.; Anwer, S.S.; Zrary, T.]. Influence of pH, agitation speed, and temperature on growth of fungi isolated from Koya,
Iraq. Kuwait J. Sci. 2023, 50, 657—-664. [CrossRef]

Hallsworth, J.E.; Magan, N. Culture age, temperature, and pH affect the polyol and trehalose contents of fungal propagules. Appl.
Environ. Microbiol. 1996, 62, 2435-2442. [CrossRef]

Song, Z. Submerged culture of Beauveria bassiana and it is virulence test on Dendrolimus punctatus. Chin. J. Appl. Environ. Biol.
2005, 1, 93-97.

Muiiiz-Paredes, F.; Miranda-Hernédndez, F,; Loera, O. Production of conidia by entomopathogenic fungi: From inoculants to final
quality tests. World . Microbiol. Biotechnol. 2017, 33, 57. [CrossRef]

Tong, S.M.; Zhang, A.X.; Guo, C.T,; Ying, S.H.; Feng, M.G. Daylight length-dependent translocation of VIVID photoreceptor in
cells and its essential role in conidiation and virulence of Beauveria bassiana. Environ. Microbiol. 2018, 20, 169-185. [CrossRef]
Awan, U.A; Xia, S.; Meng, L.X,; Raza, M.F,; Zhang, Z.Y.; Zhang, H.Y. Isolation, characterization, culturing, and formulation of a
new Beauveria bassiana fungus against Diaphorina citri. Biol. Control 2021, 158, 104586. [CrossRef]

Camara, I; Cao, K.; Sangbaramou, R.; Wu, P; Shi, W.; Tan, S. Screening of Beauveria bassiana (Bals.) (Hypocreales: Cordycipitaceae)
strains against Megalurothrips usitatus (Bagnall) (Thysanoptera: Thripidae) and conditions for large-scale production. Egypt J. Biol.
Pest Control 2022, 32, 85. [CrossRef]

Olstorpe, M.; Schniirer, J.; Passoth, V. Screening of yeast strains for phytase activity. FEMS Yeast Res. 2009, 9, 478-488. [CrossRef]
[PubMed]

Kamble, R.D. Isolation, identification and screening of potential cellulase-free xylanase producing fungi and its production. Afr. J.
Biotechnol. 2012, 11, 14175-14181. [CrossRef]

Krupodorova, T.; Barshteyn, V.; Tsygankova, V.; Sevindik, M.; Blume, Y. Strain-specific features of Pleurotus ostreatus growth
in vitro and some of its biological activities. BMC Biotechnol. 2024, 24, 9. [CrossRef]

Lacey, L.A.; Grzywacz, D.; Shapiro-Ilan, D.L; Frutos, R.; Brownbridge, M.; Goettel, M.S. Insect pathogens as biological control
agents: Back to the future. J. Invertebr. Pathol. 2015, 132, 1-41.

Puzari, K.C.; Hazarika, L.K; Dutta, P,; Das, P. Shelf-life and enhancement of virulence of Beauveria bassiana. Indian J. Agr. Sci. 2003,
73, 542-545.

Swaminathan, J.; Koten, C.; Henderson, H.V.; Jackson, T.A.; Wilson, M.J. Formulations for delivering Trichoderma atroviridae spores
as seed coatings, effects of temperature and relative humidity on storage stability. |. Appl. Microbiol. 2016, 120, 425-431. [CrossRef]
Kim, J.C.; Lee, M.R,; Kim, S.; Lee, S.J.; Park, S.E.; Baek, S.; Gasmi, L.; Shin, T.Y.; Kim, J.S. Long-term storage stability of Beauveria
bassiana ERL836 granules as fungal biopesticide. J. Asia Pac. Entomol. 2019, 22, 537-542. [CrossRef]

Huang, EF.; Zhang, L.].; Feng, M.G. Impact of water content and temperature on the shelf-life of Beauveria bassiana conidia stored
in dark. Acta Microbiol. Sin. 2005, 45, 106-110.


https://doi.org/10.1080/09583157.2015.1025701
https://doi.org/10.15406/jabb.2017.04.00094
https://doi.org/10.1088/1755-1315/924/1/012083
https://doi.org/10.3390/jof9040390
https://www.ncbi.nlm.nih.gov/pubmed/37108845
https://doi.org/10.21161/mjm.120501
https://doi.org/10.1007/s00253-015-6620-3
https://www.ncbi.nlm.nih.gov/pubmed/25947245
https://doi.org/10.1007/s11274-016-2131-3
https://doi.org/10.1016/j.kjs.2023.02.036
https://doi.org/10.1128/aem.62.7.2435-2442.1996
https://doi.org/10.1007/s11274-017-2229-2
https://doi.org/10.1111/1462-2920.13951
https://doi.org/10.1016/j.biocontrol.2021.104586
https://doi.org/10.1186/s41938-022-00584-w
https://doi.org/10.1111/j.1567-1364.2009.00493.x
https://www.ncbi.nlm.nih.gov/pubmed/19416106
https://doi.org/10.5897/AJB11.2356
https://doi.org/10.1186/s12896-024-00834-9
https://doi.org/10.1111/jam.13006
https://doi.org/10.1016/j.aspen.2019.04.001

J. Fungi 2025, 11, 202 19 of 21

54.

55.

56.

57.

58.

59.

60.
61.

62.

63.

64.

65.

66.

67.

68.

69.
70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Ying, S.H.; Feng, M.G. Viability, virulence and storage of vacuum dried Beauveria bassiana conidia powder. Microbiology 2002, 5,
42-47.

Faria, M.; Hotchkiss, ] H.; Wraight, S.P. Application of modified atmosphere packaging (gas flushing and active packaging) for
extending the shelf life of Beauveria bassiana conidia at high temperatures. Biol. Control 2012, 61, 78-88. [CrossRef]

de la Cruz Quiroz, R.; Cruz Maldonado, J.J.; Rostro Alanis, M.D.].; Torres, J.A.; Parra Saldivar, R. Fungi-based biopesticides:
Shelf-life preservation technologies used in commercial products. J. Pest Sci. 2019, 92, 1003-1015. [CrossRef]

Liu, J.Y,; Ma, ZH.; Wu, S.Y;; Lin, M.Y,; Zhang, J.; Lu, W.; Zheng, X.L. Studies on the feeding preferences of Phauda flammans
(Walker) (Lepidoptera: Zygaenidae). J. Environ. Entomol. 2016, 38, 924-930.

Nageshchandra, B.K.; Rajagopal, B.K.; Balasubramanian, R. Occurrence of slug caterpillar Phauda flammans (Walker) (Lepidoptera:
Zygaenidae) on Ficus racemosa L. South India. Mysore J. Agric. Sci. 1972, 6, 186-189.

Liu, J.Y,; He, Q.L.; Wei, H.; Yang, J.; Li, J.; Lu, W.; Zheng, X.L. Developmental duration, threshold temperature and effective
accumulated temperature of Phauda flammans under natural temperature indoor. Plant Prot. 2015, 41, 137-140.

Liu, Q.L.; Wu, R.G.; Zeng, C.X. Nuclear polyhedrosis virus isolated from Phauda flammans Walker. For. Sci. Technol. 1986, 8, 2.
Zheng, X.L.; Li, J.; Su, L.; Liu, J.Y.; Meng, L.Y,; Lin, M.Y.; Zhang, J.; Lu, W. Ecological and morphological characteristics of
parasitoids in Phauda flammans (Lepidoptera, Zygaenidae). Parasite 2015, 22, 36. [CrossRef]

Zheng, X.L.; Liu, ].Y;; Zhang, Z.L.; Wang, P.; Lu, W. Diel rhythms of sexual behavior and pheromone responses in Phauda flammans
Walker (Lepidoptera: Zygaenidae). Pest Manag. Sci. 2019, 75, 3070-3075. [CrossRef]

Chen, X.M.; Wang, X.Y.; Lu, W.; Zheng, X.L. Virulence of four entomogenous fungi against the larvae of Phauda flammans (Walker).
Guangxi Plant Prot. 2020, 33, 1-5.

Chen, X.M,; Gao, Y.P; Wei, ].G.; Wang, X.Y.; Lu, W.; Zheng, X.L. Identification and virulence assay of the entomogenous fungus
Beauveria bassiana PfBb strain isolated from Phauda flammans larvae. J. Plant Prot. 2022, 49, 1788-1798.

Gao, Y.P; Luo, M.; Wang, X.Y.; He, X.Z.; Lu, W.; Zheng, X.L. Pathogenicity of Beauveria bassiana PfBb and immune responses of a
non-target host, Spodoptera frugiperda (Lepidoptera: Noctuidae). Insects 2022, 13, 914. [CrossRef] [PubMed]

Thompson, K.A.; Summers, R.S.; Cook, S.M. Development and experimental validation of the composition and treatability of a
new synthetic bathroom greywater (SynGrey). Environ. Sci. Water Res. Technol. 2017, 3, 1120-1131. [CrossRef]

Paul, G.C.; Kent, C.A.; Thomas, C.R. Viability testing and characterization of germination of fungal spores by automatic image
analysis. Biotechnol. Bioeng. 1993, 42, 11-23. [CrossRef] [PubMed]

Lohse, R.; Jakobs-Schonwandt, D.; Patel, A.V. Screening of liquid media and fermentation of an endophytic Beauveria bassiana
strain in a bioreactor. AMB Express 2014, 4, 47. [CrossRef]

Tudzynski, B. Nitrogen regulation of fungal secondary metabolism in fungi. Front. Microbiol. 2014, 5, 656. [CrossRef]

Li, YH.; Chen, S.; Diao, H.L.; Zhou, W.W.; Ma, R.Y. Effect of nitrogen source on mycelial growth, blastospore production and
thermotolerance of Cordyceps fumosorosea (Hypocreales: Cordycipitaceae). Biol. Control 2022, 170, 104935. [CrossRef]

Lima, V.H.; Matugawa, A.T.; Mascarin, G.M.; Fernandes, EKK. Complex nitrogen sources from agro-industrial byproducts:
Impact on production, multi-stress tolerance, virulence, and quality of Beauveria bassiana blastospores. Microbiol. Spectr. 2024,
12, €04040-23. [CrossRef]

Zhang, Y.P; Wu, S.Y.; Wang, H.O,; Lei, Z.R. Optimization of submerged culture conditions for blastospore and biomass production
of Beauveria bassiana. Plant Prot. 2014, 40, 87-93.

Xia, X.K.; Zhang, Y.E.; Lei, S.J.; Hu, B.; Fu, C.X. Optimization of process parameters for naringinase production by Aspergillus
tubingensis UA13 and pilot scale-up study. Prep. Biochem. Biotechnol. 2022, 52, 226-233. [CrossRef]

Cui, J.J.; Wang, W.; Hu, H.B.; Zhang, H.Y.; Zhang, X.H. Enhanced phenazine-1-carboxamide production in Pseudomonas chlororaphis
H5AfleQArelA through fermentation optimization. Fermentation 2022, 8, 188. [CrossRef]

Cliquet, S.; Jackson, M.A. Impact of carbon and nitrogen nutrition on the quality, yield and composition of blastospores of the
bioinsecticidal fungus Paecilomyces fumosoroseus. J. Ind. Microbiol. Biotechnol. 2005, 32, 204-210. [CrossRef] [PubMed]

Nair, A.; Sarma, S.J. The impact of carbon and nitrogen catabolite repression in microorganisms. Microbiol. Res. 2021, 251, 126831.
[CrossRef] [PubMed]

Reddy, M.S.; Kanwal, H.K. Influence of carbon, nitrogen sources, inducers, and substrates on lignocellulolytic enzyme activities
of Morchella spongiola. ]. Agric. Food. Res. 2022, 7,100271. [CrossRef]

Rangel, D.E.N.; Anderson, A.].; Roberts, D.W. Growth of Metarhizium anisopliaze on non-preferred carbon sources yields conidia
with increased UV-B tolerance. |. Invertebr. Pathol. 2006, 93, 127-134. [CrossRef]

Gao, L.; Liu, X.Z. Sporulation of several biocontrol fungi as affected by carbon and nitrogen sources in a two-stage cultivation
system. J. Microbiol. 2011, 48, 767-770. [CrossRef]

Mascarin, G.M.; Iwanicki, N.S.; Ramirez, J.L.; Delalibera, I; Dunlap, C.A. Transcriptional responses of Beauveria bassiana
blastospores cultured under varying glucose concentrations. Front. Cell Infect. Microbiol. 2021, 11, 644372. [CrossRef]

Mascarin, G.M.; Kobori, N.N.; Jackson, M.A.; Dunlap, C.A.; Delalibera, L. Nitrogen sources affect productivity, desiccation
tolerance and storage stability of Beauveria bassiana blastospores. J. Appl. Microbiol. 2018, 124, 810-820. [CrossRef]


https://doi.org/10.1016/j.biocontrol.2011.12.008
https://doi.org/10.1007/s10340-019-01117-5
https://doi.org/10.1051/parasite/2015036
https://doi.org/10.1002/ps.5423
https://doi.org/10.3390/insects13100914
https://www.ncbi.nlm.nih.gov/pubmed/36292862
https://doi.org/10.1039/C7EW00304H
https://doi.org/10.1002/bit.260420103
https://www.ncbi.nlm.nih.gov/pubmed/18609642
https://doi.org/10.1186/s13568-014-0047-6
https://doi.org/10.3389/fmicb.2014.00656
https://doi.org/10.1016/j.biocontrol.2022.104935
https://doi.org/10.1128/spectrum.04040-23
https://doi.org/10.1080/10826068.2021.1925914
https://doi.org/10.3390/fermentation8040188
https://doi.org/10.1007/s10295-005-0232-3
https://www.ncbi.nlm.nih.gov/pubmed/15887035
https://doi.org/10.1016/j.micres.2021.126831
https://www.ncbi.nlm.nih.gov/pubmed/34325194
https://doi.org/10.1016/j.jafr.2022.100271
https://doi.org/10.1016/j.jip.2006.05.011
https://doi.org/10.1007/s12275-010-0049-2
https://doi.org/10.3389/fcimb.2021.644372
https://doi.org/10.1111/jam.13694

J. Fungi 2025, 11, 202 20 of 21

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Iwanicki, N.S.; Mascarin, G.M.; Moreno, S.G.; Eilenberg, J.; Janior, I.D. Growth kinetic and nitrogen source optimization for liquid
culture fermentation of Metarhizium robertsii blastospores and bioefficacy against the corn leathopper Dalbulus maidis. World ].
Microbiol. Biotechnol. 2020, 36, 71. [CrossRef]

Sala, A.; Artola, A.; Sanchez, A.; Barrena, R. Rice husk as a source for fungal biopesticide production by solid-state fermentation
using B. bassiana and T. harzianum. Bioresour. Technol. 2020, 296, 122322. [CrossRef]

Ju, Z.Y,; Song, L.N.; Chong, M.B.; Cheng, D.G.; Hou, Y.; Zhang, X.M.; Zhang, Q.H.; Ren, L.H. Selective aerobic oxidation of
csp3—H bonds catalyzed by yeast-derived nitrogen, phosphorus, and oxygen codoped carbon materials. J. Org. Chem. 2022, 87,
3978-3988. [CrossRef] [PubMed]

Long, G.Y.; Yang, X.B.; Wang, Z.; Zeng, Q.H.; Yang, H.; Jin, D.C. Wing expansion functional analysis of ion transport peptide gene
in Sogatella furcifera (Horvath) (Hemiptera: Delphacidae). Comp. Biochem. Physiol. Part B Biochem. Mol. Biol. 2024, 271, 110946.
[CrossRef]

Wiame, J.M.; Grenson, M.; Ars, H.N. Nitrogen catabolite repression in yeasts and filamentous fungi. Adv. Microb. Physiol. 1985,
26, 1-88. [PubMed]

Adnan, M.; Zheng, W.; Islam, W.; Arif, M.; Abubakar, Y.S.; Wang, Z.; Lu, G. Carbon catabolite repression in filamentous fungi. Int.
J. Mol. Sci. 2017, 19, 48. [CrossRef]

Ries, L.N.A.; Beattie, S.; Cramer, R.A.; Goldman, G.H. Overview of carbon and nitrogen catabolite metabolism in the virulence of
human pathogenic fungi. Mol. Microbiol. 2018, 107, 277-297. [CrossRef] [PubMed]

Peng, M.; Khosravi, C.; Lubbers, RJ.M.; Kun, R.S.; Pontes, M.V.A ; Battaglia, E.; Chen, C.; Dalhuijsen, S.; Daly, P,; Lipzen, A.; et al.
CreA-mediated repression of gene expression occurs at low monosaccharide levels during fungal plant biomass conversion in a
time and substrate dependent manner. Cell Surf. 2021, 7, 100050. [CrossRef]

Gillespie, A.T. The Potential of Entomogenous Fungi to Control Glasshouse Pests and Brown Planthopper of Rice. Ph.D.
Dissertation, University of Southampton, Southampton, UK, 1984.

Humphreys, A.M.; Matewele, P,; Trinci, A.PJ.; Gillespie, A.T. Effects of water activity on morphology, growth and blastospore
production of Metarhizium anisopliae, Beauveria bassiana and Paecilomyces farinosus in batch and fed-batch culture. Mycol. Res. 1989,
92,257-264. [CrossRef]

Vega, EE.; Jackson, M.A.; Mercadier, G.; Poprawski, T.J. The impact of nutrition on spore yields for various fungal ento-
mopathogens in liquid culture. World ]. Microbiol. Biotechnol. 2003, 19, 363-368. [CrossRef]

Muggia, L.; Kopun, T.; Grube, M. Effects of growth media on the diversity of culturable fungi from lichens. Molecules 2017, 22, 824.
[CrossRef]

Walker, G.M.; White, N.A. Introduction to fungal physiology. In Fungi: Biology and Applications; John Wiley & Sons Inc.: New
York, NY, USA, 2017; pp. 1-35.

Wehmeier, S.; Morrison, E.; Plato, A.; Raab, A.; Feldmann, J.; Bedekovic, T.; Wilson, D.; Brand, A.C. Multi trace element profiling
in pathogenic and non-pathogenic fungi. Fungal Biol. 2020, 124, 516-524. [CrossRef]

Liu, Z.Y,; Zhang, D.X.; Hua, Z.Z.; Li, ] H.; Du, G.C,; Chen, J. A newly isolated Paecilomyces sp. WSH-LO07 for laccase production:
Isolation, identification, and production enhancement by complex inducement. J. Ind. Microbiol. Biotechnol. 2009, 36, 1315-1321.
[CrossRef] [PubMed]

Zhang, Y.; Dong, Z.Q.; Luo, Y,; Yang, E.; Xu, H.N.; Chagan, I.; Yan, ].P. The manganese peroxidase gene family of trametes trogii:
Gene identification and expression patterns using various metal ions under different culture conditions. Microorganisms 2021,
9, 2595. [CrossRef] [PubMed]

El-Sayed, E.R.; Zaki, A.G. Unlocking the biosynthetic potential of Penicillium roqueforti for hyperproduction of the immuno-
suppressant mycophenolic acid: Gamma radiation mutagenesis and response surface optimization of fermentation medium.
Biotechnol. Appl. Biochem. 2023, 70, 306-317. [CrossRef] [PubMed]

Faheem, M.; Bokhari, S.A.L,; Malik, M.A.; Ahmad, B.; Riaz, M.; Zahid, N.; Hussain, A.; Ghani, A.; Ullah, H.; Shah, W.; et al.
Production, purification, and characterization of p-diphenol oxidase (PDO) enzyme from lignolytic fungal isolate Schizophyllum
commune MF-O5. Folia Microbiol. 2023, 68, 867-888. [CrossRef]

Xu, E; Zhang, T.; Xu, M.; Zhou, B; Jia, L. Initial liquid culture conditions optimization to produce extracellular polysaccharides
by Stropharia rugosoannulata. J. Mirobiol. 2006, 26, 45—49.

Gao, D.N,; Fan, X.X.; Zhao, D. Isolation of a deuteromycete fungus Myrothecium verrucaria NF-08 and its laccase production. Sci.
Sil. Sin. 2015, 51, 80-87.

Yunus, F.; Nadeem, M.; Rashid, F. Single-cell protein production through microbial conversion of lignocellulosic residue (wheat
bran) for animal feed. |. Inst. Brew. 2015, 121, 553-557. [CrossRef]

Ma, J.H.; Cheng, L.J.; Zhang, YJ.; Liu, Y.C.; Sun, Q.; Zhang, J.; Liu, X.Y,; Fan, G.S. Screening of yeasts isolated from baijiu
environments for producing 3-methylthio-1-propanol and optimizing production conditions. Foods 2022, 11, 3616. [CrossRef]
Yuan, H.Y;; Sun, Q.; Wang, L.S.; Fu, Z.L.; Zhou, T.Z,; Ma, J.H,; Liu, X.Y.; Fan, G.S.; Teng, C. Optimization of high-density
fermentation conditions for Saccharomycopsis fibuligera Y1402 through response surface analysis. Foods 2024, 13, 1546. [CrossRef]


https://doi.org/10.1007/s11274-020-02844-z
https://doi.org/10.1016/j.biortech.2019.122322
https://doi.org/10.1021/acs.joc.1c02641
https://www.ncbi.nlm.nih.gov/pubmed/35254832
https://doi.org/10.1016/j.cbpb.2024.110946
https://www.ncbi.nlm.nih.gov/pubmed/2869649
https://doi.org/10.3390/ijms19010048
https://doi.org/10.1111/mmi.13887
https://www.ncbi.nlm.nih.gov/pubmed/29197127
https://doi.org/10.1016/j.tcsw.2021.100050
https://doi.org/10.1016/S0953-7562(89)80063-2
https://doi.org/10.1023/A:1023924304456
https://doi.org/10.3390/molecules22050824
https://doi.org/10.1016/j.funbio.2020.03.001
https://doi.org/10.1007/s10295-009-0615-y
https://www.ncbi.nlm.nih.gov/pubmed/19618226
https://doi.org/10.3390/microorganisms9122595
https://www.ncbi.nlm.nih.gov/pubmed/34946196
https://doi.org/10.1002/bab.2353
https://www.ncbi.nlm.nih.gov/pubmed/35481612
https://doi.org/10.1007/s12223-023-01056-w
https://doi.org/10.1002/jib.251
https://doi.org/10.3390/foods11223616
https://doi.org/10.3390/foods13101546

J. Fungi 2025, 11, 202 21 of 21

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.
123.

124.

125.
126.

Ibrahim, D.; Weloosamy, H.; Lim, S.H. Effect of agitation speed on the morphology of Aspergillus niger HFD5A-1 hyphae and its
pectinase production in submerged fermentation. World J. Biol. Chem. 2015, 6, 265-271. [CrossRef]

Schumann, U.; Smith, N.A.; Wang, M.B. A fast and efficient method for preparation of high-quality RNA from fungal mycelia.
BMC Res. Notes 2013, 6, 71. [CrossRef] [PubMed]

Fargues, J.; Goettel, M.S.; Smits, N.; Ouedraogo, A.; Rougier, M. Effect of temperature on vegetative growth of Beauveria bassiana
isolates from different origins. Mycologia 1997, 89, 383-392. [CrossRef]

Santa, H.S.D.; Santa, O.R.D.; Brand, D.; Vandenberghe, L.P.D.S.; Soccol, C.R. Spore production of Beauveria bassiana from
agro-industrial residues. Braz. Arch. Biol. Technol. 2005, 48, 51-60. [CrossRef]

Kang, S.W.; Lee, S.H.; Yoon, C.S.; Kim, S.W. Conidia production by Beauveria bassiana (for the biocontrol of a diamondback moth)
during solid-state fermentation in a packed-bed bioreactor. Biotechnol. Lett. 2004, 27, 135-139. [CrossRef]

Nufiez-Gaona, O.; Saucedo-Castafieda, G.; Alatorre-Rosas, R.; Loera, O. Effect of moisture content and inoculum on the growth
and conidia production by Beauveria bassiana on wheat bran. Braz. Arch. Biol. Technol. 2010, 53, 771-777. [CrossRef]

Qiu, L,; Li, J.J.; Li, Z.; Wang, ].J. Production and characterization of biocontrol fertilizer from brewer’s spent grain via solid-state
fermentation. Sci. Rep. 2019, 9, 480. [CrossRef]

Cavalcante, R.S.; Lima, H.L.S,; Pinto, G.A.S.; Gava, C.A.T.; Rodrigues, S. Effect of moisture on Trichoderma conidia production on
corn and wheat bran by solid state fermentation. Food Bioprocess Technol. 2007, 1, 100-104. [CrossRef]

Hell, J.; Kneifel, W.; Rosenau, T.; Bohmdorfer, S. Analytical techniques for the elucidation of wheat bran constituents and their
structural features with emphasis on dietary fiber—A review. Trends Food Sci. Technol. 2014, 35, 102-113. [CrossRef]
Ortiz-Urquiza, A.; Keyhani, N.O. Stress response signaling and virulence: Insights from entomopathogenic fungi. Curr. Genet.
2015, 61, 239-249. [CrossRef]

Li, Z.H.; Yuan, Z.H.; Guo, X.X.; Zhao, C.H.; Yu, X.H. Study on the solid-state fermentation and sporulation conditions of Beauveria
bassiana. . Anhui Agricul. Sci. 2013, 41, 5302-5304, 5308.

Jaronski, S.T. Commercial development of deuteromycetous fungi of arthropods: A critical appraisal. In Fundamental and Applied
Aspects of Invertebrate Pathology; Foundation of the Fourth International Colloquium of Invertebrate Pathology: Veldhoven, The
Netherlands, 1986; pp. 230-238.

Goettel, M.S.; Roberts, D.W. Mass production, formulation and field application of entomopathogenic fungi. In Biological Control
of Locusts and Grasshoppers: State of the Art; CAB International: Wallingford, UK, 1992; pp. 151-162.

Inglis, G.D.; Johnson, D.L.; Goettel, M.S. Effects of temperature and sunlight on mycosis (Beauveria bassiana) (Hyphomycetes:
Sympodulosporae) of grasshoppers under field conditions. Environ. Entomol. 1997, 26, 400-409. [CrossRef]

Iskandarov, U.S.; Guzalova, A.G.; Davranov, K.D. Effects of nutrient medium composition and temperature on the germination of
conidia and the entomopathogenic activity of the fungi Beauveria bassiana and Metarhizium anisopliae. Appl. Biochem. Microbiol.
2006, 42, 72-76. [CrossRef]

Lopes, R.B.; Faria, M. Influence of two formulation types and moisture levels on the storage stability and insecticidal activity of
Beauveria bassiana. Biocontrol Sci. Technol. 2019, 29, 437-450. [CrossRef]

Leger, R].S.; Charnley, A.K.; Cooper, R M. Cuticle-degrading enzymes of entomopathogenic fungi: Mechanisms of interaction
between pathogen enzymes and insect cuticle. J. Invertebr. Pathol. 1988, 47, 295-302. [CrossRef]

Gillespie, ].P.; Kanost, M.R.; Trenczek, T. Biological mediators of insect immunity. Ann. Rev. Entomol. 1997, 42, 611-643. [CrossRef]
Ortiz-Urquiza, A.; Keyhani, N.O. Action on the surface: Entomopathogenic fungi versus the insect cuticle. Insects 2013, 4, 357-374.
[CrossRef]

Lavine, M.D.; Strand, M.R. Insect hemocytes and their role in immunity. Insect Biochem. Molecul. Biol. 2002, 32, 1295-1309.
[CrossRef]

Hajek, A.E.; Leger, R.J.S. Interactions between fungal pathogens and insect hosts. Ann. Rev. Entomol. 1994, 39, 293-322. [CrossRef]
Blanford, S.; Thomas, M.B.; Langewald, ]J. Behavioural fever in the Senegalese grasshopper, Oedaleus senegalensis, and its
implications for biological control using pathogens. Ecol. Entomol. 1998, 23, 9-14. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.4331/wjbc.v6.i3.265
https://doi.org/10.1186/1756-0500-6-71
https://www.ncbi.nlm.nih.gov/pubmed/23442734
https://doi.org/10.1080/00275514.1997.12026797
https://doi.org/10.1590/S1516-89132005000400007
https://doi.org/10.1007/s10529-004-7871-8
https://doi.org/10.1590/S1516-89132010000400004
https://doi.org/10.1038/s41598-018-36949-1
https://doi.org/10.1007/s11947-007-0034-x
https://doi.org/10.1016/j.tifs.2013.10.012
https://doi.org/10.1007/s00294-014-0439-9
https://doi.org/10.1093/ee/26.2.400
https://doi.org/10.1134/S000368380601011X
https://doi.org/10.1080/09583157.2019.1566436
https://doi.org/10.1016/0022-2011(86)90099-6
https://doi.org/10.1146/annurev.ento.42.1.611
https://doi.org/10.3390/insects4030357
https://doi.org/10.1016/S0965-1748(02)00092-9
https://doi.org/10.1146/annurev.en.39.010194.001453
https://doi.org/10.1046/j.1365-2311.1998.00104.x

	Introduction 
	Materials and Methods 
	Fungi 
	Insects 
	Optimization of Liquid Fermentation for B. bassiana PfBb 
	Preparation of Standardized Blastospore and Conidial Suspension 
	Optimization of Nutrients in Liquid-State Culture Medium 
	Development of Environmental Conditions for B. bassiana PfBb Growth in Liquid Culture Medium 

	Optimization of Solid Fermentation for B. bassiana PfBb 
	Selection of Substrates for Solid Fermentation 
	Development of Conditions for B. bassiana PfBb Growth in Solid-State Medium 

	Validity and Virulence of Stored B. bassiana PfBb Conidia Powder 
	Statistical Analysis 

	Results 
	Optimization of Liquid Fermentation for B. bassiana PfBb 
	Optimization of Solid Fermentation for B. bassiana PfBb 
	Validity and Virulence of Stored B. bassiana PfBb Conidia Powder 

	Discussion 
	Optimization of Liquid Fermentation of B. bassiana PfBb 
	Optimization of Solid Fermentation of B. bassiana PfBb 
	Validity and Virulence of Stored B. bassiana PfBb Conidia Powder 

	Conclusions 
	References

