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Abstract 
Entomopathogenic fungi (EPF) can be defined as beneficial multifunctional eukaryotic microorganisms that display pivotal 
ecological services in pest management, with some species possessing the special ability to establish mutualistic relationships 
with plants. Mass production of these fungi is critical to support affordable widespread commercialization and worldwide 
field application. Among the mass production methods explored mainly by industry, submerged liquid fermentation is a robust 
and versatile technology that allows the formation of different types of propagules designated for various applications in pest 
control. Many hypocrealean EPF are easily culturable on artificial substrates by producing single-celled structures (hyphal 
bodies, blastospores, and submerged conidia) or multicellular structures (mycelium and microsclerotia). Less frequently, 
some EPF may form environmentally resistant chlamydospores, but these structures have almost always been overlooked. 
A continued research pipeline encompassing screening fungal strains, media optimization, and proper formulation tech-
niques aligned with the understanding of molecular cues involved in the formation and storage stability of these propagules 
is imperative to unlock the full potential and to fine-tune the development of robust and effective biocontrol agents against 
arthropod pests and vectors of diseases. Finally, we envision a bright future for the submerged liquid fermentation technology 
to supplement or replace the traditional solid substrate fermentation method for the mass production of many important EPF.

Key points
• Submerged liquid fermentation (SLF) allows precise control of nutritional and environmental factors
• SLF provides a scalable, robust, and cost-effective platform for mycopesticide production
• Enhancing formulation, shelf life, and field efficacy of submerged propagules remain crucial
• Understanding the molecular mechanisms behind submerged propagule formation is key to advancing SLF technology
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Introduction

The direct and indirect damages to agronomically impor-
tant plants caused by arthropod pests cause economic losses 
estimated to exceed hundreds of billions of dollars annually 
(Savary et al. 2019). These statistics underscore the impact 
of these pests on food production and the global economy, 
affecting not only farmers and agricultural industries but also 
food security and the welfare of communities worldwide. 
Non-agricultural arthropod pests (e.g., livestock ectopara-
sites) are equally significant since they can negatively impact 
animal production and consequently increase the costs of 
animal-origin products (Grisi et al. 2014). Arthropods can 
also impair food stocks and act as vectors of pathogens that 
cause diseases affecting humans and other animals (Perveen 
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et al. 2023). The use of entomopathogenic microorganisms 
as biocontrol agents of arthropods is an attractive and sus-
tainable tool for many integrated pest management programs 
in forestry, agricultural, and veterinary settings. The effec-
tiveness of these biocontrol agents is strongly affected by 
environmental factors, propagule type, mass production 
method, species and strains, formulation, and delivery strate-
gies, as well as by the susceptibility of the arthropod host.

Brazil’s biologicals market is rapidly expanding, with 
numerous players introducing novel mycopesticides, thereby 
contributing significantly to the global biopesticide industry. 
The country stands out as one of the most prominent and 
expansive markets for biologicals due to its unique diver-
sity in climate, soil, and vegetation. This diversity fosters 
dynamic indigenous microbial communities with a wide 
range of ecological functions, from biocontrol agents to 
plant growth promoters and beyond. The size of the bio-
logicals market in Brazil has doubled since the launch of 
the National Bioinputs Program (NBP) in 2019, according 
to the Ministry of Agriculture (Ministério da Agricultura e 
Pecuária (MAPA)) and laid the foundation for remarkable 
growth in this pest control sector. For the period 2023–2027, 
DunhamTrimmer estimates an 18.3% CAGR (compound 
annual growth rate) for biocontrols, a 12.3% CAGR for 
biostimulants, and a total biological market CAGR of 16.7% 

(DunhamTrimmer 2023). At the end of 2023, there were 
almost 700 registered biological products in Brazil. Micro-
bial bioinsecticides and bionematicides account for more 
than half of Brazil’s biocontrol market and about one-third 
of its biological market overall. Particularly, entomopatho-
genic fungi (hereafter referred to as EPF) represent a sig-
nificant portion of this biopesticide market and are led by 
Beauveria bassiana and Metarhizium anisopliae (Fig. 1). 
Although liquid fermentation technology has been utilized 
in companies in the USA and Europe, Brazilian EPF pro-
ducers still utilize mostly aerial conidia derived from the 
traditional solid substrate fermentation using pre-cooked and 
moistened cereal grains, mainly rice, for the mass production 
of mycopesticides used to tackle arthropod pests (Mascarin 
et al. 2019). In contrast, non-regulated, non-commercial on-
farm producers generally utilize liquid fermentation, adapt-
ing technologies designed for bacterial production (Faria 
et al. 2023).

Most mycopesticides based on hypocrealean EPF (Asco-
mycota: Hypocreales) are comprised of airborne conidia 
(Faria and Wraight 2007), the infective unit of key genera, 
including Metarhizium, Beauveria, Hirsutella, Akantho-
myces (formerly Lecanicillium), and Cordyceps (formerly 
Isaria). Typically, these infective spores are produced by 
simple low-tech solid-state fermentation technique, in which 

Fig. 1   A snapshot of the commercial fungal biopesticides registered 
in Brazil by March 2024 for controlling arthropod pests, includ-
ing insects and mites. Source: AGROFIT, 2024. Even though recent 
evidence indicates that commercialized Brazilian fungal strains 
previously thought to be Cordyceps fumosorosea are shown to be 

Cordyceps javanica (Lopes et  al. 2023b), we have chosen to refer 
to them as C. fumosorosea in this infographic. This is because C. 
fumosorosea is currently listed as the active ingredient in mycopes-
ticides registered in Brazil, and, therefore, this is the species found in 
the Agrofit database
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the scale-up process is performed by growing the fungus 
on moistened cereal grains kept in plastic bags or trays for 
several weeks under controlled environmental conditions. 
This production method is practiced in countries like Brazil, 
China, and the USA, where they present a myriad of pro-
grams in microbial pest control using EPF in extensive open 
field areas and protected environments (Arthurs and Dara 
2019; Li et al. 2010). Interestingly, B. bassiana strain GHA 
and M. brunneum strain MetF52 are still largely produced 
by solid substrate fermentation in the USA, and their conidia 
are commercially distributed in formulated products around 
the globe (Jaronski 2023). In Brazil, for instance, more than 
80% of the registered mycopesticides are based on two fun-
gal strains namely IBCB-66 of B. bassiana and IBCB-425 
of M. anisopliae, mainly produced by a single company that 
processes daily approximately 40 tons of rice to produce 
conidia (G. M. Mascarin, personal information). On the 
other hand, many cases support the advantages of submerged 
liquid fermentation over solid-state (or solid substrate) pro-
duction (Iwanicki et al. 2021; Mascarin et al. 2015a,b, 2018, 
2022). The solid-state fermentation technique has several 
drawbacks related to (i) the cost of cereal grain substrates, 
(ii) labor cost related to intensive manual handling, (iii) 
poorly regulated nutritional and environmental conditions 
which increase contamination by undesired microorganisms 
and jeopardize product quality, (iv) low energy efficiency 
due to the extended production time, often exceeding 10 
days and sometimes taking over 3 weeks, coupled with the 
high energy and space requirements needed to autoclave 
large volumes of solid substrates, (v) large environmentally 

controlled rooms required to accommodate tons of fungus-
colonized substrate, and (vi) another genuine risk related 
to the human involvement which is the safety issues raised 
by working in facilities where the production technique 
virtually assures airborne conidial exposures and possible 
allergenic reactions mainly without PPE (personal protective 
equipment). Conversely, the submerged liquid fermentation 
allows better control of the nutritional and environmental 
conditions that lead to a reduction of the fermentation time 
(30–72 h), lower labor and energy costs, and, ultimately, a 
higher quality EPF products.

Submerged liquid fermentation (SLF) takes place in deep-
tank bioreactors that are automated, easily scalable to thou-
sands of liters, and is less labor-intensive compared to solid 
substrate fermentation (SSF) methods (Fig. 2). Manipulation 
of the nutrient composition and physical factros (viz., car-
bon, nitrogen, minerals, vitamins, carbon-to-nitrogen ratio, 
aeration rate, temperature, rheology, osmotic pressure, and 
pH) makes this process easy to evaluate proper nutritional 
and environmental conditions for producing high amounts 
of active fungal propagules, including submerged conidia, 
blastospores, mycelium, microsclerotia, and chlamydo-
spores. In liquid fermentation technology, a wide array of 
templates has been designed for the food, bioenergy, and 
biotechnology industries that can be adapted to the produc-
tion of EPF (Fig. 3). Low-cost medium components are cru-
cial for the economic success of the process and must be 
optimized to meet the quality standards of the final product 
produced in the downstream process. Globally, there are few 
mycopesticides based on liquid-grown propagules available 

Fig. 2   Multifaceted capabilities 
afforded by submerged liquid 
fermentation technology in 
mass production of EPF for 
use as mycopesticides. After 
fermentation, culture broth 
can produce many enzymes, 
secondary metabolites, and 
active biomasses. Biphasic or 
two-phase fermentation can 
explore the culture broth as the 
primary inoculum for the subse-
quent solid-substrate fermenta-
tion process, which contributes 
to shortening the fermentation 
time while minimizing contami-
nation risks. Biomass obtained 
by submerged cultivation offers 
different infective or resistant 
propagules that are amenable 
for formulation
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on the market, primarily from C. fumosorosea, C. javanica, 
and Akanthomyces muscarius. However, none of these prep-
arations is registered in Brazil. This domestic scenario in 
Brazil creates a unique opportunity for investments to allow 
submerged liquid fermentation to become Brazil’s main bio-
technological mass production platform for mycopesticides.

The formulation has a role in boosting the value of the 
active ingredient by altering the chemical and physical 
attributes of a fungal propagule for improved insecticidal/
acaricidal activity under varied environmental conditions. 
The stabilization method used during formulation, i.e., the 
drying technology and careful selection of compatible addi-
tives to the formulation, is a critically important step when 
developing a shelf-stable mycopesticide. Formulated fun-
gal propagules have advantages over unformulated products, 
including the following: (i) to enhance biological activity, 
(ii) to improve persistence in the field, (iii) to aid handling 
and application of the product, (iv) to provide biosafety, and 
(v) to stabilize living cells during distribution and storage 
(Brar et al. 2006; Burges 1998). Therefore, these beneficial 
characteristics ensure robustness and consistent performance 
to mycopesticides. Formulation costs are variable and rely 
on various factors, including ingredients, equipment, drying 
method, and active ingredient nature and volume. To reduce 
runoff by rain and deleterious effects caused by ultraviolet 
(UV) exposures, high temperatures, and low relative humid-
ity under field conditions, fungal cells can be strategically 
formulated with exogenous protective agents such as oils 
(Alves et al. 1998; Bateman et al. 1993) and lignin (Leland 
and Behle 2005); the addition of nutrients or surfactants to 
the formulated EPF can also provide enhanced germination 

and speed of kill (James 2001). The toxicity of formulation 
components should also be carefully addressed for different 
fungal propagules using standard and reliable compatibility 
protocols usually performed by in vitro tests. Blastospores 
and other vegetative fungal cells are usually more sensi-
tive than aerial conidia to some chemical adjuvants, such 
as long-chain alkyl-based surfactants (Jackson et al. 2009). 
Therefore, a thorough basic understanding of how fungal 
propagules interact with their host target or respond to their 
target environment should lay the foundation for designing 
proper formulations of these fungi.

Resistance to anhydrobiosis stress and storage stabil-
ity of fungal propagules is also relevant when developing 
appropriate formulations. Some formulation components, 
such as exogenous nutrients, osmoprotectants, thermopro-
tectants, and UV blockers, can be added during growth 
or drying to improve desiccation tolerance, shelf life, and 
field persistence (Behle and Birthisel 2023). Moreover, a 
compatible drying method is essential for fungal viability 
and storage stability. Damage by dehydration can adversely 
affect fungal cell integrity and metabolism, thereby hinder-
ing the maintenance of viability. The type of fungal cell and 
its nutritional status, speed of water removal, temperature, 
relative humidity, and water content in the final product are 
among the main factors that affect cell integrity, viability, 
physiological vigor, and stability.

The packaging system deserves special attention after 
formulation and is considered a bottleneck for prolonged 
mycopesticides’ shelf life. The poor shelf life of mycopesti-
cides poses a barrier to their broad commercialization, espe-
cially in the tropics (Faria et al. 2022). Generally, low water 

Fig. 3   Strategies employed when developing mycopesticides based 
on the submerged liquid fermentation process. Firstly, emphasis 
is placed on the optimization of the nutritional and environmental 
conditions during liquid culture growth tailored by the species and 
strain of the fungus, followed by scale-up production to validate the 

fermentation conditions. Secondly, formulation and stabilization are 
designed to focus on desiccation tolerance and extended shelf life. 
Thirdly, bioefficacy and persistence tests are carried out to assess 
product virulence, persistence, host spectrum, and delivery strategies 
for field application



Applied Microbiology and Biotechnology         (2024) 108:451 	 Page 5 of 20    451 

content (< 5% moisture), low temperature, and reduced 
oxygen levels are critical for extended storage stability of 
fungal propagules. Active packaging can be performed by 
including exogenous oxygen and moisture scavengers to pro-
long fungal survival during nonrefrigerated storage, which 
is of great interest for the widespread commercialization of 
mycopesticides (Faria 2011; Faria et al. 2012; Iwanicki et al. 
2021; Jin et al. 1999; Mascarin and Jackson 2016; Masca-
rin et al. 2016). This technology has been used for many 
decades in food and pharmaceutical products; now, several 
examples of its success are available and could be adapted 
for storage-sensitive fungal cells. An optimal formulation 
still constitutes a significant bottleneck for biological con-
trol using EPF. Still, in recent years, quite a few formulated 
products based mainly on oil dispersion of aerial conidia 
have appeared in several mycopesticides traded in Brazil 
(Mascarin et al. 2019). Conversely, formulation of blasto-
spores faces a challenge to its use, and most of their formu-
lations correspond to wettable powders or wettable dispers-
ible granules (< 5% moisture content) with improved shelf 
stability, although more encouraging results are achieved 
when they are maintained under cold storage (Iwanicki et al. 
2021; Lima et al. 2024; Mascarin et al. 2015a, 2016, 2018). 
In downstream processing, pre-existing techniques from the 
food and biotechnology industry provide a resourceful tem-
plate tailored to mycopesticide manufacturing that includes 
different drying methods, such as spray drying, fluid-bed 
drying, vacuum rotary drum drying, air drying, or a combi-
nation of these techniques.

Submerged liquid fermentation 
and formulation

EPF as biocontrol agents in large-scale field applications, 
especially for annual, semi-permanent, and perennial crops 
cultivated from thousands to millions of hectares, require 
sufficient biomass production in quantity and quality to meet 
global market demands for these products. Submerged liquid 
fermentation has numerous advantages over traditional solid 
substrate fermentation to meet this high inoculum demand of 
EPF for biocontrol purposes. Readers can also refer to previ-
ous review papers and book chapters addressing this topic 
with complementary details to this current review (Jackson 
1997; Jaronski 2023).

EPF biomass produced by submerged liquid fermenta-
tion allows for easy downstream processing using different 
techniques or methods already employed at industrial scales 
in food science and pharmaceuticals. Downstream process-
ing refers to the steps involved in the purification, separa-
tion, formulation, and drying of mycopesticides after they 
have been produced through fermentation or other biological 

processes. It is a crucial stage in producing mycopesticides, 
ensuring the final product meets quality standards and regu-
latory requirements. The downstream processing of a myco-
pesticide typically includes several key steps (Fig. 4):

Fig. 4   Pilot-scale production platform of fungal blastospores, micro-
sclerotia or submerged conidia followed by downstream processing 
via two routes: (1) liquid preculture preparation from shake flask 
cultures. (2) 100-L sterilizable-in-place, stainless steel, stirred-tank 
bioreactor commonly used for scale-up studies and to provide fungal 
inoculum for field tests. (3) Rotary vibrating sieve/screen for separa-
tion of fungal propagules by desired sizes, for instance mycelium is 
filtered out from blastospores, microsclerotia or submerged conidia. 
(4) Tank mix where formulation components are mixed with fungal 
biomass and kept under constant mechanical agitation to keep the 
mixture as uniform as possible. (5) Rotary vacuum drum dryer cap-
turing fungal biomass through a layer bed based on an inert carrier 
(e.g., diatomaceous earth, bentonite) along with other additives of 
the formulation. (6) Slices of the dewatered mix comprising fungal 
biomass + carrier + formulation additives obtained after rotary drum 
filtration and ready for granulation and drying. (7) Industrial spray-
dryer with rotary disc. (8) Spray-dried microencapsulated fungal 
propagules mixed with skim milk and other additives
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1.	 Harvesting: The first step involves collecting the biope-
sticide-producing fungus. This is usually done once the 
fungus has reached its production peak during cultivation.

2.	 Filtration: In case the final biomass is blastospores, the 
desired fungal propagule may need to be separated from 
other unwanted biomass, such as hyphae. Thus, filtra-
tion, mainly performed by sieving, separates propagules 
of different sizes from the fermentation broth.

3.	 Concentration: After filtration, the desired fungal 
propagule can be concentrated using centrifugation or 
a rotary vacuum-filter system. This step is crucial for 
obtaining a high-quality and concentrated final product.

4.	 Formulation and drying: Once the biopesticide is puri-
fied and concentrated, it needs to be formulated into a 
product that can be easily applied in the field. Formu-
lation generally involves mixing the fungal biomass 
with carriers, stabilizers, and other additives aiming to 
enhance its shelf life, stability, delivery and effective-
ness. After formulating the biomass, drying reduces 
water content in the final product and contributes to 
extended shelf life.

5.	 Quality Control: Various quality control measures are 
implemented throughout the downstream processing to 
ensure the final mycopesticide meets the required speci-
fications and regulatory standards. This includes testing 
for purity, potency, viability, vigor and other relevant 
parameters.

Effective downstream processing is critical in ensur-
ing that the fungal biopesticide complies with regulatory 
requirements for safety and environmental impact, as well 
as safeguarding the final product’s quality, efficacy, and 
commercial viability. Comparatively, when the speed of 
infection exerted by different submerged propagules of EPF 
is examined, it is reasonable to identify a higher speed for 
blastospores than for submerged conidia and aerial conidia 

generated from sporulated microsclerotia (Fig. 5). Many 
papers reported the remarkable high infection speed dis-
played by blastospores in comparison to aerial or submerged 
conidia (Alkhaibari et al. 2016; Mascarin et al. 2015a,b; 
Iwanicki et al. 2023a, b), which in some cases is very advan-
tageous when targeting insect vectors or immature stages 
that may escape infections by frequent molts.

Blastospores

Once the fungus breaks through the cuticular barrier and 
invades the host’s hemocoel, it multiplies as hyphal bod-
ies and blastospores. Some authors confuse hyphal bod-
ies with blastospores; however, these cell types have dis-
tinct morphological and structural characteristics, where 
the hyphal bodies result from the breakdown of hyphae 
and are crucial for the spread within host tissues, whereas 
the blastospores are polymorphic cells formed by bud-
ding or fission and are linked to rapid multiplication and 
dissemination within the host (Bitencourt et al. 2023b). 
Particularly, blastospores are produced under laboratory 
conditions using artificial culture medium rich in nutrients 
such as glucose, nitrogen, and dissolved oxygen. These 
propagules are vegetative yeast-like unicellular struc-
tures presenting a thin, single-layered cell wall forged 
by the pathogenic fungus to provide a rapid multiplica-
tion fashion during the colonization stage inside the host, 
accompanied by the production of a myriad of mycotoxins 
(Boomsma et al. 2014). Even in the presence of cellular 
and chemical defenses in arthropods (hemocytes and anti-
fungal molecules), blastospores deceivably grow and mul-
tiply quickly, and survive the high osmotic pressure in the 
hemocoel (300–500 mOsmol L−1) (Mascarin et al. 2015b).

The first production of blastospores using liquid cul-
ture fermentation was described by Samsinakova (1966); 

Fig. 5   Submerged fungal propagules (e.g., blastospores, submerged conidia, and microsclerotia) as potential active ingredients in mycopesticides 
and their mode of action via direct cuticle infection and their time of infection
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in this study, the author observed an output of 6.5 × 108 
blastospores mL−1 over 6–8 days produced in 25 g L−1 
glucose and 25 g L−1 starch supplemented with 20 g L−1 
corn steep liquor. Recently, Mascarin et al. (2023) dem-
onstrated the effect on blastospore growth, morphology 
and yield when grown in hyperosmotic media generated 
by either high glucose concentration, polyethylene glycol 
(PEG), or ionic salts. These authors identified morphologi-
cal changes in cell size and shape and increased prolifera-
tion of blastospores (> 2 × 109 blastospores mL−1) within 
2–3 days of cultivation, accompanied by reduced hyphal 
proliferation in hyperosmotic liquid cultures. A negative 
effect on blastospore desiccation tolerance was observed 
for one strain of B. bassiana due to excess of PEG added 
to the medium. However, increasing the culture medium’s 
osmolarity could enhance this propagule’s productivity. 
This approach warrants further investigation on a strain-
specific basis.

The reduction in water activity of the liquid media, along 
with a highly aerated environment, has been associated with 
increased blastospore production by various EPF. Highly 
aerated cultures (350 rpm with shake flask cultures and 
reduced liquid volumes, 25-30% v/v) of B. bassiana grown 
in the presence of high glucose concentration (140 g L−1) 
produced considerably smaller, spherical blastospores 
with improved virulence (lower LC50 and LT50) to whitefly 
nymphs in comparison to the larger, oblong blastospores 
obtained by medium with low osmotic pressure (40 g glu-
cose L−1) (Mascarin et al. 2015b). While requiring further 
validation, it is plausible to correlate these findings with the 
intracellular accumulation of polyols in blastospores. This 
response mirrors observations in aerial conidia grown under 
water stress conditions, where increased glucose concentra-
tion in the medium aims to restore osmotic balance.

In addition to the ability to be produced on a large 
scale in fermentation tanks with a short incubation time 
(~ 3 days), blastospores have been shown to have equal 
or greater insecticidal efficacy than aerial conidia against 
several arthropod species. Despite their hydrophilic char-
acteristic, blastospores may adhere to the host’s cuticle 
(hydrophobic) through the production of mucus or class I 
hydrophobin (Alkhaibari et al. 2016), while electrostatic 
charge also appears to play a significant role in adhesion for 
blastospores (Holder et al. 2007). Blastospores have mul-
tiple routes of infection (cuticle, gut, or natural openings), 
which may explain why these propagules kill their host more 
quickly when compared to conidia (Gomes et al. 2023). In 
the oral infection route, blastospores were able to rupture the 
host’s intestinal cells through the midgut of Aedes aegypti 
(Diptera: Culicidae) larvae, evidenced by the presence of 
hyphal bodies in the hemocoel and degraded enterocytes 
(Bitencourt et al. 2023a). Furthermore, B. bassiana blasto-
spores were more effective in evading the hemocytes of Ae. 

aegypti larvae when compared to conidia. During the first 
24 h in midgut route of fungal infection, Bitencourt et al. 
(2023b) observed that post-ingested conidia might stimulate 
oenocytoids and granulocytes recruitment, secreting anti-
microbial peptides (AMPs) into the gut lumen. Meanwhile, 
blastospores remain covered with a collagen-like protein 
(e.g., MCL1 in M. anisopliae) and lack β-glucans in the cell 
wall, thus acting as camouflage and facilitating evasion of 
the host’s immune system (Wang and St. Leger 2006). Nev-
ertheless, the specific virulence mechanisms employed by 
blastospores to surpass conidia in virulence remain unclear, 
even without excessive production of proteases Pr1 and Pr2 
(Gotti et al. 2023).

A major concern for the widespread adoption of industrial 
production of blastospores arises from their shorter shelf life 
and sensitivity to industrial formulation processes, such as 
desiccation (Dietsch et al. 2021). Blastospores, when applied 
under field conditions, quickly lose their viability (Gomes 
et al. 2023). However, a study developed by Bernardo et al. 
(2020) demonstrated that the degree of susceptibility of 
blastospores to abiotic stresses, such as elevated temperature 
and UV-B radiation, varies among fungal species and strains 
within the genera Metarhizium and Beauveria. Nutritional 
factors, such as the nitrogen source, are critical for rapid and 
high production of blastospores with desired desiccation 
and thermotolerance attributes. The carbon-to-nitrogen ratio 
derived from carbon and nitrogen sources and concentrations 
plays a crucial role in optimal output and satisfactory resist-
ance of blastospores to desiccation and heat stress (Cliquet 
and Jackson 2005; Li et al. 2022; Lima et al. 2024; Mascarin 
et al. 2018), as well as some trace metals used as micronu-
trients can shape some ecological adaptations of these prop-
agules (Li et al. 2024). Desiccation tolerance of blastospores 
is usually improved when fungi are grown in media with 
high nitrogen content (> 1.5% N content) and using complex 
organic sources like acid-hydrolyzed casein and cottonseed 
flour (Mascarin et al. 2015a, 2018). Also, the high nitrogen 
content is pivotal in the culture medium in producing desic-
cation-tolerant and shelf-stable blastospores. Another study 
reported that C. fumosorosea blastospores had higher yields 
and better thermotolerance when grown with soy peptone, 
which rendered blastospores with lower intracellular trehalose 
and higher mannitol content (Li et al. 2022). In line with this, 
a recent study from our group underscored the importance of 
complex organic nitrogen sources in altering the carbon–nitro-
gen ratio of the medium and the intracellular content, which 
affected production yields, virulence, desiccation tolerance, 
shelf life, persistence, and thermotolerance of blastospores, 
except UV-B tolerance (Lima et al. 2024).

Formulation of blastopores is an essential approach to 
improve its biocontrol activity and persistence in the field. 
Despite the blastospores’ hydrophilic characteristic, the 
oil-in-water emulsions containing blastospores increased 
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biocontrol efficacy, probably by enhancing the adhesion of 
these fungal cells to the arthropod cuticle (de Paula et al. 
2021) or perhaps by weakening the cuticle layer (Kaiser 
et al. 2020). These findings indicate that oil-in-water emul-
sions are compatible and hold potential synergy with blasto-
spores, although the shelf life has not been assessed for this 
type of formulation. Powder and granular formulations of 
blastospores are still challenging, and few studies have dem-
onstrated their efficacy. For the first time, Mascarin et al. 
(2016) devised a spray- and air-dried formulation of blasto-
spores packed with both oxygen and moisture scavengers 
that resulted in blastospores with greater than 80% viabil-
ity for longer than 12 months in unrefrigerated (i.e., 28 °C) 
storage conditions. The authors employed skim milk and 
ascorbic acid for spray-dried blastospores, while only diato-
maceous earth was added to the air-dried blastospores. The 
key finding in this study was to maintain dehydrated blasto-
spores with low water content and low oxygen during the 
storage period. In addition, formulation additives like skim 
milk powder combined with ascorbic acid provided both 
physical and chemical protection to B. bassiana blastospores 
under oxidative and osmotic stresses during the harsh spray 
drying process. Notably, ascorbic acid serves as a potent 
antioxidant by scavenging reactive oxygen species (ROS) in 
cells under desiccation stress, thereby reducing damage to 
blastospores. Skim milk, which contains lactose and various 
proteins (such as caseins, α-lactoglobulin, β-lactoglobulin, 
bovine serum albumin, and lactoferrin), offers protection to 
microbial cellular structures and functions during dehydra-
tion. Lactose interacts with the polar head groups of phos-
pholipids and proteins in the cell membrane, while milk 

proteins help reduce membrane leakage and maintain cell 
integrity. This combination minimizes damage and cell inac-
tivation during spray drying (Santivarangkna et al. 2008). 
This work laid a groundbreaking technology that became 
part of a patent (Jackson and Mascarin 2016) in a way that 
advanced our knowledge on blastospore stabilization. This 
production pipeline contemplated in this patent for blasto-
spore processing has been implemented by some compa-
nies with consistent production yields from lab to industrial 
scale, resulting in a satisfactory high concentration of these 
propagules (e.g., up to 5-6 × 109 blastospores mL−1 within 
2-3 days) (Fig. 6).

In some cases, depending on the fungal species or even 
the isolate, there might be challenges in stabilizing blasto-
spores after harvesting. For instance, to stabilize blasto-
spores of M. robertsii after fermentation, these cells were 
mixed with carriers and additives, including fructose, skim 
milk, and bentonite, which afforded cell survival > 75% after 
spray drying. However, the half-life times of all blastospore-
based formulations were shorter than 3 months, regardless of 
the storage temperature tested (Iwanicki et al. 2021). These 
formulation components have multi-purpose functions rang-
ing from chemical and physical protection to blastospores 
against oxidative and osmotic stresses during the drying 
process, mainly due to the presence of reducing sugars and 
disaccharides such as fructose, maltose, sucrose, lactose, 
and trehalose, while clays provide an inexpensive filling and 
anti-caking material that facilitate further dispersion of the 
formulation into water in sprayer tanks. Clays, metal (iron, 
silicon, etc.) dioxides, talc, lignin, and charcoal can also pro-
vide physical UV radiation protection to fungal blastospores 

Fig. 6   Submerged liquid fermentation of filamentous entomopatho-
genic fungi: from small- to large-scale production. In this example, 
a biotechnological platform supporting cost-effective high yields of 
viable and desiccation-tolerant blastospores has been implemented 
after several years of research, including a cutting-edge patent tech-

nology (Jackson and Mascarin 2016). Industry partners can now 
produce blastospores of B. bassiana, C. javanica, and other related 
fungal species explored as mycopesticides, in 1000 to 5000-L biore-
actors in only 2–3 days, maintaining high cell yields at the end of the 
bioprocess (GM Mascarin, personal information)
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(Behle et al. 2011; Behle and Birthisel 2023). As a mat-
ter of fact, there is a scarcity of studies investigating lignin 
nanoparticles as a natural UV protection ingredient in for-
mulations of fungal blastospores with the aim to maximize 
their post-application survivability (persistence) in the field. 
Despite the limited information available on blastospores 
that are less recalcitrant to desiccation and have poorer shelf 
life than other spore types, strategies that manipulate the 
nutritional and environmental factors during pre-harvesting 
liquid cultivation and post-harvesting formulation are means 
to improve the desiccation tolerance and shelf life of these 
cells.

Other less studied EPF species, such as Fusarium spp., 
Hirsutella spp., Lecanicillium spp., and Akanthomyces 
spp., are also capable of producing blastospores under sub-
merged cultivation. Blastospores of Hirsutella citriformis 
were produced through submerged liquid fermentation 
with optimized conditions, yielding approximately 1.5 × 
109 blastospores L-1, and demonstrated insecticidal activ-
ity against the Asian citrus psyllid, Diaphorina citri (López 
et al. 2023). Entomopathogenic Fusarium species has been 
considered a potential entomopathogenic fungus that can 
effectively control a broad range of agricultural pests (Santos 
et al. 2020). According to the recent study by Zhao et al. 
(2023), optimized submerged culture for Fusarium equi-
seti blastospores was obtained using potato sucrose liq-
uid medium (pH 4.5), with a primary inoculum density of 
1.3 × 107 conidia mL−1 and a medium-to-flask ratio at 0.35 
(52.5 mL in each 150 mL flask) for 6.3 days. The result-
ant F. equiseti blastospores killed almost 100% of aphids 
(Myzus persicae) by 7 days post-spraying. In another work, 
blastospore titters of A. muscarius reached from 1.72 × 109 
(day 2) to 3.90 × 109 (day 5) cells mL−1 during submerged 
cultivation and displayed a similar speed of kill to aerial 
conidia after spraying nymphs of the whitefly Bemisia 
tabaci biotype B (Lopes et al. 2023a). Recently, Bodino 
et al. (2024) observed that blastospores of Lecanicillium 
aphanocladii formulated with adjuvants displayed excel-
lent efficacy against the spittlebug Philaenus spumarius by 
killing nymphal instars and reducing the emergence rate of 
adults, reaching mortality levels (90%) comparable to those 
obtained with the commercial conidia-based mycopesticide 
named Naturalis® (Biogard, Grassobbio, Bergamo, Italy). In 
Europe, there are two commercial blastospore-based myco-
pesticides based on A. muscarius and C. fumosorosea traded 
as Mycotal® and PreFeRal® presenting label concentrations 
of 1 × 1010 and 2.10 × 109 CFU g−1, respectively. In the USA, 
C. javanica blastospores are traded as commercial mycope-
sticide named PFR-97®, which contains 1 × 109 CFU g−1. 
Field studies on the efficacy of blastospores are still lim-
ited compared to aerial conidia. However, promising results 
have been observed with the commercial formulation of C. 
javanica (Apopka-97 strain, PFR-97™ 20% WDG) against 

D. citri in citrus orchards, achieving up to 90% control post-
application (Avery et al. 2021). A 2-year study comparing 
the persistence and efficacy of spray-dried blastospores of 
C. javanica (Wf GA17) with the Apopka-97 strain in cot-
ton and vegetable crops showed that oil adjuvants enhanced 
whitefly control but also highlighted a significant loss of 
blastospores’ viability within 24 h. Although blastospores 
and conidia of both strains demonstrated similar efficacy in 
reducing whiteflies, conidia consistently persisted better on 
plant surfaces (Wu et al. 2023). Despite the higher virulence 
of blastospores under controlled conditions, further research 
is needed to optimize their field application.

Entomopathogenic fungi can endophytically colonize 
plants through different inoculation routes. Blastospores 
applied via soil drenches appear to be more successful than 
applications of aerial or submerged conidia for initiating this 
symbiosis and conferring disease resistance to the receiving 
plants (Sui et al. 2022). Furthermore, the plant Arabidopsis 
thaliana treated with B. bassiana blastospores reduced the 
incidence of infections by Botrytis cinerea, because of the 
endophytic potential of this fungus to trigger host systemic 
defenses against a plant pathogen (Sui et al. 2022). More 
studies are needed to unveil the driven factors during this 
symbiosis process.

Despite recent efforts to unravel the molecular mecha-
nisms underlying the formation, production, and virulence 
of blastospores in some EPF (Gotti et al. 2023; Iwanicki 
et al. 2020, 2023a, b; Mascarin et al. 2021; Zhang et al. 
2019), further research is needed to identify genes suitable 
for manipulation to enhance production, desiccation toler-
ance, shelf life, and virulence. By integrating genomic, tran-
scriptomic, metabolomic, and proteomic approaches, there is 
significant potential to accelerate and refine the selection of 
strains, culture media, and formulation compositions. This 
would involve identifying genes and quantitative trait loci 
associated with improved virulence, desiccation tolerance, 
reproduction, and storage survival.

Microsclerotia

In response to such adverse environmental conditions as 
contaminated soil or decomposing plant materials with 
low nutrient availability, many fungi may initiate the for-
mation of specialized resistance structures as an adaptive 
response that augments their survival capacity. These con-
ditions, often associated with microclimatic factors and the 
absence of hosts, may induce the production of sclerotia, 
an overwintering type of robust, compact, and usually mel-
anized structure (Jackson and Jaronski 2009). Production of 
microsclerotia by submerged liquid fermentation was dis-
covered for the biocontrol fungi Colletotrichum truncatum 
and Mycoleptodicus terrestris in the 1990s and early 2000s 



	 Applied Microbiology and Biotechnology         (2024) 108:451   451   Page 10 of 20

(Jackson and Schisler 1994; Jackson et al. 1996; Shearer 
and Jackson 2006). Small sclerotia or simply microsclerotia 
production by some species of EPF using submerged liquid 
fermentation has attracted considerable attention of scien-
tists, primarily owing to the remarkable compatibility of 
these structures with dry granular formulations and various 
natural polymers, in addition to their notorious natural resist-
ance to adverse ecological factors alongside their capacity to 
produce thousands of infective conidia, ideal for developing 
more stable biopesticides (Jackson and Jaronski 2009; Gard-
escu et al. 2017; Goble et al. 2016; Marciano et al. 2021).

Microsclerotia are densely compacted hyphal aggregates 
typically 50–600 µm in diameter, usually dark pigmented 
due to melanin, with a variety of morphotypes across fun-
gal species and strains that are induced by nutritional and 
environmental factors of the artificial liquid culture (Jack-
son and Payne 2016). This multicellular propagule is distin-
guished by its notable resistance to abiotic factors such as 
temperature variations, UV radiation and desiccation, prob-
ably related to their dark pigmentation attributed mainly to 
melanin, considered “the fungal armor” (Corval et al. 2021; 
García-Riaño et al. 2024; Paixão et al. 2021). These meta-
bolically quiescent vegetative structures sequester signifi-
cant nutritional reserves mobilized upon restoring favorable 
environmental conditions, notably those of moisture and 
temperature. The effectiveness of this production in liquid 
culture media, achievable within 3 to 4 days, has been metic-
ulously documented in previous studies (Flor-Weiler et al. 
2018; Jaronski 2023; Jaronski and Jackson 2008; Jackson 
and Jaronski 2009; Mascarin et al. 2014).

Although mycelial pellets and microsclerotia are both 
composed of aggregate hyphae, they differ in their attributes 
(Paixão et al. 2021). Microsclerotia are smaller and more 
compact than mycelial pellets, as the latter propagule pre-
sents a colorless medulla of thin-walled hyphae and always 
assumes a larger size than the former. Paixão et al. (2021) 
and Santos et al. (2021) pointed out the remarkable abi-
otic stress tolerance of microsclerotia over mycelial pellets 
obtained through submerged fermentation, which later was 
confirmed by comparing with aerial conidia of M. robertsii 
(García-Riaño et al. 2024). In this context, microsclerotia 
demonstrated superior resilience and conidial productivity 
when exposed to UV-B radiation (1283 mW m−2) and heat 
stress (45 °C). Despite a time-dependent decrease in conidial 
production, microsclerotia consistently outperformed myce-
lial pellets, showcasing its enhanced tolerance and viability 
upon environmental challenges.

Liquid production methods targeting microsclerotia have 
been developed for various EPF, such as Metarhizium and 
Beauveria, as well as for non-EPF biopesticides like Tricho-
derma (Huarte-Bonnet et al. 2019; Jaronski and Jackson 
2008; Jackson and Jaronski 2009; Kobori et al. 2015; Mas-
carin et al. 2013; Song et al. 2014). Regardless of the fungal 

strain or specie, microsclerotia biogenesis and production 
yield are notably affected by nutritional components and 
physical factors such as carbon sources, nitrogen sources, 
carbon concentration, carbon-to-nitrogen ratio, calcium and 
iron concentrations, aeration rate, initial inoculum density, 
culture age, pH, osmotic pressure, and temperature (Jackson 
and Jaronski 2009; Rivas-Franco et al. 2020). Glucose is the 
primary carbon source studied and used for growing fungal 
microsclerotia, while various complex nitrogen sources have 
been investigated, including yeast extract, glutamate, and 
hydrolyzed acid casein resulting in varied production yields, 
storage stability, and bioinsecticide activity (Behle and Jack-
son 2014; Jackson and Jaronski 2009; Mascarin et al. 2014). 
Jackson and Schisler (1994) reported that nitrogen depletion 
and glucose exhaustion in culture media are both critical 
cues for microsclerotia formation, followed by melanization.

While numerous studies aimed to optimize large-scale 
production, some authors note that the average output is 
around 107 microsclerotia L−1. Following the evaluation of 
five Metarhizium strains, Mascarin et al. (2014) achieved 
yields ranging from 6.1 to 7.3 × 106 microsclerotia L−1 after 
3 days of growth, with maximum yields of 0.7 to 1.1 × 107 
microsclerotia L−1 after 5  days of cultivation, using a 
medium containing a C:N ratio of 50:1. Jaronski and Jack-
son (2012) achieved higher concentrations of microsclerotia 
by strains of M. anisopliae (2.7–2.9 × 108 L−1) with liquid 
cultures with C:N ratios of 30:1 and 50:1. Considering 
the production per liter, Villamizar et al. (2018) achieved 
an average of 7 × 106 microsclerotia L−1 using Beauveria 
strains in a medium with C:N ratios of 4:1 and 5:1. On the 
other hand, these and several other results diverge dramati-
cally from those obtained by Yousef-Yousef et al. (2022) 
demanding careful attention due to the exceptionally high 
values obtained after 8 days (4.6–8.2 × 1011 microsclerotia 
L−1). The presence of dark pigments in microsclerotium was 
proved by showing evidence they were made of 1,8-dihy-
droxynapthalene-melanin-like compounds (Espín-Sánchez 
et al. 2023) and is supported by the presence of a gene hmgA 
encoding the enzyme homogentisate 1,2-dioxygenase, which 
is essentially involved in the process of melanin synthesis in 
M. brunneum (Hu et al. 2014). Melanin-like compounds are 
readily identifiable in the dark-colored mature microsclerotia 
produced by certain fungal biocontrol agents, particularly 
Metarhizium species (Jackson et al. 2009). Typically, these 
microsclerotia germinate by producing hyphae (mycelio-
genic germination), which eventually leads to conidial pro-
duction (sporogenesis). The microsclerotia sporogenesis 
can take more than 10 days to produce infective conidia 
(Marciano et al. 2021), but this event varies with fungal 
species, strain, formulation, incubation temperature, mois-
ture level of the substrate, among other ecological factors 
(Behle and Jackson 2014; Jackson and Jaronski 2009; Mas-
carin et al. 2014). Given that microsclerotium proves to be 
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more effective for soil application as a microbial control 
agent (Mascarin et al. 2014), the study of handling and stor-
age conditions before field application requires effort. As 
mentioned earlier, microsclerotia can be used in addition to 
adjuvants aiming at producing granules, pellets, and other 
related dry formulations (Behle and Jackson 2014; Mascarin 
et al. 2014). This enhances protection against abiotic factors 
and facilitates rehydration and, consequently, myceliogenic 
germination, while extending shelf life.

Behle and Jackson (2014) suggest that media with 
higher nitrogen concentrations produce microsclerotia 
with improved storage fitness. Still, the best storage sta-
bility they demonstrated at that time was around a 4-week 
half-life, which was considered poor for commercial prod-
ucts. In the same year, Mascarin et al. (2014) formulated 
granules of Metarhizium spp. with diatomaceous earth. 
These granules exhibited stability and excellent efficacy 
in generating viable conidia, even after storage at 26 °C 
or − 20 °C for up to 3.5 months. Although Trichoderma 
species are not generally regarded to be entomopatho-
genic, some species and strains can be opportunistic and 
facultative arthropod parasites (Poveda 2021). The sta-
bility of air-dried Trichoderma harzianum microsclerotia 
derived from different C:N ratios was found to be excellent 
at 4 °C and room temperature (25 °C), remaining viable 
for at least 12 months, as reported by Kobori et al. (2015).

Microsclerotia granules that maintain a significant shelf 
life under cool and unrefrigerated storage conditions, with 
minimal or no loss of conidial production, are the optimal 
objectives for applications in the field as integral components 
of biological pest control strategies. The composition of pel-
lets presented by Santos et al. (2021) included vermiculite 
powder, diatomaceous earth, and colloidal silicon dioxide. 
Furthermore, its potential efficacy in controlling cattle ticks, 
Rhipicephalus microplus, was investigated. Engorged tick 
females were exposed to soil treated with sporulated micro-
sclerotial pellets (0.007 g) of M. anisopliae s.str. As a result, 
these ticks exhibited a shorter oviposition time length, reduced 
lifespan, and lower number of hatched larvae compared to 
mock-untreated ticks (Santos et al. 2021). Formulations with 
microcrystalline cellulose (MC) granules containing micro-
sclerotia of M. robertsii were also effective in reducing the 
number of larvae of the same tick species during the humid 
season (64.8% relative efficacy), following soil applications 
in the semi-natural pasture (Marciano et al. 2021).

The activity of microsclerotia from Metarhizium spp. 
against Ae. aegypti has been reported for adults under dif-
ferent relative humidity conditions (75% and 90%) and, 
when formulated with both vermiculite (VE) and MC, could 
cause mortality, regardless of the condition investigated, 
within 6 days. Even though more conidia were produced 
from pellets formulated with VE (Rodrigues et al. 2021), 
Paixão et al. (2024) also conducted a comparative analysis 

of microsclerotia production from two M. robertsii strains 
for the control of mosquito larvae in aquatic environments. 
Both strains exhibited similar biomass production and could 
induce mortality rates of up to 70% (Paixão et al. 2024).

In-depth fundamental research on the molecular charac-
terization of metabolic pathways involved in the formation 
and development of EPF microsclerotia is ongoing but has 
been largely confined to a few species, such as M. rileyi 
(Song et al. 2013), M. robertsii (Paixão et al. 2021), and 
B. bassiana (Huarte-Bonnet et al. 2019). A comprehensive 
review of the biochemical and molecular mechanisms driv-
ing fungal microsclerotia biogenesis has identified key genes 
related to pigment biosynthesis, ion transport (primarily iron 
and calcium), intracellular storage, and antioxidation (Song 
2018). However, further research is needed to elucidate the 
interplay of signaling pathways regulated by transcriptional 
factors in microsclerotia formation. The increasing avail-
ability of fungal genomic data, combined with other omics 
approaches, will be crucial for advancing our understanding 
and improving the development, production, and stabiliza-
tion of microsclerotia in various EPF species. The findings 
indicate that microsclerotia preparations can deliver infec-
tive conidial inoculum directly in situ, even though they 
take longer to produce infectious spores (Fig. 5). This rep-
resents a significant advancement compared to other fungal 
propagule types, especially those produced through solid 
fermentation, despite research efforts devoted to enhancing 
effectiveness, optimizing production yields, and developing 
better formulations. Surprisingly, microsclerotia-based EPF 
products remain unregistered worldwide. Consequently, fur-
ther investment and research efforts are necessary to advance 
our understanding and utilization of microsclerotia as a valu-
able active ingredient for mycopesticides.

Submerged conidia

Conidia can also be obtained by submerged cultivation, 
produced on typical conidiophores arising from hyphal 
filaments or directly from the spore through a sporulation 
microcycle. This microcyclic conidiation, typically induced 
by nutrient and/or temperature manipulation, has been devel-
oped as a model to study the biochemical events occurring 
during the sporulation of the conidial fungi. This potential 
for microcyclic sporogenesis has been of particular interest 
in the case of EPF since it shortens the culture time and 
increases spore yields.

Submerged conidia of EPF are hydrophilic propagules 
morphologically like aerial conidia. The latter are typically 
produced on the surface of the insect host or in the surround-
ing environment and can be dispersed by air to meet poten-
tial hosts. Conversely, submerged conidia are produced in a 
liquid medium like blastospores, although the latter relies 
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on nutrient-rich liquid cultures to form. Accordingly, sub-
merged conidia appear an important propagule alternative 
for fungal production under nutrient-limiting conditions. 
Despite aerial and submerged conidia being morphologi-
cally similar, atomic force microscopy revealed the absence 
of bundles or fascicles in B. bassiana submerged conidia, 
present in the aerial conidia counterpart (Holder et al. 2007). 
Regarding their hydrophobicity, surface tension values and 
the free energies of the interaction of the cell types with 
surfaces indicated that the B. bassiana aerial conidia were 
hydrophobic, whereas submerged conidia were hydro-
philic. A recent study compared phenotypically B. bassi-
ana submerged conidia, aerial conidia, and blastospores by 
microscopic observation of calcofluor white-stained cells 
(Iwanicki et al. 2023a, b). These authors reported that aerial 
conidia are smaller than submerged conidia and have more 
deposits of chitin than the latter, followed by blastospores.

Few reports have been published on the virulence of sub-
merged conidia of EPF towards arthropods. Some studies 
have shown that the virulence of submerged conidia may 
vary compared to other entomopathogenic fungal prop-
agules, such as aerial conidia and blastospores (Holder et al. 
2007; Iwanicki et al. 2023a, b; Basso et al. 2024). Iwan-
icki et al. (2023a) demonstrated the virulence of submerged 
conidia of the fungus B. bassiana against the cotton boll 
weevil, Anthonomus grandis (a destructive pest of cotton), 
and the fall armyworm, Spodoptera frugiperda (a devastat-
ing pest in maize and many other agronomic crops). These 
authors compared the virulence among blastospores, aerial, 
and submerged conidia. They observed that, in general, 
blastospores and submerged conidia killed these insects 
faster than aerial conidia for both insect species. On the 
other hand, according to Javar et al. (2023), aerial conidia 
and blastospores were slightly more virulent compared to 
submerged conidia when sprayed on whitefly nymphs Tri-
aleurodes vaporariorum. The virulence to insects of sub-
merged conidia of non-conventional EPF was also reported 
by Mascarin et  al. (2022). These authors demonstrated 
promising results in the bioefficacy of submerged conidia of 
Clonostachys rosea, a necrotrophic mycoparasite of numer-
ous plant pathogenic fungi, against nymphs of the whitefly 
Bemisia tabaci.

The survival of B. bassiana spores produced in solid and 
liquid media was studied by Javar et al. (2023). According to 
these authors, the survival of submerged conidia decreased 
to about 50% after 9 months at 4 °C of storage. This result 
implies the need for improved formulations and storage con-
ditions to extend this propagule’s shelf life. Other important 
attributes of fungal propagules to the market of biologi-
cal products are their production yield, cost, and possible 
adverse effects caused by drying techniques, particularly for 
propagules produced by liquid fermentation. Leland et al. 
(2005) reported the role of the medium osmolarity in the 

morphology, yield, germination, virulence, and drying sta-
bility of M. acridum submerged conidia. Conidia from high 
osmolarity medium (HOM) had thin cell walls, increased 
production, and were more stable to drying. HOM conidia 
also had faster germination rates than submerged conidia, 
similar to blastospores, and they were more pathogenic to 
American grasshopper Schistocerca americana than sub-
merged conidia and aerial conidia. According to the lit-
erature, the nitrogen source and the C:N ratio also play a 
significant role in supporting the production of submerged 
conidia (Mascarin et al. 2022). For B. bassiana, the maxi-
mum submerged conidial yield (5 × 108 mL) was obtained 
when glucose was the carbon source and when the glucose-
to-nitrate ratio was 5:1. Regarding the pH and dissolved 
oxygen impact on the production of B. bassiana submerged 
conidia, Basso et al. (2023) reported that the pH fixed at 
4.5 and 10% dissolved oxygen maintained in the first 24 h 
followed by 50% until 48 h and 30% until the end of the 
cultivation provided the highest concentrations of conidia 
within 4 days.

Despite the limited studies outlined here, further research 
involving diverse entomopathogenic fungal species is imper-
ative to address knowledge gaps concerning the virulence 
and tolerance of submerged conidia to abiotic factors. Addi-
tionally, optimal conditions for achieving maximum yield 
production within a short timeframe and at minimal cost 
must be elucidated. Enhanced drying techniques, tailored 
packaging atmospheres, and formulations should be devel-
oped with a specific focus on the traits of submerged conidia 
to improve storage conditions, aiming for higher viability 
and prolonged shelf life.

Mycelium

EPF are characterized by a biphasic biological cycle: a 
mycelial vegetative phase and a reproductive phase yield-
ing sexual and/or asexual spores. The vegetative phase for 
filamentous fungi is mainly characterized by the formation 
of mycelium, a mass of branching, thread-like hyphae, and it 
plays a crucial role in transporting nutrients and colonizing 
substrates. The mycelium of plant-mutualistic fungi such as 
Metarhizium and Beauveria is also essential for establishing 
colonization of the root system and trading nutrients with 
plants in a symbiotic interaction manner (Hu and Bidochka 
2021). As a rule of thumb, all EPF are capable of forming 
mycelium when growing in liquid cultures, likewise when 
they colonize the insect body, along with the formation of 
yeast-like cells able to multiply by fission or budding. After 
host death, the mycelium also covers the mummified arthro-
pod cadavers and later produces asexual spores.

A further disadvantage of using mycelial biomass from 
in vitro cultivation, or even those formed in vivo, concerns 
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their short ecological viability and poor resilience to adverse 
environmental factors, especially when compared to aerial 
conidia. However, formulation can significantly improve the 
longevity of the in vitro mycelium. In this context, dry myce-
lium has been extensively studied for EPF, including hypoc-
realean and entomophthoralean species (Jaronski 2023). The 
principle lies in producing the maximum of mycelium in a 
shorter fermentation time with the lowest media formula-
tion cost. Different harvesting procedures and post-harvest-
ing treatments (e.g., 10% maltose solution) were tested to 
obtain dry mycelium formulations that remained actively 
sporulating to generate inoculum source for initiation or 
augmentation of epizootics in target insect populations, as 
documented for Zoophthora radicans (Wraight et al. 2003; 
Pell et al. 1998). After that, the final objective is to promote, 
upon rehydration, the profuse sporulation of this biomass in 
a way that allows the fresh production of infective conidia 
with their native cell coverings in the target environment 
of the pest (Krueger et al. 1992). These propagules have 
not been subjected to any sort of degradation through pro-
duction, formulation, and application technologies; they are 
the real deal produced naturally where you want them to 
be available to the hosts. Attempts to produce large quan-
tities of mycelial biomass have been reported for various 
EPF such as Hirsutella thompsonii (McCoy et al. 1975), 
C. farinosa (Agudelo and Falcon 1983), Purpureocillium 
lilacinum (Rombach et al. 1986), M. rileyi (Holdom and van 
de Klashorst 1986), M. anisopliae (Krueger et al. 1992), and 
Z. radicans (McCabe and Soper 1985).

Another subject to consider when producing mycelium-
based mycopesticides concerns the impact that media nutri-
tional and environmental factors can have on the accumu-
lation of certain endogenous (intracellular) reserves in the 
mycelium, such as polyols and simple sugars (e.g., treha-
lose), which can directly influence the mycelium’s resilience 
to desiccation and shelf life. Interestingly, culture age can 
influence endogenous arabitol, erythritol, mannitol, and 
trehalose contents in M. brunneum mycelium, and elevated 
levels of these compounds improve drying survival and shelf 
life of encapsulated mycelium coupled with enhanced fungal 
virulence against T. molitor larvae (Krell et al. 2018). As a 
result, there has been substantial evidence about the benefi-
cial effects of endogenous polyols in improving encapsulated 
mycelium’s shelf life, which may prompt the development 
of more robust mycelium-based bioproducts.

Importantly, there is a trend in exploring mycelial prepa-
rations of EPF using a strategy entailing the encapsulated 
mycelium supplemented with exogenous cellulase to 
enhance the endophytic colonization of host plants. Krell 
et al. (2018) observed heightened enzymatic activity in M. 
brunneum when cellulase was co-encapsulated with myce-
lium. This co-encapsulation led to a notable shift from 
mycelial growth to spore formation, reaching a maximum 

count of 2.5 × 108 conidia per bead, and led to enhanced 
endophytic association in potato plants, exhibiting a 61.2% 
improvement compared to non-supplemented beads. These 
findings offer valuable insights into developing tailored 
formulations for EPF that incorporate enzymes to enhance 
endophytic capabilities. Such a strategy holds promise for 
increasing the efficacy of plant protection measures against 
herbivorous pests. However, a note of concern arises when 
plant tissues treated with cellulase may potentially facilitate 
the entry of opportunistic plant fungal pathogens and para-
sitic nematodes.

There are limited reports on the mass production of the 
epizootic fungus Aschersonia aleyrodis and several other 
species of its genus. Zhu et al. (2008) studied the optimal 
nutritional requirements to grow mycelium of A. aleyrodis. 
The maximum production of mycelial growth achieved was 
20.05 g L−1 after 7 days of fermentation with 1.16% lactose, 
0.394% tryptone, 0.4 mmol L−1 Fe2+, and 0.00125% vitamin 
B1. This mycelium was further used to induce sporulation 
on a solid substrate, but no virulence test with any target 
hosts was assessed in this study. Interestingly, little research 
on the liquid fermentation of Aschersonia spp. may hinder 
its large-scale production and commercialization worldwide. 
Nonetheless, the primary biocontrol approach for the use of 
this fungus against target pests has been the conservative 
approach or inoculative and augmentative releases, where 
both do not require high amounts of fungal inoculum to be 
produced for application in the agroecosystems.

Unlike the prominent members of ascomycetous EPF, 
highly important species with a more fastidious diet and, in 
most cases, host specialists belong to Entomophthoromyco-
tina. As they are considered obligatory pathogens of arthro-
pods, there are obstacles regarding their mass production 
using both solid-state or submerged fermentation. Neverthe-
less, mycelial production has also been contemplated, espe-
cially in the case of Oomycota and Entomophthoromycotina, 
as it is simply a step to directly or indirectly reach an infec-
tive state that is useful for the intended purpose. Thus, the 
successful use of a mycelial formulation in biological control 
hinges on the ability of the mycelium to sporulate under nat-
ural conditions. Entomophthoromycotina represents several 
species within the genera Batkoa, Furia, Erynia, Pandora, 
Massospora, Entomophthora, Entomophaga, Zoophthora, 
and Neozygites, all pathogenic to insects or mites and often 
causing outstanding epizootics in host populations. Still, 
some have been difficult (or, in a few cases, impossible) to 
culture in vitro and, therefore, to be developed as effectively 
applicable mycopesticides.

The mycelial production by entomophthoralean fungi has 
been an exciting and feasible alternative when using sub-
merged liquid fermentation with nutrient-rich media. For 
instance, a liquid culture medium for the common aphid 
entomophthoralean pathogen, Pandora (formerly Erynia) 
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neoaphidis, was determined by Gray and Markham (1997) 
and consisted of glucose, yeast extract, mycological pep-
tone, KH2PO4, Na2HPO4, and 0.01% oleic acid carried out 
in 1.5-L fermentation volumes. They obtained considerable 
mycelial biomass in batches but not continuous fermenta-
tions. Although the mycelial phase can be produced in vitro, 
it cannot be used directly in biocontrol formulation as this 
type of propagule is not infective, but is a vital step towards 
the production of primary conidia. Therefore, alginate pro-
vides an alternative formulation method through the entrap-
ment of mycelia in the alginate beads to further sustain the 
conidia production of this fungus for the biocontrol of aphids 
(Shah et al. 1998). In a recent work by Muskat et al. (2022), 
they found that skim milk supplemented with yeast extract 
and low-cost protein hydrolysate from animal by products 
were the best combination to maximize the mycelial biomass 
yield in liquid shaking culture of the apple psyllid patho-
gen, Pandora cacopsyllae. Further, this fungus produced 
finely dispersed mycelium by increasing osmotic pressure 
in the liquid culture media by adding sodium chloride. When 
this fungus was grown into a stirred tank bioreactor with a 
working volume of 8 L, maximum mycelial biomass reached 
a dry weight of 21 g L−1 in 48 h. Although this strategy 
appears exciting and economically viable, applying dry 
encapsulated mycelium under field conditions brings cli-
matic obstacles, such as the high enough humidity required 
for the dry mycelium to produce infective spores.

Complex sources of nitrogen can significantly affect the 
production of mycelium or hyphal bodies in liquid media of 
all three species of entomophthoralean fungi, Batkoa sp., 
Furia sp., and Neozygites floridana, known for their epizo-
otic potential against insect pests. According to Leite et al. 
(2005), yeast extract allowed the highest production of Bat-
koa sp., with a concentration of 0.5% being the most suitable 
for vegetative (mycelial) growth. The combination of 0.33% 
each of yeast extract + beef extract + skim milk allowed the 
highest production of Furia sp. mycelium. The combina-
tion of yeast extract + skim milk (0.5% of each) allowed the 
second highest production of Furia sp. and was the most 
suitable for mass production due to the lower cost. The com-
bination of 1% each of yeast extract + peptone + skim milk 
was the most appropriate for producing N. floridana hyphal 
bodies. Leite et al. (2003) also noted that nitrogen sources 
remarkably influenced the growth pattern of these three 
fungal species compared to different carbon sources. Still, 
glucose seemed to be the preferred carbon source, increasing 
biomass production for these three fungal species.

The advancement of mycelial formulations for commer-
cial use requires further investigation to develop storage 
techniques at room temperature without compromising the 
quality of mycelium-based products. The key challenge lies 
in resolving issues related to preserving dry-mycelium for-
mulations. Successfully addressing these challenges could 

unlock significant potential for pest control. However, con-
sidering the heightened resilience to adverse abiotic factors 
and prolonged shelf life of microsclerotium compared to 
mycelium, the former should be prioritized as the preferred 
propagule in mycopesticides intended to target soil-dwelling 
arthropod pests. Mycelium production by entomophtho-
ralean species seems to remain the prime strategy for their 
mass production. Nevertheless, the requirement of high envi-
ronmental moisture for their sporulation to generate infec-
tive conidia, combined with their poor shelf life, makes this 
group of EPF a challenge for commercial exploitation.

Zygospores and oospores

A different type of mass-producible spore is the resting spore 
of the flagellate water molds from Oomycota and entomoph-
thoralean fungi, encompassing two groups of arthropod 
pathogenic fungi with a role in disease carryover. These 
spores offer the advantage of being highly resistant and can 
survive for several months both in vitro and in nature. They 
can also be produced in liquid culture and on solid media. 
However, these spores, like the mycelium, are not directly 
infectious; their pathogenicity depends on their potential to 
produce infective spores by germination. These lower fungi 
sexually produce resistant oospores or zygospores com-
monly used in biocontrol formulations.

The in vitro cultivation of entomophthoralean fungi is 
quite complicated as it exhibits significant variability in dif-
ficulty, a factor influenced by the specific species and even 
the strain being dealt with. Generally, Neozygites species 
pose more critical challenges in cultivation, while Conidi-
obolus is considered the more easily cultivable species. The 
initial breakthroughs in in vitro production of Entomophtho-
rales involved utilizing Grace’s insect cell culture medium 
amended with fetal bovine serum (5% v/v), mimicking the 
insect hemolymph (Dunphy et al. 1978). This method, such 
as the one employed by Kogan and Hajek (2000), who pro-
duced azygospores of Entomophaga maimaiga, continues to 
be used. As an attempt to lower the production costs of these 
fastidious entomophthoralean fungi, other research groups 
devised media formulations based on organic carbon and 
nitrogen compounds. In this way, Latgé et al. (1977) out-
lined optimal media for zygospores of the aphid pathogen 
Entomophthora virulenta comprising dextrose and corn 
syrup as carbon sources, and yeast extract, soybean flour, 
or cottonseed flour as the most effective nitrogen sources, 
resulting in a high number of zygospores obtained in 9 days 
having 70% germination rate. Therefore, these zygospores 
can be used in mycopesticide formulations.

In their quest for a mass production medium for Z. radi-
cans azygospores, Senthilkumar et al. (2011) conducted 
experiments testing various concentrations and ratios of 
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sunflower oil or dextrose as a carbon source and yeast extract 
or peptone as a nitrogen source in submerged cultivation. 
They identified the optimal ratio as 4:8 yeast extract to sun-
flower oil medium. Leptolegnia chapmani, Coelomomyces 
spp., and Lagenidium giganteum are obligate arthropod path-
ogenic species causing diseases in larval mosquitoes. Due 
to their intricate life cycles and high host specificity, these 
fungal species pose daunting hurdles for mass production 
through liquid or solid fermentation processes, which have 
consequently limited their widespread commercialization as 
mycopesticides.

Chlamydospores

Chlamydospores are resistant fungal propagules formed 
by asexual reproduction that differentiate directly from a 
hyphal compartment (Watkinson et al. 2015; Deshpande 
1999). Although these studies suggest chlamydospores are 
infective propagules that can cause disease in arthropods, 
infection may be limited via the gut by the reactivation of 
chlamydospores after ingestion by the arthropod host. The 
route of infection through cuticle or natural opening pen-
etrations might not be feasible because chlamydospores are 
metabolically quiescent propagules invested in a thickened 
three-layer cell wall (Ment et al. 2010). A potential impact 
of M. anisopliae chlamydospores for controlling arthropod 
pests may lie in the ability of this fungus to naturally produce 
chlamydospores in infected targets (e.g., tick eggs in the soil) 
under stressful environmental conditions and thereby over-
come challenging periods to produce infective conidia under 
optimum conditions in the field (Ment et al. 2010).

Research on the production of chlamydospores from 
EPF is scarce, with a noticeable absence of studies focusing 
on the fermentation of chlamydospores of Beauveria spp., 
Metarhizium spp., or Cordyceps spp. Consequently, there 
is a shortage of bioproducts utilizing chlamydospores from 
these fungi. Deep studies are necessary to clarify the efficacy 
of chlamydospores of EPF in controlling target arthropod 
pests and their massive production for industrial purposes.

Obstacles and perspectives

Building fundamental knowledge and effectively targeting 
technical gaps around the optimization of submerged liquid 
fermentation processes aligned with proper formulation 
strategies for EPF are paramount for their successful, 
widespread commercial development as biocontrol agents 
of arthropod pests and as plant growth promoters supported 
by their ability to act as endophytes in some cases, notably 
for Metarhizium and Beauveria. This paper currently 
addresses a variety of propagules produced by submerged 

liquid fermentation, including information about their 
morphological characteristics, biocontrol efficacy, growth 
requirements, scale-up challenges, formulation, and shelf 
life. Compelling differences in biomass production among 
EPF can be observed at different hierarchical groups and 
taxonomical levels, which means the natural diversity 
among species and even strains can play an important role 
in outcomes from this mycopesticide development pipeline. 
Biopesticide companies will need to invest in optimizing 
medium components and growth parameters as well as 
formulation technologies. Although still overlooked, the 
formulation of secondary metabolites and cuticle-degrading 
enzymes that are also produced during liquid fermentation, 
in combination with a variety of fungal propagules, can 
be better explored to ensure that the final product renders 
synergistic outcomes for pest control.

Mass production is required to deliver a large amount of 
viable and active fungal biomass for use in the inundative 
biological control strategy, which is one of the advantages 
of using cost-effective submerged liquid fermentation 
technology. However, efficient mass production of EPF 
relies on a deep understanding of their morphogenesis, 
nutritional-environmental requirements, and high-quality 
operational standards to ensure batch-to-batch uniformity 
and purity. These represent significant challenges for the 
subject, particularly concerning the on-farm production 
practiced by farmers where contamination is recurrent and 
can consequently jeopardize the success of the biocontrol 
strategy (Faria et al. 2023). It is also true that the final 
product depends on proper formulation and packaging, which 
can render another bottleneck, especially when dealing with 
liquid formulations that still pose a cumbersome challenge 
for stabilization and long-term shelf life of submerged fungal 
propagules, especially submerged conidia and blastospores. 
For instance, instead of developing an emulsifiable oil 
formulation of blastospores with poor shelf life, it could 
be more convenient to adopt the delivery approach by 
mixing blastospores with an emulsifiable oil in the tank 
mix before application (Kaiser et al. 2020). Additionally, 
appropriate formulations must also enhance the protection 
of these fungal propagules against UV radiation, elevated 
temperature, desiccation, and other adverse environmental 
factors to increase the persistence of vigorous EPF in the 
field and, therefore, improve their efficacy against target 
arthropods. Further research is essential to optimize field 
applications and develop delivery strategies better suited 
for mycopesticides based on submerged propagules. This 
would enhance their attractiveness and competitiveness 
compared to aerial conidia in terms of persistence and 
control efficacy. Urgent investigation is needed to address 
this gap, as many companies remain skeptical about the 
successful performance of liquid-grown fungal propagules 
in real-world conditions.
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Equally significant is the practical and technological 
advancement that submerged liquid fermentation brings to 
Brazil’s biopesticide industry, particularly in the mass pro-
duction of EPF. Increasingly, companies are adopting this 
technology through a biphasic or two-stage fermentation 
process at an industrial scale. This approach not only short-
ens incubation time but also enhances conidia production 
on cereal grains via stationary solid substrate fermentation. 
Therefore, the insights and information presented in this 
paper may prove valuable for companies utilizing biphasic 
fermentation in their mycopesticide production.

Biotechnological tools offer vast potential to enhance 
the virulence, tolerance to adverse environmental condi-
tions, and application flexibility of EPF for pest control. 
In addition to manipulating nutritional and environmental 
conditions during fungal growth, we see significant prom-
ise in the use of precise genetic engineering techniques, 
like CRISPR-Cas technologies. These advancements could 
be key to unraveling the complexities of EPF genomes, pro-
viding deeper insights into the molecular mechanisms driv-
ing primary growth. Such knowledge could significantly 
improve the production of specific propagules through sub-
merged cultivation, offering valuable solutions to overcome 
challenges posed by recalcitrant fungal strains that struggle 
with mass production, desiccation tolerance, and shelf life, 
thereby meeting the urgent needs of the industry.

Research into novel formulation techniques, such as 
encapsulation, granulation, Pickering emulsion, and coac-
ervation, combined with innovative packaging systems, aims 
to improve the stability, dispersal, efficacy, and shelf life 
of EPF products. When paired with advances in fermen-
tation technology—encompassing bioreactor design, pro-
cess optimization, automation, and targeted genetic strain 
improvement—these innovations have the potential to revo-
lutionize the scalability, efficiency, and cost-effectiveness 
of submerged liquid fermentation. This could economically 
surpass the solid substrate fermentation products currently 
on the market, reinforcing the paradigm shift towards sub-
merged fermentation as the preferred method for the mass 
production of EPF worldwide.

Finally, there is still progress to be made in advancing 
submerged liquid fermentation technology for EPF, par-
ticularly in understanding the physiological, biochemical, 
and molecular mechanisms across different species and 
strains. By adopting an integrated, multidisciplinary sci-
entific approach, we can address the practical challenges 
faced by the industry. This effort should be guided by 
fundamental knowledge arising from close collaboration 
between academia and the private sector.

Acknowledgements  We want to acknowledge all scientists engaged 
in the liquid fermentation research for EPF, with special dedication to 
Mark A. Jackson (USDA-ARS) for devoting his career with outstand-
ing contributions to developing fundamental and applied knowledge on 

submerged liquid fermentation technology for many fungal biocontrol 
agents. The first author also dedicates this mini-review to his former 
mentors, Sérgio Batista Alves (in memoriam) and Mark Jackson. We 
also thank Richard A. Humber (USDA-ARS) and Mark Jackson for 
their critical review of this manuscript. We regret that we were unable 
to cite all relevant scientists due to space limitations.

Author contribution  GMM and EKKF conceived and designed 
research. All authors analyzed data. All authors wrote the manuscript. 
All authors read and approved the manuscript.

Funding  EKKF received funding from the Conselho Nacional de 
Desenvolvimento Científico e Tecnológico (CNPq) of Brazil (PQ 
308375/2022–0). GMM received partial financial support from 
Embrapa (SEG 30.21.90.026.00.00). CSRS received a postdoctoral fel-
lowship from the Coordenação de Aperfeiçoamento de Pessoal de Nível 
Superior (CAPES, 88887.692845/2022-00) of Brazil. AOF received a 
M.Sc. scholarship from CAPES (Finance code 001). ERM received a 
postdoctoral fellowship from the Fundação de Amparo à Pesquisa do 
Estado de Goiás (FAPEG, 202310267000508).

Declarations 

Ethical approval  This article does not contain any studies with human 
participants or animals performed by any of the authors.

Conflict of interest  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons 
Attribution-NonCommercial-NoDerivatives 4.0 International License, 
which permits any non-commercial use, sharing, distribution and repro-
duction in any medium or format, as long as you give appropriate credit 
to the original author(s) and the source, provide a link to the Creative 
Commons licence, and indicate if you modified the licensed material. 
You do not have permission under this licence to share adapted material 
derived from this article or parts of it. The images or other third party 
material in this article are included in the article’s Creative Commons 
licence, unless indicated otherwise in a credit line to the material. If 
material is not included in the article’s Creative Commons licence and 
your intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://crea-
tivecommons.org/licenses/by-nc-nd/4.0/.

References

Agudelo F, Falcon LA (1983) Mass production, infectivity and field 
application studies with the entomogenous fungus Paecilomy-
ces farinosus. J Invertebr Pathol 42:124–132. https://​doi.​org/​10.​
1016/​0022-​2011(83)​90210-0

Alkhaibari AM, Carolino AT, Yavasoglu SI, Maffeis T, Mattoso TC, 
Bull JC, Samuels RI, Butt TM (2016) Metarhizium brunneum 
blastospore pathogenesis in Aedes aegypti larvae: attack on sev-
eral fronts accelerates mortality. PLOS Pathog 12:e1005715. 
https://​doi.​org/​10.​1371/​journ​al.​ppat.​10057​15

Alves RT, Bateman RP, Prior C, Leather SR (1998) Effects of simu-
lated solar radiation on conidial germination of Metarhizium 
anisopliae in different formulations. Crop Prot 17:675–679. 
https://​doi.​org/​10.​1016/​S0261-​2194(98)​00074-X

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/0022-2011(83)90210-0
https://doi.org/10.1016/0022-2011(83)90210-0
https://doi.org/10.1371/journal.ppat.1005715
https://doi.org/10.1016/S0261-2194(98)00074-X


Applied Microbiology and Biotechnology         (2024) 108:451 	 Page 17 of 20    451 

Arthurs S, Dara SK (2019) Microbial biopesticides for invertebrate 
pests and their markets in the United States. J Invertebr Pathol 
165:13–21. https://​doi.​org/​10.​1016/j.​jip.​2018.​01.​008

Avery PB, Duren EB, Qureshi JA, Adair RC Jr, Adair MM, Cave RD 
(2021) Field efficacy of Cordyceps javanica, white oil and spine-
toram for the management of the Asian citrus psyllid. Diaphorina 
Citri Insects 12:824. https://​doi.​org/​10.​3390/​insec​ts120​90824

Basso V, Fontana RC, Montipó S, Dillon AJP (2023) High concentra-
tion of spores and colony forming units of the biocontrol agent 
Beauveria bassiana via optimization of submerged cultivation. 
Biocatal Agric Biotechnol 47:102607. https://​doi.​org/​10.​1016/j.​
bcab.​2023.​102607

Basso V, Pinheiro Dillon A, Toldi M, Kramer CG, Bonato CV (2024) 
Beauveria bassiana submerged spores for control of two-spotted 
spider mite (Tetranychus urticae Koch (Acari: Tetranychidae)): 
production, stability, and virulence. Arch Microbiol 206:23. 
https://​doi.​org/​10.​1007/​s00203-​023-​03759-7

Bateman RP, Carey M, Moore DE, Prior C (1993) The enhanced infec-
tivity of Metarhizium flavoviride in oil formulations to desert 
locusts at low humidities. Ann Appl Biol 122:145–152. https://​
doi.​org/​10.​1111/j.​1744-​7348.​1993.​tb040​22.x

Behle B, Birthisel T (2023) Chapter 14 - Formulations of entomopatho-
gens as bioinsecticides. In: Juan A. Morales-Ramos, M. Gua-
dalupe Rojas, David I (eds) Shapiro-Ilan, Mass Production of 
Beneficial Organisms (Second Edition), Academic Press, Pages 
407–429, ISBN 9780128221068. https://​doi.​org/​10.​1016/​B978-
0-​12-​822106-​8.​00010-5

Behle RW, Jackson MA (2014) Effect of fermentation media on the 
production, efficacy, and storage stability of Metarhizium brun-
neum microsclerotia formulated as a prototype granule. J Econ 
Entomol 107:582–590. https://​doi.​org/​10.​1603/​ec134​26

Behle RW, Compton DL, Kenar JA, Shapiro-Ilan DL (2011) Improv-
ing Formulations for Biopesticides: Enhanced UV Protection 
for Beneficial Microbes. ASTM Int 8:137–157

Bernardo CDC, Pereira-Junior RA, Luz C, Mascarin GM, Fernandes 
ÉKK (2020) Differential susceptibility of blastospores and 
aerial conidia of entomopathogenic fungi to heat and UV-B 
stresses. Fungal Biol 124:714–722. https://​doi.​org/​10.​1016/j.​
funbio.​2020.​04.​003

Bitencourt ROB, Santos-Mallet JRd, Lowenberger C, Ventura A, 
Gôlo PS, Bittencourt VREP, Angelo IC (2023a) A novel model 
of pathogenesis of Metarhizium anisopliae propagules through 
the midguts of Aedes aegypti larvae. Insects 14:328. https://​
doi.​org/​10.​3390/​insec​ts140​40328

Bitencourt ROB, Corrêa TA, Santos-Mallet J, Santos HA, Lowen-
berger C, Moreira HVS, Gôlo PS, Bittencourt VREP, Angelo 
IC (2023b) Beauveria bassiana interacts with gut and hemo-
cytes to manipulate Aedes aegypti immunity. Parasites Vectors 
16:84. https://​doi.​org/​10.​1186/​s13071-​023-​05697-1

Bodino N, Barbera R, González-Mas N, Demichelis S, Bosco D, Dolci 
P (2024) Activity of natural occurring entomopathogenic fungi 
on nymphal and adult stages of Philaenus spumarius. J Invertebr 
Pathol 204:108078. https://​doi.​org/​10.​1016/j.​jip.​2024.​108078

Boomsma JJ, Jensen AB, Meyling NV, Eilenberg J (2014) Evolu-
tionary interaction networks of insect pathogenic fungi. Ann 
Rev Entomol 59:467–485. https://​doi.​org/​10.​1146/​annur​
ev-​ento-​011613-​162054

Brar SK, Verma M, Tyagi RD, Valéro JR (2006) Recent advances in 
downstream processing and formulations of Bacillus thuringien-
sis based biopesticides. Process Biochem 41:323–342. https://​
doi.​org/​10.​1016/j.​procb​io.​2005.​07.​015

Burges HD (1998) Formulation of microbial biopesticides: beneficial 
organisms, nematodes and seed treatments. Kluwer Academic, 
Dordrecht

Cliquet S, Jackson MA (2005) Impact of carbon and nitrogen nutri-
tion on the quality, yield and composition of blastospores of 

the bioinsecticidal fungus Paecilomyces fumosoroseus. J Ind 
Microbiol Biotechnol 32:204–210. https://​doi.​org/​10.​1007/​
s10295-​005-​0232-3

Corval ARC, Silva EM, Corrêa TA, Ribeiro-Silva CS, Bitencourt 
ROB, Fernandes ÉKK, Bittencourt VREP, Roberts DW, Gôlo 
PS (2021) UV-B tolerances of conidia, blastospores, and micro-
sclerotia of Metarhizium spp. entomopathogenic fungi. J Basic 
Microbiol 61:15–26. https://​doi.​org/​10.​1002/​jobm.​20200​0515

de Paula AR, Silva LEI, Ribeiro A, da Silva GA, Silva CP, Butt TM, 
Samuels RI (2021) Metarhizium anisopliae blastospores are highly 
virulent to adult Aedes aegypti, an important arbovirus vector. Par-
asit Vectors 14:555. https://​doi.​org/​10.​1186/​s13071-​021-​05055-z

Deshpande MV (1999) Mycopesticide production by fermentation: 
potential and challenges. Crit Rev Microbiol 25:229–243. https://​
doi.​org/​10.​1080/​10408​41999​12992​20

Dietsch R, Jakobs-Schönwandt D, Grünberger A, Patel A (2021) Des-
iccation-tolerant fungal blastospores: from production to applica-
tion. Cur Res Biotechnol 3:323–339. https://​doi.​org/​10.​1016/j.​
crbiot.​2021.​11.​005

DunhamTrimmer (2023) State of the biological products industry. Dun-
hamTrimmer; Lakewood Ranch, FL, USA

Dunphy GB, Nolan RA, MacLeod DM (1978) Comparative growth 
and development of two protoplast isolates of Entomophthora 
egressa. J Invertebr Pathol 31:267–269. https://​doi.​org/​10.​1016/​
0022-​2011(78)​90020-4

Espín-Sánchez D, Preisegger L, Mazzolenis R, Santana M, Saparrat 
MCN, Pedrini N, Huarte-Bonnet C (2023) Dark pigments in 
entomopathogenic fungal microsclerotia: preliminary evidence of 
a 1,8-Dihydroxynaphthalene-melanin-like compound in Metarhi-
zium robertsii. J Fungi 9:1162. https://​doi.​org/​10.​3390/​jof91​21162

Faria MR (2011) Method for packaging fungal spores in a modified 
atmosphere with a view to increasing the shelf life of the fungi. 
United States patent WO2012012858A1

Faria MR, Wraight SP (2007) Mycoinsecticides and mycoacaricides: 
a comprehensive list with worldwide coverage and international 
classification of formulation types. Biol Control 43:237–256. 
https://​doi.​org/​10.​1016/j.​bioco​ntrol.​2007.​08.​001

Faria M, Hotchkiss JH, Wraight SP (2012) Application of modified 
atmosphere packaging (gas flushing and active packaging) for 
extending the shelf life of Beauveria bassiana conidia at high 
temperatures. Biocontrol 61:78–88. https://​doi.​org/​10.​1016/j.​
bioco​ntrol.​2011.​12.​008

Faria M, Palhares LAM, Souza DA, Lopes RB (2022) What would be 
representative temperatures for shelf-life studies with biopesticides 
in tropical countries? Estimates through long-term storage of bio-
control fungi and calculation of mean kinetic temperatures. Bio-
control 67:213–224. https://​doi.​org/​10.​1007/​s10526-​021-​10126-2

Faria M, Mascarin GM, Butt T, Lopes RB (2023) On-farm production 
of microbial entomopathogens for use in Agriculture: Brazil as 
a case study. Neotrop Entomol 52:122–133. https://​doi.​org/​10.​
1007/​s13744-​023-​01033-5

Flor-Weiler LB, Behle RW, Johnson ET, Strickman DA, Rooney AP 
(2018) Evaluation of a granular formulation containing Metarhizium 
brunneum F52 (Hypocreales: Clavicipitaceae) microsclerotia in con-
trolling eggs of Aedes aegypti (Diptera: Culicidae). Biocontrol Sci 
Technol 29:68–82. https://​doi.​org/​10.​1080/​09583​157.​2018.​15303​42

Garcia-Riaño BGP, Hernández LC, Villamizar LF (2024) Microsclero-
tia from Metarhizium robertsii: production, ultrastructural analy-
sis, robustness, and insecticidal activity. Fungal Biol 128:1643–
1656. https://​doi.​org/​10.​1016/j.​funbio.​2024.​01.​006

Gardescu S, Hajek AE, Goble TA, Jackson MA (2017) Metarhizium 
microsclerotia and hydrogel versus hydromulch: testing fungal 
formulations against Asian longhorned beetles. Biocontrol Sci 
Technol 27:1–13. https://​doi.​org/​10.​1080/​09583​157.​2017.​13625​46

Goble TA, Gardescu S, Fisher JJ, Jackson MA, Hajek AE (2016) 
Conidial production, persistence and pathogenicity of 

https://doi.org/10.1016/j.jip.2018.01.008
https://doi.org/10.3390/insects12090824
https://doi.org/10.1016/j.bcab.2023.102607
https://doi.org/10.1016/j.bcab.2023.102607
https://doi.org/10.1007/s00203-023-03759-7
https://doi.org/10.1111/j.1744-7348.1993.tb04022.x
https://doi.org/10.1111/j.1744-7348.1993.tb04022.x
https://doi.org/10.1016/B978-0-12-822106-8.00010-5
https://doi.org/10.1016/B978-0-12-822106-8.00010-5
https://doi.org/10.1603/ec13426
https://doi.org/10.1016/j.funbio.2020.04.003
https://doi.org/10.1016/j.funbio.2020.04.003
https://doi.org/10.3390/insects14040328
https://doi.org/10.3390/insects14040328
https://doi.org/10.1186/s13071-023-05697-1
https://doi.org/10.1016/j.jip.2024.108078
https://doi.org/10.1146/annurev-ento-011613-162054
https://doi.org/10.1146/annurev-ento-011613-162054
https://doi.org/10.1016/j.procbio.2005.07.015
https://doi.org/10.1016/j.procbio.2005.07.015
https://doi.org/10.1007/s10295-005-0232-3
https://doi.org/10.1007/s10295-005-0232-3
https://doi.org/10.1002/jobm.202000515
https://doi.org/10.1186/s13071-021-05055-z
https://doi.org/10.1080/10408419991299220
https://doi.org/10.1080/10408419991299220
https://doi.org/10.1016/j.crbiot.2021.11.005
https://doi.org/10.1016/j.crbiot.2021.11.005
https://doi.org/10.1016/0022-2011(78)90020-4
https://doi.org/10.1016/0022-2011(78)90020-4
https://doi.org/10.3390/jof9121162
https://doi.org/10.1016/j.biocontrol.2007.08.001
https://doi.org/10.1016/j.biocontrol.2011.12.008
https://doi.org/10.1016/j.biocontrol.2011.12.008
https://doi.org/10.1007/s10526-021-10126-2
https://doi.org/10.1007/s13744-023-01033-5
https://doi.org/10.1007/s13744-023-01033-5
https://doi.org/10.1080/09583157.2018.1530342
https://doi.org/10.1016/j.funbio.2024.01.006
https://doi.org/10.1080/09583157.2017.1362546


	 Applied Microbiology and Biotechnology         (2024) 108:451   451   Page 18 of 20

hydromulch formulations of Metarhizium brunneum F52 micro-
sclerotia under forest conditions. Biol Control 95:83–93. https://​
doi.​org/​10.​1016/j.​bioco​ntrol.​2016.​01.​003

Gomes SA, Carolino AT, Teodoro TBP, Silva GA, Bitencourt ROB, 
Silva CP, Alkhaibari AM, Butt TM, Samuels RI (2023) The 
potential of Metarhizium anisopliae blastospores to control Aedes 
aegypti larvae in the field. J Fungi 9:759. https://​doi.​org/​10.​3390/​
jof90​70759

Gotti IA, Moreira CC, Delalibera I Jr, De Fine Licht HH (2023) Blasto-
spores from Metarhizium anisopliae and Metarhizium rileyi are 
not always as virulent as conidia are towards Spodoptera fru-
giperda caterpillars and use different infection mechanisms. 
Microorganisms 11:1594. https://​doi.​org/​10.​3390/​micro​organ​
isms1​10615​94

Gray SN, Markham P (1997) A model to explain the growth kinetics 
of the aphid-pathogenic fungus Erynia neoaphidis in liquid cul-
ture. Mycol Res 12:1475–1483. https://​doi.​org/​10.​1017/​S0953​
75629​70042​79

Grisi L, Leite RC, Martins JR, Barros AT, Andreotti R, Cançado PH, 
León AA, Pereira JB, Villela HS (2014) Reassessment of the 
potential economic impact of cattle parasites in Brazil. Rev Bra-
sileira de Parasitol Vet 23(2):150–6. https://​doi.​org/​10.​1590/​
s1984-​29612​014042

Holder DJ, Kirkland BH, Lewis MW, Keyhani NO (2007) Surface 
characteristics of the entomopathogenic fungus Beauveria 
(Cordyceps) bassiana. Microbiol 153:3448–3457. https://​doi.​
org/​10.​1099/​mic.0.​2007/​008524-0

Holdom DG, van de Klashorst G (1986) Sporulation by hyphal bodies 
of Nomuraea rileyi and subsequent infection of Heliothis spp. 
J Invertebr Pathol 48:242–245. https://​doi.​org/​10.​1016/​0022-​
2011(86)​90130-8

Hu S, Bidochka MJ (2021) Root colonization by endophytic insect-
pathogenic fungi. J Appl Microbiol 130:570–581. https://​doi.​org/​
10.​1111/​jam.​14503

Hu X, Xiao G, Zheng P, Shang Y, Su Y, Zhang X, Liu X, Zhan S, 
St Leger RJ, Wang C (2014) Trajectory and genomic determi-
nants of fungal-pathogen speciation and host adaptation. Proc 
Natl Acad Sci U S A 111:16796–16801. https://​doi.​org/​10.​1073/​
pnas.​14126​62111

Huarte-Bonnet C, Paixão FRS, Mascarin GM, Santana M, Fernandes 
ÉKK, Pedrini N (2019) The entomopathogenic fungus Beauveria 
bassiana produces microsclerotia-like pellets mediated by oxida-
tive stress and peroxisome biogenesis. Environ Microbiol Rep 
11:518–524. https://​doi.​org/​10.​1111/​1758-​2229.​12742

Iwanicki NS, Júnior ID, Eilenberg J, De Fine Licht HH (2020) Compar-
ative RNAseq analysis of the insect-pathogenic fungus Metarhi-
zium anisopliae reveals specific transcriptome signatures of fila-
mentous and yeast-like development. G3 10:2141-2157. https://​
doi.​org/​10.​1534/​g3.​120.​401040

Iwanicki NS, Mascarin GM, Moreno SG, Eilenberg J, Delalibera Í Jr 
(2021) Development of novel spray-dried and air-dried formula-
tions of Metarhizium robertsii blastospores and their virulence 
against Dalbulus maidis. Appl Microbiol Biotechnol 105:7913–
7933. https://​doi.​org/​10.​1007/​s00253-​021-​11576-5

Iwanicki NS, Lopes ECM, Lira AC, Poletto TB, Fonceca LZ, Dela-
libera Í Jr (2023a) Comparative analysis of Beauveria bassiana 
submerged conidia with blastospores: yield, growth kinetics, 
and virulence. Biocontrol 185:105314. https://​doi.​org/​10.​1016/j.​
bioco​ntrol.​2023.​105314

Iwanicki NS, Delalibera Í Jr, Carvalho LLB, Eilenberg J, Licht HHF 
(2023b) Comparative transcriptomics of growth metabolism and 
virulence reveal distinct morphogenic profiles of yeast-like cells 
and hyphae of the fungus Metarhizium rileyi. Fungal Genet Biol 
164:103766. https://​doi.​org/​10.​1016/j.​fgb.​2022.​103766

Jackson MA (1997) Optimizing nutritional conditions for the liquid 
culture production of effective fungal biological control agents. 

J Ind Microbiol Biotech 19:180–187. https://​doi.​org/​10.​1038/​sj.​
jim.​29004​26

Jackson MA, Jaronski ST (2009) Production of microsclerotia of 
the fungal entomopathogen Metarhizium anisopliae and their 
potential for use as a biocontrol agent for soil-inhabiting insects. 
Mycol Res 113:842–850. https://​doi.​org/​10.​1016/j.​mycres.​2009.​
03.​004

Jackson MA, Mascarin GM (2016) Stable fungal blastospores and 
methods for their production, stabilization and use. United States 
patent: US2015049673.

Jackson MA, Payne AR (2016) Liquid culture production of fungal 
microsclerotia. Methods Mol Biol 477:71–83. https://​doi.​org/​10.​
1007/​978-1-​4939-​6367-6_7

Jackson MA, Schisler DA (1994) Liquid Culture production of micro-
sclerotia of Colletotrichum truncatum for use as bioherbicidal 
propagules. Mycol Res 99:879–884. https://​doi.​org/​10.​1016/​
S0953-​7562(09)​80745-4

Jackson MA, Shasha B, Schisler DA (1996) Formulation of Colle-
totrichum truncatum microsclerotia for improved biocontrol 
of the weed hemp sesbania (Sesbania exaltata). Biol Control 
7:107–113. https://​doi.​org/​10.​1006/​bcon.​1996.​0072

Jackson MA, Dunlap CA, Jaronski ST (2009) Ecological considera-
tions in producing and formulating fungal entomopathogens 
for use in insect biocontrol. In: Roy HE, Vega FE, Chandler D, 
Goettel MS, Pell J, Wajnberg E (eds) The Ecology of Fungal 
Entomopathogens. Springer, Dordrecht. https://​doi.​org/​10.​1007/​
978-​90-​481-​3966-8_​10

James RR (2001) Effects of exogenous nutrients on conidial germina-
tion and virulence against the silverleaf whitefly for two hypho-
mycetes. J Invertebr Pathol 77:99–107. https://​doi.​org/​10.​1006/​
jipa.​2000.​5001

Jaronski ST (2023) Mass production of entomopathogenic fungi - state 
of the art. In: Morales-Ramos AJ, Rojas MG, Shapiro-Ilan DI 
(eds) Mass Production of Beneficial Organisms, 2nd edn. Aca-
demic Press, London, pp 317–357. https://​doi.​org/​10.​1016/​B978-
0-​12-​822106-​8.​00017-8

Jaronski ST, Jackson MA (2008) Efficacy of Metarhizium anisopliae 
microsclerotial granules. Biocontrol Sci Technol 18:849–863. 
https://​doi.​org/​10.​1080/​09583​15080​23811​44

Jaronski ST, Jackson MA (2012) Mass production of entomopatho-
genic Hypocreales. In: Lacey LA (ed) Manual of techniques in 
invertebrate pathology, 2nd edn. Academic Press, London, pp 
255–284. https://​doi.​org/​10.​1016/​B978-0-​12-​386899-​2.​00008-7

Javar S, Farrokhi S, Naeimi S, Jooshani MK (2023) Comparison of sur-
vival and pathogenicity of Beauveria bassiana A1–1 spores pro-
duced in solid and liquid state fermentation on whitefly nymph, 
Trialeurodes vaporariorum. J Plant Protection Res 63:308–317. 
https://​doi.​org/​10.​24425/​jppr.​2023.​144485

Jin X, Grigas KE, Johnson CA, Perry P, Miller DW (1999) Method for 
storing fungal conidia, United States Patent: 5989898

Kaiser D, Handschin S, Rohr RP, Bacher S, Grabenweger G (2020) 
Co-formulation of Beauveria bassiana with natural substances 
to control pollen beetles – synergy between fungal spores and 
colza oil. Biol Control 40:104106. https://​doi.​org/​10.​1016/j.​bioco​
ntrol.​2019.​104106

Kobori NN, Mascarin GM, Jackson MA, Schisler DA (2015) Liquid 
culture production of microsclerotia and submerged conidia 
by Trichoderma harzianum active against damping-off disease 
caused by Rhizoctonia solani. Fungal Biol 119:179–190. https://​
doi.​org/​10.​1016/j.​funbio.​2014.​12.​005

Kogan PH, Hajek AE (2000) In vitro formation of resting spores by the 
insect pathogenic fungus Entomophaga maimaiga. J Invertebr 
Pathol 3:193–201. https://​doi.​org/​10.​1006/​jipa.​1999.​4924

Krell V, Jakobs-Schoenwandt D, Vidal S, Patel AV (2018) Cellulase 
enhances endophytism of encapsulated Metarhizium brunneum 

https://doi.org/10.1016/j.biocontrol.2016.01.003
https://doi.org/10.1016/j.biocontrol.2016.01.003
https://doi.org/10.3390/jof9070759
https://doi.org/10.3390/jof9070759
https://doi.org/10.3390/microorganisms11061594
https://doi.org/10.3390/microorganisms11061594
https://doi.org/10.1017/S0953756297004279
https://doi.org/10.1017/S0953756297004279
https://doi.org/10.1590/s1984-29612014042
https://doi.org/10.1590/s1984-29612014042
https://doi.org/10.1099/mic.0.2007/008524-0
https://doi.org/10.1099/mic.0.2007/008524-0
https://doi.org/10.1016/0022-2011(86)90130-8
https://doi.org/10.1016/0022-2011(86)90130-8
https://doi.org/10.1111/jam.14503
https://doi.org/10.1111/jam.14503
https://doi.org/10.1073/pnas.1412662111
https://doi.org/10.1073/pnas.1412662111
https://doi.org/10.1111/1758-2229.12742
https://doi.org/10.1534/g3.120.401040
https://doi.org/10.1534/g3.120.401040
https://doi.org/10.1007/s00253-021-11576-5
https://doi.org/10.1016/j.biocontrol.2023.105314
https://doi.org/10.1016/j.biocontrol.2023.105314
https://doi.org/10.1016/j.fgb.2022.103766
https://doi.org/10.1038/sj.jim.2900426
https://doi.org/10.1038/sj.jim.2900426
https://doi.org/10.1016/j.mycres.2009.03.004
https://doi.org/10.1016/j.mycres.2009.03.004
https://doi.org/10.1007/978-1-4939-6367-6_7
https://doi.org/10.1007/978-1-4939-6367-6_7
https://doi.org/10.1016/S0953-7562(09)80745-4
https://doi.org/10.1016/S0953-7562(09)80745-4
https://doi.org/10.1006/bcon.1996.0072
https://doi.org/10.1007/978-90-481-3966-8_10
https://doi.org/10.1007/978-90-481-3966-8_10
https://doi.org/10.1006/jipa.2000.5001
https://doi.org/10.1006/jipa.2000.5001
https://doi.org/10.1016/B978-0-12-822106-8.00017-8
https://doi.org/10.1016/B978-0-12-822106-8.00017-8
https://doi.org/10.1080/09583150802381144
https://doi.org/10.1016/B978-0-12-386899-2.00008-7
https://doi.org/10.24425/jppr.2023.144485
https://doi.org/10.1016/j.biocontrol.2019.104106
https://doi.org/10.1016/j.biocontrol.2019.104106
https://doi.org/10.1016/j.funbio.2014.12.005
https://doi.org/10.1016/j.funbio.2014.12.005
https://doi.org/10.1006/jipa.1999.4924


Applied Microbiology and Biotechnology         (2024) 108:451 	 Page 19 of 20    451 

in potato plants. Fungal Biol 122:373–378. https://​doi.​org/​10.​
1016/j.​funbio.​2018.​03.​002

Krueger SR, Villani MG, Martins AS, Roberts DW (1992) Efficacy of 
soil applications of Metarhizium anisopliae (Metsch.) Sorokin 
conidia, and standard and lyophilized mycelial particles against 
scarab grubs. J Invertebr Pathol 59:54–60. https://​doi.​org/​10.​
1016/​0022-​2011(92)​90111-G

Latgé JP, Soper RS, Madore CD (1977) Media suitable for industrial 
production of Entomophthora virulenta zygospores. Biotechnol 
Bioeng 19:1269–1284

Leite LG, Alves SB, Batista Filho A, Roberts DW (2003) Effect of salts, 
vitamins, sugars and nitrogen sources on the growth of three gen-
era of Entomophthorales: Batkoa, Furia, and Neozygites. Mycol 
Res 107:872–878. https://​doi.​org/​10.​1017/​S0953​75620​30079​74

Leite LG, Alves SB, Batista Filho A, Roberts DW (2005) Simple, inex-
pensive media for mass production of three entomophthoralean 
fungi. Mycol Res 109:326–334. https://​doi.​org/​10.​1017/​s0953​
75620​50024​06

Leland J, Behle RW (2005) Coating Beauveria bassiana with lignin 
for protection from solar radiation and effects on pathogenicity 
to Lygus lineolaris (Heteroptera: Miridae). Biocontrol Science 
Technol 15:309–320. https://​doi.​org/​10.​1080/​09583​15040​00169​36

Leland JE, Mullins DE, Vaughan LJ, Warren HL (2005) Effects 
of media composition on submerged culture spores of the 
entomopathogenic fungus, Metarhizium anisopliae var. acri-
dum Part 2: effects of media osmolality on cell wall character-
istics, carbohydrate concentrations, drying stability, and patho-
genicity. Biocontrol Sci Technol 15:393–409. https://​doi.​org/​
10.​1080/​09583​15040​00169​10

Li Z, Alves SB, Roberts DW, Fan M, Delalibera Í Jr, Tang J, Lopes 
RB, Faria M, Rangel DEN (2010) Biological control of insects 
in Brazil and China: history, current programs and reasons for 
their successes using entomopathogenic fungi. Biocontrol Sci 
Technol 20:117–136

Li Y, Chen S, Diao H, Zhou W, Ma R (2022) Effect of nitrogen 
source on mycelial growth, blastospore production and ther-
motolerance of Cordyceps fumosorosea (Hypocreales: Cordy-
cipitaceae). Biocontrol 170:104935. https://​doi.​org/​10.​1016/j.​
bioco​ntrol.​2022.​104935

Li Y, Gao M, Chen S, Diao H, Zhou W, Ma R (2024) Production 
of heat-resistant blastospores by Cordyceps javanica IF-1106 
through optimizing metal ions composition. Biol Control 
193:05518. https://​doi.​org/​10.​1016/j.​bioco​ntrol.​2024.​105518

Lima VH, Matugawa AT, Mascarin GM, Fernandes ÉKK (2024) 
Complex nitrogen sources from agro-industrial byproducts: 
impact on production, multi-stress tolerance, virulence, and 
quality of Beauveria bassiana blastospores. Microbiol Spectr 
12:e0404023. https://​doi.​org/​10.​1128/​spect​rum.​04040-​23

Lopes RB, Souza TAD, Mascarin GM, Souza DA, Bettiol W, Souza 
HR, Faria M (2023a) Akanthomyces diversity in Brazil and 
their pathogenicity to plant-sucking insects. J Invertebr Pathol 
200:107955. https://​doi.​org/​10.​1016/j.​jip.​2023.​107955

Lopes RB, Souza DA, Inglis PW, Faria M (2023b) Diversity of anamo-
rphic Cordyceps (formerly Isaria) isolated from Brazilian agri-
cultural sites. J Invertebr Pathol 200:107956. https://​doi.​org/​10.​
1016/j.​jip.​2023.​107956

López M, Hernández M, Martínez J (2023) Production of blastospores 
of Hirsutella citriformis and their efficacy against Diaphorina 
citri in Mexico. J Appl Entomol 147(6):553–562. https://​doi.​org/​
10.​1111/​jen.​13127

Marciano AF, Mascarin GM, Franco RFF, Golo PS, Jaronski ST, 
Fernandes ÉKK, Bittencourt VREP (2021) Innovative granular 
formulation of Metarhizium robertsii microsclerotia and blasto-
spores for cattle tick control. Sci Rep 11:4972. https://​doi.​org/​
10.​1038/​s41598-​021-​84142-8

Mascarin GM, Jackson MA (2016) Stable fungal blastospores and 
methods for their production, stabilization and use. United States 
Patent: WO2016044091A1

Mascarin GM, Kobori NN, Vital RCJ, Jackson MA, Quintela ED 
(2013) Production of microsclerotia by Brazilian strains of 
Metarhizium spp. using submerged liquid culture fermentation. 
World J Microbiol Biotechnol 30:1583–1590. https://​doi.​org/​10.​
1007/​s11274-​013-​1581-0

Mascarin GM, Kobori NN, Vital RCJ, Jackson MA, Quintela ED 
(2014) Production of microsclerotia by Brazilian strains of 
Metarhizium spp. using submerged liquid culture fermentation. 
World J Microbiol Biotechnol 30:1583–1590. https://​doi.​org/​10.​
1007/​s11274-​013-​1581-0

Mascarin GM, Jackson MA, Kobori NN, Behle RW, Delalibera Í Jr 
(2015a) Liquid culture fermentation for rapid production of des-
iccation tolerant blastospores of Beauveria bassiana and Isaria 
fumosorosea strains. J Invertebr Pathol 127:11–20. https://​doi.​
org/​10.​1016/j.​jip.​2014.​12.​001

Mascarin GM, Jackson MA, Kobori NN, Behle RW, Dunlap CA, Dela-
libera Í Jr (2015b) Glucose concentration alters dissolved oxygen 
levels in liquid cultures of Beauveria bassiana and affects forma-
tion and bioefficacy of blastospores. Appl Microbiol Biotechnol 
99:6653–6665. https://​doi.​org/​10.​1007/​s00253-​015-​6620-3

Mascarin GM, Jackson MA, Behle RW, Kobori NN, Delalibera Í Jr 
(2016) Improved shelf life of dried Beauveria bassiana blasto-
spores using convective drying and active packaging processes. 
Appl Microbiol Biotechnol 19:8359–8370. https://​doi.​org/​10.​
1007/​s00253-​016-​7597-2

Mascarin GM, Kobori NN, Jackson MA, Dunlap CA, Delalibera Í Jr 
(2018) Nitrogen sources affect productivity, desiccation toler-
ance and storage stability of Beauveria bassiana blastospores. J 
Appl Microbiol 124:810–820. https://​doi.​org/​10.​1111/​jam.​13694

Mascarin GM, Lopes RB, Delalibera Í Jr, Fernandes ÉKK, Luz C, Faria M 
(2019) Current status and perspectives of fungal entomopathogens 
used for microbial control of arthropod pests in Brazil. J Invertebr 
Pathol 165:46–53. https://​doi.​org/​10.​1016/j.​jip.​2018.​01.​001

Mascarin GM, Iwanicki NS, Ramirez JL, Delalibera Í Jr, Dunlap CA (2021) 
Transcriptional responses of Beauveria bassiana blastospores cultured 
under varying glucose concentrations. Front Cell Infect Microbiol 
11:644372. https://​doi.​org/​10.​3389/​fcimb.​2021.​644372

Mascarin GM, da Silva AVR, da Silva TP, Kobori NN, Morandi MAB, 
Bettiol W (2022) Clonostachys rosea: production by submerged 
culture and bioactivity against Sclerotinia sclerotiorum and 
Bemisia tabaci. Front Microbiol 13:851000. https://​doi.​org/​10.​
3389/​fmicb.​2022.​851000

Mascarin GM, Kobori NN, Coleman JJ, Jackson MA (2023) Impact 
of osmotic stress on production, morphology, and fitness of 
Beauveria bassiana blastospores. Appl Microbiol Biotechnol 
107:4815–4831. https://​doi.​org/​10.​1007/​s00253-​023-​12631-z

McCabe D, Soper RS (1985) Preparation of an entomopathogenic fun-
gal insect control agent. United States Patent 4(530):834

McCoy CW, Hill AJ, Kanavel RF (1975) Large-scale production of 
the fungal pathogen Hirsutella thompsonii in submerged culture 
and its formulation for application in the field. Entomophaga 
20:229–240

Ment D, Gindin G, Glazer I, Perl S, Elad D, Samish M (2010) The 
effect of temperature and relative humidity on the formation of 
Metarhizium anisopliae chlamydospores in tick eggs. Fungal 
Biol 114:49–56. https://​doi.​org/​10.​1016/j.​mycres.​2009.​10.​005

Muskat LC, Przyklenk M, Humbert P, Eilenberg J, Patel AV (2022) Fer-
mentation of the psyllid-pathogenic fungus Pandora sp. nov. inedit. 
(Entomophthorales: Entomophthoraceae). Biocontrol Sci Technol 
32:564–585. https://​doi.​org/​10.​1080/​09583​157.​2022.​20356​80

Paixão FRS, Huarte-Bonnet C, Ribeiro-Silva CDS, Mascarin GM, Fer-
nandes ÉKK, Pedrini N (2021) Tolerance to abiotic factors of 
microsclerotia and mycelial pellets from Metarhizium robertsii, 

https://doi.org/10.1016/j.funbio.2018.03.002
https://doi.org/10.1016/j.funbio.2018.03.002
https://doi.org/10.1016/0022-2011(92)90111-G
https://doi.org/10.1016/0022-2011(92)90111-G
https://doi.org/10.1017/S0953756203007974
https://doi.org/10.1017/s0953756205002406
https://doi.org/10.1017/s0953756205002406
https://doi.org/10.1080/09583150400016936
https://doi.org/10.1080/09583150400016910
https://doi.org/10.1080/09583150400016910
https://doi.org/10.1016/j.biocontrol.2022.104935
https://doi.org/10.1016/j.biocontrol.2022.104935
https://doi.org/10.1016/j.biocontrol.2024.105518
https://doi.org/10.1128/spectrum.04040-23
https://doi.org/10.1016/j.jip.2023.107955
https://doi.org/10.1016/j.jip.2023.107956
https://doi.org/10.1016/j.jip.2023.107956
https://doi.org/10.1111/jen.13127
https://doi.org/10.1111/jen.13127
https://doi.org/10.1038/s41598-021-84142-8
https://doi.org/10.1038/s41598-021-84142-8
https://doi.org/10.1007/s11274-013-1581-0
https://doi.org/10.1007/s11274-013-1581-0
https://doi.org/10.1007/s11274-013-1581-0
https://doi.org/10.1007/s11274-013-1581-0
https://doi.org/10.1016/j.jip.2014.12.001
https://doi.org/10.1016/j.jip.2014.12.001
https://doi.org/10.1007/s00253-015-6620-3
https://doi.org/10.1007/s00253-016-7597-2
https://doi.org/10.1007/s00253-016-7597-2
https://doi.org/10.1111/jam.13694
https://doi.org/10.1016/j.jip.2018.01.001
https://doi.org/10.3389/fcimb.2021.644372
https://doi.org/10.3389/fmicb.2022.851000
https://doi.org/10.3389/fmicb.2022.851000
https://doi.org/10.1007/s00253-023-12631-z
https://doi.org/10.1016/j.mycres.2009.10.005
https://doi.org/10.1080/09583157.2022.2035680


	 Applied Microbiology and Biotechnology         (2024) 108:451   451   Page 20 of 20

and molecular and ultrastructural changes during microsclerotial 
differentiation. Front Fungal Biol 2:654–737. https://​doi.​org/​10.​
3389/​ffunb.​2021.​65473

Paixão FRS, Falvo ML, Huarte-Bonnet C, Santana M, García JJ, Fer-
nandes ÉKK, Pedrini N (2024) Pathogenicity of microsclerotia 
from Metarhizium robertsii against Aedes aegypti larvae and 
antimicrobial peptides expression by mosquitoes during fun-
gal-host interaction. Acta Trop 249:107061. https://​doi.​org/​10.​
1016/j.​actat​ropica.​2023.​107061

Pell JK, Barker ADP, Clark SJ, Wilding N, Alderson PG (1998) Use of 
a novel sporulation monitor to quantify the effects of formulation 
and storage on conidiation by dried mycelia of the entomopath-
ogenic fungus Zoophthora radicans. Biocontrol Sci Technol 
8:13–21. https://​doi.​org/​10.​1080/​09583​15983​0397

Perveen N, Muhammad K, Muzaffar SB, Zaheer T, Munawar N, Gajic 
B, Sparagano OA, Kishore U, Willingham AL (2023) Host-
pathogen interaction in arthropod vectors: lessons from viral 
infections. Front Immunol 14:1061899. https://​doi.​org/​10.​3389/​
fimmu.​2023.​10618​99

Poveda J (2021) Trichoderma as biocontrol agent against pests: new 
uses for a mycoparasite. Bio Control 159:1049–9644. https://​doi.​
org/​10.​1016/j.​bioco​ntrol.​2021.​104634

Rivas-Franco F, Hampton JG, Altier NA, Swaminathan J, Rostás M, 
Wessman P, Saville DJ, Jackson TA, Jackson MA, Glare TR 
(2020) Production of microsclerotia from entomopathogenic 
fungi and use in maize seed coating as delivery for biocon-
trol against Fusarium graminearum. Front Sustain Food Syst 
4:606828. https://​doi.​org/​10.​3389/​fsufs.​2020.​60682

Rodrigues J, Catão AML, Santos AS, Paixão FRS, Santos TR, 
Martinez JM, Marreto RN, Mascarin GM, Fernandes ÉKK, 
Luz C (2021) Relative humidity impacts development and 
activity against Aedes aegypti adults by granular formula-
tions of Metarhizium humberi microsclerotia. Appl Micro-
biol Biotechnol 105:2725–2736. https://​doi.​org/​10.​1007/​
s00253-​021-​11157-6

Rombach MC, Aguda RM, Shepard BM, Roberts DW (1986) 
Entomopathogenic fungi (Deuteromycotina) in the control of 
the black bug of rice, Scotinophara coarctata (Hemiptera; Pen-
tatomidae). J Invertebr Pathol 48:174–179. https://​doi.​org/​10.​
1016/​0022-​2011(86)​90120-5

Samsinakova A (1966) Growth and sporulation of submerged cul-
tures of the fungus Beauveria bassiana in various media. J 
Invertebr Pathol 8:95–400. https://​doi.​org/​10.​1016/​0022-​
2011(66)​90056-5

Santivarangkna C, Higl B, Foerst P (2008) Protection mechanisms 
of sugars during different stages of preparation process of 
dried lactic acid starter cultures. Food Microbiol. 25:429–441. 
https://​doi.​org/​10.​1016/j.​fm.​2007.​12.​004

Santos ACS, Diniz AG, Tiago PV, Oliveira NT (2020) Entomopatho-
genic Fusarium species: a review of their potential for the bio-
logical control of insects, implications and prospects. Fungal 
Biol Rev 34:41–57. https://​doi.​org/​10.​1016/j.​fbr.​2019.​12.​002

Santos TR, Paixão FRS, Catão AML, Muniz ER, Ribeiro-Silva CS, 
Taveira SF, Luz C, Mascarin GM, Fernandes ÉKK, Marreto 
RN (2021) Inorganic pellets containing microsclerotia of 
Metarhizium anisopliae: a new technological platform for the 
biological control of the cattle tick Rhipicephalus microplus. 
Appl Microbiol Biotechnol 105:5001–5012. https://​doi.​org/​10.​
1007/​s00253-​021-​11372-1

Savary S, Willocquet L, Pethybridge SJ, Esker P, McRoberts N, Nel-
son A (2019) The global burden of pathogens and pests on 
major food crops. Nat Ecol Evol 3:430–439. https://​doi.​org/​
10.​1038/​s41559-​018-​0793-y

Senthilkumar M, Nizam M, Narayanasamy P (2011) Development 
of a semi-synthetic medium for production of azygospores of 

Zoophthora radicans (Brefeld) Batko, a pathogen of rice leaf 
folder. J Biopest 4:43–47. https://​doi.​org/​10.​57182/​jbiop​estic.4.​
1.​43-​47

Shah PA, Aebi M, Tuor U (1998) Method to immobilize the aphid-
pathogenic fungus Erynia neoaphidis in an alginate matrix for 
biocontrol. Appl Environ Microbiol 64:4260–4263. https://​doi.​
org/​10.​1128/​AEM.​64.​11.​4260-​4263.​1998

Shearer JF, Jackson MA (2006) Liquid culturing of microsclerotia of 
Mycoleptodiscus terrestris, a potential biological control agent 
for the management of hydrilla. Biol Control 38:298–306. 
https://​doi.​org/​10.​1016/j.​bioco​ntrol.​2006.​04.​012

Song Z (2018) Fungal microsclerotia development: essential prereq-
uisites, influencing factors, and molecular mechanism. Appl 
Microbiol Biotechnol 102:9873–9880. https://​doi.​org/​10.​1007/​
s00253-​018-​9400-z 

Song Z, Yin Y, Jiang S, Liu J, Chen H, Wang Z (2013) Comparative 
transcriptome analysis of microsclerotia development in Nomu-
raea rileyi. BMC Genomics 14:1–9

Song Z, Yin Y, Jiang S, Liu J, Wang Z (2014) Optimization of culture 
medium for microsclerotia production by Nomuraea rileyi and 
analysis of their viability for use as a mycoinsecticide. Biocontrol 
59:597–605. https://​doi.​org/​10.​1007/​s10526-​014-​9589-4

Sui L, Lu Y, Zhu H, Wan T, Li Q, Zhang Z (2022) Endophytic blasto-
spores of Beauveria bassiana provide high resistance against 
plant disease caused by Botrytis cinerea. Fungal Biol 126:528–
533. https://​doi.​org/​10.​1016/j.​funbio.​2022.​05.​007

Villamizar LF, Nelson TL, Jones SA, Jackson TA, Hurst MRH, Mar-
shall SDG (2018) Formation of microsclerotia in three species of 
Beauveria and storage stability of a prototype granular formula-
tion. Biocontrol Sci Technol 28:1097–1113. https://​doi.​org/​10.​
1080/​09583​157.​2018.​15145​84

Wang C, St. Leger RJ (2006) A collagenous protective coat enables 
Metarhizium anisopliae to evade insect immune responses. Proc 
Natl Acad Sci USA 103:6647–6652. https://​doi.​org/​10.​1073/​
pnas.​06019​51103

Watkinson SC, Boddy L, Money NP (2015) The Fungi. Academic 
Press, London

Wraight SP, Galaini-Wraight S, Carruthers RI, Roberts DW (2003) 
Zoophthora radicans (Zygomycetes: Entomophthorales) conidia 
production from naturally infected Empoasca kraemeri and dry-
formulated mycelium under laboratory and field conditions. 
Biol Control 28:60–77. https://​doi.​org/​10.​1016/​S1049-​9644(03)​
00035-5

Wu S, Toews MD, Behle RW, Barman AK, Sparks AN, Simmons AM, 
Shapiro-Ilan DI (2023) Post-application field persistence and 
efficacy of Cordyceps javanica against Bemisia tabaci. J Fungi 
9:827. https://​doi.​org/​10.​3390/​jof90​80827

Yousef-Yousef M, Romero-Conde A, Quesada-Moraga E, Garrido-
Jurado I (2022) Production of microsclerotia by Metarhizium 
sp., and factors affecting their survival, germination, and conidial 
yield. J Fungi 4:402. https://​doi.​org/​10.​3390/​jof80​40402

Zhang AX, Mouhoumed AZ, Tong SM, Ying SH, Feng MG (2019) 
BrlA and AbaA Govern virulence-required dimorphic switch, 
conidiation, and pathogenicity in a fungal insect pathogen. Msys-
tems 4:140–19. https://​doi.​org/​10.​1128/​mSyst​ems.​00140-​19

Zhao X, Chai J, Wang F, Jia Y (2023) Optimization of submerged cul-
ture parameters of the aphid pathogenic fungus Fusarium equi-
seti based on sporulation and mycelial biomass. Microorganisms 
11:190. https://​doi.​org/​10.​3390/​micro​organ​isms1​10101​90

Zhu Y, Pan J, Qiu J, Guan X (2008) Optimization of nutritional require-
ments for mycelial growth and sporulation of entomogenous fun-
gus Aschersonia aleyrodis Webber. Braz J Microbiol 39:770–
775. https://​doi.​org/​10.​1590/​S1517-​83822​00800​04000​032

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.3389/ffunb.2021.65473
https://doi.org/10.3389/ffunb.2021.65473
https://doi.org/10.1016/j.actatropica.2023.107061
https://doi.org/10.1016/j.actatropica.2023.107061
https://doi.org/10.1080/09583159830397
https://doi.org/10.3389/fimmu.2023.1061899
https://doi.org/10.3389/fimmu.2023.1061899
https://doi.org/10.1016/j.biocontrol.2021.104634
https://doi.org/10.1016/j.biocontrol.2021.104634
https://doi.org/10.3389/fsufs.2020.60682
https://doi.org/10.1007/s00253-021-11157-6
https://doi.org/10.1007/s00253-021-11157-6
https://doi.org/10.1016/0022-2011(86)90120-5
https://doi.org/10.1016/0022-2011(86)90120-5
https://doi.org/10.1016/0022-2011(66)90056-5
https://doi.org/10.1016/0022-2011(66)90056-5
https://doi.org/10.1016/j.fm.2007.12.004
https://doi.org/10.1016/j.fbr.2019.12.002
https://doi.org/10.1007/s00253-021-11372-1
https://doi.org/10.1007/s00253-021-11372-1
https://doi.org/10.1038/s41559-018-0793-y
https://doi.org/10.1038/s41559-018-0793-y
https://doi.org/10.57182/jbiopestic.4.1.43-47
https://doi.org/10.57182/jbiopestic.4.1.43-47
https://doi.org/10.1128/AEM.64.11.4260-4263.1998
https://doi.org/10.1128/AEM.64.11.4260-4263.1998
https://doi.org/10.1016/j.biocontrol.2006.04.012
https://doi.org/10.1007/s00253-018-9400-z
https://doi.org/10.1007/s00253-018-9400-z
https://doi.org/10.1007/s10526-014-9589-4
https://doi.org/10.1016/j.funbio.2022.05.007
https://doi.org/10.1080/09583157.2018.1514584
https://doi.org/10.1080/09583157.2018.1514584
https://doi.org/10.1073/pnas.0601951103
https://doi.org/10.1073/pnas.0601951103
https://doi.org/10.1016/S1049-9644(03)00035-5
https://doi.org/10.1016/S1049-9644(03)00035-5
https://doi.org/10.3390/jof9080827
https://doi.org/10.3390/jof8040402
https://doi.org/10.1128/mSystems.00140-19
https://doi.org/10.3390/microorganisms11010190
https://doi.org/10.1590/S1517-838220080004000032

	Advances in submerged liquid fermentation and formulation of entomopathogenic fungi
	Abstract 
	Key points
	Introduction
	Submerged liquid fermentation and formulation
	Blastospores
	Microsclerotia
	Submerged conidia
	Mycelium
	Zygospores and oospores
	Chlamydospores
	Obstacles and perspectives
	Acknowledgements 
	References


