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Abstract
The implementation of entomopathogenic fungal conidia represents an alternative with advantages 
compared to chemical insecticides. Their production can be carried out on inexpensive substrates. 
The culture conditions, including substrates, temperature, moisture, and aeration rate for the 
production of Mr Xoch8.1 conidia in solid culture were examined; the research was conducted in 
Ecatepec de Morelos, State of Mexico, in 2022. An analysis of the quality of the conidia was carried 
out at the laboratory level, considering germination, viability, and infectivity. A conidiation profile 
was made during 11 days of culture of the Mr Xoch8.1 strain in solid fermentation. The highest 
production of conidia was observed at eight days. Production was evaluated on different substrates, 
with the production with white rice standing out. The incubation temperature at 28 °C was the most 
appropriate. The absence of forced aeration generated the highest production. The initial moisture 
of 60% led to a high production of conidia. The germination and viability of the conidia were 93%
and 57%, respectively. In terms of infectivity, a mortality of 60% was achieved in mealworm. The 
production of Mr Xoch8.1 conidia in solid fermentation is a sustainable alternative through the use 
of inexpensive substrates and controlled conditions, such as a temperature of 28 °C, moisture of 
60%, and absence of forced aeration. These conditions allow a high production of conidia with good 
germination, viability, and infectivity, demonstrating their potential as a biological control agent.
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Introducon
The sustained increase in food demand, driven by population growth, has motivated the exploration 
of new strategies to optimize agricultural production. A key measure in this context is the reduction 
of crop losses, which are attributable to the action of phytopathogenic organisms, such as insects, 
nematodes, and fungi harmful to plants. Among the most widely adopted strategies, the use of 
agrochemicals has proven to be fundamental in mitigating the economic impact of these pests as 
it plays a decisive role in preserving and increasing agricultural yields.

Despite the benefits of certain agrochemicals, their toxicity, environmental persistence, and 
incorrect application has led to the need to reconsider pest control strategies (Guédez et al., 2008). 
In addition, pesticides are also potentially toxic to humans, and can cause cancer, damage to the 
brain, and changes in the fetus. The excessive use of pesticides in the country’s agricultural areas 
is related to negative effects on terrestrial and coastal ecosystems (García-Hernández et al., 2018).

To reduce the above effects, biological control agents are formulated, which consist of living 
organisms whose purpose is to reduce the population of pest insects and pathogens that negatively 
impact crops. The use of entomopathogenic fungi, bacteria, viruses, and nematodes as biological 
control agents offers a promising alternative. These organisms can regulate insect, pests and 
pathogen populations effectively without the risks associated with conventional agrochemicals.

In addition, their ability to control pests in a specific manner reduces the negative impact on 
other non-target organisms and the environment in general (Sharma et al., 2023). Companies 
and research organizations are particularly interested in fungi due to their ability to play a role 
in controlling pests and diseases in crops, without causing damage to the environment or health 
(Nava-Pérez et al., 2012).

The optimization of culture conditions for the mass production of infective cells of organisms used 
in biological control is essential for their commercial viability. Understanding the factors that affect 
the growth and reproduction of these organisms, such as entomopathogenic fungi, is critical to 
maximizing the efficacy of bioinsecticide products (Jackson et al., 2010). Identifying and adjusting 
optimal growing conditions is crucial. This includes factors such as temperature, moisture, pH of 
culture medium, and nutrient composition. Variability in these conditions can significantly affect the 
rate of growth and reproduction (Xing et al., 2023).

The availability of nutrients, such as carbohydrates and proteins, is essential for microbial growth. 
Understanding how the organism uses and harnesses these nutrient sources can help design 
more efficient culture media (Jaronski, 2023). Assessing the growth rate of the organism at 
different temperatures and on various substrates provides valuable information about its versatility 
and adaptability. This allows us to select strains that perform well in a variety of conditions. 
Understanding the organism’s metabolism is crucial.

The rate at which an organism reproduces and multiplies is a key factor (Parveen and Jeyarani, 
2023). Fungi with faster growth rates may have competitive advantages in large-scale production 
and field application (Quesada-Moraga et al., 2023). This research aimed to evaluate the culture 
conditions (substrates, temperature, moisture, and aeration rate) in the production of Metarhizium 
robertsii conidia in solid cultures, as well as to analyze the quality of infective cells (germination, 
viability, and infectivity) at the laboratory level.

Materials and methods

Microorganisms, propagaon, and conservaon
The study was conducted with the Mr Xoch8.1 strain (Metarhizium robertsii) obtained from the 
fungal collection of the Laboratory of Enzymology and Molecular Biology of Filamentous Fungi of the 
Metropolitan Autonomous University (Iztapalapa, Mexico). The strain was propagated by streaking 
in oat agar medium (Tlecuitl-Beristain et al., 2010), the composition of which was as follows (g 
L-1): 33.33 oats (one), 10 meat peptone (Bioxon, Mexico), and 15 bacteriological agar (Bioxon, 
Mexico); 100 x 15 mm Petri dishes were used with 20 ml of culture medium in each dish, and 
sterilization conditions were 121 °C and 15 psi for 20 min.
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The strain was incubated at 28 °C for 10 days; subsequently, it was preserved and the technique 
consisted of cutting fragments of sporulated agar of approximately 1 x 1 cm2, which were placed in 
15 ml tubes containing 5 ml of previously sterilized deionized water; finally, the tubes were stored 
at 4 °C (López-Lastra et al., 2022).

Conidiaon profile
Glass column reactors with an internal diameter of 2 cm and a height of 20 cm were used as 
experimental units, and 10 g of initial dry substrate was used in each reactor. The substrate used 
was precooked rice with a moisture content of 1.96% before sterilization (Méndez-González et al., 
2018), it was sterilized at 121 °C, 15 psi for 20 min; subsequently, the substrate was inoculated 
with a suspension of conidia at a concentration of 1 x 107 conidia ml-1, the initial moisture was 
adjusted to 40% by adding sterile distilled water, and all experimental units were incubated in a 
water bath at 28 °C for 11 days (Angel-Cuapio et al., 2015).

Conidia were counted every 24 h from a column, which was considered as an independent 
experimental unit. The analyses were carried out in triplicate on different dates; the conidia were 
extracted using all the solid matter contained (10 g) in each column and were harvested by adding 
60 ml of a Tween 80 solution (0.05%) (Amresco, Ohio, USA), and it was stirred for 10 min with a 
magnetic stirrer at 350 rpm.

After stirring the sample, it was filtered with a sterile gauze of 10 x 10 cm to separate the 
rice particles (Angel-Cuapio and Loera, 2016); from day 3 to day 11, the conidia were 
counted in a Neubauer chamber (Marienfield, Germany) under a microscope (Velab VE-
M5LCD) and a 40X objective. Conidia production was reported as conidia per gram of initial 
dry substrate (conidia gids-1).

Effect of substrate, temperature, moisture, and aeraon rate on conidia
producon
Column reactors with rice were prepared to evaluate the effect of substrate, moisture, temperature, 
and aeration rate on conidia production; the conditions of sterilization, inoculation, incubation, 
extraction, and conidia counting were performed as previously described; all cultures were 
performed during eight days of culture (day of highest conidia production).

To evaluate the effect of the substrate, the following were used: precooked rice (verde valle), 
Peruvian beans (verde valle), white rice (verde valle), lentils (La Merced), popcorn (La Merced), 
millet (Los arbolitos, Sinaloa, Mexico), and wheat bran (Los arbolitos, Sinaloa, Mexico). Moisture 
contents of 20 to 70% were evaluated to determine the effect of the initial moisture of the 
substrate on the production of conidia.

To evaluate the effects of temperature during culture, incubation temperatures of 24 to 32 °C were 
evaluated. Finally, the effect of the aeration rate on the production of conidia was evaluated; for 
this, humid air flows of 0 to 50 ml air min-1 were assessed (Méndez-González et al., 2022).

Germinaon and viability
The percentage of germination was calculated using conidia obtained at eight days of 
culture. Petri dishes were prepared with Sabouraud dextrose agar medium, SDA (Bioxon, 
Mexico); conidia suspensions were standardized at a concentration of 1×106 conidia ml-1 and 50 
µl of this suspension was inoculated in the Petri dishes and distributed with a glass rod; the 
dishes were incubated at 28 °C for 12 h. The conidia were counted considering the germinated 
and non-germinated ones and the observation was made under a microscope (VELAB VE-
M5LCD) with a 40X objective.
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A germinated conidium was considered to be one that had a germ tube length of 2 times the diameter
of the conidium (Ibrahim et al., 2002). The test was performed in triplicate. To determine the viability
of the conidia, they were harvested at eight days of culture, conidia suspensions (1×104 conidia ml-1)
were standardized, and 30 µl (300 conidia) was added to Petri dishes with SDA medium; they were
then incubated at 28 °C and colony-forming units (CFU) were counted at 48 h of culture (Alcantara-
Vargas et al., 2020). The test was performed in triplicate.

Infecvity tests
For infectivity tests, larvae of Tenebrio molitor (Coleoptera: Tenebrionidae) were used as model
insects; the conidia produced in each column reactor were evaluated as follows: 10 T. molitor larvae
were placed in each dish, eight Petri dishes were used for treatment (five dishes for infected larvae
and three dishes as a negative control), infection was carried out by immersion of the larvae for
10 s in suspensions standardized at a concentration of 1×107 conidia ml-1, which were prepared in
tubes with a capacity of 50 ml.

For negative controls, larvae were immersed for 10 s in a sterile solution of Tween 80 (0.05%).
The infectivity parameters were estimated by using the exponential decay equation (Rodríguez-
Gómez et al., 2009):

Where: Y is the percentage of survival (%) at time t, k is the specific death rate (d-1), t0 is the time
when the first dead larva appeared (d) and Sf is the estimated asymptotic survival (%).

Stascal analysis
A one-way analysis of variance (Anova) was used with Tukey’s test (95% confidence level); the
average values of the experimental data were compared using the IBM SPSS Statistics 21 software
(SPSS, Chicago, IL).

Results and discussion

Conidiaon profile
The production of conidia as a function of time is greater at eight days after culture, with a value
of 1.3 x 109 conidia gids-1, and remains constant (8.91 x 108 conidia gids-1) from days 9 to 11 of
incubation (Figure 1). Therefore, the following experiments were performed at this incubation time.

˃
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Figure 1. Conidiaon profile of Metarhizium robertsii in solid cultures. Different leers differ 
significantly according to Tukey’s test at the 95% confidence level.

Effect of substrate, temperature, moisture and aeraon rate on conidia
producon
Nine solid substrates were evaluated for the production of Metarhizium robertsii conidia (Figure 2); 
the highest production value was reached when using white rice (1.05 x 109 conidia gids-1), the value 
obtained was statistically significant (p< 0.05) compared to the results found in other evaluated 
substrates (millet, sorghum, popcorn, wheat, and lentils). Therefore, the following experiments were 
performed at eight days of incubation using white rice.
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Figure 2. Producon of Metarhizium robertsii conidia on different solid substrates. Different leers 
differ significantly according to Tukey test at the 95% confidence level.

Subsequently, the incubation temperature was analyzed and it was found that the highest
production of conidia was reached at 28 °C, showing a significant difference (p< 0.05) between
the analyzed temperatures, with a production of 1.04 x 109 conidia gids-1; in contrast, no conidia
production was observed at 32 °C (Figure 3). Therefore, the following experiments were performed
at 8 days of incubation using white rice with an incubation temperature of 28 °C.
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Figure 3. Producon of Metarhizium robertsii conidia at different culture temperatures. Different leers 
differ significantly according to Tukey test at the 95% confidence level.

Because M. robertsii is an aerobic microorganism, the incorporation of moist air at different aeration 
rates was evaluated on conidia production (Figure 4). Increasing the rate of aeration decreases 
the production of conidia. The highest production was obtained with 0 ml min-1 (6 x 108 conidia 
gids-1), being statistically different among the other air flows evaluated (p˂ 0.05). Therefore, the 
following experiments were performed at eight days of incubation using white rice with an incubation 
temperature of 28 °C and no airflow.
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Figure 4. Producon of Metarhizium robertsii conidia at different aeraon rates. Different leers differ 
significantly according to Tukey’s test at the 95% confidence level.

Different percentages of initial moisture were evaluated in the culture (Figure 5); it was found that
when the moisture increases, the production of conidia increases; however, there is a moisture
value in which the production of conidia is greater; in that sense, a production of 9.44 x 108 conidia
gids-1 was observed with a moisture of 60%, this result being statistically different (p# 0.05) among
the other treatments.
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Figure 5. Producon of Metarhizium robertsii conidia at different percentages of inial moisture. 
Different leers differ significantly according to Tukey’s test at the 95% confidence level.

Germinaon and viability
Germination, viability (Figure 6) and infectivity were determined in order to measure the quality of
the conidia obtained at eight days of incubation using white rice with an incubation temperature of 28
°C without forced aeration and an initial moisture of 60%. A value of 93% was found for germination,
whereas a value of 57% was found for viability.
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Figure 6. Viability and germinaon of conidia produced by the fungus Metarhizium robertsii

Infecvity tests
Regarding the infectivity parameters, the values obtained were a delay time (t0) of 3.5 d, with a
mortality rate (k) of 0.17 d-1, a lethal time 50 (LT50) of 15 d, and a final survival (S) of 40%.

Different conidia production values have been reported for the entomopathogenic fungus
Metarhizium, such values indicate that the yields achieved depend on the culture conditions (pH,
moisture, temperature, aeration, substrate, type of reactor, etc.) (Castillo-Castillo et al., 2022).

In this sense, one of the most economical substrates used in solid fermentation with a high
percentage of starch (80%) is rice (Latifian et al., 2013). Angel-Cuapio and Loera (2016) report
a production of Metarhizium anisopliae CP-OAX conidia of 5 x 108 conidia gids-1 after six days of
culture using a mixture of precooked rice with wood shavings as substrate.

For their part, García-Cruz et al. (2019) reported a conidia production of 8.9 x 108 conidia g-1 rice with
the Ma-005 strain of M. anisopliae at 14 days of incubation. On the other hand, Méndez-González
et al. (2018) analyzed the production of M. anisopliae conidia in bag bioreactors and obtained a
production of 7 x 108 conidia g-1 rice at 11 days of culture. Likewise, da Cunha et al. (2019) studied
the production of M. anisopliae conidia in tray bioreactors and observed a production of 2.8 x 109

conidia g-1 rice during 10 d of culture.

On the other hand, Prakash et al. (2008) conducted research to optimize the production of M.
anisopliae conidia in polypropylene bags and found a yield of 6.2 x 1010 conidia g-1 rice at 15 days
of incubation. Temperature is the key factor limiting the effective use of Metarhizium; Vishwanath et
al. (2021) reported that Metarhizium anisopliae presents a better conidiation at a temperature of 30
°C at siete days of incubation, which is consistent with what was obtained in the present research;
likewise, it has been found that the genus Metarhizium is considered a mesophilic microorganism
that can grow in a temperature range between 15 and 35 °C; however, optimal growth is between
25 and 30 °C (Zimmermann, 2007).

Regarding the air supply, it was found that high aeration rates negatively affected the conidiation of
M. robertsii, which is consistent with what was reported by Arzumanov et al. (2005) with the strain
IMI330189 of Metarhizium anisopliae, they found the highest production of conidia without airflow
and they mention that forced air is not crucial for conidiation.
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On the other hand, entomopathogenic fungi are aerobic microorganisms that require an air supply 
for growth and conidiation (Muñiz-Paredes and Loera, 2006); Méndez-González et al. (2022) 
mention that the supply of forced convection aeration (0.33 L kg-1 min-1) in column bioreactors 
presented high levels of production and productivity of M. robertsii conidia without affecting the 
quality of the cells obtained and they suggest that aeration between 0.1 and 0.66 L kg-1 min-1 is 
sufficient to effectively remove the CO2 produced by the microorganism since the accumulation of 
CO2 in the gaseous atmosphere of bioreactors affects the conidiation.

The germination and viability of conidia (asexual spores) of entomopathogenic fungi are crucial 
aspects for the success of these organisms as insect biological control agents, being an 
environmentally friendly alternative to chemical pesticides (Shahid et al., 2012). Conidia germination 
is influenced by environmental factors, such as temperature, moisture and light, but each species of 
entomopathogenic fungus may have specific requirements for efficient germination; nevertheless, 
it is essential for understanding and optimizing applications in the field (Benítez et al., 2004).

The present study found a germination of 93% and a viability of 40%, which are values consistent 
with those reported by other authors, as mentioned by Ruiz-Sánchez et al. (2011), who, with the 
M. anisopliae strain, found a germination of 100% at six hours of incubation with a suspension of 1 
x 107 conidia ml-1, considering as germinated conidium those that have the length of the germ tube 
equal to the size of the conidium; on the other hand, Alcantara-Vargas et al. (2020) found a 50%
viability for conidia of the M. anisopliae strain produced in rice.

The germination and viability parameters of entomopathogenic fungi comply with the standards 
established for the formulation of mycoinsecticides (Jenkins and Grzywacz, 2000); these standards 
are specific parameters that indicate the suitability of the strains for the production of biopesticides. 
The conidia of entomopathogenic fungi are usually the infective form for insects, hence the 
importance of producing them in large quantities and evaluating their quality; however, there are 
different factors that influence effectiveness, such as the mechanisms of infection that consider 
cuticular penetration and the production of enzymes and toxins (Jiubari et al., 2023)

Also important is the specificity of the host, which involves how conidia attach, germinate, 
and penetrate the insect, and the mechanisms that the insect may trigger in response to 
infection (Wang et al., 2023). Another feature to mention has to do with environmental factors 
since infectivity can depend on environmental factors, such as temperature, moisture and 
nutrient availability (Xing et al., 2023).

Conclusions
The best culture conditions for the production of Metarhizium robertsii conidia in solid fermentation 
were identified. The nature of the substrate is very important for the production of conidia. White 
rice led to the highest production. Of the variables evaluated, incubation temperature and aeration 
had the greatest impact on conidia production.

Under the production conditions, the conidia of Mr Xoch8.1 presented a high quality, with 
germination, viability, and infectivity rates sufficient to cause 60% mortality in mealworm larvae, 
which demonstrated their biological efficacy as a control agent. The suggestion to evaluate the 
possibility of simultaneous application with other fungi is interesting since synergies between 
different fungal strains could improve the effectiveness of biological control and expand the range 
of target species. Furthermore, if this can be achieved without significant additional costs, it could 
be a viable strategy.

The low cost of production is a key factor that can make the application of Metarhizium robertsii 
economically viable. This is essential to consider its large-scale application in agriculture. The 
proposal to continue research in this field is crucial. Expanding knowledge about the mass 
production of Metarhizium robertsii could lead to improvements in the efficacy, stability, and 
applicability of the fungus in different agricultural contexts.
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