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Metarhizium species fungi are able to produce resistant structures termed microsclerotia, formed by compact and melanized threads of hyphae. These propagules are tolerant to desiccation and produce infective conidia; thus, they are promising candidates to use in biological control programs. In this study, we investigated the tolerance to both ultraviolet B (UV-B) radiation and heat of microsclerotia of Metarhizium robertsii strain ARSEF 2575. We also adapted the liquid medium and culture conditions to obtain mycelial pellets from the same isolate in order to compare these characteristics between both types of propagules. We followed the peroxisome biogenesis and studied the oxidative stress during differentiation from conidia to microsclerotia by transmission electron microscopy after staining with a peroxidase activity marker and by the expression pattern of genes potentially involved in these processes. We found that despite their twice smaller size, microsclerotia exhibited higher dry biomass, yield, and conidial productivity than mycelial pellets, both with and without UV-B and heat stresses. From the 16 genes measured, we found an induction after 96-h differentiation in the oxidative stress marker genes MrcatA, MrcatP, and Mrgpx; the peroxisome biogenesis factors Mrpex5 and Mrpex14/17; and the photoprotection genes Mrlac1 and Mrlac2; and Mrlac3. We concluded that an oxidative stress scenario is induced during microsclerotia differentiation in M. robertsii and confirmed that because of its tolerance to desiccation, heat, and UV-B, this fungal structure could be an excellent candidate for use in biological control of pests under tropical and subtropical climates where heat and UV radiation are detrimental to entomopathogenic fungi survival and persistence.
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INTRODUCTION

Fungal microsclerotia (from hereafter referred to as MS) are hardened masses of pigmented hyphal aggregates (50–600 μm), serving as survival structures and first described in the entomopathogenic fungi Metarhizium species when grown dimorphically in submerged liquid cultures. This dimorphism in Metarhizium lies in the transition from conidia to myceliogenic growth followed by the development of dense and compact hyphal threads forming MS. This type of overwintering fungal structure is remarkably tolerant to desiccation and capable of producing infective conidia without exogenous carbon source due to their own endogenous reserves; thus, they stand out high potential to be used as mycoinsecticide in biological control programs (Jaronski and Jackson, 2008; Jackson and Jaronski, 2009; Behle et al., 2013; Mascarin et al., 2014; Goble et al., 2016; Song et al., 2017). However, filamentous fungi can also grow as pellets by mycelial formation in submerged cultures (from hereafter referred to as P) (Nair et al., 2016; Zhang and Zhang, 2016; Veiter et al., 2018), which can be slightly distinct in morphology and probably less tolerant to environmental stresses in relation to MS.

Abiotic factors such as ultraviolet (UV) radiation and heat stress determine fungal propagule survival and persistence, and both are more pronounced in tropical and subtropical regions. These environmental factors can alter molecular structures and trigger the production of reactive oxygen species (ROS) that induce damage, reduce fungal viability, and even provoke cell death (Braga et al., 2001; Nascimento et al., 2010; Zhang et al., 2017). The UV spectrum is divided into three wavelength intervals: UV-A (315–400 nm), UV-B (280–315 nm), and UV-C (100–280 nm). The effects of UV-B tolerance are commonly reported to propagules as conidia, mycelium, or blastospores of entomopathogenic fungi (Fernandes et al., 2007, 2015; Braga et al., 2015; Rangel et al., 2015; Brancini et al., 2018; Zhao et al., 2019; Bernardo et al., 2020; Corval et al., 2021). Temperature can be also a limiting factor during morphogenesis, germination, and fungal metabolic processes (Abrashev et al., 2008; Zhang et al., 2017). In this sense, heat stress can delay and reduce the effectiveness of conidia germination, sporulation, and growth of thermosensitive entomopathogenic fungi (Fernandes et al., 2008, 2010; Paixão et al., 2019).

Cell development in microbial eukaryotes shows a correlation between ROS generation and the upregulation of specific antioxidant enzymes, such as superoxide dismutases (SODs), catalases (CATs), CAT–peroxidases, glutathione peroxidases (GPxs), and peroxiredoxins (Aguirre et al., 2005, 2006). An imbalance between ROS and antioxidant enzymes response can cause detrimental effects in cell morphology, growth rate, metabolism, and protein secretion, among others (Aguirre et al., 2006). On the other hand, ROS generation and oxidative stress are associated with sclerotia maturation in the filamentous fungi Sclerotium rolfsii (Georgiou et al., 2006) and Rhizoctonia solani (Liu et al., 2018) and with MS and MS-like propagules development in the entomopathogenic fungi Metarhizium species (Song et al., 2013, 2018; Liu et al., 2014) and Beauveria bassiana (Huarte-Bonnet et al., 2019), respectively. Peroxisome biogenesis has also been observed in B. bassiana during mycelial pellet formation when cultivated in liquid medium supplemented with hydrocarbons (Huarte-Bonnet et al., 2018) and during MS-like development (Huarte-Bonnet et al., 2019), accompanied by induction of oxidative stress marker genes and pex genes encoding for peroxins, proteins involved in the transport of matrix proteins from the cytosol into peroxisome lumen.

In this study, we grew the entomopathogenic fungus Metarhizium robertsii in two different culture media to obtain two fungal propagules (MS and P) with similar morphology but encompassing differences in biomass production and propagule size. As scarce information is available regarding microsclerotial tolerance to abiotic factors (Corval et al., 2021), the aims of this study were to compare the effect of UV-B radiation and heat on both MS and P tolerance and to characterize for the first time the expression pattern of genes potentially involved in oxidative stress, pigmentation, and peroxisome biogenesis during M. robertsii microsclerotial differentiation.



MATERIALS AND METHODS


Production and Characterization of Microsclerotia and Mycelial Pellets From M. robertsii

The entomopathogenic fungus M. robertsii strain ARSEF 2575 was used in this study. It is deposited at the US Department of Agriculture (USDA)–ARS Collection of Entomopathogenic Fungal Cultures, Ithaca, NY. Conidia were obtained from fungal cultures grown within 10 days onto potato dextrose agar medium (Merck, Darmstadt, Germany) supplemented with 1 g L−1 yeast extract (Oxoid, Hampshire, England) (PDAY) in the dark at 27 ± 1°C. Ten milliliters of conidial suspensions were prepared and adjusted to 5 × 107 conidia mL−1 with 0.05% Tween 80 [polyoxyethylene sorbitan monooleate] (Sigma–Aldrich, USA) solution, vortexed, and inoculated into Erlenmeyer flasks (250 mL), containing 90 mL of different basal media (Table 1) to produce either MS (Mascarin et al., 2014) or P (Mapari et al., 2008). Cultures were set at 27 ± 1°C in a rotary shaker incubator at 250 rpm (Certomat BS-1, Sartorius, Germany). Aliquots (1 mL) were obtained from each culture medium at different time intervals. At the last time point (96 h), the pH of the cultures was measured. In order to evaluate the accumulation of biomass, aliquots were dewatered on filter paper discs (80 g m−2) previously weighed. Samples were dried at 32°C for 2 days to obtain the dry biomass (Jackson and Jaronski, 2009). For evaluation of propagule concentration, 9 mL of 0.05% Tween 80 was added to 1 mL of liquid culture, and 100 μL of this suspension was placed between slides (76.2 × 25.4 mm) and coverslips (24 × 24 mm). The suspension was quantified by optical microscope at 40× magnification (Jackson and Jaronski, 2009), and propagule diameter was measured with a Leica ICC50 HD camera and Leica 201 LAZ EZ software version 3.0.0. Three tests were conducted in different days.


Table 1. Components of basal media used to obtain microsclerotia and pellets.
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Microscopy Images
 
Optical Microscopy of Microsclerotia and Mycelial Pellets

For optical microscopy, samples of either MS or P propagules were taken at 24, 48, 72, and 96 h post-inoculation of liquid media, centrifuged to recover propagules, washed twice with sterile water, and observed with a Nikon eclipse e200 optical microscope (Nikon, Japan) at 100× magnification.



Transmission Electron Microscopy of Microsclerotia

Two-day-old MS cultures were used for transmission electron microscopy (TEM) images following the protocol described by Huarte-Bonnet et al. (2018). Briefly, MS were washed, fixed in glutaraldehyde 2% for 2 h with soft vacuum, and washed three times with phosphate buffer. Then, MS were stained overnight with 3,3′-diaminobenzidine (DAB) (Sigma–Aldrich, USA) and washed again with the same buffer. DAB is a chemical used for determining peroxidase activity, usually employed as a peroxisome marker in microscopy images (Fahimi, 2017). Post-fixation was performed with 1% osmium tetroxide at 4°C for 1 h, followed by dehydration with a series of alcohols in a vacuum chamber. Samples were finally infiltrated with epoxy resin, and thin sections of ~70 nm were cut. Samples were observed using TEM JEM 1200 EX II (JEOL, Japan) and photographed; images were captured with an ES1000W Erlangshen CCD Camera (Gatan, USA).




Tolerance to UV-B Radiation of Microsclerotia and Mycelial Pellets

Four-day-old propagules from cultures of both MS and P were washed and suspended in sterile water. Aliquots from each suspension containing a total of 100 propagules were inoculated onto water agar 2% (wt/vol) medium in Petri dish (80 × 10 mm) and exposed to UV-B radiation as described by Fernandes et al. (2007) and Pereira-Junior et al. (2018). The plates were irradiated at 1,283.38 mW m−2 of Quaite-weighted irradiance (Quaite et al., 1992) in a chamber containing 4 UV lamps (UVB-313 EL/40W; Q-Lab Corporation, Westlake, USA) for 0.5, 1, 2, 3, 4, and 5 h, which corresponded to the doses of 2.31, 4.62, 9.24, 13.86, 18.48, and 23.10 kJ m−2, respectively. All plates previously open were covered with a 0.13-mm-thick cellulose diacetate film (JCS Industries, La Mirada, USA). Cellulose diacetate blocks UV-C radiation (<280 nm) and short-wavelength UV-B (280–290 nm) but allows the passage of UV-B radiation (290–320 nm) and minimal UV-A (320–400 nm) emitted by the lamps. Spectral irradiance was measured with a USB 2000+ Rad spectroradiometer (Ocean Optics, Dunedin, USA). Control plates were covered with aluminum foil to block all UV radiation (Pereira-Junior et al., 2018). After UV-B exposure, the plates were incubated for 10 days at 27 ± 1°C in the dark to produce conidia from either MS or P; the conidial production and viability were then determined as described below. Three tests (two repetitions each) were conducted in different days.



Tolerance to Heat of Microsclerotia and Mycelial Pellets

One-milliliter aliquots containing 100 propagules of either MS and P were prepared as described above into glass test tube with rubber stoppers (16 × 100 mm) and exposed to 45°C in a thermostatic bath for 0.5, 1, 2, 3, 4, and 5 h. Control tubes remained at 27°C. After each time exposure, the samples were centrifuged, and then 500 μL of supernatant was removed. The remaining volume was inoculated onto water agar 2% (wt/vol) medium in Petri dish (80 × 10 mm). After inoculation, the plates were incubated for 10 days at 27 ± 1°C in the dark to produce conidia from either MS or P propagules; the conidial production and viability were then determined as described below. Three tests (two repetitions each) were conducted in different days.



Evaluation of Conidial Production and Viability After Exposure of Microsclerotia and Mycelial Pellets to UV-B Radiation and Heat

Conidial production and viability were assayed in MS and P propagules exposed to either UV-B radiation or heat. Conidia produced 10 days post-inoculation on water agar plates were harvested using 0.05% Tween 80 solution. By serially diluting conidial suspension, the production of conidia was quantified in each sample using a hemocytometer under optical microscope at 400× magnification. Conidial viability was assayed by inoculation of 20 μL of each propagule suspension in the center of a Petri dish (35 × 10 mm) containing 8 mL PDAY plus 0.002% (vol/wt) benomyl (50% active ingredient; Benlate®, DuPont, São Paulo, Brazil) (Braga et al., 2001) and 0.05% (vol/wt) chloramphenicol (INLab Confiança, Diadema, SP, Brazil). Plates were incubated for 48 h at 27 ± 1°C in the dark. Two drops of cotton blue were applied with a Pasteur pipette over the inoculum in each plate, and germination was immediately assessed at 400× magnification. A minimum of 300 conidia were evaluated per plate as germinated or non-germinated, and the relative percent viability of conidia was calculated according to Braga et al. (2001).



Gene Expression Analysis

MS cultures were sampled at 24, 48, 72, and 96 h for RNA extraction and two-step real-time polymerase chain reaction (RT-PCR) analysis. Each aliquot (10 mL) was collected into screwed 15-mL centrifuge plastic tube and centrifuged for 3 min at 7,500 rpm. The supernatant was discarded, and the centrifugation pellet was washed with sterile water. The supernatant was again discarded, and the process was repeated three times. Then, MS propagules were harvested with a microbiological loop, and exposed to liquid nitrogen. Samples were ground with mortar and pestle, and 100 mg of each sample immediately transferred to 2 mL microcentrifuge tubes containing 1 mL Trizol (Invitrogen, USA). Total RNA extraction was performed according to manufacturer instructions. Total RNA samples were treated with DNase by using the Turbo DNA-free Kit (Ambion, USA). RT-PCR was carried out with iScript cDNA Synthesis Kit and iQSYBR Green Supermix (Bio-Rad, USA). Amplification was performed on a StepOne Plus equipment (Applied Biosystems, USA). In order to confirm that only single products were amplified, a temperature-melting step was then performed. The primer sequences used are listed in Table 2. Glyceraldehyde-3-phosphate dehydrogenase gene (Mrgpd) was used as housekeeping gene. Relative expression ratio of each target gene was calculated with the ΔΔCt approach, using MS harvested after 24-h growth as control. Three independent biological replicates were tested, with technical duplicates for each sample.


Table 2. Oligonucleotides used in this study.
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Statistical Analyses

Statistical software R v.3.6.1 (R Core Team, 2018) was used in all analyses performed. Log2-fold data on gene expression level were fitted to a linear mixed model with normal distribution and fixed effects attributed to gene class, evaluation time, and their interaction term, and random effect was attributed to replicate to account for repeated measures over time. As interaction was significant, then means of gene expression levels were compared for each time interval and also among time intervals for each gene class. Count data on propagule yields (MS and P) were fitted to generalized linear model (GLM) with negative binomial distribution with log link function, whereas the biomass production data were fitted to a linear model (LM) with normal distribution, both models including a fixed effect for “propagule type” in the linear predictor. Similarly, LM with normal distribution was fitted to propagule size.

Regarding the UV-B tolerance assay, log10-transformed conidial production data were fitted to a LM with normal distribution. For heat tolerance, conidial production was fitted to a GLM with quasi-Poisson distribution and log link function. Fixed effects in both models were attributed to “propagule type,” “time of exposure,” and their interaction term in the linear predictor. Furthermore, analysis of variance (type II tests) and analysis of deviance (type II tests) were performed to assess for significance of fixed factors in these models, respectively. Pairwise mean comparisons of two samples (MS vs. P) were conducted via contrast estimates with t ratio test, whereas multiple pairwise comparisons of means were carried out with Tukey honestly significant difference (HSD) test, all at significance of 5%. Packages “emmeans” (Lenth, 2020), “mass” (Venables and Ripley, 2002), and “ggplot2” (Wickham, 2016) were employed in these analyses.




RESULTS


Characterization of Microsclerotia and Mycelial Pellets

M. robertsii strain ARSEF 2575 produced either MS or P propagules in liquid cultures (Figure 1). The initial pH value of both culture media used was 5.0 and varied between 4.0 and 4.5 during fermentation. After 96-h cultivation, both propagules differed significantly on yield (MS = 700 propagules mL−1, P = 90 propagules mL−1) [χ2 = 83.64; degrees of freedom (df) = 1, 14; p < 0.05] and biomass production (MS = 0.053 g mL−1, P = 0.015 g mL−1) (F = 362.2; df = 1, 14; p < 0.05) (Figure 2). MS, but not P, showed a more compact hyphal aggregation with formation of a central medulla of thin-walled hyphae (Figure 1). Germinated conidia differentiated into MS between 6 and 18 h after inoculation, forming visible hyphal aggregates at 24 h, and compact and mature MS at 96 h with typical darker pigmentation than mycelial pellets. Optical images after 96-h growth exhibited P propagules with larger size (263–485 μm) than MS (174–226 μm); however, the latter showed higher density with more distinct curve of distribution size (F = 164.9; df = 1, 118; p < 0.0001, Figure 2).


[image: Figure 1]
FIGURE 1. Microsclerotia (A) and mycelial pellets (B) of Metarhizium robertsii ARSEF 2575 produced in submerged liquid medium. From top to bottom is shown: liquid cultures in Erlenmeyer flasks at the end of fermentation (96 h), and the propagule formation registered at 100× magnification with a light microscope at 24, 48, 72, and 96 h.



[image: Figure 2]
FIGURE 2. Yield (A), biomass (B), and distribution size (C) of microsclerotia and mycelial pellets obtained from 96-h-old liquid cultures of Metarhizium robertsii ARSEF 2575. *p < 0.05.




Tolerance to UV-B Radiation and Heat of Microsclerotia and Mycelial Pellets

Fungi exposed to UV-B radiation (1,283.38 mW m−2) had their conidial production decreased in a time-dependent manner; however, both MS and P resulted to be tolerant after exposure to heat (45°C). Comparing both types of propagules, conidial productivity of MS was higher than those of P even without treatment by UV-B or heat at all exposition times assayed, except after 5-h exposure (F = 12.38; df = 6, 70; p < 0.0001; and F = 3.24; df = 6, 70; p = 0.007, respectively) (Figure 3). The effect of UV-B radiation and heat on MS sporogenesis was evident resulting in significant reduction on conidial production after 2- and 4-h exposures, respectively, in relation to its initial production from unexposed MS (Figure 3). Overall, the susceptibility of P was considerably higher than MS after exposure to UV-B (F = 52.78; df = 1, 70; p < 0.0001) and heat stress (F = 74.74; df = 1, 70; p < 0.0001). The mean viability of conidia produced from UV-B- or heat-stressed MS or P was higher than 97% in each test, regardless of the exposure time.


[image: Figure 3]
FIGURE 3. Tolerance of microsclerotia and mycelial pellets of Metarhizium robertsii ARSEF 2575 to artificial UV-B radiation [1,283.38 mW m−2 of Quaite-weighted irradiance (Quaite et al., 1992) for 0 (control), 0.5, 1, 2, 3, 4, and 5 h, which corresponded to the doses of 0 (control), 2.31, 4.62, 9.24, 13.86, 18.48, and 23.10 kJ m−2, respectively] (A), and heat (45°C) (B). Values indicate mean and standard error. Relative percentage values for each type of propagule are shown in parentheses. At each exposure time, the significant differences between propagules are shown with an asterisk (p < 0.05). ns = not significant.




Ultrastructural and Gene Expression Analyses During Microsclerotial Differentiation

TEM images revealed differences in cell wall configuration between conidia (rodlet layer is observed) and MS (single-layered cell wall is observed) (Figure 4). The organelles observed in MS comprised several mitochondria, lipid droplets, and peroxisomes located next to hyphal septa, suggesting Woronin bodies (WBs), a peroxisome-derived, dense core microbody with a unit membrane found near the septae that divide hyphal compartments in filamentous Ascomycota. Also, high peroxidase activity was detected in MS but not in conidia. Peroxidase activity was demonstrated as small black dots due to DAB reaction with H2O2 inside the cells and also in hyphal apex (Figure 4).


[image: Figure 4]
FIGURE 4. TEM images from Metarhizium robertsii ARSEF 2575 conidia (A) and microsclerotial propagules (B–D) at 30,000× magnification stained with DAB. Cross section of both propagules showed differences in cell wall and ultrastructure morphology. Because of DAB reaction, microsclerotia exhibited black dots and black areas inside the cells, in hyphal apex, and in cell interconnections. Several mitochondria, peroxisomes, and Woronin bodies are visible and strongly stained in microsclerotia, but not in conidia. RL, rodlet layer; SLCW, single layered cell wall; HA, hyphal apex; M, mitochondrium; LD, lipid droplet; WB, Woronin body; S, septum.


The expression pattern of 16 genes putatively involved in MS formation was analyzed (Figure 5). Based on previous studies (Huarte-Bonnet et al., 2018, 2019, 2020; Pereira-Junior et al., 2018), the selected genes were those associated with oxidative stress (MrcatA, MrcatB, MrcatP, Mrsod1, Mrsod2, Mrgpx), peroxisome biogenesis (Mrpex5, Mrpex7, Mrpex14/17, Mrpex19), pigmentation (Mrpks1, Mrpks2, Mrlac1, Mrlac2, Mrlac3), and hydrophobin rodlet layer (MrssgA). For each gene, the expression was measured at 48, 72, and 96 h after start of fermentation and was normalized with values measured at 24 h (control). For CAT family, MrcatA and MrcatP expression at 96 h post-inoculation was significantly higher (2.2- and 3.9-fold increase, respectively) than those found at both 48 and 72 h. The most expressed gene at 96 h was Mrgpx (5.3-fold induction), significantly higher (p < 0.01) than the previous point at 72 h (2.6-fold induction) (Figure 5). No induction over time was observed for SOD family. Within the peroxin family, Mrpex14/17 (1.5-fold induction) and Mrpex5 (2.6-fold induction) were observed at 96 h, the same as for the pigmentation-associated genes Mrlac1 (2.4-fold induction), Mrlac2 (2.6-fold induction), and Mrlac3 (2.4-fold induction) (p < 0.001).


[image: Figure 5]
FIGURE 5. Relative expression ratio of genes involved in (A) oxidative stress, (B) peroxisome biogenesis, (C) pigmentation, and (D) hydrophobin during Metarhizium robertsii microsclerotial differentiation. The boxes include 25–75% of the values; the line inside the boxes is the median (50%) of the distribution of all values, and the vertical bars represent the non-outlier range. Mean values are indicated by dots inside each boxplot. Mean comparisons were made between time intervals within each gene class, and different letters highlight significant differences between the gene expression. Significance level used: α = 0.05 according to Tukey HSD test.





DISCUSSION

Nutritional conditions in filamentous fungal fermentation strongly influence growth and morphology of the resulting propagules (Cox and Thomas, 1992), as well as pH and aeration rate (Nair et al., 2016; Veiter et al., 2018). Fermentation conditions used in this study were favorable to produce either MS or mycelial pellets (P) from M. robertsii ARSEF 2575. MS development resumed with hyphal aggregates at 18 h post-inoculation, with compact structures appearing at 24 h, and mature pigmented MS propagules at 96 h. This process bears out with MS definition in entomopathogenic fungi, which consists in the formation of dark pigmented and compact hyphal threads with or without a distinct core (Jaronski and Jackson, 2008; Jackson and Jaronski, 2009; Behle et al., 2013; Mascarin et al., 2014; Goble et al., 2016; Song et al., 2016a,b; Xin et al., 2020). Pellet (P) formation was obtained in a liquid culture medium considered poor by its composition, consisting in a basal medium devoid of salts but constituted of three elements that provided the source of carbon and nitrogen required for propagule development. Some parameters, such as pH, oxygen level, temperature, and agitation speed, are very important for the growth and maturation of these propagules (Zhang and Zhang, 2016). The pH of the culture medium used during MS production in Metarhizium species was shown to be initially acid (pH 5.5) (Jackson and Jaronski, 2012; Behle et al., 2013; Song et al., 2015, 2017). In concordance with reports from Metarhizium (formerly Nomuraea) rileyi (Song et al., 2015), we found that pH dropped to 4.0 during MS development, likewise during P formation. The pH is the driving factor for electrostatic and hydrophobic interactions on specific aggregation and pellet morphology (Zhang and Zhang, 2016; Veiter et al., 2018). The medium composition was determinant for P formation with bigger diameter than MS. However, even at the same agitation speed and temperature conditions, we found higher biomass accumulation and propagules concentration in MS than in P. This result corroborates with studies in Metarhizium anisopliae, which previously demonstrated that liquid cultures with carbon-rich media accumulated more biomass and yielded more MS numbers (Jackson and Jaronski, 2009), while fermentation media with higher nitrogen concentrations also resulted in greater biomass accumulation and MS yields than those grown in nitrogen-deficient medium (Behle and Jackson, 2014). Nutritional and environmental growth conditions play an essential role in fungal development by providing energy source and cofactors for biochemical reactions, and these factors also exert a remarkable impact on the formation and quality attributes of a variety of propagules employed for different purposes in pest control (Jaronski and Mascarin, 2016). For Metarhizium strains, reduced culture viscosity during the MS formation in a nutrient-poor medium was observed, because of rapid exhaustion of nutrients (Mascarin et al., 2014). Accordingly, we found that the culture medium for MS production appeared more liquid and less thick than the culture medium for P production. Lower viscosity is also associated with higher oxygen supply in fungal submerged liquid cultures, which can enhance fungal growth and specific propagule yields, as reported before (Mascarin et al., 2015).

In previous studies using other fungal propagules such as blastospores or aerial conidia, the effects of abiotic factors were addressed to assess tolerance and survival of some fungi commonly used in biological control (Braga et al., 2001, 2015; Paixão et al., 2017; Pereira-Junior et al., 2018; Bernardo et al., 2020). Conidia from Metarhizium species exposed to UV-B radiation (irradiances between 920 and 1,200 mW m−2) had both germination and survival affected in a dose- and time-dependent manner (Braga et al., 2001). Conidia from the same strain used in this study (ARSEF 2575) exposed to 866.7 mW m−2 Quaite-weighted irradiance showed a certain degree of UV-B tolerance in relation to the dose used (3.9–6.2 kJ m−2) (Pereira-Junior et al., 2018). Conidia and blastospores from M. robertsii IP 146 were equally tolerant to UV-B radiation (743.7 mW m−2 irradiance); however, the relative viability was lower than in aerial conidia when exposed to 45°C (Bernardo et al., 2020). Recently, the viability of MS exposed to UV-B radiation (4.0 kJ m−2) varied greatly among Metarhizium spp. isolates, from very susceptible to quite tolerant ones (Corval et al., 2021). In the present study, we demonstrated for the first time the comparative tolerance of MS and P from M. robertsii ARSEF 2575 to UV-B radiation (1,283.38 mW m−2). Although the effects of either UV-B or heat exposure did not inhibit conidial production (sporogenesis) by MS or P post-inoculation on water agar medium, we found that MS possess the ability to withstand better both stressful conditions as shown by their higher conidial production than P. Furthermore, we can infer that based on the number of conidia produced, the heat stress scenario (45°C) has a stronger detrimental effect on both MS and P propagules than UV-B radiation. Conidial production was evaluated after 10 days of incubation, and such period of time was necessary to promote complete sporulation in MS and P propagules under a highly humid microenvironment generated by the water agar medium used as an artificial substrate.

TEM microscopy revealed differences between conidia and MS in some intracellular structures such as cell wall, peroxisomes, and WBs, as well as peroxidase activity. WBs are organelles found exclusively in mycelium of filamentous fungi, and their function is sealing the septal pore in response to injury, allowing the rest of the mycelium to continue growth and to confer stress resistance, among other proposed functions (Liu et al., 2008). This organelle is, in fact, a special type of peroxisome found at the cell periphery or in association with the septum (Jedd and Chua, 2000; Liu et al., 2011). Thus, two types of peroxisomes can be found in filamentous fungi; one type is immobile sealing pores between hyphal cells, and the other is mobile and actively inserted into growing hyphae (Knoblach and Rachubinski, 2016). Both types are associated with anabolic and catabolic pathways, peroxide metabolism, oxidation of fatty acids, and the biosynthesis of phospholipids (Jedd and Chua, 2000). Recently, the protein forming hexagonal crystals inside WBs (HEX1) was functionally characterized in the mycelium of M. robertsii; MrHex1 was responsible for WB formation and involved in sealing septal pores, but unexpectedly, it does not seem to have any function regarding stress tolerance and virulence (Tang et al., 2020). For the first time, we noted the presence of peroxisomes in M. robertsii MS by TEM after DAB fixation, indicating high peroxidase activity inside cells and in-cell interconnections during MS formation. Most peroxisomes were found near the septa of hyphae, suggesting that they might be, in fact, WB. Peroxisomes and peroxidase activity were studied on mycelial pellets and MS-like pellets of B. bassiana (Huarte-Bonnet et al., 2018, 2019). Both studies, in accordance with this study on M. robertsii, also reported induction of pex genes encoding proteins named peroxins (PEXs). In general, PEXs are associated with peroxisomes biogenesis, and most of them are involved in the transport of matrix proteins from the cytosol into the peroxisome lumen (Kiel et al., 2006; Opaliński et al., 2010; Pieuchot and Jedd, 2012). The characterization of pex genes was done in other filamentous fungi such as Magnaporthe oryzae (MoPex7, expressed during short-chain fatty acid metabolism and pathogenesis) (Goh et al., 2011) and Fusarium graminearum (FgPex4, involved in regulation of hyphal growth, sexual and asexual reproduction, virulence, cell wall integrity, and elimination of ROS) (Zhang et al., 2019). The gene family Pex14/17 (also known as Pex33) has been identified as fungal-specific gene encoding peroxin associated with conidiospore formation and peroxisome biogenesis and encoding a protein located in peroxisomal membrane (Managadze et al., 2010; Opaliński et al., 2010). Some orthologs of Pex14/17 have been also characterized in M. oryzae, associated with conidial germination, germ tube elongation, and initial emergence of appressoria and as docking receptor peroxisomal membrane protein (Li et al., 2017). In B. bassiana, Bbpex14/17 but also Bbpex5, Bbpex7, and Bbpex19 have been shown to be induced during formation of MS-like pellets (Huarte-Bonnet et al., 2019). In this study, the genes Mrpex5 and Mrpex14/17 were the only upregulated at 96 h post-inoculation in liquid medium. Although in eukaryotic cells both Pex5 and Pex7 have been reported as cycling cytosolic receptors recognizing the peroxisomal targeting signals PTS1 and PTS2, respectively (Pieuchot and Jedd, 2012); in Neurospora crassa, the docking complex of peroxisomal matrix protein import is composed of PEX14/17 (PEX33) interacting with itself and with the PTS1-receptor PEX5 (Managadze et al., 2010). This result suggests that both genes might be expressing and acting together in this function during the development and aging of M. robertsii MS.

We also found an oxidative stress scenario during MS differentiation. ROS production has been reported during cell differentiation in fungi and specifically for sclerotia differentiation (Georgiou et al., 2006). Studies on the hyphal aggregation processes indicate they are mediated by reduced oxygen entrance inside the cell due to a decreased surface-volume ratio and thus might be a mechanism of fungal mycelial adaptation to an increment of ROS in the microenvironment (Gessler et al., 2007). Antioxidant enzymes such as SODs, CATs, and GPxs act as the first line of cell defense against ROS (Aguirre et al., 2005; Song et al., 2013; Liu et al., 2018; Huarte-Bonnet et al., 2019). SODs decompose superoxide anion and singlet oxygen into oxygen and H2O2, and depending on the cofactors used, this family comprises three types of isoforms, i.e., Cu2+/Zu2+, Mn2+, and Fe2+ (Culotta et al., 2006). In structure and phylogeny, SODs from M. robertsii are homologous to those from B. bassiana and other filamentous fungi, but some of them are functionally distinct (Zhu et al., 2018). SOD gene expression was reported during differentiation of microesclerotia-like pellets in B. bassiana (Huarte-Bonnet et al., 2019) and MS development in M. rileyi (Song et al., 2013). Nevertheless, it was found that both Mrsod1 (Cu2+/Zu2+ SOD) and Mrsod2 (Mn2+SOD) were not induced during MS formation. Fungal CATs act during germination and growth in response to oxidative stress (Michán et al., 2002; Pedrini et al., 2006; Wang et al., 2013; Song et al., 2018; Huarte-Bonnet et al., 2019). In this study, we measured the expression pattern of two cytosolic CATs (catA and catB) and one peroxisomal CAT (catP) (Wang et al., 2013). Only MrcatP was induced in mature MS, in agreement with the previous result reported on mycelial pellets and MS-like pellets of B. bassiana (Huarte-Bonnet et al., 2018, 2019). A peroxisomal CAT gene was also expressed during vegetative growth and sclerotial developmental stages of Sclerotinia sclerotiorum (Yarden et al., 2014). Interestingly, the most expressed gene from oxidative stress response was Mrgpx, which was induced in MS at 72 and 96 h. GPxs are known to reduce either H2O2 or organic hydroperoxides to water or their corresponding alcohols using reduced glutathione and glutathione disulfide (Margis et al., 2008; Huarte-Bonnet et al., 2015). As GPxs and CAT used both H2O2 as substrate, it might occur that H2O2 can be reduced by induction of one of the two detoxification systems. In B. bassiana mycelial and MS-like pellets, CATs (BbcatA-C and BbcatP) were strongly induced, but Bbgpx was low or not induced (Huarte-Bonnet et al., 2018, 2019), just as the opposite we found in this study for M. robertsii MS. Taken together, our values of Mrgpx, MrcatP, and Mrsod1 expression measured at 96 h showed similarities with the study by Michiels et al. (1994), reporting that Gpx has a high protective behavior, CAT has an intermediate behavior, and Cu/Zn-SOD has a very small protective effect to protect cells against free radicals.

Hydrophobins are surface active proteins produced by filamentous fungi. They are proteins involved in the growth and morphogenetic processes (Wösten, 2001), and in M. anisopliae s.l., the hydrophobin-encoding gene ssgA was linked with appressorium development (St. Leger et al., 1992). Although earlier studies reported hydrophobin genes playing important roles in MS development of Verticillium dahliae (Klimes and Dobinson, 2006) and pellet formation via hydrophobic interactions in filamentous fungi (Zhang and Zhang, 2016), we have not found induction for MrssgA in any of the fermentation timepoints during MS development. Regarding the identification of potential pigmentation mechanisms, laccases (LACs) and polyketide synthases (PKSs) have been linked with fungal pigmentation. LACs are multicopper oxidases that catalyze the transformation of aromatic and non-aromatic compounds with the reduction of molecular oxygen to water. There are various isoforms due to the diverse physiological functions during the fungal life cycle (Rivera-Hoyos et al., 2013). In Metarhizium spp., M. anisopliae LAC (Mlac1) is expressed during isotropic growth and has been proposed to provide tolerance to abiotic stress during conidial pigmentation (Fang et al., 2010). M. robertsii and M. acridum LACs (lac1, lac2, and lac3) were upregulated when exposed to UV-B irradiation (Pereira-Junior et al., 2018). In this study, all three Mrlac1, Mrlac2, and Mrlac3 were also induced in mature MS. On the other hand, PKS is an enzyme family implicated in the biosynthesis of polyketides with several biological activities, including pigment and biosynthesis of mycotoxins. Pks1 and Pks2 have been reported to be expressed in Metarhizium spp. Pks1 is involved in conidial pigmentation and tolerance to environmental stresses, and Pks2 is related to pathogenicity (Pereira-Junior et al., 2018; Zeng et al., 2018). In M. rileyi, the expression pattern of pks has been increased between initial stage and mature MS (Song et al., 2013); however, in this study, neither Mrpks1 nor Mrpks2 genes were induced during MS formation. As hyphal aggregation process is accompanied by the biosynthesis of pigment molecules in the mycelium (Gessler et al., 2007), and all LACs but not pks genes were induced at 96 h; thus, we hypothesize that the LAC pathway might be responsible for MS pigmentation. However, additional functional studies are needed to confirm this hypothesis. As a conclusion, looking at the expression pattern of genes involved in oxidative stress response, peroxisome biogenesis, and pigmentation, the upregulation of all of them was documented only at 96 h, that is, in mature MS.

In summary, M. robertsii is able to produce different propagules under different fermentation conditions, i.e., favoring the development of either MS or P. Despite their size twice smaller, MS exhibited higher dry biomass and concentration than P. The microsclerotial differentiation process includes at least a mechanism triggering oxidative stress, high peroxidase activity, and active peroxisome biogenesis. We propose that because of its tolerance to desiccation, heat, and UV-B, MS of this isolate could be an excellent candidate to be used in biological control of pests under environmental tropical and subtropical conditions.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/supplementary materials, further inquiries can be directed to the corresponding author/s.



AUTHOR CONTRIBUTIONS

ÉF and NP conceived the project. FP, ÉF, CH-B, GM, and NP designed the experiments. FP, CR-S, and CH-B performed the experiments. FP, GM, and NP analyzed the data. FP and NP wrote the manuscript. All authors read and approved the final manuscript.



FUNDING

This research was supported by a grant of the National Agency for Science and Technology Promotion in Argentina (PICT 2015 2763) for NP and the Student Scale Program from the Association of Universities Grupo Montevideo (AUGM) by fellowship for FP. The Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq) of Brazil provided the grant PQ 306319/2018-7 for ÉF.



REFERENCES

 Abrashev, R. I., Pashova, S. B., Stefanova, L. N., Vassilev, S. V., Dolashka-Angelova, P. A., and Angelova, M. B. (2008). Heat-shock-induced oxidative stress and antioxidant response in Aspergillus niger 26. Can. J. Microbiol. 54, 977–983. doi: 10.1139/W08-091

 Aguirre, J., Hansberg, W., and Navarro, R. (2006). Fungal responses to reactive oxygen species. Med. Mycol. 44, 101–107. doi: 10.1080/13693780600900080

 Aguirre, J., Ríos-Momberg, M., Hewitt, D., and Hansberg, W. (2005). Reactive oxygen species and development in microbial eukaryotes. Trends Microbiol. 13, 111–118. doi: 10.1016/j.tim.2005.01.007

 Behle, R. W., and Jackson, M. A. (2014). Effect of fermentation media on the production, efficacy, and storage stability of Metarhizium brunneum microsclerotia formulated as a prototype granule. J. Econ. Entomol. 107, 582–590. doi: 10.1603/EC13426

 Behle, R. W., Jackson, M. A., and Flor–Weiler, L. B. (2013). Efficacy of a granular formulation containing Metarhizium brunneum F52 (Hypocreales: Clavicipitaceae) microsclerotia against nymphs of Ixodes scapularis (Acari: Ixoididae). J. Econ. Entomol. 106, 57–63. doi: 10.1603/EC12226

 Bernardo, C. C., Pereira-Junior, R. A., Luz, C., Mascarin, G. M., and Fernandes, É. K. K. (2020). Differential susceptibility of blastospores and aerial conidia of entomopathogenic fungi to heat and UV-B stresses. Fungal Biol. 124, 714–722. doi: 10.1016/j.funbio.2020.04.003

 Braga, G. U., Flint, S. D., Miller, C. D., Anderson, A. J., and Roberts, D. W. (2001). Variability in response to UV-B among species and strains of Metarhizium isolated from sites at latitudes from 61 N to 54 S. J. Invertebr. Pathol. 78, 98–108. doi: 10.1006/jipa.2001.5048

 Braga, G. U., Rangel, D. E., Fernandes, É. K., Flint, S. D., and Roberts, D. W. (2015). Molecular and physiological effects of environmental UV radiation on fungal conidia. Curr. Genet. 61, 405–425. doi: 10.1007/s00294-015-0483-0

 Brancini, G. T., Bachmann, L., Ferreira, M. E. D. S., Rangel, D. E., and Braga, G. Ú. (2018). Exposing Metarhizium acridum mycelium to visible light up-regulates a photolyase gene and increases photoreactivating ability. J. Invertebr. Pathol. 152, 35–37. doi: 10.1016/j.jip.2018.01.007


 Corval, A. R. C., Mesquita, E., Corrêa, T. A., Silva, C. S. R., Bitencourt, R. O. B., Fernandes, É. K. K., et al. (2021). UV-B tolerances of conidia, blastospores, and microsclerotia of Metarhizium spp. entomopathogenic fungi. J. Basic Microbiol. 61, 15–26. doi: 10.1002/jobm.202000515

 Cox, P. W., and Thomas, C. R. (1992). Classification and measurement of fungal pellets by automated image analysis. Biotechnol. Bioeng. 39, 945–952. doi: 10.1002/bit.260390909

 Culotta, V. C., Yang, M., and O'Halloran, T. V. (2006). Activation of superoxide dismutases: putting the metal to the pedal. Biochim. Biophys. Acta Mol. Cell. Res. 1763, 747–758. doi: 10.1016/j.bbamcr.2006.05.003

 Fahimi, H. D. (2017). Cytochemical detection of peroxisomes in light and electron microscopy with 3,3′-diaminobenzidine. Methods Mol. Biol. 1595, 93–100. doi: 10.1007/978-1-4939-6937-1_10

 Fang, W., Fernandes, É. K., Roberts, D. W., Bidochka, M. J., and Leger, R. J. S. (2010). A laccase exclusively expressed by Metarhizium anisopliae during isotropic growth is involved in pigmentation, tolerance to abiotic stresses and virulence. Fungal Genet. Biol. 47, 602–607. doi: 10.1016/j.fgb.2010.03.011

 Fernandes, É. K., Keyser, C. A., Chong, J. P., Rangel, D. E., Miller, M. P., and Roberts, D. W. (2010). Characterization of Metarhizium species and varieties based on molecular analysis, heat tolerance and cold activity. J. Appl. Microbiol. 108, 115–128. doi: 10.1111/j.1365-2672.2009.04422.x

 Fernandes, É. K., Rangel, D. E., Braga, G. U., and Roberts, D. W. (2015). Tolerance of entomopathogenic fungi to ultraviolet radiation: a review on screening of strains and their formulation. Curr. Genet. 61, 427–440. doi: 10.1007/s00294-015-0492-z

 Fernandes, E. K., Rangel, D. E., Moraes, Á. M., Bittencourt, V. R., and Roberts, D. W. (2007). Variability in tolerance to UV-B radiation among Beauveria spp. isolates. J. Invertebr. Pathol. 96, 237–243. doi: 10.1016/j.jip.2007.05.007

 Fernandes, É. K., Rangel, D. E., Moraes, Á. M., Bittencourt, V. R., and Roberts, D. W. (2008). Cold activity of Beauveria and Metarhizium, and thermotolerance of Beauveria. J. Invertebr. Pathol. 98, 69–78. doi: 10.1016/j.jip.2007.10.011

 Georgiou, C. D., Patsoukis, N., Papapostolou, I., and Zervoudakis, G. (2006). Sclerotial metamorphosis in filamentous fungi is induced by oxidative stress. Integr. Comp. Biol. 46, 691–712. doi: 10.1093/icb/icj034

 Gessler, N. N., Aver'yanov, A. A., and Belozerskaya, T. A. (2007). Reactive oxygen species in regulation of fungal development. Biokhimiya 72, 1091–1109. doi: 10.1134/S0006297907100070

 Goble, T. A., Gardescu, S., Fisher, J. J., Jackson, M. A., and Hajek, A. E. (2016). Conidial production, persistence and pathogenicity of hydromulch formulations of Metarhizium brunneum F52 microsclerotia under forest conditions. Biol. Control. 95, 83–93. doi: 10.1016/j.biocontrol.2016.01.003

 Goh, J., Jeon, J., Kim, K. S., Park, J., Park, S. Y., and Lee, Y. H. (2011). The PEX7-mediated peroxisomal import system is required for fungal development and pathogenicity in Magnaporthe oryzae. PLoS ONE 6:e28220. doi: 10.1371/journal.pone.0028220

 Huarte-Bonnet, C., Juárez, M. P., and Pedrini, N. (2015). Oxidative stress in entomopathogenic fungi grown on insect-like hydrocarbons. Curr. Genet. 61, 289–297. doi: 10.1007/s00294-014-0452-z

 Huarte-Bonnet, C., Paixão, F. R., Mascarin, G. M., Santana, M., Fernandes, É. K. K., and Pedrini, N. (2019). The entomopathogenic fungus Beauveria bassiana produces microsclerotial-like pellets mediated by oxidative stress and peroxisome biogenesis. Environ. Microbiol. Rep. 11, 518–524. doi: 10.1111/1758-2229.12742

 Huarte-Bonnet, C., Paixão, F. R., Ponce, J. C., Santana, M., Prieto, E. D., and Pedrini, N. (2018). Alkane-grown Beauveria bassiana produce mycelial pellets displaying peroxisome proliferation, oxidative stress, and cell surface alterations. Fungal Biol. 122, 457–464. doi: 10.1016/j.funbio.2017.09.003

 Huarte-Bonnet, C., Pereira-Junior, R. A., Paixão, F. R., Braga, G. U. L., Roberts, D. W., Luz, C., et al. (2020). Metarhizium robertsii and M. acridum conidia produced on riboflavin-supplemented medium have increased UV-A tolerance and upregulated photoprotection and photoreactivation genes. BioControl 65, 211–222. doi: 10.1007/s10526-019-09990-w

 Jackson, M. A., and Jaronski, S. T. (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. doi: 10.1016/j.mycres.2009.03.004

 Jackson, M. A., and Jaronski, S. T. (2012). Development of pilot-scale fermentation and stabilisation processes for the production of microsclerotia of the entomopathogenic fungus Metarhizium brunneum strain F52. Biocontrol Sci. Technol. 22, 915–930. doi: 10.1080/09583157.2012.696578

 Jaronski, S. T., and Jackson, M. A. (2008). Efficacy of Metarhizium anisopliae microsclerotial granules. Biocontrol Sci. Technol. 18, 849–863. doi: 10.1080/09583150802381144

 Jaronski, S. T., and Mascarin, G. M. (2016). “Mass production of fungal entomopathogens,” in Microbial Agents for Control of Insect Pests: From Theory to Practice, 1st Edn, ed L. A. Lacey (Elsevier; Academic Press) Link: http://store.elsevier.com/product.jsp?locale=en_US&isbn=9780128035276

 Jedd, G., and Chua, N. H. (2000). A new self-assembled peroxisomal vesicle required for efficient resealing of the plasma membrane. Nat. Cell Biol. 2, 226–231. doi: 10.1038/35008652

 Kiel, J. A., Veenhuis, M., and van der Klei, I. J. (2006). PEX genes in fungal genomes: common, rare or redundant. Traffic 7, 1291–1303. doi: 10.1111/j.1600-0854.2006.00479.x

 Klimes, A., and Dobinson, K. F. (2006). A hydrophobin gene, VDH1, is involved in microsclerotial development and spore viability in the plant pathogen Verticillium dahliae. Fungal Genet. Biol. 4, 283–294. doi: 10.1016/j.fgb.2005.12.006

 Knoblach, B., and Rachubinski, R. A. (2016). How peroxisomes partition between cells. A story of yeast, mammals and filamentous fungi. Curr. Opin. Cell Biol. 41, 73–80. doi: 10.1016/j.ceb.2016.04.004

 Lenth, R. (2020). Emmeans: Estimated Marginal Means, aka Least-Squares Means. R package. Version 1.4.8.

 Li, L., Wang, J., Chen, H., Chai, R., Zhang, Z., Mao, X., et al. (2017). Pex14/17, a filamentous fungus-specific peroxin, is required for the import of peroxisomal matrix proteins and full virulence of Magnaporthe oryzae. Mol. Plant Pathol. 18, 1238–1252. doi: 10.1111/mpp.12487

 Liu, B., Wang, H., Ma, Z., Gai, X., Sun, Y., He, S., et al. (2018). Transcriptomic evidence for involvement of reactive oxygen species in Rhizoctonia solani AG1 IA sclerotia maturation. PeerJ 6:e5103. doi: 10.7717/peerj.5103

 Liu, F., Lu, Y., Pieuchot, L., Dhavale, T., and Jedd, G. (2011). Import oligomers induce positive feedback to promote peroxisome differentiation and control organelle abundance. Dev. Cell. 21, 457–468. doi: 10.1016/j.devcel.2011.08.004

 Liu, F., Ng, S. K., Lu, Y., Low, W., Lai, J., and Jedd, G. (2008). Making two organelles from one: Woronin body biogenesis by peroxisomal protein sorting. J. Cell Biol. 180, 325–339. doi: 10.1083/jcb.200705049

 Liu, J., Yin, Y., Song, Z., Li, Y., Jiang, S., Shao, C., et al. (2014). NADH: flavin oxidoreductase/NADH oxidase and ROS regulate microsclerotium development in Nomuraea rileyi. World J. Microbiol. Biotechnol. 30, 1927–1935. doi: 10.1007/s11274-014-1610-7

 Managadze, D., Würtz, C., Wiese, S., Schneider, M., Girzalsky, W., Meyer, H. E., et al. (2010). Identification of PEX33, a novel component of the peroxisomal docking complex in the filamentous fungus Neurospora crassa. Eur. J. Cell Biol. 89, 955–964. doi: 10.1016/j.ejcb.2010.07.003

 Mapari, S. A., Meyer, A. S., and Thrane, U. (2008). Evaluation of Epicoccum nigrum for growth, morphology and production of natural colorants in liquid media and on a solid rice medium. Biotechnol. Lett. 30, 2183–2190. doi: 10.1007/s10529-008-9798-y

 Margis, R., Dunand, C., Teixeira, F. K., and Margis-Pinheiro, M. (2008). Glutathione peroxidase family–an evolutionary overview. FEBS J. 275, 3959–3970. doi: 10.1111/j.1742-4658.2008.06542.x

 Mascarin, G. M., Jackson, M. A., Kobori, N. N., Behle, R. W., Dunlap, C. A., and Delalibera, I. (2015). Glucose concentration alters dissolved oxygen levels in liquid cultures of Beauveria bassiana and affects formation and bioefficacy of blastospores. Appl. Microbiol. Biotechnol. 99, 6653–6665. doi: 10.1007/s00253-015-6620-3

 Mascarin, G. M., Karobi, N. N., Vital, R. C. J., Jackson, M. A., and Quintela, E. D. (2014). Production of microsclerotia by Brazilian strains of Metarhizium spp. using submerged liquid culture fermentation. World J. Microbiol. Biotechnol. 30, 1583–1590. doi: 10.1007/s11274-013-1581-0

 Michán, S., Lledias, F., Baldwin, J. D., Natvig, D. O., and Hansberg, W. (2002). Regulation and oxidation of two large monofunctional catalases. Free Radic. Biol. Med. 33, 521–532. doi: 10.1016/S0891-5849(02)00909-7

 Michiels, C., Raes, V., Toussaint, O., and Remacle, J. (1994). Importance of Cu/Zn-SOD for Se-glutathione cell survival peroxidase, catalase, and against oxidative stress. Free Radic. Biol. Med. 17, 235–248. doi: 10.1016/0891-5849(94)90079-5

 Nair, R. B., Lennartsson, P. R., and Taherzadeh, M. J. (2016). Mycelial pellet formation by edible ascomycete filamentous fungi, Neurospora intermedia. AMB Exp. 6, 1–10. doi: 10.1186/s13568-016-0203-2

 Nascimento, É., Da Silva, S. H., dos Reis Marques, E., Roberts, D. W., and Braga, G. U. (2010). Quantification of cyclobutane pyrimidine dimers induced by UVB radiation in conidia of the fungi Aspergillus fumigatus, Aspergillus nidulans, Metarhizium acridum and Metarhizium robertsii. Photochem. Photobiol. 86, 1259–1266. doi: 10.1111/j.1751-1097.2010.00793.x

 Opaliński, Ł., Kiel, J. A., Homan, T. G., Veenhuis, M., and van der Klei, I. J. (2010). Penicillium chrysogenum Pex14/17p–a novel component of the peroxisomal membrane that is important for penicillin production. FEBS J. 277, 3203–3218. doi: 10.1111/j.1742-4658.2010.07726.x

 Paixão, F. R., Fernandes, É. K. K., and Pedrini, N. (2019). “Thermotolerance of Fungal Conidia” in Microbes for Sustainable Insect Pest Management, eds M. Khan, and W. Ahmad (Switzerland: Springer), 185–196. doi: 10.1007/978-3-030-23045-6_6

 Paixão, F. R. S., Muniz, E. R., Barreto, L. P., Bernardo, C. C., Mascarin, G. M., Luz, C., et al. (2017). Increased heat tolerance afforded by oil-based conidial formulations of Metarhizium anisopliae and Metarhizium robertsii. Biocontrol Sci. Technol. 27, 324–337. doi: 10.1080/09583157.2017.1281380

 Pedrini, N., Juárez, M. P., Crespo, R., and de Alaniz, M. J. (2006). Clues on the role of Beauveria bassiana catalases in alkane degradation events. Mycologia 98, 528–534. doi: 10.3852/mycologia.98.4.528

 Pereira-Junior, R. A., Huarte-Bonnet, C., Paixão, F. R., Roberts, D. W., Luz, C., Pedrini, N., et al. (2018). Riboflavin induces Metarhizium spp. to produce conidia with elevated tolerance to UV-B, and upregulates photolyases, laccases and polyketide synthases genes. J. Appl. Microbiol. 125, 159–171. doi: 10.1111/jam.13743

 Pieuchot, L., and Jedd, G. (2012). Peroxisome assembly and functional diversity in eukaryotic microorganisms. Annu. Rev. Microbiol. 66, 237–263. doi: 10.1146/annurev-micro-092611-150126

 Quaite, F. E., Sutherland, B. M., and Sutherland, J. C. (1992). Action spectrum for DNA damage in alfalfa lowers predicted impact of ozone depletion. Nature 358, 576–578. doi: 10.1038/358576a0

 R Core Team (2018). R: A Language and Environment for Statistical Computing. R Foundation for Statistical Computing. Vienna. Available online at: https://www.r-project.org (accessed April 16, 2021).

 Rangel, D. E., Braga, G. U., Fernandes, É. K. K., Keyser, C. A., Hallsworth, J. E., and Roberts, D. W. (2015). Stress tolerance and virulence of insect-pathogenic fungi are determined by environmental conditions during conidial formation. Curr. Genet. 61, 383–404. doi: 10.1007/s00294-015-0477-y

 Rivera-Hoyos, C. M., Morales-Álvarez, E. D., Poutou-Piñales, R. A., Pedroza-Rodríguez, A. M., RodrÍguez-Vázquez, R., and Delgado-Boada, J. M. (2013). Fungal laccases. Fungal Biol. Rev. 27, 67–82. doi: 10.1016/j.fbr.2013.07.001

 Song, Z., Lin, Y., Du, F., Yin, Y., and Wang, Z. (2017). Statistical optimisation of process variables and large-scale production of Metarhizium rileyi (Ascomycetes: Hypocreales) microsclerotia in submerged fermentation. Mycology 8, 39–47. doi: 10.1080/21501203.2017.1279688

 Song, Z., Shen, L., Yin, Y., Tan, W., Shao, C., Xu, J., et al. (2015). Role of two Nomuraea rileyi transmembrane sensors Sho1p and Sln1p in adaptation to stress due to changing culture conditions during microsclerotia development. World J. Microbiol. Biotechnol. 31, 477–485. doi: 10.1007/s11274-015-1801-x

 Song, Z., Shen, L., Zhong, Q., Yin, Y., and Wang, Z. (2016a). Liquid culture production of microsclerotia of Purpureocillium lilacinum for use as bionematicide. Nematology 18, 719–726. doi: 10.1163/15685411-00002987

 Song, Z., Yin, Y., Jiang, S., Liu, J., Chen, H., and Wang, Z. (2013). Comparative transcriptome analysis of microsclerotia development in Nomuraea rileyi. BMC Genomics 14, 411. doi: 10.1186/1471-2164-14-411

 Song, Z., Yin, Y., Lin, Y., Du, F., Ren, G., and Wang, Z. (2018). The bZip transcriptional factor activator protein-1 regulates Metarhizium rileyi morphology and mediates microsclerotia formation. Appl. Microbiol. Biotechnol. 102, 4577–4588. doi: 10.1007/s00253-018-8941-5

 Song, Z., Zhong, Q., Yin, Y., Shen, L., Li, Y., and Wang, Z. (2016b). The high osmotic response and cell wall integrity pathways cooperate to regulate morphology, microsclerotia development, and virulence in Metarhizium rileyi. Sci. Rep. 6:38765. doi: 10.1038/srep38765

 St. Leger, R. J., Staples, R. C., and Roberts, D. W. (1992). Cloning and regulatory analysis of starvation-stress gene, ssgA, encoding a hydrophobin-like protein from the entomopathogenic fungus, Metarhizium anisopliae. Gene 120, 119–124. doi: 10.1016/0378-1119(92)90019-L

 Tang, G., Shang, Y., Li, S., and Wang, C. (2020). MrHex1 is required for Woronin body formation, fungal development and virulence in Metarhizium robertsii. J. Fungi. 6:172. doi: 10.3390/jof6030172

 Veiter, L., Rajamanickam, V., and Herwig, C. (2018). The filamentous fungal pellet-relationship between morphology and productivity. Appl. Microbiol. Biotechnol. 102, 2997–3006. doi: 10.1007/s00253-018-8818-7

 Venables, W. N., and Ripley, B. D. (2002). Modern Applied Statistics With S. 4th Edn. New York, NY: Springer. doi: 10.1007/978-0-387-21706-2

 Wang, Z. L., Zhang, L. B., Ying, S. H., and Feng, M. G. (2013). Catalases play differentiated roles in the adaptation of a fungal entomopathogen to environmental stresses. Environ. Microbiol. 15, 409–418. doi: 10.1111/j.1462-2920.2012.02848.x

 Wickham, H. (2016). ggplot2: Elegant Graphics for Data Analysis. New York, NY: Springer. doi: 10.1007/978-3-319-24277-4

 Wösten, H. A. (2001). Hydrophobins: multipurpose proteins. Annu. Rev. Microbiol. 55, 625–646. doi: 10.1146/annurev.micro.55.1.625

 Xin, C., Xing, X., Wang, F., Liu, J., Ran, Z., Chen, W., et al. (2020). MrMid2, encoding a cell wall stress sensor protein, is required for conidium production, stress tolerance, microsclerotium formation and virulence in the entomopathogenic fungus Metarhizium rileyi. Fungal Genet. Biol. 134, 1–9. doi: 10.1016/j.fgb.2019.103278

 Yarden, O., Veluchamy, S., Dickman, M. B., and Kabbage, M. (2014). Sclerotinia sclerotiorum catalase SCAT1 affects oxidative stress tolerance, regulates ergosterol levels and controls pathogenic development. Physiol. Mol. Plant Pathol. 85, 34–41. doi: 10.1016/j.pmpp.2013.12.001

 Zeng, G., Zhang, P., Zhang, Q., Zhao, H., Li, Z., Zhang, X., Wang, C., et al. (2018). Duplication of a Pks gene cluster and subsequent functional diversification facilitate environmental adaptation in Metarhizium species. PLoS Genet. 14:e1007472. doi: 10.1371/journal.pgen.1007472

 Zhang, J., and Zhang, J. (2016). The filamentous fungal pellet and forces driving its formation. Crit. Rev. Biotechnol. 36, 1066–1077. doi: 10.3109/07388551.2015.1084262

 Zhang, L., Wang, L., Liang, Y., and Yu, J. (2019). FgPEX4 is involved in development, pathogenicity, and cell wall integrity in Fusarium graminearum. Curr. Genet. 65, 747–758. doi: 10.1007/s00294-018-0925-6

 Zhang, X., Leger, R. J. S., and Fang, W. (2017). Pyruvate accumulation is the first line of cell defense against heat stress in a fungus. MBio 8, 1–12. doi: 10.1128/mBio.01284-17

 Zhao, T., Tian, H., Xia, Y., and Jin, K. (2019). MaPmt4, a protein O-mannosyltransferase, contributes to cell wall integrity, stress tolerance and virulence in Metarhizium acridum. Curr. Genet. 65, 1025–1040. doi: 10.1007/s00294-019-00957-z

 Zhu, X. G., Tong, S. M., Ying, S. H., and Feng, M. G. (2018). Antioxidant activities of four superoxide dismutases in Metarhizium robertsii and their contributions to pest control potential. Appl. Microbiol. Biotechnol. 102, 9221–9230. doi: 10.1007/s00253-018-9302-0

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Paixão, Huarte-Bonnet, Ribeiro-Silva, Mascarin, Fernandes and Pedrini. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/ffunb-02-654737-g005.gif
Oone Srpgeean

E’%

Y

ssvsseasaassens:

Hi





OPS/images/ffunb-02-654737-t001.jpg
Component Molecular formula Concentration
(/L)

Microsclerotia Pellets

Anhydrous dextrose CeH1208 200 20
Mealt extract - - 20
Yeast extract - 15 -
Casein (acid hycrolyzate) - - 1

Monobasic potassium phosphate KHzPO; 4 -
Galcium chloride CaClp:2H,0 08 -
Magnesium sulfate MgSO,-7Hz0 06 -
Ferrous sulfate FeSO47Hz0 0.1 -
Manganese sulfate MnSO;-H,0 0016 -

Zinc sulfate ZnS04-7H0 0.014 —
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Gene (acronym used)

Peroxin 5 (rpexs)

Peroxin 7 (Vipex7)

Peroxin 14/17 (Mrpex14/17)
Peroxin 19 (Virpex19)
Glutathione peroxidase (Mrgpx)
Hydrophobin (VrssgA)
Superoxide dismutase 1 (Vrsod)
Superoxide dismutase 2 (Vrsod2)
Catalase A (MrcatA)

Catalase B (MrcatB)

Catalase P (MrcatP)

Polyketide synthase 1 (Vipks1)
Polyketide synthase 2 (Vipks2)
Laccase 1 (MrlacT)

Laccase 2 (Mrlac2)

Laccase 3 (Mrlac3)

Glyceraldshyde-3-phosphate dehydrogenase (Mrgpa)*

*Housekeeping gene.

Forward (5'-3)

TTTGTCCGGGCTCGCTACAATC
CCTGGCTTGGTCGGAAATCAAC
AGGTCCAAAGGCATCAGCGAAG
ATGCCGCTCCCAAGGAATCC
GGGCAAAGTCGTCCTCATCGTC
GTGTATTGCTGCAACAAAG
CCAATGGCTGCACTTCTGCTGG
CCAGCATCTCGGCGCAAATG
GTCGGCGCACAACAACTTCTG
ACAGGATCAGCCACGACATCGC
TGCCCAATGGAGCCACAACTTC
CATTCCGCCTCTCTCATTGCC
CATCAGCGCCATCGGTTTAGAC
AGGGAGACCGCACAGGATTGTG
TCCCTGGGTCAACGAAAGCC
TCGGCTCAAGTGTCGTGTCCAC
GACTGCCCGCATTGAGAAG

Reverse (5-3)

ATTTCGTGCGCCTTGCTTCG
TGTTTCGCGCTTGTGTTCGTG
TGAGCGTTGCCGAGTTGTGC
TCAAACTGCTGCTGCATTTCCG
TGGCCGCCAAACTGGTTACAG
AGACCATTTTGCTGGACATTG
TGTGAGGGCCGATGAGCTTGAC
CCAGCATCTCGGCGCAAATC
CCAGTCGAACTTGACGACGTGC
TCCTTGAGAGCGTTCGCCTGAG
GCAAAGGCATCGGCGAACTG
TGTGCGGCGCATGATATGG
CGGGATAGGGATTGGTTTGTGG
ACTGGCTCCAATCCGACACGAC
CGCCGCGATAAAGTTCATGC
CCGATCCTGTTGCCCAAACG
AGATGGAGGAGTTGGTGTTG
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