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Solid State Fermentation (SSF) scale-up constraints (oxygen diffusion, heat accumulation, mass transfer and
irreproducibility) pose significant obstacles to the production of biopesticides, such as entomopathogenic fungi
(EPF). Understanding the responses of thermotolerant fungal strains is key to overcome these constraints.
However, combination of relevant parameters for fungal growth and sporulation (temperature, growing media
and time) may affect insecticidal activity (conidia production, germination and virulence), but this is not fully
understood. Here, two thermotolerant strains of the EPF Metarhizium (Metarhizium brunneum EAMa 09/01-Su and
Metarhizium robertsii EAMa 01/158-Su) were studied by combining the three parameters of relevance for SSF.
Production conditions affected both quantity (conidia production) and quality (conidia germination and viru-
lence) of the obtained bioproduct. Both strains were suitable for thermotolerant conidia production, with the
M. brunneum strain being superior in Tenebrio molitor infection and conidial germination and the M. robertsii
strain exhibiting faster germination and higher conidia production. These results provide valuable knowledge

and serve as starting point for future works in production scale-up via SSF.

1. Introduction

Massive use of chemical pesticides in agriculture has led to several
threats both to human health and to the environment due to their
toxicity and mutagenic capabilities, demanding a shift to greener op-
tions (Rani et al., 2021). Biological control agents represent preferred
alternatives to chemical pesticides within integrated pest management
(Galli et al., 2024), among which entomopathogenic fungi can target a
wide range of arthropod pests due to their ability to infect a range of
species across insect orders while presenting no harm to humans or to
the ecosystem (Mascarin and Jaronski, 2016). Fungal biopesticides can
be produced by solid-state fermentation (SSF), being the only method
able to obtain large quantities of aerial conidia, which are cheap and
have higher resistance to temperature than propagules produced by
submerged fermentation (De la Cruz Quiroz et al, 2015;
Miranda-Hernandez et al., 2017), thus requiring less formulation tech-
nology. However, SSF has drawbacks, mainly related to inherent con-
straints of oxygen diffusion, heat accumulation and mass transfer, which
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are amplified during process scale-up. The main challenge lies in heat
removal, being critical in every scale-up process regardless of the strain,
reactor configuration or substrate used (Mitchell et al., 2023).

Use of thermotolerant fungal strains for aerial conidia production
could be part of the solution to overcome challenges of heat generation.
Thermotolerant fungi are those which can survive relatively well above
temperatures close to or above 40 °C (Mouchacca, 2000). Thermoto-
lerant fungal strains of different genera have been successfully culti-
vated, specially for enzymatic production (Arora et al., 2015; Casciatori
etal., 2013; Hildén et al., 2009). Despite this, thermotolerant fungi have
not been studied for conidia production by SSF. Effects of heat exposure
in fungi have mostly been studied by means of heat shocks, involving
exposure periods of elevated temperatures (around 37 °C) for 4-16 h
(Keyser et al., 2014; Mattoon et al., 2021), conditions not reflecting the
temperature rise that can be obtained when scaling up SSF (Mitchell
et al., 2023).

Aside from high conidia production, ensuring viability of the conidia
produced and maintaining virulence against arthropod pests also play
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crucial roles for successful strategies of fungal biopesticide fermenta-
tion. There is currently limited knowledge of comparative viability and
virulence in SFF conidia production, as most studies have focused on
single responses (Méndez-Gonzalez et al., 2024; Sala et al., 2023;
Yousef-Yousef et al., 2022). Therefore, existence of potential trade-offs
in conidia produced remains unclear. Moreover, temperature effects
should be studied in combination with growth substrate and production
duration, which are all highly relevant during heat generation processes
occurring during SSF (Mitchell et al., 2023). Furthermore, temperatures
and exposure duration optimal for fungal hyphal growth may not
correspond to optimal conditions for sporulation (Mattoon et al., 2021),
indicating that different scenarios should be tested for growth and
sporulation to sufficiently evaluate effects of SSF production conditions
on conidia production, viability and virulence. Studies on these re-
lationships and identification of trade-offs in thermotolerant fungal
strains responses are mandatory to reproducibly produce effective
biopesticides.

In this study, two selected strains of the entomopathogenic fungal
genus Metarhizium, which were previously demonstrated to have ther-
motolerant traits (Lozano-Tovar et al., 2015; Yousef-Yousef et al., 2022),
were used as model strains with an overall aim to clarify the ability of
thermotolerant fungi strains to overcome heat generation constraints
associated with SSF scale-up. To achieve this, the two Metarhizium
strains were cultivated on a range of solid substrates at either constant or
variable temperatures for quantification of resulting conidia production,
viability (germination) and virulence against a model insect, Tenebrio
molitor. We expected that the conidia traits of the two strains will show
variability depending on growth substrate and temperature conditions.
For substrates, different behaviour is expected depending on sugars
present (higher growth and sporulation are expected in substrates with
highest number of fermentable sugars). Higher temperature tolerance is
expected from the strain of highest optimal growth temperature. How-
ever, their interaction cannot be predicted beforehand, highlighting the
need of this study. This knowledge will be essential for identification of
potential constraints during SFF production conditions.

2. Materials and methods
2.1. Fungal strains

The two entomopathogenic fungal strains were: Metarhizium brun-
neum EAMa 09/01-Su (also accessioned CECT20784) and Metarhizium
robertsii EAMa 01/158-Su (also accessioned CECT20987). Both strains
were obtained from the culture collection of the Agricultural Ento-
mology Research Group AGR 163, at the Department of Agronomy,
University of Cordoba, Spain. Both strains were isolated from soil in
Sevilla, Spain, and have documented thermotolerant traits and patho-
genicity towards several insect species (Garrido-Jurado et al., 2020;
Resquin-Romero et al., 2016; Yousef-Yousef et al., 2022).

2.2. Media preparation

Six different solid media were used for cultivation of both strains
(Table 1). Baseline agar media consisted of Sauboraud Dextrose Agar
supplemented with Yeast (SDAY) represented a control substrate, while

Table 1
Detailed concentrations of all components in the six selected solid media.
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same ingredients at quarter strength were tested as a depleted nutrient
substrate (SDAY/4). Media representing sugar concentrations compa-
rable to solid substrates relevant for SSF were prepared (Sala et al.,
2023), including surrogate media for rice husk (RH) and beer draff
(BDr). The agar media of RH contained relatively low concentrations of
sugars, neopeptone and yeast extract, while media of BDr contained
medium concentrations of the three components. As sugar for RH and
BDr media, arabinogalactose was selected as it is more difficult to
metabolise in comparison to glucose (Rangel et al., 2006). The media RH
and BDr were always tested in comparison to SDAY. Media representing
insect hosts (“trehalose” media) and plant rhizosphere (“raffinose”
media) were also prepared to evaluate the responses of the two strains
when cultivated on sugars predominantly represented in insect hemo-
lymph (trehalose) and in root exudates of the rhizosphere of plants
(raffinose) (Hu and St. Leger, 2002).

All media were autoclaved at 121 °C for 20 min and poured into 9 cm
Petri dishes (approx. 25 mL per dish). The media were stored at room
temperature for a maximum of 1 month before use.

2.3. Fungal growth and sporulation on solid substrates

Temperature, time and media were previously identified as key pa-
rameters affecting conidia production and viability during SSF (Sala
et al., 2019). Four fungal growth and sporulation experiments were
designed to represent either constant temperatures (CT experiments) or
variable temperatures (VT experiments) during growth and sporulation
phases; in VT experiments same total time but variable time periods for
the two phases were investigated. Temperatures ranged between 15 and
35 °C for M. brunneum EAMa 09/01-Su, while temperatures between 15
and 40 °C were used for M. robertsii EAMa 01/158-Su. Incubation was
performed in darkness inside climate cabinets. Temperature sensors
(standard Thermochron iButton device, Maxim Integrated, U.S.) were
used to obtain accurate temperature profiles during the experiments
(maximum variation +1 °C). Conditions and workflow of the four ex-
periments are presented in Supplementary Materials (Figs. S1-S4). Due
to the nature of the experiments, performed at the scale of petri dishes in
large numbers, parameters that indicate fungal fermentative metabolism
in SSF, such as oxygen consumption and CO, production, were not
measured.

In all experiments, inoculation was achieved with pipetting 25 pL of
conidia suspension at 10’ conidia/ml in 0.1% sterile Triton-X per plate
and dispersing with a Drigalski spatula. All experiments were performed
in triplicates with independent inoculation suspensions.

2.4. Conidia suspensions and conservation

Following each growth and sporulation experiment on the respective
solid media (Table 1, Figs. S1-S4), conidia were harvested for evaluation
of traits. From each Petri dish, conidia were suspended by adding 10 mL
of sterile 0.1% Triton-X onto the sporulating culture and gently rubbing
using a sterile Drigalski spatula to release conidia. The resulting sus-
pension was transferred to a 50 mL Falcon tube using a 1 mL pipette with
cut tip. The procedure was repeated until the Falcon tube contained
40 mL of suspension. The suspension was then poured into a new 50 mL
Falcon tube through a glass funnel containing two layers of sterile gauze

Media/component pH Sugars (g/L) Neopeptone (g/L) Yeast extract (g/L) Sugar concentration (%)

Control (SDAY) 6.5 40 10 10 100% glucose

SDAY/4 6.5 10 2.5 2.5 100% glucose

Rice husk (RH) 6.5 6 0.5 1.5 3% glucose, 97% arabionogalactose

Eq. beer draff (BDr) 6.5 20 3 5 50% maltose. 25% glucose, 25% arabinogalactose
Eq. insect (Trehalose) 6.5 34 8.50 8.5 100% trehalose

Eq. plant (Raffinose) 6.5 40 10.00 10 100% raffinose
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to obtain a standardized conidia suspension without mycelia debris,
representing a single Petri dish from the respective experiment. Each
conidia suspension was aliquoted into 2 mL cryogenic tubes at 10%
glycerol (0.4 mL 50% glycerol + 1.6 mL sample) and stored at —80 °C for
a maximum of 1 month before use.

2.5. Quantifying conidia production and germination using oCelloScope

Conidia counting and germination evaluation of conidia suspensions
from both Metarhizium strains were always performed using an oCello-
Scope (model E5AA) and the Uni Explorer software v12.1.0.39 (Bio-
Sense Solutions, Denmark).

2.5.1. Preparation and software

Each conidia suspension was prepared from a cryogenic tube kept at
—80 °C using 0.1% Triton-X as diluent and adjusting concentrations to
103-10° conidia mL ™! (dilutions of 1:10, 1:100 or 1:1000 depending on
initial sample concentration), as recommended by the oCelloScope
provider. Using a sterile 96 well-plate (Nunclon Delta Surface, Thermo
Fisher Scientific, Denmark), 100 pL of each suspension were transferred
per well in laminar air flow chamber. Three biological replicates were
prepared in all experiments, each representing a separate conidia sus-
pension obtained from independent Metarhizium cultures. For each run,
control treatments (100 pL of 0.1% Triton-X) were prepared in triplicate.
After loading the wells, the 96-well plate was placed in the oCelloScope
and secured laterally with side screws to avoid movement of samples. To
ensure homogeneous temperature during incubation, the oCelloScope
instrument was placed inside an incubator (TS 1008-i, Xylem, Denmark)
with the temperature set according to each Metarhizium strain, 25 °C for
M. brunneum EAMa 09/01-Su and 28 °C for M. robertsii EAMa 01/158-Su
(Yousef et al., 2013; Yousef-Yousef et al., 2022). Temperature sensors
(standard Thermochron iButton device, Maxim Integrated, U.S.) were
placed inside the incubator during the experiments to obtain accurate
temperature profiles (maximum variation +0.5 °C). When temperatures
stabilized at +0.5 °C of the intended experimental temperature, the
96-well plates were left for 1h before recording started to allow for
settlement of conidia in the wells. Uni Explorer 12.1 software was used
in all oCelloScope experiments.

2.5.2. Conidia counting

For conidia counting, image acquisition was performed from bio-
logical triplicates. The following parameters were used: image distance
of 4.08 pum, scan area of 337.5 pm, illumination of 167 and 2 ms, with 10
images per well. The detection limit of the oCelloScope for conidia was
determined as ca. 1000 conidia mL ! (or 1 conidium pL~1). The analysis
of the images was done in the Uni Explorer software v12.1.0.249 using
the ‘Fungal Spore Count’ plugin v4. The count plugin has different
models to detect and count conidia, the ‘Metharizium’ model was used at
a threshold between 0.5 and 0.8 depending on how many ‘objects’ were
present on the image and by ensuring that only few non-conidia objects
were counted. A mean count value of conidia per well was then obtained
from the triplicates of each sample.

For data recording, the ‘acquire’ and ‘counting’ functions were used
sequentially. A total of five repetitions were selected for a total time of
1h 20min, corresponding to acquiring images every 20 min including
time 0. Conidia counts and calculation of concentrations (i.e., conidia
production) were obtained using the software. These values were used to
determine the necessary dilution (1:10, 1:100 or 1:1000) to achieve the
correct concentration (103—105 conidia mL’l) to evaluate conidia
germination.

2.5.3. Conidia germination

The same set-up as in conidia counting experiments was used,
although longer duration and data acquisition intervals were required
for obtaining germination rates. Samples were diluted to a concentration
between 10°-10* conidia mL ™! (corresponding to approximately 20-200
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conidia per well) using 0.1% Triton-X, according to conidia counts
previously performed. Total time was set to 40 h and data was acquired
every 1.5 h. Conidial viability was expressed as germination %. Objects
counted as conidia by the oCelloScope diminish over time as the conidia
germinate, allowing an estimation of the germination % based on initial
counts. Germination was calculated for each time point based on the
number of objects counted at that time point in comparison to the
highest number initially counted, producing a germination % for each
sample for each time point. Germination-based metrics are based on
conidia counting, with the number of conidia identified by the oCello-
scope software's algorithm decreasing as the conidia germinate. As such,
100% germination occurs at the time point where the conidia count is
zero. Time to 50% germination, however, is calculated as the time it
takes for 50% of the conidia to germinate. The minimum number of
conidia counted is subtracted from the maximum number of conidia
counted and divided by two to calculate 50% germination. Time to 50%
germination is thus the time at which this germination rate occurs. This
calculation thus considers that 100% germination may not occur under
all circumstances.

2.6. Infection bioassays against insects

Larvae and/or adults of the yellow mealworm T. molitor (Coleoptera:
Tenebrionidae) were exposed to conidia obtained from the different
growth and sporulation conditions to evaluate the relative effect on
virulence of the conditions on each of the two Metarhizium strains.
Conditions and workflow of the bioassays are presented in Supplemen-
tary Materials (Figs. S5 and S6).

2.6.1. Insect culture
Insect culture maintenance, size, conditions and production of adult
beetles were performed as in previous works (Sala et al., 2023).

2.6.2. Insect bioassays set-up

Different set-ups were used depending on T. molitor developmental
stage. For larvae, the setup was adapted from (Herren et al., 2023).
Larvae were introduced in plastic cups (5.2 cm diameter, 155 mL) in
groups of 10 per experimental treatment, with each experiment repeated
three times, resulting in total of 30 larvae per treatment. Each cup was
closed with a perforated lid and contained a filter paper at the bottom
(3 x 3 cm) moistened with 0.15 mL sterile water and a soaked filter
paper (2 x 5 cm) on the inner side of the cup to maintain humidity.
Larvae were exposed individually to conidia suspensions by pipetting
2 pL of the suspension (see 2.6.3 and 2.6.4) onto the anterior part of the
body. Larvae were then incubated in the cups at 25 °C (M. brunneum
EAMa 09/01-Su) or 28 °C (M. robertsii EAMa 01/158-Su) in darkness for
24h. Then, each group of 10 larvae were moved to a new plastic cup
without lid containing 6 g diet and 1 g bacteriological water agar (1%
w/v), which was maintained at same conditions as during the first 24 h.
Cups were checked daily for shed exuviae during first two days. Twice a
week, 1 g bacteriological water agar (1% w/v) was added to each cup.
Mortality was monitored daily for 14 days.

In the infection experiments with adults of T. molitor, medicine cups
of 30 mL were used. Beetles were individually exposed by pipetting 5 pL
of the conidia suspension (see 2.6.3 and 2.6.4) onto the intersegmental
membrane between the head and the pronotum. Each beetle was then
incubated individually (1 beetle per cup) at 25 °C in darkness in the
lidded medicine cup with a potato slice for 24h to maintain high mois-
ture for conidia germination. Potato slices were then removed and
replaced with a piece of moist filter paper and each beetle was provided
with 1.5-2 g organic oatmeal (Coop Denmark A/S, Denmark) and left at
25 °C in the sealed medicine cup for up to 14 days. Mortality was
monitored daily. Moist filter papers were replaced if dry.

In all experiments, dead individuals were collected daily and indi-
vidually surface sterilized by immersion in 5% sodium hypochlorite for
30 s, followed by two rinses of 30 s in deionized water. The rinsed
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cadavers were then incubated inside parafilm-closed Petri dishes with
moist filter paper at 25 °C for 2-7 days to stimulate fungal emergence as
sign of mycosis.

2.6.3. Dose-response of two Metarhizium strains

Dose-response tests were conducted on T. molitor larvae for each of
the two Metarhizium strains. The experiments were performed with
conidia suspensions harvested from standard SDAY plates grown at the
following conditions: 25 °C, 21 d for M. brunneum EAMa 09/01-Su;
30 °C, 21 d for M. robertsii EAMa 01/158-Su. Four concentrations of
M. brunneum EAMa 09/01-Su (10°, 10°, 107, 108 conidia mL~!) and five
concentrations of M. robertsii EAMa 01,/158-Su (10°, 10%, 5 x 10°, 107
and 5 x 107 conidia mL™!) were prepared using Triton-X 0.1% as diluent
and control. In addition, dose-response bioassays against adults were
also performed based on previous experiments (Sala et al., 2023). Pro-
cedures for preparation of conidia suspensions were done as in 2.6.1,
with inoculation and incubation of insects as described in 2.6.2. The
dose-response tests were repeated three times for each condition with
conidia harvested from independent cultures (10 individuals per run).

2.6.4. Comparative virulence of conidia produced at different media and
temperature conditions

Comparative virulence tests of conidia obtained from eight
(M. brunneum) or six (M. robertsii) selected production conditions were
performed against T. molitor (Figs. S5 and S6), using setup as previously
described (Keyser et al., 2016; Seid et al., 2019). The virulence bioassays
were performed using the estimated LCsq (based on dose-response bio-
assays, section 2.6.3), using 10 individuals of larvae or adults of
T. molitor. Conidia suspensions used were the same as prepared for the
oCelloScope analyses, adjusted to LCs (i.e., 6.6 x 10° conidia mL™" for
larvae and 1 x 10’ conidia mL™! for adults with M. robertsii EAMa
01/158-Su and 5.0 x 10’ conidia mL™' with M. robertsii EAMa
01/158-Su). The virulence tests were repeated three times with inde-
pendent conidia samples.

2.7. Statistical analysis

The data obtained from the oCelloScope and insect infection bio-
assays were analysed using the R software version 4.5.1 (R Core Team,
2025), a threshold of 0.05 for the significance and the “tidyverse”
package (Wickham et al., 2019) while plots were generated with the
“ggplot2” package (Wickham, 2016).

2.7.1. OCelloScope assays

Four variables from the oCelloScope assays were analysed: conidia
production, maximum germination %, maximum germination time and
50% germination time. All variables were tested against the media, the
temperature and their interaction in CT experiments and against the
media, the temperature, the time and the bi- and tri-way interactions
between these factors in VT experiments, using generalized linear
models (GLM) with the Poisson family, GLM with the Binomial family or
linear models (LM), depending on data distribution. VT experiments
contained both constant and variable temperature conditions, which
were analysed separately to assess the effects due to media and tem-
perature in the former and due to media, temperature and time in the
latter, where bi- and tri-interactions were removed from the final model
whenever not significant. Models were validated using the “plotresid”
function of the “RVAide Memoire” package (Herve, 2025) for indepen-
dency of the residues for GLM and for independency, normality and
homoscedasticity of the residues for LM. Some models required trans-
formation on the response variable to be validated (log or fourth root).
The significance of each term of each model was tested using a Type II
analysis of variance (“Anova” function, “car” package (Fox and
Weisberg, 2019)) with different tests such as likelihood-ratio chi-s-
quare test for GLM or F-test for LM. Whenever a term was significant,
pairwise comparisons were performed using the estimated marginal

2
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means and p-values were corrected using the false discovery rate
(“emmeans” function and package (Lenth, 2025), “cld” function of the
“multcomp” package (Hothorn et al., 2008)).

2.7.2. Insect survival assays

Survival curves and mycosis rate (proportion of dead individuals
showing fungal emergence) were tested against the concentration for
the dose-response experiments, against the combination of media and
temperature when using conidia produced in CT experiments and
against the combination of media, the temperature and the time in VT
experiments, using survival regressions and Cox model (“survreg” and
“coxph” function from the “survival” package (Therneau, 2024)) for
survival curves and LM (with the square root transformation when
necessary) for the mycosis rate. The significance of each term of each
model was tested using a Type II analysis of variance with different tests
such as likelihood-ratio chi-square test for survival regressions, Wald
test for Cox models and F-test for LM. The pairwise comparisons and
p-value correction were performed as described above. Survival curves
were plotted using the “survminer” package (Kassambara et al., 2024).
Dose-response models were performed using the “drm” function from
the “drc” package (Ritz et al., 2015) with the three-parameter Weibull
function for M. brunneum EAMa 09/01-Su and the four-parameter
log-logistic function for M. robertsii EAMa 01/158-Su.

2.7.3. Multivariate analysis

Principal component analysis (PCA) was performed for both strains
using data collected in M. brunneum EAMa 09/01-Su VT experiment (25
in total) and M. robertsii EAMa 01/158-Su CT experiment (12 in total)
with the following parameters divided in two groups: experimental
parameters (growth temperature, sporulation temperature, growth
time, sporulation time, total time and media used) and response pa-
rameters (conidia production, 50% germination time, maximum
germination rate, time to reach maximum germination and mortality
against larvae of T. molitor). Selected experiments correspond to the
ones where mortality against T. molitor larvae were tested. Minitab 17
software was used for PCA.

3. Results

3.1. Effect of temperature, media and time conditions on conidia
production and germination of thermotolerant M. strains

Model results varied depending on the analysed response and strain.
Complete results of statistical outputs are presented in Supplementary
Material (Table S1). Overall, conidia production was the most signifi-
cantly influenced response by experimental conditions in all models,
whereas 50% germination time and max germination rate were less
influenced. In contrast, the time to reach maximal germination time was
only affected to a limited extend by the experimental conditions. For
conidia production, max germination rate and 50% germination time,
significant effects of both media and temperature were seen in all ex-
periments, with time representing most significant influence for
M. robertsii (VT experiment). Below, only results associated to the most
significant factors (i.e., media, temperature and time) and to the re-
sponses most affected are presented.

3.1.1. Constant (CT) and variable (VT) temperature experiments with M.
brunneum EAMa 09/01-Su

Previous experiments (data not shown) demonstrated that
M. brunneum EAMa 09/01-Su produced hyphae and conidia up to 33 °C,
while at 34 °C or above no growth was observed, independent of media.
Thus, 33 °C was used as maximum temperature for this strain.

Conidia production and germination were achieved in all tested
conditions of the CT experiment, including 33 °C. The production of
conidia ranged between 6.6 x 10° and 3.68 x 10% conidia mL~!
(Fig. 1a), which was significantly influenced by the interaction between



A. Sala et al.

Fungal Biology 130 (2026) 101794

a) ‘ -
SDAY | | SDAY/4 | | RH I | I'rehalose | | Raffinose I
3 ab b b * % .
= a a =3 a a a
< let081 a a 4 a a a { a |
o a
5
(=} |
2
S
o
.S le+05
151
3
o
o
e
{="
o
< let02
=
<
O
15 25 30 33 15 25 30 33 15 25 30 33 1S 25 30 33 15 25 30 33
Temperature (°C)
b) c) ,
25 b b (S
- . ; - T
= ab ab 5 T b
£ a 2 20 ab
8= == = a
£ BB
:E- 10 E o
£ £
X X
2 2
0 0
SDAY SDAY/4 RH  Trehalose Raffinose 15 25 30 3
Media Temperature (°C)
d) 100 b b b b e) ¢
o~ e 30 a 7::7 — b
x 25 £ 9% )
£ £ =5
= =
S S 60
g 50 Z
(=4 o
‘g ‘g
£ £
S % 30
- e ES
z z
= =
0 0
SDAY SDAY/4 RH  Trehalose Raffinose 15 25 30 33

Media

Temperature (°C)

Fig. 1. Conidia production and viability of M. brunneum EAMa 09/01-Su obtained in CT (constant temperature) experiment. a) Conidia production by temperature
for each medium; b) and c¢) 50% germination time by media and by temperature, respectively; d) and e) maximum germination rate by media and by temperature,
respectively. Bars correspond to means + standard errors. Different lowercase letters indicate significant differences between experimental conditions within each

facet. The experimental design associated to these results is presented in Fig. S1.

media and temperature (Table S1). Highest production was observed at
15 °C on Raffinose media, followed by 15 °C on Trehalose media, and
25 °C on SDAY/4 media, while other temperature and media combi-
nations produced comparable amounts of conidia (Fig. 1a). Conidial
germination traits were significantly affected by media and temperature
individually (Table S1). Shortest time to reach 50% germination was
seen for conidia grown at SDAY although not significantly faster than on
Trehalose or Raffinose (Fig. 1b), while longer time was necessary for
SDAY/4 and RH. Although conidia produced at 33 °C were relatively
few, they germinated as fast as those produced at 15 °C (Fig. 1c) and
reached highest germination rate across media (Fig. 1le). The slow
germinating conidia of SDAY/4 also reached lowest maximum germi-
nation (Fig. 1d).

In VT experiments with M. brunneum EAMa 09/01-Su, conidia pro-
duction and germination were achieved at all tested conditions, both at
constant and variable temperatures. All conidial traits were affected by
complex two- or three-way interactions (Table S1). Amounts of conidia
produced were reduced by high constant temperature at 33 °C for SDAY

and RH media, while it was lowest at 25 °C for BDr (Fig. 2a). At variable
temperatures, BDr in general produced relatively high amounts of con-
idia (Fig. 2b), and for all three media most conidia were produced after
7 d at 25 °C for growth and 14 d at 33 °C for sporulation (Fig. 2b). At
constant temperature, 50% germination was reached rapidly on SDAY
irrespective of incubation temperature, while time to achieve 50% of
conidia germination was prolonged on RH at 25 °C and on BDr at both
15 and 25 °C (Fig. 2c). The time to reach 50% germination at variable
temperatures was not affected by temperatures, but individually by the
media and by the period for growth vs. sporulation (Table S1). SDAY
produced conidia of which half had germinated in the shortest time,
while only 7 days at high temperature for sporulation yielded longer
time to achieve 50% germination (Fig. 2d). Comparably, maximum
germination rates were high and unaffected by temperatures on SDAY,
while the germination rates were lowest at 25 °C on RH and BDr
(Fig. 2e). At variable temperatures, SDAY similarly gave highest max
germination rates, and 10.5-14 days at 33 °C gave relatively high
germination rates (Fig. 2f). Heatmap trends are shown in Fig. S7.
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Fig. 2. Conidia production and viability of M. brunneum EAMa 09/01-Su obtained in VT (variable temperature) experiment. Constant temperature values are shown
in a), c¢) and e) by media x temperature interactions, with the media as facets. Variable values are shown in b) by media x temperature x time interactions, with the
media as facets; in d) by media and by time and in f) by media, by temperature and by time. Panels a) and b) display conidia production; ¢) and d) 50% germination
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experimental conditions within each facet. The experimental design associated to these results is presented in Fig. S2.

3.1.2. Constant (CT) and variable (VT) temperature experiments with M.
robertsii EAMa 01/158-Su

As inherent thermotolerance of strain M. robertsii EAMa 01,/158-Su
were expected to be higher than of M. brunneum EAMa 09/01-Su, tem-
peratures up to 40 °C were tested to assess effect on growth and spor-
ulation (Yousef-Yousef et al., 2022). At constant temperatures, conidia
production was observed up to 35 °C on SDAY only, while no sporulation
was seen at 40 °C (Fig. 3a). At lower temperatures, BDr, Trehalose and
Raffinose media generally produced significantly more conidia than RH
media (Fig. 3a). Conidia produced at 15 °C yielded equally high values
for max germination rates across all media, while conidia from RH
media generally showed high germination rates at 20-30 °C (Fig. 3b).
Time for 50% germination and to reach maximum germination were
only affected by temperature (Table S1).

Cultivation of M. robertsii EAMa 01,/158-Su on three media SDAY, RH
and BDr for 14 days at constant temperatures showed increased conidia
production at 28 °C compared to 15 °C on all media, but no conidia were
produced at 35 °C on SDAY in this experiment (Fig. 4a). When the fungal

strain was cultured for 14 days at variable temperatures, results varied
depending on conditions. For conidia production, a significant three-
way interaction was found (Table S1), leading to complex results.
When growth was allowed at 28 °C for 4-7 days, successful sporulation
was achieved even at 35 °C and at 40 °C on the three media (Fig. 4b and
c). At these conditions of high sporulation temperatures, RH and BDr
produced more conidia than the standard SDAY with periods of 7 days
for growth and sporulation yielding high conidia production. However,
the conidia produced at 40 °C took longer to reach 50% germination
when cultivated on RH and BDr compared to SDAY (Fig. 5a). Aligned
with this observation, significantly fewer conidia germinated when
cultivated on RH and BDr at sporulation temperatures of 40 °C, while
conidia cultivated on SDAY germinated almost completely when pro-
duced at all temperature and time combinations (Fig. 5b). Heatmap
trends are shown in Fig. S8.
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differences between experimental conditions within each temperature facet. The experimental design associated to these results is presented in Fig. S3.

3.2. Effect of production conditions on virulence against T. molitor

Complete results of all virulence experiments (statistical outputs) are
presented in Supplementary data (Table S2).

3.2.1. Dose-response experiments on T. molitor larvae

Clear dose-dependent responses after exposure of T. molitor larvae to
the two Metarhizium strains were observed, presenting different in-
tensity depending on the strain used (Fig. S9). The LC50 values were
clearly separated for each strain, being 3.1 x 10° conidia mL™! for
M. brunneum EAMa 09/01-Su and 1.4 x 107 conidia mL ™ for M. robertsii
EAMa 01/158-Su. The M. brunneum strain was thus most virulent,
achieving 90% mycoses (100% mortality) at 10’ mL™’. In contrast,
M. robertsii achieved lower mycosis rate (53.3%) even at the highest
concentration of 5 x 107 conidia mL ™. In both strains, exposure to the
two highest concentrations did not increase mortality or mycosis rates
significantly. Mortality was also achieved most rapidly by M. brunneum,
reaching LTsg by 5 or 4.5 days at 107 or 108 conidia mL ! respectively,
contrasting with M. robertsii where LT5y was not achieved until 8 days
for the highest concentration of 5 x 107 conidia mL™!. As M. brunneum
showed most potential against T. molitor, this strain was used in infec-
tion experiments against both stages (larvae and adults) to compare
effects of all growth and sporulation parameters on conidia virulence,
while M. robertsii was only tested against larvae stage.

3.2.2. Virulence of M. brunneum EAMa 09/01-Su against T. molitor larvae
and adults

Concentration used against larvae was of 6.6 x 10° conidia mL ! and
of 1 x 107 conidia mL ™" against adults. When exposed to conidia pro-
duced at constant temperatures of 15, 25 or 33 °C on either of the three
media SDAY, RH or BDr, larval mortality was only significantly
increased when conidia were produced on SDAY and RH at 15 °C,
compared to the control treatment (Fig. 6a). For these two treatments,
LTso values were 8 and 10 days, respectively. Mycosis rates varied, but
patterns generally followed the levels of mortality (Fig. S10). In contrast,
conidia produced at variable temperatures caused significantly
increased mortality in larvae except for conidia produced during 14 days
at 33 °C for sporulation. Shorter incubation periods of 7 or 10.5 days for
sporulation at 33 °C maintained virulence equal to sporulation tem-
peratures of 15 °C (Fig. 6b). Here, LT5( values ranged from 7 to 10 days
after exposure. Mycosis rates were more clearly separating the sporu-
lation treatments at 33 °C, with lower mycosis development in larvae
exposed to conidia incubated for 14 days during sporulation than those
incubate for 7 or 10.5 days (Fig. S10).

Exposure of adult T. molitor to conidia produced at a sub-set of
constant temperatures on the three media separated mortality patterns
more evidently than for larvae (Fig. 6¢). Highest mortalities were ob-
tained for conidia produced at 15 °C on RH and SDAY, leading to LTsg
values of 9 and 11, respectively. In contrast, no significant mortality was
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observed for conidia produced on RH at 25 and 33 °C. Conidia from BDr
at 15 °C caused intermediate level of mortality with LTso of 15 days,
which was the only temperature for BDr tested against adults. Adults
exposed to conidia incubated at 15 °C resulted in the highest rates of
mycosis after incubation of cadavers (Fig. S10). Conidia produced at a
sub-set of the variable temperature conditions all caused comparable
levels of significant mortality in adults, irrespective of the incubation
period for sporulation at 15 or 33 °C (Fig. 6d). The corresponding LT5q
values ranged between 9 and 11 days. However, mycosis rates of dead
beetles were similar for the four groups of conidia (Fig. S10).

3.2.3. Virulence of M. robertsii EAMa 01/158-Su against T. molitor larvae

In comparison to conidia production of M. brunneum EAMa 09/01-
Su, the total period for growth and sporulation for strain M. robertsii
EAMa 01/158-Su was reduced to 14 days, with temperatures at 15, 28 or
35 °C, at a concentration of 5.0 x 10’ conidia mL™!. Exposure of
T. molitor larvae to conidia of M. robertsii EAMa 01,/158-Su produced at
constant temperatures of 15 or 28 °C on either RH or BDr for 14 days
only led to significant mortality compared to the control treatment for
RH incubated at both temperatures and for BDr at 15 °C (Fig. 7a) with
LTso values of 5-6 days. Conidia from either temperature produced on
SDAY media did not cause significant mortality in the larvae. However,
only larval cadavers exposed to SDAY at 28 °C failed to develop mycosis
(Fig. S11). When conidia were produced at variable temperatures, all
four conditions for sporulation caused significant mortality towards
T. molitor larvae (Fig. 7b). Exposure of larvae to conidia produced at
sporulation temperature of 35 °C for 4 days showed lower mortality
(LTs0p = 12 days) than 10 days incubation at 35 °C and both sporulation
periods at 15 °C (LT5¢ = 5 days). Similarly, the 4 days of sporulation at
35 °C also produced lower mycosis rate than the other treatments

(Fig. S11).

3.3. Thermotolerant strains relation with germination and conidia
production

To assess the relationship of the analysed parameters on various
responses, PCA analysis was performed using the following six param-
eters: growth temperature, sporulation temperature, growth time,
sporulation time, total time and media; coupled with five responses:
conidia production, 50% germination time, max. germination rate, time
to reach max. germination and mortality against larvae of T. molitor.

More than 81% of the total variance was explained by four compo-
nents, with the majority (57.7%) being explained by the first and second
components. Thus, PC1 and PC2 were plotted against each other in
biplot form (Fig. 8), with data distributed for the two Metarhizium strains
tested.

Concerning the response parameters, dependence between conidia
production and time for germination can be observed, mainly along PC1.
In contrast, mortality against T. molitor and max germination rate of
conidia are related, but in opposite direction of PC1.

The observed patterns of experimental variables differed between
the two strains (colour codes in Fig. 8), implying strain-specific effects of
the analysed parameters. For strain M. brunneum EAMa 09/01-Su, the
most important parameter affecting the responses was temperature,
indicating same direction along PC2 for effects of growth and sporula-
tion temperatures. Incubation periods (total, growth and sporulation
time) were in opposite direction mainly along PC1 for M. brunneum
EAMa 09/01-Su, while media represented limited importance on both
strains. Concerning strain M. robertsii EAMa 01/158-Su, mainly incu-
bation periods showed relationships along same trajectory, with limited
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associated to these results is presented in Fig. S4.

differences among total, growth and sporulation times. Temperature
trajectories were opposite, indicating no relevant effect on responses of
the strain, implying that the selected range was suitable.

4. Discussion

In the present study, we evaluated the effect of several production
parameters (temperature, growing media and time) on different
response parameters (conidia production, germination and virulence
against T. molitor) of two thermotolerant Metarhizium strains. Our
findings demonstrate that differences in conidia traits, mainly in
germination and virulence, are observed depending on the simulated

SSF conditions during conidia production. Moreover, the feasibility of
using the thermotolerant strains in fungal SSF scale-up is demonstrated,
while showing evidence that responses of the strains were different. Our
results confirm that M. robertsii EAMa 01/158-Su showed superior
thermotolerant potential over M. brunneum EAMa 09/01-Su, and that
the tested strategies at variable temperatures simulating SSF conditions
obtained relatively high conidia concentrations coupled with high
germination values and resulting virulence against T. molitor.

This study reports new insights on the effect of prolonged heat stress
on conidia production and germination, prolonging these effects for
several days (4 to 14 depending on the experiment). Temperature has
been described as the most critical environmental factor for reducing
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virulence in EPF (Quesada-Moraga et al., 2024). Temperatures above optimal have produced highly germinative conidia, albeit at lower
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absolute productions than optimal values. Most studies report heat stress
effect on entomopathogenic fungi at shorter periods than those tested
here. For example, Keyser et al. (2014) reported periods of heat stress of
4-20 h in contrast to several days in the present study, which represent
an approach indicative of scaling conidia production during SSF, where
heat stress can last for days (Perez et al., 2019).

In terms of germination, although best results were obtained overall
when working at or close to optimal temperatures (25 °C for
M. brunneum EAMa 09/01-Su and 28 °C for M. robertsii EAMa 01/158-
Su), relevant decrease was only found when working at 4 days of
growth temperature in VT strategies, meaning more time was required
for proper fungal growth before changing to sporulation temperature.
Comparable findings were reported when working with Trichoderma
atroviride, although not being defined as thermotolerant (Daryaei et al.,
2016). Temperature is a key parameter in SSF conidia production, thus
has been extensively studied, either by testing different temperatures for
the same process or via its radial variation through packed beds (Sala
et al., 2019; da Cunha et al., 2020). However, influence of production
temperature on conidia traits such as germination and virulence have
not been equally researched. Most studies performed with agar media
involve effects of changes in ambient conditions on fungal growth and
sporulation, mostly by means of heat stress (Keyser et al., 2014; Rangel
et al., 2015; Seid et al., 2019), surpassing temperatures considered
“optimal” for each strain. Exposure to extreme temperatures for longer
times always reduces production and germination, highlighting the
relevance of controlling this parameter. Detrimental effect of high
temperatures (temperatures of 35 °C or higher) on germination has been
previously reported, with slightly less values required to reduce germi-
nation in comparison to conidia production (Omuse et al., 2022).

We observed interesting variation between effects of growth media.
Media representing intermediate sugar availability (SDAY/4, BDr,
trehalose and raffinose) tended to yield higher conidia production but
reduced germination traits, whereas SDAY and RH (high and low sugar
availability, respectively) tended to have high germination rates but
relatively low conidia production. Particularly BDr maintained conidia
production at high temperatures. This observation could indicate carbon
source starvation, which was previously reported as one main factor
influencing heat-tolerant conidia formation in EPF (Maheshwari et al.,
2000; Montesinos-Matias et al., 2021). Other studies have
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demonstrated that nutrient stress on minimal media is a factor inducing
formation of heat-tolerant conidia (Medina et al., 2020). Although our
findings are in accordance with this, sugar starvation did not cause
differences in germination traits. We hypothesize that media with low or
medium sugar concentration are beneficial to the fungal strain at
extreme temperatures (temperatures of 35 °C or higher), favouring fast
growth and sporulation. During SSF, the specific substrate will highly
influence maximum temperature generation and the period during
which this temperature is achieved (Sala et al., 2021). Balancing sugar
consumption and fermentation time must be achieved for optimized SSF
processing.

Effects of media were observed in all experiments of the present
study, implying that media composition is important for thermotolerant
Metarhizium strains. However, additional studies with different genera
should be performed to assess if such results are reproducible for other
thermotolerant fungi.

Recent works have also demonstrated the effect of culture conditions
on conidia traits (size, production, germination, thermotolerance and
virulence) in EPF. Tamayo-Sanchez et al. (2026) observed that sub-
culturing different EPF led to differences in conidia production,
observing reduction in successive subculturing. Contrary to what we
observed, germination and virulence (against larvae of the wax moth
Galleria mellonella) were stable, with also no significant differences for
thermotolerance (Tamayo-Sanchez et al., 2026). These results comple-
ment our findings on temperature and media effect on conidia traits.

This study presented clear strain specific differences in virulence
against T. molitor larvae. Both Metarhizium species are considered gen-
eralists, capable of infecting a wide range of insect hosts (Barelli et al.,
2022; Couceiro et al., 2022). Particularly, several M. brunneum strains
(including EAMa 09/01-Su) have been shown to produce high amounts
of destruxin, a prominent insecticidal compound affecting fungal viru-
lence (Lozano-Tovar et al., 2015). Previous studies have shown effects of
M. robertsii EAMa 01/158-Su against soil dwelling insect pests with
promising results (Garrido-Jurado et al., 2011; Yousef-Yousef et al.,
2022), but the strain was not tested against T. molitor. Other
M. brunneum strains have been demonstrated to infect T. molitor larvae
and adults at various degrees (Dahal et al., 2022; Herren et al., 2023).
Aside from Metarhizium virulence analyses, T. molitor larvae is widely
considered as one of the most useful in vivo models to test the
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effectiveness and safety of biological drugs, specially for pathogenic
fungi and fungal virulence, with more than 5700 reports in the literature
to the present day (de Souza et al., 2018; Santos et al., 2025).

Our results suggest an effect of SSF production conditions on the
quality of the obtained conidial-based product, as clear differences in
mortality and virulence were obtained depending on the sample used.
Similar behaviour between larvae and adult T. molitor virulence assays
suggests that virulence is not only dependent on insect stage (being
superior in adult stage, as shown in Fig. 6) and concentration used but
also on conidia production conditions. This trait had not been previously
observed, as most studies focus on a single stage (mainly larvae) or
comparison of different insect species (Praprotnik et al., 2021; Swathy
et al., 2024). Differences in physiological responses between T. molitor
stages have been extensively studied in recent years (Pedersen et al.,
2020), and stage specific variation in gene expression patterns showed
higher immune activation during the larval stage (Petronio et al., 2022).
This is in accordance with the present results, where the larval stage
exhibited higher proportional survival than adults when exposed to
conidia from same growth and sporulation conditions. Moreover, the
effect of sporulation temperature on conidia virulence seemed irrele-
vant, as high virulence was achieved with all temperatures tested during
sporulation period (15, 25 and 33 °C). Consequently, to obtain an
effective bioproduct, production condition effects must be considered
alongside others that affect conidia virulence, such as several biological
factors, e.g., the type of conidia used, the application method and the
entry pathway into the insect hemolymph (Graf et al., 2025).

In both strains tested, infective conidia were obtained also at highest
tested temperature conditions (33 °C for M. brunneum and 35 °C for
M. robertsii). High stress conditions have been reported as inducers of
higher virulence in conidia of different EPF genera (Rangel et al., 2015).
The capabilities of M. brunneum EAMa 09/01-Su and M. robertsii EAMa
01/158-Su for producing infective conidia when sporulating at 33 °C for
7 to 14 days after growth (M. brunneum) or 35 °C for 4 to 10 days after
growth (M. robertsii) were demonstrated. This response is highly rele-
vant for conidia mass production in SSF packed-bed reactors, as tem-
peratures surpassing 30 °C are reached when scaling fungal biopesticide
production up to 22 L (Sala et al., 2021). Further, higher temperatures
are reached when scaling up other SSF production processes (Cerda
et al., 2017; Mitchell et al., 2023), demonstrating that M. brunneum
EAMa 09/01-Su has potential for SSF fungal biopesticide scaling.

The PCA analysis demonstrates strain specific relationships with
response parameters, mainly conidia production and germination.
Specifically, conidia of M. brunneum EAMa 09/01-Su showed higher
affinity for T. molitor infection and germination rate, while M. robertsii
EAMa 01/158-Su had more relation with rapid germination and high
conidia production. For both strains, conidia production was related to
germination time, but highest production was obtained for M. robertsii
EAMa 01/158-Su, indicating conidia production is mainly dependent on
fast growth and germination rather than on maximum germination
rates. Overall, M. robertsii EAMa 01/158-Su exhibited overall faster
germination rate and conidia production in comparison to M. brunneum
EAMa 09/01-Su, while also obtaining much lower mortality against
T. molitor larvae, results validated by PCA.

Relationship between germination and successful infection was also
demonstrated in the PCA, showing that conidia germination rate was
more important for T. molitor infection than conidia quantity. This
suggests that different production parameters should be optimized
during SSF depending on the desirable response, implying that conidia
quantity may not represent the best indicative parameter for biopesti-
cide quality, whilst germination rate is more suitable proxy for efficacy.
As presented by Seid et al. (2019), conidial germination is essential for
entomopathogenicity, but germination parameters do not always reflect
conidia infectivity against an insect. Thus, an approach with combined
in vitro and in vivo assessment of the produced conidia is necessary for
complete evaluation of the potential quality of fungal infective units
produced by SSF.
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5. Conclusions

Using two thermotolerant Metarhizium strains that have demon-
strated biocontrol potential, effect of conidia production conditions on
relevant traits regarding quality and quantity of conidia have been
demonstrated, with emphasis on germination and virulence. This
knowledge will be valuable for future works regarding production and
scalability of the analysed strains by means of SSF.
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