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Abstract: Important for the infection of an insect with an entomopathogenic fungus and its use as a
plant protection agent are its growth, conidiation, germination, and virulence, which all depend on
the environmental temperature. We investigated not only the effect of environmental temperature
but also that of production temperature of the fungus. For this purpose, Metarhizium brunneum
JKI-BI-1450 was produced and incubated at different temperatures, and the factors mentioned as
well as conidial size were determined. The temperature at which the fungus was produced affects
its subsequent growth and conidiation on granule formulation, the speed of germination, and the
conidial width, but not its final germination or virulence. The growth and conidiation was at its
highest when the fungus was produced at 25 °C, whereas when the germination was faster, the
warmer the fungus was produced. The incubation temperature optimum of JKI-BI-1450 in relation
to growth, speed of germination, and survival time was 25-30 °C and for conidiation 20-25 °C.
Conidial length decreased with increasing incubation temperature. Although the fungus could not
be adapted to unfavorable conditions by the production temperature, it was found that the quality
of a biological control agent based on entomopathogenic fungi can be positively influenced by its
production temperature.
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1. Introduction

The aim of this study was to investigate the effects of different temperatures on the
growth, conidiation, conidial size, germination and virulence of a Metarhizium-based soil
granule, which was developed to control pest insects in the soil, especially in potato
cultivation. Therefore, we developed a formulation technology for granules based on ento-
mopathogenic fungi [1], and examined whether this technology can be used for Metarhizium
brunneum strain JKI-BI-1450. To produce our granule, the fungus was initially produced in
liquid medium. Subsequently, a thin layer of biomass was coated on autoclaved millet by
fluid bed drying.

The advantage of applying a soil granule produced this way is that only after its
application in the soil and the associated contact with moisture does the fungus overgrow
the granule (Figure 1) and conidiate on the surface, which in turn leads to the pest insect
being infected once contact has been established with the conidia [2]. The direct appli-
cation of conidia into the soil has the advantage that the infectious unit of the fungus is
directly present, however the product is dusting, and thus poses a risk for both the user
and bystander.
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Figure 1. Growth and conidiation of Metarhizium brunneum JKI-BI-1450 on a granule grain.

Therefore, the growth and conidiation of the fungus on the granule in the soil are essen-
tial for its effectiveness, and for both of these processes, the temperature of the environment
is important. Generally, temperatures between 20 to 30 °C are optimal for the growth and
sporulation of entomopathogenic fungi, which is also valid for Metarhizium [3-6]. However,
the temperature optimum varies between different Metarhizium species. Kryukov et al. [7]
demonstrated that M. brunneum exhibited the best growth at 25 °C, whereas the optimum
growth temperature of Metarhizium robertsii was 30 °C. Only M. robertsii grew at 35 or
37.5 °C, whereas M. brunneum was not able to grow at these temperatures. Keyser et al. [8]
also showed that the examined M. brunneum species exhibited their maximum my-celial
growth at 24 °C. Strains of Metarhizium acridum, Metarhizium giuzhouense, and M. robertsii
had their maximum at 28 °C or even at 32 °C.

One constraint in applying entomopathogenic fungi for controlling soil dwelling
pests is the difference in soil temperatures and the temperature optimum of the fungi.
The granule investigated in this study should later be used in cultivation at the same
time when potato planting, where the soil temperature is lower than the optimum of
the fungus [9]. An application at lower temperatures can lead to a reduced growth and
conidiation of the fungus [6,10,11]. As conidia are the infection units of the fungus [12],
lower levels of conidiation may lead to a reduction in efficacy [13]. We intended to take
advantage of the fact that many microorganisms can cope better with stressful conditions
when they have already been exposed to them [14-17]. Therefore, we investigated whether
the fungus may be adapted to unfavorable temperatures by culturing it several times at
these temperatures. Following growth and conidiation of the fungus on the granule, the
next step to successful infection is the contact of the conidia with the insect cuticle. After
adhesion on the cuticle, the conidia form a germ tube, which penetrates the cuticle through
enzymatic and mechanical pressure. Moreover, germination is also heavily influenced
by temperature [6,18]. Walstad et al. [19] and Dimbi et al. [3] demonstrated the highest
germination for Metarhizium after 24 h at 25 °C. Similar results were determined by Hywel-
Jones and Gillespie [20], with the fastest and highest germination having being observed
after an incubation at 25 to 30 °C. Rath et al. [21] and Skalicky et al. [22] showed that
germination rates up to 100% were even possible at low temperatures, although such
values are obtained slower compared to rates at higher temperatures. After adhesion,
germination, and penetration, the fungus can multiply in the hemolymph and kill the
insect either by nutrient deprivation or toxins, which some fungi are able to produce [23,24].
Apart from growth and germination, the virulence of entomopathogenic fungi is also
temperature-dependent [6,25]. For Metarhizium, many studies showed the highest or fastest
mortality at higher temperatures of 30 or 35 °C [3,26], or 25 to 30 °C [27,28], respectively.

Investigations on the influence of temperature on the growth, germination, and vir-
ulence of entomopathogenic fungi have often been described. The novelty of our study
is that we examined both the influence of the production and incubation temperature.
Initially, we investigated whether the production temperature of the biomass used for our
granule-based formulation affects the growth of the fungus on this granule at different
incubation temperatures. The purpose of these experiments was to verify whether the
quality of the granule, and its ability to grow at sub-optimal temperatures could be im-
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proved by the previous production parameters of the biomass. In our application strategy,
the infectious conidia were only formed after application in soil under moist conditions
and at sufficient temperatures. Therefore, in the second step, we assessed whether the
temperature for conidiation had an influence on their size, germination, and virulence to
better understand the potential field conditions.

2. Materials and Methods
2.1. Fungal Strain

Metarhizium brunneum strain JKI-BI-1450 was isolated in 2013 at the Institute for
Biological Control, Julius Kithn-Institute, Darmstadt (Germany) from an infected adult
Agriotes lineatus, which was collected by Jérn Lehmhus in Braunschweig, Germany.

2.2. Maintenance of JKI-BI-1450

The fungal strain JKI-BI-1450 was stored at —80 °C in cryo-tubes (Microbank, Pro-Lab
Diagnostics, Richmond Hill, Canada) and routinely cultured on malt peptone agar (MPA)
containing 3% (w/v) malt extract (Merck, Darmstadt, Germany), 0.5% (w/v) peptone from
soybean (Merck), and 1.8% (w/v) agar-agar (Roth, Karlsruhe, Germany).

2.3. Colony Size and Conidiation at Different Temperatures

JKI-BI-1450 was spread on MPA and incubated for 2 weeks at 25 °C in the dark. A
total of 2 pL of a conidial suspension (1 x 108 conidia/mL in sterile 0.5% (v/v) Tween 80%
(Merck)) of JKI-BI-1450 was pipetted in the center of the petri dishes filled with MPA. The
dishes were then incubated for 14 days at 15, 20, 25, 30, and 37 °C in the dark, respectively.
The diameter of the fungal colony was measured twice, perpendicular to one another.
To determine the conidiation, 2 mL of sterile 0.5% (v/v) Tween 80® was added to each
dish and the conidia were scraped off with a sterile spatula. The conidia concentration
was determined using a hemocytometer, and the conidia per mm? was calculated based
on the final colony size. The experiment was repeated six times independently with five
replicates each.

2.4. Temperature Adaptation

JKI-BI-1450 was cultivated on MPA for 14 days at 15, 20, 25, and 30 °C in the dark,
respectively. New MPA plates were then inoculated with the fungi produced at these
temperatures and incubated for 14 days at the same temperatures as before in the dark.
This subsequent cultivation was repeated three times. After that, the final adapted fungus
cultures of each growth temperature were stored at —80 °C.

2.5. Effects of Production and Incubation Temperature on the Fungus Growth

The granules were produced as described by Stephan et al. [1]. For liquid culture
inoculation, the temperature-adapted fungus cultures were taken from the —80 °C deep
freezer and cultivated for 21 days on MPA at the corresponding temperature in the dark.
For the liquid production of fungal biomass, 50 mL sterile medium containing 2.5% (w/v)
glucose (Merck), 2% (w/v) corn steep (Sigma Aldrich, Buchs, Switzerland), and 0.5% (w/v)
sodium chloride (Merck) in 100 mL flasks was used. Each flask was inoculated with
5 x 10° conidia suspension of the previously described 21-day-old cultures in 1 mL of
sterile 0.5% (v/v) Tween 80® and were then incubated at 130 rpm on a horizontal shaker
(Novotron, 50 mm deflection, Infors, Bottmingen, Switzerland). In liquid culture, the
conidia of JKI-BI-1450 germinate and form mycelium and submerged spores. The duration
of the production process is influenced by the production temperature. To determine the
end of the exponential growth phase at each production temperature, the formation of
the submerged spores was observed microscopically every 24 h. Based on these results,
the incubation time at 15 °C was set to 120 h, and at 30 °C to 144 h, respectively. At 20
and 25 °C the fungus was cultivated for 72 h. The biomass suspension of each cultivation
was centrifuged for 10 min at 25 °C and 15,344 x g. The supernatant was then discarded,
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and the pellet was resuspended in 0.9% (w/v) sodium chloride solution and centrifuged
again. This process was repeated twice. The dry weight of the biomass was determined
using a moisture determination balance (Ma30, Sartorius, Gottingen, Germany), and a
suspension of 3% dry biomass was prepared by diluting with a 0.9% (w/v) sodium chloride
solution. From each biomass suspension a granule was prepared with a laboratory fluid-
bed dryer (Strea-1, Aeromatic-Fielder AG, Bubendorf, Switzerland, nozzle diameter: 1 mm,
Container volume: 16.5 L). In contrast to the process described by Stephan at al. [1],
100 g of autoclaved millet seeds were placed in the container, and 15 g of the 3% biomass
suspension was sprayed by a top spray variant on the millet with a nozzle pressure of
2 bar. The granules produced in this way will be henceforth referred to as 15 °C-granule,
20 °C-granule, 25 °C-granule, and 30 °C-granule throughout this study. For each batch, ten
granule grains (millet seeds covered with fungus) were placed on five petri dishes filled
with agar (1% (w/v) agar-agar) and were then incubated at 15, 20, 25, and 30 °C for 14 and
28 days in the dark, respectively. After this incubation period, the number of colonized
granule grains was determined. Granule grains covered with the mycelium or conidia of
JKI-BI-1450 were counted as colonized. To determine the conidia concentration, 1 mL of
sterile 0.5% (v/v) Tween 80%® was added to each petri dish. The granule grains and the
suspension was transferred to a tube. The tubes were placed on a vortexer for 10 s and
afterwards in an ultrasonic bath (Sonorex RK 52, 35 kHz, Bandelin electronic GmbH &
Co. KG, Berlin, Germany) for 15 min. The conidia concentration was determined using
a hemocytometer. Based on the colonization and the determined amount of conidia per
plate, the conidia per granule grain were determined by dividing the amount of conidia
by the number of colonized granule grains. This allowed to determine the conidiation
independently of colonization.

Ten conidia of each petri dish were photographed, and the length and width was
measured using the program cellSens Standard, Olympus (Figure 2). The conidial index was
calculated by dividing the length by the width. The experiment was repeated independently
three times.
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Figure 2. Measurement of conidia.

2.6. Effect of More Unfavorable Incubation Temperature

A 25 °C-granule was produced and formulated as described. Ten granule grains
were placed on five separate petri dishes filled with agar (1% (w/v) agar-agar) and were
incubated at 5, 10, 25, and 35 °C for 14, 28, and 42 days in the dark, respectively. The
granule colonization, the conidia per granule grain, and the conidial size were measured as
described above. The experiment was repeated independently three times.
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2.7. Effect of Simulated Soil Temperature

To simulate the soil temperature in the field during potato planting as realistically
as possible, soil temperature data from a field trial in Uelzen Niedersachsen, Germany
were used for adjusting the temperature profile of the incubator. The data were based on
temperatures measured in 2018 and 2019, which were obtained from three points inside
the potato mound. From these six measurements, averages were calculated every 4 h for
6 weeks, starting from the day of potato planting (7 May 2018 and 8 May 2019) [9]. A
25 °C-granule was produced as described above. Ten granule grains were placed on petri
dishes filled with agar (1% (w/v) agar-agar). In total, 60 petri dishes were incubated at the
simulated soil temperature, and an additional 60 petri dishes were incubated at a constant
temperature of 25 °C in the dark. Ten petri dishes of each treatment were evaluated weekly
over 6 weeks. The granule colonization, the conidia per granule grain, and the conidial
size were measured as described above. The experiment was repeated independently
three times.

2.8. Effect of Temperature on the Germination and the Virulence
2.8.1. Preparation of Fungus Suspension

To determine the germination rate, the temperature-adapted fungus cultures were
incubated for 21 days on MPA at the corresponding temperatures in the dark. An undefined
number of conidia of each fungus was suspended in a 1.5 mL tube filled with 0.5% (v/v)
Tween 80®. The tubes were placed on a vortexer for 10 s and afterwards in an ultrasonic
bath (Sonorex RK 52, 35 kHz, Bandelin electronic GmbH & Co. KG) for 15 min. The
conidia concentration was determined using a hemocytometer, and a conidial suspension
of 1 x 10° conidia/mL was made for each adapted fungus by diluting with 0.5% (v/v)
Tween 80®. The length and width were determined for 100 conidia as previously described.

2.8.2. Speed of Germination

Twenty four droplets of each conidial suspension with a volume of 10 uL were placed
on petri dishes filled with MPA, and were incubated at 15, 20, 25, and 30 °C in the dark,
respectively. After 3, 6,9, 12, 15, 18, 21, and 24 h, respectively, three droplets each were
cut out of the agar and placed on a slide. On each agar piece, one hundred conidia were
observed under the light microscope (x400), and the percentage of germinated conidia
was subsequently determined. Conidia were rated as germinated when the germ tube
was longer than the width of the conidia. The experiment was repeated independently
three times.

2.8.3. Final Germination Rate

To determine the final germination rate, the experiment was repeated as described
above, except that 25 mg/L Benomyl (Sigma Aldrich) was added to the MPA. The germina-
tion rate was determined after incubating for 96 h at the corresponding temperatures in the
dark. The experiment was repeated independently three times.

2.8.4. Effect of Temperature on the Virulence

The temperature-adapted fungal cultures were incubated for 21 days on MPA at the
corresponding temperatures in the dark. Five mL of 0.5% (v/v) Tween 80® were added to
each plate, following which the suspensions were filtered through four layers of gauze,
the supernatant was sonicated (Sonorex RK 52, Bandelin electronic GmbH & Co. KG
35 kHz) for 15 min, and for each adapted fungal culture 5 mL of a conidial suspension
with 1 x 107 conidia/mL with 0.5% (v/v) Tween 80® was prepared. Afterwards, Galleria
mellonella larvae (larval stage 5-6) were dipped for 2-3 s into the four fungal suspensions,
0.5% (v/v) Tween 80, or sterile deionized water. Each larvae was placed individually into
a plastic box (7 cm diameter and 2.5 cm height). Ten larvae per treatment were incubated at
15, 20, 25, and 30 °C in the dark, respectively. The number of dead larvae was determined
daily for a period of 14 days. The experiment was independently repeated four times.
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2.9. Statistical Analysis

The data was statistically analyzed with the software SAS Studio 3.8. Normality of
the data was tested using the Shapiro-Wilk test and the homogeneity of variance was
checked by the Levene’s test. To compare the colony size and the conidiation at different
temperatures, and the effect of extreme incubation temperatures on the fungal growth, the
Wilcoxon test (p < 0.05) was used. For analyzing the effects of production and incubation
temperature, or incubation period on the fungal growth and the conidial size, a generalized
linear model with Wald statistics for type 3 analysis and multiple comparison according
to the Tukey test (GLMM, p < 0.05) was employed. For the analysis of the effect of one
parameter (production temperature, incubation temperature, and incubation period), the
data of the other two parameters were pooled. The effect of simulated soil temperature
on the fungal growth was analyzed for each week by the non-parametric Mann-Whitney
U-test (p < 0.05). Furthermore, the data of each incubation temperature was compared
using a generalized linear model (p < 0.05). The final germination rate was determined to be
above 99% in all treatments. Due to the method that was used, a more exact determination
of the values was not possible, and therefore a statistical evaluation was not conducted.
To compare the germination progress, the results of the germination speed and final
germination rates were assembled, and T was calculated for each treatment and every
replicate. For the calculation of T, a non-linear regression according to Dantigny et al. [29]
(Formula (1)) was used.

Formula (1)—Calculation of T:

d
P:Pmux[l—Lr (t> ] €))

1 T

where P is the percentage of germinated conidia in dependence of the maximum percentage
of germination, (Pyy), t designates the germination time, T is the point of time when 50%
of the maximal germinated conidia have been germinated, and d is the design parameter.
The design parameter was selected according to Dantigny et al. [29].

Furthermore, the slopes at the inflection point for each treatment and every replicate
were calculated with Formula (2).

Formula (2)—Calculation of the slope at the inflection point:

(d X Ppax % q)
qu% X (g+1)°

Slope = 2)

With ¢ = (§54

For analyzing the effects of the production and incubation temperature on t and
the slope at the infection point a generalized linear model with Wald statistics for type 3
analysis and multiple comparison according to the Tukey test (GLMM, p < 0.05) was used.
For the analysis of the effect of one parameter, the data of the other parameters were pooled.

To analyze the virulence, the mean survival time (STsg) for each replicate was calcu-
lated using a survival analysis (Kaplan-Meier) and compared using a generalized linear
model (p < 0.05).

For analyzing the effect of the production temperature and both controls, data of all
incubation temperatures, whereas for the effect of the incubation temperature, data of all
production temperatures were pooled.

3. Results
3.1. Colony Size and Conidiation at Different Temperatures

The incubation temperature had a significant effect on the colony size (x> = 137.3667;
df = 4; p < 0.0001) and conidiation (x2 = 125.8045; df = 4; p < 0.0001). Moreover, the
results demonstrate a significantly larger colony size of M. brunneum strain JKI-BI-1450
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after incubation at 25 or 30 °C than after incubation at 15 or 20 °C (Figure 3). In contrast, the
fungus formed significantly more conidia at 20 or 25 °C than at 15 or 30 °C, respectively.
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Figure 3. Influence of temperature on colony size (light grey) and conidia per mm? (dark grey) of
JKI-BI-1450 after 14 days (means and standard deviation). Different capital letters and corresponding
lowercase letters indicate significant differences (Wilcoxon test, p < 0.05, n = 30), ng = no growth.

3.2. Effects of Production and Incubation Temperature on the Fungal Growth on the Soil Granule

The granule colonization by JKI-BI-1450 was found to have been significantly influ-
enced by the production and incubation temperature of the biomass (production temper-
ature: (x2 = 2298.94; df = 3; p < 0.001); and incubation temperature (Jc2 =118.70; df = 3;
p < 0.001)) (Table 1). In brief, over all incubation temperatures, granule colonization was
87% for the granules prepared with the biomass produced at 25 °C. At a production tem-
perature of 20 and 30 °C, respectively, granule colonization was significantly reduced but
still higher than 70%. When the biomass was produced at 15 °C, only 1% of granule grains
were colonized. In contrast, when incubated at 15 °C across all production temperatures
combined, maximum colonization was achieved at an average of 72%. With increasing in-
cubation temperatures, the percentage of colonized granule grains decreased continuously,
but did not reach less than 50%. The incubation period was found to exhibit no effects on
the granule colonization (x2=027;df =1; p = 0.6037).
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Table 1. Effects of the production and incubation conditions on the fungal growth of granules coated
with the Metarhizium brunneum strain JKI-BI-1450.

Growth Parameter

Conditions Granule Colonization [%] Conidia per Granule Grain n
15 1.66 (+£4.34) * D ** 3.85 (425.2) x 10° C
. . 20 81.25 (+19.98) B 247 (£1.70) x 107 AB
Product t t C
roduction temperature [*C] 25 87.17 (+17.40) A 2.77 (£1.66) x 107 A 120
30 72.25 (+£23.24) C 2.31 (42.00) x 107 B
15 72.41 (+42.21) A 1.09 (+£1.18) x 107 C
7
Incubation temperature [C] 20 61.58 (37.28) B 226 (£1.74) x 107 B 120
25 56.92 (£36.53) B 3.17 (4£2.45) x 10 A
30 50.92 (£36.69) C 1.06 (+£0.97) x 107 C
. . 2 60.83 (£39.15) A 1.32 (+1.32) x 107 B
I
neubation period [weeks] 4 60.08 (+38.80) A 247 (£2.19) x 107 A 240

* Mean =+ standard deviation. ** Means of one condition at one growth parameter with the same letters are not
significantly different. (GLMM, p < 0.05).

Besides the granule colonization, the conidiation of JKI-BI-1450 on the granule grains
was significantly influenced by the production temperature of the biomass (x? = 432.21;
df = 3; p < 0.0001). The granule-containing biomass produced at 25 °C formed the most
conidia with 2.75 x 107 conidia per granule grain, followed by the 20 °C-granule and
30 °C-granule over all incubation temperatures. The conidiation of the 15 °C-granule was
a hundred times lower than the other granules and differed significantly from granules
with the other production temperatures. In addition to the production temperature, the
incubation temperature of the granules was found to significantly influence the conidiation
(x% = 285.84; df = 3; p < 0.0001). The conidia concentration on the granules incubated
at 25 °C was significantly the highest with 3.17 x 107 conidia per granule grain, fol-
lowed by incubation at 20 °C. The conidiation was observed to be the lowest at 15 and
30 °C incubation. They differed significantly from the other incubation temperatures, but
not from each other. The incubation period also significantly influenced the conidiation
(x? = 122.85; df = 1; p < 0.0001). The conidia per granule grain doubled from the second to
the fourth week of incubation, and differed significantly from each other, summarized over
all production and incubation temperatures.

In addition to colonization and conidiation, the conidial size was also examined. Since
the fungal growth on the 15 °C-granule was extremely low, the conidial size could not
be determined for this granule (Table 2). The production temperature of the biomass did
not affect the length (x? = 4.24; df = 2; p = 0.1199) but did significantly impact the width
(x? =11.20; df = 2; p = 0.0037) and the conidial index (x*> = 13.21; df = 2; p = 0.0014). Signifi-
cantly wider and more roundish conidia were formed on the granule-containing biomass
produced at 20 °C compared to the higher temperatures. The incubation temperature of
the granules also influenced the size of the conidia (length: (x* = 542.28; df = 3; p < 0.0001);
width: (x% = 166.61; df = 3; p < 0.0001); and index; (x? =169.62; df = 3; p < 0.0001)). Conidia
were significantly longer and wider when the granules were incubated at 15 °C compared
to incubation at higher temperatures. The conidial index also revealed that the conidia
were significantly more rounded when the granules were incubated at higher rather than
lower temperatures. Furthermore, the conidia were significantly longer after an incubation
period of 4 weeks than after 2 weeks (x2 =11.24; df = 1; p = 0.0008). The incubation period
was found to have no influence on the conidial width (x? = 1.44; df = 1; p = 0.2306) or the
conidial index (x? = 1.86; df = 1; p = 0.1727).
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Table 2. Effects of the production and incubation conditions on the conidial size of the Metarhizium
brunneum strain JKI-BI-1450 formed on the granules.

Conidial Size

Conditions Conidial Length [um] Conidial Width [um] Conidial Index * n
20 6.70 (+0.58) ** A 2.21(4+0.22) A 3.05 (+£0.39) B 1200
Production temperature [°C] 25 6.75 (+£0.58) A 2.19 (40.20) B 3.10 (£0.38) A 1200
30 6.73 (£0.67) A 2.19 (£0.22) B 3.11 (+£0.43) A 1166
15 7.06 (+0.55) A 2.26 (+0.22) A 3.16 (£0.42) A 900
Incubation temperature [°C] 20 6.78 (£0.50) B 2.15 (£0.19) C 3.18 (£0.39) A 900
P 25 6.51 (£0.52) C 2.16 (£0.19) C 3.05 (£0.38) B 900
30 6.54 (+0.70) C 2.22 (4+0.23) B 2.97 (£0.37) C 866
Incubation period [weeks] 2 6.69 (+£0.59) B 2.19 (4+0.21) A 3.08 (+0.39) A 1780
P 4 6.76 (£0.63) A 2.20 (£0.22) A 3.10 (£0.41) A 1786

* The index is calculated by dividing the length by the width. ** Mean =+ standard deviation. *** Means of one
condition at one conidial size parameter with the same letters are not significantly different. (GLMM, p < 0.05).

3.3. Effect of More Unfavorable Incubation Temperature on the Fungal Growth

Within the investigation period, the fungus was not able to grow or to form conidia
on the granule incubated at 5 or 35 °C (Table 3). The four incubation temperatures and
three incubation periods resulted in significant differences in colonization (x* = 173.0394;
df = 11; p < 0.0001) and conidiation (x> = 160.1709; df = 11; p < 0.0001). Incubating for
2 weeks at 10 °C revealed a significantly lower granule colonization, only reaching 80%,
whereas 25 °C achieved nearly 100% granule colonization in the same timeframe. No
significant differences were observed between 10 or 25 °C for incubation periods of 4 and
6 weeks, respectively. The conidiation was significantly lower after incubation at 10 °C
rather than at 25 °C for each evaluation time point. After 2 weeks, JKI-BI-1450 did not form
any conidia on the granule. After 4 weeks, approximately 5 x 10° conidia per granule grain
were formed. The conidia concentration increased a hundred-fold after incubating for an
additional 2 weeks. When incubated at 25 °C, the conidia concentration was above 107 at
all evaluation time points.

Table 3. Effects of the incubation temperature and period on the fungal growth of a granule based on
biomass produced at 25 °C.

Incubation Incubation Growth Parameter

Temperature [°C] Period [weeks] Granule Colonization [%] * Conidia per Granule Grain n
2 0(£0) C** 0 (£0) C 15

5 4 0(£0) C 0(£0) C 15

6 0 (£0) C 0 (£0) C 15

2 80 (£15.49) B 0(£0) C 15

10 4 98.67 (£3.49) A 4.67 (+6.94) x 103 BC 15

6 99.33 (£2.49) A 5.99 (£9.29) x 10° B 15

2 99.33 (£2.49) A 2.41 (+1.59) x 107 A 15

25 4 100 (£0) A 3.74 (+£1.39) x 107 A 15

6 99.33 (£2.49) A 3.86 (£1.03) x 107 A 15

2 0(£0) C 0(£0) C 15

35 4 0(£0) C 0 (£0) C 15

6 0 (£0) C 0 (£0) C 15

* Mean =+ standard deviation. ** Means of one growth parameter with the same letters are not significantly
different. (Wilcoxon test, p < 0.05).

In addition, significantly longer (x? = 318.15; df = 1; p < 0.0001) and wider (x? = 420.42;
df = 1; p < 0.0001) conidia were formed on granules incubated at 10 °C compared to 25 °C
(Table 4). The conidial index did not differ between these two incubation temperatures
(x2 =0.50; df = 1; p = 0.4796). The incubation period had no effect on the conidial size length:
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(x? = 2.57; df = 1; p = 0.1089); width (x?> = 0.08; df = 1; p = 0.7716); and index (x? = 2.54;
df = 1; p = 0.1107)).

Table 4. Effects of the incubation conditions on the conidial size of the Metarhizium brunneum strain
JKI-BI-1450 on the granules.

Conditions

Conidial Size

Conidial Length [um] Conidial Width [um] Conidial Index * n
Incubation temperature [°C] 10 7.96 (£1.18) ** Ax* 275 (£0.38) A 2.93 (£0.44) A 210
P 25 6.62 (+0.50) B 2.24 (+0.15) B 2.97 (£0.30) A 300
Incubation period [weeks] 4 7.18 (£1.12) A 2.43 (£0.35) A 2.97 (£0.37) A 240
P 6 7.16 (£1.03) A 2.47 (£0.37) A 2.92 (£0.36) A 270

* The index is calculated by dividing length by width. ** Mean + standard deviation. *** Means of one condition
with one conidial size parameter and the same letters are not significantly different. (GLMM, p < 0.05).

3.4. Effect of Simulated Soil Temperature on the Fungal Growth

First, the colonization at 25 °C was compared with the colonization at simulated
soil temperature for each week independently. In this comparison of the incubation tem-
peratures, the granule colonization was found to not differ significantly, except for the
incubation periods of two and six weeks (Figure 4). Here, the colonization was significantly
higher for the granules that were incubated at the simulated soil temperature compared
to 25 °C (week 1: (x* = 2.3677; df = 1; p = 0.1239); week 2: (x? = 8.3617; df = 1; p = 0.0038);
week 3: (x? = 0.4229; df = 1; p = 0.5155); week 4: (x* = 3.6004; df = 1; p = 0.0578); week 5:
(x? = 1.6223; df = 1; p = 0.2028); and week 6: (x> = 50.7817; df = 1; p < 0.0001)). Secondly,
the colonization of the fixed and simulated incubation temperature was compared sepa-
rately over the experimental period. Both the incubation at 25 °C and at the simulated soil
temperature showed no significant increases in colonization from the 2nd week onwards
and was between 90 and 100% (25 °C: (x> = 12.54; df = 5; p = 0.0281); and simulated soil
temperature (x? = 25.22; df = 5; p < 0.0001)).

Conidiation at 25 °C was also compared with the conidiation at simulated soil tem-
perature for each week of the experiment. During week 4, the conidia concentration was
significantly lower for the granules incubated at the simulated soil temperature rather than
at 25 °C (week 1: (x? = 17.1323; df = 1; p < 0.0001); week 2: (x? = 15.5149; df = 1; p < 0.0001);
week 3: (x2 = 13.6696; df = 1; p = 0.0002); week 4: (x* =1.3300; df = 1; p = 0.2488); week 5:
(x2 = 0.2310; df = 1; p = 0.6308); and week 6: (x* = 3.1751; df = 1; p = 0.0748)). Thereafter, the
conidia per granule grain no longer differed. The conidiation at one incubation temperature
was also compared separately over the duration of the experiment. During incubation at
25 °C the maximum conidia concentration was achieved after 2 weeks with 1.86-2.17 x 107
conidia per granule grain (x> = 88.47; df = 5; p < 0.0001), while during incubation at sim-
ulated soil temperature this was not achieved until after 4 weeks with 1.44-1.79 x 107
conidia per granule grain (x? = 197.58; df = 5; p < 0.0001).

Since no conidia were formed after 1 week of incubation at the simulating soil temper-
ature, this time point was not considered when determining the conidial size. The granule
formed significantly longer (x? = 862.81; df = 1; p < 0.0001) and wider (x> = 7.45; df = 1;
p = 0.0063) conidia during incubation at the simulated soil temperature rather than at 25 °C,
where the granule was significantly rounder (x* = 285.16; df = 1; p < 0.0001) (Table 5). The
incubation period also influenced the conidial size. After 3 weeks of incubation, the conidia
were significantly the longest (x? = 14.83; df = 4; p = 0.0051), whereas the conidia were the
widest (x% = 19.60; df = 4; p =0.0006) after 4 weeks of incubation. In addition, the conidia
were significantly most elongated after 2 and 3 weeks of incubation and became more
round with increasing incubation time (x? = 23.93; df = 4; p < 0.0001).
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Figure 4. Effect of incubation at 25 °C (light grey) and at simulated soil temperature (dark grey) on
the granule colonization (A), and on the number of conidia per granule grain (B) (means and SD).
Means with * at one evaluation time are significantly different (Mann-Whitney U-Test, p < 0.5, nn = 15).
The differences between the evaluation times of the incubation at 25 °C are represented by different
lower case letters and for the simulated soil temperature by different upper case letters (GLMM,
p <0.05, n = 30). The black line indicates the simulated soil temperatures from the day the potatoes
were planted until 6 weeks thereafter (n = 3), ng = no growth.
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Table 5. Effects of the incubation conditions on the conidial size of the Metarhizium brunneum strain
JKI-BI-1450 on the granules.

Conidial Size

Condition Conidial Length [um] Conidial Width [um] Conidial Index * n
. . Soil temp.  6.96 (£0.54)**  A**  223(+0.22) A 315(+040) A 1500
Incubation temperature [*C] 25 6.38 (£0.55) B 221 (£0.19) B 291(£0.38) B 1500
2 6.70 (£0.63) AB 219 (40.20) B 3.07(£0.39) A 600
3 6.73 (+0.64) A 222(4021)  AB  3.07(£043) A 600
Incubation period [weeks] 4 6.63 (+£0.59) B 2.23(+0.22) A 3.00 (+0.43) B 600
5 6.66 (£0.63) AB 2.24 (£0.21) A 3.00 (£0.42) B 600
6 6.63 (+0.59) B 223(+0.19) AB  3.00(+£038) B 600

* The index is calculated by dividing the length by the width. ** Mean =+ standard deviation. *** Means of one
condition at one conidial size parameter with the same letters are not significantly different. (GLMM, p < 0.05).

3.5. Effect of Temperature on Conidial Size and Germination

Incubation at 15 and 20 °C resulted in significantly longer (x2 =234.64; df =3; p <0.0001)
and rounder (x> = 134.10; df = 3; p < 0.0001) conidia compared to higher temperatures
(Table 6). However, the incubation temperature had no significant influence on the conidia
width (x? = 6.53; df = 3; p = 0.0887).

Table 6. Effects of the incubation temperature on the conidial size of the Metarhizium brunneum strain
JKI-BI-1450 on MPA dishes after 21 days.

Conidial Size

Condition Conidial Length [um] Conidial Width [um] Conidial Index * n
15 7.04 (£0.36) ** AR 2.26 (£0.15) A 3.13 (£0.26) A 300
Incubation temperature [°C] 20 6.97 (+0.37) A 2.27 (£0.19) A 3.09 (+£0.30) AB 300
P 25 6.47 (£0.51) C 2.26 (£0.15) A 2.87 (£0.29) C 300
30 6.82 (£0.68) B 2.24 (£0.17) A 3.06 (£0.33) B 300

* The index is calculated by dividing the length by the width. ** Mean =+ standard deviation. *** Means of one
condition with one conidial size parameter and the same letters are not significantly different. (GLMM, p < 0.05).

The germination was found to be faster when the fungus was produced at higher
temperatures (Figure 5). This effect was observed across all incubation temperatures.

The statistical evaluation of this experiment is presented in Table 7. T was reached
significantly fastest with a production temperature of 30 °C (after 12.3 h), closely followed
by 25 °C (after 12.8 h) (x? = 1376.52; df = 3; p < 0.0001). When the fungus was produced at
15 and 20 °C, T was reached significantly slower (3 h later). The incubation temperature
also exhibited a significant influence on T (x*> = 2822.81; df = 3; p < 0.0001). The higher the
temperatures at which the fungus was incubated, the faster T was reached. T achieved
values between 11 h at 30 °C and 17 h at 15 °C, with a significant difference observed
among all incubation temperatures.

The slope at the inflection point was also significantly influenced by the production
temperature (x> = 11.99; df = 3; p = 0.0074). When the fungus was produced at 20 °C, the
slope was at its steepest, while at 25 °C, the slope was found to be at its lowest (Table 7).
The slopes of the other two production temperatures were deemed to be in between. When
incubated at the higher temperatures (25 or 30 °C, respectively), the slope of the germination
rate was significantly steeper than when incubated at the lower temperatures (15 or 20 °C,
respectively) (x* = 92.95; df = 3; p < 0.0001).
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Figure 5. Effects of the production and incubation temperature on the germination rate of Metarhizium
brunneum JKI-BI-1450 are shown (means and SD). The symbols show the different production tem-
peratures (©O=15°C, A =20°C, ® =25°C,® =30 °C) and the letters correspond to the incubation
temperature ((A) =15 °C, (B) =20 °C, (C) = 25 °C, and (D) = 30 °C). The symbols are slightly offset
for better visibility. n =9.
Table 7. Effects of the production and incubation temperature of the germination of JKI-BI-1450
after 96 h, and of the germination process over 24 h. 1 is the time point where 50% of the maximal
germinated conidia are germinated.
Condition Germination Slope Inflection
onditions after 96 h [%)] ope Inflectio "
15 99.53 (£0.70) * 15.42 (£2.44) C** 13.69 (£+4.65) AB ** 9
. o 20 99.00 (£1.12) 15.32 (£2.15) C 15.33 (£5.95) B 9
Production temperature [*C] 25 99.67 (£0.59)  12.81 (£2.14) B 13.00 (£2.27) A 9
30 99.17 (£1.08) 12.31 (£1.70) A 14.99 (£3.51) AB 9
15 99.47 (£0.70)  16.18 (+£1.83) D 12.07 (4+4.48) A 9
Incubation temperature [°C] 20 99.19 (£1.04) 15.71 (£1.64) C 11.32 (£2.25) A 9
p 25 99.39 (£0.96) 12.57 (£1.18) B 15.99 (£3.25) B 9
30 99.31 (£1.01)  11.40 (+£1.39) A 17.63 (+3.74) B 9

* Mean = standard deviation. ** Means of T and slope inflection at one condition with the same letters are not
significantly different. (GLMM, p < 0.05).

3.6. Effect of Temperature on the Virulence

The production temperature of the fungus was found to have no influence on the
STso but did differ significantly from the controls (x* = 129.33; df = 5; p < 0.0001) (Table 8).
The STsp of the water control was significantly the highest with 10.83 days followed by
the Tween 80® control (7.63 days), and the fungi treatments with an average of 4 days.
However, it was found that the survival time significantly decreased with increasing
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incubation temperature (x> = 102.65; df = 3; p < 0.0001). STsp was highest when the larvae
were incubated at 15 °C, with an average of 6.03 days, and lowest at 30 °C, with an average
of 3.16 days, respectively. The final mortality of the fungal treatments in relation to the
production temperature did not differ significantly from each other (95-100%) but from
the control treatments (x? = 560.82; df = 5; p < 0.0001). The final mortality at 15 to 25 °C
incubation was approximately 100% and differed significantly from the one observed at
30 °C (x? = 17.17; df = 3; p = 0.0007).

Table 8. Effects of the production and incubation temperature on the virulence of JKI-BI-1450 against
Galleria mellonella.

Conditions STsg [d] Final Mortality [%] n

Control Water 10.83 (£2.85) * C* 18.75 (£19.28) C 16

ontro 0.5% Tween 80®  7.63 (£5.16) B 55.00 (£21.6) B 16

15 3.97 (£1.39) A 98.13 (£5.44) A 16

. . 20 4.03 (£1.35) A 100 (£0) A 16
Production temperature [*C] 25 454 (+1.84) A 95.63 (£10.31) A 16
30 4.04 (£1.74) A 98.13 (£7.5) A 16

15 6.03 (£1.31) C 99.38(£2.5) A 16

. . 20 4.06 (£1.32) B 100 (£0) A 16
Incubation temperature [*C] 25 3.33 (£0.76) AB 100 (£0) A 16
30 3.16 (£0.94) A 92.5 (+£12.38) B 16

* Mean = standard deviation. ** Means of STsg and final mortality at one condition with the same letters are not
significantly different. (GLMM, p < 0.05).

4. Discussion

The M. brunneum strain JKI-BI-1450 can form mycelium and conidia across a wide tem-
perature range. This fungus generated the largest colony size and the most conidia/mm? at
25 °C. Similar results for the radial growth of M. brunneum were reported by Keyser et al. [8]
and Kryukov et al. [7], respectively. More specifically, the optimum for mycelial growth of
JKI-BI-1450 was 25-30 °C, and for conidiation 20-25 °C, respectively. Thomas and Jenk-
ins [30], and Onsongo et al. [27], determined a higher temperature optimum for mycelia
growth than for conidia formation for Metarhizium anisopliae and Metarhizium flavoviride as
well. This effect has also been observed for other fungi such as Mycosphaerella var. difformis
fijiensis [31,32], and Pyrenophora semeniperda [32]. These results suggest that the optima for
myecelial growth and conidiation are slightly different. This could indicate that the fungus
does not form mycelium and conidia uniformly in the field at fluctuating temperatures
(day and night rhythm). As the soil temperature at the time of potato planting in Germany
with 9.6-14.7 °C [9] is far below the optimum temperature of JKI-BI-1450 (25 °C), we tried
to improve its growth under sub-optimal conditions. However, the assumption that the
growth of the fungus at unfavorable temperatures can be improved by prior exposure to
this stress could not be confirmed. We found no indications that the strain JKI-BI-1450
is able to adapt to unfavorable temperatures. Andrade-Linares et al. [17] also showed
that not all of the fungi they assessed were able to increase their growth through priming.
Most studies of stress adaptation have been conducted with conidia exposed to the stressor
immediately prior to incubation. Therefore, further research on the quality of conidia of
JKI-BI-1450 directly exposed to lower temperatures would be essential to clarify whether
this fungus is able to adapt to stressful conditions. The results of this experiment show
that the growth of the fungus and conidiation on the granules, which is crucial for its
effectiveness, are dependent on and can be positively influenced by its previous production
temperature. When the biomass, which was produced at the optimal growing temperature
of 25 °C, was used for the formulation of the granule, both growth parameters were at their
highest regardless of the incubation temperature. Therefore, the fungus is better able to
grow at unfavorable temperatures on granules produced at this temperature than on ones
produced at higher or lower temperatures.
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The temperature during liquid production has an influence on the production of sec-
ondary metabolites of Nigrospora sp., which was previously shown by Arumugam et al. [33].
Furthermore, Kim et al. [34] demonstrated that the incubation temperature at liquid produc-
tion causes the synthesis of phytases from Aspergillus sp. Therefore, it would be interesting
to examine in further experiments whether the production temperature can affect the
metabolism of JKI-BI-1450, which might have an impact on the growth of the granules. The
production temperature can also influence further formulation steps. Jin et al. [35] showed
that submerged spores of Trichoderma harzianum were able to survive vacuum drying better
when produced at 32 °C, rather than at higher or lower temperatures. A varying survival
of the biomass during fluid bed-drying could be a possible explanation for our diverse
results of the different production temperatures. Another possible explanation could be
that the different production temperatures resulted in a varying proportion of mycelia
and submerged spores in the suspensions used for the production of the granules. The
granules were prepared with a defined biomass concentration, not with a defined spore
concentration. Stephan et al. [1] demonstrated that the mycelium, submerged spores, or
conidia of M. brunneum JKI-BI-1339 were suitable for the production of a granule by fluid
bed-drying. When we produced granules only based on mycelium of JKI-BI-1450, the
fungus was not able to grow on this granule (Seib, unpublished data). Therefore, further
experiments have to be conducted to determine the importance of the mycelium/spore
proportion on the granule quality. In our experiments, the submerged spore concentration
of the biomass suspensions were determined but the difference in the growth of the fungus
on the different granules cannot be due to the amount of submerged spores, but maybe to a
difference in the characteristics of the spores themselves. The spore concentration of the
biomass suspensions averaged 3.7 x 10° spores/mL.

Our results show the highest granule colonization after an incubation at 15 °C. How-
ever, this result is in contrast to both our and other results from different studies where a
temperature optimum of Metarhizium was observed between 25 to 30 °C [3,5,6,19,20,36-38],
respectively. We attribute this to an increased contamination at higher incubation tempera-
tures. At elevated temperatures, the granules were more often colonized by bacteria than
after incubation at lower temperatures. This prevented the growth of the fungus as a conse-
quence. During the process of fluid bed-drying, non-sterile air is blown into the cylinder,
which could lead to these contaminations. In subsequent experiments, the effects of higher
colonization by incubation at lower temperatures was no longer observed. Therefore, and
as the germination and virulence tests were performed exclusively with conidia and not
with the granules, the results of all the following experiments were not influenced. The
highest conidiation was found when incubated at 25 °C, which was also supported by
the other experiments we conducted in this study. Thomas and Jenkins [30], and Tefera
and Pringle [39], also showed a temperature optimum for conidiation at 24-25 °C for
Metarhizium. On a 25 °C-granule, JKI-BI-1450 did not grow between 10 and 30 °C. The
comparison of growth at 10 and 25 °C showed that after 4 weeks of incubation, there were
no significant differences observed concerning granule colonization, whereas the conidia
concentration at all evaluation times was lower at 10 °C than at 25 °C, respectively. The
myecelium of Metarhizium strains can be formed at 10 °C with no or reduced sporulation, as
previously confirmed by Skalicky et al. [22]. To better understand the growth of the fungus
under field conditions, a 25 °C-granule was incubated at a simulated soil temperature as
well as at 25 °C, and the growth between the two was compared. Colonization did not
differ, but conidiation was slower from the simulated soil temperature. The fungus formed
conidia on the granule only after two weeks at simulated soil temperature. Consecutively,
the pest insects in the soil can only become infected two weeks after an application of the
granule. Since the main aim was to protect the progeny tubers and not the seed potato, a
later conidiation would not necessarily present a problem. In fact, it would allow other
micro- and macro-organisms in the soil time to colonize or feed on the grains.

An influence of fluctuating temperatures on the colony growth and virulence of
Beauveria bassiana was investigated by Ghazanfar et al. [40]. The more the temperatures
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fluctuate, the more the growth was reduced compared to the growth at a constant 25 °C.
Furthermore, the effect against Heliothis virescens was reduced by incubation at fluctuating
temperatures. This effect was not seen for Spodoptera littoralis, which was also investigated.

The influence of the incubation temperature on the size of the conidia has been proven
across all experiments. For strain JKI-BI-1450, incubation at lower temperatures always
led to the formation of longer and partly wider conidia. Similar results were also shown
by Glare et al. [41] for 16 Metarhizium strains from seven species. For other fungi, this
effect were reported by Phillips [42,43] for Monilinia fructicola, by Tian and Bertolini [44]
for Monilinia laxa, and by Tian and Bertolini [45] for Botryfis allii and Penicillium hirsutum,
respectively. In contrast, Maitlo et al. [46] described that Fusarium oxysporum f. sp. ciceris
formed the longest and broadest conidia when incubated at 30 °C, while at lower or higher
temperatures the conidia were smaller. This strongly suggests that the relationship between
the temperature and conidial size differs among the fungi of different genera and must be
examined individually for each fungus. Further research must be conducted to understand
the meaning of conidial size for biological activity. Since on the granule, infectious conidia
were firstly formed in the soil, we investigated the effects of conidia production temperature,
and thus their size, as well as the subsequent incubation temperature on germination
and virulence.

We determined in our study that the higher the temperature at which the fungus
was produced and incubated, the faster it reached the time at which 50% of the finally
germinated conidia were germinated (7). Our results are in contrast to Phillips [42], where
conidia produced at lower temperatures germinated faster. This suggests that the rela-
tionship between the temperature and germination is strongly dependent on the fungus,
as well as the conidial size. However, our experiments revealed a germination rate of
approximately 90% after 24 h, and over 99% after 96 h at all production and incubation
temperatures. At lower temperatures, the conidia germinated more slowly, but the amount
of germinated conidia after 96 h was not lower than at higher temperatures. A comparable
time delay of germination was also shown by Skalicky et al. [22] for nine M. anisopliae
strains comparing the germination rates at 15 and 20 °C after 24 and 48 h, respectively.
Dimbi et al. [3] determined a much greater influence of the incubation temperature on the
germination rate after 24 h for several M. anisopliae strains than within the results of our
experiments. All strains showed a maximum germination of about 90% at 25 °C, whereas
the germination rate at 15 °C was below 10%, respectively. Results on the influence of the
germination speed on the virulence are inconsistent within the literature. Some studies
show that rapidly germinating spores are more virulent [47-51], but there are also studies
that conclude the opposite [52].

To investigate this further, the influence of the temperature on the virulence was
examined. The production temperature, and thus the conidial size and the speed of germi-
nation had no effect on the ST5( or the final mortality of G. mellonella. This contradicts the
results from Altre et al. [48] on the virulence of different strains of Paecilomyces fumosoroseus
against Plutella xylostella, where larger conidia were more virulent. Furthermore, since the
production temperature of the conidia affects their germination speed but not the final
germination and virulence, it appears that a successful infection in this context depends on
more than just fast germination. Our experiments showed that the higher the incubation
temperature, the lower the STsy. In case of the fungus JKI-BI-1450, a high incubation
temperature ranging from 25-30 °C was found to be correlated with a great mycelia growth
in regard to colony size, fast germination, and fast virulence. Besides a fast germination,
a faster growth of the fungus on the cuticle promotes a successful and faster penetration
through the fungus by reaching the susceptible areas faster.

Dimi et al. [3], Bugeme et al. [26], Fargues et al. [28], and Onsongo et al. [27] demon-
strated the highest or among the highest mortality of Metarhizium when incubated at 30 °C.
In contrast, our results indicated a significantly lower mortality at 30 °C compared to the
other incubation temperatures, but with a low ST5. The influence of higher incubation
temperatures on the speed of insect development could be a possible explanation for this,
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as earlier molting potentially strips off conidia. To verify this, one would need to repeat the
experiment with younger larvae.

In summary, we were able to show that the growth of an entomopathogenic fungus on
a soil granule can be influenced and improved by its production conditions. Colonization
and conidiation of a granule were at their highest when the fungus was produced at its
optimum temperature. Furthermore, it was observed that the fungus was also able to grow
on the granules and form conidia at lower temperatures and at simulated soil temperatures
at the time of potato planting. This was particularly important, as our fungal strain and
formulation process were selected for the control of wireworms in potatoes. However, the
growth of the fungus, along with the germination and duration until lethal effect on the
insects were found to be prolonged by lower temperatures. If this effect endangers the
potential of the granule to control wireworms, an application at higher temperatures, for
example in the year before planting the potatoes, would therefore give the fungus time
to grow, sporulate, and establish in the soil, and reduce the population of the pest insect
before potato cultivation.

Author Contributions: T.S.: Coordinated all experiments, evaluated the data statistically, collected
the data, wrote the paper; Co-authors: K.F. and A.M.S.: Collected the data, D.S.: Supervised the study,
involved in planning the experiments, involved in writing the paper. All authors have read and
agreed to the published version of the manuscript.

Funding: The research was funded by the German Federal Ministry of Food and Agriculture (BMEL),
by resolution of the German Federal Parliament under the funding code 2814906415.

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

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

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

References

1.

10.

11.

Stephan, D.; Bernhardt, T.; Buranjadze, M.; Seib, C.; Schéfer, ].; Maguire, N.; Pelz, ]. Development of a fluid-bed coating process
for soil-granule-based formulations of Metarhizium brunneum, Cordyceps fumosorosea or Beauveria bassiana. . Appl. Microbiol.
2020, 131, 307-320. [CrossRef]

Ortiz-Urquiza, A.; Keyhani, N.O.; Quesada-Moraga, E. Culture conditions affect virulence and production of insect toxic proteins
in the entomopathogenic fungus Metarhizium anisopliae. Biocontrol Sci. Technol. 2013, 23, 1199-1212. [CrossRef]

Dimbi, S.; Maniania, N.K,; Lux, S.A.; Mueke, ]. M. Effect of constant temperatures on germination, radial growth and virulence of
Metarhizium anisopliae to three species of African tephritid fruit flies. Biocontrol 2004, 49, 83-94. [CrossRef]

Ouedraogo, A.; Fargues, J.; Goettel, M.S.; Lomer, C.J. Effect of temperature on vegetative growth among isolates of Metarhizium
anisopliae and M. flavoviride. Mycopathologia 1997, 137, 37-43. [CrossRef]

Fargues, J.; Maniania, N.K.; Delmas, ]J.C.; Smits, N. Influence de la température sur la croissance in vitro d’hyphomycétes
entomopathogenes. Agronomie 1992, 12, 557-564. [CrossRef]

Ekesi, S.; Maniania, N.K.; Ampong-Nyarko, K. Effect of Temperature on Germination, Radial Growth and Virulence of Metarhizium
anisopliae and Beauveria bassiana on Megalurothrips sjostedti. Biocontrol Sci. Technol. 1999, 9, 177-185. [CrossRef]

Kryukov, V.; Yaroslavtseva, O.; Tyurin, M.; Akhanaev, Y.; Elisaphenko, E.; Wen, T.-C.; Tomilova, O.; Tokarev, Y.; Glupov, V.
Ecological preferences of Metarhizium spp. from Russia and neighboring territories and their activity against Colorado potato
beetle larvae. J. Invertebr. Pathol. 2017, 149, 1-7. [CrossRef]

Keyser, C.A.; Fernandes, EKK,; Rangel, D.E.N.; Roberts, D.W. Heat-induced post-stress growth delay: A biological trait of many
Metarhizium isolates reducing biocontrol efficacy? J. Invertebr. Pathol. 2014, 120, 67-73. [CrossRef] [PubMed]

Paluch, M. Biological Control of Wireworms (Agriotes spp.) in Potato Cultivation Using the Entomopathogenic Fungus Metarhizium
brunneum: Factors that Influence the Effectiveness of Mycoinsecticide Formulations. Ph.D. Thesis, Department of Biology,
Darmstadt University of Technology, Darmstadt, Germany, 2021.

Hallsworth, J.E.; Magan, N. Water and Temperature Relations of Growth of the Entomogenous Fungi Beauveria bassiana,
Metarhizium anisopliae, and Paecilomyces farinosus. J. Invertebr. Pathol. 1999, 74, 261-266. [CrossRef] [PubMed]

Hallsworth, J.E.; Magan, N. Culture Age, Temperature, and pH Affect the Polyol and Trehalose Contents of Fungal Propagules.
Appl. Environ. Microbiol. 1996, 62, 2435-2442. [CrossRef]


https://doi.org/10.1111/jam.14826
https://doi.org/10.1080/09583157.2013.822474
https://doi.org/10.1023/B:BICO.0000009397.84153.79
https://doi.org/10.1023/A:1006882621776
https://doi.org/10.1051/agro:19920708
https://doi.org/10.1080/09583159929767
https://doi.org/10.1016/j.jip.2017.07.001
https://doi.org/10.1016/j.jip.2014.05.008
https://www.ncbi.nlm.nih.gov/pubmed/24909120
https://doi.org/10.1006/jipa.1999.4883
https://www.ncbi.nlm.nih.gov/pubmed/10534413
https://doi.org/10.1128/aem.62.7.2435-2442.1996

J. Fungi 2023, 9, 668 18 of 19

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

Hajek, A.E.; St. Leger, RJ. Interactions between Fungal Pathogens and Insect Hosts. Annu. Rev. Entomol. 1994, 39, 293-322.
[CrossRef]

Bharadwaj, A.; Stafford, K.C. Potential of Tenebrio molitor (Coleoptera: Tenebrionidae) as a bioassay probe for Metarhizium
brunneum (Hypocreales: Clavicipitaceae) activity against Ixodes scapularis (Acari: Ixodidae). J. Econ. Entomol. 2011, 104, 2095-2098.
[CrossRef]

Kapoor, M.; Sreenivasan, G.M.; Goel, N.; Lewis, ]. Development of thermotolerance in Neurospora crassa by heat shock and other
stresses eliciting peroxidase induction. J. Bacteriol. 1990, 172, 2798-2801. [CrossRef] [PubMed]

Guan, Q.; Haroon, S.; Bravo, D.G.; Will, ].L.; Gasch, A.P. Cellular memory of acquired stress resistance in Saccharomyces cerevisiae.
Genetics 2012, 192, 495-505. [CrossRef] [PubMed]

Andrade-Linares, D.R.; Lehmann, A.; Rillig, M.C. Microbial stress priming: A meta-analysis. Environ. Microbiol. 2016,
18, 1277-1288. [CrossRef]

Andrade-Linares, D.R.; Veresoglou, S.D.; Rillig, M.C. Temperature priming and memory in soil filamentous fungi. Fungal Ecol.
2016, 21, 10-15. [CrossRef]

Carruthers, R.I.; Haynes, D.L. Temperature, Moisture, and Habitat Effects on Entomophthora muscae (Entomophthorales: En-
tomophthoraceae) Conidial Germination and Survival in the Onion Agroecosystem. Environ. Entomol. 1986, 15, 1154-1160.
[CrossRef]

Walstad, ].D.; Anderson, R.E; Stambaugh, W.]. Effects of environmental conditions on two species of muscardine fungi (Beauveria
bassiana and Metarrhizium anisopliae). |. Invertebr. Pathol. 1970, 16, 221-226. [CrossRef]

Hywel-Jones, N.L.; Gillespie, A.T. Effect of temperature on spore germination in Metarhizium anisopliae and Beauveria bassiana.
Mycol. Res. 1990, 94, 389-392. [CrossRef]

Rath, A.C.; Anderson, G.C.; Worledge, D.; Keon, T.B.; Koen, T.B. The Effect of Low Temperatures on the Virulence of Metarhizium
anisopliage (DAT F-001) to the Subterranean Scarab, Adoryphorus couloni. J. Invertebr. Pathol. 1995, 65, 186-192. [CrossRef]
Skalicky, A.; Bohatd, A.; Simkova, J.; Osborne, L.S.; Landa, Z. Selection of indigenous isolates of entomopathogenic soil fungus
Metarhizium anisopliae under laboratory conditions. Folia Microbiol. 2014, 59, 269-276. [CrossRef] [PubMed]

Kershaw, M.].; Moorhouse, E.R.; Bateman, R.; Reynolds, S.E.; Charnley, A.K. The Role of Destruxins in the Pathogenicity of
Metarhizium anisopliae for Three Species of Insect. |. Invertebr. Pathol. 1999, 74, 213-223. [CrossRef]

Golo, PS.; Gardner, D.R;; Grilley, M.M.; Takemoto, ].Y.; Krasnoff, S.B.; Pires, M.S.; Fernandes, E.K.K,; Bittencourt, VR.E.P; Roberts,
D.W. Production of destruxins from Metarhizium spp. fungi in artificial medium and in endophytically colonized cowpea plants.
PLoS ONE 2014, 9, €104946. [CrossRef] [PubMed]

Stimmann, M.W. Effect of Temperature on Infection of the Garden Symphylan by Entomophthora coronata. J. Econ. Entomol. 1968,
61, 1558-1560. [CrossRef]

Bugeme, D.M.; Knapp, M.; Boga, H.I.; Wanjoya, A K.; Maniania, N.K. Influence of temperature on virulence of fungal isolates of
Metarhizium anisopliae and Beauveria bassiana to the two-spotted spider mite Tetranychus urticae. Mycopathologia 2009, 167, 221-227.
[CrossRef]

Onsongo, S.K.; Gichimu, B.M.; Akutse, K.S.; Dubois, T.; Mohamed, S.A. Performance of Three Isolates of Metarhizium anisopliae
and Their Virulence against Zeugodacus cucurbitae under Different Temperature Regimes, with Global Extrapolation of Their
Efficiency. Insects 2019, 10, 270. [CrossRef]

Fargues, J.; Ouedraogo, A.; Goettel, M.S.; Lomer, C.J. Effects of Temperature, Humidity and Inoculation Method on Susceptibility
of Schistocerca gregaria to Metarhizium flavoviride. Biocontrol Sci. Technol. 1997, 7, 345-356. [CrossRef]

Dantigny, P.; Nanguy, S.P.-M.; Judet-Correia, D.; Bensoussan, M. A new model for germination of fungi. Int. J. Food Microbiol.
2011, 146, 176-181. [CrossRef]

Thomas, M.B.; Jenkins, N.E. Effects of temperature on growth of Metarhizium flavoviride and virulence to the variegated grasshop-
pet, Zonocerus variegatus. Mycol. Res. 1997, 101, 1469-1474. [CrossRef]

Jacome, L.H.; Schuh, W. Effect of temperature on growth and conidial production in vitro, and comparison of infection and
aggressiveness in vivo among isolates of Mycosphaerella fijiensis var. difformis. Trop. Agric. 1993, 70, 51-59.

Campbell, M.A.; Medd, R.W.; Brown, J.F. Growth and sporulation of Pyrenophora semeniperda in vitro: Effects of culture media,
temperature and pH. Mycol. Res. 1996, 100, 311-317. [CrossRef]

Arumugam, G.K; Srinivasan, S.K.; Joshi, G.; Gopal, D.; Ramalingam, K. Production and characterization of bioactive metabolites
from piezotolerant deep sea fungus Nigrospora sp. in submerged fermentation. J. Appl. Microbiol. 2015, 118, 99-111. [CrossRef]
[PubMed]

Kim, D.-S.; Godber, S.J.; Kim, H.-R. Culture conditions for a new phytase-producing fungus. Biotechnol. Lett. 1999, 21, 1077-1081.
[CrossRef]

Jin, X.; Taylor, A.G.; Harman, G.E. Development of Media and Automated Liquid Fermentation Methods to Produce Desiccation-
Tolerant Propagules of Trichoderma harzianum. Biol. Control 1996, 7, 267-274. [CrossRef]

Roberts, D.W.; Campbell, A.S. Stability of entomopathogenic fungi. Misc. Publ. Entomol. Soc. Am. 1977, 10, 19-76.

Alves, S.B.; Risco, S.H.; Almeida, L.C. Influence of photoperiod and temperature on the development and sporulation of
Metarhizium anisopliae (Metsch.) Sorok. Z. Angew. Entomol. 1984, 97, 127-129. [CrossRef]

Milner, R.J.; Lozano, L.B.; Driver, F.; Hunter, d. 2003-BioControl-483-335-348. Biocontrol 2003, 48, 335-348. [CrossRef]


https://doi.org/10.1146/annurev.en.39.010194.001453
https://doi.org/10.1603/EC11170
https://doi.org/10.1128/jb.172.5.2798-2801.1990
https://www.ncbi.nlm.nih.gov/pubmed/2139653
https://doi.org/10.1534/genetics.112.143016
https://www.ncbi.nlm.nih.gov/pubmed/22851651
https://doi.org/10.1111/1462-2920.13223
https://doi.org/10.1016/j.funeco.2016.02.002
https://doi.org/10.1093/ee/15.6.1154
https://doi.org/10.1016/0022-2011(70)90063-7
https://doi.org/10.1016/S0953-7562(09)80363-8
https://doi.org/10.1006/jipa.1995.1027
https://doi.org/10.1007/s12223-013-0293-z
https://www.ncbi.nlm.nih.gov/pubmed/24338078
https://doi.org/10.1006/jipa.1999.4884
https://doi.org/10.1371/journal.pone.0104946
https://www.ncbi.nlm.nih.gov/pubmed/25127450
https://doi.org/10.1093/jee/61.6.1558
https://doi.org/10.1007/s11046-008-9164-6
https://doi.org/10.3390/insects10090270
https://doi.org/10.1080/09583159730758
https://doi.org/10.1016/j.ijfoodmicro.2011.02.022
https://doi.org/10.1017/S0953756297004401
https://doi.org/10.1016/S0953-7562(96)80161-4
https://doi.org/10.1111/jam.12693
https://www.ncbi.nlm.nih.gov/pubmed/25393321
https://doi.org/10.1023/A:1005696829168
https://doi.org/10.1006/bcon.1996.0093
https://doi.org/10.1111/j.1439-0418.1984.tb03726.x
https://doi.org/10.1023/A:1023630319127

J. Fungi 2023, 9, 668 19 of 19

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Tefera, T.; Pringle, K. Germination, Radial Growth, and Sporulation of Beauveria bassiana and Metarhizium anisopliae Isolates and
Their Virulence to Chilo partellus (Lepidoptera: Pyralidae) at Different Temperatures. Biocontrol Sci. Technol. 2003, 13, 699-704.
[CrossRef]

Ghazanfar, M.U.; Hagenbucher, S.; Romeis, ].; Grabenweger, G.; Meissle, M. Fluctuating temperatures influence the susceptibility
of pest insects to biological control agents. J. Pest Sci. 2020, 93, 1007-1018. [CrossRef]

Glare, T.R.; Scholte Op Reimer, Y.; Cummings, N.; Rivas-Franco, F.; Nelson, T.L.; Zimmermann, G. Diversity of the insect
pathogenic fungi in the genus Metarhizium in New Zealand. N. Z. ]. Bot. 2021, 59, 440-456. [CrossRef]

Phillips, D.J. Change in Conidia of Monilinia fructicola in Response to Incubation Temperature. Phytopathology 1982, 72, 1281-1283.
[CrossRef]

Phillips, D.]. Effect of Temperature on Monilinia fructicola Conidia Produced on Fresh Stone Fruits. Plant Dis. 1984, 68, 610-612.
[CrossRef]

Tian, S.P,; Bertolini, P. Effect of Temperature during Conidial Formation of Monilinia laxa on Conidial Size, Germination and
Infection of Stored Nectarines. |. Phytopathol. 1999, 147, 635-641. [CrossRef]

Tian, S.P,; Bertolini, P. Changes in conidial morphology and germinability of Botrytis allii and Penicillium hirsutum in response to
low-temperature incubation. Mycol. Res. 1996, 100, 591-596. [CrossRef]

Maitlo, S.; Rajput, A.Q.; Syed, R.N.; Khanzada, M.A_; Rajput, N.A.; Lodhi, A.M. Influence of physiological factors on vegetative
growth and sporulation of Fusarium oxysporum f. sp. ciceris. Pak. Bot. Soc. 2017, 49, 311-316.

Samuels, K.; Heale, ].B.; Llewellyn, M. Characteristics relating to the pathogenicity of Metarhizium anisopliae toward Nilaparvata
lugens. J. Invertebr. Pathol. 1989, 53, 25-31. [CrossRef]

Altre, J.A.; Vandenberg, ].D.; Cantone, F.A. Pathogenicity of Paecilomyces fumosoroseus isolates to diamondback moth, Plutella
xylostella: Correlation with spore size, germination speed, and attachment to cuticle. |. Invertebr. Pathol. 1999, 73, 332-338.
[CrossRef] [PubMed]

Al-Aidroos, K,; Seifert, A.M. Polysaccharide and protein degradation, germination, and virulence against mosquitoes in the
entomopathogenic fungus Metarhizium anisopliae. |. Invertebr. Pathol. 1980, 36, 29-34. [CrossRef]

Dillon, R.J.; Charnley, A.K. A technique for accelerating and synchronising germination of conidia of the entomopathogenic
fungus Metarhizium anisopliae. Arch. Microbiol. 1985, 142, 204-206. [CrossRef]

Dillon, R.J.; Charnley, A.K. Initiation of germination in conidia of the entomopathogenic fungus, Metarhizium anisopliae. Mycol.
Res. 1990, 94, 299-304. [CrossRef]

Boucias, D.G.; Pendland, J.C. Nutritional requirements for conidial germination of several host range pathotypes of the ento-
mopathogenic fungus Nomuraea rileyi. |. Invertebr. Pathol. 1984, 43, 288-292. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1080/0958315031000151756
https://doi.org/10.1007/s10340-020-01215-9
https://doi.org/10.1080/0028825X.2021.1890155
https://doi.org/10.1094/Phyto-72-1281
https://doi.org/10.1094/PD-69-610
https://doi.org/10.1046/j.1439-0434.1999.00440.x
https://doi.org/10.1016/S0953-7562(96)80013-X
https://doi.org/10.1016/0022-2011(89)90070-0
https://doi.org/10.1006/jipa.1999.4844
https://www.ncbi.nlm.nih.gov/pubmed/10222189
https://doi.org/10.1016/0022-2011(80)90131-7
https://doi.org/10.1007/BF00447069
https://doi.org/10.1016/S0953-7562(09)80353-5
https://doi.org/10.1016/0022-2011(84)90153-8

	Introduction 
	Materials and Methods 
	Fungal Strain 
	Maintenance of JKI-BI-1450 
	Colony Size and Conidiation at Different Temperatures 
	Temperature Adaptation 
	Effects of Production and Incubation Temperature on the Fungus Growth 
	Effect of More Unfavorable Incubation Temperature 
	Effect of Simulated Soil Temperature 
	Effect of Temperature on the Germination and the Virulence 
	Preparation of Fungus Suspension 
	Speed of Germination 
	Final Germination Rate 
	Effect of Temperature on the Virulence 

	Statistical Analysis 

	Results 
	Colony Size and Conidiation at Different Temperatures 
	Effects of Production and Incubation Temperature on the Fungal Growth on the Soil Granule 
	Effect of More Unfavorable Incubation Temperature on the Fungal Growth 
	Effect of Simulated Soil Temperature on the Fungal Growth 
	Effect of Temperature on Conidial Size and Germination 
	Effect of Temperature on the Virulence 

	Discussion 
	References

