V&N agriculture ﬁw\p\py

Article

Temperature Requirements for the Colony Growth and
Conidial Germination of Selected Isolates of Entomopathogenic
Fungi of the Cordyceps and Paecilomyces Genera

Cezary Tkaczuk ‘¥ and Anna Majchrowska-Safaryan *

Faculty of Agricultural Sciences, Institute of Agriculture and Horticulture, University of Siedlce,
08-110 Siedlce, Poland; cezary.tkaczuk@uph.edu.pl
* Correspondence: anna.majchrowska-safaryan@uph.edu.pl; Tel.: +48-25-643-1313

Abstract: The aim of the study was to determine the effect of temperature on the colony growth and
conidia germination of selected species of entomopathogenic fungi in the genus Cordyceps (C. farinosa,
C. fumosorosea and C. coleopterorum) and one isolate of Paecilomyces suffultus. In the first part of the
experiment, selected isolates were grown on Sabouraud (SDA) medium at six temperatures: 5, 10, 15,
20, 25 and 30 °C. Colony growth was observed every 3 days until day 18, by measuring the colony
diameter. In the second part of the experiment, slides with an SDA medium and spores were placed
in incubators with the above temperature and observations on conidia germination were carried out
after 24 and 48 h. The results revealed that the thermal optimum for colony growth of the fungal
isolates was within the temperature range of 15 °C and 25 °C. The optimum temperature for the
growth of P. suffultus colonies was 15 °C, with 20 °C for C. farinosa and C. coleopterorum. The highest
thermal requirements were demonstrated by the C. fumosorosea, which developed best at 25 °C.
Cordyceps farinosa and C. fumosorosea developed in a wider temperature range, from 5 °C to 30 °C.

check for In contrast, growth of C. coleopterorum and P. suffultus colonies was observed only at temperatures
updates between 10 °C and 25 °C. After 24 h, spore germination of the fungal species was most intense at
Citation: Tkaczuk, C.; 25 °C. After both 24 and 48 h, the temperature of 5 °C stopped the spore germination of all fungal
Majchrowska-Safaryan, A. species, and in the case of C. farinosa and C. fumosorosea no germination was also found at 30 °C. This
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function [15,16]. For example, most isolates of EPF of the Hypocreales (Ascomycota) order
grow in the temperature range from 8 °C to 30-32 °C, with their optima varying from 20 °C
to 30 °C. In turn, the temperature that limits their development is 5 °C and 35 °C [17-19].
Entomopathogenic fungi tolerance to temperature extremes is considered to be particularly
important as it affects their persistence and efficacy, as well as their shelf life during storage
and transportation [10,20,21].

Hypocralean fungi are commonly found in the soil environment and some of them,
including species of the Cordyceps (=Paecilomyces/Isaria Pers.) genus, are highly parasitic
on insects [22,23]. Based on recent phylogenetic studies, most of the Paecilomyces Bainier
species have been reassigned to the Isaria genus [24-27]. According to the current revision
presented by Kepler et al. [28], isolates previously belonging to I. fumosorosea, 1. farinosa and
L. coleopterorum have been included in the Cordyceps genus. Cordyceps farinosa (Holmsk.)
Kepler, B. Shrestha and Spatafora is frequently responsible for natural epizootics among
butterflies overwintering as pupae, especially in forest litter and in soil [29,30]. While C.
farinosa currently is of minor importance in research and as a biocontrol agent, C. fumosorosea
(Wize) Kepler, B. Shrestha and Spatafora is regarded as a species complex, and its various
strains are successfully used for the biocontrol of several pest insects, mainly whiteflies [8,
22,31,32].

The aim of the study was to determine the effect of temperature on conidia germination
and colony growth of three selected species of EPF in Cordyceps genus and one species in the
Paecilomyces genus. Two of the tested fungi are generalists (C. farinosa and C. fumosorosea)
whereas C. coleopterorum (Samson and H.C. Evans) Kepler, B. Shrestha and Spatafora and
P. suffultus (Petch) Samson are rarely found under natural conditions on insects and are
specialized in terms of their host. The former almost exclusively infects the larvae of beetles
from the firefly (Lampyridae) family. The latter seems to be a specialized fungal pathogen
of larvae of the bibionid fly in the Bibionidae family [33]. This type of research made it
possible to compare the thermal requirements of fungal species with a diverse spectrum of
infected host insects.

2. Materials and Methods
2.1. Fungal Isolates

The effect of temperature on entomopathogenic fungal colony growth and spore
germination was investigated under laboratory conditions. Three selected species of the
Cordyceps genus and one species of the Paecilomyces genus were used in the research.
The cultures of the fungi used in this experiment were deposited in the fungal collection
of the Institute of Agriculture and Horticulture, The University of Siedlce, Poland, and
stored on an SDA medium at 4 °C. The origin of fungal isolates is presented in Table 1.
They were identified macroscopically using standard keys [33,34], and their systematic
affiliation was also confirmed by molecular identification. The ITS marker, proposed as
a universal DNA code marker for fungi, was chosen for identification [35]. Molecular
identification of isolates was carried out in the mycological laboratory of the Biological and
Chemical Research Centre of the University of Warsaw, using Qiagen and Blirt tools (DNA
isolation kits, a PCR kit and cleaning kit). The PCR reaction was carried out according
to the procedure provided by Kovac et al. [36]. Sanger sequencing was used with single
ITS2, ITS3, ITS4 and ITS5 primers and a BigDye Terminator Cycle Sequencing Ready
Reaction Kit (Applied Biosystems, Waltham, MA, USA) containing fluorescently labeled
dideoxynucleotide triphosphates (ddNTPs), deoxynucleotide triphosphates (dNTPs), Taq
FS polymerase and buffer. After sequencing, product cleaning was performed by molecular
filtration on columns with Sephadex G-50, and the reading of the result was entrusted
to Genomed (Warsaw, Poland). The sequences were compared using the BLASTN 2.2.2
algorithm [37], while a collection of sequences was available in the NCBI databases.
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Table 1. Characteristics of entomopathogenic fungal isolates.

Fungal Species and Strain Number Isolate Origin
Cordyceps farinosa From the pupa of an unmarked butterfly species, found in oak-hornbeam
(P04-UPH) forest litter of the Biatowieza National Park, Poland
Cordyceps fumosorosea From Galleria mellonella larvae from the soil of an arable field in Pietrusy
(P03-UPH) (Mazowieckie Voivodeship), Poland
Cordyceps coleopterorum From the larvae of a beetle from the firefly family (Lampyridae), found in the
(P07-UPH) litter of an oak-hornbeam forest in the Biatowieza National Park, Poland
Paecilomyces suffultus From the larvae of the Bibio sp., found in the litter of a typical oak-hornbeam
(PO6-UPH) forest in the Biatowieza National Park, Poland

2.2. Effect of Temperature on Colony Growth

Sabouraud Dextrose Agar ‘SDA’ (bioMérieux) was used as culture medium with
5 g casein enzymatic hydrolysate, 5 g hydrolyzed animal tissues, 40 g glucose and 15 g
agar. The solution was sterilized using a steam pressure autoclave at 121 °C under a
pressure of 1 atmosphere after which it was transferred to sterile, plastic Petri dishes
(90 mm). In the first part of the experiment, selected fungal isolates were grown on an
SDA medium at 21 °C £ 1 °C. A fragment of mycelium from 10-day-old cultures was
sampled with a preparation needle, to be inoculated centrally to the SDA solid medium.
Dishes with inoculated isolates were placed in incubators, without access to light, in six
temperatures: 5, 10, 15, 20, 25 and 30 °C. Colony growth was observed every 3 days until
day 18. Surface radial growth (mm/day) was recorded daily using two cardinal diameters,
through two orthogonal axes, previously drawn on the bottom of each dish as a reference.
Five replications were performed for each temperature.

2.3. Effect of Temperature on Conidial Germination

Spores from 3-week-old colonies were transferred with a scalpel to an aqueous solution.
Under the microscope at 400x magnification, the titer (concentration) of spores in the
solution was determined using the Fuchs—-Rosenthal chamber. The spore solution was
diluted to 1.0 x 107 conidia/mL, which made it easier to observe the germinating spores.
The number of spores in the field of view did not exceed 20-30. Approximately 1 mL
of spore solution was pipetted onto the Sabouraud medium, prepared as described in
Section 2.2. Slides with the medium and spores were placed in incubators with the above
temperature ranges. Germination observations were carried out after 24 and 48 h. A drop
of lactophenol was added to the medium with spores, and it was covered with a cover
glass. Then, in the field of view the number of germinating spores per 100 observed conidia
was counted. For each combination, i.e., fungus isolate—temperature, three replications
were performed.

2.4. Statistical Analyses

The results were statistically processed using the Statistica 13.3 program of TIBCO
Software Inc. (Palo Alto, CA, USA) ANOVA, a univariate analysis of variance (temperature,
type of culture medium), and Tukey’s post hoc test were performed. The means were
combined into homogeneous groups at a significance level of o« = 0.05. Comparison of
means for colony growth rates in mm/day was inferred from the significance test for
means.

3. Results
3.1. Effects of Temperature on Mycelial Growth Rate

The thermal optimum for the colony growth of the isolates of EPF of the Cordyceps and
Paecilomyces genera was in the temperature range between 15 °C and 25 °C, with the values
varying according to individual species. The colony growth of the C. farinosa strain was
observed in all temperature ranges (Table 2). The smallest size of the fungal colonies was
recorded at 30 °C. The optimum for their growth was 20 °C, at which temperature their
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diameter was 63.7 mm. The fastest growth rate of 3.5 mm/day was observed also at 20 °C

(Figure 1).
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Figure 1. Daily growth rate of entomopathogenic fungal species at temperatures ranging from 5 to
30 °C.
Table 2. Mean colony diameter [mm] of entomopathogenic fungal species growing at different
temperature on day 18.
Temperature
Fungi Species
5°C 10 °C 15°C 20 °C 25°C 30°C
Cordyceps 9.75+0.81a 257+19a 56.6 + 1.8b 637 +35a 563 +£25b 75+13b
farinosa
Cordyceps 212 £032b 184 +13b 58.0+21b 633+ 16a 69.0+18a 145+1.1a
fumosorosea
Cordyceps 0.0+0.0c¢ 2.75+035d 287 +14c 315+05b 10.7 4095 ¢ 0.0+0.0c
coleopterorum
Paccilomyces 0.0+£0.0c¢ 137 +133 ¢ 68.5+0.76a 68.0+1.0a 56.2+14b 0.0+0.0c
suffultus
p-value 0.00 0.00 0.00 0.00 0.00 0.00
F-value 368.04 824.68 3502.79 4226.46 1642.69 2488.00

abcd—Means within columns with the same lowercase letters are not significant at & = 0.05, Tukey’s HSD;
+—Standard deviation (SD).

Even though the colonies of the C. fumosorosea fungus grew in all temperatures, their
best development was at 25 °C (69.0 mm). Of all the isolates, colonies of this fungus reached
the largest sizes. The diameter of C. fumosorosea cultures was the smallest at 5 °C, with an
average of 2.12 mm. The colony sizes at 10 and 30 °C did not differ much, with 18.4 and
14.5 mm, respectively. The daily growth of C. fumosorosea isolate across the temperature
ranges of 15 to 25 °C was similar, with the highest value of 3.83 mm/day recorded at 25 °C
(Figure 1).

Colony growth of two other species, i.e., C. coleopterorum and P. suffultus, was recorded
in all temperature ranges except 5 and 30 °C (Table 2). The temperature optimum for
C. coleopterorum growth was 20 °C, at which its colonies reached a size of 31.5 mm. Its
cultures growing at 20 °C were over 50% smaller than the colonies of other species, and five
times smaller at 25 °C. The daily growth rate of this fungus, at the optimum temperature,
was the lowest of all isolates and amounted to 1.75 mm per day. The analysis of the
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significance test for the average growth rates of the C. coleopterorum strain at particular
temperatures showed significant differences in relation to the other tested isolates (Figure 1).
Colonies of the P. suffultus fungus reached the smallest sizes at 10 °C, with an average of
13.7 mm. Its best growth was at 15 °C, at which temperature P. suffultus colonies reached
68.5 mm on the 18th day. At 20 °C, the growth was only slightly slower. The fastest rate of
daily growth of P. suffultus isolate was recorded at 15 and 20 °C, with 3.80 and 3.77 mm/day,
respectively (Figure 1). The univariate analysis of variance indicated that their individual
temperature ranges were a statistically significant factor affecting the colony size of the
Cordyceps and Paecilomyces isolates (Table 2).

3.2. Effect of Temperature on Conidial Germination

This study showed that temperature and the length of the period in which spores
are attached to the medium have a various effect on their germination. The proportion of
germinated spores after 48 h on the culture medium was generally higher than after 24 h
(Figures 2-5).

After both 24 and 48 h, the temperature of 5 °C stopped the germination of spores of
all fungal species. In the case of C. farinosa and C. fumosorosea, no germination was found at
30 °C.

After 24 h, spore germination of the fungal species was the most intense at 25 °C.
A significant share of germinated spores at this temperature was observed in the case of
C. farinosa, C. fumosorosea and P. suffultus (95.3, 97.3 and 94%, respectively).

Spores of C. coleopterorum also germinated most intensively at the 25 °C temperature
with 46.6% spores germinated, and compared to other species this value was lower by over
50%. At 10 °C, no spore germination of any fungi was observed after 24 h, and spores of the
C. coleopterorum isolate did not germinate at 15 °C either. Spores of the P. suffultus fungus
had the greatest tolerance to elevated temperatures. Spore germination for this species was
observed to be 38.6% of germinated spores after 24 h at 30 °C, and after 48 h, up to 93%.

After 48 h, the optimum temperature for germination of C. farinosa and P. suffultus
spores was 20 °C, and for C. fumosorosea it was 25 °C, but this conclusion was not confirmed
in a statistically significant way. Cordyceps coleopterorum spores also germinated best at
25 °C, at which temperature the proportion of germinated spores was 53.6% after 48 h.
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Figure 2. Germination of C. farinosa spores after 24 and 48 h at temperatures ranging from 5 to
30 °C. ab—Means between hours at particular temperatures with the same lowercase letters are not
significant at & = 0.05, Tukey’s HSD.
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Figure 3. Germination of C. fumosorosea spores after 24 and 48 h at temperatures ranging from 5 to
30 °C. ab—Means between hours at particular temperatures with the same lowercase letters are not
significant at « = 0.05, Tukey’s HSD.
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Figure 4. Germination of C. coleopterorum spores after 24 and 48 h at temperatures ranging from 5 to
30 °C. ab—Means between hours at particular temperatures with the same lowercase letters are not
significant at o = 0.05, Tukey’s HSD.

According to statistical analysis, the time of contact (24 or 48 h) with the culture
medium was a factor significantly affecting the percentage of germinated spores in separate
temperature ranges. However, that did not apply to 5 °C and 30 °C, with a complete
absence of germination, and in the case of C. farinosa, C. fumosorosea and P. suffultus species
also at temperature 25 °C.
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Figure 5. Germination of P. suffultus spores after 24 and 48 h at temperatures ranging from 5 to
30 °C. ab—Means between hours at particular temperatures with the same lowercase letters are not
significant at « = 0.05, Tukey’s HSD.

4. Discussion

In the development and life of all organisms, temperature is a fundamental factor.
Consequently, it affects the growth and development of EPF that cause insect infections.
These fungi seem to be the most promising group of pathogens that can be used in the
biological control of harmful insects. However, it is necessary to select a strain with a wide
spectrum of temperature tolerance [2,38-41]. Knowledge of the temperature tolerance of
EPF is particularly important for the commercial production of biopesticides. This allows
fungi to acclimate to thermal conditions to maintain their high pathogenicity.

Ascomycete fungi of the genera Metarhizium, Beauveria, and Cordyceps grow well on
solid substrates at temperatures between 24 °C and 30 °C [22,42—44]. The favorable temper-
ature ranges for the development of M. anisopliae, B. bassiana, M. rileyi, and C. fumosorosea
are 24-30 °C, 22-26 °C, 20-30 °C, and 22-30 °C, respectively [19,22]. In turn, the temper-
ature that limits the development of these species is 5 °C and 35 °C [17,45]. The species
of fungi investigated in the present research had different temperature requirements for
their growth. The optimum temperature for the growth of P. suffultus colonies was 15 °C,
with 20 °C for C. farinosa and C. coleopterorum. The highest thermal requirements were
demonstrated by the C. fumosorosea species, which developed best at 25 °C. The temperature
ranges in which the fungi grew were also different. C. farinosa and C. fumosorosea developed
in a wider temperature range, from 5 °C to 30 °C. In turn, growth of C. coleopterorum and P.
suffultus colonies was observed only at temperatures between 10 °C and 25 °C.

In the literature, the most research concerns the thermal requirements of two species
of the Cordyceps genus, i.e., C. farinosa and C. fumosorosea, that are pathogenic to different
insects in different climatic zones. In terms of temperature ranges for their growth, both
fungal species are mesophilic, i.e., they grow at moderate temperatures. For C. farinosa,
the general temperature range for its growth is between 2-5 and 30-32 °C [46—49], and
the optimum temperature for its germination and growth is 20 °C, ranging from 19 to
22.5 °C [47-50]. Doberski [46] found that one strain of C. farinosa caused infection of large
elm bark beetle Scolytus scolytus larvae even at 28 °C. For other strains, no activity was
observed at 0 and 5 °C (Machowicz-Stefaniak) [47]. According to Brown and Smith [51],
colonies of C. farinosa grew slowly at 10-14 °C, with a higher growth rate at 24 °C. At 27 °C,
its slowdown was observed, with a complete lack of growth at 37 °C. In turn, Ayysamy
and Baskaran [52] report that the optimum temperature for colony growth of the C. farinosa
strain they studied was 25 °C, with smaller colonies formed at 20 °C and the smallest at
30 °C. The germination process of C. farinosa spores was best at 20 °C and 25 °C. In our
study, we found that after 24 h, spore germination of the investigated fungal species was
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the most intense at 25 °C. According to Tian et al. [53], the temperature of 26 °C was most
favorable for the conidial germination of C. fumosorosea and for the infection of Bemisia
tabaci Genadius 2nd instar nymphs. Rojas et al. [54] found that all Brazilian isolates of C.
fumosorosea showed a fast reduction in germination during the first 30 min of exposure to
45 °C.

Questions still remain about the temperature optima of strains isolated from Mediter-
ranean or tropical areas. Generally, C. fumosorosea prefers higher temperatures than C. farinosa,
but there are strong differences in the temperature range among strains. Several isolates of C.
fumosorosea from France grow between 11 and 30 °C [55], and Mietkiewski et al. [48] report
that growth of C. fumosorosea is between 5 and 32 °C, with the optimum at 25 °C. Similar
values relating to the optimal temperature for its colony growth are provided by Sosnowska
and Ratajkiewicz [56]. Yeo et al. [38] reported that growth of several C. fumosorosea isolates
was observed between 10 and 25 °C, with often the highest values, compared with other
species, at 10 °C.

Some researchers pay attention to the close relationship between the geographical
origin of a fungus strain and its thermal requirements. Vidal et al. [19] investigated the
effect of temperature on the growth of isolates of C. fumosorosea isolated from various
hosts (mainly from B. tabaci and Lepidoptera larvae) and originated from the southern
USA, Europe, Pakistan, Naples, and India. In common with other authors, they found a
wide variation among strains in terms of their thermal requirements. Strains from Europe
grew at a temperature ranging from 8 to 30 °C, and their optimal was 20 °C, 20-25 °C
or 25 °C. The temperature range in which strains from the south of the USA developed
(from both humid and subtropical regions) and from western Asia (humid tropical climate)
was wider and ranged from 8 to 35 °C, with their temperature optima of 25 °C, 25-28 °C
or 28 °C. It was also found that isolates of C. fumosorosea originating from India were the
most tolerant towards a high temperature, i.e., to 32 °C and 35 °C. In turn, the research of
Bouamama et al. [57] provides evidence that INRA32, a European isolate of C. fumosorosea,
was better adapted to temperate conditions than to both humid subtropical and arid ones.
Similarly, Fargues et al. [45] showed that quiescent conidia of C. fumosorosea isolates from
temperate regions were more susceptible to simulated sunlight (wavelengths ranging from
295 to 1100 nm at a UV-B irradiance of 0.3 Wm?) than isolates from warm regions. This
intraspecific variability of the tolerance to environmental conditions could be related to C.
fumosorosea genetic diversity [58-63].

It is worth mentioning that the C. fumosorosea isolate tested in this study showed high
pathogenicity in laboratory conditions against the turnip moth Agrotis segetum Den. et
Schiff. larvae, causing up to 89.6% mortality in the soil, while isolates of B. bassiana and M.
anisopliae caused only 60% and 48% larval mortality, respectively [64]. The C. fumosorosea
isolate tested in this study also showed high pathogenicity against the apple ermine
Hyponomeuta malinellus Zeller (Lepidoptera) larvae and mountain-ash sawfly Pristiphora
geniculata Hartig larvae, causing up to 97.0 and 90.0% mortality, respectively. Slightly lower
larval mortality of the above-mentioned pests was caused by the isolate of the fungus C.
farinosa tested in our research —89.8% and 88.5%, respectively [64]. The above data show a
great potential of the individual fungal strains tested by us as a basis for the production of
bioinsecticides, which may be used in the future in IPM of some pests, especially from the
order of Lepidoptera.

As mentioned earlier, in addition to the generalist strains of C. farinosa and C. fu-
mosorosea, which infect many insect species around the world, two other species were
also included in the present research on the thermal requirements of EPF. They are rarely
found in natural conditions on insects and appear to be specialized when it comes to their
potential hosts. This type of research made it possible to compare the thermal requirements
of the individual fungal strains with a wide and very narrow spectrum of infected host
insects.

The P. suffultus isolate studied in the present research was obtained from the Bibionidae
larvae, quite extensively infected by this fungus, in a litter from a typical oak-hornbeam
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forest in the Bialowieza National Park, Poland. This fungus was first described under the
name Cylindrodendrum suffultum by Petch [65] and was isolated from the pupa of a fly of
the Psychodidae family in England. This species appears to be a specialized pathogen of
Diptera order insects, especially the larvae of a fly on which it was found in Germany and
France (Batazy, unpublished data) but P. suffultus was for the first time described as an
insect pathogen in Poland by Sosnowska et al. [66] in Bialowieza National Park. In the
available literature, there is no information about the thermal requirements of this fungal
species. As the present research shows, this fungus achieved optimal growth at 15 °C,
which is the lowest compared to the other species, while its spores showed the greatest
tolerance to an elevated temperature. After 24 h of contact with the substrate at 30 °C,
the highest percentage of its germinated spores was found. It should be mentioned here
that the strain of P. suffultus tested in our research showed a very high pathogenicity in
laboratory conditions in relation to the larvae of the marchfly (Bibio hortulanus L.), causing
up to 87.0% mortality [67].

The isolate of C. coleopterorum used in this research was isolated from the larvae of an
unmarked species of the Lampyridae family (Table 1), and its occurrence in Poland was
confirmed for the first time by Tkaczuk [64]. This species was first found in Africa, also
on the larvae of the Lampyridae beetle family, and was originally described by Evans [33].
In Germany and France, this fungus is considered to be a pathogen of fireflies [68]. The
information about the thermal requirements of C. coleopterorum was provided only by
Samson (1974), who observed that colonies of this fungus on malt extract agar grew slowly
and reached a diameter of about 2.5 cm after 14 days at 25 °C.

5. Conclusions

Research on the thermal requirements of fungal species and isolates pathogenic to-
wards insects or mites is also of great practical importance because it makes it possible to
select strains with a wide spectrum of thermal tolerance, maintaining a high efficiency in
field conditions of biopesticides based on them.

The results revealed that the thermal optimum for the colony growth of the investi-
gated isolates of entomopathogenic fungi from the Cordyceps and Paecilomyces genus was
in the temperature range between 15 °C and 25 °C. The present studies on the effect of
temperature on the growth and germination of spores of such species as C. coleopterorum
and P. suffultus are the first research of this type.

Further studies should focus on the use of EPF in pest biological control and on under-
standing their pathogenicity towards harmful insects. This is very important, especially
because the fungal isolates tested in this work in terms of thermal requirements have shown
high pathogenicity in relation to selected plant pests in previous studies, which indicates
their potential usefulness in IPM programs.
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