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Abstract Isaria fumosorosea frequently causes mycosis of

agricultural pests in the hot semiarid and dry tropical regions

of Mexico. Because temperature tolerance restricts the use of

fungal biopesticides, we investigated two isolates from these

areas for possible development into mycoinsecticides for use

in hot weather agricultural zones. We studied the effects of

culture system (solid or submerged cultures) and tempera-

ture on the fungal growth, extracellular enzyme production,

pathogenicity, and thermotolerance of the produced propa-

gules. Between 20 and 28 �C, the specific growth rates of the

isolate PCC were higher on solid media, but in the sub-

merged culture, the isolate P43A grew faster even at tem-

peratures of up to 34 �C. On solid media, P43A produced

1.5-fold more proteases than PCC, but in the submerged

culture, both strains had similar activities. Under the same

culture conditions, PCC produced a blastospore:conidia ratio

of 1:2, and P43A produced a ratio of 1:5. PCC aerial conidia

had the shortest Lethal Time 50 (LT50, the time to reach 50 %

mortality) against Galleria mellonella larvae, but LT50 was

equal for the aerial conidia and the submerged propagules of

P43A and PCC. The submerged and aerial propagules of

P43A were more thermotolerant than those of PCC. Each

isolate performed differently in each culture system, and we

concluded that the intended production method should be

included as a criterion for screening of entomopathogenic

fungus. We found that thermotolerance is a specific char-

acteristic of an isolate from a given species. Because of its

specific characteristics, P43A shows more promise for the

development of a submerged conidia-based mycoinsecticide

for foliar application in aqueous form in hot climate regions.

Keywords Isaria fumosorosea � Submerged culture �
Solid culture � Thermotolerance � Pathogenicity

Introduction

Mycopesticides are products based on living fungal propa-

gules and are intended to control agricultural pests. In recent

studies, the effects of these propagules in termites, arthro-

pods, bovine tick and disease vectors have been explored

(Brand et al. 2010; Fernandes et al. 2012; Howard et al.

2011). The following types of propagules are produced by

fungus: hyphae, blastospores and aerial or submerged con-

idia (the last three types listed may be known as spores).

Among the mycopesticides that are currently registered,

undergoing registration or marketed, about 6 % are based on

Isaria species (previously known as Paecilomyces) (de Faria

and Wraight 2007). These species have diverse insect hosts

and are able to control Bemisia species, which are some of

the most damaging whitefly pests to economically important

crops (Lacey et al. 2008; Wraight et al. 2007).

The process of identifying an appropriate fungal isolate

for development as a mycoinsecticide is complex. It is
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important to consider the feasibility of mass production of

stable propagules. Furthermore, we must account for the

environmental conditions that coincide with the need for

insect control; weather conditions, particularly temperature

and radiation during the crop cycle, are important because

temperature tolerance is a critical abiotic factor that restricts

the use of fungal biopesticides (Imoulan et al. 2011; Jackson

et al. 2010). Most entomopathogenic fungi have a wide

temperature tolerance (from 0 to 40 �C), but the optimal

temperature for spore germination and growth is between 23

and 28 �C. The most favorable temperature for infection is

between 20 and 30 �C. In general, the growth of most isolates

slows down above 30 �C and ceases above 34 �C. Similarly,

spore germination is adversely affected by temperatures over

30 �C. Measuring the influence of temperature on growth is a

logical starting point in the development of a new fungal

isolate for use as a microbial control agent (Cabanillas and

Jones 2009; Jaronski 2010; Shoaib et al. 2011; Wraight et al.

2007). Because Isaria species are predominantly found in the

tropics and subtropics, they may be suitable for development

into products for use for hot climate regions.

The primary infective form of most fungal entomopath-

ogens is the aerial conidium, and solid state fermentation is

widely used for production (Jackson et al. 2010). In Latin

American countries, mycoinsecticides production facilities

mostly produce conidia in bags of moistened grains (typi-

cally rice or wheat). In submerged cultures, many of these

fungi produce submerged conidia, sclerotia and single cells

known as blastospores (or hyphal bodies) from the hyphae

via a yeast-like budding process (Vega et al. 2003; Vidal

et al. 1998). Blastospore-based mycoinsecticide are cur-

rently produced commercially from Lecanicillium lecanii

and I. fumosorosea, but submerged conidia have not yet been

commercially developed as biological agents to control

insects. Characteristics including hydrophobicity, tempera-

ture tolerance, desiccation tolerance and the germination rate

are different for aerial conidia, submerged conidia, blas-

tospores and sclerotia. Therefore, the mycoinsecticides

based on these various propagules are intended for different

applications (Jackson et al. 2010).

Unlike most other pathogens, which need to be ingested,

fungi generally infect insects by actively penetrating the cuticle

using a combination of mechanical pressure and enzymatic

degradation (Ali et al. 2010; Montesinos-Matı́as et al. 2011;

Zibaee et al. 2011). This process has been primarily attributed to

the hydrolytic enzymes that are expressed by the germination

conidia (El-Sayed et al. 1993; Rodrı́guez-Gómez et al. 2009).

Ali et al. (2009) considered that fungal isolates with high ger-

mination rate and high hyphal growth rates are advantageous

for biological control because they could quickly infect the host.

The insect integument is a barrier against invading microor-

ganisms and is composed of proteins, chitin, associated lipids

and phenolic compounds (Hegedus and Khachatourians 1988).

Through the combined action of hydrolytic enzymes (such as

chitinase, protease and lipase), the fungal mycelia are able to

penetrate the host barrier and infection occurs (Ali et al. 2009).

Because proteins may account for up to 70 % of the cuticle,

proteases play a major role in the penetration process (Ali et al.

2010; Montesinos-Matı́as et al. 2011).

Since Isaria fumosorosea frequently causes the mycosis

of agricultural pests in hot weather regions in Mexico, iso-

lates from these areas may have potential for development

into biocontrol products for these agricultural zones. When

designing a new process for large-scale production of

microbial cells, the utility of different culture systems must

be taken into account. Therefore, we aim to determine

whether I. fumosorosea isolates from hot climate agricultural

areas behave in similar manners when they are produced via

solid or submerged fermentation. Furthermore, we seek to

determine whether the propagules produced using these

culture systems are thermotolerant and pathogenic.

Materials and methods

Fungal isolates

Two isolates of I. fumosorosea from México were used in this

study. Strain P43A was isolated from Planococcus ficus

(Signoret) from vineyards located in Villa Pesqueira,

Sonora, Mexico (29�2201500–29�2205700N and 110�5401500–
110�5303900 W, 634 m above sea level). Villa Pesqueira has a

hot, semi-arid climate with an average annual precipitation of

508 mm and temperatures of up to 47 �C in the summer

(http://smn.cna.gob.mx/). Strain PCC was obtained from

Agrobiologicos de Sinaloa S.A., it was isolated from Diaph-

ania sp (Lepidoptera: Pyralidae) from the Culiacan Valley, in

Sinaloa, México (24�5401000–24�2705600 N and 107�2105000–
107�5001500 W, 54 m above sea level). The Culiacan Valley

has a dry, tropical climate with temperatures of up to 43 �C in

the summer and an annual precipitation of between 600 and

800 mm (http://smn.cna.gob.mx/). Both strains were identi-

fied at the Centro Nacional de Referencia de Control Biol-

ógico (Mexico). Monosporic cultures of each strain were

cultivated on Sabouraud-dextrose agar with yeast extract

(Difco, MD). After sporulation, cylinders of 1.0 cm diameter

were preserved in vials with 10 % glycerol at -20 �C.

Culture media

Rice agar

Rice was washed with tap water, dried at room temperature

and milled in a blender. A total of 12 g was sterilized in

90-mm-diameter Petri dishes at 121 �C for 2 h. Sterile 1.5 %

agar and 1 % yeast extract were added to the rice.
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Sabouraud-dextrose agar with yeast extract (SDAY)

SDAY (Difco, MD) was supplemented with 1 % yeast

extract (Difco, MD) and sterilized at 121 �C for 15 min.

Sabouraud-dextrose broth (SDB)

The medium was composed of 5 g/l tryptone (Difco, MD),

5 g/l bactopeptone (Difco, MD) and 20 g/l dextrose. The pH

of the medium was adjusted to 5.7 ± 0.2 prior to sterilization

at 121 �C for 15 min.

Minimal medium

The medium was composed of 1 l of deionized water and 50 g

of dextrose, 2 g of NH4NO3, 2 g of KH2PO4, 2 g of KCl, 0.2 g

of MgSO4�7H2O, 20 mg of ZnSO4�7H2O, 20 mg of FeSO4

7H2O and 15 mg of CuSO4�5H2O. The pH of the medium was

adjusted to 5.0 prior to sterilization at 120 �C for 15 min. For

enzyme production, 1 % casein or 2 % olive oil was added

instead of dextrose. The solid media for enzyme production

was prepared according to that described by Hankin and

Anagnostakis (1975).

Solid and submerged cultures

Rice-agar plates were inoculated from the frozen cell

stocks of each isolate and then incubated at 28 ± 1 �C in

the dark until mycelia covered the plate. The plates were

then exposed to daylight at 25 ± 1 �C until sporulation.

The aerial conidia were collected using 0.05 % Tween 80,

and the spore suspension was adjusted to a concentration of

1x106 conidia/ml for the inoculation of the flasks or plates.

Solid culture

To evaluate the effect of temperature on fungal growth, 3 ll of

the aerial conidia suspension (1 9 106-conidia/ml) was

transferred onto the center of a 90-mm-diameter sterile SDAY

plate. After the suspension had dried, two perpendicular

straight lines were drawn on the bottom of each Petri dish (the

lines intersected at the center of the drop of the suspension).

The plates were incubated at 20, 23, 25, 28, 30, 32 or

34 ± 1 �C. The diameter of each colony at its intersection

with each perpendicular line was measured every 12 h with a

Truper Digital Caliper (Model CALDI-6MP) (Esteves et al.

2009; Miyashira et al. 2010). The experiments were per-

formed three times, and the specific growth rate (l) was cal-

culated using the exponential growth model.

Submerged culture

Erlenmeyer flasks (125 ml) containing 20 ml of SDB med-

ium and 20 lg/ml of gentamicin were inoculated with the

aerial conidia suspension to a final concentration of 1 9 106

conidia/ml. The flasks were incubated at 20, 23, 25, 28, 30,

32 or 34 ± 0.5 �C with oscillatory shaking at 180 rpm (New

Brunswick scientific Co. Inc., series 25). A total of three

flasks were removed when a sample was required. Fermen-

tations were also performed in a 3 l stirrer-tank reactor

(Autoclavable Bio Reactor System, Applikon Biotechnol-

ogy) using the minimal medium. The reactor operated under

the following conditions: 1.5 l working volume, 28 �C,

aeration rate of 0.33 vvm, and stirrer speed of 600 rpm.

Dissolved oxygen was maintained between 60 and 65 %

over the saturation level by enrichment of the air flow with

pure oxygen, and the pH was controlled to 5 ± 0.1 using 2 M

NaOH. The reactor was inoculated with the aerial conidia

suspension to a final concentration of 7 9 105-conidia/ml.

The experiments were performed three times.

Thermotolerance of aerial conidia and submerged

propagules

Aerial conidia were collected from SDAY-Petri dishes using

0.05 % sterile-Tween 80. Submerged propagules were pro-

duced in the bioreactor in minimal medium at 28 �C. The

fermented broth was filtered once through a sterile double

layer of cheesecloth to remove mycelia. Vials of 20 ml

containing 1x108 cell/ml of aerial conidia or submerged

propagules were treated at 30, 32, 34, 38 or 42 ± 0.1 �C for

30 min. Afterward, the total content of each vial was inoc-

ulated into a 125 ml-Erlenmeyer flask containing 20 ml of

minimal medium with 5 g/l yeast extract and then incubated

in an oscillatory shaker at 28 ± 0.1 �C. Samples were

withdrawn each hour, and germinated propagules were

counted in a Neubauer hemocytometer using a light micro-

scope (4009 magnifications). Germination was deemed to

be positive when a germ tube projecting from the spore was

observed. The experiments were performed three times.

Enzymatic assays

Solid culture

The fungal isolates were cultivated in the media described

by Hankin and Anagnostakis (1975) for 5 days at 25 �C to

induce the expression of chitinase, lipase and protease. The

enzyme activities were calculated as an index of the total

diameter of the colony plus the clear zone surrounding it

divided by the diameter of the colony (St. Leger et al.

1997).
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Submerged culture

In the minimal medium, glucose was substituted with either

2 % olive oil or 1 % casein to induce the expression of lipases

and proteases in a total volume of 200 ml of medium in an

Erlenmeyer flask (500 ml). The pH of the medium was

adjusted to 5.0 prior sterilization at 120 �C for 15 min, and

20 lg/ml of gentamicin was added after sterilization (Pogori

et al. 2008; Nieto and Ellis 1986). The flasks were inoculated

with the conidia suspension to a final concentration of 1 9 106

conidia/ml and incubated at 25 �C with oscillatory shaking at

180 rpm (New Brunswick Scientific Co. Inc., Series 25).

Aliquots of 4 ml were taken at 0 h and then every 24 h. The

samples were centrifuged at 10,864g at 5 �C for 15 min

(AllegraTM X-22R Centrifuge, Beckman Coulter). The

supernatants were then stored at 5 �C. Complete experiments

and the determination of enzymatic activity in each sample

were conducted three times. The cumulative enzymatic

activity was reported as the integrated area of activity from the

time of detection to the time of maximal activity.

Protease assay

The protease activity of the culture supernatant was assayed

according to Garcı́a-Carreño et al. (1994). The specific

activity unit of the protease was defined as the amount of

enzyme necessary to increase the OD at 366 nm by 0.01

absorbance unit per minute.

Lipase assay

The lipase activity was determined using p-nitrophenyl

palmitate (pNPP) according to Berekaa et al. (2009). The

specific activity unit of lipase was defined as the amount of

enzyme necessary to release 1 lmol p-nitrophenol from the

substrate per minute.

The cumulative enzyme activity in the submerged cul-

ture was reported as the integrated area of activity from the

time of detection to the time of maximal activity.

Insect bioassay

Last instar Galleria mellonella larvae (Lepidoptera: Pyrali-

dae) were disinfected in 10 ml of 70 % ethanol for 10 s and

then blotted with sterile paper towels. A total of 10 larvae

were immersed in a 1 9 108 conidia/ml suspension in 0.05 %

Tween 80 for 20 s; the suspension contained either the aerial

conidia produced on rice-agar or the submerged propagule

(conidia and blastospores) produced in the minimal medium.

The control larvae were submerged in 0.05 % Tween 80 or

minimal medium solution. The insects were then deposited on

90-mm-diameter Petri dish containing a piece of wet cotton

and a previously sterilized diet and incubated at 25 �C. Each

treatment was repeated three times. The mortality was

recorded every 24 h over 12 days as recommended by Tefera

and Pringle (2003). To estimate the time at which 50 % of the

population was killed (LT50), probit analysis was used (Kal-

bfleisch 1985).

Analytical methods

Biomass assay

Biomass in the submerged culture was determined by gravi-

metric analysis after filtration of the sample through pre-

weighed nitrocellulose filters (45 mm diameter, pore size

0.45 lm). Samples were rinsed twice with 10 ml distilled

water aliquots and dried at 95 �C. Each analysis was per-

formed three times.

Submerged propagules concentration

Blastospores plus submerged conidia were counted in a

Neubauer hemocytometer using a light microscope (4009

magnifications) after filtering the sample through gauze to

remove mycelia. Blastopores and submerged conidia were

differentiated by their morphological characteristics (Vidal

et al. 1998). Three samples of each experiment were counted;

each count performed done three times.

Statistical analyses

For each strain in a solid or submerged culture, a one-way

ANOVA was used to examine the effect of temperature on

the specific growth rate (l), germination and the LT50

values. RCBD (randomized complete block design) was

used to analyze the effect of temperature on the growth rate

of each strain in a liquid or a solid culture and to determine

the differences between the specific growth rates and the

enzymatic activities of each strain on different substrates.

Tukey’s Honestly Significant Differences Test was used for

all post hoc testing, and p \ 0.05 was accepted as the

threshold for statistical significance. SPSS Statistics Soft-

ware version 17.0 was used for all the statistical analyses.

Results

Effect of the temperature on growth and

thermotolerance

Solid culture

In the solid culture, PCC had a higher l than P43A for

temperatures between 20 and 28 �C, but the l of P43A was

higher at 32 �C. The optimal temperature for growth was
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25 �C for both strains, but the temperature had a greater

effect on the l of the PCC strain than that of on the P43A

strain (Fig. 1). The l of the PCC strain was 1.4-fold higher

than that of the P43A strain at 20 �C and 1.8-fold higher at

25 �C, while the l of the P43A strain was twice that of the

PCC strain at 32 �C.

Submerged culture

In the SDB-submerged culture, both strains were able to

grow in temperature ranging from 20 to 34 �C, and the

optimal growth temperature for both was 28 �C (Fig. 1).

Nevertheless, at this temperature, the specific growth rate of

P43A (l = 0.3674 h-1) was 1.4-fold higher than that of

PCC (l = 0.2573 h-1). The l of both strains in the range of

temperatures assayed was higher in the submerged culture

than in the solid culture. The l of the PCC strain in the

submerged culture at the optimal temperature (28 �C) was

8.8-fold higher than that in the solid culture, while for the

P43A strain; the l at the optimal temperature was 22.3-fold

higher in the submerged culture than in the solid culture.

Both strains formed pellets at temperatures equal to or higher

than 30 �C in SDB. Maximal biomass was 4.5 g/l for both

isolates, and the biomass yield on glucose was 0.22.

In the minimal medium at 28 �C, thelwas lower than that in

the SDB-medium; the l values were 0.1177 h-1 and 0.08

70 h-1 for P43A and PCC, respectively. The PCC cultures

contained 33.3 % blastospores and 66.7 % conidia, while the

P43A cultures had 15.6 % blastospores and 84.3 % conidia.

Thermotolerance

Aerial conidia were more thermotolerant than submerged

propagules. It is noteworthy that 100 % of the aerial conidia

of P43A were able to germinate after 30 min at 42 �C, while

only 54.3 % of the PCC-conidia germinated. Heating to 30

and 34 �C did not affect the germination of the submerged

propagules of either isolate, and P43A propagules tolerated

temperatures of 38 and 42 �C well. The temperature at which

50 % of spore germination was inhibited was 45.56 ± 0.21

and 43.71 ± 0.24 �C for aerial conidia and submerged

propagules of P43A, respectively, and 41.93 ± 0.15 % and

39.37 ± 0.15 �C for those of PCC, respectively (Table 1).

Production of chitinase, lipase and protease

Both isolates produced chitinase, lipase and protease on

solid media; their enzymatic indices are shown in Table 2.

Strain P43A produced 1.5-fold more proteases than did

strain PCC, while the production of lipases and chitinase

was similar for both strains. PCC and P43A were both able

to use olive oil or casein as the sole carbon source in the

submerged culture. Protease activity was detected 18 h

earlier in PCC than in P43A, and the accumulated protease

activity was twofold higher in PCC than in P43A. Lipase

activity was detected in both strains after 72 h, and PCC

produced 1.8-fold more lipases than did P43A. The l of

PCC in casein was 2.4-fold higher than that of P43A, and

both isolates grew slowly in olive oil (Table 3).

Fig. 1 Specific growth rates of Isaria fumosorosea isolates in solid

and submerged cultures. (open circle) P43A Aerial conidia, (open
square) PCC Aerial conidia, (filled circle) P43A Submerged propa-

gules, (filled square) PCC Submerged propagules. Error bars
represent standard deviations (based on three replicates)

Table 1 Germination of aerial conidia and submerged propagule of

Isaria fumosorosea isolates P43A and PCC after 30 min-heating at

different temperatures

Temperature (�C) Germination (%)

Aerial conidia Submerged propagules

P43A PCC P43A PCC

30 100a 100a 100a 100a

34 100a 100a 100a 100a

38 100a 100a 96.4b 79.6b

42 100a 54.3b 78.5c 7.1c

a,b,c Means of triplicate replicas in the same column with a different

superscript are significantly different (Tukey’s, p \ 0.05)
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Lethality of aerial conidia and submerged propagules

Figure 2 shows the temporal changes in mortality of Galleria

mellonella larvae treated with the submerged or aerial conidia

of P43A and PCC. Under the experimental conditions used,

2 days after exposure of the larvae to the aerial conidia of

PCC, 20 % of the larvae population was dead. At this same

time point, the other propagules had not yet shown a signifi-

cant effect. After 4 days, an evident difference between both

strains was observed; the PCC spores were more virulent than

were the P43A-spores. After 10 days, the difference between

the two spore types was smaller. From day 4, a fraction of the

larvae treated with PCC aerial conidia was partially covered

with mycelia. However, when the submerged propagules were

used, the mycelia emerged from a fraction of the larvae

starting on day 3. When the aerial conidia of the strain P43A

were used, mycosed larvae were observed from day 7 and

from day 4 when the submerged conidia were used. Table 4

shows the LT50 values for the aerial and submerged conidia of

strains P43A and PCC.

Discussion

The temperature tolerance of fungal isolates relates to their

geographical origins. For example, fungal isolates from the

temperate climates of Europe exhibited optimal growth rates

at temperatures from 20 to 25 �C. Isolates from the humid or

dry subtropical zones of the southern United States or from the

humid tropics of western Asia exhibited optimal growth at

temperatures between 25 and 28 �C (Cabanillas and Jones

2009; Fargues and Bon 2004; Yeo et al. 2003;). PCC was

isolated from a dry tropical region, where the maximal tem-

perature in summer is slightly lower than in the climate from

which P43A was obtained. For the PCC strain in the solid

culture, the l increased as the temperature did in the range

Table 2 Enzymatic indices for the production of extracellular chiti-

nase, lipase and protease in solid culture by Isaria fumosorosea iso-

lates P43A and PCC

Isolate Enzymatic index (Mean ± SD)

Chitinase Lipase Protease

P43A 1.689 ± 0.059b 2.202 ± 0.781a 2.037 ± 0.783a

PCC 1.577 ± 0.075b 2.401 ± 0.154a 1.345 ± 0.104b

a,b Means in the same column with a different superscript are sig-

nificantly different (Tukey’s, p \ 0.05)

SD Standard deviation (based on three replicates)

Table 3 Enzymatic activities and specific growth rates of Isaria fu-
mosorosea isolates P43A and PCC in submerged culture with sub-

strate casein or olive oil

Isolate

(substrate)

l (h-1) Cumulative

protease activity*

Cumulative

lipase activity*

P43A

(casein)

0.08 ± 0.0076b 1.48 ± 0.0149a ND

PCC

(casein)

0.19 ± 0.0068a 3.00 ± 0.6298b ND

P43A

(olive

oil)

0.02 ± 0.0037c ND 12.89 ± 0.8555a

PCC

(olive

oil)

0.02 ± 0.0021c ND 21.25 ± 2.7920b

* Integrated area of activity from the time of detection to the time of

maximal activity
a,b,c Means in the same column with a different superscript are sig-

nificantly different (Tukey’s, p \ 0.05)

± Standard deviation (based on three replicates)

l Specific growth rate

Fig. 2 Mortality of the last instar larvae of Galleria mellonella
infected with the aerial conidia or the submerged propagules

(blastospores ? conidia) of Isaria fumosorosea isolates. (open circle)

P43A Aerial conidia, (open square) PCC Aerial conidia, (filled circle)

P43A Submerged propagules, (filled square) PCC Submerged prop-

agules (the experiments were performed three times)

Table 4 Lethal time (LT50) values (days) of the aerial and sub-

merged conidia of Isaria fumosorosea isolates P43A and PCC against

Galleria mellonella larvae

Isolate Propagules LT50 days ± SD

P43A Aerial 8.30 ± 1.45a

Submerged 8.46 ± 0.20a

PCC Aerial 4.86 ± 0.47b

Submerged 6.25 ± 0.12a

a,b Means in the column with a different superscript are significantly

different (Tukey’s, p \ 0.05)

LT50 values were determined using the probit analysis (p \ 0.05)

SD Standard deviation (based on three replicates)
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from 20 to 25 �C and decreased sharply at higher tempera-

tures. For P43A, however, the l remained fairly constant up to

28 �C (Fig. 1). Moreover, thel of PCC was higher than that of

P43A at temperatures up to 25 �C, but at 32 �C, the l of PCC

was only half that of P43A. Therefore, we conclude that P43A

is more tolerant than PCC to high temperatures.

In the submerged culture in SDB-medium, the positive and

negative effects of temperature on l were more notable. Both

these two isolates were able to grow in temperatures up to 34 �C

(Fig. 1). For both strains, the l was higher in submerged than in

the solid culture, and for P43A at 28 �C, the l was 22.3-fold

higher in submerged than in solid culture. Even in the minimal

medium, the l of both strains at 28 �C was higher in the sub-

merged culture than in the solid culture. Strain P43A grew the

fastest, and therefore, its biomass productivity was also the

highest. Since the optimal growth temperature for both isolates

was 25 �C in the solid culture and 28 �C in the submerged

culture, the optimal growth temperature of these isolates is

similar to that of the isolates from humid, tropical western Asia

(Yeo et al. 2003).

At high temperatures, the net specific growth rate of

microorganisms decreases as a result of cell mortality. This

decrease is partially due to the denaturation of proteins and

other biomolecules and to an increase in the maintenance

energy (Gusev et al. 2002). Moreover, we found that tem-

perature affects fungal morphology in the submerged culture.

At temperatures less than or equal to the optimal temperature,

isolates formed disperse mycelia, and at higher temperatures,

the isolates formed pellets. The limited diffusion of nutrients,

gases and metabolites into pellets may also account for the

decrease in l at temperatures higher than the optimal tem-

perature (Viniegra-González et al. 2003). For the P43A strain,

the decrease in the growth rate as temperature increased was

less significant in the solid culture than in the submerged

culture (Fig. 1). This result suggests that this isolate is more

sensitive to temperature as its growth becomes faster.

It is difficult to compare our data with previously published

reports because different culture media, culture conditions and

Isaria strains have been used. Asaff et al. (2006) cultivated a

strain of I. fumosorosea Pfrd in a minimal medium supple-

mented with 20 g/l glucose and 7 g/l monosodium glutamate

monohydrate at 27 �C. Under these culture conditions, the

maximal biomass concentration (Xmax) was 3.85 g/l, while

the biomass yield on glucose (Yx/s) was 0.1925 and

lmax = 0.114 h-1. When cultured on maltose or glucose as a

carbon source, the I. fumosorosea strain 92117 has a

lmax = 0.0168 or 0.2647 h-1 respectively, at 28 �C (Vidal

et al. 1998). Therefore the l of strain P43A at 28 �C is higher

than that reported for other I. fumosorosea strains.

The aerial conidia produced on rice-agar of both isolates

were able to germinate after heating for 30 min at tem-

peratures from 30 to 42 �C, but P43A spores showed the

highest thermotolerance (Table 1). Because spores of both

isolates were produced under the same conditions, P43A is

more thermotolerant than PCC. The tolerance of B. bassi-

ana and Metharizium anisopliae aerial conidia to thermal

stress is affected by both the medium and the culture

conditions. For example, M. anisopliae aerial conidia

produced under conditions of nutritive stress are two times

more thermotolerant than conidia produced under nutrient-

rich conditions (Rangel et al. 2005, Ying and Feng 2006).

The rice-agar medium used in this work has 1 % yeast

extract and the incubation temperature was 25 �C; there-

fore, we suggest that beyond the nutrient limitation, ther-

motolerance is also a characteristic of the strain.

The concentration of organic nitrogen affected the ratio of

blastospores:conidia of other I. fumosorosea isolates in the

submerged culture. For example, in a medium with 13.2 g/l

casamino acids and 80 g/l glucose, I. fumosorosea strain

Mycotech 612 produced a high concentration of biomass and

formed predominantly blastospores. However, when the

casamino acid concentration was reduced tenfold, a lower

biomass concentration was obtained and conidia dominated;

this result suggests that the concentration of organic nitrogen

favors blastospore production (Cliquet and Jackson 2005;

Thomas et al. 1987). Because the minimal medium utilized

for production of submerged conidia in this work had only

ammonium nitrate as a nitrogen source, it was expected that

conidia would dominate; however, the blastospores:conidia

ratio was 1:5 for P43A and 1:2 for PCC. Therefore, the

blastospore:conidia ratio also depends on the genetic char-

acteristics of the isolate within a species. Submerged conidia

are more resistant to high temperatures and more desicca-

tion-resistant than blastospores. They are hydrophilic and

germinate faster than aerial conidia; consequently, these

conidia could be advantageous for aqueous applications (as

blastospores). However, because P43A are especially resis-

tant to high temperatures, they may be more suitable for hot

climate regions (Jackson et al. 2010).

The chitinase indices of strains P43A and PCC in the solid

culture (Table 2) were higher than those obtained by St. Leger

et al. (1997) for strains of V. lecanii, B. bassiana and M.

anisopliae. In this culture system, P43A produced 1.5-fold

more proteases than PCC. Moreover, the protease index of the

first strain was similar to the index of 40 segregants of the

unstable prototrophic recombinants originating from the

crosses between the strains E6–7 (vio met- bio-) and E6-8 (ylo

pyr- lys-) of M. anisopliae protease-hyperproducers (Valad-

ares-Inglis and Azevedo 1997). We conclude that P43A in the

solid culture may be a protease hyperproducer. Nevertheless,

in the submerged culture, the protease activity was similar for

P43A and PCC strains, and the latter produced more lipases

(Table 3). Beyond the culture system, enzyme production is

also affected by the culture media and the fungal morphology

(Papagianni et al. 2001). Our results indicate that the culture

system affects the production of each extracellular enzyme
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distinctly and that the effect of the culture system on enzyme

production is highly strain-dependent.

The LT50 of the PCC aerial conidia for G. mellonella

larvae was 4.86 days, which is similar to the LT50 of the

aerial conidia of Metarhizium sp. for Schistocerca gregaria

adults (4.40 days) (Bateman et al. 1996). The aerial conidia

of PCC more quickly killed G. mellonella larvae than did

those of P43A. However, P43A produced more proteases in

the solid culture than did PCC, and proteases play a crucial

role in host penetration because the insect cuticle is about

70 % protein (Ali et al. 2010; Rodrı́guez-Gómez et al.

2009). In addition, the germination rate is related to

infectivity (Jackson et al. 2010), but the germination rate of

the aerial conidia of both isolates was the same (90 % of

conidia germinated in 5 h). On the other hand, the LT50

values were similar for the aerial and submerged propa-

gules of P43A and the submerged propagules of PCC, but

the latter produced more proteases in the submerged cul-

ture, and 90 % of the propagules germinated in only 4 h.

The LT50 values for the aerial conidia and the submerged

propagules of P43A and the submerged propagules of PCC

were larger (Table 4). Wang et al. (2005) found that the

gene-expression patterns of M. anisopliae growing in root

exudate, Manduca sexta cuticle or hemolymph, and in

Sabouraud Dextrosa Broth are all different. This result

suggests critical differences in transcriptional control dur-

ing pathogenic and saprophytic growth, involving percep-

tion mechanisms, carbon metabolism, proteolysis, cell

surface properties, and synthesis of toxic metabolites.

Therefore, because pathogenicity is multifactor, bioassays

in insects are required to screen fungal entomopathogens;

germination rate and enzymatic activities alone are not

indicative of pathogenicity.

Because of its high specific growth rate, the conidia:blas-

tospores ratio in liquid culture and the termotholerance of its

propagules, the P43A strain was more suitable than the PCC

for production in the submerged culture. The PCC strain,

however, performed better in the solid culture. Because the

TL50 was similar for aerial conidia and submerged propagules

of P43A, this strain is promising for development into an

aqueous mycoinsecticide for foliar applications in hot climate

regions because they are hydrophilic (Jackson et al. 2010;

Muñoz et al. 1995). Additional submerged culture is an

alternative to reduce the lead time in the fermentation process

(Moura Mascarin et al. 2010).

In conclusion, because each isolate performed quite differ-

ently in solid or submerged cultures, we propose that the selec-

tion criteria for a fungal strain for mycoinsecticide production

should include the intended culture system for production of the

suitable propagule. The observation of the special thermotolerant

characteristics in the P43A isolate should encourage further

exploration of microorganism from hot, semiarid regions that are

adapted to extreme temperatures and very low humidity.
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