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Abstract Strains IMI 330189 of Metarhizium acri-

dum (Driver & Milner) J.F. Bisch., Rehner & Humber

(Hypocreales: Clavicipitaceae) and EABb 90/2-Dm of

Beauveria bassiana (Bals.-Criv.) Vuill. (Hypocreales:

Cordycipitaceae) are a promising biocontrol tool of

Dociostaurus maroccanus (Thunberg) (Orthoptera:

Acrididae), although the effects of thermoregulation

and Moroccan locust-fever on the infection process of

these fungi remain unknown. In vitro experiments,

measuring conidial germination and hyphal growth

either at constant or at fluctuating temperatures

simulating thermoregulatory conditions, indicated that

strain IMI 330189 had greater fitness at temperatures

above 27 �C and the strain EABb 90/2-Dm was better

adapted to the temperature range of 10–25 �C. These
effects were mirrored in vivo, where locust ther-

moregulation caused a marked reduction in the

virulence of EABb 90/2-Dm in comparison to no

thermoregulation conditions (average survival time:

6.10 vs. 15.83 days; mortality: 100% vs. 73.7%) but

only a moderate reduction in the virulence of IMI

330189 (average survival time: 4.57 vs. 8.26 days;

mortality: 100% vs. 100%). Thermal gradient exper-

iments revealed that the strain IMI 330189 induced

behavioral fever in D. maroccanus (preferred temper-

atures approximately 4 �C above the uninfected

control), although it only led to a slight reduction in

virulence. Strain EABb 90/2-Dm did not induce such a

clear behavioral response. Under the temperature

conditions of the main breeding areas of the Moroccan

locust, strain IMI 330189 is likely a better candidate

for use in biocontrol, although strain EABb 90/2-Dm

could be also a good alternative in more temperate

environments either as a stand-alone one or in mixed

combinations of the two fungal strains, potentially

providing more effective control over a broader range

of temperatures.
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Introduction

The impact of temperature, determined by environ-

mental conditions and insect thermoregulation, is

probably the main factor affecting the performance of

bioinsecticides based on fungal entomopathogens for

locust control, potentially reducing and/or delaying

insect mortality (Arthurs and Thomas 2001; Blanford

and Thomas 2000; Blanford et al. 1998; Klass et al.

2007; Ouedraogo et al. 2004; Vega and Kaya 2012).

Temperature can affect the virulence of ento-

mopathogenic fungi at different phases of the infection

process, with inter- and intra-specific variations in

thermal requirements mainly related to habitat, geo-

graphical origin, and even insect host (Inglis et al.

2001). To this end, some studies have shown that

Beauveria bassiana (Bals.-Criv.) Vuill. (Hypocreales:

Cordycipitaceae) is a fungal species more psy-

chrophilic than Metarhizium anisopliae (Metschn.)

Sorokin (Hypocreales: Clavicipitaceae) in soils from

temperate and near-northern habitats from Otario,

Canada (Bidochka et al. 1998). Indeed, it has been

reported that certain genetic groups within these two

species dominate soils of Artic and forested habitats

(those with ability for cold active growth, i.e. 8 �C)
and other genetic groups dominate soils of agricultural

habitats (those with ability for growth at high temper-

atures, i.e. 37 �C) (Bidochka et al. 2000, 2002).
In vitro studies indicate that conidial germination of

Beauveria spp. and Metarhizium spp. isolates is

usually delayed or decreased at temperatures at the

range of 10–15 �C and 35–40 �C (Fargues et al.

1997b; Inglis et al. 1996; Yeo et al. 2003). Hyphal

growth, in general, is optimal at the range of

20–30 �C, and it is reduced at temperatures below

5 �C and above 37 �C (Fargues et al. 1997a; Quesada-

Moraga et al. 2006; Vega and Kaya 2012). In vivo

experiments also show that virulence of fungal

entomopathogens is decreased when insects are

exposed to daily time periods at high temperatures

([ 30 �C) or allowed to thermoregulate (Anderson

et al. 2013b; Elliot et al. 2002; Fisher and Hajek 2014;

Inglis et al. 1996, 1999; Keyser et al. 2014; Ouedraogo

et al. 2004; Springate and Thomas 2005; Thomas and

Jenkins 1997).

Temperature fluctuates to a considerable extent in

some habitats reaching suboptimal levels for pathogen

growth. Moreover, locusts and grasshoppers demon-

strate behavioral thermoregulation (Chappell and

Whitman 1990), using basking and/or selection of

thermal microenvironment to maintain their body

temperatures several degrees above ambient (pre-

ferred or ‘‘set point’’ body temperature) by absorbing

heat directly from the sun as well as from warm

substrates (Carruthers et al. 1992; Jaronski 2010). This

thermoregulatory behavior can be more pronounced

upon infection with a pathogen, a phenomenon termed

‘‘behavioral fever’’ which is an adaptive defensive

response resulting in suppression of pathogen growth

and enhanced performance of the host’s immune

system (Blanford et al. 1998; Elliot et al. 2002; Hunt

et al. 2011; Inglis et al. 1996; Ouedraogo et al. 2004).

Dociostaurus maroccanus (Thunberg) (Orthoptera:

Acrididae) is an important plague locust of the

Mediterranean region (Latchininsky and Launois-

Luong 1992; Quesada-Moraga and Santiago-Álvarez

2001). Two fungal strains, Beauveria bassiana (EABb

90/2-Dm) and Metarhizium acridum (IMI 330189),

have been evaluated as promising candidates to

control this pest. Strain EABb 90/2-Dm was isolated

fromD. maroccanus in the permanent breeding area of

La Serena (Badajoz) in southern Spain (Hernandez-

Crespo and Santiago-Álvarez 1997) and strain IMI

330189 is the standard isolate used in locust biocontrol

in Africa (LUBILOSA project) (Lomer et al. 2001).

Both strains have proven acceptable efficacy against

D. maroccanus in laboratory bioassays and field

applications (Collar-Urquijo et al. 2002; Jiménez-

Medina et al. 1998; Klass et al. 2007; Quesada-

Moraga 1998). Whilst the effect of constant temper-

atures on hyphal growth in vitro of both strains has

been evaluated (Ouedraogo et al. 1997; Quesada-

Moraga et al. 2006; Thomas and Jenkins 1997), their

hyphal growth and conidial germination under con-

stant and fluctuating temperature regimes, and viru-

lence against D. maroccanus when locusts can

thermoregulate remain unknown. Field temperatures

in La Serena, an important breeding area for D.

maroccanus in Spain, tend to show large diurnal

variation, with daily maximum temperatures exceed-

ing 40 �C and minimum temperatures consistently

falling below 20 �C (Klass et al. 2007). In this setting,

D. maroccanus has been shown to be an active

behavioral thermoregulator, maintaining body tem-

peratures in the range 38–40 �C for 8–10 h a day

(Klass et al. 2007). Thus, the effect of temperature and

thermoregulation is crucial in the evaluation of both

strains to be developed for D. maroccanus control.
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The present research is a comparative study of the

effect of thermoregulation on the virulence of strains

B. bassiana (EABb90/2-Dm) and M. acridum (IMI

330189) to D. maroccanus. For that, the thermal

requirements of both strains were investigated in vitro

under constant and fluctuating temperatures, simulat-

ing locust thermoregulation. Then, in vivo experi-

ments compared the survival of D. maroccanus

following infection with each strain, using conditions

in which locusts were able to thermoregulate versus

those in which thermoregulation was constrained. The

potential existence of behavioral fever in D. maroc-

canus, as a response to the infection with these strains,

was also evaluated.

Materials and methods

Fungal culture and inoculum preparation

The strain M. acridum (IMI 330189) was obtained

from the mycological culture collection held by CABI

Bioscience (UK). This isolate has been researched

extensively for use in locust and grasshopper control

in Africa in the LUBILOSA project (Lomer et al.

2001). The strain B. bassiana (EABb 90/2-Dm)

belongs to the collection of the Agricultural Entomol-

ogy Research group at University of Cordoba (Spain)

and was isolated from a nymph of D. maroccanus in

the breeding area of La Serena in Badajoz (Spain) in

1990 (Hernandez-Crespo and Santiago-Álvarez

1997). For the different bioassays, subcultures of

these strains were made in Sabouraud Dextrose Agar

(SDA) in Petri dishes and incubated at 27 �C for

14 days to ensure proper sporulation. Conidial sus-

pensions were prepared by scraping conidia from Petri

plates into an aqueous solution of 0.05% Tween 80.

The concentration of conidia was enumerated using a

Malassez hemocytometer and suspensions were stored

at 4 �C until their use.

Insects

The locusts for the bioassays were obtained from a

laboratory population maintained at the Agricultural

Entomology Research Group (University of Cordoba,

Spain) derived from adults collected in the permanent

breeding area of La Serena (Badajoz, Spain) (38�550N,
5�290W). The locusts were reared in an insectary

regulated at 27 �C, 60% RH, under a 13:11 L:D

photoperiod. Rearing cages were made of wooden

frames and metallic mesh (50 cm 9 50 cm 9 50 cm

for nymphs and 30 cm 9 30 cm 9 30 cm for adults).

To enable insect thermoregulation, a heat gradient was

provided within the cages by incandescent light bulbs

(60 W) that were mounted in the middle of the upper

wall of the cages. A metallic mesh was placed under

the bulb to permit the vertical movement of the

locusts.

Conidial germination

For the evaluation of the effect of constant tempera-

tures on conidial germination in vitro, petri dishes (Ø

90 mm) of SDA were inoculated with each isolate at

the center of the plate with 2 ll of 59 106 spores ml-1

(1 9 104 spores) of the conidial suspension and then

spread over the whole surface of the plate. Dishes were

sealed with Parafilm and placed in different incubators

at 5, 10, 15, 20, 25, 30, 35, 40 and 45 �C. Conidial
germination was evaluated at nine time intervals

during the 72 h period following inoculation (2, 4, 6,

8, 10, 12, 24, 48 and 72 h). Each experimental

treatment (combination temperature 9 incubation

time) had three replicates (dishes) for a total of 243

dishes per isolate. After each incubation period,

conidia were fixed with cotton blue in lactophenol

(100 g l-1). A total of 100 conidia per dish, selected in

random fields of view, were assessed microscopically

for germination. A conidium was considered germi-

nated if it had a germ tube at least as long as the

smallest diameter of the conidium (Yeo et al. 2003).

For the evaluation of the effect of daily temperature

increase on conidial germination in vitro, under

conditions simulating insect thermoregulation, coni-

dia were exposed to two different temperature regimes

(Fig. 2a). For each isolate, one group of dishes

(thermoregulation simulated) was placed in the insec-

tary within locust bioassay cages at conditions of room

temperature plus additional heat gradient provided by

a bulb mounted in the middle of the upper wall of the

cages (60 W) (temperature [ 35 �C for approx.

10 h day-1, 26.5–28.5 �C rest of the day). The other

group of dishes (no thermoregulation simulated,

26.5–28.5 �C 24 h day-1) was placed in the same

bioassay cages but with no additional heat source.

Temperatures of both thermal regimes were measured

in the middle point of the cage with Gemini
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dataloggers, one for cages with no thermoregulation

simulated and one for thermoregulation simulated.

These dataloggers were randomly placed in different

cages during the experiment. The experimental design

was similar to the one described above for constant

temperatures, with three replicates (dishes) per isolate,

incubation period (2, 4, 6, 8, 10, 12, 24, 48 and 72 h)

and thermal regimes (thermoregulation simulated, no

thermoregulation) for a total of 54 dishes per isolate.

Hyphal growth

For the evaluation of the effect of constant tempera-

tures on hyphal growth in vitro, SDA plates (Ø

90 mm) were marked with two perpendicular lines on

the base of the plate and spot inoculated on the central

cross with 2 ll of 59 106 spores ml-1 suspension (19

104 spores) using a micropipette. Three replicate

plates for each isolate were incubated at 5, 10, 15, 20,

25, 30, 35 and 40 �C. Colony diameters along the two

marked lines were measured daily from day 2 until day

20, and the mean of the two readings was recorded for

each plate. For the evaluation of the effect of daily

temperature increase on hyphal growth in vitro, the

two isolates were exposed to the two different

temperature regimes described previously (Fig. 2a,

thermoregulation simulated, no thermoregulation).

The dishes were placed in the insectary within the

locust bioassay cages and followed the same exper-

imental procedure.

Fungal virulence

The in vivo experiment was conducted simultaneously

and under the same temperature conditions as the

in vitro experiments at fluctuating temperatures pre-

viously explained (Fig. 2a). Six different treatments

were evaluated: Control with thermoregulation (Con-

trol*), control with no thermoregulation (Control),M.

acridum (IMI 330189) with thermoregulation (Ma*),

M. acridum (IMI 330189) with no thermoregulation

(Ma), B. bassiana (EABb 90/2-Dm) with thermoreg-

ulation (Bb*) and B. bassiana (EABb 90/2-Dm) with

no thermoregulation (Bb). For each treatment, 80 adult

insects were inoculated (four replicates of 20 insects in

a completely randomized design). Each replicate

comprised ten male and ten female locusts housed in

a wood framed cage (30 cm 9 30 cm 9 30 cm) with

metallic mesh sides and roof. The treatments with

thermoregulation were provided with heat gradient by

a bulb mounted in the in the middle of the upper wall

of the cages (60 W), with a metallic mesh under the

bulb as climbing frame to enable basking behavior,

thus providing identical thermal conditions as those of

the in vitro experiments explained above (temperature

measured at the middle point of the cage[35 �C for

approx. 10 h day-1, 26.5–28.5 �C rest of the day). For

the treatments under no thermoregulation conditions,

same type of cages were used, with the metallic mesh

as climbing frame but with no bulb as heat source

(26.5–28.5 �C 24 h day-1).

Conidial suspensions were formulated in water

with tween 80 (0.05%). Each locust received 2 ll of 5
9 106 spores ml-1 suspension (1 9 104 spores per

insect) applied with a micropipette beneath the dorsal

pronotal shield. This dose (approx. LD50), was

selected based on previous studies of pathogenicity

of the isolate EABb 90/2-Dm to D. maroccanus

(Jiménez-Medina et al. 1998) and IMI 330189 to

Zonocerus variegatus L. (Thomas and Jenkins 1997).

Controls received blank formulation (water with

tween 80). Time to death for each insect was recorded

daily.

Behavioral fever

Thermal preference of locusts infected by the fungal

strains was evaluated using similar methodology to the

one first described by Inglis et al. (1996). Fifteen

insects, randomly selected from the following treat-

ments of the in vivo experiment explained above:

Control with thermoregulation (Control*),M. acridum

(IMI 330189) with thermoregulation (Ma*) and B.

bassiana (EABb 90/2-Dm) with thermoregulation

(Bb*), were placed in a temperature gradient at four

and five days after infection.

The thermal gradient was provided by an aluminum

tray (100 cm 9 20 cm 9 10 cm) with one end of the

tray resting on a hot plate (Thermix, Model 310T,

Fisher Scientific, Ottawa, ON, Canada). As an indica-

tor of the thermal gradient, 11 surface temperatures of

the tray (25 �C to 45 �C) were marked in 2 �C
increments. The tray was covered with a Plexiglas

top to prevent locusts from escaping. Groups of five

insects (from each of the three replicates or cages, total

15 insects with sexes balanced) were introduced into

the middle of the gradient and were left for 30 min to

acclimate. Preferred temperatures were then recorded
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every 15 min at three different times (30 min, 45 min

and 60 min). Locust positions were marked on the

tray, and the actual temperatures of those positions in

the gradient were recorded with a thermometer

(Hanna, ± 0.1 �C). This process was performed at

four and five days after the infection for a total of 45

temperature readings per treatment and day.

Statistical analysis

The effect of constant temperatures and time of

exposure (hours) on the proportion of conidial germi-

nation was evaluated with a response surface model,

with observations binomially distributed and the

probit link function, using the equation:

conid:germ: probitð Þijk ¼ b0 þ b1Temperaturei

þ b2 log Timeð Þjþb3Temperature

� log Timeð Þijþb4Temperature
2
i

ð1Þ

where Temperaturei is the incubation temperature,

Timej is the incubation time (hours) and k denotes

replicate. In the experiment of fluctuating tempera-

tures with thermoregulation simulated conditions

(temperature [35 �C for approx. 10 h day-1, 26.5–

28.5 �C rest of the day) the effect of daily temperature

increase on conidial germination was evaluated with

the two parameter, nonlinear exponential model

(response binomially distributed):

conid:germ:ij ¼ b0ð1� e�b1TimeiÞ ð2Þ

where Timei is the incubation time (hours) and j

denotes replicate. In the case of no thermoregulation

simulated (26.5–28.5 �C, 24 h day-1), the probit

model was used (binomial distribution and probit link

function):

conid:germ: probitð Þij¼ b0 þ b1logðTimeÞi ð3Þ

where Timei is the incubation time (hours) and

j denotes replicate . The estimation method for models

1, 2, and 3 (binomial response models) was maximum

likelihood, and model effects were evaluated by

likelihood ratio v2 tests (a = 0.05). Statistical com-

parison of the times for the germination of the 50% of

conidia (GT50), between isolates at each temperature,

was performed by calculating the 95% confidence

interval of the ratio of those parameters (GT50Bb/

GT50Ma) according to Fieller’s theorem (Robertson

et al. 2007). If the confidence interval of the ratio does

not include 1, then the two parameters are considered

to be significantly different.

In vitro hyphal growth rate (v, mm day-1) for each

isolate and temperature regime was calculated as the

slope of the regression line:

Colony ;ij ¼ vTimei ð4Þ

where Colony ;ij is the average of the two colony

diameters at each day i per replicate j. The effect of the

temperature on the growth rate was then modeled with

the beta function (Quesada-Moraga et al. 2006):

v Temperatureð Þij ¼ vTopt
Temperaturei � Tmin

Topt � Tmin

� �Tb
Topt�Tmin
Tmax�Topt

� �2
64

3
75

� Tmax � Temperaturei

Tmax � Topt

� �Tb
" #

ð5Þ

where v Temperatureð Þij is the hyphal growth rate at

each temperature i and replicate j; Temperaturei is the

temperature of incubation; Tmin, Tmax and Topt are the

lowest, highest and optimal temperature for the fungal

growth respectively; vTopt is the fungal growth rate at

the optimal temperature (Topt); and Tb is a shape

parameter of the beta curve. According to experimen-

tal data, Tmin was fixed at 5 �C for both isolates,

enabling improvement of the model fit and precision

of the parameter estimates (Quesada-Moraga et al.

2006). Nonlinear models with beta function, were

estimated by least squares with Newton optimization

method for response normally distributed. Statistical

comparisons of the regression parameters, between

isolates, were performed with t-tests (a = 0.05).

Average survival time (AST, average of the

survival times of the different insects) and median

survival time (MST, time for mortality of 50% of

insects) were estimated with the Kaplan–Meier pro-

cedure. ASTs were compared between treatments and

between sexes within treatment with log-rank tests

(a = 0.05) with Bonferroni correction for multiple

testing. Differences in thermal preference for insects

infected by M. acridum and B. bassiana and exposed

to the temperature gradient were analyzed with a

linear mixed model for repeated measures to evaluate
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main effects and interactions of the factors treatment,

day, and time of temperature recording:

Thermalpreferenceijkl ¼ lþ treatmenti þ dayj
þ timek þ treatment � dayij
þ treatment � timeik þ day

� timejk þ treatment � day

� timeijk

ð6Þ

where Thermalpreferenceijkl is the temperature in the

gradient for each insect position (l); treatmenti =

Control, B. bassiana and M. acridum under ther-

moregulation regime (Control*, Bb*, Ma*); dayj =

four and five days after inoculation; timek = temper-

ature recording at 30, 45 and 60 min. Correlation

between repeated measures was modeled with the

compound symmetry covariance matrix. Each repli-

cate, a group of five insects randomly selected (three

replicates per treatment, total 15 insects), was the

experimental unit measured over time. Data was

square root transformed to achieve linear model

assumptions. The linear mixed model was estimated

with the restricted maximum likelihood (REML)

method, and means were compared with Tukey’s tests

(a = 0.05) (Stroup 2012). Statistical analyses were

performed with JMP Pro 12.2.0 (SAS 2015).

Results

Conidial germination

The temperature profile of conidial germination of B.

bassiana (EABb 90/2-Dm) showed significant effect

of temperature with the probit model (model test v2 =
16178.14; P \ 0.0001; df = 4). All model effects:

Temperature, log(Time), Temperature 9 log(Time)

and Temperature2 were statistically significant (v2 test
P \ 0.0001; df = 1). After 72 h of incubation, the

optimum temperature for germination was 21.09 �C
(95% CI 19.07–21.36). There was no conidial germi-

nation at 5 �C, 40 �C and 45 �C. At 35 �C, the

percentage of conidial germination predicted by the

model was only 21.4% of germination. Temperatures

in the range 13–30 �C produced [95% conidial

germination. (Table 1, Fig. 1a).

For M. acridum (IMI 330189), the probit model

also showed significant effect of temperature on

conidial germination (model test v2 = 17493.53; P\
0.0001; df = 4). All model effects: Temperature,

log(Time), Temperature 9 log(Time) and Tempera-

ture2 were statistically significant (v2 test P\0.0001;

df = 1). After 72 h of incubation, the optimum

temperature for conidial germination was 27.59 �C
(95% CI 24.96–27.76). There was no germination at

5 �C, 10 �C or 45 �C. At 40 �C the percentage of

conidial germination predicted by the model was only

42.4% of germination. Temperatures in the range

19–36 �C produced [95% of conidial germination

(Table 1, Fig. 1b). Time for germination of 50% of

conidia (GT50), showed significantly faster germina-

tion of B. bassiana versus M. acridum at 15 �C and at

20 �C. Conidial germination was faster forM. acridum

than for B. bassiana at 25 �C and at 30 �C (Table 1).

When the conidial germination was evaluated with

the fluctuating temperature regime that simulated

thermoregulation conditions (Fig. 2b), it was shown

that the daily increase of temperature largely reduced

the conidial germination both for M. acridum and B.

bassiana in comparison to the environment at insectary

temperature with no thermoregulation (26.5–28.5 �C).
Probit and exponential models of conidial germination

over time were statistically significant (Fig. 2b; B.

bassiana no thermoregulation: v2 = 2025.68, P \
0.0001, df = 1; M. acridum no thermoregulation: v2 =
1934.97, P\0.0001, df = 1; B. bassiana thermoreg-

ulation simulated: v2 = 60.20, P\0.0001, df = 1; M.

acridum thermoregulation simulated: v2 =147.10, P\
0.0001, df = 1). At 72 h, in the case of fluctuating

temperature, there were significant differences

between fungal strains for the proportion of conidial

germination, with only 36.9% (M. acridum) and 13.1%

(B. bassiana) of conidia germinated (t48 = 11.28; P\
0.0001). In the environmentwith insectary temperature

with no thermoregulation conditions (26.5–28.5 �C),
there were significant differences between GT50s,

4.49 h (95% CI 4.23–4.74) for M. acridum and

8.76 h (95% CI 8.35–9.18) for B. bassiana with 95%

CI ratio = (0.476–0.551), but there were no significant

differences in the proportion of conidial germination at

72 h, higher than 99% for both M. acridum and B.

bassiana.

Hyphal growth

Temperature profiles of hyphal growth in vitro

(Fig. 1c and d) indicated that the optimum
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temperature for B. bassiana was 23.87 ± 0.49 �C
(mean ± SE), which was significantly lower than the

optimum temperature for M. acridum,

28.96 ± 0.21 �C (t34 = 9.51, P = 0.0001). The growth

rates at optimum temperatures were also significantly

different: B. bassiana = 4.17 ± 0.16 mm day-1; M.

acridum = 3.34 ± 0.04 mm day-1; (t34 = 2.765, P =

0.0001). B. bassiana did not show hyphal growth at

5 �C, and at 35 �C the growth was very slow =

0.08 ± 0.02 mm day-1. M. acridum did not show

hyphal growth at 5 �C or 10 �C, but the growth at

35 �C was 1.25 ± 0.04 mm day-1. Neither of the

strains grew at 40 �C, and there were not significant

differences between maximum temperatures esti-

mated by the model, B. bassiana = 35.10 ± 3.83 �C,
M. acridum = 37.10 ± 0.52 �C (t34 = 0.517; P =

0.608).

When the fungal strains were exposed to a gradual

increase in temperature that simulated thermoregula-

tion conditions, growth rate decreased significantly for

both isolates in comparison to their growth rate at

insectary temperature with no additional heat source

provided (26.5–28.5 �C, Fig. 2a). In the case of B.

bassiana, the growth rate decreased from 2.40 ± 0.03

to 0.66 ± 0.01 mm day-1 (t56 = 51.761; P\0.0001).

In the case of M. acridum, the growth rate decreased

from 3.39 ± 0.04 to 2.03 ± 0.02 mm day-1 (t56 =

30.641; P\0.0001) (Fig. 2c).M. acridum growth rate

was significantly higher than B. bassiana growth rate

at both temperature regimes (thermoregulation simu-

lated, t56 = 64.01; P\ 0.0001; thermoregulation not

simulated t56 = 19.26; P\0.0001).

Fungal virulence and behavioral fever

M. acridum was more virulent on D. maroccanus

locusts than B. bassiana in both temperature regimes

(Table 2, Fig. 2d). When locust were allowed to

thermoregulate, virulence decreased both for B.

bassiana and M. acridum. The survival analysis did

not show significant differences in average survival

times between males and females within each treat-

ment (log rank test v2; P values ranged from 0.205 to

0.815; df=1), and results are presented combining both

sexes. In the case of M. acridum, the increase in

average survival time was 1.8 times (from 4.57 to

8.26 days; log rank test v2 = 102.06; P\0.0001; df =

1), although at the end of the 20 days of experiment

the mortality was 100% for both temperature regimes.

In the case of B. bassiana, the increase in average

survival time was 2.6 times (from 6.10 to 15.83 days;

log rank test v2 = 129.55; P\ 0.0001; df = 1). The

insect mortality decreased from 100% to 73.7%. The

percentage of cadavers with external fungal growth

Table 1 Effect of constant temperature on conidial germination in vitro. Percentage of conidial germination and time for the

germination of 50% of conidia (GT50)

Temperature B. bassiana (EABb 90/2-Dm) M. acridum (IMI 330189) Ratio testa GT50

95% CI
Conidial germination

at 72 h (%)

GT50 (h) Conidial germination

at 72 h (%)

GT50 (hours)

Estimate 95% CI Estimate 95% CI

5 0.0 –b – 0.0 – – –

10 71.3 60.53 58.81–62.34 0.0 – – –

15 99.7 25.34 24.84–25.83 57.8 58.87 56.04–61.97 0.41–0.45

20 99.9 12.08 11.82–12.35 99.0 13.91 13.52–14.31 0.83–0.89

25 99.9 7.54 7.35–7.74 99.9 5.19 5.03–5.36 1.39–1.50

30 97.5 9.57 9.19–9.97 99.9 3.81 3.67–3.96 2.37–2.65

35 21.4 – – 98.2 8.10 7.74–8.46 –

40 0.0 – – 42.4 – – –

45 0.0 – – 0.0 – – –

aFieller’s ratio test compares GT50 between strains at each temperature (GT50Bb/ GT50Ma); treatments are significantly different

when the 95% confidence interval of the ratio does not contain 1
bTimes for germination of 50% of conidia (GT50) at those temperatures when either there is no germination or the germination was\
50% are shown as missing values
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was 86.2, 63.7, 60.0 and 42.5% for Ma, Bb, Ma* and

Bb* respectively.

The analysis of the thermal preference of the

locusts placed in the temperature gradient showed

significant effect of treatment (F2,36 = 3.88; P =

0.0298), but no significant effect of day of assessment

(F1,36 = 0.1360; P = 0.1360), time of temperature

recording (F2,36 = 2.43; P = 0.1022), or any other of the

second and third level interactions of the linear mixed

model for repeated measures (Eq. 6). The mean

preferred temperature for Ma* (40.6 ± 0.94 �C) was
significantly higher than the preferred temperature for

the control (Control*) (36.7 ± 0.95 �C), (t36 = 2.86;

P = 0.0226). Bb* showed higher preferred temperature

than the control (38.8 ± 0.94 �C), but the difference

was not statistically significant (t36 = 1.50; P = 0.3032)

(Fig. 3).

Discussion

Thermal requirements for hyphal growth and conidial

germination have been common criteria for selection

of isolates with potential to control locusts and

grasshoppers, and other insect pests (Darbro et al.

2011; Jaronski 2010; Ouedraogo et al. 1997; Quesada-

Moraga et al. 2006; Yeo et al. 2003). Optimum

temperature for growth of B. bassiana (EABb 90/2-

Dm) in our work (23.87 �C) was the same as the one

reported previously by Quesada-Moraga et al. (2006).

Only optimum temperature for growth of M. acridum

(IMI 330189) showed a minor difference with that

reported previously by Thomas and Jenkins (1997),

28.96 versus 27 �C, probably due to the different

nonlinear regression model or experimental variabil-

ity. However, our in vitro experiments at constant

Fig. 1 In vitro experiments at constant temperatures. a and b
Effect of temperature on conidial germination of B. bassiana

(EABb 90/2-Dm) and M. acridum (IMI 330189). Graphs

represent surface response model (Eq. 1) with the following

parameter estimates (± SE): B. bassiana, b0 ¼ �13:62� 0:31,
b1 ¼ 0:42� 0:01, b2 ¼ 1:85� 0:03, b3 ¼ �0:11� 0:003,
b4 ¼ �0:02� 0:0004; M. acridum, b0 ¼ �9:91� 0:21,
b1 ¼ 0:32� 0:007, b2 ¼ 1:31� 0:02, b3 ¼ �0:02� 0:001,
b4 ¼ �0:02� 0:0003. c and d Effect of temperature on hyphal

growth rate of B. bassiana (EABb 90/2-Dm) and M. acridum

(IMI 330189). Graphs represent beta function (Eq. 5) with the

following parameter estimates (± SE): B. bassiana,vTopt
¼ 4:17� 0:16, Topt ¼ 23:87� 0:49, Tmax ¼ 35:10� 3:83,
Tb ¼ 3:29� 0:24, Tmin ¼ 5:0 fixed; M. acridum, vTopt ¼
3:34� 0:04, Topt ¼ 28:96� 0:21, Tmax ¼ 37:10� 0:52, Tb ¼
1:42� 0:24, Tmin ¼ 5:0 fixed. Error bars in c and d represent the
SE
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temperatures suggests better adaptation ofM. acridum

(IMI 330189) at temperatures above 27 �C, and better
adaptation of B. bassiana (EABb 90/2-Dm) at tem-

peratures ranges of 10–25 �C, especially for hyphal

growth. In the previous work on thermal requirements

of IMI 330189 strain at constant temperatures

(Thomas and Jenkins 1997), conidial germination,

which did not occur in the range of 5 to 15�C, was
measured after 17 h of incubation. In our work, IMI

330189 strain conidial germination at 15 �C was

observed after 24 h of incubation and onwards, with a

maximum rate of 57.8% after 72 h of incubation.

Similarly, due to shorter incubation time, Thomas and

Jenkins (1997) reported low germination rates (ca.

1%) at 40 �C, which reached 42.4% after 72 h of

incubation in the present work (although\ 5% after

24 h of incubation).

When both fungal strains were compared under

conditions of daily temperature fluctuation simulating

thermoregulation, the reduction in conidial germina-

tion and hyphal growth relative to the values observed

at the more stable insectary temperature

(26.5–28.5 �C) was higher for B. bassiana (EABb

90/2-Dm) than forM. acridum (IMI 330189). This can

be explained by looking at the thermal performance

curves: temperatures above 35 �C are limiting for both

Fig. 2 Experiments at fluctuating temperatures. a Temperature

regimes for experiments in figures b, c, and d: No thermoreg-

ulation (dashed line) = insectary conditions with no additional

heat gradient provided by bulbs (26.5–28.5 �C); Thermoregu-

lation (solid line) = insectary conditions with additional heat

gradient provided by bulbs in rearing cages (26.5–42.5 �C).
b Conidial germination in vitro, comparing simulated ther-

moregulation (solid symbols) versus no thermoregulation

(hollow symbols). X-axis (Time-hours) is on logarithmic scale.

The model for thermoregulation conditions (Eq. 2) has the

following parameter estimates (± SE): B. bassiana,

b0 ¼ 0:13� 0:01, b1 ¼ 0:12� 0:02; M. acridum,

b0 ¼ 0:36� 0:01, b1 ¼ 0:18� 0:02 The model for no ther-

moregulation conditions (Eq. 3) has the following parameter

estimates (± SE): B. bassiana, b0 ¼ �2:79� 0:10,
b1 ¼ 1:28� 0:04; M. acridum, b0 ¼ �1:87� 0:08,

b1 ¼ 1:24� 0:05. c Hyphal growth in vitro, comparing

simulated thermoregulation (solid symbols) versus no ther-

moregulation (hollow symbols). The model for both conditions

(Eq. 4) has the following parameter estimates (± SE): B.

bassiana no thermoregulation, v ¼ 2:40� 0:03; B. bassiana

thermoregulation, v ¼ 0:66� 0:01; M. acridum no thermoreg-

ulation, v ¼ 3:39� 0:04; M. acridum thermoregulation,

v ¼ 2:03� 0:02. d Insect cumulative survival, using Kaplan-

Meier analysis. For figures b, c and d: open circle: M. acridum

(IMI 330189) with no thermoregulation, filled circle: M.

acridum (IMI 330189) with thermoregulation, open triangle:

B. bassiana (EABb 90/2-Dm) with no thermoregulation, filled

triangle: B. bassiana (EABb 90/2-Dm) with thermoregulation,

open square: control with no thermoregulation, filled square:

control with thermoregulation. Error bars in b, c and d represent

the SE
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strains, but the range of temperatures 26.5–35 �C is

clearly more favorable to M. acridum than to B.

bassiana. Negative effects of transient exposure to

high temperatures has been previously described for B.

bassiana (Inglis et al. 1996), for M. anisopliae and B.

bassiana (Liu et al. 2003), for B. bassiana and

Metarhizium flavoviride (Inglis et al. 1999) and for

Metarhizium brunneum Petch (Hypocreales: Clavicip-

itaceae) (Fisher and Hajek 2014).

In addition to the direct impact of the delay/lack of

germination and growth during periods of unfavorable

temperatures, the ability to recover normal metabolic

activity after exposure to high temperatures could also

affect the strains’ response e.g. Klass et al. (2007),

Rangel et al. (2010). Keyser et al. (2014) studied the

ability of Metarhizium spp. isolates to recover normal

metabolic activity after exposure to high temperature

for several hours daily (fungal colonies were exposed

to 40 �C for 4 h or 8 h followed by 20 h or 16 h at

28 �C respectively). Evidence suggests that certain

isolates require a temporary repair or ‘‘retooling’’

period on return to favorable temperatures. Similar

results have been shown with B. bassiana in studies on

houseflies (Anderson et al. 2013a).

Fungal virulence also was affected by thermoreg-

ulation. The average survival time and total mortality

of the insects infected with both fungal strains were

equivalent when insects were maintained under stan-

dard insectary conditions and unable to thermoregu-

late behaviorally. However, when insects were

allowed to thermoregulate, the virulence of B.

bassiana (EABb 90/2-Dm) was considerably reduced,

increasing the average survival time and the number of

surviving insects after 20 days of experiment. The

reduction of the virulence ofM. acridum (IMI 330189)

to D. maroccanus was less marked. Although AST

increased 1.8 times, all the locusts died during the

Table 2 Virulence of M. acridum (IMI 330189) and B. bassiana (EABb 90/2-Dm) to D. maroccanus

Treatmenta Total insects Live insects at day = 20 Average survival time (days) Median survival time (days)

Estimateb 95% CI Estimate 95% CI

Control* 80 73 19.71a 19.41–20.1 – –

Control 80 65 18.44a 17.63–19.25 – –

Ma* 80 0 8.26c 7.72–8.80 9.00 8.39–9.61

Ma 80 0 4.57e 4.32–4.83 4.00 3.68–4.32

Bb* 80 21 15.83b 14.84–16.83 17.00 16.21–17.79

Bb 80 0 6.10d 5.56–6.64 5.00 4.68–5.32

aTreatments: Control with thermoregulation (Control*), control with no thermoregulation (Control), M. acridum-IMI 330189 with

thermoregulation (Ma*),M. acridum-IMI 330189 with no thermoregulation (Ma), B. bassiana-EABb 90/2-Dm with thermoregulation

(Bb*) and B. bassiana-EABb 90/2-Dm with no thermoregulation (Bb); dose = 1 9 104 spores per insect
bAverage survival time (limited to 20 days), values followed by the same letter are not significantly different (log rank test with

Bonferroni correction, a = 0.05)

Fig. 3 Thermal gradient preference for insects infected by B.

bassiana (EABb 90/2-Dm) and M. acridum (IMI 330189) and

maintained in thermoregulation conditions. Each dot represents

an individual measurement at four and five days post-inocula-

tion and at 30, 45 and 60 min after the insects being placed into

the temperature gradient. Box and whisker plots show data

distribution: the two ends of the box represent the 25th and 75th

quantiles (1st and 3rd quartile respectively); the horizontal line

within the box represents the median; the whiskers extend from

each end of the box to the outmost data point that falls within the

distance of 1.5 9 interquartile range
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experiment (20 days). The reduction in virulence of

Metarhizium spp. and Beauveria spp. due to ther-

moregulation has been described in grasshoppers and

locusts in different studies (see references in the

Introduction section) and also in other insect species

(Anderson et al. 2013b; Hunt and Charnley 2011;

Thomas and Blanford 2003). Whilst it has been

reported that the possible effect of sex on fungal

virulence varies across species of Orthoptera (Milner

et al. 1996; Wang et al. 2013), our study has shown

that no differences in fungal virulence were found due

to the host’s sex in either thermoregulation or no-

thermoregulation conditions.

M. acridum (IMI 330189) has been shown to induce

behavioral fever in several species of locusts and

grasshoppers, including Oedaleus senegalensis

(Krauss) (Blanford et al. 1998), Schistocerca gregaria

(Forskål) (Elliot et al. 2002, 2003; Thomas et al.

2003), and Locusta migratoria migratorioides (Re-

iche, L.J. & Fairmaire) (Ouedraogo et al. 2002, 2004).

B. bassiana isolates have also been shown to induce

behavioral fever on grasshoppers, Melanoplus san-

guinipes (Fabricius) (Inglis et al. 1996), and an isolate

from the breeding area of La Serena (Spain) induced

behavioral fever in S. gregaria (Thomas et al. 2003).

Our results suggest that M. acridum (IMI 330189)

induced behavioral fever in D. maroccanus. Locusts

infected with this strain selected temperatures approx-

imately 4 �C above the temperatures preferred by the

uninfected control. Nonetheless, this strain was still

virulent under these experimental conditions. Locusts

infected with B. bassiana (EABb 90/2-Dm) also

selected higher (approximately 2 �C) than control

insects, although the differences in preferred temper-

atures were not statistically significant in our

experiment.

Overall, our study suggests that M. acridum (IMI

330189) is more heat tolerant than B. bassiana (EABb

90/2-Dm). Under the temperature conditions of La

Serena, the main breeding area for D. maroccanus in

Spain, with daily maximum temperatures exceeding

40 �C and minimum temperatures consistently falling

below 20 �C, (Klass et al. 2007), M. acridum (IMI

330189) is likely a better candidate for use in

biocontrol. It has to be noted that maximum temper-

ature for growth of IMI 330189 strain is slightly above

37 �C (i.e. 37.1 �C), whereas the actual growth rate at
this temperature is minimal or null, limiting the

potential concern of selecting isolates with growth

potential above human body temperature. Moreover,

the very few cases of human infection by ento-

mopathogenic fungi have been reported for B.

bassiana in immunocompromised individuals even

with fungal strains unable to grow at 37 �C (Henke

et al. 2002; Tucker et al. 2004).

B. bassiana EABb 90/2-Dm strain has shown

higher hyphal growth rate than M. acridum (IMI

330189) at temperatures below 27 �C, suggesting that

in more temperate environmental conditions, the

former strain would be a good candidate, either as a

stand-alone one or in mixed combinations of the two

fungal strains potentially providing more effective

control over a broader range of conditions. Nonethe-

less, such a strain combination strategy might poten-

tially alter population dynamics of a particular insect–

pathogen interaction, especially in sub- and pre-lethal

conditions (Klinger et al. 2015; Thomas et al. 2003),

which remains to be elucidated in our D. maroccanus-

IMI 330189 - EABb 90/2-Dm system.
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terránea Dociostaurus maroccanus (Thunberg) y su

posible interferencia como estrategia de lucha. PhD Thesis,

University of Cordoba. Spain

Quesada-Moraga E, Santiago-Álvarez C (2001) Rearing and
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