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Abstract Locust is one of the most predominant

agricultural pests in Mexico, followed by non-migra-

tory grasshoppers. Their devastating effects cover

numerous Mexican states, generating important eco-

nomic losses. Metarhizium acridum (Hypocreales:

Clavicipitaceae) has been employed in Mexico as a

microbial agent for biological control for some time.

However, questions related to the long-term persis-

tence and viability of the fungus after it has been

sprayed over crop fields remain to be elucidated. To

resolve these questions, we performed a study in a crop

field where an abundant population of the grasshopper

Sphenarium purpurascens (Orthoptera: Pyrgomorphi-

dae) is present. The fungus M. acridum was sprayed

during August and October 2007. Its presence in the

air, soil and vegetative cover was subsequently mon-

itored using molecular methods and culture techniques.

The results showed that the fungus was viable on the

ground during the follow-up period (66 weeks). Its

population fluctuated markedly, however, reaching four

times its initial concentration and later decreasing to

nearly half its initial concentration by the end of the

study. The initial concentrations of the fungus in the air

and in the vegetative cover decayed steadily (with some

small, isolated recoveries) until its complete disappear-

ance after 8 months.
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1 Introduction

Locusts and grasshoppers (Orthoptera) are common

and highly unpredictable agricultural pests. These

insects cause enormous losses to crops all over the

world because when the climatic conditions are

favourable for plant growth and egg eclosion, their

populations can increase rapidly with devastating

consequences. If appropriate control measures are not

taken, outbreaks of these pests can proliferate without

control (Wilps 1997).

Currently, the management and control of the

desert locust and other harmful acridid rely on the

application of synthetic pesticides, which have been

shown to be toxic to the environment and human

health (WHO 2004; PAN 2009).

The advent of chemical insecticides in the mid-

twentieth century created the concept that insect pests

could be all but eliminated from threatened crops. A

succession of compounds has appeared since then.

Initially, many were quite toxic and environmentally

damaging. In recent years, however, new materials have

appeared, which address human and environmental

safety concerns caused by the earlier materials. In

parallel, scientists have realised the inadvisability of

using chemicals as the only strategy for pest control, and

integrated pest management schemes have evolved to

employ a variety of cultural, chemical and biological

tools to manage (not eradicate) pest invasion to a point

below an economic threshold (Jaronski 2010).

Hence, considerable effort has been directed toward

the development of alternative approaches, such as

biological control within an integrated pest manage-

ment programme. Among the most effective biolog-

ical control measures is the use of entomopathogenic

fungi; Metarhizium acridum (Driver and Milner)

J. F. Bisch., Rehner and Humber 2009 (Hypocreales:

Clavicipitaceae) (formerly Metarhizium anisopliae

var. acridum) is one of the most studied (Lomer

et al. 2001).

A great deal of research has focused on assessing the

virulence of fungal isolates and their feasibility as

effective microbial agents (Lomer et al. 2001; Prior

and Streett 1997; Milner and Hunter 2001). One result

of these efforts in Africa has been the development of a

commercial biopesticide called Green Muscle�, which

is effective against the desert locust, Schistocerca

gregaria (Forskål, 1775) (Orthoptera: Acrididae), the

red locust, Nomadacris septemfasciata (Serville, 1883)

(Orthoptera: Acrididae), and other African grasshop-

per species (Aston 2004; Kooyman et al. 2003). Further

research in Australia with different fungal isolates has

produced another commercial biopesticide, Green

Guard�, which is effective against the Australian

locust, Chortoicetes terminifera (Walker, 1870)

(Orthoptera: Acrididae), the migratory locust (Locusta

migratoria (Linnaeus, 1758) (Orthoptera: Acrididae)

and other species (Zhang and Hunter 2005; Hunter

2005). The efficacy of M. acridum for controlling

locust swarms has also been assessed elsewhere, such

as in Brazil (Magalhaes et al. 2001) and Mexico

(Hernández-Velázquez et al. 2000).

Most studies have focused on the efficiency of this

fungus in controlling insect pests, and the usual

method to determine the latter characteristic is to

quantify the percentage of viable fungi in field samples

that are capable of infecting a particular insect species

(Kaaya et al. 1996; Vaenninen et al. 2000; Hu and

St. Leger 2002; Ekesi et al. 2005).

Extrapolating these studies to different agricultural

regions is complicated because these are dynamic

ecosystems in which constant interchanges of matter

and energy take place and which are strongly affected

by human activity. For example, crop areas are highly

perturbed during the harvest season, and entomopath-

ogenic fungal communities in arable soils are different

from those in less disturbed habitats (Steenberg 1995;

Bidochka et al. 1998; Meyling and Eilenberg 2006).

The inconsistent performance of biological control

agents is often associated with an incomplete under-

standing of the ecological constraints of the biological

system in which they are placed. This is particularly true

for entomopathogenic fungi. There is little or no

knowledge of their biology outside of their insect host.

However, these fungi are often inundatively introduced

into the environment in the absence of their host in the

hope that they will persist and infect their target once the

host immigrates into the treated area (Bruck 2005).

However, questions related to the long-term per-

sistence and viability of the fungus after it has been

sprayed over crop fields remain to be elucidated.

Fungal persistence is important to consider for at

least two reasons. First, it is desirable for the fungus to

have a limited time span to minimise its possible

harmful effects on non-target species. On the other hand,

the fungus should persist for as long as possible to

reduce the need for continuous spraying (Zimmermann

2007).
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Several studies have shown that M. anisopliae can

survive for days, months or even years in the field.

However, this persistence depends largely on the

environmental conditions of each area and the fungal

isolate used (Fargues and Robert 1985; Vaenninen

et al. 2000; Milner et al. 2003; Van der Valk 2007;

Zimmermann 2007). Hence, the extrapolation of

results to other regions is not straightforward.

Consequently, it is crucial to determine the persis-

tence of M. acridum in the areas where it is regularly

used. Precise knowledge of the amount of fungal

spores that remain will enable managers to take

appropriate measures in response to population

increases or declines at any given time.

Molecular techniques based on PCR provide the

necessary tools to undertake environmental sampling

to monitor the entomopathogenic fungi (Castrillo et al.

2007).

In Mexico, M. acridum is commonly applied as a

microbial agent to control the Central-American locust

(Schistocerca piceifrons piceifrons) (SENASICA

2010) and has been proved effective in biological

control of locusts, reaching up to 90 % mortality in field

(Hernández-Velázquez et al. 2003; Barrientos-Lozano

et al. 2005). To date, however, its persistence and

viability after it has been sprayed over crop fields have

not been determined. Therefore, this study was

designed to determine the persistence and viability of

M. acridum in the environment (soil, vegetation and air)

of an agricultural area (an amaranth crop field) over a

66-week period after the fungus had been sprayed as a

biological control for the grasshopper Sphenarium

purpurascens. This insect can become a major agricul-

tural pest in vast regions of Mexico.

2 Materials and methods

2.1 Study area

San Mateo Coatepec is a small community in the state

of Puebla, Mexico. Its geographical coordinates are

18� 480 33.4500 N and 98� 390 10.8200 W. The town is

mainly dedicated to agricultural activities, especially

the growing of maize (Zea mays), beans (Phaseolus

vulgaris), squash (Cucurbita pepo) and amaranth

(Amaranthus hypochondriacus). It has a semi-warm

subhumid climate with summer rains and classificated

as ecoregion 14.4.1 (Balsas Depression with Low

Tropical Deciduous Forest and Xerophytic Shrub)

(Wiken et al. 2011). The town has no water sources

(rivers or springs) in its vicinity. This site was chosen

for a long-term study because since the 1990s, the

region has been infested by grasshoppers (S. purpu-

rascens). Previously, these insects had been exclu-

sively controlled with chemical pesticides. The fungus

M. acridum had not been previously applied as a

biological control agent.

Climatic variables including rainfall; maximum,

average and minimum temperatures; average and

maximum wind speeds; relative humidity; potential

evaporation; and maximum solar radiation were

obtained from a meteorological station (located at

2.5 m above the ground) belonging to the national

climatology net (Red Nacional de Estaciones Estatales

Agroclimatológicas (RNEEA). http://clima.inifap.gob.

mx/redclima/).

2.2 Fungal spraying

Monospore M. acridum culture EH-502/8 was used in

this study. This culture was derived from the original

MaPL40 strain, which has been successfully applied in

field trials (Hernández-Velázquez et al. 2003) and

registered in the World Database Center for Microor-

ganisms, WDCM, as BMFM-UNAM 834 (C. Toriello,

director). The fungus was produced by the State Plant

Health Committee of Guanajuato using biphasic solid

substrate fermentation. Whole rice was used for the

solid phase and the viability of the conidia was greater

than 95 %.

Experiments were conducted in a 1 ha crop field used

for amaranth (Amaranthus hypochondriacus) cultiva-

tion. The fungus was sprayed during the early morning

on 17 August and 9 October 2007 with a Micron

Ulva ? sprayer (Bromyard, UK) at a flow of 60 ml/min

and walking speed of 1 m/s. The concentration was

4 9 1012 conidia/Ha, and an oil-based ultra-low-vol-

ume technique was employed to spread the fungus.

Mineral oil used was citrolina (primaveral dormant

spray). At the time of spraying, the amaranth plants

exhibited an average height of 30 cm. Care was taken to

distribute the fungal mixture uniformly over the plants.

2.3 Samples

Air, soil and vegetation samples (twenty-six duplicate

samples) were collected in the study area throughout
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the 1 year and four months (68 weeks) of the study to

quantify the amount of viable M. acridum particles in

each substrate. The crop area was divided into plots of

equal size (400 cm2 aprox.) (excluding the parts that

people use to cross the field) and two were selected

randomly for the sampling in each date. These selected

areas were not considered for subsequent sampling.

For air samples, these were collected always on the

same location (see details below).

2.4 Soil sampling

On each sampling date, 250 g of soil was collected to a

depth of 15 cm in the sprayed area (except the day of

spraying, this day the samples were taken from the soil

surface). The soil was collected from as near as

possible to the plant roots without damaging them

because the highest concentrations of the fungus occur

in this area (Hu and St. Leger 2002). The samples were

collected with sterile metallic spoons and put individ-

ually in sterile plastic bags for transfer to the

laboratory. Each soil sample was stored at 4 �C until

analysis (typically 1–2 days).

2.5 Plant sampling

On each sampling date, approximately 50 g of leaves

was collected from the vegetation within the area

where M. acridum had been applied. Leaves were

taken from the crop and the vegetation nearby.

Samples were cut with sterile scissors and put

individually in sterile plastic bags for transfer to the

laboratory and stored at 4 �C until analysis (typically

1–2 days).

2.6 CFU quantification

One gram of each soil or vegetation sample was

resuspended in a 1 % Nonidet P40 (Roche�, Ger-

many) solution, stirred in a vortex for 3 min and left to

stand for 7 min. This mixture was then serially diluted

to achieve dilutions of 10-2 and 10-3, both dilutions

were used for analysis, and this procedure was

performed two times for each sampling date. Samples

were seeded on Petri dishes containing a potato-

dextrose-agar medium (PDA) (Bioxon�, Mexico)

supplemented with 500 mg/l of chloramphenicol and

incubated at 28 �C for 7 days. Developing colonies

with general characteristics of the genus Metarhizium

(colour, conidia size, conidia shape, etc.) was grouped

and 2 colonies from each group were removed from

the Petri dish to confirm their identity by PCR (see

details below). M. acridum colonies were quantified to

determine the number of CFU/g of soil or vegetation.

The remainder of each soil sample was used for

physicochemical analyses.

2.7 CFU quantification in air samples

To determine the viability of M. acridum (CFU’s in

air), a N6 Single-Stage Viable Andersen Cascade

Impactor (Thermo-Andersen) was used. The sampler

draws in air at a rate of 1 cubic foot per minute and

impacts it on a Petri dish (90 mm in diameter). The

Petri dish contains 30 ml of PDA medium supple-

mented with 500 mg/l of chloramphenicol. The sam-

pler was placed at a height of 70 cm above ground

level and was always in the same position next to the

Hirst spore trap (see below). It was run for intervals of

5 and 10 min. The number of viable particles was

derived from the formula CFU/m3 of air = (CCD/t)/

0.0283, where CCD is the colony count per dish, t is

the sampling time in minutes, and 0.0283 is the

equivalence factor between 1 ft3 and 1 m3. When more

than 300 colonies per dish were present, the value was

adjusted using the following equation: Pr = N

[1/N ? 1/N - 1 ? 1/N - 2 ? … ? 1/N - (r ? 1)],

where Pr is the expected number of viable particles

that are produced by a number ‘r’ of colonies in the

dish, and N is the total number of holes in the sampler

(400 in this case). Two colonies from each group were

removed from the Petri dish to confirm their identity

by PCR (see details below).

To assess the dynamics of M. acridum in the air in

more detail, a Hirst spore trap (Burkard Manufacturing

Co�., UK) was employed. This equipment draws in

10 l of air per minute and can operate 24 h a day during

a whole year. The sampler incorporates a rotating drum

that moves clockwise. Collected air particles impact on

cellophane tape (Melinex Dupont�, USA) that is

adhered over the surface of the drum and covered with

a thin layer of a mixture (1:5) of Vaseline (Racel�,

Mexico) and hexane (J. T. Baker�, USA). This tape

was replaced every week on Thursday at 13:00 h. The

tape was then cut into 7 pieces of 48 mm, each piece

corresponding to 24 h of sampling. These pieces were

placed in 1.5-ml microtubes for DNA extraction and

detection. The methodology is described below. Thus,
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the presence or absence of M. acridum DNA in the air

was determined on each day of sampling. The equip-

ment was removed from the study area on 13 August

2008.

2.8 DNA extraction

The rupture of spore walls and extraction of DNA

initially followed an adaptation of the method of

Williams et al. (2001) and later followed an adaptation

of the method of Calderon et al. (2002). The colonies

chosen for PCR analysis were placed in 2-ml micro-

tubes that had been previously filled with 0.2 g of glass

beads (400–455 lm in diameter, rinsed with hydro-

chloric acid) and 250 ll of 1 % Nonidet P40 (Roche�,

Germany) solution was added. The microtubes were

stirred using a FastPrep vortex (Thermo� MA, USA)

three times for 40 s each at 6 m/s and cooled on ice for

2 min between each vortexing.

Subsequently, 50 ll of the resulting suspension was

used for DNA purification following the method

of Lee and Taylor (1990) as modified by Williams

et al. (2001). Briefly, 100 ll of a phenol/chloroform

(J. T. Baker, USA) mixture (1:1) was added to each

microtube, and the mixture was stirred using a vortex

for 10 s and centrifuged at 14,000 rpm for 15 min.

The supernatant was transferred to another tube

containing 60 ll of cold isopropanol (J. T. Baker�,

USA), 4 ll of 6 M ammonium acetate (J. T. Baker�,

USA) and 20 lg of glycogen (Roche�, Switzerland).

The microtubes were stored at -20 �C for 1 h and

centrifuged for 15 min at 14,000 rpm. The supernatant

was discarded, and the pellet was rinsed with 100 ll

ethanol (70 %) at -20 �C. The microtubes were

centrifuged again, the supernatant was discarded,

and the DNA pellet was air-dried and resuspended in

50 ll of Milli-Q sterile water (Millipore�, MA, USA).

For the PCR assay, 5 ll of this suspension was used.

2.9 Detection of M. acridum DNA by nested PCR

Based on isolations of M. acridum collected in

Mexico, two pairs of specific oligonucleotides were

designed for M. acridum (Calderón-Ezquerro et al.

2012). The first pair consisted of the DNA primers

OPA-04(461) 1F (50 GGC-TGA-CCG-ACG-AGG-

TTA-T 30) and OPA-04(461) IR (50 GAC-TGA-CGC-

AAG-CTT-CAT-CC 30), which amplify a 461-bp

DNA region (Gene Bank, access number GU724978).

The second pair consisted of the primers OPA-04(526)

2F (50 GCC-GCA-AGT-TGG-ACT-ACG 30) and

OPA-04(526) 2R (50 CAA-GCT-TCA-TCC-GGC-

ACT-T 30), which amplify a 293-bp DNA fragment.

The first PCR was performed in a 50-ll reaction

mixture containing 0.125 mM dNTPs (all reagents

were obtained from Fermentas�, Hanover, MD),

1.5 mM MgCl2, 1 lM of each primer, 1.5 U Taq

DNA polymerase and 5 ll of DNA. The cycling

conditions consisted of 1 cycle at 94 �C for 3 min

followed by 25 cycles at 94 �C for 1 min, 60 �C for

1 min and 72 �C for 1 min and a final step at 72 �C for

5 min. For the second (nested) PCR, the 50-ll reaction

mixture contained 0.125 mM dNTPs, 1.5 mM MgCl2,

1 lM of each primer, 1.5 U Taq DNA polymerase and

1 ll of the first reaction product. The cycling condi-

tions consisted of 1 cycle at 94 �C for 3 min followed

by 25 cycles at 94 �C for 1 min, 72 �C for 2 min and

72 �C for 1 min and a final step at 72 �C for 5 min.

The following controls were performed: (1) a positive

control consisting of DNA extracted from 10,000

conidia and (2) a negative control consisting of the

PCR mixture without DNA.

Amplification products were electrophoresed through

2 % agarose in 0.5 % Tris–borate–EDTA buffer

(45 mM Tris base, 45 mM boric acid and 1 mM EDTA).

Electrophoresis was conducted at 80 V for 60 min. The

100 bp DNA Ladder (Invitrogen�) was used as a

molecular size standard. The bands were visualised with

a UV transilluminator after ethidium bromide staining

(10 lg/ml). Images were captured using a Digi-Doc-It

photodocumentation system (UVP�, USA).

2.10 Soil chemical analysis

The remainder of each soil sample was used to

measure pH and interchangeable cations (K?, Mg??,

Ca?? and Na?), which were measured by ionic

exchange chromatography. Values for available phos-

phorus were also recorded.

2.11 Statistical analysis

For each CFU sample, mean values and standard error

were calculated and plotted. The results were correlated

(Pearson correlation) with climatic variables (obtained

with the RNEEA: rainfall; maximum, average and

minimum temperatures; average and maximum wind

speeds; relative humidity; potential evaporation; and
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maximum solar radiation) to determine their influence

on fungal populations. All analyses were carried out

with Statistica� software version 8.

3 Results

Four analyses carried out in May and June 2007,

before the application of the microbial agent on the

amaranth crop field, showed no CFUs of M. acridum in

the soil, vegetation and air samples. Data obtained

from the samples collected during the period between

17 August 2007 and 3 December 2008 are shown in

Figs. 1, 2 and 3.

From the fungal application (17 August 2007) to the

end of the sampling period (3 December 2008), the

number of M. acridum CFUs/g in the soil samples

(identity confirmed by PCR) varied widely, showing a

400 % increase in soil collected on 7 March 2008

(162,600) compared to the day of application (31,000).

However, the number of CFUs tended to decline until

the last soil samples were collected on 3 December

2008 (Fig. 1).

The decline of the fungus was more abrupt in the

plants than in the soil (Fig. 2). A decline from

122,500 CFU/g of vegetation to 0 CFU/g occurred

in 1 week, with a brief recovery after 9 October 2007

when a second spraying took place. Subsequently,

fungal concentrations remained low until 7 March

2008 when they rose to the same magnitude observed

after the initial spraying. From May onward, no fungi

were detected in the vegetative cover.

After the fungal application, airborne spores (1,120

spores/m3 air) were detected on 24 August 2007 and

decreased to zero a week later. These values fluctuated

slightly until 7 March 2008; after that date, no M. acridum

CFUs were detected in the air (Fig. 3).

3.1 Correlations with recorded climatic

parameters

Table 1 shows the correlations between the recorded

climatic variables and CFUs in the soil, air and

vegetation. For the soil samples, significant correla-

tions (Pearson0s correlations) were found between the

number of CFUs and the following variables: maxi-

mum wind velocity, average wind velocity, potential

evaporation and relative humidity. For the vegetation

samples, no correlation was found between the

number of CFUs and any of the recorded variables.

For airborne fungi, the number of CFUs was correlated

with rainfall and maximum solar radiation.

Fig. 1 CFU concentrations in the soil during sampling (bars represent SE)
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Fig. 2 CFU concentrations in the vegetative cover during sampling (bars represent SE)
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Fig. 3 CFU concentrations in the air during sampling (bars represent SE). Asterisk indicates DNA detection of M. acridum in airborne

samples collected using Hirst spore trap on the same dates
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3.2 Correlations with soil physicochemical

parameters

Table 2 shows the correlations between the numbers

of CFUs and the chemical parameters analysed in soil

samples from the study area. No correlation was found

between the number of CFUs/g in the soil and the soil

physicochemical parameters recorded.

3.3 Airborne conidia detection using Hirst spore

traps

Hirst spore traps were used from 17 August 2007 to 13

August 2008. These traps allowed the variations in the

persistence of airborne fungi to be observed in greater

detail, as shown in Fig. 4. This graph shows the dates

(a total of 32 days throughout the year) on which

M. acridum DNA was detected from air-suspended

conidia.

4 Discussion

Our results indicate that the fungus M. acridum

remains viable and detectable for 1 year and 4 months

in the soil and for approximately eight months in plant

leaves and in the air, with negative periods between

detections. Milner et al. (2003) assessed the persis-

tence of commercial formulations of M. anisopliae

and M. anisopliae var. lepidiotum sprayed on sugar-

cane cultivars in Australia and found that the fungi

persisted in the soil for 3.5 years. This result is similar

to those obtained by Vaenninen et al. (2000), who

evaluated the persistence of M. anisopliae in Finnish

crops (with snow during winter) and reported that soil

samples were capable of infecting larvae of Tenebrio

molitor (Linnaeus, 1758) (Coleoptera: Tenebrionidae)

up to 3 years after the fungal application. Moreover,

other reports have asserted that M. acridum can remain

viable on sterile sand for 8 months at 25 �C (Kaaya

et al. 1996) and for 183 days in cultivated soil (Ekesi

et al. 2005). Even it has been determined that

M. acridum applications may effect some years later

and have a significant effect on the desert locust (Bak

et al. 2007).

The results of the present study are consistent with

the time intervals given by these authors. During our

study, the fungus was detected after 1 year and

4 months, so it probably has a longer viability.

Our results differ from those of the above-men-

tioned studies in that they observed continuous

declines in M. acridum concentrations, whereas we

observed periods in which the fungal population in the

soil increased markedly, especially in March 2008.

This increase was also reflected in the vegetative cover

and to a lesser extent in the air (Figs. 1, 2, 3).

The increase in the number of CFU/g of soil may

have been due to agricultural practices. Field obser-

vations during the period in which the fungal popu-

lation increased showed that the soil had been

fallowed to prepare it for the next sowing season.

We hypothesise that this activity released conidia to

the soil surface and even into the air, resulting in the

Table 1 Pearson’s correlation coefficients between the numbers of CFUs found in the soil, vegetative cover, and air and the recorded

climatic parameters

Rainfall Temperature Wind speed Potential

evaporation

Relative

humidity

Maximum

solar radiation
Max Min Average Max Average

CFU/g of soil 0.015 0.101 -0.067 0.131 0.424* 0.485* 0.466* -0.400* 0.166

CFU/g of

vegetative

cover

0.375 0.154 0.057 0.193 0.317 0.364 0.353 -0.359 0.267

CFU/m3 of air 0.447* -0.179 0.170 -0.131 -0.203 -0.193 -0.178 0.269 0.433*

* p \ 0.05

Table 2 Pearson’s correlation coefficients between the num-

bers of M. acridum CFUs present in the soil and the recorded

chemical parameters

pH Interchangeable cations Available p

Ca?? Mg?? K? Na?

CFU/g

of soil

-0.114 0.150 0.207 -0.010 0.420 -0.122
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sudden increases detected in both the vegetative cover

and the air. Further research concerning the persis-

tence of the fungus in agricultural areas is needed to

verify whether this behaviour is repeated.

Other studies have reported that Metarhizium is a

common species in environments perturbed by

humans. In Canada, for example, this fungus is more

frequent in agricultural fields than in forests (Bidochka

et al. 1998); in Denmark, Metarhizium is abundant in

crop fields (Steenberg 1995). Jabbour and Barber-

check (2009) measured entomopathogenic fungi in

crop fields and determined that M. anisopliae was

more frequent in ploughed fields.

The large number of CFUs in the soil demonstrates

the potential for M. acridum to accumulate. However,

these CFUs were sampled at a depth of 15 cm, which

is inaccessible to grasshoppers of the species

S. purpurascens. These insects spend most of their

life cycles on the aboveground vegetation. Addition-

ally, the increase in CFUs during March occurred after

the life cycle of the grasshoppers had ended. More-

over, the high concentrations of fungi would have a

negligible effect on the oothecae of the grasshoppers,

which are buried at an average depth of about 3 cm

(Cueva del Castillo 2003). Therefore, high fungal

concentrations in the soil would have almost no effect

as a biological control for S. purpurascens.

The solar radiation causes the soil temperature can

reach over 40 �C on the surface of the study area, so

the viability of conidia at low depth is reduced,

especially after harvest (during the month of October,

approximately) when there are no plants to protect the

soil, as a result, the concentrations of viable conidia

are smaller than the depth of 15 cm. Probably,

M. acridum concentrations at these depths may be high

enough to infect the oothecas of S. purpurascens, but

we do not evaluate this. However, perhaps other

grasshoppers’ species that spend more time on the

ground are more susceptible to these high fungal

concentrations, so this possible effect should be studied

in more detail.

In the vegetative cover, that initial concentrations

of the fungus were very high, up to five times those

observed in the soil. However, these concentrations

almost disappeared within one week. Ultraviolet solar

radiation can cause conidium inactivation over a

period of hours (Braga et al. 2001), and rain can reduce

conidium viability within days (Inyang et al. 2000).

August 2007 was particularly rainy in the study area,

334 mm of rain against 130 mm of rain of other years.

Small increases in fungal concentration detected

during the sampling period may be due to conidia

transported from the soil to the leaves.

Although little information is available on fungal

persistence in the vegetative cover, the results of the

few previous studies are in agreement with our

findings. Moore et al. (1996) reported that the half-

life of conidia in treated vegetation was 4.3 days.

Inyang et al. (2000) simulated rainfall and showed a

reduction in spore viability after 1 week. Hunter et al.

Fig. 4 DNA detection of M. acridum in airborne samples collected using Hirst spore trap during the period from August 2007 to

August 2008
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(2001) reported that M. acridum persisted for almost

7 days in the vegetation of agricultural areas in

Australia. Finally, a review performed for Van der

Valk (2007) for experiments conducted against the

desert locust in Africa showed a half-life of conidia of

3.3 to 34 days in treated vegetation.

The abrupt decrease in M. acridum concentrations

in the vegetative cover observed in this study shows

that efficient pest management must employ frequent

sprayings at one-week intervals to maintain high

conidial concentrations in plants and ensure that

insects become infected. Even more frequent spray-

ings may be required if rainfall is abundant.

Concerning fungal persistence in the air, no conidia

were detected on the day of spraying using the viable

particle sampler, but positive DNA detection was

accomplished using the Hirst spore traps. The conidia

of M. acridum were suspended in an oil base at the time

of spraying, and our results show that the conidia may

freed themselves from the oil after a period of hours and

may have been carried by the wind from the soil and

vegetative cover to the air. As a result, the Hirst spore

traps could detect them on the same day. This observa-

tion highlights the need to employ continuous-type

samplers to more accurately understand the atmospheric

dynamics of biological particles in crop fields.

Finally, Zimmermann (2007) has asserted that

M. anisopliae is not naturally found in the air,

although it can be transported by external agents.

The results obtained using the viable particle sampler

as well as those obtained using the Hirst spore traps

reveal that conidia sprayed on the fields can become

suspended in the air, where they were detected on

several occasions (on 32 days during the one-year

period of sampling using the Hirst spore traps).

Several studies have focused on the effects of

climatic variables, among which humidity, solar

radiation and temperature are the most relevant

(Rangel et al. 2004, 2005). In general, humidity must

be high to induce the germination of conidia, but no

studies have shown a long-term effect of this variable.

In the present study, three weather variables associated

with moisture were analysed: rainfall, relative humid-

ity and potential evaporation. Interestingly, only

rainfall was significantly correlated with the number

of CFUs disseminated in the air.

McCartney (1991) has demonstrated that raindrops

falling on a plant can cause spore release in two ways.

First, the impact of water on a leaf can shake it and

provide momentum to the spore. Second, the raindrops

may create wind currents. In this manner, the release

of conidia from the plant surface can increase the

concentration of airborne conidia.

The number of CFUs in the soil was negatively

correlated with relative humidity, probably because

high humidity favours the growth of competitors and

predators of M. acridum, thus reducing its population,

as stated by Keller and Zimmermann (1989) and Hajek

(1997). These authors have established that Metarhiz-

ium species are poor competitors for organic resources

compared to opportunistic saprobic fungi. Another

reason may be a reduction in oxygen levels (Jabbour

and Barbercheck 2009). This explanation is reinforced

by the correlation found with potential evaporation,

which indicate water loss in an area; this variable was

positively correlated with soil CFUs, unlike relative

humidity. These data support the hypothesis that

excessive humidity is detrimental for long-term fungal

survival in the field.

Wind velocity was positively correlated with soil

CFUs, probably because airflow removes conidia from

the vegetation or from insects and deposits them in the

soil. Nevertheless, the wind velocity necessary to

remove M. acridum conidia from the vegetative cover

has not yet been established. Experiments with

Aspergillus fumigatus, Cladosporium spp. and Penic-

illum spp. (Pasanen et al. 1991) have found that wind

speeds between 0.5 m/s and 1 m/s are required. In our

study area, wind velocities vary from 1.08 m/s (aver-

age speed) to 6.6 m/s (maximum speed).

The number of airborne CFUs was also correlated

with the maximum solar radiation. Unexpectedly, this

correlation was positive, indicating an increase in

CFUs depending on an increase in maximum solar

radiation. Several studies, including those of Braga

et al. (2001) and Rangel et al. (2004), have demon-

strated that solar UV radiation can inactivate conidia

in a matter of hours. One explanation for our results

may be that solar radiation increases the temperature

at the leaf surface, which in turn reduces the humidity

around the leaf. As a consequence, the surface tension

that binds conidia to the leaf decreases, causing their

release, as suggested by Jones and Harrison (2004).

However, further research under controlled climatic

conditions is needed to corroborate this hypothesis.

More research is needed to determine whether the

concentrations of M. acridum recorded in this study may

be capable of causing harm to people exposed to the
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fungus as farmers. Zimmermann’ s biosegurity review

(2007) describes cases of some people with allergic

reactions to high concentrations of M. acridum and

people with asthmatic symptoms exposed to M. ani-

sopliae in sugar cane crops, but, as the author suggests,

are rare cases. Currently, there are no published records

of disease due to M. acridum in Mexico, but is prevalent

to work in the crops without protection of any kind and is

rare that farmers seek medical attention with the first

symptoms of the disease, so the risk may be higher in

case of the use of M. acridum spreading; therefore, more

research is needed.

5 Conclusions

The results of this study show that the population

of M. acridum fluctuates importantly through time and

has the potential of accumulating in the soil given the

proper conditions. With respect to the vegetative cover

and air, conidia present in these areas decay rapidly so

their effect as a microbial agent is minimised.

Therefore, fungal spraying must be frequent (on a

weekly basis) to achieve a better control of plagues.

Finally, it is necessary to determine whether the

cumulative concentrations over time could be harmful

to non-target species or people exposed.
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