
ABSTRACT 

THOMPSON, SARAH RACHEL.  Biological control and behavioral studies of mole 

crickets (Orthoptera:  Gryllotalpidae) with the entomopathogenic fungus, Beauveria 

bassiana (Balsamo) Vuillemin.  (Under the direction of Rick L. Brandenburg.) 

The objectives of this research conducted with the entomogenous fungus, Beauveria 

bassiana, include:  a) to determine if a behavioral response occurs when mole crickets are 

exposed to conidia b) to measure the viability of conidia when applied to turfgrass and c) to 

evaluate the efficacy of various strains and rates of the fungus against mole crickets in a 

laboratory topical bioassay.  All three studies focused on two strains of B. bassiana 

propagated and formulated by JABB of the Carolinas, Inc. (Pine Level, NC), DB-2 and 10-

22.  A commercially available strain, GHA formulated as BotaniGard ES, from Emerald 

Bioagriculture Corporation (Butte, MT) was also evaluated.    

Greenhouse studies at North Carolina State University (Raleigh, NC) to determine 

behavioral changes in response to the fungus were conducted during the fall and winter of 

2001-2002 and the spring and summer of 2003 using tawny and southern adult mole 

crickets.  Significant variations in behavior were observed in containers treated with strain 

DB-2 and bifenthrin, indicating avoidance responses associated with these control agents.  

Field research to evaluate conidial viability was conducted on Bermudagrass Cynodon 

dactylon ( L.) plots at Sea Trails Golf Course (Sunset Beach, NC) in August 2002 and Tri-

State Sod Farm (Newton Grove, NC) in June 2003.  Strains DB-2 and 10-22 were 

significantly more viable than BotaniGard in the 2003 study but all three strains were able to 

persist in the environment up to 28 days after application in both field studies.  10-22 

showed the best performance in both field tests as well as after day 7 in an accompanying 



greenhouse trial.  The laboratory topical bioassay was conducted in August 2003 on tawny 

and southern mole cricket nymphs to determine the most efficacious strain and rate of B. 

bassiana.  There were significant differences in survival functions for all fourteen treatments 

(four rates of each of the three B. bassiana strains as well as two control treatments).  

BotaniGard caused the greatest mortality in the shortest amount of time after exposure.  The 

highest rate tested, 108 conidia per cricket, appeared to have the most considerable effect for 

all three strains as measured by total percent mortality and LT25. 

 Results from these studies emphasize the importance of strain selection for 

the use of B. bassiana as a biological control agent for mole crickets.  An appropriate isolate 

that maintains viability, effectively targets the host, and dose not elicit behavioral responses 

from the crickets will have the most potential as an efficacious control agent for these 

serious turfgrass pests. 
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INTRODUCTION

Mole crickets are one of the most destructive groups of turf and pasture grass pests in

the southeastern U.S. based on the damage they cause and the high cost of control.  The root

feeding nature and production of subterranean tunnels by these hemimetabolous insects

results in desiccation and destruction of the root zone, which causes plant stress or loss of

turf quality.  Additionally, acoustic calling chambers built by the males in the spring and

early summer months appear as large holes on the surface of the ground.  In aesthetically

valued commodities, such as turfgrass, this type of damage is unacceptable.

The use of chemicals for control of mole crickets is the most common strategy used

by golf course superintendents and turfgrass managers.  Although many different chemicals

have proven moderately successful in reducing mole cricket damage, they cannot be

employed without concerns over the costs and potential environmental impacts.  Due to the

soil habitat of mole crickets, higher doses and repeated applications of treatments are often

needed to achieve acceptable levels of control.  Much of turfgrass is in close proximity to

environmentally sensitive areas and is also trafficked by wildlife and humans alike, making

the application of insecticides a concern.  The impacts of chemicals on groundwater quality

and nontarget wildlife, as well as the concerns over human exposure and persistence and

degradation in the environment have resulted in the search for alternative methods of

control.  Natural enemies from the regions where mole crickets originate have been

imported to serve as biological control agents, but difficulty in establishing sufficient

populations and overwintering have limited their success.  Other potential biological control

agents include entomogenous nematodes, as well as fungi, both of which have shown

potential for safe management.
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 One naturally occurring soil fungus, Beauveria bassiana (Balsamo) Vuillemin, has

been shown to be pathogenic to hundreds of different species of insects.  Each strain of B.

bassiana that is isolated from a different location or host insect varies in performance.  For

this project, we evaluated three different strains of this fungus, including one isolated from

grasshoppers (BotaniGard), one from darkling beetles (DB-2), and the other from soil (10-

22).  Some of the major factors that determine if effective control will result from the

application of spores to turfgrass are adequate contact between the conidia and pest, efficacy

of the specific strains for mole crickets, and ability of the spores to persist in the

environment.  The objectives of our research were:  a) to determine if a behavioral response

occurs when mole crickets are exposed to conidia b) to evaluate the efficacy of various

strains and rates of the fungus against mole crickets in a laboratory topical bioassay and c) to

measure the viability of conidia when applied to turfgrass.
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LITERATURE REVIEW

Description and Distribution of Mole Crickets

Although there are over 70 species of mole crickets worldwide (Otte 1994), only

seven are found in the United States (Frank and Parkman 1999).  Two of the seven species,

Gryllotalpa major Saussure and Neocurtilla hexadactyla Perty, are native and do not appear

to cause damage within their range.  G. major, the prairie mole cricket, is characterized by

four dactyls on its foretibia, seven spines on the apex of its hindtibia, and an unarmed

dorsomedial margin of the hindtibia (Nickel and Castner 1984).  This species is found only

in what remains of the prairie in four central states (Vaughn et al. 1993).  The northern mole

cricket, N. hexadactyla, is found in most areas east of the Mississippi River (Frank and

Parkman 1999) and also has four dactyls on its foretibia (Nickle and Castner 1984).  These

four tibial dactyls differentiate N. hexadactyla from the three Scapteriscus species, which

are found in the same range.

The other two Gryllotalpa species found in the U.S., G. africana Palisot de Beauvois

and G. gryllotalpa L. are introduced species, but are not significant pests at this time.  G.

africana, the African mole cricket, has a long history of interceptions by APHIS-PPQ since

1961 (Nickle and Castner 1984), but is not thought to have established itself in the

continental states, although possibly in Hawaii.  G. gryllotalpa, the European mole cricket,

is believed to have been introduced into the U.S. around 1913 (Weiss 1916), and it is now

found in some isolated areas of New England (Nickle and Castner 1984).

All three of the Scapteriscus species found in the U.S. were introduced from South

America and are considered pests within their distributions.  It is commonly believed that S.

vicinus Scudder and S. borellii Giglio-Tos were first introduced in 1899 and 1904,
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respectively, at Brunswick, Georgia, while S. abbreviatus Scudder had multiple

introductions in the southeast in the early 1900’s (Walker and Nickle 1981).  Since all

introductions have occurred in port areas, it is believed that these species arrived in the

ballasts of ships (Worsham and Reed 1912).  This genus is characterized by two tibial

dactyls, and separations of the species can be made based on the spacing betweens these

dactyls as well as the type of wings present (Walker 1982).  S. abbreviatus, the short-winged

mole cricket, is named so because of the presence of wings that cover only about one-third

of the abdomen (Vittum et al. 1999), However, it can also be distinguished by its variegated

pronotal pattern and divergent tibial dactyls that are separated at the base (Walker 1982).

Due to its shortened wings, S. abbreviatus is incapable of flight, and thus its distribution has

been limited to the areas surrounding the original ports of introductions.  Any future spread

is reliant on man (Nickle and Castner 1984).

 S. vicinus, the tawny mole cricket, and S. borellii, the southern mole cricket, are the

most significant mole cricket pests in the U.S., causing damage to turf and pasture grasses

(Walker and Ngo 1982) as well as ornamental, vegetable, and tobacco seedlings

(Brandenburg and Villani 1995, Frank and Parkman 1999).  S. vicinus feeds predominantly

on plant material while S. borellii is predatory (Ulagaraj 1975, Taylor 1979, Matheny 1981).

Both species can cause desiccation of the root system and mechanical damage to the grass

through their extensive underground tunneling (Villani et al. 2002).  In general, S. vicinus is

larger and has a broader thorax than S. borellii (Vittum et al. 1999).  These two species are

distinguished by differentiation of the spacing between the two tibial dactyls.   S. vicinus has

dactyls that nearly touch at their base, giving them a “V” shaped appearance, while S.

borellii has dactyls that are separated by at least the width of one dactyl at their base, giving
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them a “U” appearance (Walker 1982, Brandenburg and Villani 1995, Vittum et al. 1999).

To date, both southern and tawny mole crickets can be found in most of the southeastern

U.S., occurring from south Florida up to North Carolina and over to eastern Texas

(Brandenburg and Villani 1995, Potter 1998, Vittum et al. 1999).  Since the economic

impact in the U.S. due to damage caused by these insects is restricted mainly to S. vicinus

and S. borellii, the remainder of this review will be limited to these two species.

Biology and Ecology of S. vicinus and S. borellii

Mole crickets are hemimetabolous insects that spend their entire life cycle in

subterranean tunnels.  Both species are univoltine in their range, although S. borellii is

believed to have two generations per year in south Florida (Walker et al. 1983, Brandenburg

et al. 1997, Hertl et al. 2001).  Some variability in the one-year life cycles does exist, with

mating flights and egg laying occurring a few weeks to a month earlier in the more southern

regions of its range (Brandenburg 1997).  Adult mole crickets begin mating and dispersal

flights in early spring as soil temperatures rise, with the males building acoustical burrows

from which they call the females.  The calling chambers consist of a horn-shaped outer area,

a bulb, and a turn-around area that leads into the deeper subsurface tunnels (Nickerson et al.

1979).  Males appear to produce their songs through tegminal stridulation, similar to other

orthopterans, but with the left wing over the right wing instead of vice versa as seen with the

crickets (Ulagaraj 1976).   Calling usually begins after sunset and lasts for 1.0-1.5 hours,

although after a rain, calling can continue throughout night (Ulagaraj 1976).   Males face

downward into the acoustic chamber while calling and will travel into the turn-around area

to greet an entering female face-to-face (Nickerson et al. 1979).   Males of both species are

seldom thought to use the same chamber more than once, but instead call from different
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burrows in the same area on consecutive nights (Kleyla and Dodson 1978).  S. vicinus

begins and peaks its flights earlier in the season than S. borellii (Walker et al. 1983), which

explains the earlier presence and larger size of tawny nymphs in the field.   Mole cricket

flights can be either local or migratory.  Local flights occur mainly for the purpose of mating

or finding a suitable oviposition site, and migratory flights for dispersal into new areas

(Hertl et al. 2001).  S. vicinus females will usually only fly once, typically before mating,

while S. borellii will make multiple flights, often between clutches (Brandenburg and

Villani 1995).  Spring and fall flights occur in both species, and studies were conducted by

Walker and Nation (1982) to determine if mating and egg laying occurred in S. borellii in

the fall as well as in the spring.  Their findings indicate that more S. borellii adults mate in

the fall than S. vicinus.  Most fertilized eggs do not reach maturation until the spring, with

seven months observed as the maximum time for sperm storage in S. borellii females

(Walker and Nation 1982).

About two weeks after fertilization, females will lay varying numbers of eggs and

clutches, with some dying before any oviposition occurs and others producing more than

450 eggs from 10 clutches (Forrest 1986).  If multiple clutches of eggs are laid, the earlier

clutches will have more eggs, receive more investment per egg from the female, and have a

higher percent hatch (Forrest 1986).  Eggs are laid and then sealed in chambers 2.5-30.5 cm

below the surface (Hayslip 1943, Forrest 1986).  Females show preference for moister soils

and will possibly delaying oviposition until suitable soil moisture is present (Hertl 2001).

Depending on environmental conditions such as temperature, the eggs will hatch within 20-

30 days and the small nymphs will immediately begin feeding (Brandenburg and Villani

1995).  There is variability in the number and duration of instars for the two species, but in
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general, S. vicinus and S. borelli will complete 8-9 and 7-10 instars, respectively (Braman

1993).

As the nymphal crickets feed in the upper areas of the soil profile, they continue to

grow and build more extensive and deeper tunnels.   S. vicinus almost always build “Y”

shaped tunnels (Brandenburg et al. 2002).  This tunnel structure provides an area close to the

roots for feeding and also two possible escape routes to scurry into when encountering

predators, such as large southern mole crickets (Brandenburg et al.  2002).  S. borellii, on the

other hand, have been observed in the field to construct tunnels of the opposite shape, with

only one surface entrance that branches off into a reversed “Y” within 10 cm of the soil

surface (Brandenburg et al. 2002).  Tawny mole cricket tunnels range from 50-70 cm long,

while southern mole crickets build much shorter tunnels (Brandenburg et al. 2002).  Due to

the earlier flights and hatch and faster development of S. vicinus, a larger percentage of

tawny mole crickets become adults (85%) before winter in comparison to S. borellii (25%),

which mainly overwinter as large nymphs (Hayslip 1943, Brandenburg and Villani 1995).

With the exception of south Florida, the large nymphs and adults of S. vicinus and S. borellii

will complete their one-year life cycle the following spring with mating and oviposition.

Mole Cricket Damage

Damage caused by mole crickets can manifest itself in many different ways.  The

root feeding nature of S. vicinus (as well as S. abbreviatus) severs the roots of turfgrass,

pasture grasses, and many plant seedlings (Frank and Parkman 1999). The building of

tunnels by all species leads to root system damage and plant stress, especially during times

of drought (Frank and Parkman 1999, Potter 1998).  Often this type of damage appears as

thinning of the stand as the nymphs grow, increasing their feeding and activity, and can lead
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to an invasion by opportunistic weeds.  Mounding of the soil can also be seen in some cases,

and in the spring, the acoustic calling chambers appear as holes on the soil surface.  Severe

damage can lead to total turf or pasture grass loss, resulting in the need for reseeding or

resodding, only to face the possibility of reinfestation (Frank and Parkman 1999).

Additionally, even small populations of mole crickets may be economically important if

natural enemies (such as armadillos, raccoons, birds) are able to detect them and

subsequently cause damage in attempts to dig for food (Frank and Parkman 1999).

The need for mole cricket control is the most prevalent in turfgrass, especially on

golf courses.  Often, in agriculture, economic thresholds are used to determine when control

treatments should be made for insect pests.  But, in the case of mole crickets, it is difficult to

establish this economic threshold.  Various factors come into play, including the budget of

the golf course, the standards expected by the patrons, and the severity of the problem.

Environmental conditions will also differ from one course to the next, and factors such as

the size of the crickets, turf health, mowing height, soil type, and water availability will all

affect the susceptibility of the turf to mole cricket damage (Vittum et al. 1999).

Recent estimates of the annual expenditures for chemical insecticides used on

turfgrass as well as the economic impact that the turfgrass industry has for many states have

deemed effective mole cricket control a necessity.  In 1997, Hudson et al. estimated that

more than $18 million was spent in one year on turfgrass chemicals in Florida, greater than

$12 million was spent in Georgia for control, and the result was still over $13 million in

damage to turfgrass within the state.  The North Carolina Department of Agriculture and

Consumer Services and the Turfgrass Council of North Carolina estimated that in 1999, the

total economic impact on the state’s economy due to turfgrass was $4.7 billion (NCDA&CS
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and TCNC 2000).  Additionally, over 96,000 jobs in the state were in the turfgrass industry

that year (NCDA&CS and TCNC 2000).  These figures illustrate the impact of the turfgrass

industry on the economies of these states and help to emphasize the need for more efficient

methods of control for turfgrass pests.

Conventional Mole Cricket Control

When mole crickets first appeared and established themselves as pests in the U.S.,

calcium arsenate and calcium cyanide baits were the most commonly used control measures

(Frank and Parkman 1999).  When the more effective chemical, chlordane, was discovered

in the 1940s, it replaced these other baits and was used for mole cricket control in vegetable

crops, turf, and pastures until it was subsequently banned in the 1970s (Frank and Parkman

1999).  At that point, chlordane was primarily replaced with organophosphate and carbamate

insecticides, which were widely applied for control of both adult and nymphal mole crickets.

However, since the passing of the Food Quality Protection Act in 1996, the EPA has begun

gradually restricting and deregulating the use of these chemicals (Frank and Parkman 1999).

Currently, new classes of chemicals have provided alternative insecticides such as

imidacloprid and fipronil for suppression of mole cricket populations. Regardless of the

agent, most experts agree that an understanding of natural history is critical for optimal

control (Brandenburg 1997, Potter 1998).

Today, the most effective mole cricket control program advocates establishing a

complete plan that includes mapping adult activity, monitoring egg hatch, timing the

application of pesticides, and providing any necessary follow-up (Brandenburg 1997, Potter

1998).  Mapping adult activity in early spring is essential (Cobb and Lewis 1990) because

mole crickets often lay their eggs in the same area where they develop, unless significant
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changes in turf quality or management practices occur (Potter 1998).  Additionally,

infestations are usually not uniform (Brandenburg 1997), meaning that wall-to-wall

treatment is often unnecessary.  Occasionally, damage from adults can be so severe, that

treatment is required in the spring (Brandenburg 1997).  Complete control is unlikely at this

time since the large size of adult mole crickets makes them difficult to kill (Potter 1998).  To

determine areas of high activity, visual inspection of the turf should be made, looking for

new surface tunnels or acoustic chambers and records should be kept to serve as a guide for

locating future egg hatch (Brandenburg 1997).  At the same time that activity is being

mapped, flights can be monitored with acoustic sound traps (Ulagaraj and Walker

1975,Walker 1982).  These traps help keep track of first, peak, and declining flights,

indicating when egg hatch is likely to occur.   Ngo and Beck (1982) have determined that

the calling traps are effective for monitoring flight activity but are not accurate in estimating

the actual population.

In order to maximize the efficacy of control measures, it is necessary to target the

early instars, whose presence can vary in timing from year to year (Hertl et al. 2001), species

to species, and from one location to the next.  Many techniques have attempted to accurately

determine when egg hatch occurs but not all are acceptable.   A linear pitfall trap that

collects small nymphs in buried PVC piping (Lawrence 1982) is labor intensive to install

and not always effective since distributions are often non-uniform (Short and Koehler 1979).

Another sampling technique explored is a tractor mounted soil corer, which appears to

provide an absolute density of mole crickets (Williams and Shaw 1982).  However, efficacy

studies have not been conducted (Hudson 1988).  The most inexpensive and easiest method

discovered to date is the water flush, which can consist of a pyrethrin or dishwashing
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detergent in water (Short and Koehler 1979).  The water solution is applied to the soil

surface.  As crickets come into contact with the liquid, they are irritated and emerge.  Both

pyrethrins and soap will bring nymphal crickets to the surface easily and are just as effective

as the soil corer (Hudson 1988).   But since soap is less expensive and readily available, it

has become the most common method for determination of egg hatch through nymphal

sampling (Hudson 1988).

Once egg hatch has been determined, the goal becomes to treat the most sensitive

and high profile areas (greens, tees, and fairways) before the earliest hatching crickets reach

1.25 cm in length (Potter 1998).  The selection of an appropriate insecticide should be made

based on personal experiences and the recommendations of the state entomologist

(Brandenburg 1997).  There are many products available today that will vary in performance

in different areas depending on environmental conditions and soil type (Brandenburg 1997).

Most current insecticides perform best against small crickets and under moist conditions

(Brandenburg 1997).  Since mole crickets descend into the soil profile as moisture levels

drop, it is usually recommended that irrigation be applied before insecticide application

(Potter 1998).  However, recent findings by Xia and Brandenburg (2000) found varying

results regarding the efficacy of control measures with pre and post treatment irrigation.

To determine if follow up treatment is necessary, soapy water flushes should be

conducted within two weeks after pesticide application to determine if high levels of mole

crickets still exist (Brandenburg 1997).  Although it is difficult to accurately assess the

populations of mole crickets due to their subterranean nature, a rating system has been

established to evaluate new damage caused by these pests and subsequent efficacy of control

measures.  Cobb and Mack (1989) developed a technique that involves using a 0.6 m2 frame,
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divided into nine equal sections, and looking and feeling for the presence of new mounds or

tunnels in each of those nine sections.  No damage in any section is given a rating of “0”,

while severe damage (in all sections) is given a rating of “9”.  Limitations of this evaluation

method include use only during mid-season for nymphal damage as well as the necessity of

the user to distinguish between mole cricket damage and that produced by other pests (Cobb

and Mack 1989).  A commitment to a complete management plan should reduce the need for

follow up treatment in late summer or early fall and minimize turf damage (Brandenburg

1997).

Biological Control of Mole Crickets

The use of chemicals for suppression of turfgrass insect pests, including mole

crickets, is an area of concern.  There are many important issues that must be considered,

including impacts on surface and groundwater quality, nontarget wildlife, human exposure,

and persistence and degradation in the environment (Racke 2000).  Additionally, chemical

control is often a temporary, and very expensive solution because mole crickets are likely to

reinvade treated areas (Frank 1994).  To minimize these potential deleterious effects, the use

of biological agents is encouraged.  Biological control in turfgrass can result in long-term

suppression of pests with limited chemical and labor input (Smits 1996).  Classical

biological control is the addition of a living organism from the native area of the insect into

invaded areas where the insect has become a pest (Frank 1994, Brandenburg and Villani

1995).  The added organism will act to control the pest through predation, parasitism, or

infection.  Another approach is to augment any naturally occurring populations of biological

control agents in the field.  Augmentation can be either inundative or inoculative.  With

inundative approaches repeated applications are often necessary (Brandenburg and Villani
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1995).  Inoculative approaches, on the other hand, require the accumulation and spread of

the control agent in the field (Brandenburg and Villani 1995).  The following section

provides an overview of the pertinent biological agents that have been attempted and/or

implemented for mole cricket control.

Larra spp. (Hymenoptera:  Sphecidae:  Larrinae)

A genus of tropical digger wasps, Larra, which includes more than 60 species

(Hudson et al. 1988) represents a native parasitoid of Gryllotalpidae (Frank et al. 1995).

Adult female wasps will search out mole cricket tunnels, enter the burrow, and sting the

mole cricket on the base of the legs or mandibles, causing subsequent paralysis (Hudson et

al. 1988, Frank et al. 1995).  Once the cricket is immobilized, the female wasp will oviposit

between the prothoracic and mesothoracic legs of the mole cricket (Hudson et al. 1988).

Although the cricket will regain movement within 5 minutes (Hudson et al. 1988), the egg

will hatch in 5-7 days and the small larva will feed on the tissues and hemolymph of the

cricket (Hudson et al. 1988, Frank et al. 1995).  Within two weeks, the wasp larva will

consume enough of the cricket’s internal organs and tissue that it will die (Hudson et al.

1988).  After feeding on the rest of the remains, the larva will build a cocoon out of

cemented soil particles and emerge in about a week (Hudson et al. 1988).

Larra analis F. is a species native to the southeastern U.S. that only attacks N.

hexadactyla, the native species of mole crickets, and does not appear to attack any

Scapteriscus species (Frank et al. 1995).  L. bicolor F. is native to some of the same areas in

South America that Scapteriscus is believed to originate and thus has been targeted and

attempted as a potential biological control agent for mole crickets.  The first time L. bicolor

was seriously considered for importation and release in the U.S. was in 1940’s (Frank 1994,



14

Frank et al. 1995).  When specimens arrived dead from Brazil, the project was abandoned

(Frank 1994, Frank et al. 1995) and attention was directed to the discovery of chlordane

(Frank 1994).

Introduction attempts were successfully repeated on a number of occasions with

specimens from Puerto Rico at various sites in Florida in the early 1980’s (Hudson et al.

1988, Frank 1994, Frank et al. 1995), including Ft. Lauderdale, Gainesville, and Tampa in

1981, Bradenton and Ft. Lauderdale in 1982, and Lakeland in 1983 (Frank et al. 1995).

Permanent establishment from these initial releases was only observed in Ft. Lauderdale

(Hudson et al. 1988, Frank 1994, Frank et al. 1995), and it appeared that only S. abbreviatus

had been parasitized (Castner 1988).  One theory behind the lack of success with this initial

introduction is the uncertainty of whether the Puerto Rican wasps attack the three important

pest species of mole crickets found in the southeast U.S. (Frank 1994) or other species found

only in P.R.   Another explanation is that these tropical wasps (originally from Brazil) are

unable to acclimate to the colder winters found in Florida (Hudson et al. 1988, Frank et al.

1995).  A follow-up experiment in Gainesville supports this latter hypothesis since the

Puerto Rican wasp pupae had very poor survival when overwintering outdoors (Castner

1988).

A second introduction of L. bicolor was attempted in Alachua County, Florida in

October 1988 and June 1989, but this time with specimens imported from Bolivia (Frank et

al. 1995, Frank and Parkman 1999).  Subsequent observations in the early 1990’s indicate

that the Bolivian wasps had become established up to 4 km away from the initial release site

by 1995 (Frank et al. 1995).  Collections of L. bicolor with pheromone and floral attractant

funnel traps in 1997 verify the presence of wasps at least 22 km from the original release



15

sites (Meagher and Frank 1998).  No additional research on this topic has been conducted

since the last release of wasps (Frank and Parkman 1999).  The future of L. bicolor as a

biological control agent for Scapteriscus mole crickets in Florida relies on the hardiness and

persistence of the Bolivian wasps and the establishment of appropriate permanent nectar

sources (Frank and Parkman 1999).

Ormia depleta Wiedemann (Diptera:  Tachinidae)

Ormia depleta Wiedemann was first discovered to be a parasitoid of mole crickets in

June 1939, when Scapteriscus crickets collected in Belem, Para, Brazil were found

parasitized with the tachinid fly larvae (Wolcott 1940).  Female flies are larviparous and the

larvae develop on both male and female adult mole crickets, as well as large nymphs (Frank

1994).  Fowler later verified that O. depleta find suitable hosts by orientating to their calling

songs, and will lay larvae on or near the mole cricket once it has been located (Fowler

1987a, Fowler 1987b).  Fowler (1987a) also determined that O. depleta females were only

attracted to the calls of S. vicinus and S. borellii and not to the native N. hexadactyla.  Based

on this information, it was determined that O. depleta was a suitable candidate for classical

biological control of pest mole crickets in the southeastern U.S.  (Fowler 1987b).

It was not until 1987 that a laboratory colony of O. depleta was established at the

University of Florida with specimens collected in Piracicaba, Brazil (Frank et al. 1996).  The

first release of fly pupae occurred in the spring of 1988 and pupae were subsequently

released at various golf courses in 30 Florida counties between 1988 and 1994 (Frank et al.

1996).  Monitoring to determine establishment of fly populations was conducted from 1988

to late 1993 using electronic callers that emitted the songs of both S. vicinus and S. borellii

(Frank et al. 1996).  The callers were outfitted either with sticky tape to trap the flies or a
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container with two valves that would allow for the capture of live flies, making

identification easier (Walker et al. 1996).  Results indicate that fly populations had colonized

15 counties where releases were never made (Frank et al. 1996), and have become

established in almost all counties in central and southern Florida (Frank 1994).

Additionally, golf course superintendents reported significantly less damage in the following

years on courses where releases had been made in comparison to those courses with no fly

releases (Frank et al. 1996).  Future goals of this program include finding flies further south

in S. America that may be more adapted to the colder winters allowing for a more northerly

spread in the U.S.  Other nectar sources that will help to sustain populations when host

availability is minimal must also be determined (Frank and Parkman 1999).

Steinernema and Heterorhabditis spp. (Nematoda:  Rhabditida)

All entomopathogenic nematodes in the Order Rhabditida are bacteriophagous, with

the major difference between the two families being the genera of bacteria on which they

feed (Smart 1995).  Members of the family Steinernematidae usually carry species of

bacteria in the genus Xenorhabdus, while Heterorhabditidae nematodes prefer a species of

bacteria in the genus Photorhabdus (Smart 1995).  Although most nematodes are considered

to be generalists, attacking a wide range of hosts, some Steinernematidae species appear to

be specialists because of restricted host ranges and geographical distributions (Peters 1996).

Steinernematidae contains two genera of nematodes, Steinernema and Neosteinernema,

while Heterorhabditidae only contains one genus, Heterorhabditis (Smart 1995).

Neosteinernema has only one species, which is a parasite of termites, while Steinernema

includes sixteen species (Smart 1995).  Heterorhabditis is currently thought to include six

(Smart 1995).  The two latter genera include some of the most promising species of
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entomopathogenic nematodes (Smart 1995), with a single species of Steinernema, S.

scapterisci Nguyen and Smart, being a specific parasite of orthopterans, including

Scapteriscus mole crickets (Nguyen and Smart 1991a).

The infection process by nematodes is based on a symbiotic relationship with

bacteria.  Infective third-stage juvenile nematodes enter an insect host via the mouth, anus,

and spiracles (Smart 1995), with the mouth and spiracles being the main modes of entry for

S. scapterisci (Nguyen and Smart 1991b).  Once inside the host insect, the nematodes

penetrate the gut or tracheal wall to reach the hemocoel, where they release the symbiotic

bacteria that are carried in the anterior part of the intestine (Smart 1995).  The bacteria,

which reproduce rapidly in the hemocoel, will ultimately cause death of the host within 24-

72 hours (Smart 1995).  The juveniles continue to feed on the bacteria and its metabolites,

eventually completing two complete life cycles within the host (Smart 1995).  The second-

stage juveniles produced by the second generation females will stop feeding, incorporate a

pellet of bacteria into their intestines, and then exit the cadaver in search of a new host

(Smart 1995).  This entire process is environmentally regulated by temperature (Smart

1995), but typically takes anywhere from 7-10 days to complete (Hudson et al. 1988, Smart

1995).  The potential for an inoculative release is great since one mole cricket cadaver can

produce more than 50,000 infective juveniles, which can in turn attack other mole crickets in

the vicinity (Hudson et al. 1988).

Since nematodes can be produced on artificial media and cause mortality in the

target pest within a few days (Peters 1996), they are considered outstanding candidates for

biological control.  When the search for natural enemies of mole crickets began in South

America in the early 1980’s, it was discovered that 8-50% of crickets collected by calling
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traps in Uruguay at this time were infected with entomopathogenic nematodes (Parkman and

Smart 1996).  Thus, nematode infected crickets were brought from Uruguay to Florida for

isolation and evaluation as possible biological control agents in January of 1985 (Parkman

and Smart 1996).  The nematodes that were isolated, although originally thought to be

Steinernema carpocapsae, turned out to be an undescribed species and were named

Steinernema scapterisci Nguyen and Smart (Hudson and Nguyen 1989, Nguyen and Smart

1990, Nguyen and Smart 1992, Frank 1994, Parkman and Smart 1996).

 S. vicinus and S. borellii  were found to be equally susceptible to S. scapterisci

(Nguyen and Smart 1991a), with greater mortality observed in nematode treated S. vicinus

adults compared to nymphs (Hudson and Nguyen 1989a).  When 50-94% infection was seen

in adult mole crickets, only 20% infection was achieved in nymphs, with those having

pronotums less than 3mm in length not becoming infected at all (Hudson et al. 1988,

Hudson and Nguyen 1989a).  Other orthopterans are also susceptible to S. scapterisci,

especially the house cricket, Acheta domesticus (Nguyen and Smart 1991a), but beneficial

and predatory soil organisms, including Carabidae, Staphylinidae, Gryllidae, Collembola,

Gamasida, Actinedida, and Oribatida are not adversely affected by soil nematode treatment

(Georgis et al. 1991).  In another study, soil filled containers were treated with various rates

of nematodes to determine if increasing the number of infective juveniles applied would

increase the mole cricket infection rate (Hudson and Nguyen 1989b).  Results found that

infection rates were not significantly different between nematode application levels of

100,000 and 1 million/m2, although increasing the rate to 2,200,000 juveniles/ m2 or more,

decreased the variability in infection rates (Hudson and Nguyen 1989b).
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Initial field studies followed consisting of nematodes being applied in a water

suspension and also through buried mole cricket cadavers in pasture grasses in Alachua

County, Florida in June of 1985 (Parkman et al. 1993a, Parkman and Smart 1996).  Infection

rates were determined through multi-year sampling of mole crickets in pitfall traps and

revealed that the two methods of application did not differ significantly from one another

and nematode populations persisted in the field for at least five years in some of the sites

(Parkman et al. 1993a).  Additionally, data show that S. borellii was infected significantly

more than S. vicinus in all years, and also verified that adults are more readily infected than

nymphs (Parkman et al. 1993a).  The predatory nature of S. borellii necessitates the crickets

being very active both above and below the soil surface, which may explain the greater

infection rates seen in this test in comparison to the herbaceous S. vicinus (Parkman and

Smart 1996).

A second study to examine the dispersal ability of S. scapterisci was conducted in

late summer of 1989 in Florida by applying nematodes to six different pastures and

sampling for infection and dispersal using linear pitfall traps (Parkman et al. 1993b).

Results indicate that passive dispersal of nematodes through mole cricket flights is a major

factor in establishment of new, untreated areas (Parkman et al. 1993b).  On average, the

nematode dispersed 60 m from the release site within twenty months after treatment

Parkman et al. 1993b, Parkman and Smart 1996).  The maximum dispersal was150 m in five

months (Parkman et al. 1993b, Parkman and Smart 1996).  Additionally, the greatest

dispersal occurred during the spring and summer, when mole crickets are most active in

flight (Parkman et al. 1993b).
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Inoculative releases of S. scapterisci on golf courses in north central and

southeastern Florida in the fall of 1989 and spring of 1990 were not as successful in

establishment of nematode populations (Parkman et al. 1994).  Theories behind the

unmatched success on golf courses to that seen in pastures include overall lower mole

cricket populations, which are a major means of establishment and dispersal, as well as the

abundance of S. abbreviatus on the southern courses (Parkman and Smart 1996).  Nguyen

and Smart (1991) had already determined in pathogenicity studies that S. abbreviatus was

less susceptible to nematode infection then S. vicinus or S. borellii.  Despite the relative lack

of success, estimates of Scapteriscus population reduction in sites where nematodes

persisted were more than 27% (Parkman et al. 1994, Parkman and Smart 1996).

The persistence and successful dispersal of nematodes in the field has given potential

for use as a classical inoculative biological control agent, rather than a biopesticide.  To test

the possibility of infecting large numbers of crickets while minimizing the cost and labor

needed to apply massive amounts of nematodes, calling traps were set up at a number of

Florida golf courses in the springs of 1990 and 1991 to attract flying mole crickets into

nematode infected buckets/areas (Parkman and Frank 1993).  Crickets were sampled in the

fall of each of the following years with calling traps located at various locations to determine

establishment, persistence, and spread of nematodes (Parkman and Frank 1993).  Results

indicate that infected mole crickets are capable of flying, suggesting a time until death

longer than 72 hours, and verify that this method is an effective way to disseminate

nematodes in cases where repeated or broadcast applications are impossible (Parkman and

Frank 1993).
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Due to the moderate success of S. scapterisci for control of pest mole crickets in

Florida, commercialization of the product began in 1993 by BioControl Inc., Tampa, FL

(Parkman and Smart 1996).  Although the product is sold as a biopesticide, any applications

made (which are primarily on golf courses today) help to establish and disperse S.

scapterisci as a classical inoculative biological control agent (Parkman and Smart 1996).

Beauveria bassiana (Balsamo) Vuillemin

 A naturally occurring soil fungus, Beauveria bassiana (Balsamo) Vuillemin, is an

entomopathogenic agent (Feng et al. 1994) of many different species of insects in most

orders (Goettel et al. 1990), including Orthoptera.  Although the Chinese first observed

beauveriosis around 1000 AD, it was not until 1834 that Augustino Bassi showed that B.

bassiana was an insect pathogen (Jaronski and Goettel 1997).  The type species, B.

bassiana, was subsequently named after him (Jaronski and Goettel 1997).  Due to the lack of

a perfect or sexual stage, B. bassiana is placed in Deuteromycotina (Fungi Imperfecti) of the

Class Hyphomycetes (Jaronski and Goettel 1997).

The method of infection by B. bassiana is by attachment of the asexual propagules,

conidia, to the insect cuticle, degradation of the proteins, chitin, and lipids in the integument

by various enzymes (Ferron et al. 1991), and germination through the cuticle and into the

hemocoel (Feng et al. 1994, Jaronski and Goettel 1997).  The pathway of infection for B.

bassiana is in contrast to that of S. scapterisci, which must enter the insect through

openings, rather than directly penetrating the cuticle.  The hyphae that emerge from the

conidia will germinate through the cuticle by mechanical pressure and weakened barriers

that result from the enzyme action (Jaronski and Goettel 1997).  Once in the hemocoel, the

fungus will proliferate, through the budding of blastospores from the mycelia or the growth
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of additional hyphae (Feng et al. 1994, Jaronski and Goettel 1997).  The insect host will die

in a few days (Inglis et al. 1997a, Jaronski and Goettel 1997) as a result of the depletion of

hemolymph nutrients (Feng et al. 1994) or toxemia resulting from the fungal metabolites

(Roberts 1981, Khachatourians 1991.  These metabolites include beauvericin and

bassianolide (which are cyclodepsipeptides) as well as oosporein, a dihydroxybenzoquinone

(Roberts 1981, Khachatourians 1991).  The fungus will complete its development with the

production of aerial conidia, which arise from conidiophores. The conidia will exit the

openings of the insect’s body, eventually covering the surface of the cadaver as a white

powder (Feng et al. 1994, Jaronski and Goettel 1997).

Over 200 insects are listed as hosts of B. bassiana worldwide, primarily within, but

not limited to, the orders Lepidoptera and Coleoptera (Li 1998).  Although the range of hosts

is wide, the occurrence of epizootics is rare (Feng et al. 1994).  Examples of naturally

occurring outbreaks include red locusts, Nomadacris semptemfasciata (Serville) in South

Africa (Schafer 1936), and several involving pine caterpillars, Dendrolimus spp., in southern

China (Feng et al. 1994).  Different genotypes of B. bassiana exhibit varying degrees of

pathogenicity towards different host insects (Jaronski and Goettel 1997) and it is commonly

accepted that a specific strain of the fungus will be most virulent against its original host, or

other closely related species (Xu 1988).  Based on these findings, the remainder of this

section will be devoted to a review of the literature covering the uses of B. bassiana as a

biological control agent of mole crickets and other Orthopterans.

Fungi infecting mole crickets has been observed in the areas of origin in South

America (Hudson et al. 1988), within the introduced regions of the southeastern U.S.,

(Boucias 1985), and other worldwide locations (Hazarika et al. 1994).  Besides observations
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of fungal occurrence in collected insects, relatively little research has been conducted on the

use of B. bassiana for environmentally safe mole cricket control.  Field research at North

Carolina State University has shown promise for the use of B. bassiana in turfgrass, but

results have failed to show consistently less damage throughout time in plots treated with B.

bassiana alone or in combination with imidacloprid compared to those left untreated (Hertl

and Brandenburg 1998).  An evaluation of the method of application revealed that surface

application did not provide significantly more control than untreated plots, but certain

formulations performed better when applied subsurface (Xia et al. 2000).

Behavioral studies conducted at Cornell University by Villani et al. (1999) help to

explain why efficacy trials involving B. bassiana and mole crickets have failed to show clear

evidence of control.  Tests were conducted to verify the speculation that mole crickets avoid

fungal pathogens by remaining deep in the soil profile (Villani et al. 1999), thereby

minimizing contact with the conidia.  Individual S. vicinus mole crickets were placed in soil

profiles and monitored using x-ray technology.  When B. bassiana spores (formulated as

BotaniGard ES, MycoTech, Butte, MT) were added to a top layer of soil, the cricket was

forced to travel through the conidia treated soil to reach a sod food source on the surface

(Villani et al. 2002).  Results show that at 5, 24, 144, and 184 hours post treatment, a lower

overall percentage of crickets were found to have tunneled through the B. bassiana treated

layer in comparison to the untreated layer (Villani et al. 2002).  A similar study conducted

with another entomopathogenic fungus, Metarhizium anisopliae (Melchnikoff), showed

significantly less mean area of tunneling in the upper layer in fungus treated containers in

comparison with untreated containers, but significantly more tunneling in the interface

between the treated and untreated layers in the M. anisopliae containers (Villani et al. 2002).
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This behavioral adaptation suggests that the mole crickets increased their tunneling in the

interface region in attempts to find an untreated passage to the surface.  However, once in

the top treated layer, the crickets tunneled very little to minimize contact with the fungal

spores (Villani et al. 2002).  The theory that mole crickets can detect and avoid conidia in

soil is supported by this research.  Xia et al.’s (2000) findings of significantly less mole

cricket damage with subsurface application, along with these behavioral tests, provide

evidence of an evolutionary adaptation in mole crickets that results in behavioral responses

to minimize exposure to conidia (Villani et al. 2002).

More substantial research has been conducted in Canada on the use of B. bassiana

for control of other orthopterans, namely grasshoppers, with a strain developed by

MycoTech Corporation (Butte, MT) (Goettel et al. 1995).  Initial laboratory studies showed

that the B. bassiana GHA strain developed by MycoTech was virulent against grasshoppers

that ingested the conidia on wheat treated leaves (Johnson et al. 1988).  Inglis et al. (1996a)

subsequently tested the effects of formulations (oil versus water) and bait substrate (lettuce

versus bran) for efficacy against grasshopper nymphs, Melanoplus sanguinipes (Fabricius).

Findings indicate that grasshopper mortality was greater for nymphs consuming baits that

were treated with conidia suspended in sunflower oil than those treated with conidia in

water.  LT50 values for the 105 conidial dose in the oil treated baits averaged 4.9 days while

the water treated baits averaged 9.8 days (Inglis et al. 1996a).  There are many possible

advantages for using an oil formulation instead of water including: a) host infection at lower

humidities (Bateman et al. 1993), b) stimulated germination (Winder and Van Dyke 1990),

c) extended spore viability (Prior et al. 1988), d) decreased susceptibility of spores to high

temperatures (McClatchie et al. 1994), e) decreased sensitivity of spores to UV radiation
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(Moore et al. 1993, Inglis et al. 1995), and  f) better spore attachment to the bait substrate

and hydrophobic surfaces of the insect integument (Inglis et al. 1996a)  In this same study,

data indicate that there were no significant differences in observed mortality between the

two different bait substrates tested, lettuce and bran (Inglis et al. 1996a).  An examination of

the mode of action showed that the majority of infective spores were found on areas of the

body that are involved in the detection and handling of the bait, confirming that the conidia

act by penetrating the integument of the insect’s cuticle rather than through ingestion (Inglis

et al. 1996a).

A follow-up field evaluation resulted in poor efficacy of two batches of the GHA

strain (1992 and 1994 batches) for grasshopper control (Inglis et al. 1997a).  Previous field

studies resulting in low levels of control had been attributed to poor conidial viability, lack

of virulence, or inadequate host targeting (Inglis et al. 1997a).  Viability of the two strains

was evaluated based on the ability of the conidia to germinate, and both GHA92 and

GHA94 had over 92% germination in the samples (Inglis et al. 1997a).  The strains were

also proven to be equally virulent against grasshoppers in the laboratory, although

significant reductions in field populations did not occur.  Since mycosis occurred within 3-4

days in field-collected grasshoppers that were maintained in the greenhouse, it was

determined that environmental conditions were responsible for the poor field efficacy, not

the quality of the inocula (Inglis et al. 1997a).

Several tests were subsequently performed to determine which environmental factors

attributed to the reduced viability or virulence of B. bassiana against grasshoppers.  Inglis et

al. (1996b) confirmed that the optimal temperature range for B. bassiana conidial

germination and vegetative growth was 18 to 30°C, with the upper limit being between 35-
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40°C.  M. sanguinipes nymphs were also observed to thermoregulate their bodies so that

their internal thoracic temperature exceeded the levels that are ideal for foraging, but limited

mycosis of the conidia (Inglis et al. 1996b).  Like the behavioral adaptations observed in

mole crickets, this basking behavior, which is clearly not beneficial to the grasshoppers in

all aspects, does minimize the efficacy of the conidia by preventing germination (Inglis et al.

1996b).  Exposure to high temperatures and UV-B light negatively effects mycosis and the

development of disease in grasshoppers exposed to 6.7 x 103 colony forming units of B.

bassiana conidia (Inglis et al. 1997b).  Grasshoppers exposed to B. bassiana spores and held

in UV-B protected chambers averaged 43% mycosis, while those kept in unshaded chambers

only averaged 15% mycosis (Inglis et al. 1997b).  Thoracic temperatures greater than 38°C,

a consequence of only one hour of basking, resulted in a 46% reduction in mycosis (Inglis et

al. 1997b).

Another important environmental condition that affects the ability of fungal spores to

germinate is relative humidity.   Most entomogenous fungi require a minimum of 95%

relative humidity on the surface of the insect cuticle for germination, penetration, and

infection to occur (Hallsworth and Magan 1999).  Water activity (aw) is a good indicator of

the water available to the conidia on the insect cuticle and is defined as the ratio between

vapor pressure of water in the substrate and vapor pressure of pure water (Hallsworth and

Magan 1999).  B. bassiana spores grew the best under the maximum aw tested, .998, which

differs very little from that of pure water (1.0) (Hallsworth and Magan 1999).  No vegetative

growth was observed under the driest conditions tested where the aw was equal to .88

(Hallsworth and Magan 1999).   Optimal environmental conditions for B. bassiana conidial

germination have therefore been determined to be 25°C (Hallsworth and Magan 1999), with
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a maximum threshold range equal to 35-40°C (Inglis et al. 1996b, Fargues et al. 1997) under

circumstances where water is freely available (Hallsworth and Magan 1999).  Based on

these findings, field applications of B. bassiana require applications on days where there is

minimal exposure to high temperatures and levels of UV light.  Also, irrigation is needed to

provide sufficient humidity for germination.  To maximize the efficacy of B. bassiana as an

entomopathogenic agent, a strain appropriately virulent against the target host must be

selected, behavioral adaptations that result in avoidance of the conidia must be minimized,

and environmental conditions must be optimal for conidial germination.

The successful control of mole crickets, whether by conventional or biological

means, is of great importance in the southeastern states, including Florida, Georgia, South

Carolina, and North Carolina.  As an introduced pest, the possibility of spread into new

areas where adequate soil and environmental conditions exist is possible.  It is only with

further examination of the ecology and behavior of mole crickets through research, and

appropriate actions taken at the optimal target times that suppression of this pest can be

achieved.
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Abstract

Greenhouse studies of mole cricket tunneling architecture were conducted with adult

southern, Scapteriscus borellii, and tawny, S. vicinus, mole crickets using Beauveria

bassiana.  Three different strains of B. bassiana, as well as the commercially available

insecticide, Talstar (bifenthrin), were evaluated for repellency by examining tunneling

characteristics.   Each treated container was inspected 24 hours after treatment for specific

tunneling behaviors in association with the presence of a control agent and the cricket’s

response to contact with the conidia or chemical.  One of the strains tested, DB-2, showed

significantly less new surface tunneling, vertical tunnels descending into the soil, tunneling

along the perimeter of the containers, and significantly more occurrences of the crickets

remaining in an area that reduced exposure to the conidia.  Two of the other treatments,

strain 10-22 and Talstar, produced some of these same repellency behaviors in mole

crickets.  Mole crickets exposed to a third strain of B. bassiana, BotaniGard, as well as two

carrier formulations did not exhibit these same levels of avoidance.  In some cases, mole

cricket activity was increased in comparison to the water control.  These observations

indicate that environmentally friendly control agents, like entomogenous fungi, may

minimize soil movement, but strain selection may be critical to eliminate detection and

avoidance by the target insect.

KEY WORDS:  Scapteriscus borellii, Scapteriscus vicinus, Beauveria bassiana, turfgrass,

repellency
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Introduction

Two introduced species of mole crickets, Scapteriscus vicinus Scudder, the tawny

mole cricket, and S. borellii Giglio-Tos, the southern mole cricket, are significant pests of

turf and pasture grasses in the southeastern United States (Walker and Ngo 1982).  Mole

crickets can also cause significant damage to ornamental, vegetable, and tobacco seedlings

(Brandenburg and Villani 1995, Frank and Parkman 1999).  It is commonly accepted that S.

vicinus and S. borellii were first introduced from South America in 1899 and 1904,

respectively, at Brunswick, Georgia (Walker and Nickle 1981) in the ballasts of ships

(Worsham and Reed 1912).  These insects have spread northward to southern North

Carolina and westward to Texas (Walker and Nickle 1981) and established themselves as

one of the most destructive groups of insects in turfgrass.

S. vicinus feeds almost entirely on plant material, including the turfgrass roots,

making it the more significant pest of the two species.  Even though S. borellii is

predominantly predatory (Ulagaraj 1975, Taylor 1979, Matheny 1981), both species cause

desiccation of the root system and mechanical damage to the grass through their extensive

underground tunneling (Villani et al. 2002).  Mole cricket damage often appears as thinning

of the stand as the nymphs grow throughout the summer months, increasing their feeding

and activity, which can lead to an invasion by opportunistic weeds.  Mounding of the soil

can be seen in some cases, and in the spring, the acoustic calling chambers constructed by

males to attract females for mating appear as holes on the soil surface.  Very severe damage

can lead to total turf or pasture grass loss, resulting in the need for reseeding or resodding,

with reinfestation still a possibility (Frank and Parkman 1999).  Additionally, even small

populations of mole crickets may be economically important if vertebrates such as
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armadillos, raccoons, and birds are able to detect them and subsequently cause serious

damage in attempts to forage for food (Frank and Parkman 1999).

Chemical control of mole crickets is often costly due to the fact that higher rates of

insecticides are necessary in order to reach the insects deep in the soil profile (Xia et al.

2000).  Additionally, economic threshold levels are not easy to determine in turfgrass, so

repeated applications are often required to achieve acceptable levels of control (Xia et al.

2000).  There are many important issues that must be considered when chemicals are

employed, including impacts on surface and groundwater quality, nontarget wildlife, human

exposure, and persistence and degradation in the environment (Racke 2000).   Infested

turfgrass is often proximal to residential or chemically sensitive areas (Villani et al. 2002),

which may increase public concern over the use of chemical pesticides and encourage the

search for effective alternative methods of control.

One type of alternative mole cricket control is the application of entomopathogenic

fungal conidia (Brandenburg and Villani 1995).   When a mole cricket comes into contact

with the fungus, the conidia attaches to the cuticle, germinates into the hemocoel, and causes

mortality by depletion of hemocoel nutrients or toxemia resulting from fungal metabolites

(Jaronski and Goettel 1997).  Relatively few field studies have been conducted to evaluate

the efficacy of mole cricket control with the naturally occurring soil fungus, Beauveria

bassiana (Balsamo) Vuillemin (Hertl and Brandenburg 1998, Harris 1999, and Xia et al.

2000).  Data from these studies have failed to show consistent levels of acceptable control.

One possible explanation for the lack of efficacy seen with B. bassiana in field tests is a

behavioral response exhibited by mole crickets when exposed to the conidia.  Villani et al.

(2002) conducted studies that monitored mole cricket behavior and movement in the soil
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through the use of radiography and found that tawny mole crickets avoided contact with B.

bassiana and Metarhizium anisopliae (Melchnikoff) spores.  The main objectives of our

research were to characterize the behavioral responses that occurred when mole crickets

were exposed to B. bassiana conidia and to determine if certain behavioral responses as

measured by tunneling were strain-specific.

Materials and Methods

Propagation of Fungal Isolates

Two strains of B. bassiana in this study, DB-2 and 10-22, were isolated, propagated,

and formulated by JABB of the Carolinas (Pine Level, NC).  DB-2 was originally obtained

from darkling beetles in poultry houses in North Carolina (Apuya et al. 1994), while 10-22

was isolated from soil at the Iowa State University Research Farm, Ankeny, Iowa (Pingel

and Lewis 1996).  Both strains were propagated on a solid substrate and formulated in an

emulsified oil carrier.  The third strain of B. bassiana used in the 2003 tests, GHA

formulated as BotaniGard ES, was obtained from Emerald Bioagriculture Corporation

(Butte, MT).  The other treatment used in these studies for comparison was the

commercially available turfgrass insecticide, bifenthrin (Talstar Flowable

Insecticide/Miticide, FMC, Philadelphia, PA).

Collection of Mole Crickets

Late-instar mole crickets were collected from three golf courses (The Lakes Country

Club in Boiling Springs Lakes, Sea Trails Plantation in Sunset Beach, and Oyster Bay Golf

Links also in Sunset Beach) in Brunswick County, NC during the months of Aug to early

Nov in 2001 and 2002.  Crickets were flushed to the surface using a soapy water flush

consisting of a .4% solution of Joy brand liquid dishwashing detergent in water (Short and
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Koehler 1979).    Once the crickets reached the surface, they were rinsed in water to remove

any soap residue and placed in plastic buckets filled with moist soil from the same site.

During the fall of 2001, the majority of the specimens was collected from Oyster Bay Golf

Links and consisted mainly of S. borellii.  All studies conducted in 2001 involved this

species.  In the fall of 2002, a fairway at Sea Trails Plantation was used as the main

collection site and the majority (almost 99%) of the mole crickets collected there were S.

vicinus.  All crickets were held and maintained in large plastic containers in soil from the

collection site (classified as Wando fine sand, HM = 0.36%, pH = 6.2, CEC = 4.5) at 10%

moisture in a greenhouse on the campus of North Carolina State University (Raleigh, NC).

No cricket was involved in a behavioral study until it had been maintained in the greenhouse

for at least two weeks after the soapy water flush collection date.

Behavioral Studies

A single mole cricket was placed individually into a 53 x 35.5 x 28 cm large plastic

container filled with 20 cm of Wando fine sand at 10% moisture.  Each container had

twenty-four 1/3-cm drainage holes around the perimeter of the bottom and moisture levels

were maintained by adding 15 ml of water to each container every other day.  A 46 x 30.5

cm piece of Bermudagrass Cynodon dactylon (L.) sod was placed on the soil surface in each

container and crickets were given at least 24 hours to acclimate to the treatment containers.

In total, ten replications were performed simultaneously, five treatment containers and five

control containers.  Each test was repeated within one week, so that each trial involved a

total of ten treatment replicates as well as ten control replicates.



46

2001-2002 Tests

The three treatments evaluated during the first year of the study were B. bassiana

strains DB-2 and 10-22 (JABB of the Carolinas, Pine Level, NC) and bifenthrin (Talstar

Flowable Insecticide/Miticide, FMC, Philadelphia, PA).  Control containers were treated

with an equal amount of water first to avoid conidial contamination.  Applications were

made to the surface of the soil after removing the sod using a hand-held spray bottle.  The B.

bassiana solutions were applied at the rate of 2x1012 spores/hectare and the Talstar was

applied at the rate of .1404g/m2, the higher rate recommended for control of late instar or

adult mole crickets.  Talstar treatments were applied on 2 and 7 Nov 2001; DB-2 strain

treatments were made on 24 and 31 Jan 2002; and 10-22 strain treatments were applied on

21 Feb and 7 Mar 2002.  Conditions in the greenhouse were made consistent by use of an

artificial light supplement.  After treatments were made, an additional 1.3 cm of 10%

moisture sandy soil was added on top of the sprayed layer and smoothed flat by hand.  The

Bermudagrass pieces of sod were returned to the surface of this newly added layer of soil,

thereby creating a treated layer that the crickets would have to travel through in order to

reach the soil surface.

After 24 hours, the sod was removed, observations of tunneling were made, digital

photos were taken, and new surface tunnels were measured.  Photos were taken from

approximately one meter above each container with a Sony Mavica digital camera (Model

No. MVC-FD91, Sony Corporation, New York, NY).  Each box was checked for the

presence of new surface tunneling after one day, whether the tunnels were vertical or

horizontal tunnels or a combination of both, and if tunneling occurred around the perimeter

of the box (“edging”).  Additionally, the location and status (alive or dead) of each cricket
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was determined.  Any obvious disruption to the smooth soil surface was categorized as new

surface tunneling.  Vertical tunnels appear as small holes descending into the soil profile,

while horizontal tunnels look like trenches on the surface of the soil (Fig. 1).  The area of

new surface tunneling was measured by running string along the length and width of the

tunnels and measuring the length of the string pieces, rather than filling the tunnels with

paraffin wax (Brandenburg et al. 2002), excavating the tunnels, and attempting to make

measurements of only the surface tunneling.  This paraffin wax method proved to be very

labor intensive and unacceptable.  Although death by B. bassiana mycosis usually occurs

after 3-4 days (Inglis et al. 1997), each box was searched until the cricket was found and

checked for mortality.  The location of the cricket, whether above or below the treated layer,

was noted.  For each of these tunneling features, if at least one occurrence was observed,

data were recorded as a “1”, and if absent a “0”.

2003 Tests

The tests performed during the second year replicated all treatments that were made

during 2001-2002, but added a commercially available strain of B. bassiana (BotaniGard

ES, Emerald Bioagriculture, Butte, MT), as well as the carriers of the two JABB strains

(DB-2 and 10-22) and BotaniGard.  All bifenthrin and B. bassiana strains were added at the

same rates as in the previous year’s tests, and the carriers were added in quantities

equivalent to that in the B. bassiana (with conidia) treatments.  Each bifenthrin, B. bassiana,

and carrier test was performed twice with five containers for each treatment and five control

(water) containers, for a total of ten replicates for each treatment (each with its own set of

controls).  DB-2 treatments were applied on 25 Feb and 10 Mar 2003; 10-22 treatments were

made on 18 and 31 Mar 2003; DB-2 and 10-22 carrier applications occurred on 14 and 29
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Apr 2003; Talstar treatments were applied on 12 and 18 May 2003; BotaniGard

applications were made on 27 May and 3 Jun 2003; and BotaniGard carrier treatments were

made on 17 and 20 Jul 2003.  The application of treatments, addition of new soil, and

observations for distinguishing surface tunneling characteristics after 24 hours all occurred

using the same methods as the 2001-2002 study.   A more efficient method of measuring the

area of surface tunneling was employed.  New surface tunnels were filled with DAP Kwik

Seal Plus Easy Caulk (Dap Inc., Baltimore, MD) and allowed to dry overnight (Fig.1).  The

use of caulk rather than paraffin wax to fill the surface tunnels eliminated the problems of

fragile castings and penetration into the vertical holes.  Caulk moldings were removed after

24 hours, traced, and measured.  Forty-eight hours after initial treatment (allowing 24 hours

for the caulk to dry), the containers were searched to determine the position of the mole

cricket and checked for mortality.

Statistical Analysis

For all treatments, the mean surface area of tunneling, as well as the percentage

occurrence of each behavior, were analyzed by factorial analysis of variance using the

General Linear Models Procedure and Least Square Means of SAS (PROC GLM,  SAS

Institute 2001). T-tests (P≤0.05) were used to calculate the least significant differences

(LSD) in surface area means and mean percentage occurrences of each tunneling feature.

Results

Although all tests were not performed simultaneously, each trial included its own set

of controls.  The mean area of surface tunnels and cumulative percentage occurrence of each

tunneling behavior for control containers only were compared by LSD to determine if

significant differences occurred in the controls between years or between trials within years.
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There were no significant differences between any of the nine control tests conducted either

in 2001-2002 and 2003 or between any of the trials within the two years (Table 1).

Therefore, the remaining treatments were compared to determine if any significant

differences between mean area of surface tunnels or tunneling behaviors existed.

Mortality

There was very little mortality observed in any treatment, with only Talstar (15%),

the carrier of DB-2/10-22 (10%), 10-22 (5%), and DB-2 (5%) showing any mortality at all.

There were no significant differences in mortality between any treatment (F= 1.69; df =

6,165; P = 0.1253).

New surface tunneling

The presence of new surface tunneling verified that the cricket had passed through

and come in contact with the treatment layer on the original soil surface.   All treatments had

some surface tunneling in at least 65% of the sprayed containers, with DB-2 having the least

and the water control, BotaniGard carrier, BotaniGard with conidia, and JABB carrier all

showing new surface tunneling in an average of 90% of the containers.    The mean presence

of new surface tunneling after 24 hours was not significant for any of the treatments (F=

1.50; df = 6,165; P = 0.1811).

The area of the new surface tunnels produced was significant (F= 3.76; df = 6,165; P

= 0.0016), with mean values for each set of ten replications varying from a low of 26.608

cm2 in the Talstar containers in 2003 to a high of 402.776 cm2 in the control containers

during the 2001-2002 tests (Table 2).  When data were combined for the two years, the only

treatments to show significantly less tunneling than the control were Talstar, DB-2, and
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the JABB carrier, while BotaniGard containers had significantly more surface tunneling

(Fig. 2).

Vertical and Horizontal Tunnels

The mean percentage occurrence of vertical tunnels that descended into the soil

profile varied from one treatment to the next (Fig. 3).  The DB-2 strain treated containers

showed significantly less mean occurrence of vertical tunnels (25%) compared to all other

treatments.  The 10-22 strain had the second smallest mean percentage occurrence of

vertical tunnels (60%), with only these two JABB strains showing significantly less vertical

tunneling than the control containers (F= 3.36; df = 6,165; P = 0.0038).  The occurrence of

horizontal tunneling ranged from 65% for Talstar to 90% in BotaniGard, BotaniGard

carrier, and the control containers, but there were no significant differences between any of

the treatments (F= 0.7221; df = 6,165; P = 0.7221).

Cricket in Top Layer

  Significantly more crickets were found in the top layer of containers sprayed with

Talstar or DB-2 (F= 4.05; df = 6,165; P = 0.0008).  There was a trend of similar behavior

observed in containers treated with BotaniGard, the JABB carrier, and 10-22, although none

of these treatments were significant (Fig. 4).

“Edging”

  There was significantly less “edging” in strain DB-2 and Talstar treated

containers (F= 7.07; df = 6,165; P < 0.0001).  Both carriers and BotaniGard did not differ

significantly from the control, but rather, showed an increased occurrence of tunneling along

the edge of the containers (Fig. 5).
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Discussion

In the B. bassiana treatments, death was not expected at 24 or 48 hours post

treatment since death by beauveriosis usually occurs 3-4 days after attachment of conidia to

the insect cuticle (Inglis et al. 1997).  It was therefore not surprising that there was very little

mortality observed in any treatment.  Based on the findings of new surface tunneling, it does

not appear that the crickets were able to detect any of the treatments to a degree strong

enough to deter surface tunneling completely as observed by Villani et al. (2002). Due to the

significant differences in mean area of surface tunneling, it appears that the tunneling

activity of the mole crickets was minimized by the presence of Talstar, DB-2, and the

JABB carrier.  The mean area of tunnels for the 10-22 strain was almost 50% of that of the

control and did not differ significantly from either the control or DB-2, suggesting that the

JABB carrier reduced the amount of tunneling.  With BotaniGard containers having

significantly more tunnels, but its carrier not differing from the control, it appears that the

reduction in activity of the mole cricket is not universal for all carrier formulations, and

could be influenced by specific strains of B. bassiana conidia.

In contrast to the presence and amount of new tunneling, the carrier alone did not

appear to impact behavior when measured by the other tunneling behaviors.  Less vertical

versus horizontal tunneling (Fig. 1) might indicate that once the cricket passed through the

conidia or bifenthrin, it chose to tunnel in the top 1.3 cm of new soil, rather than

continuously passing through the treatment to construct deeper tunnels.  A cricket being

found in the layer above the treatment would indicate the same behavioral response as the

minimized vertical tunneling.  Both of these tunneling features show that the cricket stayed
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above the treatment, rather than pass through the conidia, bifenthrin, or carrier multiple

times.

A common observation made when mole crickets are placed into a confined situation

is a large amount of tunneling continuous along the perimeter of the box, “edging”, as the

cricket is looking for an escape route (Fig. 1).  As treatments were made, the spray would be

slightly more concentrated (containing either B. bassiana conidia or bifenthrin) along the

perimeter of the box.  An absence or reduction of “edging” would indicate a behavioral

response to the treatment by the cricket, varying from its common behavior when in

confinement.  The JABB carrier again differed in this category in terms of cricket response

from the categories that measured the mean presence and area of new tunneling.

Data from these studies suggest that certain treatments for mole cricket control result

in modified behavior that indicates a repellency of the insect by the control agent.  The DB-2

strain from JABB of the Carolinas appeared to initiate the strongest reaction in the mole

crickets, including less frequency of tunneling, significantly less new surface tunneling,

vertical tunneling and “edging”, as well as a significantly higher occurrence of crickets

remaining above the treated layer.  Although none of the treatments were significant in

preventing all tunneling, these results suggest that the crickets modify their behavior when

detecting the DB-2 strain in ways that may minimize contact with the conidia.  Both

Talstar and the 10-22 strain showed some tendencies of the crickets to respond in the same

manner as with DB-2, but neither treatment was significant in every category examined.

Talstar showed the same significant differences as DB-2 with some very important

behaviors, including the top layer location of the cricket and less “edging”.  Because the

carrier formulations and BotaniGard did not provoke the same behavioral responses in the
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most important examinations of tunneling behavior, it can be concluded that the responses

are strain-specific for B. bassiana, with some strains resulting in dramatic deviations from

normal behavior, while others do not appear to influence mole cricket behavior at all.

The implications of these results for mole cricket control utilizing B. bassiana are

two-fold.  Minimizing surface activity and decreasing vertical tunneling, which can appear

as mounds on the ground surface, have important implications for lessening mole cricket

damage to turfgrass.  If specific strains of entomopathogenic fungi can reduce or inhibit

mole cricket movement in the soil, they may be useful for environmentally safe damage

reduction caused by soil insects.  Secondly, understanding mole cricket behavior in the soil

helps to explain why field studies using surface applied B. bassiana spores have resulted in

less than satisfactory control (Hertl and Brandenburg 1998), while subsurface applications

produce significantly reduced turf damage compared with an untreated control (Xia et al.

2000).  Masking agents and bait formulations should be explored with pathogenic strains of

entomogenous fungi that elicit avoidance responses to enhance the efficacy of the conidia.
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Table 1.  F values, degrees of freedom, and P values for control treatments in greenhouse

behavioral studies conducted in 2001-2002 and 2003 (N=90).

Behavioral Feature Year

F             df              P≤

Trial (Year)

F             df              P≤

Presence of Tunneling 0.00 1,81 1.00 0.60 7,81 0.7533

Surface Tunnel Area 1.63 1,81 0.2051 1.89 7,81 0.0810

Lateral Tunnels 1.21 1,81 0.2748 0.69 7,81 0.6795

Horizontal Trenches 0.04 1,81 0.8463 1.83 7,81 0.0923

Cricket in Top Layer 0.50 1,81 0.4815 1.83 7,81 0.3894

“Edging” 0.55 1,81 0.4623 1.99 7,81 0.0668
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Table 2.  Mean area (cm2) of surface tunnels produced after 24 hours by adult mole crickets

in response to different treatments in greenhouse behavioral studies conducted in 2001-2002

and 2003 (N=10).

Treatment 2001-2002 2003

Talstar
Control

54.320
98.717

26.608
166.843

DB-2
Control

74.462
259.188

47.909
189.872

10-22
Control

118.397
402.776

84.648
126.502

JABB Carrier
Control

--
--

79.817
113.705

BotaniGard
Control

--
--

339.250
251.911

BotaniGard Carrier
Control

--
--

204.541
281.869
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Figure 1.  Sample control container, filled with caulk, showing horizontal tunnels (A),

vertical tunnels (B), and "edging" (C).
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Figure 2.  Mean area of surface tunnels produced after 24 hours by adult mole crickets in

response to different treatments in greenhouse behavioral studies conducted in 2001-2002

and 2003 (data combined for both years);  means with the same letter do not differ

significantly (LSD multiple comparisons test, P≤ 0.05, SAS Institute, 2001).
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Figure 3.  Mean percentage occurrence of vertical tunnels produced by adult mole crickets in

response to different treatments in greenhouse behavioral studies conducted in 2001-2002

and 2003 (data combined for both years);  means with the same letter do not differ

significantly (LSD multiple comparisons test, P ≤ 0.05, SAS Institute, 2001).
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Figure 4.  Mean percentage occurrence of adult mole crickets remaining in soil above treated

layer in greenhouse behavioral studies conducted in 2001-2002 and 2003 (data combined for

both years);  means with the same letter do not differ significantly (LSD multiple

comparisons test, P≤ 0.05, SAS Institute, 2001).
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Figure 5.  Mean percentage occurrence of crickets tunneling along the container edges in

response to different treatments in greenhouse behavioral studies conducted in 2001-2002

and 2003 (data combined for both years); means with the same letter do not differ

significantly (LSD multiple comparisons test, P≤  0.05, SAS Institute, 2001).
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Abstract

Greenhouse and field studies were conducted to determine the persistence of

Beauveria bassiana conidia when applied in an emulsified oil formulation to turfgrass.

Conidial viability of three different strains of B. bassiana was determined by washing

conidia from the turfgrass, exposing the conidial solution to a two-component nucleic acid

strain, and examining the conidia with fluorescence microscopy.  Data from the field studies

show significant strain differences in performance over time as measured by mean

percentage conidial viability.  Two B. bassiana strains, DB-2 and 10-22, exhibited

significantly higher levels of viability compared to BotaniGard, a commercially available

strain.  All three isolates showed some viability in two different field sites after a month of

exposure to high temperatures and UV light.    A topical bioassay exposed nymphal

Scapteriscus mole crickets to different rates of each of the three strains of this fungus.  There

was significant variation in the survival functions for mole crickets exposed to the fourteen

different treatments (four rates of each of the three strains plus two control treatments).

BotaniGard exhibited the greatest effect on mole cricket mortality during the first two weeks

after treatment, with DB-2 having the second greatest effect, and 10-22 the least.  Results

from these studies indicate a need for further evaluation of the environmental conditions that

affect conidial viability in turfgrass and emphasize the importance of appropriate strain

selection to maximize efficacy.

KEY WORDS:  Beauveria bassiana, Scapteriscus, turfgrass, fluorescence microscopy,

topical bioassay
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Introduction

Control of mole crickets, serious pests of turf and pasture grasses in the southeastern

U.S. (Walker and Ngo 1982), is usually accomplished through the use of chemical

insecticides.  The severe damage that can result from even a relatively small population of

mole crickets is intolerable in turfgrass.  Many turfgrass areas are in close proximity to

sensitive locales, such as irrigation lakes, wildlife, and residential homes and are also

frequently used by humans for recreation.  Due to the subterranean nature of these pests,

higher levels and repeated applications of insecticides are often necessary to minimize or

eliminate signs of damage (Xia et al. 2000).  Recently, public concern over the deleterious

effects of pesticides has resulted in the search for more environmentally safe control options,

such as microbial agents (Goettel et al. 1995).

One such agent is the naturally occurring soil fungus, Beauveria bassiana (Balsamo)

Vuillemin, which is pathogenic to over 200 species of insects (Feng et al. 1994).  Much of

the success of this entomopathogenic fungus relies on its persistence in the

microenvironment in which the pest is found and adequate host targeting by a specific strain

(Inglis et al. 1997a).  Host infection and dispersal in the field are primarily accomplished by

the conidia (Firstencel et al. 1990).

Persistence of conidia in the environment is influenced by many environmental

factors including water availability, temperature (Inglis et al. 1997b, Hallsworth and Magan

1999), UV light, and toxicity of the host plant or insect cuticle (Ingold 1971, St. Leger

1989).  The standard method for determining conidial viability is to plate the spores on a

growth medium, such as water or potato dextrose agar, incubate under ideal conditions for

up to 24 hours, and assess the conidia for percent germination (Schading et al. 1995).  There
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are many limitations and problems with this technique including: a) the inability to

differentiate between non-viable and non-germinated conidia; b)  lack of understanding for

the time required for maximum germination to occur on the agar plates; c) difficulty and

inaccuracy in determining germinating conidia due to coverage of non-germinated conidia

by hyphae of those germinating; d) effects of various substrates on germination potential;

and e) time and expense required to count multiple replications of sample agar plates

(Firstencel et al. 1990, Schading et al. 1995).

An alternate, faster, and accurate technique for measuring conidial viability utilizes

fluorescence microscopy (Firstencel et al. 1990, Schading et al. 1995).  Various fungi,

including Entomophaga maimaiga Humber, Shimazu, & Soper, Zoophthora radicans

(Brefeld) Batko (Firstencel et al. 1990), Paecilomyces fumosoroseus (Wize) Brown &

Smith, and B.  bassiana (Schading et al. 1995) have been evaluated using this method.

Conidia are exposed to fluorochromes, such as propidium iodide (PI), which are indicators

of viable or nonviable cells (Firstencel et al. 1990).  PI is an indicator of nonviable conidia

since it can only penetrate and invade the RNA and DNA of cells with damaged membranes.

The stained components of the cell fluoresce red when excited by blue light in the

wavelength 450-490 nm.  We utilized a two component staining mixture that includes PI and

SYTO fluorescent nucleic acid stain (Molecular Probes, Eugene, OR), which was used to

identify viable cells, staining them yellow-green when exposed to the same wavelength of

blue light.  No studies have been conducting utilizing this technique for determining

viability of fungal spores over time when applied to turfgrass.  One of the objectives of our

study was to evaluate the viability of three strains of B. bassiana conidia when applied to

turfgrass in a liquid oil formulation.
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 Mortality caused by B. bassiana results when the conidia attach to the cuticle,

germinate into the hemocoel, deplete hemocoel nutrients, and produce toxemia within the

target insect (Jaronski and Goettel 1997).  Different genotypes of B. bassiana exhibit

varying degrees of pathogenicity towards various host insects (Jaronski and Goettel 1997).

It is commonly accepted that a specific strain of the fungus will be most virulent against its

original host or other closely related species (Xu 1988).  The second objective of our study

was to determine if differences in efficacy exist between strains of B. bassiana that were

originally isolated from different hosts or locations.  We evaluated the efficacy of three

strains of B. bassiana in a laboratory topical bioassay through mortality rates.  Nymphal

mole crickets were directly exposed to B. bassiana solutions and then examined daily for

mortality.  Both persistence in the field until contact occurs and toxicity towards mole

crickets are factors that determine if these strains to have potential as biological control

agents of mole crickets.

Materials and Methods

Propagation of Fungal Isolates

Two strains of B. bassiana in this study, DB-2 and 10-22, were isolated, propagated,

and formulated by JABB of the Carolinas (Pine Level, NC).  DB-2 was originally obtained

from darkling beetles in poultry houses in North Carolina (Apuya et al. 1994), while 10-22

was isolated from soil at the Iowa State University Research Farm, Ankeny, Iowa (Pingel

and Lewis 1996).  Both strains were propagated on a solid substrate and formulated in an

emulsified oil carrier.  The third strain of B. bassiana, GHA formulated as BotaniGard ES,

was obtained from Emerald Bioagriculture Corporation (Butte, MT).
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Application of Fungal Conidia to Turfgrass

2002 Tests

The preliminary study that was conducted to verify technique for analyzing samples

of treated turfgrass that were held in a greenhouse on the campus of North Carolina State

University (Raleigh, NC) during the month of June (treatments were made on 31 May).

Fifteen rectangular plastic containers (31.75 x 19.0 x 11.4 cm) with bottom drainage holes

were filled with 3 cm (1330 grams) of sandy soil (10% moisture) obtained from The Lakes

Country Club (Boiling Springs Lakes, NC) and 30.5 x 15 cm pieces of Bermudagrass

Cynodon dactylon ( L.) sod were added to each container.  The soil was classified as Kureb

fine sand (HM= 0.12%, pH= 4.7, CEC= 0.6).  The surface of the sod was sprayed with

either B. bassiana strain DB-2 or 10-22 at the rate of 2x1012 conidia/hectare.  All

applications were made with a hand held spray bottle.  Five containers were sprayed with

each strain, and the remaining five containers were sprayed with an equivalent amount of

water.  To eliminate contamination by the spray bottle, the water in the control containers

was applied before the conidial treatments.  The control boxes were established to examine

the viability of any naturally occurring conidia that may have been present in the collected

soil.  All boxes had an additional 250 ml of water added to wash the conidia onto the soil

surface, and equal amounts of water were added daily to each container.   The five

containers used for each treatment represented each day that the conidial viability was

examined (each treatment had a container for days 0, 7, 14, 21 and 28) since a given box

was no longer available after it had been examined.

A field study to evaluate the persistence of B. bassiana conidia on turfgrass was also

conducted in 2002 on a fairway at Sea Trails Plantation (Sunset Beach, NC).   Three 3 x 3 m
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plots, one for each strain as well as a control plot, were set up on the Bermudagrass fairway

of hole #7 on the Jones course on 6 Aug 2002.  The control plot was necessary to examine

the background population of B .bassiana conidia present in the soil.  Applications of strains

DB-2 and 10-22 at the rate of 2x1012 conidia/hectare were made using a C02-powered

backpack sprayer with an 8003 flat-fanned nozzle at 2.8 kg/cm2 (Reddick Equipment Co.,

Williamston, NC).  An equivalent amount of water was added to the control plot using the

same sprayer (the water was applied to the control plot first to avoid contamination by the

conidia treatments).  Golf course irrigation provided approximately 1.3 cm of water to the

plots later that same day and all plots were irrigated with the same amount of water every

other day throughout the course of the study.  Soil from these plots was classified as

Foreston fine sand (HM= 0.86%, pH= 3.9, CEC= 4.6).

2003 Tests

Twelve 1.5 x 1.5 m plots were established in a T-10 Bermudagrass field at Tri-State

Sod Farm (Newton Grove, NC) on the morning of 10 Jun 2003.  Three plots each were

sprayed with the three strains of B. bassiana (DB-2 strain, 10-22 strain, and BotaniGard ES)

at the rate of 2x1012 conidia/hectare and the remaining three plots served as controls.    All

applications were made using the same equipment and technique as in the 2002 field study.

A heavy rain occurred the evening after the applications were made, and irrigation was

applied as needed throughout the course of the study.  However, unseasonably wet weather

occurred during the first two weeks of the study and the first irrigation was not made until

day 13 after treatment.  Soil from these plots was classified as Wagram loamy sand (HM=

0.41%, pH= 4.9, CEC= 5.8).
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Conidial Suspension Preparation

The sod from each container in the greenhouse study was divided and cut into three

sections (approximately 15 x 10 cm each).  The cut piece of sod and the corresponding soil

beneath it was used in the preparation of the conidial suspension.  For both field studies, 10

cm cup cutter samples (Lesco, Rocky River, OH) were taken from the treated and control

plots and used for the conidial suspension.  For the 2002 field study, three samples were

taken from each treatment plot and served as the three replications, while in the 2003 study,

one sample was taken from each of the three plots per treatment and served as the three

replications.  Each cup cutter sample included the Bermudagrass sod, thatch, and the top 3

cm of soil.  The turfgrass samples were combined with 2 liters of water and 2 ml of a citrus

emulsifier in a one-gallon plastic jar with a twist-on lid and agitated vigorously for 2

minutes.  The liquid-turf solution was then filtered through a series of sieves in the order of

No. 12, 100, 170, 325, and 500 (Fisher Scientific, Atlanta, GA ).  The No. 500 sieve filtered

out all soil particles and living organisms larger than 25µm in size.

Viability Assessment using Fluorescence Microscopy

Molecular Probes Live/Dead BacLight Bacterial Viability kit L13152 (Eugene,

OR) was used to evaluate the viability of the conidia in the treatment suspensions. The kits

are composed of a two component staining mixture, the Molecular Probes SYTO green-

fluorescent nucleic acid stain and the red-fluorescent nucleic acid stain, propidium iodide

(Molecular Probes 2001).  Concentrations of the two components were used according to a

proprietary technique established by JABB of the Carolinas (2000).  New staining solutions

were made on each day of viability assessment and stored in aluminum foil-covered

containers until use to prevent light exposure.  Ten slides were examined for each replication
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(one replication for each treatment for the greenhouse samples and three replications for

each field sample) by combining 3.5 µl of the spore suspension and an equal amount of the

staining mixture together on a glass slide, stirring with a pipette tip, and covering with a 22 x

22 mm glass cover slip.  After 20 minutes in the dark, slides were analyzed at 400x

magnification using a Nikon Eclipse E600 Phase Contrast Scope outfitted with a Super

High Pressure Mercury Lamp (Nikon, Tokyo, Japan).  Viability was determined according

to Schading et al (1995).  Conidia that were stained green were considered viable and those

that stained red were counted as nonviable.  The first 100 conidia encountered on each slide

were evaluated and percentage viability was determined from these 100 conidia for each

slide.  For control slides, effort was made to count all the conidia present by making three

horizontal passes across each slide, although 100 conidia were never found on any given

slide.  Since B. bassiana is a naturally occurring soil fungus, all conidia found in the control

slides that were similar to the 1.5-4 µ size and the oval shape of B. bassiana were included

in the determination of the viability of the background population of this fungus in the soil.

Collection of Mole Crickets

Nymphal mole crickets were collected from Oyster Bay Golf Links (Sunset Beach,

NC) in Brunswick County on 29, 30 Jul and 6, 7 Aug 2003.  Crickets were flushed to the

surface using a soapy water flush consisting of a .4% solution of Joy brand liquid

dishwashing detergent in water (Short and Koehler 1979).    Once the crickets reached the

surface, they were rinsed in water to remove any soap residue.  All crickets were held

individually and maintained in native soil from the collection site at 10% moisture in a

climate-controlled laboratory on the campus of North Carolina State University (Raleigh,
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NC).  No cricket was involved in a topical bioassay until it had been maintained in the

laboratory for at least two weeks after the soapy water flush collection date.

Treatment of Mole Crickets with Fungus

Known numbers of conidia of the three strains of B. bassiana were mixed with 0.13

mg magnesium silicate clay (Microsorb 100 RBM, Englehard Corporation, Iselin, NJ) and

10 ml of sterile distilled water.  The mixture was agitated to formulate suspensions

consisting of 5 x 105, 5 x 106, 5 x 107, and 5 x 108 conidia.  Mole crickets were exposed to

the fungus by placing five crickets into a 11.0 cm Buchner funnel lined with filter paper

suspended over a 1000 ml Erlenmeyer flask and pouring 190 ml of sterile distilled water

mixed with the 10 ml clay and B. bassiana conidial suspension on top of them.   Crickets

were coated with the conidial mixture and after 30 seconds, the liquid was suctioned off by

vacuum (Castrillo and Brooks 1998).  Since the rates were adjusted for the five crickets,

each one was exposed to one of the following rates: 105, 106, 107, and 108 conidia.  Two sets

of controls were performed, one with 200 ml of sterile distilled water, and the other with 190

ml of sterile distilled water plus 10 ml of a sterile distilled water and 0.13 mg clay

suspension.  To eliminate spore contamination in the funnel, the water and water plus clay

controls were performed before the conidial treatments.  Each treatment was replicated three

times for a total number of 15 crickets per treatment.  All treatments were made on 20

August 2003.

After treatment, the mole crickets were place individually into 473 ml plastic

containers filled with 10% moisture Metro Mix (The Scotts Company, Marysville, OH), a

combination of perlite, vermiculite, peat moss, and sand.  Rather than placing the crickets

into native soil, Metro Mix was chosen because it is less abrasive and would not be as



74

likely to remove the conidia from the external cuticle of the crickets as they tunnel, since

conidial attachment is necessary for mycosis (Brandenburg and Villani 1995).  The Metro

Mix was autoclaved and all containers were sterilized prior to use in a 10% bleach solution

to eliminate cross contamination by other fungi or bacteria.   Earthworms were added as

food to containers as necessary throughout the observation period.   Crickets were checked

daily for mortality for 28 days.

Incubation of Cadavers

Dead mole crickets were removed from their Metro Mix filled containers with

sterile forceps, sterilized, and transferred to 118 ml Nalgene containers with plastic screw-

on lids.  Surface sterilization was performed by washing each dead cricket first in a 0.4%

hyamine solution and then through two other sterile distilled water washes.  Each incubation

container was equipped with an elevated screen that was made out of 2.5 cm thick slices of

3.81cm diameter PVC pipe topped with screen.  Placing the crickets on the screens rather

than directly into the containers allowed for a small layer of sterile distilled water to line the

containers in order to provide sufficient humidity for conidial germination (Hallsworth and

Magan 1999) without saturating the crickets and accelerating decomposition.  All Nalgene

containers and screens were sterilized in 10% bleach solution before use.  Containers were

sealed and placed in an incubator at 27 C° to allow for germination of the fungus

(Hallsworth and Magan 1999).  All insects were checked daily for first signs of fungal

bloom, appearing as a muscardine white fungus exiting the openings (mouth, anus, and

spiracles) and covering the cadaver (Jaronski and Goettel 1997).
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Statistical Analysis

For all strains and controls, the mean percentage conidial viabilities for the ten

samples in each replication were analyzed by factorial analysis of variance using the General

Linear Models Procedure of SAS (PROC GLM, SAS Institute 2001).  For both field

locations, comparisons between the mean viabilities of each strain on each date sampled

were made using the Tukey test (α = 0.05).  To determine mole cricket survival estimates

for each rate of all three strains and the two controls (water and clay), data were analyzed

using PROC LIFETEST (SAS Institute 2001).  PROC PHREG (SAS Institute 2001)

established the time until 25% of the crickets reached mortality (LT25) for each strain and

control at all rates tested.  PROC PHREG performs regression analysis of the data based on

the Cox proportional hazards model, which accounts for both censored (mole crickets that

were still living at day 28) and noncensored values (the day that dead mole crickets died).

Results and Discussion

Spore Viability

There were significant differences in the mean percentage conidial viability at the

three locations (greenhouse, Sea Trails Plantation, and Tri-State Sod Farm) (F= 187.62; df =

2,105; P < 0.0001).  This was expected since the environmental conditions at the three

different locations varied.  Water was carefully regulated in the greenhouse study by

measuring amounts that were added to each container daily, while the irrigation systems in

the field locations only provided approximate amounts of water as needed.  Containers in the

greenhouse were not subjected to other environmental conditions that may influence

conidial persistence including wind and traffic.  Soil tests revealed that there were also

considerable differences in percent humic matter, pH, and cation exchange capacity at the
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three sites, possibly impacting conidial viabilities in those soils.  There were no significant

differences between the replications performed for each of the two field sites (F= 0.85; df =

4,105; P = 0.4948), indicating consistency in application, persistence, and evaluation within

each site.  Additionally, there were significant differences between the strains across the

three locations (F= 22.20; df = 3,105; P < 0.0001) but the linear trends of decline in viability

for each strain and the control were similar across all sites (F= 1.42; df = 3,105; P = 0.2457).

Due to the differences between the locations, data were analyzed separately for the

field locations for all days that samples were taken to determine variances in strains.

Comparisons between strains for the greenhouse study could not be determined by Tukey’s

test since only one replication composed of ten samples was conducted for each strain plus

the control.  Location one (greenhouse) values for strains DB-2 and 10-22 show conidial

viabilities of 85.4 and 82.3%, respectively, at day zero decreasing to 16.8 and 18.1% twenty-

eight days after treatment (Fig. 1).  Background conidia were present in the soil collected

from The Lakes Country Club for this test, although in very small numbers.  The range of

the number of naturally occurring conidia in the control samples was between 1 to 73

conidia found on each slide, with most slides having between 20-40 conidia present.  The

viability for the background population of conidia present in the control containers in the

greenhouse test ranged from a low of 39.29% to a high of 57.2% (Fig. 1), but no conclusion

based on these values can be made confidently. The control values were based on the

number of conidia that were present on each slide, rather than examining the first hundred

conidia encountered as with the other samples.  No control slide examined ever contained

one hundred conidia that morphologically resembled the size and shape of B. bassiana and
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thus were classified as such.  Therefore, the percentages of conidial viability reported for

control containers or plots were based on small sample size counts.

Comparisons of mean percentage conidial viability were made at 1, 2, 3, 7 and 17

days after treatment (DAT) for location two (Sea Trails Plantation).  For day one, the only

significant difference was a lower percentage viability for the control plots in comparison to

the DB-2 and 10-22 strains (F= 63.61; df = 2,4; P = 0.0009).  Both DB-2 and 10-22 showed

viabilities greater than 60%, while only 43.363% of the background population of conidia in

the control plots were viable (Table 1; Fig. 2). The number of conidia found in the control

plot samples ranged from 3 to 48 conidia per slide.  Again, control values were determined

from very small sample sizes and comparisons between the strains and the controls should

be made cautiously.  There were no significant differences two DAT for any of the

treatments (F= 3.08; df = 2,2; P = 0.2452).  The 10-22 strain showed little decline in

viability from day one to day two but the DB-2 strain declined an average of almost 9% in

one day (Table 1; Fig. 2).  DB-2 was significantly less viable compared to 10-22 when

examined three DAT (F= 8.11; df = 2,4; P = 0.0391) (Table 1).  Both of these strains

showed decreases in viability of almost 9% from day two to day three, indicating a

consistent trend of mortality for DB-2.  There were no significant differences in viability at

7 DAT for either strain (F= 2.72; df = 2,4; P = 0.1793).  Additionally, no differences in

viability between the two strains were significant 17 DAT, although both were significantly

less viable than those conidia found in the control plots (F= 78.10; df = 2,4; P = 0.0006)

(Table 1).  It appears that the spores found in the control plots were consistently viable

approximately 45% of the time (Fig. 2), indicating that B. bassiana is naturally occurring at

this site, and although in very small numbers, the conidia have potential to persist in this
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micro-environment.  Because the number of conidia found in the control plots was always

very small, the effect of naturally occurring conidia on the viabilities in the treated plots is

negligible.  On all days examined, except for day three, the two JABB strains did not

perform significantly different from one another but the DB-2 strain was numerically less

viable than 10-22 (Fig. 2) for this location on all days evaluated.

Comparisons of mean percentage conidial viability for both JABB strains and

BotaniGard were made at 1, 3, 7, 14, 21 and 28 DAT for location three (Tri-State Sod

Farm).  On day one, the conidia from the BotaniGard and control plots were significantly

less viable than the DB-2 and 10-22 plots (F= 37.84; df = 3,6; P = 0.0003), both of which

again averaged near 60% (Table 2).  By three DAT, all strains and control plots showed

viabilities ranging from 33 to 47%, differences which were not significant for any treatment

(F= 4.61; df = 3,6; P = 0.0533) (Table 2).  DB-2 showed a decline in viability of greater

than 15% from one to three DAT, similar to the trend seen at location two during the first

three days of the study (Figs. 2 and 3). 10-22 also exhibited a decline in viability that closely

matched that seen during the same time frame at Sea Trails Plantation (Figs. 2 and 3). Again

at day seven, conidia in BotaniGard were significantly less viable than both JABB strains

(F= 17.92; df = 3,6; P = 0.0021).  Day seven of evaluation showed a change in the observed

trends (Fig. 3), with DB-2 having a numerically higher mean percentage conidial viability

compared to strain 10-22.    The percentage viability for DB-2 was actually greater at day

seven than at day three after treatment (Fig. 3), which accounts for the increase over 10-22.

Exactly why the viability increased in these four days for strain DB-2 is difficult to

determine, but this time period was unseasonably wet and cool, which may help to account

for the lack of conidial mortality.  Nevertheless, the difference between these two strains
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was still not significant on this date.  Once again at 14 DAT, BotaniGard was significantly

less viable than both JABB strains (F= 23.86; df = 3,6; P = 0.001) (Table 2), which did not

differ from one another.  The percentage viability for strains DB-2 and 10-22 for this

location at day 14 were similar in value to that observed at day 17 for location one.  At this

point, all three treatments showed viabilities significantly less than the background

population conidia found in the control plots (Table 2).  The number of background spores

found in the control plots ranged from 1 to 29 conidia per slide for this location.  Although

any naturally occurring population of conidia would be present in the treatment plots as well

as the control plots, the small number of spores would not have a great impact on the

treatment values.  There were no significant differences between any of the three strains at

day 21 or 28, except the control plot conidia were significantly greater than all treatments

(F= 23.86; df = 3,6; P = 0.001; F= 109.33; df = 3,6; P < 0.0001) (Table 2).  Similar to the

trends seen at location two, strain 10-22 was numerically higher in mean percentage conidial

viability than DB-2 at all dates except 7 and 14 DAT (which were almost equivalent).  Both

of these JABB strains were able to persist in the environment longer than BotaniGard,

significantly greater at 1, 7, and 14 DAT.  Overall, it appears that the conidia in strain 10-22

were more viable than DB-2 and BotaniGard, with BotaniGard showing significantly less

viability on several dates.  Control plots contained conidia that remained 32 – 57% viable at

both field locations and in the greenhouse.

Many studies have attempted to show a correlation between high temperatures and

reductions in spore viability (Inglis et al. 1996, Inglis et al. 1997b, Hallsworth and Magan

1999) but the technique used to determine viability in these studies has serious limitations.

Using a nucleic acid staining mixture in conjunction with fluorescence microscopy in our
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studies indicate that the life and persistence of B. bassiana in turfgrass is longer than one

might expect.   By maintaining viability after a month of exposure to high temperatures and

UV exposure, B. bassiana shows promise as a potential inoculative biological control agent

for soil dwelling turfgrass pests like mole crickets.

Topical Bioassay

In all treatments, except strain 10-22 at 105 conidia per cricket, the mean mole

cricket survival time was less than either control treatments (water and clay) (Fig. 4).  Many

of these means are not reflective of the time intervals in which crickets actually died but

instead are relatively large since they take into account all censored values in those cases

when the crickets survived the entire test period.  The only mean survival time that was

noticeably less than all other treatments was BotaniGard at 108 conidia per cricket (Fig. 4),

indicating a shorter time until death for the high rate of this strain.  Every treatment had live

crickets remaining at the conclusion of the test (Table 3).  The two treatments with the

greatest cumulative percentage mortality, 80%, were DB-2 and BotaniGard at the highest

rate tested, 108 conidia per cricket (Table 3).  Strain 10-22 supported the trend that the

highest dose results in the highest overall percentage mortality (Table 3).

Since there were censored values in all treatments, the exact lifetime of those mole

crickets is unknown.  Therefore, it was necessary to analyze data by a method that accounts

for these crickets that did not die.  Two such tests for homogeneity of survival functions

based on comparisons of the survival curves (Figs. 5-8) are the Savage (log-rank test) and

the Wilcoxon tests (SAS User’s Guide, 2001).  There were significant differences in the

survivorship curves for all fourteen treatments (Log-rank: χ2 = 31.8286; df = 13 P< 0.0025;

Wilcoxon: χ2 = 30.4303; df = 13; P< 0.0041).
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 For the 105 rate, BotaniGard showed the most mortality during the first few days

after treatment (Fig. 5), a critical time period for mycosis.  All three strains at this rate

indicated a leveling off in mortality by day seven, with additional deaths observed after two

and a half weeks (Fig. 5).  There were less observable differences in the survivorship curves

at 106 conidia per cricket, but again BotaniGard showed the biggest decrease in the number

of living crickets initially in the observation period (Fig. 6).   DB-2 had the second largest

decline and 10-22 showed the least number of crickets dying immediately after treatment

(Fig. 6).  Both rates of 107 and 108 conidia per cricket supported the same trend of

BotaniGard having the most, DB-2 second most, and 10-22 the least mortality during the

time period during which B. bassiana spores should attach and penetrate the cuticle (Figs. 8

and 9).  107  DB-2 conidia per cricket exhibited a greater overall effect on mole cricket

survivorship than BotaniGard at this same rate (Fig. 7), although not immediately after

treatment.  The highest rate of application for all three strains had consistent effects on

mortality shown by continuous gradual decreases in the number of living crickets during the

entire test period (Fig. 8).   Only DB-2 exhibited two periods where there was no new

mortality as seen with all strains at the other lower application doses.

Based on data from the spore viability tests, it is entirely possible that conidia

remained present and viable in the holding containers, causing mortality after the initial 3-4

days that is required for the spores to attach, penetrate, and cause death in the insects (Inglis

et al. 1997a). Mortality that occurred anytime after the first two weeks of observation can

not be attributed to beauveriosis since both control containers had four out of five of their

total deaths occur on day 16 or thereafter.  Additionally, there was no presence of fungal

bloom in incubated cadavers who died anytime later than the first two weeks after treatment.
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The time that it took for each treatment group to reach 25% mortality provides

insight on the specific rates of each strain that have the greatest effects on mole crickets.

The highest rate of BotaniGard only took 4 days to cause death in a quarter of the treatments

while the lowest rate of 10-22 did not reach its LT25 until day 27 (Fig. 9).  The treatments

that appeared to have the most significant effect on mole crickets as measured by timely

deaths were BotaniGard at105 and 108, DB-2 at 106 and 108, and 10-22 at 107 and 108 conidia

per cricket (Fig. 9).  From these results, it appears that higher rates of B. bassiana are more

efficacious against mole crickets regardless of the strain.  Again, this analysis shows that

exposure to BotaniGard will result in the most immediate mortality.

Disease resistance in insects can be attributed to resistance prior to pathogen entry,

resistance to cuticle penetration, and/or resistance to disease establishment after entry into

the host (St. Leger 1990).  Resistance that occurs prior to entry can be a result of

unfavorable cuticular surface features, lack of essential features on the cuticle, or chemical

inhibitors of pre-penetration growth (St. Leger 1990).  Essential components for spore

attachment to the cuticle are available water (Willmer 1986), nutrients (Hunt et al. 1984),

and recognition factors (Pekrul and Grula 1979, St. Leger 1990).  The ability of different

isolates to utilize available nutrients on the cuticle surface (St. Leger 1990) and recognize

important chemicals in surface cells (Pekrul and Grula 1979) can result in differences in

pathogenicity.  Since neither DB-2 nor 10-22 originated in mole crickets or another closely

related species, it is possible that they are unable to recognize mole crickets as hosts or make

use of surface nutrients.  Both of these factors may explain the reduction in efficacy seen

with these two strains in comparison to BotaniGard.
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The results from these two studies have many implications for the use of B. bassiana

as an alternate method of control for mole crickets in turfgrass.  Proper assessment of spore

viability is critical in determining the potential for each strain to persist in the environment.

There were strain differences in viability at each field location, indicating that 10-22

remained viable longer than the other two strains.  BotaniGard exhibited the poorest survival

in turfgrass.  All three strains persisted for at least one month in the field and show potential

as inoculative agents for mole cricket control.  Variability in efficacy was exhibited in the

topical bioassay, with the strain that was originally isolated from grasshoppers (BotaniGard)

causing the greatest and most immediate mortality.  This supports the hypothesis presented

by Xu et al. (1988) that strains of B. bassiana isolated from the same host or a closely

related species will be the most efficacious for the targeted pest.  It is clear from these tests

that B. bassiana has the potential to remain viable in turfgrass and appropriately target mole

crickets, but strain selection is critical to maximize efficacy and persistence.
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Table 1.   Mean percentage spore viability at location 2 (Sea Trails Plantation, Sunset Beach,

NC) 1, 2, 3, 7, and 17 days after treatment (DAT).  Means followed by the same letter in

each column are not significantly different (Tukey’s test, α = 0.05, SAS Institute, 2001).

Strain 1 DAT 2 DAT 3 DAT 7 DAT 17 DAT

DB-2 62.833a 53.55a 44.633b 40.533a 27.933b

10-22 66.267a 63.65a 54.8a 46.5a 30.6b

Control 43.363b 54.5a 48.92ab 46.477a 46.183a
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Table 2.   Mean percentage spore viability at location 3 (Tri-State Sod Farm, Newton Grove,

NC) 1, 3, 7, 14, 21, and 28 days after treatment (DAT).  Means followed by the same letter

in each column are not significantly different (Tukey’s test, α = 0.05, SAS Institute, 2001).

Strain 1 DAT 3 DAT 7 DAT 14 DAT 21 DAT 28 DAT

DB-2 56.9a 41.2a 44.767a 28.8b 12.233b 8.033b

10-22 63.3a 47.567a 38.8ab 27.667b 15.933b 10.533b

BotaniGard

Control

40.4b

34.273b

33.033a

34.747a

29.733c

32.603bc

21.433c

36.05a

9.0b

39.567a

4.833b

34.173a
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Table 3.  Percentage mole cricket mortality (%M) for each B. bassiana strain at doses equal

to 105, 106, 107, and 108 conidia/cricket.

Strain No Dose

%M

105

%M

106

%M

107

%M

108

%M

DB-2 -- 46.7 40.0 46.7 80.0

10-22 -- 26.7 33.3 46.7 60.0

BotaniGard -- 46.7 40.0 26.7 80.0

Water Control 33.3 -- -- -- --

Clay Control 33.3 -- -- -- --
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Figure 1.  Mean percentage spore viability at location 1 (NCSU greenhouse, Raleigh, NC)

over time.
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Figure 2.  Mean percentage spore viability at location 2 (Sea Trails Plantation, Sunset

Beach, NC) over time.
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Figure 3.  Mean percentage spore viability at location 3 (Tri-State Sod Farm, Newton Grove,

NC) over time.
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Figure 4.  Mean survival time in days for mole crickets exposed to each strain of B. bassiana

at doses equal to 105, 106, 107, and 108 conidia/cricket.
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Figure 5.  Survivorship curves for mole crickets exposed to each strain of B. bassiana at a

dose equal to 105 conidia/cricket.
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Figure 6.  Survivorship curves for mole crickets exposed to each strain of B. bassiana at a

dose equal to 106 conidia/cricket.
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Figure 7.  Survivorship curves for mole crickets exposed to each strain of B. bassiana at a

dose equal to 107 conidia/cricket.
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Figure 8.  Survivorship curves for mole crickets exposed to each strain of B. bassiana at a

dose equal to 108 conidia/cricket.
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Figure 9.  Time to reach 25% mortality in mole crickets exposed to each strain of B.

bassiana at doses equal to 105, 106, 107, and 108 conidia/cricket.
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CONCLUSIONS

The need for alternate methods of insect control is evident as public concern over the

use of chemicals continues to increase.  The use of conventional insecticides in turfgrass

often exposes environmentally sensitive areas such as irrigation lakes, residential homes,

and wildlife to the possible deleterious effects of chemicals.  A more environmentally

friendly control agent is the entomopathogenic soil fungus, Beauveria bassiana. The success

of B. bassiana as a pathogen of mole crickets, a serious pest of turfgrass, depends on several

key factors.  The research conducted in the preceding sections addresses many of these

factors, which ultimately determine the fate of this fungus as a potential biological control

agent for mole crickets.  The three key issues that were examined were the evaluation of the

efficacy of various rates and strains, a measurement of the viability of the conidia when

applied to turfgrass, and the determination of the ability of the mole crickets to detect and

avoid contact with the conidia.

Appropriate host targeting is critical for the conidia to adhere and penetrate the insect

cuticle and eventually cause death by toxemia or depletion of hemolymph nutrients.  Results

of a topical bioassay reveal strain and rate differences that emphasize the importance of

choosing an inoculum that will be the most efficacious against the targeted insect.  The

highest rate of a strain originally isolated from grasshoppers (BotaniGard) produced the

greatest mole cricket mortality in the least amount of time.  These results support the

hypothesis that strains isolated from the same host insect or another closely related species

will be the most successful.  Isolating a strain found to infect mole crickets in the field

would be a key step in maximizing the efficacy of B. bassiana.
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The ability of the spores to remain viable in the environment in which the pest lives

is especially important when dealing with soil dwelling pests.  Since mole crickets spend

much of their time deep within the soil profile, it is a challenge to get control agents to reach

them.  Fungal spores must persist so that they remain infective when the crickets travel near

the surface for feeding.  Significant differences in viability were observed between the three

strains, with strains 10-22 and DB-2 performing better than BotaniGard.  All three strains

were able to persist for up to 28 days after application but at very low viabilities, suggesting

the need for repeated applications.  Determining the abiotic conditions that contribute to

spore mortality would allow us to make the most of spore persistence in the field.

The third influencing factor that was examined was the ability of the mole crickets to

detect and alter their behavior in order to avoid contact with the conidia.  Again, significant

behavioral differences were observed between the three strains as measured by amount of

new surface tunneling and other tunneling characteristics.  DB-2 was the most repellent

strain, although 10-22 evoked some significant changes in normal mole cricket behavior as

well.  There were no significant differences between BotaniGard and control containers

treated with water only.  Determining how exactly the crickets can detect the conidia will

help us in preventing spore recognition in the future.  Again, strain selection should be made

carefully in order to minimize these avoidance behaviors.

All three tests emphasize the need for careful strain selection for appropriate host

targeting, maximizing conidia persistence in the environment, and minimizing avoidance

behaviors.  There are many important issues that must still be examined if the potential of B.

bassiana for control of turfgrass pests is to be realized.  Since all studies indicated variation

between strains, it is possible that a strain that satisfies all critical conditions (viability in the
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field, efficacy towards mole crickets, and minimal avoidance behaviors) is found and

isolated.  The future of this fungus as a biological control agent for mole crickets depends on

the success of finding such a strain as well as determining the conditions that influence each

of these critical factors.


