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Abstract 
 
The efficacies of entomopathogenic fungal isolates are being evaluated for microbial biocontrol of tarnished plant bugs (Lygus 
lineolaris). Eight isolates of entomopathogenic fungi were compared for relative virulence to L. lineolaris adults. These isolates 
included the following: 1) two commercial Beauveria bassiana isolates used in the mycoinsecticides Mycotrol® (Emerald Bio-
Agriculture) and Naturalis-L® (Troy Biosciences) (B. bassiana ARSEF 6444 and ARSEF 3097, respectively); 2) an isolate of 
Metarhizium anisopliae (ARSEF 3540) selected for its demonstrated virulence to L. lineolaris; and 3) five isolates of B. bassi-
ana from L. lineolaris. One of the isolates from L. lineolaris (B. bassiana ARSEF 3769) was obtained in Arkansas and had pre-
viously been tested against L. lineolaris in field trials and the remaining four are new isolations from L. lineolaris in Missis-
sippi. Those isolates that were obtained from L. lineolaris were more virulent to L. lineolaris adults than the two commercial B. 
bassiana isolates and the M. anisopliae isolate on the basis of LT50 and LT90 values. In addition, L. lineolaris cadavers killed by 
isolates that were obtained from L. lineolaris sporulated more rapidly than cadavers killed by B. bassiana (ARSEF 6444). We 
evaluated survival of conidia from B. bassiana (ARSEF 6444) and this five isolates from L. lineolaris following exposure to 
simulated solar radiation. Although there were differences among these isolates regarding their tolerance to solar radiation, 
each of the isolates was rapidly inactivated by solar radiation. Novel formulation strategies were tested that used water soluble 
lignin derivatives as sunscreens for protecting spores from solar radiation. Beauveria bassiana spores (ARSEF 6444) were 
coated with water soluble lignin derivatives using spray drying techniques. Lignins were either cross-linked with calcium ions 
to reduce the water solubility of the coating or not cross-linked to produce a highly water soluble spore coating. Spores coated 
with cross-linked or non-cross linked lignin were suspended in either a water (0.04% Silwet L77) or oil (70% Shellsol OMS : 
30% cotton seed oil) carrier. Non coated spores suspended in water and oil carriers were used as controls. A greater percentage 
of spores survived exposure to solar radiation in those treatments where the spores remained coated when suspended in the car-
rier. The most infective formulation against L. lineolaris adults was non-coated spores suspended in water. Non-coated spores 
in oil, cross-linked lignin coated spores in water, non-cross linked lignin coated spores in water, and non-cross linked lignin 
coated spores in oil all demonstrated similar efficacy. The least infective formulation was cross-linked lignin coated spores in 
oil. These results indicate a potential for improving the efficacy of mycoinsecticides against L. lineolaris through isolate selec-
tion and formulations that improve their environmental persistence. 
 

Introduction 
 
In the southeastern cotton belt, L. lineolaris usually completes one or more generations on spring wild hosts before moving 
into cotton fields. (Robbins et al., 2000). In many cotton growing regions, wild host plants of L. lineolaris are restricted to a 
small percentage of the total land area due to the dominance of agricultural land in the region (Robbins et al., 2000). Studies 
have been conducted on the area-wide management of L. lineolaris through the destruction of wild host plants with 
herbicides and mowing with a goal of reducing the numbers of L. lineolaris moving from wild host plants into cotton 
(Snodgrass et al., 2000). Another potential approach would be to manage L. lineolaris populations in wild host plants with a 
microbial biocontrol agent. These control agents may be particularly well-suited to an area-wide management strategy in 
non-crop areas because of the potential to minimize environmental impacts, resistance development and preserve beneficial 
insects.  
 
Entomopathogenic fungi have contact infectivity providing them with an advantage over other microorganisms that require 
ingestion for infectivity, especially for controlling insects with piercing-sucking mouthparts, such as L. lineolaris. Several 
studies have evaluated the entomopathogenic fungus, B. bassiana as a microbial control agent of L. lineolaris and found 
mixed success. The majority of field trials against L. lineolaris have been conducted using the commercial isolate of B. 
bassiana (ARSEF 6444) formulated as Mycotrol® (Emerald BioAgriculture) (Brown et al., 1997; Noma and Strickler, 1999; 
2000; Steinkraus, 1996; Steinkraus and Tugwell, 1997), and one used B. bassiana (ARSEF 3097) formulated as Naturalis L® 
(Snodgrass and Elzen, 1994). Mycotrol® was effective in causing high mortality in L. lineolaris on cotton, but the time to kill 
was slow (Steinkraus, 1996; Brown et al., 1997). This slow kill time may be particularly significant since L. lineolaris has 
been shown to continue feeding and ovipositing following infection (Noma and Strickler, 2000). Imidacloprid has been 



shown to act synergistically with B. bassiana reducing the time to kill and increasing mortality (Brown et al., 1997; 
Steinkraus, 1996). For the purposes of controlling L. lineolaris populations in wild host plants, feeding damage prior to 
mortality may not be important, but female fecundity will be a critical factor in managing nondiapausing populations. In 
another study, Mycotrol® failed to consistently control L. hesperus in alfalfa seed plots, which may have been related to poor 
spray coverage as the plant canopy became more dense during the growing season (Noma and Strickler, 1999). Naturalis L® 
reduced populations of L. lineolaris adults and nymphs by 20 and 54%, respectively, but control was not sufficient to 
effectively manage populations within the cotton fields (Snodgrass and Elzen, 1994).  
 
In a laboratory study comparing the pathogenicity of 32 fungal isolates from the genera Beauveria, Verticillium, 
Paecilomyces, Metarhizium, Mariannaea, and Hirsutella, only three isolates were significantly more virulent than the 
commercial isolate used in Mycotrol® (B. bassiana ARSEF 6444), which included two B. bassiana isolates from foreign 
countries and one M. anisopliae isolate indigenous to the US (Liu, 2002). The first, and only reported, entomopathogenic 
fungus isolated from naturally infected L. lineolaris was B. bassiana (ARSEF 3769) from Arkansas (Steinkraus, 1996). It has 
demonstrated high virulence towards L. lineolaris in laboratory bioassays and caged field trials (Steinkraus, 1996; Steinkraus 
and Tugwell, 1997).  
 
For a mycoinsecticide to have practical application, it must be sufficiently virulent and have sufficient persistence under 
realistic environmental conditions. Formulations can greatly enhance the both the efficacy and persistence of mycoinsecticides 
under adverse environmental conditions. The most critical environmental factor related to virulence is availability of sufficient 
moisture for germination and infection. Application of mycoinsecticides in oil rather than water carriers enhances efficacy in 
arid climates (Bateman et al., 1993; Burgess, 1998). However, it remains to be seen if this enhanced efficacy extends to 
relatively moderate humidity conditions common in the eastern cotton growing regions of the US. 
 
The most important environmental stress factors that affect spore survival in the field are thermohydric stress and solar 
radiation. The effects of temperature on spore survival are greatly correlated with spore moisture, with drying generally 
improving thermal-stress tolerance and shelf-life (Hedgecock et al., 1995; McClatchie et al., 1994; Moore et al., 1997; Hong 
et al., 1997; 1998; 2000). Solar radiation (particularly UVB, 280-320 nm) may be the most damaging environmental factor 
for entompathogenic fungi (Ignoffo, 1992) and several formulation strategies have been employed over the years to protect 
entomopathogenic fungi from solar radiation with mixed success (Burgess, 1998). These strategies may be classified in the 
following generalized approaches: 1) oil-soluble sunscreens with oil-carriers (Hunt et al., 1994; Moore et al., 1993; Shah et 
al., 1998); 2) oil-water emulsions (Alves et al., 1998); 3) water-soluble or suspendable sunscreens with water carriers (Cohen 
et al., 1991, 2001; Ignoffo et al., 1991; Shapiro 1989, 1992; Shapiro et al., 1992; Shapiro and Robertson, 1990; Shasha et al., 
1998),  4) encapsulation in a sunscreen with low water solubility and suspension in water carriers (Behle, et al., 1996; Ignoffo 
et al., 1991; McGuire and Shasha, 1995; 1996; McGuire et al., 1990, 1994, 1996; Shasha and Dunkle, 1989; Shasha and 
McGuire, 1989; Shasha et al., 1998; Tamez-Guerra, et al., 2000 a,b), and 5) encapsulation in a water soluble sunscreen and 
suspension in oil (Leland, 2001). Oil carriers sprayed at ultra-low volume (ULV) are generally more appropriate than water 
carriers applied at high volume (HV) for controlling insects over large area natural areas (Bateman et al., 1993; Burgess, 
1998). New approaches to formulating entomopathogenic fungi for application in oil carriers are needed because oil soluble 
sunscreens, although promising in lab trials, have generally failed to protect spores under realistic environmental conditions 
(Burgess, 1998; Inglis et al., 1995) 
 

Materials and Methods 
 
Obtaining New Isolates 
New isolates were obtained from geographically distinct areas within Washington County, MS in 2002 by placing sporulat-
ing cadavers from field collected insects on Beauveria selective media (Chase et al., 1986). Colonies that grew on Beauveria 
selective media were transferred to Sabouraud dextrose agar plus yeast (SDAY) for production of inocula (Goettel and Inglis, 
1997). Colonies were scraped from the surface of SDAY media, suspended in 0.04% Tween 80, filtered through cheese cloth 
to separate spores from mycelia, and stored at -80 °C in 15% glycerol. Multiple, 1 mL aliquots were made to serve as consis-
tent sources of inocula for future experiments. 
 
Relative Virulence of Isolates 
Two bioassays were used to evaluate the relative virulence of fungal isolates. The first bioassay compared the following iso-
lates of B. bassiana ARSEF 6444 (Mycotrol®), ARSEF 3097 (Naturalis-L®), ARSEF 3769, New Isolate 1, and New Isolate 2, 
and M. anisopliae (ARSEF 3540). Each of these isolates was applied at four concentrations (1 x 108, 1x107, 1x106 and 1x105 
spores/mL) to three replicates of 15 insects per replicate. The second bioassay compared the following isolates of B. bassiana 
ARSEF 6444 (Mycotrol®), ARSEF 3769, and New Isolates 1, 2, 3, and 4 at a single concentration of 1 x 107 spores/mL to 
three replicates of 20 insects per replicate. Adult L. lineolaris were collected as adults from wild host plants in Washington 



Co., MS, fed green beans, Phaseolus vulgaris L. and incubated at 26.6 °C, with a photoperiod of 14/10 (light/dark) for 48 hr 
prior to use. For the first isolate bioassay, L. lineolaris were collect from pigweed (Amaranthus spp.)at a single site on Octo-
ber 9, 2002. For the second isolate bioassay, L. lineolaris adults were collected from pigweed, smart weed (Polygonum pen-
sylvanicum) and a mix of pigweed and golden rod (Solidago altissima L.) at multiple sites on November 15, 2002. The effect 
of collection site was blocked within each replicate. Following 48 hr incubation, adults were transferred to 100 mm Petri 
dishes containing moist Whatman #1 filter paper for treatment. Insects were treated by applying 1 mL of spore suspensions to 
replicate groups of insects contained in Petri dishes using a Potter spray tower. The Potter spray tower was calibrated to en-
sure consistent treatment to each replicate by spraying 1 mL spore suspensions at 1 x 107 spores/mL onto 4.8 cm2 plastic 
cover slips, then folding these cover slips into 1.5 mL Eppendorf microcentifuge tubes, resuspending the spores in 0.04% 
Silwet L77 and determining spore concentrations by hemacytomer. Using this calibration method 1 mL of 1 x 107 spores per 
mL was equal to 6.9 (± 1.8) x 104 spores/cm2. After treatment, insects were delivered to individual 30 mL medicine cups with 
screened lids containing broccoli florets. Insects were incubated at 26.6 °C, 80% relative humidity, with a photoperiod of 
14/10 light/dark; mortality was determined daily and broccoli was changed at 48 hr intervals. 
 
Solar Simulation 
Two solar simulation experiments were conducted to evaluate the survival of B. bassiana following exposure to simulated so-
lar radation. The first compared the survival of spores from B. bassiana isolates ARSEF 6444, ARSEF 3769, and New Iso-
lates 1, 2, 3, and 4. The second compared survival of B. bassiana (ARSEF 6444) spores in the following six formulations: 1) 
non-coated spores in 0.04% Silwet L77; 2) non-coated spores in oil (70% Shellsol OMS:30% cotton seed oil); 3) non-cross 
linked lignin coated spores in 0.04% Silwet L77; 4) non-cross linked lignin coated spores in oil; 5) cross-linked lignin coated 
spores in 0.04% Silwet L77; and 6) cross-linked lignin coated spores in oil. Spore suspensions (10 mL of 1x107 spores/mL) 
were deposited onto nylon membrane filters (Magna, 0.45 µm pore size, 47 mm diameter) by vacuum filtration (Advantec 
MFS, Inc.). In experiments evaluating relative tolerance of fungal isolates, membrane filters were exposed to 0, 0.5, 1.0, 2.0, 
and 4.0 hr of simulated sunlight (13.8 ± 0.2 mW/cm2) (Thermo Oriel Model 91193 Solar Simulator with Air Mass 1.5 Global 
Filter) and three subsamples per exposure time. In experiments evaluating relative tolerance of formulated spores, membrane 
filters were exposed to 1.0, 2.0, 4.0, 8.0 hr and 16 hr of simulated sunlight at a power density of (14.1 ± 0.1 mW/cm2) and 
three subsamples per exposure time. After exposure, spores were suspended in 2 mL of 0.04% Tween 80 and 100 mL ali-
quots were spread on two 60 mm Petri dishes containing germination agar (20 g/L malt extract; 15 g/L agar; 0.02 g/L Benlate 
50WP; 0.2 g/L chloramphenicol; 200,000 units penicillin/L; 0.2 g/L streptomycin). Spores on the first plate were killed after 
24 hr incubation and after 72 hr incubation on the second plate with lactophenol acid fuschin mounting media. Glass cover 
slips were pressed into the agar and percent spore germination was determined by observing 200 spores per treatment at 1000 
x magnification. 
 
Relative Infectivity of Spores in Six Formulations 
A bioassay was conducted to evaluate the relative efficacy of the six formulations of B. bassiana (ARSEF 6444, Emerald 
BioAgriculture) described in the above subsection “Solar Simulation”. Spore were applied in 1 mL of water at concentrations 
of 1 x 108, 1 x 107, 1 x 106 and 1 x 105 viable spores/mL or in 250 µL of oil at concentrations of 4 x 108, 4 x 107, 4 x 106 and 4 
x 105 viable spores/mL. The lower volume of oil (250 µL) was used to reduce potential toxic effects of the oil carrier and bet-
ter simulate ULV application. For the formulation bioassay, L. lineolaris adults were collected from marestail (Conyza cana-
densis) at a single site on September 10, 2002. Adults were treated and incubated using the conditions described above for 
bioassays on fungal isolates. 
 

Results 
 

Relative Virulence of New Isolates 
The six fungal isolates tested in the first bioassay caused a wide variety of L. lineolaris mortality (Figure 1). LC50 values were 
difficult to estimate accurately from this data and therefore LT50 values, LT90 values, and final percent mortality at the two 
highest concentrations (1 x 107 and 1x108) spores/mL were used to compare to the relative virulence of the six isolates (Table 
1). Two of the isolates from L. lineolaris (B. bassiana ARSEF 3769 and New Isolate 1) were the most virulent isolates on the 
bases of LT50 values at 1 x 107 spores/mL and LT90 values at 1 x 107 and 1 x 108 spores/mL. The commercial isolate B. bassi-
ana (ARSEF 3097) was the least virulent isolate at the highest concentration (1 x 108 spores/mL) based on LT50 values. The 
only significant differences in percent mortality at 8 d post inoculation were that B. bassiana (ARSEF 3769) caused greater 
mortality than both B. bassiana (ARSEF 3097) and M. anisopliae (ARSEF 3540) at 1 x 107 spores/mL. 

 
The six isolates compared in the second isolate bioassay caused a variety of mortality in L. lineolaris adults (Figure 2) and 
could be discerned on the basis of LT50 values and final percent mortality (Table 2).  Those isolates from L. lineolaris were 
significantly more virulent than the commercial isolate (B. bassiana ARSEF 6444) on the bases of LT50 and LT90 values, and 
final percent mortality (New Isolate 1 was only more virulent based on LT90 values). Isolates from L. lineolaris had LT50 and 
LT90 values that were as much as 2 and 3 days faster, respectively, than the commericial isolate (B. bassiana ARSEF 6444). 
In addition, a greater percentage of cadavers killed by three of the five isolates from L. lineolaris, B. bassiana  (ARSEF 3769, 



NI 1, and NI 4,) sporulated within 24 hr than cadavers killed by the commercial isolate B. bassiana (ARSEF 6444), which 
may effect the potential of isolates to spread by horizontal transmission following initial application of a mycoinsecticide. 
 
Solar Simulation 
Exposure to solar radiation rapidly reduced spore germination in all six isolates that were tested (Table 3). In addition to kill-
ing spores (72 hr germination rate), exposure to solar radiation delayed the germination of spores as demonstrated by the per-
centage of viable spores that germinated within 24 hr. Isolates from L. lineolaris were more tolerant of exposure to solar ra-
diation than the commercial isolate (B. bassiana ARSEF 6444) based on spore viability (72 hr germination) following 2 hr of 
exposure to solar radiation. 

 
Initial values for percent of viable spores for spore formulations prior to the solar simulation experiment were as follows; 
non-coated spores in water = 92 ± 1%, non-coated spores in oil = 95 ± 0.3%, non-cross linked lignin coated spores in water = 
52 ± 4%, non-cross linked lignin coated spores in oil = 51 ± 4%, cross linked lignin coated spores in water = 78 ± 3%, and 
cross linked lignin coated spores in oil = 75 ± 4%. When evaluating survival of spores in the six formulations following ex-
posure to simulated solar radiation, spore viability based on 48 hr spore germination was corrected for these initial spore vi-
ability values. The formulations that demonstrated the greatest potential for protecting spores based on 48 hr spore germina-
tion (corrected for initial viability) were those in which the spores remained coated by lignin in the carriers; cross-linked 
lignin coating in water, cross-linked lignin coating in oil, and non-cross linked lignin coating in oil (Figure 3). 

 
Relative Infectivity of Spores in Six Formulations 
The six formulations of B. bassiana ARSEF 6444 caused a variety of mortality in L. lineolaris adults (Figure 4) and could be 
discerned on the basis of LT50 and LT90 values and final percent mortality at the two highest spore concentrations (Table 4). 
The most infective formulation was non-coated spores in water and the least was spores coated with cross-linked lignin in oil.  
All other formulations demonstrated a similar infectivity to L. lineolaris.a All other formulations demonstrated a similar in-
fectivity to L. lineolaris causing mortalities of greater than 67% at 1 x 107 spores/mL and greater than 80% at 1 x 108 
spores/mL at 10 d post treatment.  In contrast spores coated with cross-linked lignin in oil only caused All other formulations 
demonstrated a similar infectivity to L. lineolaris causing mortalities of greater than 67% at 1 x 107 spores / mL and greater 
than 80% at 1 x 108 spores / mL at 10 d post treatment.  In contrast, spores coated with cross-linked lignin in oil only caused 
44% mortality even at the highest spore concentration (1 x 108 spores / mL). 
 

Discussion 
 

Those isolates from L. lineolaris were generally the most virulent to L. lineolaris and had a greater potential to sporulate from 
L. lineolaris cadavers. These qualities would be important in developing a mycoinsecticide, but further information is need in 
evaluating these isolates as potential Lygus-specific mycoinsecticides. Two important characteristics that need to be investi-
gated are the impact of these isolates on beneficial insects (Ruberson and Williams, 2000) and their potential to produce 
spores under industrial production conditions. All of the B. bassiana isolates were prolific sporulators, and produced spore 
concentrations on SDAY medium similar to that of commercial isolates (data not presented). Whereas, M. anisopliae 
(ARSEF 3540) was not a prolific sporulator on SDAY medium and did not produce spores in sufficient concentrations to eas-
ily produce a spore concentration of  1 x 108 spores/mL for bioassays. Further evaluation under conditions that more closely 
simulate industrial production conditions will be the next step in the evaluation process (e.g. Bradley et al., 2002). One im-
portant obstacle to the efficacy of each of these isolates is their inability to survive exposure to solar radiation. Although 
those isolates from L. lineolaris were more tolerant to solar radiation than the commercial isolate (B. bassiana ARSEF 6444), 
all isolates were highly susceptible with the majority of spores dying within 2 hr of exposure to simulated solar radiation. In 
addition to killing spores, exposure to solar radiation delayed the germination of spores, which may reduce infection success 
of spores (Dillon and Charnley, 1985; Hassan and Charnely, 1983). Of the six formulation strategies that were investigated, 
three were very promising strategies for protecting spores from solar radiation; cross-linked lignin coating in water, cross-
linked lignin coating in oil, and non-cross linked lignin coating in oil. Of these three formulation strategies, cross-linked lig-
nin coating in water and non-cross linked lignin coating in oil, caused the highest mortality in L. lineolaris adults. However, 
these formulations caused less mortality than non-coated spores in water. This suggests a need for improvements in these 
formulation strategies related to the infection potential of formulated spores.  It is worth noting that the formulation using 
non-cross linked lignin coating in water, in which spores became uncoated in the carrier, demonstrated similar virulence to 
the three formulations where the spores remained coated. This suggests that for the non-cross linked lignin coating formula-
tion, it is not the lignin coating that is interfering with the infection process, rather it may be related to spore physiology. A 
percentage of the spores die during the formulation process and it may be that the remaining spores are adversely effected re-
sulting in reduced infection potential. Improvements in the formulation process that reduce the negative impacts on spore 
physiology may improve the efficacy of these formulations and shelf life. The cross-linked lignin in oil formulation caused 
the least mortality in L. lineolaris.  It may be these cross-linked lignin coated spores in oil are not able to obtain sufficient 
moisture to allow for spores to become uncoated inhibiting infection processes. Approaches need to be investigated for im-
proving the shelf life of the formulations that were tested, which may involve spore anabiosis, alterations in formulation 
components, reducing available oxygen, and regulating moisture (e.g. Crowe et al., 1984; Jin et al., 1999).  



Acknowledgments 
 

The authors wish to thank Emerald BioAgriculture for providing technical powder of unformulated Mycotrol® for formula-
tion experiments. Gordon Snodgrass (USDA-ARS, Stoneville, MS) provided guidance related to the ecology of L. lineolaris 
in the cotton agroecosystem. Technical assistance was provided by Erica Bailey, Gerald Gipson, Katherine Girsch, Leon 
Hicks, Tabatha Ramsey, and Lisa Self. 
 

References 
 

Alves, R. T., Bateman, R. P., Prior, C., and S. R. Leather. 1998. Effects of simulated solar radiation on conidial germination 
of Metarhizium anisopliae in different formulations. Crop Protection. 17 (8): 675-679. 
 
Bateman, R. P., Carey, M., Moore, D., and C. Prior. 1993. The Enhanced Infectivity of Metarhizium flavoviride in oil formu-
lations to Desert Locusts at Low Humidities.  Ann. Appl. Biol. 122. 145-152.  
 
Behle, R. W., McGuire, M. R., and B. S. Shasha.  1996. Extending the residual toxicity of Bacillus thuringiensis with casein-
based formulations.  J. Econ. Entomol.  89 (6):  1399-1405. 
 
Bradley, C. A., Wood, P. P., Black, W. E., Kearns, R. D., and J. Britton. Solid Culture Substrate Including Barley. U.S. Pat-
ent Application 20020006650. January 17, 2002.   
 
Brown, J. Z., Steinkraus, D. C., and N. P. Tugwell. 1997. The effects and persistence of the fungus Beauveria bassiana (My-
cotrol) and imidacloprid (Provado) on tarnished  plant bug mortality and feeding. 2: 1302-1305.  
 
Burgess, H. D. 1998. Formulation of Microbial Biopesticides. Kluwer Academic Publishers. London, U.K. 412 pgs. 
Cohen, E., Rozen, H., Joseph, T., Braun, and L. Margulies. 1991. Photoprotection of Bacillus thuringiensis kursaki from Ul-
traviolet radiation. J. Invert. Pathol. 57: 343-351. 
 
Cohen, E., Joseph, T., and M. Wassermann-Golan. 2001. Photostabilization of biocontrol agents by  berberine. International 
Journal of Pest Management. 47 (1): 63-67. 
 
Crowe, J. H., Crowe, L. M., and D. Chapman. 1984.  Preservation of membranes in anhydrobiotic organisms: the role of tre-
halose.  Science. 223: 701-703. 
 
Goettel and Inglis, 1997 
 
Chase, A. R., Osborne, L. S., and V. M. Ferguson. 1986. Selective isolation of the entomopathogenic fungi Beauveria bassi-
ana and Metarhizium anisopliae from an artificial potting medium. Florida Entomol. 69: 285-292. 
 
Dillon,  R. J., and A. K. Charnley. 1985. A technique for accelerating and synchronising germination of conidia of the ento-
mopathogenic fungus Metarhizium anisopliae. Arch. Microbiol. 142: 204-206 
 
Goettel., M. S., and D. G. Inglis. 1997. Fungi: Hyphomycetes. Pgs. 213-249 In. Lacey, L. (ed.). Manual of Techniques in In-
sect Pathology. Academic Press. San Diego. 409 pgs. 
 
Hassan, A. E. M., and A. K. Charnley. 1983. Combined effects of diflubenzuron and the entomopathogenic fungus Metarhizium 
anisopliae on the tobacco hornworm, Manduca Sexta. 10th Int. Congr. Plant Prot. BCPC Publications, UK, 790 pp. 
 
Hedgecock, S., Moore, D., Higgins, P. M., and C. Prior. 1995. Influence of moisture content on temperature tolerance and 
storage of Metarhizium flavoviride conidia in an oil formulation. Biocontrol Sci. and Technol. 5: 371-377. 
 
Hong, T. D., Ellis, R. H., and D. Moore. 1997. Development of a model to predict the effect of temperature and moisture on 
fungal spore longevity. Ann. Botany. 79: 121-128. 
 
Hong, T. D., Jenkins, N. E., and R. H. Ellis. 2000. The effects of duration of development and drying regime on the longevity 
of conidia of Metarhizium flavoviride. Mycol. Res. 104 (6): 662-665. 
 
Hong, T. D., Jenkins, N. E., Ellis, R. H., and D. Moore. 1998. Limits to the negative logarithmic relationship between mois-
ture content and longevity in conidia of Metarhizium flavoviride. Ann. Botany. 81: 625-630. 
 



Hunt, T. R., Moore, D., Higgins, P. M., and C. Prior. 1994. Effect of sunscreens, irradiance and resting periods on the germi-
nation of Metarhizium flavoviride conidia. Entomophaga. 39 (3/4): 313-322.  
 
Ignoffo, C. M. 1992. Environmental factors affecting persistence of entomopathogens. Florida Entomol. 75 (4): 516-524. 
 
Ignoffo, C. M., Shasha, B. S., and M. Shapiro. 1991. Sunlight ultraviolet protection of the Heliothis nuclear polyhedrosis vi-
rus through starch-encapsulation technology. J. Invert. Pathol. 57: 134-136. 
 
Inglis, G. D., Goettel, M. S., and D. L. Johnson.  1995.  Influence of ultraviolet light protectants on persistence of the ento-
mopathogenic fungus, Beauveria bassiana.  Biol. Control.  5:  581-590.   
 
Jin, X., Grigas, K. E., Johnson, C. A., Perry, P., and D. W. Miller. 1999. Method for storing fungal conidia. US Patent 
5,989,898. 
 
Leland, J. E. 2001. Environmental-Stress Tolerant Formulations of Metarhizium anisopliae  var. acridum for  
Control of African Desert Locust (Schistocerca gregaria). Ph. D. Dissertation. Virginia Polytechnic Institute and State Uni-
versity. October. 
 
McClatchie, G., Moore, D., Bateman, R. P., and C. Prior. 1994. Effects of temperature on the viability of the conidia of 
Metarhizium flavoviride in oil formulations. Mycol. Res. 98: 749-756. 
 
McGuire, M. R., and B. S. Shasha.  1995.  Starch encapsulation of microbial pesticides.  pp. 230-237.  In  Hall, F. R., and J. 
W. Barry Eds,  Biorational Pest Control Agents: Formulation and Delivery, ACS Symposium Series No.  595, American 
Chemical Society, Washington, DC. 
 
McGuire, M., and B. Shasha.  1996.  Sprayable gluten-based formulation for pest control.  US Patent  5505940. 
 
McGuire, M. R., Shasha, B. S., Eastman, C. E., and H. Oloumi-Sadeghi.  1996.  Starch- and flour-based formulations: effect 
on rainfastness and solar stability of Bacillus thuringiensis.  J. Econ. Entomol.  89 (4):  863-869. 
 
McGuire, M. R., Shasha, B. S., Lewis, L. C. Bartelt, R. J., and K. Kinney.  1990.  Field evaluation of granular starch formula-
tions of Bacillus thuringiensis against Ostrinia nubilalis (Lepidoptera: Pyralidae).  J. Econ. Entomol.  83 (6):  2207-2210. 
 
McGuire, M. R., Shasha, B. S., Lewis, L. C., and T. C. Nelsen.  1994.  Residual activity of granular starch-encapsulated Ba-
cillus thuringiensis.  J. Econ. Entomol.  87:  631-637. 
 
Moore, D., Bridge, P. D., Higgins, P. M., Bateman, R. P., and C. Prior. 1993. Ultra-violet radiation damage to Metarhizium 
flavoviride conidia and the protection given by  vegetable and mineral oils and chemical sunscreens. Ann. Appl. Biol. 122: 
605-616. 
 
Moore, D., Langewald, J., and F. Obogon. 1997. Effects of rehydration on the conidial viability of Metarhizium flavoviride 
mycopesticide formulations. Biocontrol Sci. Technol. 7: 87-94. 
 
Noma, T., and K. Strickler. 1999. Factors affecting Beauveria bassiana for control of lygus bug (Hemiptera: Miridae) in al-
falfa seed fields. J. Agric. Urban Entomol. 16 (4): 215-233.  
 
Noma, T and K. Strickler. 2000. Effects of Beauveria bassiana on Lygus hesperus (Hemiptera: Miridiae) feeding and ovi-
position. Environ. Entomol. V. 29 (2): 394-402.  
  
Robbins, J. T., Snodgrass, G. L., and F. A. Harris. 2000. A review of the wild host plants and their management for control of 
the tarnished plant bug in cotton in the southern U.S. Southwestern Entomologist. Supp. No. 23. 21-26. 
 
Ruberson, J. R., and L. H. Williams. 2000. Biological control of Lygus spp. – a component of area wide management. 
Southwestern Entomologist. Supp. No. 23. 96-110. 
 
Shah, P. A., Douro-Kpindou, O.-K. Sidibe, A., Dafffe, C. O., Van Der Pauuw, H., and C. J. Lomer. 1998. Effects of the sun-
screen oxybenzone on field efficacy nad persistence of Metarhizium flavoviride conidia against Kraussella amabile (Orthop-
tera: Acrididae) in Mali, West Africa. Biocontrol Sci. Technol. 8: 357-364. 



Shapiro, M. 1989. Congo red as an ultraviolet protectant for the gypsy moth (Lepidoptera: Lymantriidae) nulear polyhedrosis 
virus. J. Econ. Entomol. 82 (2): 548-550. 
 
Shapiro, M., 1992. Use of optical brighteners as radiation protectants for gypsy moth (Lepidoptera: Lymantriidae) nuclear 
polyhedrosis virus. 85 (5): 1682-1686. 
 
Shapiro, M.,. Dougherty, E., and J. J. Hammon.  1992.  Compositions and methods for biocontrol using fluorescent bright-
eners.  US Patent # 5124149. 
 
Shapiro, M., and J. L. Robertson. 1990. Laboratory evaluation of dyes as ultraviolet screens for the gypsy moth (Lepidoptera: 
Lymantriidae) nuclear polyhedrosis virus. J. Econ. Entomol. 83 (1): 168-172. 
 
Shasha, B. S., and R. L. Dunkle.  1989.  Starch encapsulation of entomopathogens. US Patent 4859377. 
 
Shasha, B. S., and M. R. McGuire.  1989.  Adherent, autoencapsulating spray formulations of biocontrol agents.  US Patent 
506197. 
 
Shasha, B. S., McGuire, M. R., and R. W. Behle.  1998.  Lignin-based pest control formulations.  US  Patent 5750467. 
 
Snodgrass, G. L., and G. W. Elzen. 1994. Efficacy of Naturalis-L for adults and nymphs of the tarnished plant bug in cotton. 
Proceedings/Beltwide Cotton Conferences. 2: 1103-1104.  
 
Snodgrass, G. L., Scott, W. P., Robbins, J. T., and D. D. Hardee. 2000. Area wide management of the tarnished plant bug by 
reduction of early-season wild host plant density. Southwestern Entomologist. Supp. No. 23. 59-66. 
 
Steinkraus, D. C. 1996. Control of tarnished plant bug with Beauveria bassiana and interactions with imidacloprid. V. 2: 888-889.  
 
Steinkraus, D. C., and N. P. Tugwell. 1997. Beauveria bassiana (Deuteromycotina: Moniliales) effects on Lygus lineolaris 
(Hemiptera: Miridae). J. Entomol. Sci. 32 (1): 79-90.  
 
Tamez-Guerra, P., McGuire, M. R., Behle, R. W., Hamm, J. J., Sumner, H. R., and B. S. Shasha. 2000a. Sunlight persistence 
and rainfastness of spray-dried formulations of baculovirus isolated from Anagrapha falcifera (Lepidoptera: Noctuidae). J. 
Econ. Entomol.. 93 (2): 210-218.  
 
Tamez-Guerra, P., McGuire, M. R., Behle, R. W., Shasha, B. S., and L. J. G. Wong. 2000b. Assessment of microencapsu-
lated formulations for improved residual activity of Bacillus thuringiensis. J. Econ. Entomol. 93 (2): 219-225.  
 

Table 1. Relative Virulence of Six Fungal Isolates to Lygus lineolaris Adults at 1 x 107 spores/mL and 1 x 108 

spores/mL (Isolate Bioassay 1). 
 1 x 107 spores/mL 1 x 108 spores/mL 

 
 

Fungal Isolate 

% Mortality 
 (Abbott’s) 
at 8 days 

 
LT 50 

(95% C.I.) 

 
LT 90  

(95% C.I.) 

% Mortality  
(Abbott’s) 
at 8 days 

 
LT 50  

(95% C.I.) 

 
LT 90 

(95% C.I.) 
Not Isolated From Lygus       
B. bassiana  
(ARSEF 6444) 

55 ± 18 ab1 6.8 a 
(6.3 – 7.3)  

11.9 a 
(11.0 –13.2) 

73 ± 25 a 5.7 a 
(5.2-6.2) 

11.1 ab 
(10.3-12.2) 

B. bassiana  
(ARSEF 3097) 

44 ± 20 b 7.6 a 
(7.1 – 8.2)  

13.2 a 
(12.2-14.7) 

56 ± 24 a 7.1 b 
(6.7-7.6) 

11.8 a 
(11.0-12.8) 

M. anisopliae  
(ARSEF 3540) 

50 ± 21 b 7.1 ab 
(6.5 – 7.7) 

13.4 a 
(12.3-15.0) 

N/A2 N/A N/A 

       

Isolated From Lygus       
B. bassiana  
(ARSEF 3769) 

83 ± 9 a 5.0 c 
(4.6 – 5.5)  

9.1 b 
8.5-9.9 

89 ± 28 a 5.1 a 
(4.5-5.7) 

8.4 c 
(7.6-8.5) 

B. bassiana  
(New Isolate 1) 

77 ± 4 ab 5.4 c 
(5.0 – 5.8)  

8.8 b 
8.4-9.5 

88 ± 15 a 5.1 a 
(4.2-5.8) 

8.5 c 
(7.6-10.0) 

B. bassiana  
(New Isolate 2) 

76 ± 3 ab 6.2 bc 
(5.4 – 7.0) 

10.8 ab 
9.7-12.5 

91 ± 10 a 5.5 a 
(4.5-6.4) 

8.9 bc 
(7.8-10.8) 

1 Means in column followed by the same letter are not significantly different at the α = 0.05% level.  Proc GLM (SAS) 
for % Mortality and Probit Analysis (SAS) for LT values. 
2 Bioassays were not conducted with M. anisopliae (ARSEF 3540) at the 1 x 108 spores/mL concentrations because 
colonies on SDAY media did not produce spores in sufficient numbers to provide a high spore concentration.  



Table 2. Relative Virulence of Six Fungal Isolates to Lygus lineolaris Adults at 1 x 107 spores/mL (Isolate Bioassay 2). 

 
 

Fungal Isolate 

% Mortality 
(Mean ± S.D.) 

(Abbott’s) 
at 8 days 

LT 50 
(95% C.I.) 

Days 

LT 90 
(95% C.I.) 

Days 

% Cadaver 
Sporulation 

in 24 hr 

% Cadaver 
Sporulation 

in 48 hr 

Spores (x 103) 
/Insect 

After 48 hr 
Incubation 

B. bassiana 
(ARSEF 6444) 

70 ± 14 a 6.7 a 
(6.2 – 7.4) 

9.2 a 
(8.3 – 10.8) 

5 ± 8 a 83 ± 14 a 3.3 ± 3.8 a 

B. bassiana 
(ARSEF 3769) 

97 ± 6 b 5.4 b 
(5.0 – 5.8) 

6.7 cd 
(6.2 – 7.4) 

52 ± 9 c 89 ± 10 a 3.6 ± 4.1 a 

B. bassiana  
(New Isolate 1) 

89 ± 11 ab 6.0 ab 
(5.7 – 6.2) 

8.0 b 
(7.6 – 8.5) 

36 ± 13 bc 95 ± 5 a 339 ± 771 a 

B. bassiana  
(New Isolate 2) 

94 ± 5 b 5.5 b 
(5.3 – 5.7) 

7.1 c 
(6.8 – 7.4) 

12 ± 9ab 87 ± 16 a 8.7 ± 9.1 a 

B. bassiana  
(New Isolate 3) 

96 ± 4 b 4.8 c 
(4.6 – 5.0) 

6.7 cd 
(6.3 – 7.1) 

30 ± 3 b 96 ± 3 a 6.9 ± 10.0 a 

B. bassiana  
(New Isolate 4) 

100 ± 0 b 4.8 c 
(4.6 – 5.0) 

6.2 d 
(5.9 – 6.5) 

39 ± 12 bc 84 ± 9 a 3.3 ± 2.7 a 

1 Means in column followed by the same letter are not significantly different at the α = 0.05% level.  Proc GLM 
(Tukey’s HSD) for % Mortality, % Sporulation, and # of pores/insect and Probit Analysis (SAS) for LT values. 

 
 
 

Table 3.  Percent Spore Germination within 24 and 72 hr of Incubation Following 0, 1, 2 and 4 hr of Exposure 
to Simulated Solar Radiation for Six Isolates of B. bassiana. 

 0 hr of Exposure 1 hr of Exposure 2 hr of Exposure 4 hr of Exposure 
 24 hr 

% Germ. 
72 hr 

% Germ. 
24 hr 

% Germ. 
72 hr 

% Germ. 
24 hr 

% Germ. 
72 hr 

% Germ. 
72 hr 

% Germ. 
B.bassiana 

(6444) 
78 ± 9 a1 
(94%)2 

83 ± 9 a 19 ± 14 a 
(40%) 

48 ± 15 a 1 ± 1 a 
(18%) 

7 ± 4 a 0.6 ± 0.3 
b 

B.bassiana 
(3769) 

85 ± 5 a 
(89%) 

95 ± 2 a 42 ± 37 a 
(45%) 

92 ± 5 b 3 ± 4 ab 
(10%) 

29 ± 9 b 0.6 ± 0.6 
b 

B.bassiana 
(NI 1) 

88 ± 5 a 
(95%) 

93 ± 11 a 40 ± 23 a 
(45%) 

89 ± 6 b 5 ± 2 ab N/A4 1.8 ± 1.9 
b 

Bbassiana 
(NI 2) 

87 ± 8 a 
(91%) 

96 ± 3 a 71 ± 7 a 
(82%) 

86 ± 12 b 10 ± 1 b N/A4 2.6 ± 1.7 
ab 

B.bassiana 
(NI 3) 

80 ± 20 a 
(83%) 

96 ± 1 a 54 ± 31 a 
(57%) 

94 ± 1 b 8 ± 5 ab N/A4 5.6 ± 1.1 
a 

B.bassiana 
(NI 4) 

75 ± 12 a 
(80%) 

933 54 ± 25 a 
(58%) 

93 ± 3 b 3 ± 2 ab N/A4 1.6 ± 0.6 
b 

1 Means in column followed by the same letter are not significantly different at the α = 0.05% level.  Proc 
GLM (SAS). 
2 Means ± St. Dev. Presented; values in parentheses represent the percent of viable spores that germinated 
within 24 hr (24 hr % germ. ÷ 72 hr % germ. x 100) to demonstrate that exposure to solar radiation effects 
spore germination rate. 
3 N=1 for B. bassiana NI 4 at 0 hr of exposure and 72 hr incubation due to contaminant fungus on 2 replicates 
4 Percent germination could not be determined for NI 1, NI 2, NI 3, or NI 4 for 2 hr of exposure and 72 hr in-
cubation due to a contaminant fungus. 

 



Table 4. Relative Efficacy of Six Formulations of B. bassiana (ARSEF 6444) to Lygus lineolaris Adults at 1 x 107 
spores/mL. 

 1 x 107 spores/mL 1 x 108 spores/mL 
 
 

Formulation 

% Mortality 
(Abbott’s) 
at 10 days 

 
LT 50 

(95% C.I.) 

 
LT 90  

(95% C.I.) 

% Mortality 
(Abbott’s) 
at 10 days 

 
LT 50  

(95% C.I.) 

 
LT 90 

(95% C.I.) 
Formulations Suspended in Water Containing 0.04% Silwet L77   
Non-Coated Spores 93 5.4 a 

(4.6-6.2) 
8.5 a 

(7.5-10.1) 
100 3.89 a 4.1 a 

Non-Cross Linked 
Lignin Coating 

70 
 

7.0 b 
(6.6 – 7.6) 

10.7 ab 
(9.9-11.9) 

96 5.2 b 
(4.9-5.6) 

7.63 bc 
(7.13-8.28) 

Cross Linked  
Lignin Coating 

67 7.7 bc 
(7.1 – 8.8) 

12.2 b 
(10.9-13.9) 

81 5.9 b 
(5.5-6.4) 

9.64 c 
(8.89-10.68) 

       

Formulations Suspended in Oil Containing 70% Shellsol OMS : 30% Cotton Seed Oil  
Non-Coated Spores 71 6.8 b 

(6.3 – 7.3)  
10.5 ab 

(9.7-11.7) 
96 4.7 b 

(3.9-5.5) 
7.17 b 

(6.28-8.71) 
Non-Cross Linked 
Lignin Coating 

74 7.3 bc 
(6.6 – 8.8) 

12.1 b 
(10.8-13.9) 

96 5.1 b 
(4.7-5.6) 

8.51 bc 
(7.85-9.38) 

Cross Linked  
Lignin Coating 

46 9.2 c 
(8.6 – 10.2) 

13.1 b 
(11.8-15.3) 

44 8.8 c 
(8.1-9.9) 

13.4 d 
(12.0-15.8) 

1 Values followed by different letters are significantly different at the α = 0.05% level (Probit Analysis, SAS). 
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Figure 1. Mortality (Abbott’s)  over time Lygus lineolaris adults exposed to four concentrations of six 
fungal isolates in the first isolate bioassay. Bb = Beauveria bassiana; Ma = Metarhizium anisopliae; NI 
= New Isolate of B. bassiana. 
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Figure 2. Mortality (Abbott’s) (Mean ± S.D.) over time of Lygus lineolaris adults exposed 
to 1 x 107 spores/mL of six fungal isolates in the second isolate bioassay. Bb = Beauveria 
bassiana; NI = New Isolate of B. bassiana. 
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Figure 3. Percent spore germination (means ± standard deviation) over exposure time to simu-
lated solar radiation for six formulations of B. bassiana (ARSEF 6444). 
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Figure 4. Mortality over time for Lygus lineolaris adults exposed to four concentrations of six formula-
tions of Beauveria bassiana (ARSEF 6444). Water = 0.04% Silwet L77; Oil = 70% Shellsol OMS : 30% 
cotton seed oil. 
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