




































































































































































































































differentiation of the introduced exotic organism from native inhabitants, provide 

knowledge about the course of infection in target and nontarget organisms, and provide 

information on the fate of the biocontrol agent in the environment. 

Ecological concerns over the release of exotic organisms are a driving force in a 

search for indigenous biocontrol agents. Further, uncertainty regarding issues behind 

regulatory decisions will frequently preclude the use of nonindigenous agents. The 

identification of native strains of Metarhizium, especially one with a unique built-in 

genetic fingerprint, that demonstrate high virulence towards native grasshopper pest 

species will ease some of the impediments to registration by providing precision tools for 

monitoring and tracking the fate of the pest control product in the target population and in 

the environment. Moreover, there is a higher probability of better ecological fitness with 

native isolates and, thereby, a higher probability of successful application. 

These studies are an important advancement towards investigation of a suitable 

pathogen for biocontrol. More work is required to identify impacts on non-targets, since 

it has been demonstrated that individual isolates can differ significantly in host 

specificity. Compatibility of the pathogen with agroecosystems management practices 

also need to be determined as part of the multidisciplinary approach in integrated pest 

management strategies. Scientists, governments, industry, and interested stakeholders 

need to interact in a positive cooperative program to ensure delivery of a biological 

alternative for efficacious and environmentally sustainable control of an agroecosystem 

pest of economic significance. 

101 



References 

Abbott, W.S. (1925) A method for computing the effectiveness of an insecticide. Journal 
of Economic Entomology 18: 265-267. 

Arthurs, S. & Thomas, M.B. (2001a) Effects of temperature and relative humidity on 
sporulation of. Metarhizium anisopliae var. acridum in mycosed cadavers of Schistocerca 
gregaria. Journal of Invertebrate Pathology 78: 59-65. 

Arthurs, S. & Thomas, M.B. (2001b) Effect of dose, pre-mortem host incubation 
temperature and thermal behaviour on host mortality, mycosis and sporulation of 
Metarhizium anisopliae var. acridum in Schistocerca gregaria. Biocontrol Science and 
Technology 11: 411-420. 

Arthurs, S. & Thomas, M.B. (1999) Factors affecting horizontal transmission of 
entomopathogenic fungi in locusts and grasshoppers. Aspects of Applied Biology 53: 89-
98. 

Arthurs, S., Thomas, M.B. & Langewald, J. (2003) Field observations of the effects of 
fenitrothion and Metarhizium anisopliae var. acridum on non-target ground dwelling 
arthropods in the Sahel. Biological Control 26: 333-340. 

Arthurs, S.P., Thomas, M.B. & Lawton, J.L. (2001) Seasonal patterns of persistence and 
infectivity of Metarhizium anisopliae var. acridum in grasshopper cadavers in the Sahel. 
Entomologia Experimentalis et Applicata 100: 69-76. 

Atlas of Canada (Natural Resources Canada) http://atlas.gc.ca/site/index.html 

Ball, B.V., Pye, B.J., Carreck, N.L., Moore, D. & Bateman, R.P. (1994) Laboratory 
testing of a mycopesticide on non-target organisms: the effects of an oil formulation of 
Metarhizium flavoviride applied to Apis mellifera. Biocontrol Science and Technology 4: 
289-296. 

Bateman, R., Carey, M., Batt, D., Prior, C , Abraham, Y., Moore, D., Jenkins, N. & 
Fenlon, J. (1996) Screening for virulent isolates of entomopathogenic fungi against the 
desert locust, Schistocerca gregaria (Forskal). Biocontrol Science and Technology 6: 
549-560. 

Bateman, R.P., Carey, M., Moore, D. & Prior, C. (1993) The enhanced infectivity of 
Metarhizium flavoviride in oil formulations to desert locust at low humidities. Annals of 
Applied Biology 122: 145-152. 

Bell, K.S., Roberts, J., Verrall, S., Cullen, D.W., Williams, N.A., Harrison, J.G., Toth, 
I.K., Cooke, D.E.L., Duncan, J.M. & Claxton, J.R. (1999) Detection and quantification of 
Spongospora subterranean f. sp. subterranean in soils and on tubers using specific PCR 
primers. European Journal of Plant Pathology 105: 905-915. 

102 

http://atlas.gc.ca/site/index.html


Benz, G. (1987) Environment. In Epizootiology of Insect Diseases (J.R. Fuxa & Y. 
Tanada, eds): 177-214. John Wiley & Sons, Inc., Toronto. 

Bidochka, M.J. (2001) Monitoring the fate of biocontrol fungi. In Fungi as Biocontrol 
Agents: progress, problems and potential (T.M. Butt, C.W. Jackson & N. Magan, eds): 
193-218. CABI Publishing, Wallingford. 

Bidochka, M.J., Kasperski, J.E. & Wild, G.A.M. (1998) Occurrence of the 
entomopathogenic fungi Metarhizium anisopliae and Beauveria bassiana in soils from 
temperate and near-northern habitats. Canadian Journal of Botany 76: 1198-1204. 

Bidochka, M.J. & Khachatourians, G.G. (1994) Protein hydrolysis in grasshopper cuticles 
by entomopathogenic fungal extracellular proteases. Journal of Invertebrate Pathology 
63: 7-13. 

Bidochka, M.J., McDonald, M.A., St. Leger, R.J. & Roberts, D.W. (1994) Differentiation 
of species and strains of entomopathogenic fungi by random amplification of 
polymorphic DNA (RAPD). Current Genetics 25: 107-113. 

Bidochka, M.J. & Small, C.S. (2005) Phylogeography of Metarhizium, an insect 
pathogenic fungus. In Insect-Fungal Associations: ecology and evolution (F.E. Vega & 
M. Blackwell, eds): 28-50. Oxford University Press, Inc., New York. 

Bidochka, M.J., Walsh, S.R.A., Ramos, M.E., St. Leger, R.J., Silver, J.C. & Roberts, 
D.W. (1996) Fate of biological control introductions: monitoring an Australian fungal 
pathogen of grasshoppers in North America. Proceedings of the National Academy of 
Sciences USA 93: 918-921. 

Blanford, S. & Thomas, M.B. (2000) Thermal behaviour of two acridid species: effects of 
habitat and season on body temperature and the potential impact on biocontrol with 
pathogens. Environmental Entomology 29: 1060-1069. 

Blanford, S. & Thomas, M.B. (1999a) Host thermal biology: the key to understanding 
insect-pathogen interactions and microbial pest control? Agricultural and Forest 
Entomology 1: 195-202. 

Blanford, S. & Thomas, M.B. (1999b) Role of thermal biology in disease dynamics. 
Aspects in Applied Biology 53: 73-82. 

Blanford, S., Thomas, M.B. & Langewald, J. (1998) Behavioural fever in the Senegalese 
grasshopper, Oedaleus senegalensis, and its implications for biological control using 
pathogens. Ecological Entomology 23: 9-14. 

103 



Boucias, D.G., Pendland, J.C. & Latge, J.P. (1988) Nonspecific factors involved in 
attachment of entomopathogenic Deuteromycetes to host insect cuticle. Applied and 
Environmental Microbiology 54: 1795-1805. 

Braga, G.U.L., Flint, S.D., Miller, CD. , Anderson, A J . & Roberts, D.W. (2001a) Both 
solar UVA and UVB radiation impair conidial culturability and delay germination in the 
entomopathogenic fungus Metarhizium anisopliae. Photochemistry and Photobiology 74: 
734-739. 

Bridge, P.D., Prior, C , Sagbohan, J., Lomer, C.J., Carey, M. & Buddie, A. (1997) 
Molecular characterization of isolates of Metarhizium from locust and grasshoppers. 
Biodiversity and Conservation 6: 177-189. 

Bridge, P.D., Williams, M.A.J., Prior, C. & Paterson, R.R.M. (1993) Morphological, 
biochemical and molecular characteristics of Metarhizium anisopliae and M. flavoviride. 
Journal of General Microbiology 139: 1163-1169. 

Butt, T.M. (2002) Use of entomogenous fungi for the control of insect pests. In The 
Mycota - a comprehensive treatise on fungi as experimental systems for basic and 
applied research (K. Esser & J.W. Bennett, eds). Vol. XI: Agricultural Applications (F. 
Kempken, ed): 111-134. Springer-Verlag, Berlin. 

Calpas, J. & Johnson, D. (2003) Grasshopper management. Alberta Agriculture Food and 
Rural Development (AAFRD) Agdex 622-27. 

Carruthers, R.I., Larkin, T.S., Firstencel, H. & Feng, Z. (1992) Influence of thermal 
ecology on the mycosis of a rangeland grasshopper. Ecology 73: 190-204. 

Carruthers, R.I. & Onsager, J.A. (1993) Perspective on the use of exotic natural enemies 
for biological control of pest grasshoppers (Orthoptera: Acrididae). Environmental 
Entomology 22: 885-903. 

Cenis, J.L. (1992) Rapid extraction of fungal DNA for PCR amplification. Nucleic Acids 
Research 20: 2380. 

Chappell, M.A. & Whitman, D.A. (1990) Grasshopper thermoregulation. In Biology of 
Grasshoppers (R.F. Chapman & A. Joern, eds): 143-172. Wiley-Interscience, New York. 

Cobb, B.D. & Clarkson, J.M. (1993) Detection of molecular variation in the insect 
pathogenic fungus Metarhizium using RAPD-PCR. FEMS Microbiology Letters 112: 
319-324. 

Cumagun, C.J.R., Hockenhull, J. & Liibeck, M. (2000) Characterization of Trichoderma 
isolates from Philippine rice fields by UP-PCR and rDNA-ITS 1 analysis: identification of 
UP-PCR markers. Journal of Phytopathology 148: 109-115. 

104 



Curran, J., Driver, F., Ballard, J.W.O. & Milner, R J . (1994) Phytogeny of Metarhizium: 
analysis of ribosomal DNA sequence data. Mycological Research 98: 547-552. 

Danfa, A. & van der Valk, H.C.H.G. (1999) Laboratory testing of Metarhizium spp. and 
Beauveria bassiana on Sahelian non-target arthropods. Biocontrol Science and 
Technology 9: 187-198. 

Dillon, R.J. & Charnley, A.K. (1990) Initiation of germination in conidia of the 
entomopathogenic fungus, Metarhizium anisopliae. Mycological Research 94: 299-304. 

Delgado, F.X., Britton, J.H., Lobo-Lima, M.L., Razafmdratiana, E. & Swearingen, W. 
(1997a) Small-scale field trials with entomopathogenic fungi against Locusta migratoria 
capito in Madagascar and Oedaleus senegalensis in Cape Verde. In New Strategies in 
Locust Control (S. Krall, R. Peveling & D. Ba Diallo, eds): 171-176. Birkhauser Verlag, 
Basel. 

Delgado, F.X., Britton, J.H., Lobo-Lima, M.L., Razafmdratiana, E. & Swearingen, W. 
(1997b) Field and laboratory evaluations of leading entomopathogenic fungi isolated 
from Locusta migratoria capito Sauss in Madagascar. In Microbial Control of 
Grasshoppers and Locusts (M.S. Goettel & D.L. Johnson, eds): 323-328. [Memoirs of 
the Entomological Society of Canada No. 171] Entomological Society of Canada, 
Ottawa. 

Domsch, K.H., Gams, W. & Anderson, T.-H. (1980) Compendium of Soil Fungi. Vol 1, 
Academic Press, London. 

Douro-Kpindou, O.-K., Godonou, I., Houssou, A., Lomer, C.J. & Shah, P.A. (1995) 
Control of Zonocerus variegatus by ultra-low volume application of an oil formulation of 
Metarhizium flavoviride conidia. Biocontrol Science and Technology 5: 131-139. 

Douthwaite, B., Langewald, J. & Harris, J. (2000) Development and Commercialization 
of the Green Muscle Biopesticide. IITA, Cotonou, Benin. 

Driver, F. & Milner, R.J. (1998) PCR applications to the taxonomy of entomopathogenic 
fungi. In Applications of PCR in Mycology (P.D. Bridge, D.K. Arora, C A . Reddy & R.P. 
Elander, eds): 153-186. CABI Publishing, Wallingford. 

Driver, F., Milner, R.J. & Trueman, J.W.H. (2000) A taxonomic revision of Metarhizium 
based on a phylogenetic analysis of rDNA sequence data. Mycological Research 104: 
134-150. 

Eilenberg, J., Hajek, A. & Lomer, C. (2001) Suggestions for unifying the terminology in 
biological control. BioControl 46: 387-400. 

105 



Elliot, S.L., Blanford, S. & Thomas, M.B. (2002) Host-pathogen interactions in a varying 
environment: temperature, behavioural fever and fitness. Proceedings of the Royal 
Society of London B 269: 1599-1607. 

Entz, S.C., Johnson, D.L. & Kawchuk, L.M. (2005) Development of a PCR-based 
diagnostic assay for the specific detection of the entomopathogenic fungus Metarhizium 
anisopliae var. acridum. Mycological Research 109: 1302-1312. 

Environment Canada http://www.ec.gc.ca/envhome.html 

Evans, H.C., Greaves, M.P. & Watson, A.K. (2001) Fungal biocontrol agents of weeds. 
In Fungi as Biocontrol Agents: progress, problems and potential (T.M. Butt, C.W. 
Jackson & N. Magan, eds): 169-192. CABI Publishing, Wallingford. 

Fargues, J., Goettel, M.S., Smits, N., Ouedraogo, A., Vidal, C , Lacey, L.A., Lomer, C.J. 
& Rougier, M. (1996) Variability in susceptibility to simulated sunlight of conidia among 
isolates of entomopathogenic Hyphomycetes. Mycopathologia 135: 171-181. 

Fargues, J., Ouedraogo, A., Goettel, M.S. & Lomer, C.J. (1997) Effects of temperature, 
humidity and inoculation method on susceptibility of Schistocerca gregaria to 
Metarhizium flavoviride. Biocontrol Science and Technology 7: 345-356. 

Fegan, M., Manners, J.M., Maclean, D.J., Irwin, J.A.G., Samuels, K.D.Z., Holdom, D.G. 
& Li, D.P. (1993) Random amplified polymorphic DNA markers reveal a high degree of 
genetic diversity in the entompathogenic fungus Metarhizium anisopliae var. anisopliae. 
Journal of General Microbiology 139: 2075-2081. 

Freifelder, D. (1983) Molecular Biology: a comprehensive introduction toprokaryotes 
and eukaryotes. Jones and Bartlett Publishers, Inc., Boston, 977 pp. 

Freimoser, F.M., Screen, S., Bagga, S., Hu, G. & St. Leger, R.J. (2003) Expressed 
sequence tag (EST) analysis of two subspecies of Metarhizium anisopliae reveals a 
plethora of secreted proteins with potential activity in insect hosts. Microbiology 149: 
239-247. 

Fungaro, M.H.P., Vieira, M.L.C., Pizzirani-Kleiner, A.A. & de Azevedo, J.L. (1996) 
Diversity among soil and insect isolates of Metarhizium anisopliae var. anisopliae 
detected by RAPD. Letters in Applied Microbiology 22: 389-392. 

Gams, W. & Rozsypal, J. (1973) Metarrhizium flavoviride n.sp. isolated from insects and 
from soil. Acta Botanica Neerlandica 22: 518-521. 

Gardner, S.N. & Thomas, M.B. (2002) Costs and benefits of fighting infection in locusts. 
Evolutionary Ecology Research 4: 109-131. 

106 

http://www.ec.gc.ca/envhome.html


Gelernter, W.D. & Lomer, C.J. (2000) Success in biological control of above-ground 
insects by pathogens. In Biological Control: measures of success (G. Gurr & S. Wratten, 
eds): 297-322. Kluwer Academic Publishers, Dordrecht, the Netherlands. 

Gillespie, A.T. & Claydon, N. (1989) The use of entomogenous fungi for pest control and 
the role of toxins in pathogenesis. Pesticide Science 27: 203-215. 

Gillespie, J.P., Bateman, R. & Charnley, A.K. (1998) Role of cuticle-degrading proteases 
in the virulence of Metarhizium spp. for the desert locust, Schistocerca gregaria. Journal 
of Invertebrate Pathology 71: 128-137. 

Glare, T.R., Richards, N.K., Hurst, M.R., O'Callaghan, M. & Couteaudier, Y. (1998) 
Molecular identification and monitoring of microbial insect pathogens in the 
environment. In Proceedings of the 4th International Workshop on Microbial Control of 
Soil Dwelling Pests (M. O'Callaghan & T.A. Jackson, eds): 57-67. Lincoln, NZ. 

Glare, T.R., Milner, R.J. & Beaton, C D . (1996) Variation in Metarhizium, a genus of 
fungal pathogens attacking Orthoptera: is phialide morphology a useful criterion? 
Journal of Orthoptera Research 5: 19-27. 

Greathead, D.J. & Greathead, A.H. (1992) Biological control of insect pests by insect 
parasitoids and predators: the BIOCAT database. Biocontrol News and Information 13: 
61N-68N. 

Guo, H.-L., Ye, B.-L., Yue, Y.-Y., Chen, Q.-T. & Fu, C.-S. (1986) [Three new species of 
Metarhizium.] Acta Mycologica Sinica 5: 177-184 [In Chinese]. 

Gurr, G. & Wratten, S., eds. (2000) Biological Control: measures of success. Kluwer 
Academic Publishers, Dordrecht, the Netherlands. 

Hackman, R.H. (1974) Chemistry of the insect cuticle. In The Physiology oflnsecta (M. 
Rockstein, ed) 6: 215-270. Academic Press, New York. 

Hegedus, D.D. & Khachatourians, G.G. (1993) Construction of cloned DNA probes for 
the specific detection of the entomopathogenic fungus Beauveria bassiana in 
grasshoppers. Journal of Invertebrate Pathology 62: 233-240. 

Hernandez-Crespo, P. & Santiago-Alvarez, C. (1997) Entomopathogenic fungi associated 
with natural populations of the Moroccan locust Dociostaurus maroccanus (Thunberg) 
(Orthoptera: Gomphocerinae) and other acridoidea in Spain. Biocontrol Science and 
Technology 7: 357-363. 

Hernandez-Velazquez, V.M., Berlanga-Padilla, A.M. & Garza-Gonzales, E. (1997) 
Detection de Metarhizium flavoviride sobre Schistocerca piceifrons piceifrons 
(Orthoptera: Acrididae) en la isla Socorro, Archipielago de Revillagigedo, Mexico. 
Videlia 4: 45-46. 

107 



Hofstein, R. & Chappie, A.C. (1999) Commercial Development of Biofungicides. In 
Biopesticides: use and delivery (F.R. Hall & J. J. Menn, eds): 77-102. Humana Press Inc, 
Totowa. 

Hokkanen, H. & Pimentel, D. (1984) New approach for selecting biological control 
agents. The Canadian Entomologist 116: 1109-1121. 

Hokkanen, H.M.T. & Zimmermann, G. (1986) Occurrence of insect pathogenic fungi and 
nematodes in Finnish soil. In Fundamental and Applied Aspects of Invertebrate 
Pathology (R.A. Samson, J.M. Vlak & D. Peters, eds): 592. 4 t h International Colloquium 
on Invertebrate Pathology, Wageningen, The Netherlands. 

Humber, R.A. (2004) Collection of Entomopathogenic Fungal Cultures: Catalogue of 
Strains, 2004. US Department of Agriculture, Agriculture Research Service, ARS-110. 

Humber, R.A. (1997) Fungi: identification. In Manual of Techniques in Insect Pathology 
(L.A. Lacey, ed): 153-185. Academic Press, London. 

Hunt, T.R., Moore, D., Higgins, P.M. & Prior, C. (1994) Effect of sunscreens, irradiance 
and resting periods on the germination of Metarhizium flavoviride conidia. Entomophaga 
39: 313-322. 

Hunter, D.M., Milner, R.J., Scanlon, J.C. & Spurgin, P.A. (1999) Aerial treatment of the 
migratory locust, Locusta migratoria (L.) (Orthoptera: Acrididae) with Metarhizium 
anisopliae (Deuteromycotina: Hyphomycetes) in Australia. Crop Protection 18: 699-704. 

Huxham, I.M., Lackie, A.M. & McCorkindale, N J . (1989) Inhibitory effect of 
cyclodepsipeptides, destruxins, from the fungus Metarhizium anisopliae, on cellular 
immunity in insects. Journal of Insect Physiology 35: 97-105. 

Ibrahim, L., Butt, T.M., Beckett, A. & Clark, S J . (1999) The germination of oil-
formulated conidia of the insect pathogen, Metarhizium anisopliae. Mycological 
Research 103: 901-907. 

Ignoffo, C M . (1992) Environmental factors affecting persistence of entomopathogens. 
Florida Entomologist 75: 516-525. 

Inglis, G.D., Duke, G.M., Kawchuk, L.M. & Goettel, M.S. (1999) Influence of oscillating 
temperatures on the competitive infection and colonization of the migratory grasshopper 
by Beauveria bassiana and Metarhizium flavoviride. Biological Control 14: 111-120. 

Inglis, G.D., Goettel, M.S., Butt, T.M. & Strasser, H. (2001) Use of hyphomycetous fungi 
for managing insect pests. In Fungi as Biocontrol Agents: progress, problems and 
potential (T.M. Butt, C.W. Jackson & N. Magan, eds): 23-69. CABI Publishing, 
Wallingford. 

108 



Inglis, G.D., Johnson, D.L., Cheng, K.-J. & Goettel, M.S. (1997) Use of pathogen 
combinations to overcome the constraints of temperature on entomopathogenic 
hyphomycetes against grasshoppers. Biological Control 8: 143-152. 

Inglis, G.D., Johnson, D.L., Kawchuk, L.M. & Goettel, M.S. (1998) Effect of soil texture 
and soil sterilization on susceptibility of ovipositing grasshoppers to Beauveria bassiana. 
Journal of Invertebrate Pathology 71: 73-81. 

Inglis, P.W., Magalhaes, B.P. & Valadares-Inglis, M.C. (1999) Genetic variability in 
Metarhizium flavoviride revealed by telomeric fingerprinting. FEMS Microbiology 
Letters 179: 49-52. 

Ippilito, A., Schena, L. & Nigro, F. (2002) Detection of Phytophthora nicotiana and P. 
citrophthora in citrus roots and soils by nested PCR. European Journal of Plant 
Pathology 108: 855-868. 

James, P.J., Kershaw, M.J., Reynolds, S.E. & Charnley, A.K. (1993) Inhibition of desert 
locust (Schistocerca gregaria) Malpighian tubule fluid secretion by destruxins, cyclic 
peptide toxins from the insect pathogenic fungus Metarhizium anisopliae. Journal of 
Insect Physiology 39: 797-804. 

Johnson, D.L. & Goettel, M.S. (1993) Reduction of grasshopper populations following 
field application of the fungus Beauveria bassiana. Biocontrol Science and Technology 3: 
165-175. 

Johnston, J.R. (1915) The entomogenous fungi of Porto Rico. Government of Porto Rico 
Board of Commissioners of Agriculture, Rio Pedras. Bulletin 10. 

Keller, S., Kessler, P. & Schweizer, C. (2003) Distribution of insect pathogenic soil fungi 
in Switzerland with special reference to Beauveria brongniartii and Metarhizium 
anisopliae. BioControl 48: 307-319. 

Kemp, W.P. (1986) Thermoregulation in three rangeland grasshopper species. The 
Canadian Entomologist 118: 335-343. 

Kershaw, M.J., Moorhouse, E.R., Bateman, R., Reynolds, S.E. & Charnley, A.K. (1999) 
The role of destruxins in the pathogenicity of Metarhizium anisopliae for three species of 
insect. Journal of Invertebrate Pathology 74: 213-223. 

Kleespies, R., Bathon, H. & Zimmermann, G. (1989) Untersuchungen zum naturlichen 
Vorkommen von entomopathogenen Pilzen und Nematoden in verschiedenen Boden in 
der Umgebung von Darmstadt. Gesunde Pflanzen 41: 350-355. 

109 



Klingen, I. (2000) Natural occurrence of insect pathogenic fungi and their pathogenicity 
on different host species with emphasis on Delia radicum and Delia floralis. PhD Thesis: 
2000: 24, Agricultural University of Norway. 

Kooyman, C. & Abdalla, O.M. (1998) Application of Metarhizium flavoviride 
(Deuteromycotina: Hyphomycetes) spores against the tree locust, Anacridium 
melanorhodon (Orthoptera: Acrididae), in Sudan. Biocontrol Science and Technology 8: 
215-219. 

Kooyman, C. & Shah, P. (1992) Exploration for locust and grasshopper pathogens. In 
Biological Control of Locusts and Grasshoppers (CJ. Lomer & C. Prior, eds): 208-213. 
CAB International, London. 

Lactin, D.J. & Johnson, D.L. (1998) Environmental, physical, and behavioural 
determinants of body temperature in grasshopper nymphs (Orthoptera: Acrididae). The 
Canadian Entomologist 130: 551-577. 

Lactin, D.J. & Johnson, D.L. (1996a) Behavioural optimization of body temperature by 
nymphal grasshoppers (Melanoplus sanguinipes, Orthoptera: Acrididae) in temperature 
gradients established using incandescent bulbs. Journal of Thermal Biology 21: 231-238. 

Lactin, D.J. & Johnson, D.L. (1996b) Effects of insolation and body orientation on 
internal thoracic temperature of nymphal Melanoplus packardii (Scudder) (Orthoptera: 
Acrididae). Environmental Entomology 25: 423-429. 

Lactin, D.J. & Johnson, D.L. (1995) Temperature-dependent feeding rates of Melanoplus 
sanguinipes (Orthoptera: Acrididae) nymphs in laboratory trials. Environmental 
Entomology 24: 1291-1296. 

Langewald, J., Kooyman, C , Douro-Kpindou, O., Lomer, C.J., Dahmoud, A.O. & 
Mohamed, H.O. (1997) Field treatment of desert locust (Schistocerca gregaria Forskal) 
hoppers in Mauritania using an oil formulation of the entomopathogenic fungus 
Metarhizium flavoviride. Biocontrol Science and Technology 7: 603-611. 

Latch, G.C.M. (1965) Metar(r)hizium anisopliae (Metsch.) Sorok. strains in New 
Zealand and their possible use for controlling pasture inhabiting insects. New Zealand 
Journal of Agricultural Research 8: 384-396. 

Leal, S.C.M., Bertioli, D.J., Butt, T.M., Carder, J.H., Burrows, P.R. & Peberdy, J.F. 
(1997) Amplification and restriction endonuclease digestion of the Prl gene for the 
detection and characterization of Metarhizium strains. Mycological Research 101: 257-
265. 

Leal, S.C.M., Bertioli, D.J., Butt, T.M. & Peberdy, J.F. (1994) Characterization of 
isolates of the entomopathogenic fungus Metarhizium anisopliae by RAPD-PCR. 
Mycological Research 98:1077-1081. 

110 



Liang, Z.-Q., Liu, A.-Y. & Liu, J.-L. (1991) [A new species of the genus Cordyceps and 
its Metarhizium anamorph.] Acta Sinica 10: 257-262 [In Chinese]. 

Liu, Z.Y., Milner, R.J., McRae, C.F. & Lutton, G.G. (1993) The use of dodine in 
selective media for the isolation of Metarhizium spp. from soil. Journal of Invertebrate 
Pathology 62: 248-251. 

Lochman, J., Sery, O. & Mikes, V. (2004) The rapid identification of European 
Armillaria species from soil samples by nested PCR. FEMS Microbiology Letters 237: 
105-110. 

Lockwood, J. A. (1993a) Environmental issues involved in biological control of rangeland 
grasshoppers (Orthoptera: Acrididae) with exotic agents. Environmental Entomology 22: 
503-518. 

Lockwood, J. A. (1993b) Benefits and costs of controlling rangeland grasshoppers 
(Orthoptera: Acrididae) with exotic organisms: search for a null hypothesis and 
regulatory compromise. Environmental Entomology 22: 904-914. 

Lomer, C.J., Bateman, R.P., Johnson, D.L., Langewald, J. & Thomas, M. (2001) 
Biological control of locusts and grasshoppers. Annual Review of Entomology 46: 667-
702. 

Lomer, C.J., Prior, C. & Kooyman, C. (1997) Development of Metarhizium spp. for the 
control of grasshoppers and locusts. . In Microbial Control of Grasshoppers and Locusts 
(M.S. Goettel & D.L. Johnson, eds): 265-286. [Memoirs of the Entomological Society of 
Canada No. 171] Entomological Society of Canada, Ottawa. 

Magalhaes, B.P., Faria, M., Tigano, M.S. & Sobral, B.W.S. (1997) Characterization and 
virulence of a Brazilian isolate of Metarhizium flavoviride Gams and Rozsypal 
(Hyphomycetes). In Microbial Control of Grasshoppers and Locusts (M.S. Goettel & 
D.L. Johnson, eds): 313-321. [Memoirs of the Entomological Society of Canada No. 
171.] Entomological Society of Canada, Ottawa. 

Magalhaes, B.P., Goettel, M.S. & da Silva Frazao, H. (2000a) Sporulation of 
Metarhizium ansiopliae var. acridum and Beauveria bassiana on Rhammatocerus 
schistocercoides under humid and dry conditions. Brazilian Journal of Microbiology 31: 
162-164. 

Magalhaes, B.P., Lecoq, M. De Faria, M.R., Schmidt, F.G.V. & Guerra, W.D. (2000b) 
Field trial with the entomopathogenic fungus Metarhizium anisopliae var. acridum 
against bands of the grasshopper Rhammatocerus schistocercoides in Brazil. Biocontrol 
Science and Technology 10: 427-441. 

I l l 



Martinez-Culebras, P.V., Barrio, E., Garcia, M.D. & Querol, A. (2000) Identification of 
Colletotrichum species responsible for anthracnose of strawberry based on the internal 
transcribed spacers of the ribosomal region. FEMS Microbiology Letters 189: 97-101. 

Mavridou, A. & Typas, M.A. (1998) Intraspecific polymorphism in Metarhizium 
anisopliae var. anisopliae revealed by analysis of rRNA gene complex and mtDNA 
RFLPs. Mycological Research 102: 1233-1241. 

McClatchie, G.V., Moore, D., Bateman, R.P. & Prior, C. (1994) Effects of temperature 
on the viability of the conidia of Metarhizium flavoviride in oil formulations. 
Mycological Research 98: 749-756. 

Metschnikoff, E. (1879) Maladies des hannetons du ble. Zapiski imperatorskogo 
obshchestua sel'skago Khozyaistra yuzhnoi rossii, pp. 17-50. 

Meynell, G.G. (1957) Inherently low precision of infectivity titrations using a quantal 
response. Biometrics 13: 149-163. 

Milner, R J . (1997) Metarhizium flavoviride (FI985) as a promising mycoinsecticide for 
Australian acridids.. In Microbial Control of Grasshoppers and Locusts (M.S. Goettel & 
D.L. Johnson, eds): 287-300. [Memoirs of the Entomological Society of Canada No. 171] 
Entomological Society of Canada, Ottawa. 

Milner, R.J. (1992) Selection and characterization of strains of Metarhizium anisopliae 
for control of soil insects in Australia. In Biological Control of Locusts and Grasshoppers 
(C.J. Lomer & C. Prior, eds): 200-207. CAB International, London. 

Milner, R.J., Driver, F., Curran, J., Glare, T.R., Prior, C , Bridge, P.D. & Zimmerman, G. 
(1994) Recent problems with the taxonomy of the genus Metarhizium, and a possible 
solution. In Proceedings of the 5th International Colloquium of Invertebrate Pathology 
and Microbial Control, Montpellier, pp. 109-110. 

Milner, R J . & Hunter, D.M. (2001) Recent developments in the use of fungi as 
biopesticides against locusts and grasshoppers in Australia. Journal of Orthoptera 
Research 10: 271-276. 

Milner, R.J., Lim, R.P. & Hunter, D.M. (2002) Risks to the aquatic ecosystem from the 
application of Metarhizium anisopliae for locust control in Australia. Pest Management 
Science 58: 718-723. 

Milner, R.J., Lozano, L.B., Driver, F. & Hunter, D. (2003) A comparative study of two 
Mexican isolates with an Australian isolate of Metarhizium anisopliae var. acridum -
strain characterization, temperature profile and virulence for wingless grasshopper, 
Phaulacridium vittatum. BioControl 4: 335-348. 

112 



Milner, R.J. & Lutton, G.G. (1976) Metarhizium anisopliae: survival of conidia in the 
soil. Proceedings of the First International Colloquium of Invertebrate Pathology, 
Kingston, pp. 428-429. 

Milner, R.J. & Prior, C. (1994) Susceptibility of the Australian plague locust, 
Chortoicetes terminifera, and the wingless grasshopper, Phaulacridium vittatum, to the 
fungi Metarhizium spp. Biological Control 4: 132-137. 

Milner, R.J., Staples, J.A., Hartley, T.R., Lutton, G.G., Driver, F. & Watson, J.A.L. 
(1998) Occurrence of Metarhizium anisopliae in nests and feeding sites of Australian 
termites. Mycological Research 102: 216-220. 

Mishra, P.K., Fox, R.T.V. & Culham, A. (2003) Development of a PCR-based assay for 
rapid and reliable identification of pathogenic Fusaria. FEMS Microbiology Letters 218: 
329-332. 

Moore, D., Bridge, P.D., Higgins, P.M., Bateman, R.P. & Prior, C. (1993) Ultra-violet 
radiation damage to Metarhizium flavoviride conidia and the protection given by 
vegetable and mineral oils and chemical sunscreens. Annals of Applied Biology 122: 605-
616. 

Moore, D., Higgins, P.M. & Lomer, C.J. (1996) Effects of simulated and natural sunlight 
on the germination of conidia ofMetarhizium flavoviride Gams and Rozsypal and 
interactions with temperature. Biocontrol Science and Technology 6: 63-76. 

Morley-Davies, J., Moore, D. & Prior, C. (1995) Screening of Metarhizium and 
Beauveria spp. conidia with exposure to simulated sunlight and a range of temperatures. 
Mycological Research 100: 31-38. 

Ouedraogo, A., Fargues, J., Goettel, M.S. & Lomer, C.J. (1997) Effect of temperature on 
vegetative growth among isolates of Metarhizium anisopliae and M. flavoviride. 
Mycopathologia 137: 37-43. 

Ouedraogo, R.M., Cusson, M., Goettel, M.S. & Brodeur, J. (2003) Inhibition of fungal 
growth in thermoregulating locusts, Locusta migratoria, infected by the fungus 
Metarhizium anisopliae var. acridum. Journal of Invertebrate Pathology 82: 103-109. 

Pantou, M.P., Mavridou, A. & Typas, M.A. (2003) IGS sequence variation, group-I 
introns and the complete nuclear ribosomal DNA of the entomopathogenic fungus 
Metarhizium: excellent tools for isolate detection and phylogenetic analysis. Fungal 
Genetics and Biology 38: 159-174. 

Petch, T. (1935) Notes on entomogenous fungi. Transactions of the British Mycological 
Society 19: 161-194. 

113 



Petch, T. (1931) Notes on entomogenous fungi. Transactions of the British Mycological 
Society 16: 67-71. 

Peveling, R., Attignon, S., Langewald, J. & Ouambama, Z. (1999) An assessment of the 
impact of biological and chemical grasshopper control agents on ground-dwelling 
arthropods in Niger, based on presence/absence sampling. Crop Protection 18: 323-339. 

Peveling, R. & Demba, S.A. (2003) Toxicity and pathogenicity of Metarhizium 
anisopliae var. acridum (Deuteromycotina, Hyphomycetes) and fipronil to the fringe-
toed lizard Acanthodactylus dumerili (Squamata: Lacertidae). Environmental Toxicology 
and Chemistry 22: 1437-1447. 

Peveling, R. & Demba, S.A. (1997) Virulence of the entomopathogenic fungus 
Metarhizium flavoviride Gams and Rozsypal and toxicity of diflubenzuron, fenitrothion-
esfenvalerate and profenofos-cypermethrin to nontarget arthropods in Mauritania. 
Archives of Environmental Contamination and Toxicology 32: 69-79. 

Pickford, R. & Randell, R.L. (1969) A non-diapause strain of the migratory grasshopper, 
Melanoplus sanguinipes (Orthoptera: Acrididae). Canadian Entomologist 101: 894-896. 

Pipe, N.D., Chandler, D., Bainbridge, B.W. & Heale, J.B. (1995) Restriction fragment 
length polymorphisms in the ribosomal RNA gene complex of isolates of the 
entomopathogenic fungus Metarhizium anisopliae. Mycological Research 99: 485-491. 

Prior, C. (1997) Susceptibility of target acridoids and non-target organisms to 
Metarhizium anisopliae and M. flavoviride. In New Strategies in Locust Control (S. Krall, 
R. Peveling & D. Ba Diallo, eds): 369-375. Birkhauser Verlag, Basel. 

Prior, C. (1992) Discovery and characterization of fungal pathogens for locust and 
grasshopper control. In Biological Control of Locusts and Grasshoppers (C.J. Lomer & 
C. Prior, eds): 159-180. CAB International, London. 

Rakotonirainy, M.S., Cariou, M.L., Brygoo, Y. & Riba, G. (1994) Phylogenetic 
relationships within the genus Metarhizium based on 28S rDNA sequenaces and isozyme 
comparison. Mycological Research 98: 225-230. 

Rangel, D.E.N., Braga, G.U.L., Anderson, A.J. & Roberts, D.W. (2005) Variability in 
conidial thermo tolerance of Metarhizium anisopliae isolates from different geographic 
origins. Journal of Invertebrate Pathology 88: 116-125. 

Rath, A.C., Koen, T.B. & Yip, H.Y. (1992) The influence of abiotic factors on the 
distribution and abundance of Metarhizium anisopliae in Tasmanian pasture soils. 
Mycological Research 96: 378-384. 

Rehn, J.A.G. (1954) The distribution centers of the Melanopli (Orthoptera: Acrididae: 
Cyrtacanthacridinae). Entomological News 65: 57-65. 

114 



Riba, G., Bouvier-Fourcade, I. & Caudal, A. (1986) Isozyme polymorphism in 
Metarhizium anisopliae (Deuteromycotina: Hyphomycetes) entomogenous fungi. 
Mycopathologia 96: 161-169. 

Roberts, D.W. (1967) Entomogenous fungi as microbial control agents: some areas for 
research emphasis. Proceedings of the Joint U.S. Japan Seminar on Microbial Control of 
Insect Pests, Fukuoka. 

Roddam, L.F. & Rath, A.C. (1997) Isolation and characterization of Metarhizium 
anisopliae and Beauveria bassiana from subantarctic Macquarie Island. Journal of 
Invertebrate Pathology 69: 285-288. 

Rombach, M.C., Humber, R.A. & Evans, H.C. (1987) Metarhizium album Petch, a fungal 
pathogen of leaf- and planthoppers of rice. Transactions of the British Mycological 
Society 88: 451-459. 

Rombach, M.C., Humber, R.A. & Roberts, D.W. (1986) Metarhizium flavoviride var. 
minus var. nov., a pathogen of plant- and leafhoppers on rice in Philippines and Solomon 
Islands. Mycotaxon 27: 87-92. 

Salazar, O., Julian, M.C. & Rubio, V. (2000) Primers based on specific rDNA-ITS 
sequences for PCR detection of Rhizoctonia solani, R. solani AG 2 subgroups and 
ecological types, and binucleate Rhizoctonia. Mycological Research 104: 281-285. 

Sambrook, J., Fritsch, E.F. & Maniatis, T. (1989) Molecular Cloning: a laboratory 
manual, 2nd edn. Cold Spring Harbor Laboratory, Cold Spring Harbor, NY. 

Samuels, R.I. & Reynolds, S.E. (2000) Proteinase inhibitors from the molting fluid of the 
pharate adult tobacco hornworm, Manduca sexta. Archives of Insect Biochemistry and 
Physiology 43: 33-43. 

SAS Institute Inc. (2005) SAS OnlineDoc(r) 9.1.3 Cary, NC: SAS Institute Inc. 

Shah, P. A. (1994) Field studies on the development of Metarhizium flavoviride Gams and 
Rozsypal as a microbial insecticide for locust and grasshopper control. Ph.D. thesis, 
University of London, London, UK. 

Shah, P.A., Douro-Kpindou, O.-K., Sidibe, A., Daffe, CO. , van der Pauuw, H. & Lomer, 
C.J. (1998a) Effects of the sunscreen oxybenzone on field efficacy and persistence of 
Metarhizium flavoviride conidia against Kraussella amabile (Orthoptera: Acrididae) in 
Mali, West Africa. Biocontrol Science and Technology 8: 357-364. 

Shah, P.A., Gbongboui, C , Godonou, I., Hossou, A. & Lomer, C.J. (1998b) Natural 
incidence of Metarhizium flavoviride infection in two grasshopper communities in 
northern Benin. Biocontrol Science and Technology 8: 335-344. 

115 



Shah, P. A., Kooyman, C. & Parai'so, A. (1997) Surveys for fungal pathogens of locusts 
and grasshoppers in Africa and the Near East. In Microbial Control of Grasshoppers and 
Locusts (M.S. Goettel & D.L. Johnson, eds): 27-35. [Memoirs of the Entomological 
Society of Canada No. 171.] Entomological Society of Canada, Ottawa. 

Shimazu, M. (1989) Metarhizium cylindrosporae Chen et Guo (Deuteromycotina: 
Hyphomycetes), a causative agent of an epizootic on Graptopsaltria nigrofuscata 
Motchulski (Homoptera: Cicadidae). Applied Entomology and Zoology 24: 430-434. 

Smits, J.E., Johnson, D.L. & Lomer, C. (1999) Pathological and physiological responses 
of ring-necked pheasant chicks following dietary exposure to the fungus Metarhizium 
flavoviride, a biocontrol agent for locusts in Africa. Journal of Wildlife Diseases 35: 194-
203. 

Sorokin, N. (1883) Plant parasites of man and animals as causes of infectious diseases. 
2: 268-291. 

Sosa-Gomez, D.R., Boucias, D.G. & Nation, J.L. (1997) Attachment of Metarhizium 
anisopliae to the southern green stink bug Nezara viridula cuticle and fungistatic effect 
of cuticular lipids and aldehydes. Journal of Invertebrate Pathology 69: 31-39. 

St. Leger, R.J. (1993) Biology and mechanisms of insect-cuticle invasion by 
deuteromycetous fungal pathogens. In Parasites and Pathogens of Insects, vol. 2 (N.C. 
Beckage, S.N. Thompson & B.A. Federici, eds): 211-229. Academic Press, New York. 

St. Leger, R.J. (1991) The integument as a barrier to microbial infections. In Physiology 
of the Insect Epidermis (A. Retnakaran & K. Binnington, eds): 286-308. Inkata Press, 
Victoria. 

St. Leger, R.J., Bidochka, M.J. & Roberts, D.W. (1994) Germination triggers of 
Metarhizium anisopliae conidia are related to host species. Microbiology 140: 1651-
1660. 

St. Leger, R.J., Butt, T.M., Goettel, M.S., Staples, R.C. & Roberts, D.W. (1989) 
Production in vitro of appressoria by the entomopathogenic fungus Metarhizium 
anisopliae. Experimental Mycology 13: 274-288. 

St. Leger, R.J., Goettel, M.S., Roberts, D.W. & Staples, R.C. (1991) Prepenetration 
events during infection of host cuticle by Metarhizium anisopliae. Journal of Invertebrate 
Pathology 58: 168-179. 

St. Leger, R.J., May, B., Allee, L.L., Frank, D.C., Staples, R.C. & Roberts, D.W. (1992) 
Genetic differences in allozymes and in formation of infection structures among isolates 
of the entomopathogenic fungus Metarhizium anisopliae. Journal of Invertebrate 
Pathology 60: 89-101. 

116 



St. Leger, R.J., Joshi, L., Bidochka, M.J., Rizzo, N.W. & Roberts, D.W. (1996) 
Characterization and ultrastructural localization of chitinases from Metarhizium 
anisopliae, M. flavoviride, and Beauveria bassiana during fungal invasion of host 
(Manduca sexta) cuticle. Applied and Environmental Microbiology 62: 907-912. 

Stoltz, I., Nagel, P., Lomer, C. & Peveling, R. (2002) Susceptibility of the hymenopteran 
parasitoids Apoanagyrus (=Epidinocarsis) lopezi (Encyrtidae) and Phanerotoma sp. 
(Braconidae) to the entomopathogenic fungus Metarhizium anisopliae var. acridum 
(Deuteromycotina: Hyphomycetes). Biocontrol Science and Technology 12: 349-360. 

Tebbe, C.C. & Vahjen, W. (1993) Interference of humic acids and DNA extracted 
directly from soil in detection and transformation of recombinant DNA from bacteria and 
a yeast. Applied and Environmental Microbiology 59: 2657-2665. 

Thomas, M.B., Blanford, S. & Lomer, C.J. (1997) Reduction of feeding by the variegated 
grasshopper, Zonocerus variegatus, following infection by the fungal pathogen, 
Metarhizium flavoviride. Biocontrol Science and Technology 7: 327-334. 

Thomas, M.B. & Jenkins, N.E. (1997) Effects of temperature on growth of M. flavoviride 
and virulence to the variegated grasshopper, Zonocerus variegatus. Mycological 
Research 101: 1469-1474. 

Thomas, M.B., Wood, S.N., Langewald, J. & Lomer, C.J. (1997) Persistence of 
Metarhizium flavoviride and consequences for biological control of grasshoppers and 
locusts. Pesticide Science 49: 47-55. 

Tigano-Milani, M.S., Gomes, A.C.M.M. & Sobral, B.W.S. (1995) Genetic variability 
among Brazilian isolates of the entomopathogenic fungus Metarhizium anisopliae. 
Journal of Invertebrate Pathology 65: 206-210. 

Tsai, Y. & Olson, B.H. (1991) Rapid method of direct extraction of DNA from soils and 
sediments. Applied and Environmental Microbiology 57: 1070-1074. 

Tulloch, M. (1976) The genus Metarhizium. Transactions of the British Mycological 
Society 66: 407-411. 

Tymon, A.M., Shah, P.A. & Pell, J.K. (2004) PCR-based molecular discrimination of 
Pandora neoaphidis isolates from related entomopathogenic fungi and development of 
species-specific diagnostic primers. Mycological Research 108: 419-433. 

Tzean, S.S., Hsieh, L.S., Chen, J.L. & Wu, W.J. (1993) Nomuraea cylindrospora comb, 
nov. Mycologia 85: 514-519. 

117 



Van Driesche, R.G. & Hoddle, M.S. (2000) Classical arthropod biological control: 
measuring success, step by step. In Biological Control: measures of success (G. Gurr & 
S. Wratten, eds): 39-75. Kluwer Academic Publishers, Dordrecht, the Netherlands. 

Vanninen, I. (1996) Distribution and occurrence of four entomopathogenic fungi in 
Finland: effect of geographical location, habitat type and soil type. Mycological Research 
100: 92-101. 

Veen, K.H. (1968) Recherches sur la maladie, due a Metarrhizium anisopliae chez le 
cricket pelerin. Mededingen Landbouwhogeschool Wageningen, Nederland 68: 1-77. 

Veen, K.H. & Ferron, P. (1966) A selective medium for the isolation of Beauveria tenella 
and of Metarrhizium anisopliae. Journal of Invertebrate Pathology 8: 268-269. 

Vey, A., Hoagland, R.E. & Butt, T.M. (2001) Toxic metabolites of fungal biocontrol 
agents. In Fungi as Biocontrol Agents: progress, problems and potential (T.M. Butt, 
C.W. Jackson & N. Magan, eds): 311-346. CABI Publishing, Wallingford. 

Vey, A., Quiot, J.-M., Vago, C. & Fargues, J. (1985) Effet immunodepresseur de toxines 
fongiques : inhibition de la reaction d'encapsulement multicellulaire par les destruxines. 
Comptes Rendus de I Academie des Sciences, Serie 3 (Paris) 300 : 647-651. 

Vilcinskas, A., Matha, V. & Gotz, P. (1997) Inhibition of phagocytic activity of 
plasmatocytes isolated from Galleria mellonella by entomogenous fungi and their 
secondary metabolites. Journal of Insect Physiology 43: 475-483. 

von Wintzingerode, F., Gobel, U.B. & Stackebrandt, E. (1997) Determination of 
microbial diversity in environmental samples: pitfalls of PCR-based rRNA analysis. 
FEMS Microbiology Reviews 21: 213-229. 

Wang, C. & St. Leger, R.J. (2005) Developmental and transcriptional responses to host 
and nonhost cuticles by the specific locust pathogen Metarhizium anisopliae var. 
acridum. Eukaryotic Cell 4: 937-947. 

Watanabe, H. (1987) The host population. In Epizootiology of Insect Diseases (J.R. Fuxa 
& Y. Tanada, eds): 71-112. John Wiley & Sons, Inc., Toronto. 

Welling, M., Nachtigall, G. & Zimmermann, G. (1994) Metarhizium spp. isolates from 
Madagascar: morphology and effect of high temperature on growth and infectivity to the 
migratory locust, Locusta migratoria. Entomophaga 39: 351-361. 

White, T.J., Bruns, T., Lee, S. & Taylor, J. (1990) Amplification and direct sequencing of 
fungal ribosomal RNA genes for phylogenetics. In PCR Protocols (M.A. Innis, D.H. 
Gelfand, J.J. Snisky & T.J. White, eds): 315-322. Academic Press, London. 

118 



Zacharuk, R.Y. (1973) Electron-microscope studies of the histopathology of fungal 
infections by Metarrhizium anisopliae. Miscellaneous Publications of the Entomological 
Society of America 9: 112-119. 

Zacharuk, R.Y. (1971) Fine structure of the fungus Metarrhizium anisopliae infecting 
three species of larval Elateridae (Coleoptera). IV. Development within the host. 
Canadian Journal of Microbiology 17: 525-529. 

Zacharuk, R.Y. (1970a) Fine structure of the fungus Metarrhizium anisopliae infecting 
three species of larval Elateridae (Coleoptera). II. Conidial germ tubes and appressoria. 
Journal of Invertebrate Pathology 15: 81-91. 

Zacharuk, R.Y. (1970b) Fine structure of the fungus Metarrhizium anisopliae infecting 
three species of larval Elateridae (Coleoptera). III. Penetration of the host integument. 
Journal of Invertebrate Pathology 15: 372-396. 

Zacharuk, R.Y. & Tinline, R.D. (1968) Pathogenicity of Metarrhizium anisopliae, and 
other fungi, for five elaterids (Coleoptera) in Saskatchewan. Journal of Invertebrate 
Pathology 12: 294-309. 

Zimmermann, G. (1993) The entomopathogenic fungus Metarhizium anisopliae and its 
potential as a biocontrol agent. Pesticide Science 37: 375-379. 

Zimmermann, G. (1986) The "Galleria bait method" for detection of entomopathogenic 
fungi in soil. Journal of Applied Entomology 102: 213-215. 

119 



Appendix 1. Partial nucleotide sequence for large subunit ribosomal RNA gene and 
ribosomal intergenic spacer region for Metarhizium anisopliae var. anisopliae isolate 
6W-2 

1 ccttgttgtt acgatctgct gagggttagc cgttcttcgc ctcgatttcc 
51 ccaatatcag cgcatcccgt ttcgcggggc gggtgttggg gttagagcca 

101 ccgagtagtg gccgcaggct tgaggagagc cgccgagtgg tggttcggga 
151 gggaaaatct gccaagctca aaggtcaggc aagcgagagg tttaccgggt 
201 cggaaagtcg ggcgagtaaa aagatatacc aagtccaaaa tactgccggc 
251 aacatacccg ggaccccgag taagtcgggg aagaagttgg cggatgtttt 
301 tccagccaac tcaactttga ccaatttacc tgcccgagct cacgggtagg 
351 ctgcggttaa tttttggact ttgcggattc actcgaatca attcacagga 
401 agttacctgc caaattgcct gggctcccgg gtaggctata gttgactttt 
451 ggacttggcg gattttttta aacttacttc ccccactata acctgggatt 
501 ttcccaacca tagctcacgg gtaggttagt tgtgattttt ggacttggtg 
551 aaatttctac tttcctgcca agtctagcct acctgggagc ccaggcaagt 
601 cgggcaggta aattccgcca acccggcagg gaactgattg caaattaatt 
651 caaccaaatc tgccaagtcc acaaagaaat gacagcctac ccggtaggcc 
7 01 tgtagatttc ccgcgcgatt tcctgcgaag accaaaaagc taggtgtttt 
7 51 agtacttaat ttatataaag atgagttgat ttttttgttt ttttatataa 
8 01 ataaattttg cggaaaataa aaaataaacc acgagagcct agtagcggag 
851 gcgggccctc gaggtggtcg gtaggtatat aagagagagg gctggacacg 
901 cgtcgcgtcg cgtatttcca ccgcacctaa tacttttggc tttagggtag 
951 gctgcttgtt tagaggcgcg ctgaattaga tggtctctta agtgagggga 

1001 tttctctgct ggcagttgcc tgtaatccgg gagtccgtgg tggtaaagtc 
1051 agctataagg cttgtgtgtg tgtgggtgcg cgggtgtgtg tgccggggcc 
1101 ctgtaagtcc cgaccaggaa ccctacaggt cacgtgccga cacagtaaga 
1151 cagataagat atacggcacg tgttagtaca cgtgccaata caagtgacg 



Appendix 2. Partial nucleotide sequence for large subunit ribosomal RNA gene and 
ribosomal intergenic spacer region for group-B variant Metarhizium anisopliae var. 
anisopliae isolate S54 

1 ccttgttgtt 
51 ccaatatcag 

101 ccgagtagtg 
151 gggaaaatct 
201 cggaaagtcg 
251 aacatacccg 
301 tccagccaac 
351 ctgcggttaa 
4 01 agttacctgc 
4 51 ggacttggcg 
501 ttcccgacca 
551 attacagcct 
601 agaccaaaaa 
651 atttttttgt 
7 01 accacgagag 
7 51 tataagagag 
801 taatactttg 
851 gatggtctct 
901 gggagtccgt 
951 cgcgggtgtg 

1001 gtcacgtgcc 
1051 cacgtgccaa 

acgatctgct 
cgcatcccgt 
gccgcaggct 
gccaagctca 
ggcgagtaaa 
ggaccccgag 
tcaactttga 
tttttggact 
caaattgcct 
gattttttta 
tagctcacgg 
acccggtagg 
gttaggtgtt 
tttttttata 
cccggtagcg 
agggctggac 
gctttagggt 
taagtgaggg 
ggtggtaaag 
tgtgccgggg 
gacacagtaa 
tacaagtgac 

gagggttagc 
ttcgcggggc 
tgaggagagc 
aaggtcaggc 
aagatatacc 
taagtcgggg 
ccaatttacc 
ttgcggattc 
gggctcccgg 
aacttacttc 
gtaggttagt 
cctgtatatt 
ttagtactta 
tatataaatt 
gaggcgagcc 
acgcgtcgcg 
aggctgcttg 
gatttctctg 
tcagctataa 
ccctgtaagt 
gacagataag 
g 

cgttcttcgc 
gggtgttggg 
cgccgagtgg 
aagcgagagg 
aagtccaaaa 
aagaagttgg 
tgcccgagct 
actcgaatca 
gtaggctata 
ccccactata 
tgtgataagt 
tcccgcgcga 
atttatatag 
ttgcgggaaa 
cttaaggtag 
tcgcgtattt 
tttagatgcg 
ctggcagttg 
ggcttgtgtg 
cccgaccagg 
atatacggca 

ctcgatttcc 
gttagagcca 
tggttcggga 
tttaccgggt 
tactgccggc 
cggatgtttt 
cacgggtagg 
attcacagga 
gttgactttt 
acctgggatt 
ccacaaataa 
tttcctgtga 
gtataagttg 
taaaaaataa 
tcggtaagta 
ccaccgcacc 
cgctgaatta 
cctgtaatcc 
tgtgtgggtg 
aaccctacag 
cgtgttagta 

Positions 1-49 large subunit ribosomal RNA, partial sequence 
Positions 50-1071 ribosomal intergenic spacer region, partial sequence 
Positions 941-960 location of 20 bp GT-rich insertion sequence definitive of group-B 

strains (Pantou et al, 2003) 

Letters in bold indicate nucleotide sequence amplified by M. anisopliae var. anisopliae-
specific Ma-IGSspF/Ma-IGS-spR primers. 
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Appendix 3. Mean summary statistics for maximum air temperature for weather 
stations in Alberta, Saskatchewan, and Manitoba during June, July, and August 
over a thirty-year period (1975-2005) 

Analysis Variable : tempjmaxair 
location month N 

Obs 
Mean N Std 

Error 
Lower 95% 

CLh for 
Mean 

Upper 95% 
CLfor 
Mean 

Minimum Maxim 

Beaverlodge 6 930 19.525 922 0.138 19.254 19.796 7.000 31.000 
7 961 21.648 961 0.134 21.385 21.911 6.300 32.000 
8 961 20.729 960 0.162 20.411 21.047 6.500 34.500 

FortVermilion 6 930 21.845 480 0.202 21.447 22.243 6.300 31.500 
7 961 23.636 496 0.185 23.273 24.000 12.500 34.200 
8 961 21.041 496 0.227 20.594 21.487 5.000 35.000 

Lacombe 6 930 20.128 930 0.147 19.840 20.417 7.800 34.300 
7 961 22.443 961 0.135 22.178 22.709 8.100 34.400 
8 961 21.765 949 0.166 21.440 22.090 5.000 34.500 

Lethbridge 6 930 21.776 929 0.161 21.460 22.091 7.400 34.000 
7 961 25.378 952 0.153 25.079 25.677 8.700 37.200 
8 961 24.971 958 0.174 24.629 25.313 2.700 38.100 

Morden 6 930 23.143 930 0.167 22.816 23.470 8.000 37.000 
7 961 25.941 961 0.134 25.678 26.204 12.500 38.300 
8 961 25.088 960 0.157 24.780 25.396 11.000 40.000 

Onefour 6 930 22.550 930 0.170 22.218 22.883 5.900 38.000 
7 961 26.883 961 0.158 26.573 27.192 8.200 37.900 
8 961 26.303 961 0.177 25.956 26.651 4.700 39.000 

Scott 6 930 21.324 930 0.160 21.009 21.638 7.500 37.600 
7 961 23.858 961 0.140 23.583 24.133 8.900 37.600 
8 961 23.351 961 0.174 23.009 23.692 9.000 39.400 

Stavely 6 930 18.638 778 0.177 18.290 18.985 3.800 33.300 
7 961 22.590 810 0.169 22.258 22.923 5.400 36.100 
8 961 21.861 810 0.183 21.501 22.220 5.600 34.400 

Vauxhall 6 870 23.013 852 0.166 22.687 23.339 8.800 36.000 
7 899 26.371 898 0.148 26.080 26.662 9.900 37.400 
8 899 26.060 898 0.179 25.709 26.411 8.800 38.500 

Confidence level 
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Data generated by the MEANS procedure of SAS (SAS Institute, 2005). 



Appendix 4. Mean summary statistics for minimum air temperature for weather 
stations in Alberta, Saskatchewan, and Manitoba during June, July, and August 
over a thirty-year period (1975-2005) 

Analysis Variable : temp_min_air 
location month N 

Obs 
Mean N Std 

Error 
Lower 95% 

CL! for 
Mean 

Upper 95% 
CLfor 
Mean 

Minimum Maxim 

Beaverlodge 6 930 7.432 913 0.095 7.245 7.620 -1.000 15.600 
7 961 9.230 958 0.088 9.057 9.403 0.000 17.800 
8 961 8.106 960 0.104 7.902 8.310 -3.000 17.500 

FortVermilion 6 930 8.705 480 0.152 8.407 9.004 -0.500 18.000 
7 961 11.197 496 0.128 10.946 11.448 1.500 19.000 
8 961 8.805 496 0.170 8.471 9.140 -3.000 19.500 

Lacombe 6 930 7.206 930 0.105 7.000 7.411 -2.500 17.800 
7 961 9.077 961 0.094 8.891 9.262 0.800 18.000 
8 961 7.738 948 0.109 7.525 7.951 -7.000 16.100 

Lethbridge 6 930 8.934 930 0.108 8.722 9.146 -2.000 19.800 
7 961 11.060 948 0.097 10.871 11.250 0.000 22.000 
8 961 10.155 958 0.103 9.953 10.357 -2.500 21.500 

Morden 6 930 11.766 930 0.130 11.511 12.021 0.500 25.000 
7 961 14.493 961 0.102 14.293 14.693 3.000 25.000 
8 961 13.006 959 0.122 12.766 13.246 -0.500 25.000 

Onefour 6 930 9.103 930 0.110 8.887 9.319 -0.600 20.500 
7 961 11.857 961 0.099 11.662 12.051 4.000 21.700 
8 961 11.095 961 0.114 10.872 11.319 -1.000 22.600 

Scott 6 930 8.465 930 0.113 8.243 8.688 -1.600 20.500 
7 961 10.577 961 0.100 10.382 10.773 1.500 20.000 
8 961 9.217 961 0.117 8.988 9.446 -2.000 18.800 

Stavely 6 930 5.691 778 0.127 5.442 5.939 -5.600 18.300 
7 961 8.257 811 0.135 7.992 8.523 -0.600 20.800 
8 961 7.863 815 0.143 7.582 8.144 -4.000 19.700 

Vauxhall 6 870 8.946 856 0.118 8.715 9.177 -0.500 20.400 
7 899 10.731 898 0.103 10.528 10.934 -0.300 20.800 
8 899 9.742 899 0.114 9.518 9.965 -0.500 19.800 

'confidence level 
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Data generated by the MEANS procedure of SAS (SAS Institute, 2005). 



Appendix 5. Mean summary statistics for sunshine hours for weather stations in 
Alberta, Saskatchewan, and Manitoba during June, July, and August over a thirty-
year period (1975-2005) 

Analysis Variable: sunshine 
location month N 

Obs 
Mean N Std 

Error 
Lower 95% 

CLj for 
Mean 

Upper 95% 
CLfor 
Mean 

Minimum Maxim 

Beaverlodge 6 930 7.187 122 0.403 6.390 7.984 0.000 14.800 
7 961 7.101 134 0.343 6.422 7.779 0.000 14.100 
8 961 6.509 155 0.304 5.908 7.110 0.000 12.700 

FortVermilion 6 930 7.455 120 0.341 6.779 8.131 0.000 13.300 
7 961 6.395 124 0.318 5.765 7.025 0.000 13.100 
8 961 5.040 124 0.268 4.510 5.571 0.000 12.200 

Lacombe 6 930 4.771 120 0.482 3.817 5.725 0.000 14.800 
7 961 6.375 124 0.460 5.464 7.286 0.000 14.200 
8 961 5.081 124 0.407 4.274 5.887 0.000 13.400 

Lethbridge 6 930 9.181 513 0.208 8.772 9.591 0.000 15.500 
7 961 10.512 558 0.168 10.181 10.842 0.000 15.700 
8 961 9.142 558 0.165 8.818 9.467 0.000 14.400 

Morden 6 
7 
8 

930 
961 
961 

0 
0 
0 

Onefour 6 930 8.381 210 0.313 7.764 8.998 0.000 15.700 
7 961 10.082 217 0.236 9.617 10.547 0.000 15.500 
8 961 8.655 217 0.262 8.140 9.171 0.000 14.500 

Scott 6 930 3.370 120 0.370 2.637 4.103 0.000 11.500 
7 961 5.067 124 0.368 4.338 5.796 0.000 11.300 
8 961 4.218 124 0.336 3.552 4.884 0.000 10.000 

Stavely 6 930 7.367 120 0.438 6.499 8.235 0.000 14.700 
7 961 9.848 124 0.323 9.210 10.487 0.000 14.500 
8 961 7.456 124 0.390 6.684 8.229 0.000 13.200 

Vauxhall 6 870 8.943 389 0.235 8.482 9.404 0.000 15.500 
7 899 10.404 403 0.181 10.049 10.760 0.000 15.300 
8 899 8.599 403 0.188 8.230 8.968 0.000 14.300 

Confidence level 
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Data generated by the MEANS procedure of SAS (SAS Institute, 2005). 



Appendix 6. Mean summary statistics for precipitation for weather stations in 
Alberta, Saskatchewan, and Manitoba during June, July, and August over a thirty-
year period (1975-2005) 

Analysis Variable : precip 
location month N 

Obs 
Mean N Std 

Error 
Lower 95% 

CL k for 
Mean 

Upper 95% 
CLfor 
Mean 

Minimum Maximu 

Beaverlodge 6 930 2.368 924 0.201 1.973 2.762 0.000 110.000 
7 961 2.400 961 0.189 2.029 2.772 0.000 93.200 
8 961 2.046 961 0.156 1.740 2.353 0.000 45.300 

FortVermilion 6 930 1.698 480 0.205 1.296 2.100 0.000 41.000 
7 961 1.666 496 0.206 1.262 2.071 0.000 54.200 
8 961 1.988 496 0.239 1.518 2.458 0.000 43.200 

Lacombe 6 930 2.515 930 0.182 2.158 2.872 0.000 50.600 
7 961 2.874 961 0.205 2.473 3.275 0.000 63.600 
8 961 2.324 952 0.216 1.901 2.748 0.000 78.200 

Lethbridge 6 930 2.579 930 0.241 2.106 3.052 0.000 77.800 
7 961 1.305 961 0.133 1.045 1.565 0.000 43.400 
8 961 1.575 961 0.191 1.201 1.949 0.000 91.600 

Morden 6 930 2.926 930 0.221 2.493 3.359 0.000 56.000 
7 961 2.285 961 0.198 1.897 2.674 0.000 82.100 
8 961 2.284 961 0.278 1.739 2.829 0.000 150.000 

Onefour 6 930 2.171 930 0.181 1.815 2.527 0.000 45.600 
7 961 1.221 961 0.119 0.988 1.454 0.000 45.000 
8 961 1.201 961 0.123 0.960 1.443 0.000 39.400 

Scott 6 930 2.075 930 0.162 1.757 2.392 0.000 54.600 
7 961 2.121 961 0.173 1.781 2.462 0.000 59.000 
8 961 1.414 961 0.128 1.163 1.665 0.000 38.200 

Stavely 6 930 3.439 788 0.331 2.789 4.088 0.000 94.600 
7 961 1.991 819 0.201 1.597 2.385 0.000 52.100 
8 961 2.280 820 0.235 1.819 2.741 0.000 62.700 

Vauxhall 6 870 2.410 870 0.220 1.977 2.842 0.000 63.400 
7 899 1.129 899 0.107 0.918 1.340 0.000 27.200 
8 899 1.242 899 0.129 0.988 1.496 0.000 62.000 

Confidence level 
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Data generated by the MEANS procedure of SAS (SAS Institute, 2005). 



Appendix 7. June 2003 observed daily weather data for Lethbridge, AB 

Date Max 
temp 
CO 

Min 
temp 
CO 

Ppt 
(mm) 

Sun 
(hrs) 

Temp range 
15-31 °C 

(hrs) 

Temp range 
24-27 °C 

(hrs) 

Temp range 
27-31 °C 

(hrs) 
June 1 22.4 13.9 5.0 7.2 14 0 0 

2 16.7 10.7 11.0 1.8 2 0 0 
3 18.6 8.3 0.2 6.5 4 0 0 
4 20.1 9.7 0.0 5.4 10 0 0 
5 19.1 7.2 0.6 0.6 6 0 0 
6 14.2 6.3 0.2 3.9 0 0 0 
7 23.4 2.4 0.0 12.2 14 0 0 
8 20.7 8.3 2.8 3.5 8 0 0 
9 16.3 10.9 0.0 3.5 3 0 0 

10 20.4 10.8 3.8 4.0 6 0 0 
11 21.0 10.4 0.0 7.1 9 0 0 
12 24.0 5.2 0.0 11.3 12 1 (8.3)' 0 
13 26.1 9.6 0.0 9.7 15 2(13.3) 0 
14 23.1 10.7 0.0 8.5 12 0 0 
15 24.2 9.9 0.0 13.6 12 1 (8.3) 0 
16 26.5 6.7 0.0 13.9 14 5 (35.7) 0 
17 27.9 11.8 0.0 13.2 17 7(41.1) 1 (5.9) 
18 32.7 14.6 0.4 11.8 20 2 (10.0) 4 (20.0) 
19 20.9 16.1 0.6 3.3 22 0 0 
20 21.1 12.8 4.2 7.2 11 0 0 
21 19.3 9.5 6.8 7.3 7 0 0 
22 16.9 7.4 4.8 4.8 2 0 0 
23 14.1 6.1 4.8 1.7 0 0 0 
24 16.9 6.1 0.2 5.8 4 0 0 
25 23.3 4.8 0.0 11.9 11 0 0 
26 25.3 8.6 0.0 11.1 17 3 (17.6) 0 
27 23.4 11.4 0.0 10.6 16 0 0 
28 24.8 10.2 0.0 13.9 12 2 (16.7) 0 
29 30.3 11.0 0.0 13.1 17 2(11.8) 8(47.1) 
30 31.0 15.8 0.0 12.4 21 2 (9.5) 9 (42.8) 

numbers in parentheses represent percentage of total hours available suitable for growth 
of M. anisopliae var. acridum 
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Appendix 8. July 2003 observed daily weather data for Lethbridge, AB 

Date Max 
temp 
(°C) 

Min 
temp 
(°C) 

Ppt 
(mm) 

Sun 
(hrs) 

Temp range 
15-31 °C 

(hrs) 

Temp range 
24-27 °C 

(hrs) 

Temp range 
27-31 °C 

(hrs) 
July 1 27.6 9.5 0.0 13.7 19 7 (36.8)m 1 (5.3) 

2 23.2 12.0 0.0 12.7 18 0 0 
3 24.9 11.7 0.0 12.1 15 4 (26.7) 0 
4 27.5 7.8 0.0 12.6 17 5 (29.4) 4(23.5) 
5 21.4 11.0 3.2 3.3 6 0 0 
6 19.6 4.6 0.0 12.5 9 0 0 
7 25.9 7.9 0.0 12.2 11 5 (45.5) 0 
8 25.4 12.1 0.0 5.1 13 2 (15.4) 0 
9 25.6 11.4 0.0 11.8 14 5 (35.7) 0 

10 24.6 12.3 0.0 13.4 15 3 (20.0) 0 
11 31.6 9.8 0.0 12.9 16 2(12.5) 8 (50.0) 
12 34.5 14.2 0.0 13.2 13 2(15.4) 2(15.4) 
13 28.5 14.4 0.0 8.5 22 5 (22.7) 4(18.2) 
14 26.6 12.1 0.0 12.9 20 9 (45.0) 0 
15 29.8 12.4 0.0 13.0 15 4 (26.7) 6 (40.0) 
16 32.9 14.0 0.0 9.8 16 2(12.5) 5(31.2) 
17 32.9 12.4 0.0 14.1 13 3 (23.1) 4 (30.8) 
18 31.0 10.5 0.0 14.0 15 1 (6.7) 4 (26.7) 
19 28.5 11.7 0.0 12.8 15 3 (20.0) 5 (33.3) 
20 34.8 12.8 0.0 10.6 10 2 (20.0) 2 (20.0) 
21 29.0 13.2 0.0 12.5 16 4 (25.0) 6 (37.5) 
22 35.3 12.3 0.0 13.0 10 1 (10.0) 2 (20.0) 
23 36.9 18.2 0.0 10.9 15 5 (33.3) 0 
24 27.0 16.5 0.0 11.1 24 6 (25.0) 0 
25 22.1 12.1 0.0 6.0 16 0 0 
26 29.4 13.7 0.0 7.6 19 5 (26.3) 4(21.1) 
27 31.8 11.2 0.0 10.4 12 1 (8.3) 5(41.7) 
28 29.6 14.0 1.9 11.7 23 3 (13.0) 6(26.1) 
29 27.2 13.3 0.0 12.0 17 5 (29.4) 3 (17.6) 
30 31.3 11.9 0.0 7.8 12 4(33.3) 3 (25.0) 
31 28.5 12.3 0.0 4.3 19 4(21.1) 4(21.1) 

"numbers in parentheses represent percentage of total hours available suitable for growth 
of M. anisopliae var. acridum 
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