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Screening for tolerance to Bavistin, a Benzimidazole fungicide containing methyl benzimidazol-2-yl carbamate (MBC) among strains of the entomopathogenic fungus Beauveria bassiana (Balsamo) Vuillimen: Sequence analysis of the Beta - tubulin gene to identify mutations conferring tolerance. Jenny. A. BUTTERRS1, K. Uma DEVI2*, C. Murali MOHAN2 and SRIDEVI, V2. 1
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Running title: β tubulin gene mutation & MBC tolerance in B. bassiana Beauveria bassiana, an entomopathogenic fungus is a potential biopesticide for insect pest management. Chemical fungicide tolerant isolates of this fungus would have an added advantage of being compatible with the conventional chemical methods of pest control in fields. Therefore thirty isolates of the fungus were screened for tolerance to Bavistin, a commonly used Benzimidazole fungicide containing methyl benzimidazol-2-yl carbamate (MBC). Germination and growth bioassays



in the presence of 0.05% of Bavistin were conducted for



screening. Three tolerant isolates were identified; they showed tolerance up to a concentration of 2% Bavistin. Mutation in ß tubulin gene is known to confer tolerance to MBC. The nine known mutation sites in the ß tubulin gene involved in conferring tolerance to MBC were sequenced in the tolerant strains of B.
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bassiana to identify the basis for tolerance. The ß tubulin gene from the codons 1405 was amplified from B. bassiana using two pairs of degenerate primers, designed for the conserved region of the ß tubulin gene and sequenced. From the sequence suitable primers were designed for the regions flanking the nine known sites involved in mutations in the ß tubulin gene conferring MBC tolerance. The amplified products with these primers from the MBC tolerant isolates were sequenced. In two of the tolerant isolates- ARSEF 1315 and ARSEF 1316 a mutation was detected in the 198 codon resulting in replacement of glutamic acid with lysine. In the other tolerant isolate ITCC 913 no mutation could be detected in any of the nine known sites of mutation conferring tolerance to MBC. To complete the sequencing of the Beta tubulin gene ,the remaining part (from codon 405 onwards) of the gene was isolated by a three prime gene walk. The gene sequence showed a very close homology to the fungal Beta tubulin genes with four introns. *Corresponding author: Tel +91-891-754871 Extn. 342. Fax: +91-891-755547 E-mail: [email protected]
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INTRODUCTION The entomopathogenic fungus Beauveria bassiana (Bals) Vuillemin, is responsible for the annual winter epizootics on the larvae of Helicoverpa armigera in cotton fields of south India. H. armigera (the American bollworm), a polyphagus insect, is a notorious pest of many cereal, pulse and vegetable crops in this area. Despite the multiple applications of chemical cocktails, devastating crop losses due to this pest are common. In cotton fields it is controlled by the natural fungal epizootic and indeed harvesting is not possible until after this event, as cotton bolls that develop prior to the epizootic are all lost to the bollworm. The effective natural decimation of the bollworm by B. bassiana has been observed over the past 15 years and its possible use as a biopesticide is currently being explored. Failures in the performance of fungal inocula as biocontrol agents are partially attributed to the fungicidal effect of the chemicals used in pest management. B. bassiana induced epizootic starts a month earlier and is more aggressive in cotton fields of south India where an integrated pest management programme (IPM) is implemented in comparison to fields where pest management is done exclusively through the use of chemical pesticides. Similar situations have been observed with natural fungal epizootic on velvet bean caterpillar in soybean fields (Johnson, Kish & Allen, 1976) and Entomophthora sps epizootic on potato aphids (Soper, Holbrook & Gordon, 1974).



Thus fungal strains tolerant to
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agrochemicals, particularly fungicides, are ideal for mycopesticide formulations. B. bassiana isolates have been screened for tolerance to numerous pesticide chemicals (Olmert & Kenneth, 1974; Anderson et al., 1983; Loria, Galaini & Roberts, 1983; Gardner & Storey, 1985; Storey & Gardner, 1986).



Bavistin, a systemic broad-spectrum benzimidazole fungicide, containing 50% WP Carbendazium [methyl benzimidazol-2-yl carbamate (MBC)] is used in cotton cultivation for managing wilt disease. If B. bassiana based mycopesticide formulations were to be employed against the boll worm in cotton fields, strains tolerant to this fungicide must be chosen. MBC inhibits microtubule assembly in the cell by binding to β-tubulin and preventing the formation of α-β tubulin dimers. Resistance to MBC results from mutations in the β-tubulin gene altering the binding of MBC.



In laboratory MBC resistant mutants, there are point



mutations at amino acid codons 6, 50, 134, 165, 167, 198, 200, 241 & 257, whilst in field resistant isolates mutations have been limited to codons 198, 200 & 241 (Davidse & Ishii, 1995) and more recently codon 50 (McKay et al, 1998). Replacement of glutamic acid with glycine or alanine at codon 198 results in increased sensitivity to the N-phenylcarbamates, diethofencarb.



B. bassiana was found to be highly sensitive to MBC (Olmert & Kenneth, 1974). Pfiefer & Khachatourians (1992) produced a transgenic MBC resistant B. bassiana by transforming with the MBC-resistant β-tubulin gene from Neurospora crassa.
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This particular gene (Orbach et al, 1986) confers resistance due to a mutation at codon 167 substituting tyrosine for phenylalanine. No study has yet determined the cause of resistance in field isolates of B. bassiana.



To address this we



screened 30 isolates of B. bassiana for sensitivity to MBC and studied the sequence of the β-tubulin gene in both resistant and sensitive isolates of the fungus. β-tubulin genes are highly conserved and the use of degenerate primers to amplify by the polymerase chain reaction (PCR), a fragment of the gene surrounding codons 198 & 200 from several fungal species is well documented (Keonraadt, Somerville & Jones, 1992).



We have used such an approach to



amplify, clone and sequence a fragment of the B. bassiana β-tubulin gene from codon 135 to codon 407. Specific primers to the B. bassiana β-tubulin gene were designed, to look initially for point mutations at codons 165, 167, 198, 200, 241 & 257. Similarly, a second pair of degenerate primers was used to obtain sequence data from the beginning of the β-tubulin gene to codon 137, allowing the design of specific primers to look at codons 6, 50 & 134. To complete the sequence of the B. bassiana β-tubulin gene a 3-prime gene-walk was performed.
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MATERIALS AND METHODS Fungal Isolates Thirty isolates of B. bassiana comprising of isolates from fields in south India, and isolates from Indian and international collections (Table 1) were screened for sensitivity to MBC. Conidia stored in 20% glycerol at -20oC were cultured on Sabouraud dextrose yeast agar (SDAY) slants to obtain fresh spores. Spore suspensions for bioassays consisted of conidia (harvested from 10-day old cultures on SDAY slants) in water containing 0.02% Tween 80 (Sigma-Aldrich). For DNA extraction, the fungus was cultured as described by Pfeifer and Khachatourians (1993). Liquid shake-cultures were set up by inoculating 25ml of Sabouraud dextrose (SD) medium with 107 conidia. The cultures were grown for four days in an orbital shaker at 25oC, 150 rpm. On the fifth day, 25ml of SD containing 1 % yeast extract was added and cultures grown for a further 24 hours prior to harvesting. Mycelium was filtered on to a muslin cloth and dried on blotting paper. Bioassays for MBC sensitivity B. bassiana isolates were screened for MBC sensitivity by both a spore germination bioassay, and a growth bioassay as described by Gardner and Storey (1985). The initial screening was done using the field recommended dose of 0.05% Bavistin (0.025% MBC). Isolates which showed comparable germination percentage and growth rate to the control were identified as MBC resistant. Such
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isolates were tested for resistance to higher concentrations of Bavistin ranging from 0.1% to 1% at 0.2% intervals and at 2% and 5%. They were also tested for the tolerance to another related fungicide diethofencarb. Three replicates were done for each bioassay.



In vitro conidial germination bioassays. Autoclaved glass slides were coated with 0.2ml of molten SDA in a laminar airflow unit.



For the controls, 100µl of conidial suspension (105 ml-1), was



deposited on each slide.



For test, the fungicide Bavistin was added to the



conidial suspension to the required concentration. The slides were placed in Petri dishes lined with moist filter paper and incubated at 25oC. Observations (at 2 hour intervals) with an inverted microscope commenced 24 hours after the start of the incubation. For each slide at least a 100 conidia were observed. Conidia with clearly visible germ tubes were counted as germinated. The percentage germination of conidia was calculated (Table 2). In vitro growth assay SD liquid medium (15ml) was inoculated with 200µl of aqueous conidial suspension (107 spores ml-1) and grown for 10 days in an orbital shaker at 25oC, 150rpm. Mycelium was collected onto Whatman No 1 filter paper, oven dried and weighed. Growth of isolates on fungicide was calculated as a percentage of growth in the absence of fungicide (Table 3). For Diethofencarb this bioassay was carried out at 0.05% concentration (Table 4).
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DNA extraction Mycelium (1g) was frozen in liquid nitrogen and ground to a fine powder using a mortar and pestle. The powdered mycelium was incubated at 65oC in 5ml of preheated extraction buffer (0.4M Tris Hcl (pH 8.5), 0.5 M Na Cl, 5 mM EDTA (pH 8.5) and 2% SDS). After 20min an equal volume of phenol: chloroform: isoamyl alcohol (25:24:1) was added and vigorously mixed.



Following



centrifugation for 10 min at 10,000 rpm, the supernatant aqueous layer was collected and DNA precipitated by adding 0.6 volumes of isopropanol. The DNA was spooled out with a glass rod, washed with 70% ethanol, air dried and resuspended in 500µl of TE (10:1) buffer. The solution was treated with RNase and purified by phenol: chloroform: isoamyl alcohol extraction. The DNA was precipitated by adding 0.3 volumes of 3M sodium acetate (pH 5.2) and 2.5 volumes of absolute ethanol and leaving overnight at 4oC. The final DNA pellet was obtained by centrifuging at 10,000 rpm for 5 min, air-dried and resuspended in 2 ml of TE (10:1) buffer. Amplification of B. bassiana β-tubulin gene Degenerate primers B1 and B3 (Table 5), designed to highly conserved regions of fungal β-tubulin genes (Hollomon et al., 1996), were used to amplify by (PCR) a 874 base pair fragment containing the coding sequence for amino acids 135 – 407, from the MBC sensitive strain NRRL 22866. For this initial PCR the ExpandTM High Fidelity PCR system (Boehringer Mannheim, UK) was used and amplification conditions were: denaturation at 94oC for 4 min, followed by 30
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cycles of 94oC for 30 sec, 55oC for 1 min, 68oC for 1min, with a final elongation step at 68oC for 4 min. The fragment was removed from a 1.2% TAE gel, purified in a GenEluteTM Agarose Spin Column (Supelco, USA), and ligated into pGEM-T (Promega, Southampton, UK).



Sequence analysis allowed for the design of



primers Bb1B & Bb2 (Table 5) to amplify a biotinylated fragment covering codons 198 & 200 of the β-tubulin gene from the three MBC resistant B. bassiana strains. This strategy resolved the location of the resistance mutation in two of the strains but further amplification and sequence analysis was required to establish if there were mutations in the β-tubulin gene of the other MBC resistant strain. Primers TUBF and CP1 (Table 5) were used to ampilfy a 739 bp fragment from NRRL 22866(a Bavistin sensitive isolate), coding for codons 1 to 136. This was amplified and cloned in the same manner as the initial 874 bp fragment, except for an annealing temperature of 54oC. Sequence analysis of this fragment resulted in the design of primers Bb5F, Bb50S, Bb50RB and Bb134S (Table 5) to obtain biotinylated amplification products to directly sequence the B. bassiana β-tubulin gene in the B. bassiana MBC resistant strains. To obtain the complete sequence of the B. bassiana β-tubulin gene five restriction enzyme- adaptor libraries (Siebert et al., 1995) were made from NRRL 22866 genomic DNA as instructed by the Universal GenomeWalkerTM kit protocol (Clontech Laboratories, Palo Alto, California, USA). Primer BbGW3 (Table 5) was specifically designed for the initial PCR step of the procedure; a second nested PCR step is usually required but was not necessary, in this case.
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The strategy for obtaining the complete sequence of the B. bassiana β-tubulin gene and the subsequent PCR amplification and nucleotide sequence analysis for specific codons is outlined below.



Nucleotides



Primers



1 – 739 732 – 1604 1536 – 1730



TUBF1 – CP1 B1 – B3 BbGW3 – AP2*



PCR primers used to clone three overlapping fragments covering the entire B. bassiana β-tubulin gene. (* From the Universal GenomeWalkerTM Kit (CLONTECH Laboratories Inc., Palo Alto, California, USA). AMINO ACID



PCR PRIMERS



SEQUENCE PRIMER



6 50 134 165/167 198/200 241/257



Bb5F – Bb50RB Bb5F – Bb50RB Bb134S - BbRNB BbFF - BbRNB Bb1B – Bb2 Bb1B – Bb2



Bb5F Bb50S Bb134S BbFF BbRNN Bb2



PCR and sequence primers for analysis of nucleotide sequence at specific codons in the B. bassiana β-tubulin gene (Sequence in table 5).



The complete sequence is deposited in the EMBL database, accession number AJ 312228. Sequence analysis of biotinylated PCR products Forty µl of prewashed M-280 Streptavididin Dynabeads (Dynal A.S, Oslo, Norway) were mixed with 40 µl of PCR reaction and ssDNA obtained according to the manufacturers instructions. ssDNA was resuspended in 7 µl of sterile water and sequenced manually using specific sequencing primers(mentioned
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above), the T7 Sequenase (Version 2.0) DNA sequencing kit and α-35S dATP, 1000-1500 CiMol-1 (both Amersham International, Chesham).



RESULTS Germination bioassay Conidia germinated on all test slides with 0.05% Bavistin except for those from two isolates (NRRL 22864 & NRRL 22865), which failed to germinate at this concentration. However, for all other isolates germination was delayed by between three to eight hours as compared to germination in the absence of MBC and three distinct groups were observed (Table 2).



In most of the isolates,



though the conidia germinated, the germ tubes were bent and some of the germ tubes showed bursting at the tips. In only three isolates -ARSEF 1315, ARSEF 1316 & ITCC 913 the germ tubes showed normal morphology and elongated into long hyphae which anostomosed profusely as time progressed.



Growth bioassay Isolates ARSEF 1315, ARSEF 1316 and ITCC 913 showed normal growth of colonies (clearly established by 4 days) in liquid medium containing 0.05% Bavistin. Three isolates (ARSEF 1166, ARSEF 3387 & Bb2) showed development of very minuscule colonies a month after inoculation. No growth was observed for any of the other 24 isolates tested.



In tests involving higher Bavistin



concentrations, only isolates ARSEF 1315, ARSEF 1316 & ITCC 913 showed
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growth in medium containing up to 2% Bavistin with decrease in growth with increasing concentration of Bavistin(Table 3). At 2% concentration, ITCC 913 exhibited a beaded growth rather than a normal mycelial growth. Beaded growth has been observed in some isolates of B. bassiana when cultured under stressful conditions, like high temperatures or with low water content. The three MBC resistant isolates exhibited a response similar



to the MBC



sensitive isolate to Diethofencarb(Table 4). PCR amplification and sequence analysis The PCR strategy to amplify and clone two specific fragments of the gene was very successful.



These fragments overlapped and provided 1604 bp of the



B. bassiana β-tubulin, and the remaining 126 bp to the termination codon were obtained by 3-prime genome walking.



The complete gene covers five open



reading frames and four introns (Fig. 1). Sequence analysis of key mutational sites for 7 B. bassiana isolates (Table 6) clearly show that isolates ARSEF 1315 & ARSEF 1316 possess a mutation at aa198. In the MBC sensitive isolates aa198 (GAG) codes for glutamic acid, whilst in these two MBC tolerant isolates, aa198 codes for lysine (AAG). Table 6 shows that isolate ITCC 913 has the same amino acids as the MBC sensitive isolates at all of the β-tubulin mutation sites known to confer tolerance to MBC. DISCUSSION Three isolates of B. bassiana tolerant to Bavistin were identified from among the 30 isolates screened. Thus isolates with tolerance to MBC do occur frequently in
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nature and can be identiifed thorough screening. Transgenic approach is not required to obtain B. bassiana isolates compatible with Bavistin used in fields to manage phytopathogenic fungi. The β-tubulin gene of B. bassiana was found to have four introns The “basting “ of the β-tubulin gene sequence of B. bassiana has revealed a very close relationship of this gene to the β-tubulin genes of fungi belonging to Dueteromycotina and Ascomycotina. Greatest (94-95%) similarity was observed with β-tubulin genes with similar (four) number of introns namely Epichloe typhina (tubB), Gibberella fujikuroi (tub2), Acremonium chrysogenum, Acremonium coenophialum. B. bassiana is morphologically very similar to Acremonium spp and often they are mistaken one for another. B. bassiana β-tubulin gene has however only 91% identity, with the tub2 gene of Trichoderma viride, which has also four introns; a 92-93% identity was observed with β-tubulin gene containing six introns in Botrytis cinerea (tubA), Neurospora crassa, Colletotrichum gloeosporiodes f.sp. aeschynomene, Colletotrichum graminicola, Erysiphe graminis f.sp. hordei, Rhynchosporium secalis and Venturia inaequalis. B. bassiana is a mitosporic imperfect fungus whose teleomorph (sexual stage) is believed to be most probably Cordyceps, an Ascomycete( Goettel Inglis& Wraight 2000).The suspected phylogenetic afflliation of B. bassiana to Ascomycetes is borne out by the close identity observed in the Beta tubulin gene sequence of B. bassiana to the βtubulin genes of ascomycetous fungi.
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Amino acid 198 of the β-tubulin gene is the most common site for mutations conferring benzimidazole resistance to both field strains of plant pathogens and laboratory derived strains. The amino acid substitutions are from glutamic acid (E) to alanine (A), aspartic acid (D), glycine (G), lysine (K), glutamine (Q) or valine (V)(Holloman &Butters 1994). To substantiate the role of the observed mutation in the gene in conferring tolerance, it must be expressed in a transgenic. One such study has been made with the mutated β-tubulin gene of Neurospora (Pfiefer and Kachatourains 1992). The gene cloned in B. bassiana needs to be tested. The other MBC resistant isolate, ITCC 913, which does not appear to have a point mutation at any of the known mutation sites in the β-tubulin gene, also showed no obvious differences in sensitivity to diethofencarb. In our studies of tolerance of B. bassiana isolates to chemical pesticides, this isolate was found tolerant to a large number of pesticides namely Copper oxychloride (a fungicide), Cypermethrin (synthetic pyrethroid), and oraganophosphate insecticides  Monocrotophos and Quinolphos (Uma Devi et al unpublished results). An impermeable cell membrane is one of the causes for tolerance to abiotic stress (Holloman and Butters 1994). This could be the case with the isolate ITCC913.Alternatively resistance mechanism in ITCC 913 could be due to an unknown mutation in the β-tubulin gene, or possibly a mutation in the closely associated α-tubulin gene.
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Table 1. List of isolates of the entomopathogenic fungus Beauveria bassiana (Balsamo) Vuillemin that were screened for tolerance to Bavistin ,a Benzimidazole fungicide containing methyl benzimidazol-2yl carbamate (MBC). Accession No.*



Source insect



Taxonomic order of host insect



Geographical origin



NRRL 3108



Ostrinia nubilalis



Lepidoptera



Unknown



NRRL 20698



Dysdercus koenigii



Hemiptera



Lima, Peru



NRRL 20699



Unknown



Unknown



Preoria Illinois, USA



NRRL 20700



Papllia japonica



Coleoptera



Unknown



NRRL 22864



Glichrochilus quadrisignatus



Coleoptera



Kilbourne Illinois, USA



NRRL 22865



Unknown



Unknown



Iowa, USA



NRRL 22866



Pachnaeus litus



Coleoptera



Florida, USA



ARSEF 326



Chilo plejadellus



Lepidoptera



Queensland, Australia



ARSEF 739



Diabrotica paranoense



Lepidoptera



CNPAF, Brazil



ARSEF 1149



Helicoverpa armigera



Lepidoptera



Cordoba, Spain



ARSEF 1166



Helicoverpa armigera



Lepidoptera



Cordoba, Spain



ARSEF 1169



Sitona lineatus



Coleoptera



Sennecille, France



ARSEF 1314



Helicoverpa virescens



Lepidoptera



Laminiere, France



ARSEF 1315



Helicoverpa virescens



Lepidoptera



Laminiere, France



ARSEF 1316



Helicoverpa virescens



Lepidoptera



Laminiere, France



ARSEF 1512



Spodoptera littoralis



Lepidoptera



Laminiere, France



ARSEF 1788



Helicoverpa virescens



Lepidoptera



Spain



ARSEF 2860



Schizaphis graminum



Homoptera



Idaho, USA



ARSEF 3041



Reticulitermis flavipes



Isoptera



Toranto, Canada



ARSEF 3120



Senecio Sp.



Homoptera



Yvelines France



ARSEF 3286



Spodoptera littoralis



Lepidoptera



France: Montpellier



ARSEF 3387



Myzus persicae



Homoptera



Washington, USA



ITCC 913



Unknown



Unknown



Netherlands



ITCC 1253



Musca domestica



Diptera



Mumbai; India



ITCC 4521



Diatraea saccharalis



Lepidoptera



Karnal, India



ITCC 4644



Oil palm larva



Lepidoptera



Ambajipeta, India



ITCC 4688



Spodoptera litura



Lepidoptera



Bangalore, India



BB 1



Helicoverpa armigera



Lepidoptera



Hyderabad, India



BB 2



Soil



----



Bangalore, India



BB 3



Helicoverpa armigera



Lepidoptera



Warangal, India



*ARSEF isolates from USDA-ARS collection of Entomopathogenic Fungi (ARSEF), Ithaca, New York;USA



NRRL isolates are from NRRL culture collection, Peoria, Illinois;USA ITCC isolates from Indian Type Culture Collection, IARI, New Delhi; BB isolates are isolated in our laboratory; not yet accessioned.
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Table 2. Results of Germination bioassay showing % Conidial germination and growth rate of the germ tube among isolates of the entomopathogenic fungus Beauveria bassiana in the presence of 0.05% concentration of the fungicide Bavistin [50 WP Carbendazium: Methyl Benzimidazol-2-yl-Carbamate (MBC)]. Fungal isolates NRRL 22864, NRRL 22865



% Germination 0



NRRL 22866, NRRL 20699, NRRL 20700,ARSEF 3120, ARSEF 326, ITCC 4521



Growth None



MBC sensitivity group SS



Very slow, ~60



terminated by 48hrs.



S



NRRL 3108, NRRL 20698, ARSEF 739 ARSEF 1314, ARSEF 1149,



Very slow,



ARSEF 1166,ARSEF1169, ARSEF 1512, ARSEF 1788, ARSEF 2860,



>90



ARSEF 3041, ARSEF 3286,



terminated by 24 hrs I



ARSEF 3387, ITCC 1253, ITCC 4644, ITCC 4688, BB1, BB2, BB3 ARSEF 1315, ARSEF 1316, ITCC 913



>90



Comparable to control



SS = super sensitive, S = sensitive, I = intermediate and R = resistant.



R
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Table 3. Growth bioassay results of MBC resistant isolates of the entomopathogenic fungus Beauveria bassiana to different concentrations of the fungicide, Bavistin (50 WP Carbendazim: Methyl Benzimidazol-2-yl-carbamate). % Bavistin concentration



Isolate 0.05



0.1



0.2



ARSEF 1315



-8.77



-13.76



-30.78



ARSEF 1316



-0.9



-5.74



-29.99



ITCC 913



+0.65



-4.45



-14.35



Values indicate % decrease (-) or increase (+) in growth over growth on no fungicide, as measured by dry mycelial weight of 10 day old cultures in liquid medium.
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Table 4. Growth bioassay of MBC resistant and sensitive isolates of the entomopathogenic fungus Beauveria bassiana in the presence of 0.05% concentration of the N phenylcarbamate fungicide Diethofencarb.



Isolate



MBC sensitivity



Dry mycelial weight (g) Control



Test



Growth as a % of control



ARSEF 1315



R



0.1



0.075



75



ARSEF 1316



R



0.1



0.1



100



ITCC 913



R



0.16



0.11



69



NRRL 22866



S



0.14



0.075



54



ARSEF 3387



S



0.13



0.115



88



ARSEF 1314



S



0.1



0.1



100
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Table 5. Sequences of primers used to amplify and sequence the B. bassiana β-tubulin gene. X denotes a biotin molecule. Primer



Sequence



B1



5’-ARATYACCCAYTCYCTYGGTGGTGG



B3



5’-CTCCATYTCRTCCATDCCYTCRCC



Bb1B



5’-XAAGAGTTTCCCGACCGCATGATGG



Bb2



5’-CGTCAATCAGTACATGTTTGGATC



Bb5F



5’-ATGCGTGAGATCGTGAGTCCCTCTTCA



Bb50RB



5’-XCAGTGTAATGACCCTTGGCCCAGTTG



Bb50S



5’-CTGAAATGGGTCCGAAGAGCT



Bb134S



5’-CAACTGGGCCAAGGGTCATTACAC



BbFF



5’-GGTACTGGTGCTGGTATGGGTACT



BbGW3



5’-TTCTCCGCCATGTTCCGTCGCAAGGCTTTC



BbRNB



5’-XGGTCAGGTAGCGACCGTTGCGGAA



BbRNN



5’-CGAAGATCAGAGTTAAGCTGACCA



CP1



5’-GGTGATCTGGAAACCCTGGAGGCA



TUBF



5’-CAAAATGCGTGARATYGT
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Table 6. Sequence analysis of specific amino acids in the B. bassiana β-tubulin known to confer resistance to MBC in other organisms.



ISOLATE



AMINO ACID 6



50



134



165



167



198



200



241



257



NRRL 22866



H



Y



Q



A



F



E



F



R



M



ARSEF 1166



H



Y



Q



A



F



E



F



R



M



ARSEF 1315



H



Y



Q



A



F



K



F



R



M



ARSEF 1316



H



Y



Q



A



F



K



F



R



M



ARSEF 3387



H



Y



Q



A



F



E



F



R



M



Bb2



H



Y



Q



A



F



E



F



R



M



ITCC 913



H



Y



Q



A



F



E



F



R



M



24 1 ATGCGTGAGATCGTGAGTCCCTCTTCACGCCATTGCTCTGTTGACCCCTCCTCGACGCGT M R E I 61 CTCTGTGAGCTTGAGCAGCCCCTGAGTGGTACCCCGCCGTACACTCGGCCAGCACAAACG 121 CCAGGATTGTCGAGTCTGAAATGGGTCCGAAGAGCTCAGTATGTCAAAATTTGTTGCTAA 181 CGAGTTTCTTTTTTGTCATTTATAGGTTCACCTCCAGACCGGCCAGTGCGTGAGTAGCTT V H L Q T G Q C 241 CCGACGCCCAACCCGAAGGCAAAATTAGCGGTATCGGTCCTGACAGTGTTTGTTTTCGAT 301 AGGGTAACCAAATCGGTGCTGCTTTCTGGCAGACCATCTCTGGCGAGCACGGCCTCGACT G N Q I G A A F W Q T I S G E H G L D S 361 CCAGCGGTGTTTACAATGGCACTTCTGAGCTTCAGCTCGAGCGCATGAATGTCTACTTCA S G V Y N G T S E L Q L E R M N V Y F N 421 ACGAGGTTTGTTGTGCCCTCCCAACGCGTTGCTTGATTTCGTTGTGGATACTGACCGCGA E 481 TTTTCCATAGGCCTCCGGCAACAAATATGTACCTCGCGCCGTCCTCGTCGATCTTGAGCC A S G N K Y V P R A V L V D L E P 541 CGGTACCATGGATGCTGTCCGTGCCGGTCCCTTCGGTCAGCTCTTCCGTCCCGACAACTT G T M D A V R A G P F G Q L F R P D N F 601 CGTTTTCGGTCAGTCCGGTGCCGGCAACAACTGGGCCAAGGGTCATTACACTGAGGGTGC V F G Q S G A G N N W A K G H Y T E G A 661 CGAGCTCGTTGACCAGGTCCTCGACGTTGTTCGTCGTGAGGCCGAAGGCTGCGACTGCCT E L V D Q V L D V V R R E A E G C D C L 721 CCAGGGTTTCCAGATCACCCATTCTCTCGGTGGTGGTACTGGTGCTGGTATGGGTACTCT Q G F Q I T H S L G G G T G A G M G T L 781 GCTCATCTCCAAGATCCGCGAAGAGTTTCCCGACCGCATGATGGCCACCTTTTCCGTGGT L I S K I R E E F P D R M M A T F S V V 841 TCCCTCTCCCGGCAACTCCGACACCGTTGTCGAGCCCTACAACGCTACTCTCTCCGTTCA P S P G N S D T V V E P Y N A T L S V H 901 CCAGCTCGTTGAGAACTCTGATGAGACCTTCTGTATCGACAACCAGGCTCTGTACGATAT Q L V E N S D E T F C I D N Q A L Y D I 961 CTGCATGCGTACCCTGAGGCTATCCAATCCTTCGTACGGTGACCTGAACCACCTCGTTTC C M R T L R L S N P S Y G D L N H L V S 1021 CGTCGTCATGTCCGGCATCACCACCTGCCTGCGTTTCCCTGGTCAGCTTAACTCTGATCT V V M S G I T T C L R F P G Q L N S D L 1081 TCGCAAGCTCGCCGTCAACATGGTTCCTTTCCCTCGTCTTCACTTTTTCATGGTCGGCTT R K L A V N M V P F P R L H F F M V G F 1141 TGCTCCCCTGACGAGCCGTGGTGCCCACTCCTTCCGCGCCGTCTCTGTTCCTGAGCTCAC A P L T S R G A H S F R A V S V P E L T 1201 TCAGCAGATGTTCGACCCTAAGAACATGATGGCTGCTTCTGACTTCCGCAACGGTCGCTA Q Q M F D P K N M M A A S D F R N G R Y 1261 CCTGACCTGCTCTGCCATTTTGTAAGTTGATCCAAACATGTACTGATTGACGCATTAACT L T C S A I L 1321 AACAACCCTTTAGCCGTGGTAAGGTTGCCATGAAGGAGGTTGAGGACCAGATGCGTAATG G K V A M K E V E D Q M R N V 1381 TGCAGACCAAGAACTCCAGCTACTTCGTTGAGTGGATCCCCAACAACATCCAGAACGCTC Q T K N S S Y F V E W I P N N I Q N A L 1441 TCTGCGCCGTCCCCCCCCGCGGACTTAAGATGTCGTCTACCTTCATTGGTAACTCGACCT C A V P P R G L K M S S T F I G N S T Y 1501 ATATCCAGGATCTCTTCAAGCGTGTCGGTGAACAGTTCTCCGCCATGTTCCGTCGCAAGG I Q D L F K R V G E Q F S A M F R R K A 1561 CTTTCCTTCATTGGTACACTGGCGAAGGAATGGACGAGATGGAG F L H W Y T G E G M D E M E
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Figure1.Nucleotide sequence of a MBC-sensitive allele of Beauveria bassiana. Numbering of the nucleotide sequence begins at the ATG initiation codon. Codon No 198 (in bold and underlined) is the site of mutation conferring tolerance to MBC.
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