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We cloned the Stubulin genes from the wild type
strain and two benomyl-resistant mutants of Metahi-
zium anisopliae and determined their nucleotide
sequences. A [-tubulin encoding 448-residue protein
from wild type M. anisopliae shows strong homology to
other (-tubulins. The coding region is interrupted by
four introns. Comparisons of intron position between
the M. anisopliae gene and other fungal Stubulin
genes show considerable positional conservation. The
mutations responsible for benomyl resistance were
determined in two spontaneous mutants, S-18 and S-
19. One mutant S-18 substituted glutamate for aspar-
agine at position 33 and lysine for glutamine at posi-
tion 134. The other mutant S-19 showed alterations at
three positions of 3-tubulin; arginine for tryptophan at
position 21, lysine for asparagine at position 33, and
phenylalanine for leucine at position 240. These data
suggest that regions of [(-tubulin containing amino

acids 21, 33, 134, and 240 interact to form the binding

site of benomyl.

Key words: Benomyl, S-tubulin gene, Entomopathogenic
fungus, Metahizium anisopliae

Introduction

M. anisopliae is the most commonly investigated ento-
mopathogenic fungus as a microbial pesticide. M. anisopliae
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can infect eggs of some hosts but generally invades
insects during larval, pupal, or adult stages of develop-
ment (Boucias and Pendland, 1998). M. anisopliae var
anisopliae has a much wider host range, attacking insects
from Coleoptera, Lepidoptera, Orthoptera, Hemiptera,
and Hymenoptera as well as arachinids. M. anisopliae var.
anisopliae also is used against many insects because of
their wide geographic spread and host range as well as
their exceptional ability to germinate even at relatively
low humidity (Samish and Rehacek, 1999). Success in the
development of mycoinsecticides depends on overcoming
many problems, including specificity, mass production,
storage, speed of action and environmental tolerance.
Especially, as an adverse environmental condition, fun-
gicides are problems against the successful use of mycoin-
secticides (Moore and Prior, 1993).

Many synthetic fungicides are used as plant protectants
and applied prior to the appearance of the fungus and
development of symptoms. The benzimidazoles, includ-
ing benomyl, nocodazole, carbendazim, and thiaben-
dozole, are common fungicides which used successfully
to control a large number of plant pathogens (Delp, 1995).
Especially, benomyl have been world-widely used to con-
trol many fungal pathogens (Deacon, 1997).

The benzimidazole compounds are structurally related
derivatives that inhibit microtubules assembly. Davidse
(1986) reviewed the modes of action and biological
impact of these fungicides. The benzimidazole com-
pounds bind strongly to the extracted B-tubulin of fungi
and they prevent this from forming a dimer with a-tubulin.
Therefore, they block the self-assembly of microtubules
when the tubulin dimers attach end to end (Davidse and
Flach, 1977). But they have selective antifungal activity
with little or no effect on plant and animal cells despite
their mode of action on fungal microtubules (Davidse,
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1986).

However, Davidse and Flach (1977) reported that the
benzimidazole-sensitive fungi can develop resistance if
the fungicides are used repeatedly. Mutants resistant to
benzimidazole, have been isolated in several species of
fungi. In each case which the identity of the resistance
mutant gene was determined, it was a structural gene for
B-tubulin (Sheir-Neiss et al., 1978). The resistance was
caused by point mutations at various sites in the Stubulin
gene. Up to date, the locations of a single mutation caus-
ing benzimidazole resistance have been reported in sev-
eral fungi. The amino acids were altered at various
positions, including amino acid positions 6, 50, 134,165,
167, 198, 200, 241 and 257 depending on fungal species
(Thomas et al., 1985; Orbach et al., 1986; Jung and Oak-
ley, 1990; Seip et al., 1990; Jung et al., 1992; Davidse and
Ishii, 1995; Mckay et al., 1998). Orbach er al. (1986)
reported that perhaps these regions of the protein con-
tribute to the binding site for benzimidazole, or alter-
atively, they may modify the conformation of B-tubulin,
thus preventing or decreasing benzimidazole binding at
some other site.

One strategy for the biocontrol of insects is to develop
strains of fungal entomopathogens resistant to common
fungicides. The resistant or transgenic strains can be used
to control insect pests at the same time that fungicides are
applied to control fungal pathogens of plants. To develop
transgenic strains, M. anisopliae was transformed to
benomyl resistance from Aspergillus nidulans (Goettel et
al., 1990). Transformants grew at benomyl concentrations
up to ten times which inhibited the wild type and were
mitotically stable on either selective or non-selective

.media or insect tissues. The transformants were patho-
genic to Manduca sexta in the presence of 50 pg/ml of
benomyl. This study suggested that transgenic ento-
mopathogenic fungi could potentially be used with fun-
gicides. However, because benomyl have been applied at
concentrations of 250 pg/ml or more in fields, strains with
higher resistance will have to be selected.

We isolated two benomyl-resistant mutants of M
anisopliae by culturing the entomopathogen on fungicide
amended agar (Mckay et al., 1998), which can live on
plate medium containing 250 pg/ml benomyl. Two
mutants were observed no significant differences in
conidia formation, fungal morphology, spore viability, and
pathogenicity between mutant strains and the wild type.
So, in this study we report the nucleotide sequence of the
Stubulin gene from M. anisopliae and compare it with
amino acid sequence of the B-tubulin from other fungi.
This is also the first frubulin gene sequence reported
from the entomopathogenic fungus M. anisopliae which
has benomyl resistance.

Materials and Methods

Fungal strains and culture

M. anisopliae var. anisopliae KACC 40029 was obtained
from Korean Agricultural Culture Collection, Rural
Development Administration, Suwon, Korea. S-18 and S-
19 were obtained from KACC 40029 by culturing the
entomopathogen on fungicide amended agar and were
resistant to 250 pg/ml benomyl [methyl 1-(butylcarbam-
oyl)-2-benzimidazolecarbamate, Aldrich Chemical Co.,
USA]. Sabouraud dextrose agar (SDAY) or broth (SDB)
containing 0.2% yeast extract was used to culture and
maintain M. anisopliae. Benomyl was added to media
from a stock solution in dimethyl sulfoxide.

Bacterial DNA preparation techniques

Escherichia coli XL1-blue was used in this study. Bac-
terial culture, transformations and DNA preparations were
done by standard molecular methods (Sambrook er al.,
1989).

DNA extraction

DNA was isolated from mycelia grown in a shake culture
for 5 days at 28°C in SDB. Mycelia of the strains from lig-
uid cultures were filtered, washed with distilled water,
gently blotted dry, and frozen with liquid nitrogen. The
frozen mycelia were ground using precooled mortar and
pestle. The powder was suspended in 700 pl of sterile
lysis buffer (3% SDS, 50 mM EDTA, 50 mM Tris-HC],
1% mercaptoethanol), and was heated for 1 h at 65°C. The
lysate was extracted with phenol, Phenol-CHCI;, and
CHCI; before ethanol precipitation. DNA was suspended
in distilled water and treated with RNAse for 3 hrs at
37°C. The solution was extracted with Phenol-CHCl,, and
CHCl;, and the DNA was precipitated by addition of eth-
anol.

Polymerase chain reaction

For the initial analysis of Stubulin gene, two degenerate
primers, stub-F and stub-R (Table 1), based on sequences
of conserved regions, were designed (Park ef al., 1997).
The reaction was performed in a DNA thermal cycler
(Bio-Rad, USA) with 35 repetitions of the following tem-
perature cycle: 94°C for 1 min, 50°C for 1 min, and 72°C
for 1 min. After the PCR products were cloned in pGEM-
T Easy Vector (Promega, Co., USA), the inserts were
sequenced and analysed.

Fungal total RNA isolation

Total RNA of M. anisopliae was isolated by the phenol
extraction. Two hundred pg of dried mycelia were
ground, in liquid nitrogen, with precooled mortar and pes-
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Table 1. The nucleotide sequences of PCR and sequencing primers used in DNA sequence analysis of M. anisopliae P-tubulin gene

Primer Sequence (57-3") Location (5°-3") bp

Stub-F CGGAATTCTGGGCNAARGGNCAYTA 660-683
Matub-F1 TGGGCCAAGGGTCACTAC 667-683
Matub-F2 CACTCTCTCGGTGGTGGTACCGG 775-797
Matub-F3 CCGTTACGGATCGTGAAGCTCTGCC -96 - -72
Matub-F4 GGTGCTGCTTTCTGGCAGACCAT 315-338
Matub-F5 CTTTCCGCGCTGTCAGCGTACCT 1204-1227

Stub-R CGGGATCCYBRTAYTGYTGRTAYTC 1766-1790
Matub-R1 AGCTTGTCGTAGAGTCTCTTACTCC - 1766-1790
Matub-R2 GGCAGACGAGATAGTTCAGG 1038-1059
Matub-R3 CATGCAGATGTCGTACAGAGCCTC 979-1001
Matub-R4 GACAACGGTGTCGGAAACCTTGG 883-906
Matub-R5 CTTCATAGCAACCTTGCCACGGC 1375-1396

tle. The powder was suspended in 550 pl of RNA extrac-
tion buffer (0.2 M Tris-HC], 0.4 M LiCl, 25 mM EDTA,
1% SDS), and added with 550 pl acidic phenol. The mix-
ture was vortexed 10 sec, placed on ice and centrifuged at
13,000 g for 5 min. The supernatant was extracted once
more with 550 ul phenol and then with 550 pl chloro-
form. The aqueous phase harvested into a new tube, added
with 1/3 volume of DEPC-treated 8 M LiCl, left on ice for
at least 2 hrs, and centrifuged at 13,000 g for 20 min at
4°C. The pellet was resuspended in 300 pl DEPC-treated
water, added with 30 ul 3 M Na-acetate and 600 pl eth-
anol, and centrifuged at 13,000 g for 20 min at 4°C. The
total RNA was dried with speed vac and resuspended in
50 ul DEPC-treated water.

Cloning and sequencing of Stubulin gene

To sequence the full-length genomic Stubulin gene, 5°/3°
RACE kit (Roche Co., Germany) was used. 5’ and 3’
analysis of M. anisopliae [-tubulin gene were carried out
according to the method recommended by the supplier.
For 5° RACE analysis three antisense-specific primers
were designed (specific primers: SP1; Matub-R2, SP2;
Matub-R3 and SP3; Matub-R4) (Table 1). And to confirm
3’ region of M. anisopliae [-tubulin gene, a specific for-
ward primer was designed (SP4; Matub-F2) (Table 1).
The amplified products were purified from agarose gel,
cloned into pPGEM-T Easy Vector (Promega Co., USA),
characterized and completely sequenced.

The DNA sequences were amplified by the dye termi-
nation method in ABI 377 Automated DNA Sequencer
with ABI Prism BigDye Terminator Cycle Sequencing
Ready Reaction (Applied Biosystems, Co., USA) as spec-
ified by manufacturer. The sequencing primers were uni-
versal M13 forward and reverse primers and S-tubulin
gene specific primers.

Results

Partial M. anisopliae genomic DNA (1001 bp) was cloned
by using two degenerate primers, completely sequenced,
and compared with the full sequence of other fungal /-
tubulin genes. The unknown sequences at 5’ and 3” end of
the Btubulin gene were amplified by using 5° and 3’
RACE Kit and fully sequenced. On the basis of the 5
sequence data, new primers were designed to detect the
full-length genomic DNA and cDNA of M. anisopliae [
tubulin gene. Each isolate were fully sequenced in both
directions using the primers, and the DNA sequence sub-
mitted to Genbank (AY995134).

Finally, 1,944 bp of the wild type M. anisopliae includ-
ing a full-length B-rubulin gene were sequenced (Fig. 1).
The coding region and amino acid sequence of a-tubulin
from M. anisopliae were determined by using the pub-
lished nucleotide and amino acid sequence of the bend
gene of Neurospora crassa. An open reading frame was
identified with 94 ~95% amino acid homology to the
benA gene of A. nidulans, A. flavus, and N. crassa
(Orbach et al., 1986) (Fig. 2). Four introns (IVS 1, 2, 5, 6)
ranging in size from 60 to 194 bp were predicted in the M.
anisopliae gene. The positions of these introns were iden-
tical to those in other fungal Btubulin gene (Fig. 3); how-
ever, introns 3, 4 and 7 were absent in M. anisopliae. Three
introns (IVS 1, 2, 5) were concentrated in the Send of the
coding region, and one (IVS 6) was located at 3end. The
sequence of 5°, internal, and 3’ splice regions were in
agreement with the established consensus sequence of
other fungi (Langford er al., 1984; Orbach et al., 1986;
May et al., 1987). But, differently from codon usage in
other fungal Bubulin genes (Seip et al., 1990), that in the
M. anisopliae S-tubulin gene was not biased with using 49
of 61 triplets.
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-96 GCGTTACGGATCGTGAAGCTCTGCOTAGCTATCGTGATTCTTCCATCAACCTCACTCTTCAGCCGAATTTCCTCTCGTCG

~16 ACGATAATCCGCCAACATGCGTGAGATTGTGAGTCCCCCCTCCAATGTCTAGGACCCCTCCTCRACGCGTTCCATGGTCG
WREI 4

65 TGCOCCTGATTTTGGTACCCCGCTGTATGAGGAGGCCACGTCCATATACGCACGCCCAACGGATCATCAGGACCAGGCAA

145 AACGCGCTGCATCATCATAATGAACATTGGCTGACGATTTATTTCCTATTGATCTTACACAGGTTCACCT TCAGACCGGE
VHLQTG 10

225 CAGTGCGTAAGTAAACAAATTCGCCGCTATTTTCGAATGAATCGTTACGGAGGTCGGGAGCT TAGAATATTTCGACAGGE
[\ G 13

305 TAACGAAATTGATGCTGCTTTCTGGCAGACCATCTCTGGTGAACACGRCCTCRACAGCAATGETATCTACAACGATACCT
NOGIGAAFWQT I SGEHGLDSNGVYNGTS 40

385 CTGAGCTCCAGCTCGAGCETATGAGCGTCTACTTCAATGAGGTAAGTTTGAATGAGCCGAATCCTAGGATGTTGAGGAAC
ELOLERMSYVYFNE 53

465 CATAGGTTGTTATCATCCATGGGGGAGATCAAAGACTGACGCGAGRACTCCCCTCAAAAGECCTCOARTAACAAGTATGT
ASGNKYV 60

545 TCCTCGCGCCRTCCTTGTCGATCTTGAAGCTAGCACCATGGATGCORTCCRTACCRETCCTTTCERTCAGCTTTTCOGTC
PRAVLVDLEPGTMDAVRAGPFGOQLTFREP S8

625 CCGACAACTTCATCTTTGGTCAGTCTGGTGCTGRCAACAATTGBGCCAAGGRTCACTACACT GAAGGTGCTGAGCTTGTC
DNFVYFGOSGAGNNWAKGHYTEGAELV 13

705 GACAATGTCCTTGATGTTGTCCGTCGCGAGGCGGAAGGTTGTGACTGOCTCCAGBGCT TCCAGATCACCCACTCTCTCRE
DNVLDBDVVRREAMEGOCDCLOGFOITHSLG 140

785 TGRTGGTACCGGTGCTGETATGRGTACTCTGT TGATCTCCAAGATOCGTGAAGAGTTTCCCRACCEAATGATGRCCACAT
G 6T GAGHMGTLLI)ISKIREETFPDRMMATFIT

865 TCTCCGTCATTCCCTCTCCCAAGRTTTCCGACACCATTGTCGAGCCCTAGAACBCAACCCTCTCCTCCATCAGETCATT
SYVPSPKVYSDTVVEPYNATLSVHOLV 19

945 GAGAACTCTGACGAGACTTTCTGCATCGACAATGAGGGTCTRTACGACATCTGCATGCGCACTCTCAAGCTGTCTAACCE
ENSDETFC!{DNEALYDICMRTLEKLSHNEP 20

1025 TTCGTACGGTGACCTGAACTATCTCGTCTCTROCATCATGTCTGGCATCACCACATRCT TGCGTTTCOCCGATCAGTTGA
SYGDLNYLVYVSAVHNSGEGVTTCLRFPGO QL NM

1105 ACTCTGATCTGCGTAAGCTGGCTGTCAACATGGTCCCCTTCCCTCRTTTGCAGT TCT TCATGRTCRACTTCAOCCC00TE
SDLRKLAVNMNVPFPRLHFFMNMYGEFAPL 273

1185 ACCAGCCGTEGTGCTCACTCTTTCCGCGCTATCAGCATACCTGAGCTCACCCAGCABATGTTCACCCTAAGAACATGAT
TSRGAHSFRAVSVPELTQOQMFDPEKNMM 300

1265 GGCCACTTCTGACTTCCGAAACGGCCGCTACCTGACCTGCTCTGCCATCTTGTAAGTCCCGTCAATGATGTGCATACTAT
AASDFRNGRYLTGCSAITF 317

1345 ACGAGGTCATTGTACTAATTTCCGTTCTAGCCGTGGCAAGGTTGCTATGAAGGAGET TGAGGACCAGATRCATAACGTGE
RGKVY AMEKEVEDG GMNRNY 0334

1425 AGAACAAGAACTCCTCCTACTTCGTCGAATGRATCOCCAACAATATCCAGACCGCCCTCTGCGCCATCCOC0CCCATRRE
NKNSSYFVEWIPNNIGTALGCAIPPRSG 360

1505 CTCAAGATETCTTCTACTTTTATTGGTAACTCCACCTCCATCCAGEAGCT TTTCAAGCGTGTTGRTGAGCAGTTCACTGC
LKMWSSTFIGNSTSIQELFEKRVYGE QFTA 387

1585 CATGTTCCTCGCAAAGCTTTCTTGCATTGRTACACTGGTGAGGG TATGOACGAGATGCAGTTCAGTGAGGE TGAGTCTA
MFRREKAFLHWYTGEGMNDEMWETFTEATESNA44

1665 ATATGAACGATCTTGTCTCTGAATACCAGCAATACCAGGATGCTGATAT T GATGAGGAGGAAGAGEAGTACGAT GAAGAA
M NDLVSEYQQYGDAGVDEEETETETYDETE 440

1745 GCTCCTGTTGAAGAACCTTTGGAGTAAGAGACTCTACGACAAGCTATTTGTATTCAGCTAGAATGTCCGACTTGAATTTG

APYVEEPLE=*
1825 GGCGACGTGAGTTGETCAAAGTTT

Fig. 1. Nucleotide and deduced amino acid sequence of B-
tubulin of M. anisopliae. Numbers in the lefi-hand margin indi-
cate the position of the first nucleotide in each line; numbers in
the right-hand margin indicate the position of the last amino
acid in each line.

The genomic frubulin gene in two mutants, S-18 and
S-19, were cloned and sequenced. The nucleotide and
duduced amino acid sequences altered in two benomyl-
resistant mutants were summarized in Table 2. The mutant
S-18 substituted glutamate for asparagine at the sequence
No. 33, and lysine for glutamine at the No. 134. And
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Fig. 2. Comparison of B-tubulin amino acid sequences. The
predicted amino acid of the B-tubulin protein of the M.
anisopliae is given on the top line. For 4. nidulans benA (Gen-
bank accession number M17519) and abC (M17520), 4 flavus
(M38265), N. crassa (M13630), and pig brain sequences
(P02554), only amino acids different from those in the M.
anisopliae protein are listed.
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Introns in the & -tubul/in gene of ¥, anisop/iae

VS 1 GTGAGT ———-——-— GCTGACG —-———— CAG
VS 2 GTAAGT —————~ GCTTACA —————- CAG
VS 3 GTAAGT ————-——- ACTGACG ————- AAG
VS 4 GTAAGT ——————~ ACTAATT —————— TAG
Yeast

Consensus GTATGT —————— ACTAACA ———— AG

Higher Eucaryotes

Consensus  GTAAGT CAG
Fig. 3. Comparison of the B-tubulin introns with the consensus
sequence of introns from other organisms. The first and [ast

nucleotides listed are the first and last nucleotides of each
intron.

Table 2. Changes in bases and amino acids of S-fubulin gene
and protein in benomyl-resistant strains of M. anisopliae

Isolate EDso* (ng/ml) Bases Amino acids
S-18 >250 AAT—GAG 33 AsnGlu
CAG—AAG 134 GlnLys

S-19 > 250 TGG—CGG 21 Trp Arg
AAT—AAA 33 Asn Lys

TTG—TTT 240 Leu Phe

*EDsy, is the concentration of benomyl required for 50% inhi-
bition of growth as judged by colony diameter.

mutant S-19 showed alteration at three positions of B-
tubulin; arginine for tryptophan at the No. 21, lysine for
asparagine at the No. 33, and phenylalanine for leucine at
the No. 240.

Discussion

The B-tubulin gene of M. anisopliae and its spontaneous
mutants S-18 and S-19 related to the benomyl resistance
was firstly cloned and sequenced. The amino acid
sequence was highly conserved in comparison with other
fungal B-tubulin (Orbach er al., 1986; May et al., 1987,
Seip et al., 1990). To date, it has been reported that one
point mutation of fungal Arubulin gene is enough for
benomyl resistance. In laboratory benzimidazoles-resis-
tant mutants, there are point mutations at amino acid
codons 6, 50, 134, 165, 167, 198, 200, 241 and 257, whilst
in field-resistant isolates mutations have been limited to

codons 50, 198, 200 and 241 (Davidse and Ishii, 1995;
Butters ef al., 2003). Davidse and Ishii (1995) reported
that the most obvious conclusion from the comparison is
that the regions 4-8, 48-52, 132-136, 163-169 and 196-
202 are highly conserved in benzimidazole-sensitive fil-
amentous fungi. However, Candida albicans, although
having identical sequences in these regions, is highly
resistant to benomy! (Smith er /., 1988). It indicates that
the other regions of the B-tubulin also are important in
determining binding affinity.

To know the molecular reasons why the mutants of M.
anisopliae show strong benomyl-resistance in this study,
B-tubulin sequences of two spontaneous mutants, S-18
and S-19, were compared with that of the wild-type strain
M. anisopliae. As reported previously, they might be
expected to carry a single-site mutation. However, sur-
prisingly, two or three amino acids in two f-tubulin
mutants were altered in various positions and the new sub-
stitutions at positions 21, 33 and 240 caused resistance.
Mutant S-18 substituted glutamate for asparagine at the
No. 33, lysine for glutamine at the No. 134 and amino
acid alterations of S-19 B-tubulin took place at 3 different
sites. But their amino acid alterations were not similar to
those of above fungi, excepting the No. 134 alteration in
S-18 B-tubulin.

Two mutants S-18 and S-19 grew better on medium
containing 250 pg/ml benomyl and more than 250 pg
benomyl of EDs, when compared to other fungi (Jung et
al., 1992). In interpreting such a strongly benomyl-resis-
tant mutation, as yet no data are available on how the
resistance mutations affect benomyl, and there is no direct
evidence as to whether the mutations in the amino acid 21,
33 and 240 regions affect benomyl binding.

However, as compared and deduced with three-dimen-
sional structure of the pig brain B-tubulin (Nogales ez al.,
1998), amino acid alterations published previously in the
fungi mainly affected B-helix or B-sheet structure of the -
tubulin. The regions 4-8, 132-136, 163-169 and 196-202
at fungal B-tubulin correlated with the sensitivity of the
organisms to bezimidazole were a part of f3-sheet of the
first, fourth, fifth or sixth poison. The region 257 was a
part of the eighth B-helix. The regions 48-52 and 239-243
were a connection part between the first B-helix and the
second B-sheet or between the seventh and the eighth -
helix. However, amino acid alterations of the mutants S-
18 and S-19 at positions 21, 33, and 240 were very dif-
ferent from those of other fungi: the No. 21 altered in p-
tubulin was a part of the first a-helix structure and the No.
33 and 240 were connection parts.

From the results reported in this paper, resistance mech-
anism in the mutants of M. amisopliae having strong
benomyl-resistance could be due to multiple mutations in
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the ftubulin gene. Finally, as discussed previously (Jung
et al., 1992; Davidse and Ishii, 1995), the reason that the
mutant of M. anisopliae are strongly resistant to benomyl
appears to be because the benomyl binding site was
altered by the physical interaction of the mutated regions
of B-tubulin.
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