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Beauveria bassiana F-101, which has high toxicity
toward Acantholyda parki as well as Thecodiplosis
Jjaponensis, was an isolate to develop an alternative
control system against the major forest pests. Up to
now, in B. bassiana, only one prl gene has been isolated
and characterized. Therefore, we here reported the
identification of a pri-like gene, which would be a fac-
tor of toxicity from B. bassiana F-101. The oligonucle-
otides for the amplification of the pri-like gene, were
chosen based on the conserved regions of the subtilisin
family enzymes, prl genes of B. bassiana and Metarhi-
zium anisopliae, and proteinase K of Tritirachium
album. The cloned PCR fragment had 1111 bp includ-
ing 52 bp intron. The deduced Pr1-like peptide showed
a low identity with Prls of entomopathogenic fungi
such as B. bassiana Pr1 (BbPr1) and M. anisopliae Prl
{MaPrl) as well as the proteinase K of 7. album
{TaPrK). Instead, the deduced peptide had a substan-
tially high amino acid sequence identity (> 65%) with
the serine proteases of Magnaporthe grisea (MgSPM1)
and Podospora anserina (PaPspA). These results,
therefore, appear to suggest that the putative Pr1-like
peptide of B. bassiana F-101 belongs to the subtilisin-
like serine protease family and may be a novel gene.
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Introduction

The first physical barrier to insect infection of fungal
entomopathogens is the insect cuticle. Most fungal patho-
gens use a combination of enzymatic attack and mechan-
ical force to penetrate the host cuticles and access the
haemolymph as nutrient source (Hajek and St. Leger,
1994). In enzymatic means, only several protease genes
has been isolated and characterized as a putative patho-
genic factor. The best understood model of fungal patho-
genicity determinant is based upon Metarhizium
anisopliae subtilisin-like protease (designated Prl) (St.
Leger et al., 1992). This enzyme is adapted to extensively
degrade insect cuticular protein (St. Leger et al., 1987a).
Ultrastructural studies with gold-labeled antibodies pre-
pared against M. anisopliae Pr1 demonstrated that, while
penetration of the epicuticle is primarily by enzymatic
degradation, penetration of the procuticle involves both
enzymatic degradation and the mechanical separation of
the cuticle lamellae (Goettel et al., 1989; Hassan and
Charnley, 1989).

M. anisopliae strain ME-1 produces four isoforms of
Pr1 during growth on cockroach cuticle. These were sep-
arated by isoelectric focusing and characterized according
to their substrate specificity and inhibition patterns (St.
Leger et al., 1994). Characterization of a ¢cDNA clone
revealed that PrlA is synthesized as a large precursor
(40.3 kDa) containing an 18 amino acid signal peptide, an
89 amino acid propeptide, and the mature protein (28.6
kDa) containing 281 amino acids. In particular, the serine,
histidine, and aspartate residues that comprise the active
site of these proteases are conserved in Prl (St. Leger et
al., 1992). Besides the Pris of M. anisopliae, the prl gene
was also reported in the best studied entomopathogenic
fungus, Beauveria bassiana (Joshi et al., 1995). An extra-
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cellular alkaline serine protease, B. bassiana Prl has been
characterized with high activity against the insect cuticle
(Bidochka and Khachatourians, 1987; St. Leger et al.,
1987b). Its cDNA sequence revealed that B. bassiana
Prl is synthesized as a large precursor (37.5 kDa) con-
taining a signal peptide, a propeptide and the mature pro-
tein (26.8 kDa). The predicted amino acid sequence of B.
bassiana Prl shows 53.6% and 59.1% identity, respec-
tively, to M. anisopliae Prl and proteinase K (PrK) of
Tritirachium album, a saprophytic fungus (Joshi er al.,
1995).

B. bassiana F-101 was isolated to develop an alternative
control system against the major forest pests. Interest-
ingly, this isolate had two valuable merits as forest insec-
ticide; one is high pathogenicities against Acantholyda
parki (the black-tipped sawfly) as well as Thecodiplosis
Japonensis (the pine needle gall midge) and the other is
the germination ability at low temperature (Shin et al.,
1989, 2004). Isolation and analysis of the genes encoding
proteases of the effective strain like B. bassiana F-101 is
likely to be useful in studying their pathogenicity and syn-
ergistic relationship with other pathogen enzymes. Fur-
thermore, according to our knowledge, only one pr! gene
has been isolated and characterized (Joshi et al., 1995).
Therefore, we tried to identify a pri-like gene which
would be a factor of toxicity from B. bassiana F-101.

Materials and Methods

Fungal strain and media

B. bassiana F-101 was newly isolated from a dead larva
of T. japonensis collected in Korean forest (Shin et al.,
2004). This isolate was cultured and maintained on a Sab-
ouraud dextrose agar or broth (4% dextrose, 1% bacto-
peptone, w/wo 1.5% agar powder) plus 2% yeast extract
(SDA+Y) medium at 25°C and a photoperiod of 15:9
(L:D) h (Vandenberg, 1996).

Genomic DNA isolation

The genomic DNA was isolated and purified by the mod-
ified method of Lee and Taylor (1990). Viable spores were
collected from dextrose broth agar and used as inoculum.
The fungus was cultured 50 ml dextrose broth in 250 ml
flask for 7 days at 25°C in darkness with vigorous agitation.
The cultured beer was harvested and the precipitate was
ground well in a mortar in the presence of liquid nitrogen.
The ground sample was then resuspended with DNA
extraction solution [3% SDS, 50 mM EDTA, 50 mM Tris-
HCI (pH 7.2), 1% 2-mercaptoethanol] at a ratio, 400 pl per
100 mg and incubated for 1 h at 65°C. Thereafter, phenol/
chloroform extraction and isopropanol precipitation were
performed. The dried DNA pellet was dissolved with TE
buffer (pH 8.0) containing RNase A (10 mg/ml) and used
as template DNA for PCR of the pri-like gene.

Oligonucleotides and PCR

For the amplification of pr/ gene from Beauveria spp. F-
101, degenerated oligonucleotides, Pr1-F and Pri1-R were
designed to amplify the pri/ conserved region following
the prl gene of the previously reported B. bassiana
(BbPrl), M. anisopliae (MaPr1) and the proteinase K of 70
album (TaPrK). Their sequences and the GenBank acces-
sion numbers were shown in Fig. 1A and Table 1, respec-
tively. Polymerase chain reaction (PCR) was performed
with Ex-Tag™ DNA polymerase (Takara Co., Japan)
using a DNA Thermal Cycler (Perkin Elmer Co., USA),
based on a 30-cycle program, with each cycle consisting
of denaturation at 94°C for 1 min, annealing at 65°C for
1.5 min, and extension at 72°C for 1 min. After ampli-
fication, the PCR products was purified using Qiaquick
PCR purification kit (Qiagen Co., Germany) according to
manufacturer’s instruction and analyzed by 1.4% agarose
gel electrophoresis.

Cloning and nucleotide sequence analysis
For the DNA sequence analysis of an amplified pr/ par-

Table 1. The known pr/ genes of entomopathogenic fungi and the serine proteases of other fungi similar to a pr/-like gene of Beau-

veria bassiana F-101

. Gene - GenBank

Species name Gene description Ace. No. Reference
Beauveria bassiana F-101  Prl-like - This study
Beauveria bassiana BbPrl  Subtilisin-like serine protease U16305  Joshi et al. (1995)
Metarhizium anisopliae MaPrl  Cuticle-degrading serine protease P29138 St Leger et al. (1992)
Tritirachium album TaPrK  Proteinase K X14689  Gunkle and Gassen (1989)
Magnaporthe grisea MgSPMI1 Putative vacuolar subtilisin-like serine protease AB070268 Fukiya ef al. (2002)
Podospora anserina PaPspA  Subtilisin-like serine protease AF047689 Paoletti e al. (2001)
Metarhizium anisopliae MaPR1H Subtilisin-like protease PR1H AJ251921 Unpublished




Identification of a pr]-like gene of B. bassiana F-101 133

tial gene, the PCR product was cloned in pGEM-T Easy
vector (Promega Co, USA). The DNA sequence of a prI-
like gene was determined on an ABI sequencer Model

377 (ABI system, USA). The obtained sequence was .

compared with the known protease genes using BLAST
search. The homology analysis by Clustal W was per-
formed using MegAlign™ (Ver. 4.0) in Lasergene99 and
multiple amino acid sequence alignment was performed
by Clustal X (ver. 1.83).

Results and Discussion

We first performed PCR toward the genomic DNA of B.
bassiana to identify a pri-like gene. Oligonucleotides
were chosen based on the conserved regions of the sub-
tilisin family enzymes, pr/ genes of B. bassiana and M.
anisopliae, and proteinase K of 7. album (Fig. 1A and
Table 1). Moreover, forward primer sequence includes the

A

(A) Forward direction

BbPrl 94 ATTGCCGGCAAGTACATTGTCAAGCTCAAGGAC 127

MaPrl 112 ATTGCCGACAAGTATATTGTCAAGTTCAAGGAT 144

TaPrK 748 GTTGCCAACAAGTACATTGTCAAGTTCAAGGAG 780
Prl-F = S5 -CAAGTACATTGTCARAGYTCAAGG-3 " (Y:C,T)

(B) Reverse direction

BbPrl 952 ACTAATACCATCTCGGGCACTTCGATGGCCACTCCC 948
MaPrl 979 ACAAACTCCATCTCTGGTACCTCCATGGCTACTCCC 994
TaPrK 1669 ACCCGCTCCATCTCTGGAACTTCCATGGCTACTCCC 1704

Prl-R = 3 -GGTAGAGMCCGTGAAGCTACCG-5  (M:A,C)

B

i +— Prl-like gene

Fig. 1. Oligonucleotide design (A) for the detection of a prl-
like gene by the conserved sequences of the previously known
prl genes. Bb, Ma and Ta indicate B. bassiana, M. anisopliae
and T. album. Their GenBank accession numbers were listed in
Table 1, and 1% agarose gel electrophoresis (B) of PCR-ampli-
fied product of the pri-like gene. Lane M, 100 bp ladder; lane
1, PCR product of genomic DNA of B. bassiana F-101; lane 2,
EcoRlI digested pri-like gene in pGEM-T easy.

[

CARGTACATTGTCAAGTTCAAGGAGCATGTCGATGAGCCGAAGGCCARGACTCACCACTC
K Y I v XK F K E HV DE P KA KT HH §

6

—

CTGGGTCTCGGATATCCATACCGATGGCAAGCAGCAGCGCCTCGAGCTTCGCAAGCGAGG
W VvV s b I HTDGZ K QR L EL R KRG
121 CCTCTTTGACTCAGTCGAAGATGCATTTGATGGCGTGAARGCACACCTTTGATCTCGGCTC

L F.D 8§ V E D A L S

181 TGGCTTCCGCGGTTATGCTGGCCGCTTTGACGACGACGTCATTGAGCAGATCCGCAACCA
G F G Y A G R E Q I R N B

241 CCCTGACGTACGTATTACCTCAGTTTTTGCCACGCTTCATCATTTAACATGTCGACTAGG
P D v
301 TCGAGGCCATCGAGCGTGACTCCATTGTACACACCATGGTCCCCATTCACCAAGGAGACT
E A I E R M V P G D C

361 GTCACCGAGGACACTTGCAAACCCGAGACGGAGAAGCAGGCTCCTTTGGGGTCTTGCCCG
G H L Q T R D G E A G § L P V

421 TATCTCCCATCGCGAGACTCTCGGATTTGGTAACTTTAACAAGTATCTATACGCTARAGG
s P I AR L S DL V T L T § Y L X G

481 GTGGTCAGGGTGTTGATGCCTACGTTATTGACACTGGCACCAGCATTGCCCACGTCGATT
G Q¢ GV DAY VI DTSGTS I A HV DF

541 TCGAGGGCCGCGCCAAGTGGGGTTACACTGCCCCCGACGGCGATGTGGATGAGGATGGCA
E G R A KW G Y T A P D G D V D E D G N
601 ACGGTCACGGCACTCACTGCTCCGGCACCATCGCCGGCAAGARGTACGGTGTTGCCARAA
G H G T H C s GG T I A G KK Y GV A K K

661 AGGCCAACGTTTACGCCGTCAAGGTGCTCCGCTCTAACGGCTCGGGCTCCATGTCGGATG
A NV Y A V KV L R $§ NG S G S$ M S DV
721 TGATCRAGGGTGTCGACTGGGCTGCCAAGTCCCACGAGGAACAGGTCAAGARGGCCAAGS
I K G VvV D W A A K S H E ¢ V K K K D

781 ACGGTAAGCGCAAGGGCTTCAAGGGCTCCGTCGCCAACATGTCTCTTGGTGGTGGCAAGA
K 6 F K vV A NM S L G G G K T

841 CTACTCTGCTCGACATGGCTGTCGACGCCGCCGTTGCCAAGGGCCTCCATTTTGCTGTTG
vV A K G L H AV A

901 CTGCTGGTAACGATAACGCCGATGCCTGCAACTACTCTCCCGCTGCCGCCAARARAGGCCG
A G N D N A D A A A K K A V

961 TCACCGTCGGTGCCTCCACCATTGATGACAGCCGTGCCTACTTCTCCAACTTCGGCAAGT
F s N F G K C

1021 GCACTGACATCTTTGCCCCCGGCCTGAACATCCAGTCCACCTGGATCGGCTCCAAGTATG
T bp I F A P G L UNT QS T W I G S K Y A

1081 CCATCAACGCCATCTCGGGCACTTCGATGGC 1111
I ¥ A I s G T S M

Fig. 2. Partial nucleotide sequence and the deduced amino acid
sequence of a prl-like gene from B. bassiana F-101. Introns
are underlined.

conserved sequence in bacterial subtilisin (Tyr-Ile-Val-
Lys-Phe-Lys) (Gunkle and Gassen, 1989). In B. bassiana
F-101, PCR using oligonucleotides, Pr1-F and Pr1-R had
several fragments but the largest band was about 1 kb.
And so we cloned full PCR products into pGEM-T easy,
selected a construct containing prl-like sequence in size
of about 1 kb by sequencing. Finally, the cloned PCR
fragment had 1111 bp including 52 bp intron (Fig. 1B and
2). A partial pri-like gene of B. bassiana F-101 was com-
pared to the known pr! gene of entomopathogenic fungus
and the serine protease gene of other fungus. Surprisingly,
the deduced Prl-like peptide showed a low identity with
Prls of entomopathogenic fungi such as B. bassiana Prl
(BbPrl) and M. anisoplice (MaPrl) as well as the pro-
teinase K of T album (TaPrK) after an alignment by
Clustal W (Table 2). In detail, the amino acid sequence of
Pr1-like peptide has only 38.2, 44.2 and 37.8% sequence
identity with BbPrl, MaPrl and TaPrK, in other hand,
BbPrl has 59.5 and 63.6%- identity with MaPrl and
TaPrK. However, in subsequent GenBank search perform-
ing by BLASTX, this deduced peptide had a significant
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Table 2. The deduced amino acid identity of a pri-like gene of Beauveria bassiana F-101

% amino acid identity

GenBank

Gene Ace. No Prl-like BbPrl MaPr1 TaPrK MgSPM1 PaPspA MaPRI1H
Pril-like -
BbPrl U16305 38.2
MaPri1 - P29138 44.2 59.5
TaPrK X14689 37.8 63.6 62.9
MgSPMI1 AB070268 70.1 40.3 45.9 423
PaPspA AF047689 69.1 41.8 46.3 443 78.0
MaPR1H AT251921 66.4 41.8 46.3 433 75.6 73.4
Pri-like [FIVKFKEHVDEPKAKTEHSWVSDIHTIGKQURLELRKRCLFSVEDAFDS- -VKRTFDLY 58
BbPrl Y¥IVK TIpIMDAAsxva--wEavﬁEN- 29
MaPrl ¥IVK w,vsp.m ADFVP[EH- 31
TaPrK [IVKFK KI 31

MgSPM1 nmmx QMWIQKVHGE LELWGL AF‘T --LKﬁva 58
PaPspA YIVEKFKKHV EKV RIDLKKRGQFPL VPHG- - LKHTYKVG 58
MaPR1H ¥IIKFKI] Haswmsmxp QRLELRK%SLGSSP IAFAG- - LKHTYNIA 58

* s s * Ky Rk ok :*
Prl-like S@PRGYAGRFgDDVIgQIﬁNﬁ VEAIEﬁnSIVHTMVPIHQGDCHRGHLQTRDEEAGSFG 118
BbPrl -VLKGFSGTLN(] LDRL#HDP SI@%ﬁAIVSINAVV ------------- RQA@APWG 75
MaPrl ~AFHGFAGSLT LKMLﬂEEPG FIE VMRISBIT-----mmmmmmn EQSGAPWd 77
TaPrK -VFSGFAATL NMVRVLﬁAﬂ VEYIEQDAVVTINAA - m - - cc e e - QTNAPWG 75
MgSPM1 SQFLGYAGHF EKVRREPDVEAIERD IVHTMRYE-»-@VKK@@CNPDL KEAPWG 115
PaPspA SEFLGYAGHFBEJ EKVRRHPOVEYIERDSIVHTMR- - - -~ VIEDAKCDS) KAAPWG 113

MaPR1H NGFKGYSGHFHESVIEKVRNHGDVEFIEKDTIARILRPVIPDHSVQEDCTPHTEKQAPWG 118

P * A 3 R A * s kekEhH

Pri-like VLPVSP IARLSDLVTLQSIYTLK@GQGVQAWI@TGTS IMF’EGRAKWGYTAPD 178
BbPri ng:sﬁgA----n ATIFD DsSAdAdTCVYVIQTGVDAS?PNFDGRAKQIKTFVTG—- 129
MaPrl LGRISHRS----KGSTTYR DDSAGQQTCVYIIMGIEASZS F‘E‘GRATFLKSFISGQ N 132
TaPrXK L RISSTS - - - - PATSTYYYDESAGOGSCVYVIDTGIEASH FEGRAQMVKTZ};YS--S 129

MgSPM1 LSRVSHERESLEPSTYNKYLYSAEGGEG YV IDTCINIDRVIFEGRAHWGKT IPANTIQ 175
PaPsphA LARISHRD‘I‘LGFSTFNK LYAAEGGEG WIDTGTNVDHVI}FDK;RAKWGKTIP { 173
AGD.

MaPR1H LA@QVSgBKGLSFGTYNK LYAADGGEGVDAYV IDTGTNTCHVDFEGRAKWGKTIP 178
** Fhhhkkkokh, o kkkhkkh. o kkakk  hkEkR 3 * . W x

Pril-like @‘GNGH@TH@SGTIAGIQK@?GVAKKANV?AVKVLRSNGSGSMSWIKGVQWAAKS}!E@VK 238

BbPrl SDGHGHGTHCAGTIGS] SYGVAKKASILGVKVLEDSGSGSLSGVIAGWFVAT ------- 182

MaPrl
TaPrK
MgSPM1
PaPspA
MaPR1H

GHGHGTHCAGTIGSKTYGVAKKAKLYGVKVLDNQGSGSYSGIISGHDYVAQ- - - - - - 185
NCHGTHCAGTVESRTYGVAKKTOLFGVKVLDDNGSGQYSTI TAGMDFVAS- - - - - - - 182
IDGNGHGTHCSGTVAGRKYGVAKKAQVYAVKVLKSNGSGTMSOVIAGVDFAAKSHKAQVS 235
JGNGHGTHCSGTIAGKKYGVAKKANVYAVKVLRSNGSCTMSDVVAGVEWAAKSHIOAVK 233
GNGHGTHCSGTIAGKKYGVAKKANVYAVKVLRSNGSGTMADVVKGVEFAATSHVEQVL 238

0

L 1x gk akkdhdkok s T kg  hkkdkhk ok Kk . hhk

Pri-like KAI@GK&KGFKQQVAM&SLGGEK‘DTLLMAVDAAVAKGLHFAVAAGN@NAQACNYSPAAA 298
BbPrl"~DRKSQPCRgGTVASMSLGGGYSVTVNQAAARLKASGVLVAVAAGNEN QISPASE 240
MaPrl --DSKTRGCPNGAIASMSLGGGYSASVNQGAAALVNSGVFLAVAAGNDNRDAONTSPASE 243
TaPrK ~--DK NCPKGVVASLSLGGQY ‘VNSAAARLQSSGVMVAVAAGNNN RNYSPASE 240

MgSPM1 AR C%KEKGFKGSVANMSLGGGK TLL VNAAVDAGTHFAVAAGNDNADACNYSPAAR 295
PaPsph EA e KGFKGSVANMSLGGGK TVNAAVSVGIBFAVAAGNENADACNYSPAAA 293
MaPR1H RA mmcsvmmswa@xmm VNAAVKAGIHFAVAAGNDNADACNYSPAAA 298

kkdk o * kg kb sk *hk kk . kkkR BEALEE LS

Pril-like KKAVTVGASTIﬂﬁSEAYFSﬂFGKCTﬁIPAPGLNIQ@TWIGS%YAINAISGTSM 351
BbPrl PSVCTIVGATDSS kﬁsSFSNYGRVVbIFAPGTGILSTWIGG-~GTNTISGTSM 281
MaPrl PSACTVGASAE S| SSFSNYGRV IFAPG 254
TaPrK PSVCTVGASDR SSFSNYGSVL.I&GPQ 291

MgSPM1 AKAVTVGASAL, 4! YFSNWGKVT'IPAPGLNIQSTWIGSKTAINTISGTSM 348
PaPspA AKAVTVGASGI DSRAYFSNYGKCI lWAPGLSILSTWIGS&YAQNTISGTSM 346

MaPR1H ELPVTVGASAF SﬁAYFSNYGKCTﬁIFAPGLNILSTWIGSPTAVg@I&GTSM 351

Fig. 3. Alignment of the deduced B. bassiana F-101 Prl amino acid sequence with the previously reported protease gene of ento-
mopathogenic fungi and other fungi. The GenBank accession number of each compared sequence is listed in Table 1. The star (*),
colon (:) and period (.) denote identical, conserved and semi-conserved residues according to Clustal X alignment (ver. 1.83).
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amino acid sequence identity .in the range of over 65% to
other subtilisin-like serine protease. Specially, this peptide
has the highest identity (70.1%) with the protease of Mag-
naporthe grisea (MgSPM1) (Fukiya et al., 2002) and
69.1% with the protease of Podospora anserina (PaPspA)
(Paoletti et al., 2001). In addition, it has 66.4% identity
with one isoform of M. anisopliae Pr1 (MaPR1H, putative
subtilisin-like protease). M. grisea is the causal agent of
rice blast disease and is also one of the best characterized
piant pathogenic fungi. The spmI gene of M. grisea is a
vacuolar serine protease and may have an important role
in pathogenicity. Podospora anserina is a saprophytic
fungus, and its PspA peptide is a subtilisin-like serine pro-
tease and specially, is induced during this cell-death reac-
tion (vegetative incompatibility). These two high identity-
scored proteases seem to be quite different from B. bassi-
ana. Further, the function of PRIH in M. anisopliae
pathogenicity is not revealed. Clustal X alignment showed
that the putative Prl-like peptide was longer than other
Pr1 genes in size but similar to other serine protease group
(Fig. 3). Also, in the conserved sequence of subtilisin-like
protease (Tyr-Ile-Val-Lys-Phe-Lys), a Prl-like peptide
was more conserved than BbPr1. These results, therefore,
suggest that the putative Prl-like peptide of B. bassiana
F-101 indeed belongs to the subtilisin-like serine protease
family and may be a novel gene.

In conclusion, this identification of the prI-like protease
as the major cuticle-degrading proteases produced by B.
bassiana which is relatively unknown about proteases,
may be a crucial clue to understanding penetration of host
cuticles, a ubiquitous process among entomopathogenic
fungi. Also, the pri-like gene may be a useful source for
improving pathogenicity by inserting it into B. bassiana
chromosome as like the Prl of M. anisopliae (St. Leger ef
al., 1996). Further studies will be conducted in order to
clone the full pri-like gene from cDNA of B. bassiana F-
101 and express to investigate its protease activity.
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