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This study was carried out to identify the phylogenetic relationships among several caterpillar fungi by comparing the
sequences of internal transcribed spacer regions (ITS1 and ITS2) and 5.8S ribosomal DNA (rDNA) repeat unit. The
sequences of ITS1, ITS2, and the 5.8S rDNA from 10 strains of Cordyceps species, 12 strains of Paecilomyces, 3 strains of
Beauveria, 2 strains of Metarhizium and 1 strains of Hirsutella were amplified, determined and compared with the previously
known Cordyceps species. The sequences of 5.85 rDNA were more conserved in length and variation than those of ITS
regions. Although the variable ITS sequences were often ambiguously aligned, the conserved sites could be found. In the
phylogenetic tree, the species generally divided into three clusters, supported by their morphology and/or hest ranges. The
585 rDNA and ITS1 sequences among 10 species of Cordyceps militaris were identical and only one base pair in ITS2
sequence was different. Cordyceps sinensis and Cordyceps ophioglossoides were also clearly different, although they belonged
to the same cluster. The GenBank database search of species revealed sister taxa of an entomogenous fungus. Metarhizium
was used as an outgroup in all taxa,
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Most of the caterpillar fungi belong to the family Clavi- (Kobayasi, 1941). For taxonomic characteristics, they mainly
cipithaceae and have long been used in Chinese medicine relied on their external features, such as entomopatho-

to treat numerous illness, promote longevity, relieve ex- genic or mycogenous, ot superficial or immersed perithe-
haustion and increase athletic prowess (Bok et al, 1999). cia, or whether the fertile parts were globose or cylindrical
Especially, Cordyceps sinensis, C. militaris, and Paecilo- (Sung ef al., 1997).

myces japonic,us' have been regarded as a celebrated drug Therefore, it is suggested that during the evolution of a

in the Chinese Pharmacopeia and used as a tonic. Some single genus, Cordyceps, an interkingdom host-jumping
polysaccharides isolated from Cordyceps species are also event between Animalia and Fungi had occurred (Nikoh
known to have potent antitumor activity. The extracts and Fukatsu, 2000).

from C. militaris and Isaria felina showed similar strong The entomoparasitic deateromycetes Beauveria bassi-
negative inotropic effects as those from C. sinensis ana, Metarhizium anisopliae, and P. tenuipes are regarded
(Yamanaka, 1998). This fungus is known to possess as anamorphs of the Cordyceps spp. based on molecular
diverse therapeutic effects (Tsunoo et al., 1995). Kinjo et phylogenetic and ecological lines of evidence (Fukatsu et
al. reported that extracts from cultured mycelia of C. mili- al., 1997; Liang et al., 1991; Shimazu er al., 1988).

taris had several physiological activities (Kinjo et al., 1996). The taxonomy and correct identification of the caterpil-

In view of insect physiology, microbiology, immunol- lar fungi is a hard task. Generally, the taxonomy of these
ogy, and pest control, these fungi are also very important fungi is based on the morphology of the fruiting body and
to understand the parasitic and pathogenic mechanism, the association with host insect. Besides morphological
They infect the host insect, escape its self-defense sys- traits of fruiting bodies, taxonomic characteristics have

tem, proliferate in its blood or cell, and kill it (Takema et also been investigated for the systematics of the genus
al., 1997). The ascospores of the fruitbodies of C. milita- Cordyceps (Choi et al., 1999). A various culture studies
ris are also used as a biological controlling agent (Sung et were conducted to classify the genus Cordyceps and

al., 1993). Entomogenic deuteromycete fungi of the gen- Paecilomyces (Sung et al., 1993). Isozyme pattern analy-
era Cordyceps and Paecilomyces, called ‘Dong-chong-xia- sis and restriction fragment length polymorphism (RFLP)
cao’ {Ascomycotina, Pyrenomycetes, Clavicipitales, Clav- were carried out by Sung er al (1997). This method

iciitaceae) in China, form fruiting bodies or sporocarps on developed the new characteristics for taxonomic studies at
their hosts. These fungi were classified by Kobayasi the species level. However, their methods are variable in

the band pattern on the gel so that they cannot be used for
*Corresponding author <E-mail: leejd@hyowon.pusan.ac kr> lower taxonomical level. Therefore, the detailed classifica-
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tion of caterpillar fungi has brought the complexity to
most of taxonomists. Recently, molecular techniques such
as DNA/DNA hybridization, electrophoretic karyotyping,
RFLP, and DNA sequencing have been used for phyloge-
netic analysis of various kinds of organisms (Sasamu et
al., 1998). PCR direct sequencing method reported by
White et al. is an excellent method applicable to the
fungi because it can be carried out using a small amount
of starting material (White et al., 1990). Hirata er al.
improved the method to determine the tDNA sequences of
fungi using tiny amounts of material (Hirata and Taka-
matsu, 1996). Eukaryotic rDNA is composed of tandemly
repeated clusters of 18S, 5.8S, and 28S rRNA genes,
which are transcribed as a precursor molecule by RNA
polymerase I (Raue and Planta, 1995). The external and
internal spacer molecules are then removed in nucleolus
before escaping for cytoplasm. The nucleotide sequences
of the conservative rRNA coding regions have been
widely used for phylogenetic analysis among families or
distantly related genera (Berbee and Taylor, 1993; Car-
mean et al., 1992; Samson, 1974; White et al., 1990).
However, the variable ITS regions have an advantage of
the phylogenetic analysis and identification of the closely
related fungal species (Kim et al., 1999).

In this work, we studied 5.8S rDNA and ITS regions to
infer their applicability for the systematics of caterpiliar
fungi. The objective is to construct the phylogenetic rela-
tionship among the regions of ITS1 and ITS2, and 5.8S
ribosomal RNA gene of Cordyceps and Paecilomyces spe-
cies to compare the interaction between anamorph and
telemorph in the genera Cordyceps and Paecilomyces. To
address these aims, we amplified and sequenced the
5.8S rDNA, ITS1 and ITS2. Our results could reveal the
detailed phylogenetic relationship among the closely related
Cordyceps and Paecilomyces and related taxa.

Materials and Methods

Fungal strains and cultivation. The 28 strains used in
this study were obtained from Korean mountain, and vari-
ous culture collections (Table 1). The rest strains except
the representative in Table 1 were extracted from the Gen-
Bank database in NCBI (National Center for Biotechnol-
ogy Information).

The strains were cultured with shaking in 100 m/ of PD
(Potato Dextrose) broth at 25°C for one week. The myce-
lia were harvested by filtration or centrifugation, and
stored in a freezer until they were used.

DNA extraction. Fungal DNA was extracted from each
sample according to the procedure adapted from the ben-
zyl chloride method (Zuker, 1989). Approximately 0.05 g
of fungal pellets were suspended in 500 y! of Tris buffer
(100 mM  Tris-HCl, pH 8.0, 40mM EDTA), 150 @ of

Table 1. The list of fungal species and GenBank accession
number of the genus Cordyceps, Paecilomyces and
related taxa used in this study

Fungal species Strains* Accession No.
Cordyceps nutans KACC 500169  AF224274
Cordyceps militaris EFCC-C18 AF153265
Cordyceps militaris EFCC-C738 AF153264
Cordyceps militaris MPNU 8001 AF153266
Cordyceps militaris KACC 500161  AF199590
Cordyceps militaris KACC 500171  AF199591
Cordyceps ophioglossoides KCTC 16017 AF199593
Cordyceps ophioglossoides KCTC 6473 AF208524
Cordyceps scarabaeicola EFCC-C252 AF199592
Cordyceps sinensis MPNU 8002 AF291749
Isaria japonica DGUM 32001  AF200370
Paecilomyces tenuipes EFCC-C240 AF200368
Paecilomyces tenuipes EFCC-C660 AF200369
Paecilomyces japonicus KACC 40503 AF224689
Paecilomyces farinosus KCTC 16102 AF237664
Paecilomyces sp. KACC 40219 AF224690
Paecilomyces sp. KACC 40220 AF224691
Paecilomyces sp. KACC 40221 AF291750
Paecilomyces sp. KACC 40222 AF291868
Paecilontyces sp. KACC 40656 AF224273
Paecilomyces variotii KACC 40246 AF291869
Puaecilomyces variotii KCCM 60009  AF291870
Beauveria bassiana KACC 40024 AF291872
Beauveria bassiana KACC 40218 AF291871
Beauveria bassiana KACC 40224  AF294646
Metarhizium anisopliae KACC 40029 AF293842
Metarhizium sp. KACC 40230  AF293843
Hirsutella thompsonii KACC 40023 AF293844

*EFCC : Entomopathogenic Fungal Culture Collection, Kangwon
National University, Korea. MPNU : Mycological lab. of Pusan
National University. KACC : Korean Agricultural Culture Collection,
National Institute of Agricultural Science and Technology, Suwon,
Korea. KCTC : Korean Collection for Type Cultures, Korea Research
Institute of Bioscience and Biotechnology, Taejon, Korea. DGUM :
Microbiology laboratory of Dongguk University, Kyongju, Korea.

10% (w/v) sodium dodecyl sulphate (SDS) and 300 p of
benzyl chloride, and then incubated at 55°C for 30 min.
The treatment of phenol:chloroform:isoamylalchol (25:24:1)
and RNase (1 mg/mi) was carried out for the removal of
proteins. The DNA was precipitated by adding 2.5 vol-
umes 100% ice-cold ethanol. The pellet was washed with
2 volumes of 70% ethanol and resuspended with distilled
water. The purified DNA was kept at -20°C.

PCR amplification and DNA sequencing. The nuclear
tDNA region spanning the ITS1, ITS2 and 5.85 rRNA
gene was amplified by polymerase chain reaction (PCR)
from each strain. Primers ITS5F (5-GGAAGTAAAAGT-
CGTAACAAGG-3") and ITS4R (5-TCCTCCGCTTAT-
TGAT ATGC-3") (White et al., 1990) were derived from
the conserved region of 18S and 28S rDNA, respectively
(Fig. 1). PCR was carried out with Perkin-Elmer model
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Fig. 1. A map of the ribosomal DNA region containing ITS1
and 2, and the 5.8S rRNA gene. Arrows indicate the
position of the primers used for PCR and sequence
analysis.

480 thermocycler using the following program: initial
denaturation for 3 min at 95°C, 30 cycles of amplification
(denaturation for 30 sec at 95°C, annealing for 30 sec at
50°C, and extention for 1 min at 72°C) and final extention
of 5min at 72°C. The PCR products from the amplifica-
tion were subjected to preparative electrophoresis in a
1.6% agarose gel in TBE buffer. All PCR products
yielded only a single visible band. The PCR products
were excised from the ethidium bromide-stained gel and
purified using a QIAGEN gel elution kit (Qiagen, Wart-
worth, CA), Direct sequencing of PCR products was
done by a Perkin-Elmer Applied Biosystems ABI 377A
sequencer and a PRISM Dye Dideoxi Terminator Cycle
Sequencing kit (Perkin Elmer) according to the standard
protocol (Gyllensten, 1989; Hiraishi, 1992; Smith et al.,
1986). Two primers, ITSSF and ITS4R, were used for
sequencing in both directions and the DNA sequences
were edited and assembled with the program CLONE
MANAGER version 4.0 (Scientific Educational Software,
Stateline, PA).

Data analysis. The determined rDNA sequences have
been deposited in the European Molecular Biology Labo-
ratory (EMBL) data library (Heidelberg, FRG) and acces-
sion numbers were indicated in Table 1. They were
initially aligned with the sequences of the related genera
from the EMBL data library using the multiple alignment
program CLUSTAL W (Thomson et al., 1994).

Phylogenetic relationships were inferred by the neigh-
bor-joining method (Saitou and Nei, 1987). The strength
of the internal branches from the resulting tree was statis-
tically tested by bootstrap analysis (Felsenstein, 1985)
from 1,000 bootstrap replications. The distance matrix
was calculated using NucML, and the initial tree based on
the neighbor-joining method was reconstructed by NJdist
of the PHYLIP 3.5 software package. The G+C content
distribution diagrams were obtained by the method of
Bibbo et al. (Bibbo et al, 1984) using the program
GENETYX (Software Development).

Results and Discussion
Sequence alignments. Electrophoresis and direct se-

quencing of each PCR product confirmed that a single
product was amplified and the size of each product corre-

sponded to the expected rDNA. The alignment data of the
DNA sequences of ITS1 and ITS2, and 5.85 rDNA using
CLUSTAL G were shown in Fig. 2. There is consider-
able sequence variation in the ITS sequences and little in
the regions of the 5.8S rDNA. The sequence variations of
the ITS are usually higher in ITS2 than ITS1 in the litera-
ture. However, the sequences of ITS1 were more variable
in our study than those of ITS2.

The sequence difference of intraspecies in C. militaris
species appears on one point and base substitution is sup-
posed as the variation of cultural, geographical, environ-
mental conditions, and so on. Unidentified Paecilomyces
sp. KACC 40219 and KACC 40221 have the similar
sequences with C. nutans KACC 500169. This property
can be described as the close relationships of teleomorph
and anamorph between Paecilomyces and Cordyceps. 1t is
convinced that I japonica, P. japonica, and P. tenuipes are
the same species and are called as another names, because
of very similar sequences in multiple alignment of them.
Unidentified Paecilomyces sp. KACC 40220 and KACC
40656 are thought to be P. tenuipes because their sequences
are identical.

G+C content and nucleotide length of rDNA ITS
regions. The G+C contents and nucleotide lengths of
ITSi, ITS2, 5.8S rRNA gene, and whole region (ITSI-
5.85-ITS2) are examined (Table 2). ITS1 of a taxon hav-
ing GC-rich ITS2 has also a long 1TS1 sequence. Torres
et al. found similar phenomenon in the G+C contents of
ITS regions in a wide range of organisms including fungi
and called it “GC balance” (Torres ef al., 1990). The total
G+C contents of ITS1-5.8S-1TS2 in the Cordyceps spe-
cies ranged from 54.6% (C. scarabaeicola EFCC-C252)
to 56.8% (C. militaris species). In Paecilontyces species,
total G+C content of ITS1-5.8S-ITS2 ranged from 56.0%
(Paecilomyces sp. KACC 40219) to 61.6% (Puaecilomyces
sp. KACC 40222). P, tenuipes EFCC-C240, EFCC-C660,
L japonica DGUM 32001, P, japonica KACC 40503, and
Paecilomyces sp. KACC 40220 has the same G+C con-
tent as 60.4%. Exceptionally, Paecilomyces sp. KACC
40219 has lower G+C content than the other Paceilomy-
ces species.

In Beauveria species, total G+C content of ITS-5.85-
ITS2 ranged from 54.5% (B. bassiana KACC- 40224) to
574% (B. bassiana KACC 40024). In Metarhizium spe-
cies, it ranged to 50.3% and in Hisutella thompsonii
KACC 40023 ranged to 58.8%. This species is similar
G+C content with the genus Cordyceps. The result sug-
gests that the further studies are necessary for detailed re-
identification.

The G+C contents of the 5.85 rRNA gene were stable
(44.9~49.0%) among all 28 taxa investigated. On. the
other hand, the ITS regions revealed relatively high G+C
contents: 43.7~63.9% in ITS1 and 59.0~68.1% in ITS2.
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KCTCB473 TCCRTTEGT AGGRA
KCTG16517 38A
NPNUB0OZ
KACGAD023 GEAAGTAAAAGTGGTAA-CAAGBTCTCCAT TEETGAACCABCG-GAGGREA
K H il AGGGA
KACCAD219 ~-AAAAAAGTCRTAA-CAAGBTCTCORTTRETEAAGCAGLA~BAGEOA
TAAAGAAGGTCTGCGTTEBTGAACCAGLG-GAGGEA
KAGG40Z18 CATTGRT -GAGESA
-CRTTGET ~GAGGEA
CEaTTGE GAGEEA
EFCC-C252 — A
KCTC16102 CG~GAGE-A
KACC40220 e ARAARRT CO-~AA-CAAGGTCTOOGT TAETRAACCAGCE~GAGEGA
KACC40503 e AARAAG TCG TAA-CAAGGTCTCOGT TR TOA-CCAGQR-GAGEGA
EFCC-C860 -~ ARAABTCRTAA-CAAGETCTCOE TYGETGAACCAGLG-GAGEEA
KACC40858 ~  ———— AABTCGTAA-CAAB-TCTGCETTGETOAACCAGOS-QAGEEA
DEUM326G0Y AAAGTAAAAAGTCOTAA-CAAGGTCTCCRTTGRTGAACCABCE-GARSRA
EFCC-C240 —————ARRAGTCGTAA-CAAGGTCTCCE T TEGTGAACCAGCE-GASEEA
EFCC-CY38 -AGCC-GAGEEA
Ki 1 AGCE-GAGEEA
KAGCHO01 71 AGCG-GAGEEA
EFGC-C18 G-BAGGGA
1 T i~BAGGEA
KAGC40023 T G-GAGGEA
KACCABZID ~  -mmmmm— e LETTGGTGAACCAGCG-GAGERA
~—=T--ACC-GAGTGAGGE-
—T—AGC-GAGTEABGE-
worspicRaiit BRI
KOTCB473 TCA~TTACC-BAGT-TAT~CAAC-TCCCARAGEC -~ T6-T6~~AA~CAT
KCTG16017 TCA~TTACC-GABT-TAT-CAAC-TCG-AAACCC--CT8-TE-—AA-CAT
MPNUBOGZ ———TACC-GAGT-TAT-CAAC-TCCCAAACOG——CTG-TG—AA-CAT
KACC40023 TCA~TTATC-GAGTGTTTAGAAC-TCCCARACCCA-CTE-CG-—AACCAC
KACC40221 TCA-TTTOC-GAGT-TTT-CAAC-TCC-ARAGCCTTTT6-TG-—AA-CAT
KACC40222 TCA~TTACC-GAGT-TTT-CAAC-TCCCARACCCTTTTG-T6--AA-CAT
KACC40218 TCA~TTACC-GAGT-TTT-CAAC-TCC-ARACOCT TTTG-T6-~AA-CAT
KACC500189 TCA-TTACA-GART-TTA-CAAC-TCCCARACCCTTATG - TG—AA-CAT
KACGH0218 TCA-TTAGG-GAGT-TTT-CAAC-TCCCTARCCOTTCYG~TGw-AA-CCT
KACC40224 TCA-TTACC-GAGT-TTT-CAAC-TCOCTAACCCTTCTS-TG—AA-COT
KACC40024 TCA-TTACC-BAGT-TTT-CAAC-TCCCTAACCCTTCYS-TG—AA-CCT
EFCC-C252 TCAATTACC-GAET-TTT-TAAC-TCCA-AACCCTTCTE-TG~-AA-CCT
KOTC16102 TCA~TTACCABAGT-TT-AGBAC-TCCC-AACCOTTCTE-TG~-AA-CCT
KACCA0220 TOA~TTACCAGAGT~TT TAGAAC-TCOC-AACCCTTOTG-TB~~AA-CCT
KAGCA0503 TCA-TTACCAGAST-TTTACAAC-TCOC~AACCCT TCTG~TO~~AA-CCT
EFGC-CB80 TCA-TTACCAGAGT-TTTACAAC-TCOC-AACCCT TCYG-TG~AR~CCT
KACC40856 TCA~TTACCAGABT-TTTACAAC-TCCC-AACCOTTCTG-TG~-AA-CCT
DGUM32001 TCA-TTACCAGAGT-TTTAGAAC-TCCC-AACCCTTCTG-TA~-AACCT
EFCC-C240 TOA~TTACCAGAGT-TTTAGAAC-TCOG-AACCCTTCTE-T6~~AA-CCT
EFCCC738 TCA-TTAAG-GAGBT-TTTCCAAC-TCCC-AACCOTT-T58-TG~~AA-CAT
KACC500151 TCA-TTAAC-GAGT-TTTCGAAC-TCCC-AACCCTT-T6-TG~-AA-CAT
KACCE00171 TCA-TTAAC-GAGT-TTTCEAAC-TCOC-AACCOT T~ TG~ TG~~AA-CAT
EFCC-G18 TCA-TTAAC-BAGT-TTTCCAAC-TCOL~AACOOT T-T6-TGrnmAACAT
HPNUBOOT T-A-TTAAC-GAGT-T TTCOAAC-TCOCAAGCUT T~ G~ TG~ AA~CAT
KACC40029 JCA-TTACC-GAGT~TATCCAAG-TCOC-AACCC-—CTC-TB~—AATTAY
KACC40230 TCA-TTACC-GAGT-TATCCAAC-TCOC-AACCC-—CTE-TG--AATTAT
K TH T-CLAAGCTCOC—ACCC—GTETI--TAT--TT
KCCM6000Y IOSCT-—-C BAGE--C-CCAACCTCCC—ATCC--GTGTTGTTAA—AC
HEE g HREE R RERE A, SRt BE B 808
KCTC6473 A-GC-TGA-AGETTRCT (e
KCTC16017 A-CC~TRA-AGETTOCT .t
#PNUBOO2 A-CG-C-A-ACBTTGCT ~—=GGC~
KACCA0023 A@CG“T——CGTTGCCYCGSCGG AC-CBCC— ————— 0-0~~—660-
KACC40221 ~=§~0~-—-ABG~
KACC40222 G
KACC40218 A-CL-T-A-TCETTECYTCRR0RA-ACTOR00— ———{—
KACCB00189 A-COATGA~T-CTTGCTTCREOAA-ALTOBE mmmmrmms G (o BB~
KACC40218 ~TCETTRCTTCRBCAG-ACTOR AGC
KACC40224 - TCETTRCTTCRECGA-ACTERO
KACC40024 —TCBTTGCTTCERCEG-ACTERCC—
EFCC-0252
KOTG16102
KACG40220
KACG40503
EFCC~CE60
KACC40656 A-CC~G-A-TABTTGCTTCEE08G-ACCORET e GG AGC
DEUM32061¢ A-CC~C~A-TAGTTEOTTCGAEEG: ¢
EFCC-C240
EFCC-CT38 A-GC-T-A-TCBTTGCTTCEECGG-ACTCREC:
KACC500161 AGO-~T-A-TCRTTGCTTCAELEE-ACTCEEE: AGG-
KACC500171
EFCC-C18 ~TERTTGOTTCRG0EE~ACTORES
HPNUBOOT A-GC-T-A-TCRTTBCTTCEECEG ACTCRCE
KAGG40028 A-COTTTAATTGTTGCTTCRECEE
KACC40230 A-CCTTTAATTETYGCTTCRECEE
KACC40248 —@TTGCTTCAE066~G00CA06-———TTAAG-—TEGC0
KCCMB000S A-GC~ ——ETTECTTCEE0G6: TEBTTCACECOGTEECE
#OER ko« SRENEHIBHEREE B B8 #r AgE
KETC6473 GGEC-~~AGGEC: Y A~GRCEECE
KCTC18017 GCO GO 66 A-GECBCCE
HPNUBOD2 e GEGG e oo GOOGG ARG GAGECGOCC
KACC40023 8668 CCGGA- GGCGCCE
KACC4022¢ BTCO GGCOGGG—CCCGCGOGGGOC-GGMTGGATC -CA-GGCRGCE
KACC40222 GTC0-GGOGEEE-—COCECGEEEACC—GCRACCTRRATC-CA-GRCAGES
KACC4021g GTCC-GROCEEC—CC0ACEE0GGOC-GCBR0CTRRATC-CA-GBOBECE
KACC500169 BTCE-GBACGEC—CTABCGLCECOC-GCRELOCGEATG-CA-GBCGEST
KACC40218 GBAC 6 BAC-TEBA-C-CA-G-CRO0T
K, GBAS & <) AC-TGOA-C~CA-G-C0G

Fig. 2. The alignment data of ITS1, 5.8S rDNA and ITS2 region sequences using CLUSTAL G. A hyphen represents a gap and
¢, indicate positions that are 80~100%, 60~80%, 40~60% and 20~40% identical,
tespectively. Each strain number was represented to Table 1.

four characters,
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KACC40024 ~GAC-TRBA-C~CA-8-CRBCC
EFCC-0262 —GACCTEGA-C-CA-BGCGECT
KCT016102 GTCC-BBACGGC-~CCAGCGCCEEE00GCRACETERA-COCA-BGCRETC
KACC40220 GTCC-6GACREC-~COAGCGCCEECCCRCEACTTERA-COCA-BGCRGCT
KACC40503 GTCC-GGACEEE: COCA-BGCRGCC
EFY 56! 6T GGA-CCCA-GGCABTT
KACGAQ6S6 GTGC-GGACGGC“"CCAGGGGGGGGCCGCGAGG?GGA-COCA'GGOGGCC
DBGUM32001 GTCC-GEACEGH COA-GGLAGO0
EFCE-C240 GTCC-GBACBEC—CCABCGCCEEOC0RCAACCTEEA-COCA-GGORECT
EFGC-0738 G -§6-—GC—-CTE6G-C———-6GCAEC0
17 @ ¢ G6-—G6C—~(TGE-C—-GECAGCC
71 G G6—~GC TEGG-C: GGCEGCC
EFCG-C18 B~COTAGACE—C- -868-—-B60~——GTGRG~C~—-BGOGECC
MPRUS001 G-GOTEEACE ¢ GG TA66-C GRCAECC
KACGA0029 QAC T Qo -CROCC
K. G-CBGCo
KAGC40246 G-CC- GGGGGGG T TA——-—CGGC————-CGCGGG -CCC~-—-8-CGCCC
6-CC GEC- 6G6-C0C--6-CGCCC
B R A I AT o A
KCTG8473 ~BCCEGAGG-AC~C-C~AAA-CT-CGTT—~GTTT-~AA-CT T-~ATAGGE
KGTG16017 ~BOCHEAGG-AC~C- G AAA-CT-CTT~~GTTT~~AA-TTT-~ATAGCH
02 - Al ALT-CT 3T T AR~ ATAGTH
L* -G CAG--AAA-GT-CTT—G—-T--AT-CTGG-AT:
KA&GL40221 —~GCCEE-AG-AC—{LL-CAAA-CT-CT-——6—T-—ATTCT—— CA
KACC40222 ~GCCEG-AG-AC—CLL-CAAA-GT-CT-——G—=T-=ATTCT-———CA
KAGG40219 ~GCCEE~AG-AC—GCC-CAAA-GT-CT-—-6——T—ATTCT-
KAGCE00162 ~6CCEE-AB-AC—CAC-CAAMGT-ATTTTE—T—AT-CA—
KACC40218 CGCCGE~BG~AC-CTD-~AAA-GT-CTT
KACG40224 CBCOGE-GG-AC-CTC-AAR-GT-CTT-
KACC20024 C6OCEE-8G~AC-CTC~-ARR~CT-CTT G
EFCC~C252 -BCCAE-AG-AC-GCC-TAAA-GT-CTT——6——
KCTG16102 G0GEE-60-A AC—G—CT—-6
-GCCEE-GG AC-G--LT- T--AT-CT—-GT-—CA
KACC40503 —BCCGG-8G-AC—CACGCAAC-C—CT——6—T—-AT-CT—-GT—CA
EFCG~C660 —B00G6-6G-AC-CACBCAAC-G-~CT——G—-T~-AT-CT—-GT—-CA
KACGA0656 ~B00G6-GG~AC- CACGCAAD-G”CT"-G"T-“AT'CT——GT“CA
1 GCCG L QT AT e G T GA
EFGC~0240 AC-CAQBCA T T AT oG T LA
EFCC~C738 —6T06-6G-6C-C-C-CAAA—CA-CT——G—-T—AT-(T-——ACG——CA
KACGH00161 ~BTCAE-6G-GC-C-G-CAAA-GA-CT: AT-CT-—AC—CA
KACT500171 ~BTCGE-6G-GC—C-0-CAAA-CA-CT— AT-CT—AC—CA
EFGC-C18 -~GTGEE-6G-G0-C-G-CAAA—CA-CT——~-6—T——AT-CT-—AC——CA
MPHUB001 —-GTGEE-66: JAAA—CA—CT~——G—T--AT-CT—AC--CA
KACCA0029 ~BLCGE-EE~AC-C- G-~ AABCOTTO T Gr~A~~ATTTITTAAT~~AA
KACC40230 ~BCCGE-GG~AC-C-C-~AARCOTTCT- ~ATTTTTTAAT--AR
KACGA0246 ~GCOBA-AG-ACACCCTCRAA-CT-CT—-GTCT-GAAGAT T
KCONB0009 ~BC0GA-AG-AC-CLOTCEAA-GE-CT-—-GCCTTEAAGET - —-T———-
BREEE B ME S B oKEES #. B 4 2 ML ¥ ok
KCTC8473 GCATAT——TGTBAGT—--CTCA—~—CAAGAA——-AAA-TGAATCAAAAC
KCTG16017 GCATAT—TCTGART-~~——CTCA-~—GAAAAA-—AAAATGAATCAAAAG
WPRUB0OZ GCATAT-~~TCTBABT~~~~CTGA-~~CAAGAA---AMA-TGAATCAAAAC
KAGG4Q02Y GOAT-TGETOTGABT - AA-A~~CAAGLA-~~AAA ~TGARTCARAAL
KACG40221 GTATCT-~TCTGAATCOGCCGCAAGEOAA-AAL—AAA-TGAATCAAAAC
KAEC40222 GTATCT—TCTGAATCCGCCGCAAGBOAA AAC—MA'TGMIGAAAAC
KAGG40219 GTATET--TCTGA CaC AA-AAG--AAA-TI
KAGC500169 GTTTTT--TCTGAATCGRCCECAARBOAA~AAC-—AAA-TBAATCAAAAG
KAGG40218 GCATCT—TCTGAATACGCCBGAAGGGAA-AAO—MA-TGM?CMAAG
KACC40224 BCATGT—TCTBAAT, AAA-TGAATCAAAAG
KACGA0024 GLATGT—~TCTBAATAGGOCROAAGRCAA-AAG-~AAA-TBAATOAAAAG
EFCG-0252 GOATCT—TOTGAATCOGUCRUAAGGEAA~AAC—AAA-CAARTCAAAAG
KCTC15102 ~CTGAATCOGOCGCAAGGUAA-CAG-—AA-CBAATCAAAAC
KACD0220 ~CTGAA AG-—AAA-CB/
KACG40503 GOCTCT—-CTGAATGEGCCECAASBCAA-CAC-—ARA-CRAATCARAAC
EFCL-0660 GOCTCT-—~CTGAATCCRCCECAAGECAA-CAC—AAA—CBAATCARAAC
KAGC40656 GCCTCT——CTGAATGCECCECAABRCAA-CAC—AAA—CGAATCARAAC
DaUH2001 GOCTLT~~~(TBAATCCBOCRCAARECAA-CAC-—AAR-CRARTCAAAAG
EFCC-C240 BOGTCT-—CTBAR AC-~ARA-CRAATCARAAC
EFCE-GT738 GTTTIT-—~CTBARTCCGCCEUAAGRCAA~AAC-AAR-TBARTCAAAAG
KAGCE00161 BTTTTT---CTGAATCCGCCECAAGRCAA-AAC—AAA-TGAATCAAAAC
KACES00171 GTTTTT-—CTBAATCOECCECAAGBOAA-AAC—AM-TGAATCAAAAC
EFCC-C18 GTTTTT—CTGA A~AAC—AAA-TGA AA
MPKIB00T GTTTTT-—CTGAATCCSCCACAAGRCAA-AAC—AAA~TGAATCAAAAG
KACG40029 GTATCT—TCTBAGT —@-—~—GTTAA-AA—-AAA-TBAATCAAAAC
KAGG40230 GTATET~~TCTOAGT BT TAA=AAB~~AAA~TBAATCAAAAG
KAGG40246 GTAGT - GTBART v f oo A A== AT AT AAA-TTATT TAARAC
0CE-1 TRAGY ATG~~AA-~AT~TCAA-TOGTT-AAAAC
#oHE ik i#
KCIC8473 TTTCAACAACGBATCTCTTGECTCTRECATCGATEAAGA A
KCTG16017 TTTCAACAACGEATCTGTTAGCTCTEGOATCGATGAABAACGCABCEAAA
MPNUS002 TI7I THIGTT TCGATEAAGAACGCAGCGAAA
KACE40023 TTTCAAGAACGEATCTOTTOGT TRTRECATCOATUAAGAACICAGCGAAA
KACC40221 TTTCAACAACGBATEYCTTABTTCTEACATCEATGAAGAACECAGEOAAA
KACC40222 TTYCAACAACGGATCTCTTGRT TCTRGCATCRATBAABAADGUAGCEAAA
KACC40219 TTTCAACAAGRGATCTCTTGETTCTRGCATCRATEAAGAACGCAGCGAAA
KACE500169 TTTCAACAACGEBATCTCTTGAT TCTEGCATCGATEAAGAACGCAGCBAAA
KAGG40218 TTTCAAGAACGBATCTCTTGECTCTEGCATCGATEAAGAACGCAGCRAAA
K TT7 TCTCTTGECTOTEGCATCRATRAAGA AA
TIT TETCTTH TCGATEAAGA A
EFCC-0262 TITCAACAACGBATCTCT TARCTCTAGCATOBATAAAGAACGCAGCOAAA
KETE16102 TITCAACAACGGATCTCTTGETTCTGGCATCEATEAAGAACGCAGCEAAA
KAGC40220 TTTGAACAACGEATCICTTGGT TCTOBOATORATEAAGAACGCAGOEAAA
KACC40503 TTTCAAGAACGGATCTCTTGGT TCTRACATCGATRAAGAACGCAGCGARA
EFCG-C660 TTTCAAGAACGBATCTSTTGGTTCTGECATCRATRAAGAACGCAGCGAAA
TTTC; TCTCITGRTTCTGECATCGA AA
DGUM32001 TTTGAACMGGGATGTGTTGGTTGTGGCATGGATGMGMCGCAGGGAAA
EFCG-C240 TTTC TCTCTTRGTTCTGR0A AGA
EFCC-C738 TTTCAACMOGGATBTCTTGGCYCTGGCATCGATGAAGAAG%AGCGAM
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Fig. 2. Continved.

Phylogeny of Caterpillar Fungi

TTTCAACAAGGGATCTCTTGEGTCTGECATCRATRAAGAACGCAGCEAAA
TTTCAACAACGGATCTCTTGECTCTGECATCRATGAAGAACGCAGCEAAA
TTTCAACAACGGATCTCTTBECTCTGECATCBATRAAGAACGCAGTEAAA
TTTCAAGAACGGATCTCTTRACTOTBECATCBATGAAGAACGLAGCEAAA
TTTGAACAACBEATCTCTTRATTCTAECATCEATGAAGAAGGCABCEARA
TTTCAACARCBOATCTCTTRATTCTGRRATOGATEAAGAACGCAGCRAAA
TTTCAACAACGGATCTCTTERT TCCRECATCGATGAAGAACGCAGTGAAA
TTTGAACAACGGATCTCTTGGT TCCRECATCRATGAARAACGCABCEAAA

TGOGATAAGTAATGTGAATTECAGARTTCAGTBAATCATOGAATCTTTGA
TGCGATAAGTAATCTBAATTGCAGAATTCAGTEAATCATSGAATCTTTGA
TGCGATAARTAATGTAAATTGCAGAATTCAGTGAATCATCRAATCTTTGA
TGOGATAAGTAATATGAATTGCAGAATTCAGTGAATCATCGAATOTTTRA
TGCGATAAGTAATGTGAATTGCAGART TCAGTBAATCATCGAATCTTTGA
TRCGATAAGTAATETGAATTGCAGAATTCAGTEAATCATOBAATCTTTGA
TGOGATAAGTAATGTGAATTGCAGAATTCAGTGAATCATSGAATCTTTEA
TGCRATAABTAATGTEAATTGCAGARTTCAGTGAATCATGGAATCTTTGA
TEOGATARSTAATGTOAATTGCAGARTCCARTORATCATCOAATCTTTOA
TGOGATAAGTAATGTGAATTGCAGAATCCAGTEAATCATCRAATCTTTGA
CGOGATAABTAATGTGAATTACAGAATCCAGTGAATCATCRAATCTTTGA
TEOGATARGTAATGTGAATTGCAGAATCCAGTEARTCATLGAATCTTTGA
TGOBATACGTAATRTGAATTGCAGAATTCCRTGAATCATOGAATCTTTEA
TEORATACGTAATGTBAATTGCAGARTTCURTGAATGATCRAATCTTTRA
TGCGATACGTAATGTGAATYCOAGAATTCCGTQAATCATCRAATLTTTGA
TBORATAGETAATETBAATTGCAGAATTCCGTGAATCATLGAATSTTTGA
TEOGATACGTAATGTAAATTRCAGAATTCCATBAATCATCGAATGTTTEA
TECGATAGETAATGTRAATTBCAGAAT TCCRTBAATCATGBAATCTTTGA
TEOGATACETARTHTGAATIGCAGAATTGRGTEANTOATOGARTCT TTER
TGCGATAABTAATETEAATTGCAGAATTCAGTGAATCATCUAATCTTTAA
TECGATAABTAATETGAATTROAGAATTCAGTBAATCATCRAATGTTTEA
TGLGATAAGTAATGTRAATTCCAGAATTCACTGAATCATGRAATCITTGA
TGOGATAABTAATGTRAATTGCAGAATTCAGTEAATCATCRAATETTTRA
TGOBATAAGTAATETGAATTGOAGART TCAGTBAATCATCRAATCTTTHA
TGCGATAABTAATGTGAATTGCAGAATYCAGTBAATCATCGAATCTTTGA
TECOATAAGTAATGTRAATTGCAGAATTCAGTSAATCATOGAATCTTTGA
TGCGATACBTAATGTEAATTG0A-AATTCAGTBAATCATCRAGTCTTTGA
TGCRATARBTAATARTRAATTGCAGAATTCCGTBAATCATORAATGTTTGA

ACBCACATTGCGCCOECCAG-TATTCTGGCEGRCATRCCTRTTCEAGCAT
ACROACATTGCGOC0RCCAG-TATTCTGGCOGRCATOCCTRTTCEARTET
AGBCACATTRCECCCACCAG-TATTCT TGLGTGTTORAGCRT
ACGCADATTGERCCOACCAG-TATTCTAROGEACATRCCTGTTCRAGCGT
AGRCAGATTGCGCCOBOCAG-CATTCTEGCEEECATACCTATTCEABCET
ACGCACATTGCGOCCRCCAG-CATTCTGBCGGREATECETRTTCEAGCAT
ACGCACATTGCGCCCECCAG-CATTCTGGCEEGCATGOLTRTTCGAGCET
AGBOACATTGCGCCOECCAG-CATTCTOGCRBECATACCTGTTCRAGCAT
ACBCACATTGCROCCRCCAG-CATTCTGACRBRCATBCCTRTTCRAGST
ACGCACATTGCGCCCECOAG~CAT TCTGGCRBACATECLTETTCEARCET
ACGCACATTGCGCCCGOCAG-CATTCTAGCGAECATGCCTATTCRAGCGT
HEBCACAT TRCOCCLGCCAG-CATTCTERCCEEOATOCETGTTCRAGDGT
ACBCACATTRCBCCCRCCAG-CATTCTAACGRACATGCETRT TCRAGCAT
ACGUACAT YAOBOOCRCOAG-CATTCTEROBASEATROCTOTTOGAGCAT
ACGCACATTROGOCCBCCAG-CATTCTGRCEEBCATROCTETTCEAGCET
ADRGACATTGCGCCOBCCAG-CATTCTGGOREECATGCCTATTCEAGCET
AGGCACATTBCGCGORCOAG-CATTCTRGCAEECATACCTRTTCRAGCET
ACGCACATTACRRGCECCAG-CATTGTRRCREACATGCCTATTCRARCHT
ACBCADATTGCBCCORCCAG-CATTCTGECGRACATRCCTATTORAGCAT
ACBCACATTBCGCCCACCAG-CAT TCTGBCGEACATGOCTATTCEAGCAT
ACBCACATTGCBCCCRO0AG-CATTCTGGOREECATGCETETTCRAGCAT
ACGCACRTTRCGCCCRCCAG-GATTCTGECRGR0ATGCETRTTCRAGCET
ACRCACATTGCBCOCR0CAG-CATTCTGRCRESCATECCTRTTCRAGDAT
ACGOACATTGORCCORCCAG-CATTCTRGURGECATECCTRTTCEAGCET
ACGCAGATTRCGCCCRTCAG- TATTCTRRCERECATROCTRTTCRAGCET
AGBCACATTRCGCOOGTCAG-TATTCTRGCRGECATGCCTGTTCEABCET
ACGCACATTGCGCOC-CCTGATAT TCCBGAGEECATECCTATGCGAGCET
ACGCACATTGCOCCG-CCTRRCATTCORREGEECATEOCTRTCERAGCAT

GATTTC-AAGCCTS-AG-COCCCGCT TAG--~~CRGG-~GGACT-2-GTG
GATTTC-AAGCCTG-AGGCCECCCCCTAG-——-0RGE—BGACT-G-GT¢
CATTTC~AACCCTCAAG = 0000 ~AB~~~ DB~~~ CTTG-GTG
CATTTC-AACCCTC-BGRCCLCOCET TCRBGRATRGG ~06- 006
CATTTC-AACCCTC-—GACTTCOCTYT-6—-~—65&-AANTC-~6-B0G
GATTTC-AACCCTC—GACTTCOCTTT-G--~~~GGG-AAATC—6-GOG
CATTTO-AACOCTG--BACTTCOCTTT-G--~-—GGG-AAATC——6-GCE
GATTTC-AACCCTC—GACTTGLCTTT~G~~~—~GRG~AAATC~G~GCE
CATTTG-AAGCOTC—BACCTOOCCTT -G~ QRE~AGAT (GG 00
GATTTC-AACCCTG—BACCTCO0CTT-6— GG-AGGTC--6—6C6
GATTTC-AACCCTG—GACGTCCOCTT-G————66G-AGGTC—6-GCC
CATTTC-AACCCTG——BACTTCOCTTT-6-—-—6GG-AGGTC-—G-G06
CRTTTC-AACOG TG~~BACGTCCCC-Cm -~ GG ACRTC-~G-GCC
CATTTC-AADGGTEBACRTOCCE-Cm GGG - RCAT L G- E00
-ACGTC-—-6-GCC

CATTTC-AACCCTC——GAGETCCCC- Y6~
CATTTG-AACCCTC-—GAGETCCCC-T-G—
CATTTC-AACCCTG—GACETCCOC
CATTTC-AACCCTC--GABRTCLLE-T -G~ ~~BRRGATATC~~G~GCE
CATTTC~AACCLTC~~GACETOCOCT- G-~ GRBBATRT G- G-G0R
CATTAC—CCCOT -ARGTCGCC-T-GT GG TT---8-GT6
GATTAC-ECCCCTE-—-AARTCOCC-T-BT-——GG—ACTT---6-GTG
CATTGCTE-COGTCAAG-———-COT ¢-TT--GTGTG
CATTROTAACCICCAG -~ CLDm C-T6—-§T6T6
EERGHH UGS o x § LI

GGBGATGTC——6-GCE

TT66G-BA-00GG d
TH66-—BA-00860 " 60—
TTG0G~GA-CORRG—+~ e GO0GE-- G060~
TYGOG--GETOCE60 TTGG— 000

TT86G--8A~0CEEC-C6— ——-—TA-TAGCG-~~C0BE-——C——
T-0HE-BA-00GR0-CA TA-TAG0G-——C08G--—C—

KACG40219 TT666-—6A-CCE60-CE ~TA-TAGOG---C0aG-—=C~~
KACCS0016% TT6GG--GA-CTGEC-AG: A-TACOG-—C06G-——C—
KACC40218 TT666—GA- 46 —CA—GADH 66-——0—
KACC40224 71066
KACC40024 TT606—GA-00B6CAGnr-—CA~CACOGC0G GG~
EFGG-0252 TIO06--GA-TCROC-AL —CA~CACCH-—NOBG~———C
KCTC18102 T7866——GA-CCRRE-AG— ~CA-CE0CG-—-C0G6
KACC46220 T16G6-GA-C0GE0-AG
[ TTQ66--QA-C0RA-AG
EFGG-0860 TI06G6-GA-COG60-AG
KACC40656
DGUK32001
EFCC-6240
EFDO-4738 TT606-6A-CCRG6-AG-
KABC50016 TTH6GGA-CERRE-AG
KACC00171 TTGGG—GA-CORA0-AG GA-CACCG—-CCR0:
EFCC-C18 TTO66-—GA-COAR0-AG
NPNUBOOT TT666--GA-00GG0-AG
K TIGRG--GA-T BETTTIES 40T~
KAGC40230 TTB0G-~GA BETTTACCAGCACAG-——00a T-
KACC40246 TT666C50-~CTC TCOGATTC
KOONS000% TI6G4TORA--CATC 366
SR OR BERER ax R I T
KCTC6473 ~COCGAAATGCAGTGACBAC-0TCE-006-CAGCOT-C00C~TACG T
KOTG16017 —60CTAMTGCAGTAB0GAC-CTCE-CO8-CABOCT-00C0-TREE—T
MPNUB002 ~GOGCARATGUAGTBECOAC-CTCR-0C-CAROCT-0E0C-Ta0E~—T
KACC40023 ~OCCRARATRCARTRROBAG-CCCE-CO6-CRACCT-ETO0-TE06—C
KACC40221 ~GOCRARATAS (e RTC0G-CRG0GACETOmTE0G T
KACG40222 ~CCCBARAT -G-CRTO0GE6GC0A-COTCTERET
KACC40219 —CCOGARATGAAGTR0R6S-C-0GTE0G-CR0CRA-COTC-TaEe—T
KAGCS00169 —OCCRARATACATTGE00A-C-CET000-CRR08A-CTTO-TR0e—T
KACG40218 ~GOTEARATHOAGTGGC000~0~0ATO0G-0EG00A-00TC-TROR-—-T
KADC40224
KAGG40024 (T GAAA TEGAGTAGLEGC-C-0RTO0G-CAACEA-0OTC- TREE-~~C
EFO0-252 —OCTCAAATGRAGTAR0BE0-C~CRTC06-08BCaA-COTC-TR08-—T
KGTC14102 —OCTGAAATGGASTBG00G0-C-C8TOC0—CRACEA-CETO-TE06—-1
KACCE0220 ~COTGARATGRAGTOGCBGC-C-CETO0R~CBACGA—CETC-TE06——C
KACG40503 ~COTRARATBBAGTERCE60-0-08TC00-D6ATRA-COTC-TA0G-C
EFCG-0660 ~CCTGAAATGGAGTGOCEEC-0-CETO06-COGCGA-COTC-T608-~0
KACC40656 ~CCTGAAATGGAGTGACGGG-0-CATC0G-CRRCGA-COTC-TR0G--C
DEUM32001 —O0TGASATGGASTRE0BEE-0-CETCUR-CRREBA-CETC-TR06—G
EFCG-0240
EFOC-G738
KAGOS00161 ~COCEAMTRARGTGR00E0-C-CRTECR-CAR0EA-CETC-TR08—T
KACC00171 -COCAAATEAARTOGC000-C-CETOCR—CRR06A—C0TO-TE06——T
EFCO-018 ~GOCEARATGAACTEGC0E0-0-CETO0R-CA606A-COTO-TA06—T
WPNUE001 ~GOCEAARTGAAGTAGCRG0-C~COTO0G-GRACAA-GETC-Ta0G—T
KACCH0029 COTTAAATTAATTGOCCRT ~CTOG-00G-TRRCOCTCETC-TGCOTART
KAGC40230 OO TTAAATTGAT TRG06ET-CTCR-C08-TRACOCTETTC-TRERCAGT
KACC40246 CCGA —06-~CaTC-—CAATEOTCRARCE——T
~05-~CGTG--CATCETC6AG0E—T
B HREIS. GTORTARSE B gRRREE BRSO BONE R %
KCTC84T3 A-G TA-GEACAAC-GTORC-ACCHG-ABCE—CEGA-E-AC-G-G
KCTE16017 -G TA-GCAGAAG-CTCR0-ACOBG-ARCE-——CRGA-6-AC-GG
MPNUS002 ARG—-TCG 6-—-CBRA-G-AC-6-8
KACG40023 C6--AGGRACO! AC-BAG
KACG40221 ~COCGACE T-B-6
KACE40222 -GOCGACG T-6-8
KACC40219 A-G-——~TAATC-CAAC—TCGC-AC0GE—AAC——CC0GACG—T-6-5
KACE500168 -G TAATC-CAAGO-TCB0-AC06E-AAC———COOGADG—T~G-8
KAGB40218 B~ TAATA-SAGO—~TOR0-ACOBG-AAD-—~CC00AC0—G-6-8
KACG40224
KACG40024
EFGG-252
KCTE15102
KACC40220
KAGE40503
EFBC-0860 -GmmnTACAAGEA -G~ TCRC-ACOBE6ANG—(C-GACE—
KACL40656 A-G—-TACAAGEA-C~~TOB0-ACC6BOAAC——-CO-GACE-—C-G6
DEUH32001 ~TACAASEA-C--TOBC-ACCAA0AAC—-C0-BACE——C 66
EFC0-0240
EFCO-C738
KADCS00T61 HCTE-GAAG-TORE-AC0BGRARS —-00-BACH-—T-4-6
KAGES00171 ACTC-GAAC-~TCBO-A00RGRARG-—CC-GACR—T~G-6
EFOG-C18 TACCC-CAAC~-TCOC-ACCRGBARC-—C5-BACE—T-6-%
WPNIBD1 ACOG-GAAG—~TGAC~AGCOGBARG-—C5-GACE—~T-6-6
KAGG40029 TAARGCA-G- TORTAAGAGG ~ABC -~ CC-GEOG
KAGG40230 ¢ - QGGG
KACC40246 ATGGGECTT-TRTCA-CC-—0GCTOTG-TARGC- 008600660~~~
KOOHS0008 ATGGGACTT-TGTCA-CG-—0GC-TCTAGTARGG-~TCRGCCR-G0TG-6
BE B B REE B Be L MRNE . n 8
KCTC473 TCA-G60G—— B TTAAGE~CO0A=~-~-ACTTC-TCAG-A-GTTGACE
KCTE16017 TOA-C-G00——GTAARAGS~COCA-———ACTTC-TCAG-A-GTTBACC
HPNUS002 TOA-C- TAARACE-CC0 TTC~TOAG-A-GTT-——~
KADG40022 TE- TG00~~~ QTAMAAGR-COGA- =~~~ CTTOOT-AG- AAGTTGACT
KADC4022) GACBCG G TAMAAGGBLCG-AET T-CTOA-A0GTTBACS
KACC40222 -CGAC-B0C-~-GTAMAG- ~CL00G-—ACTT-CTGA—ACRTTGACT
KAGC40219 GOAG-BEC—-RTAAMAG--COCTR-——ADT T-CTBA--ACBTTEACT
KACS500168 ~GOAC-G0C-—-GTAAAGA=C000-———AGTTTCTRA—AGSTTEACG
KACC40218 ~GOAC~GC0~~GTANAACACCCA=~~~—ACT T-CTGA=-ACBTTRACC
KACC40224
KACG40024 ~GUAC-GE0-—~BTAAAAGA~COCA-———ACT T-CTEA—ACATTGACE
EFGE-G252 ~GOAG-B0C—~BTAAMABA-COGA-——ABTT-CTBA-—ACBTTEACT
KOTG16102 -GTBAAAGE-CCC 10T TTGACE
KAG40220 ~GC-C- G- BTRARAD-COTA-~~~~ACCT-CTOA--ARTTBATS
KAGG40503 ~00-C-60 AQCT-CTGA-~ACRTTOACS
EF0G-0660 ACOT-CT8A--ACGTTEACE
KACGAD656 - ADCT-CTRA--AGRTTGAG-
DaUHGZ001 ~G0-C-50C -~ TGAARGE-COCA-———~AECT-CTRA--ACETTGAGT
EFCG-G240 ~GC-C-GC0GTRARACGO0CA-~~~~ACCTCTEA-~ACGTTBACC
EF0G-0738 GOAC-GC0—-BTAAMACE-CC0A-~~AC-T-LTGA--ACRTTBACO
KAGE500161 ~CGAC-600-~~GTAAMACE-COCA-—~—-A0-T-CTBA--AOSTTGACC
KAGE500171 ~CCAC-G0C-~GTAARACG-COCA=----A0-T-CTGA-~ACGTTGACG
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EFCC-C18 —-CCAC-GCC—~—GTAAAACG-CCCA-~~~-AC-T-CTGA-~ACGTTGACC

MPNUB0O1 ~CCAC-GCC-—~GTAAAACG—CCCA—————AC-T~CTGA--ACGTTGACC

KACC40029 TCCACTGCC———GTAAAAGCCCCCA———ACTT-TTTAT-A-GCTGAGC

KACC40230 TCCACTGCC—-GTAAAAGCCCCCA~——~~, ACTT-TTTAT-A-GTTGACC

KACC40246 ~C—~TTGCC———G————A—~~-TCA-———AC——CC-AA-A-—TTTTTA

KCCMG0009 —-C--CAGCCAGCG-—-—AC~—CTCAGGGTCAG——CT-ATTA--TTTTTC
CHRed iR HidHEHL BsER #i# el fERERHE

KCTC6473 TCGGATCAGETAGGAATACCCGCTGAACT TAAGCATAT—————————~

KCTC16017 TCGGATCAGG

MPNU8002

KACC40023 TCGEATCAGGTAGGGATACCCGCTGAACT TAAGCATATCAATAAGCGGAG

KACC40221 TCGGATCAGGTAGGAATACCCGCTGAA-T———————m=—r——————————

KACC40222 TCG

KACC40219 TCEGATCAGGTAGGAATACCCGCTGAACTTAAGCATATCAATTA~ -~~~

KAGC500169 TCGGATCAGGTAGGAATACCCGCTGAACTTAAGCATATCAATAAG————

KACC40218 TCGAATCAGGTAGGACTACCCGCTGAACTTAAGCATATCAATAAGC———

KACC40224

KACC40024 TCGAATCAGGTAGGACTACCCGCTGAACTTAAGCATATCAATA-——— —

EFCC-0252 TCGAATCAGETAGGACTACC—-T-

KCTC16102 TCGGATCAGGTAGGACTACCCGC

KACC40220 TCGGATCAGGTAGGACTACCCGCTGAACTTAAGCATATTAA-————————

KACC40503 TCGGATCAGGTAGGACTACCCGCTGAACTTAAGCATATCAATAT —————m

EFCC-C660 TCGGATCAGGTAGGACTACCCGCTGAACTTAAGCATATCAATAAT———

KACC40656 TCGGATCAGGTAG

DGUM32001 TCGBATCAGGTAGGACTACCCGCTGAACTTAAGCATATCAATAAT——~—

EFCC-C240 TCGBATCAGGTAGGACTACCCGCTGAACTTAAGCATATCAATAA-————

EFCC-C738 TCGGATCAGGTAGGAATA

KAGC500161 TCGGATCAGGTAGGAATA

KACC500171 TCGGATCAGGTAGGAATA:

EFCC-C18 TCGBATCAGG

#MPNUS001 TC6

KAGC40029 TCGAATCAGGTAGGACTACCCGCTGAACT TAAGCATATCAATAAGCGGAG

KAGC40230 TCGAATCAGGTAGGACTACCCGCTGAACTTAAGCATATCAATAAGCGGAG

KACC40246 TC-——C-AGGT———-T

KCCM60009 TC——TTAGET—-—-T

PRIk Rk L1

Fig. 2. Continued.

Park et al.

The genus Paecilomyces has more than 60% of G+C
content except for unidentified strain Paecilomyces sp.
KACC 40219 (56.0%) and KACC 40221 (56.8%), while
the genus Cordyceps has below 57% of that through total
ITS regions. The survey of G+C content will provide
many mycologists to the basic information for the identifi-
cation of Paecilomyces and Cordyceps.

The shortest size of ITS1-5.8S-ITS2 was 473 nucle-
otides in C. sinensis species and the longest one was 510
nucleotides in C. nutans KACC 500169, among 28 strains
sequenced in this study (Table 2). The size of the 5.8S
rRNA gene was identical (157 nucleotides) except for 156
nucleotides in C. scarabaeicola EFCC-C252, P. variotii
KACC 40246, H. thompsonii) and 158 nucleotides in
Paecilomyces sp. KACC 40222 among all the tested
strains. Most of the tested strains could be divided into three
groups, based on the ITS length. One group with short
ITS sequence includes C. militaris MPNU 8001, EFCC-
C18, EFCC-C738, KACC 500161, and KACC500171, C.
scarabaeicola EFCC-C252, and C. ophioglossoides KCTC
16017 and KCTC 6473, and C. sinensis MPNU 8002 and
B. bassiana KACC 40024 and KACC 40218. The other
group with long ITS includes I japonica DGUM 32001,
P tenuipes EFCC-C240, P. tenuipes EFCC-C660, P

Table 2. G+C content and nucleotide of the ITS1, ITS2, and 5.8S rDNA sequences

ITS1 5.8S tDNA ITS2 Total
Fungal strain GC content Length GC content Length GC content Length GC content Length

(%) (nt) (%) (nt) (%) (nt) (%) (nt)
C. militaris MPNU 8001 55.0 161 45.6 157 64.8 164 56.8 482
C. militaris EFCC-C18 55.0 161 46.6 157 64.8 164 56.8 482
C. militaris EFCC-C738 55.0 161 45.6 157 64.2 164 56.6 482
C. militaris KACC 500161 55.0 161 45.6 157 64.2 164 56.6 482
C. militaris KACC 500171 55.0 161 45.6 157 64.2 164 56.6 482
C. scarabaeicola EFCC-C252 52.0 164 464 156 60.9 165 54.6 485
C. ophioglossoides KCTC 16017 52.1 163 45.0 157 65.2 165 55.7 485
C. ophioglossoides KCTC 6473 539 163 45.0 157 64.9 164 56.2 484
C. nutans KACC 500169 54.0 186 45.0 157 60.1 167 54.7 510
C. sinensis MPNU 8002 56.3 160 47.1 157 66.7 156 56.7 473
L japonica DGUM 32001 61.5 183 46.2 157 68.1 162 60.4 502
P. tenuipes EFCC-C240 61.5 183 46.2 157 68.1 162 60.4 502
P. tenuipes EFCC-C660 61.5 183 46.2 157 68.1 162 60.4 502
Paecilomyces sp. KACC 40219 57.1 180 45.0 157 60.9 165 56.0 502
Paecilomyces sp. KACC 40220 61.5 183 46.2 157 68.1 162 60.4 502
Paecilomyces sp. KACC 40221 59.1 181 47.1 157 63.4 164 56.8 502
Paecilomyces sp. KACC 40222 63.9 183 48.7 158 71.3 164 61.6 505
Paecilomyces sp. KACC 40503 61.5 183 46.2 157 68.1 162 60.4 502
Paecilomyces sp. KACC 40656 61.5 183 46.2 157 68.1 162 60.4 502
P. farinosus KCTC 16102 61.3 182 46.2 157 68.1 162 60.3 501
P. variotii KACC 40246 574 176 49.4 156 66.7 168 58.0 500
P. variotii KCCM 60009 65.1 186 49.7 157 66.9 181 61.1 524
B. bassiana KACC 40024 56.2 162 49.0 157 66.7 165 57.4 484
B. bassiana KACC 40218 56.2 162 48.4 157 66.1 165 57.0 484
B. bassiana KACC 40224 56.2 162 48.4 157 70.0 45 54.5 364
M. anisopliae KACC 40029 43.7 135 459 157 59.0 178 50.3 555
Metarhizium sp. KACC 40230 44.1 136 459 157 59.0 178 50.3 555
H. thompsonii KACC 40023 61.7 149 449 156 67.1 207 58.8 512
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Japonica KACC 40503, Paecilomyces sp. KACC 40219,
KACC 40220, KACC 40221, KACC 40222, KACC 40503
and KACC 40656, and P, furinosus KCTC 16102. Cordyceps
nutans KACC 500169, H. thompsonii KACC 40023,
Metarhizium sp. KACC 40230 and M. anisopliae KACC
40029 which have the longest nucleotide on the total ITS
regions would be the third group. The lengths of ITS1-
5.8S-ITS2 of the shortest group were between 472 to 485
nucleotides, and those of long group were from 501 to
505 nucleotides. The longest group was from 510 to 555
nucleotides. The nucleotide length of the Paecilomyces
species was longer than those of the Cordyceps species.

Phylogenetic analysis of ITS1, ITS2 and the 5.8S rRNA
sequences. The morphological traits are subject to envi-
ronmental influences and can vary substantially from cul-
ture to culture (Seady, 1996). Thus, taxonomic considera-
tions, based solely on phenotype, may be subject to ambi-
guities induced by environmental conditions. Combining
molecular and morphological data sets has been discussed
by Doyle (Doyle, 1992). Previously, the taxonomy and id-
entification of fungi have been based mainly on morpho-
logical characteristics. However, recent molecular techniques
have been introduced to provide more objective criteria.

The nucleotide sequence data set obtained from the
taxa in Table 1 gave a 510-nucleotide aligned sequences
including many ambiguously aligned sites due to the vari-
able nucleotide sequence of the ITS regions (Fig. 2).
However, since some conserved sites were found in the
ITS regions, the conserved sites of the ITS regions and
the 5.8S rRNA gene were used for current analysis. The
consensus tree generated by the Neighbor-joining meth-
ods of 1,000 bootstrap replications of this data set had an
identical topology to that of the most phylogenetic tree
and implied that the majority of the branches were
favoured at a high level of confidence.

The genus Cordyceps and Paecilomyces investigated in
our study were clearly divided into five groups in the phy-
logenetic tree based on the ITS1, 2 and 5.85 rDNA
sequences (Fig. 3); groups I-V.

The group I included Paecilomyces sp. KACC 40220,
KACC 40222, KACC 40656, P. japonica KACC 40503,
P tenuipes EFCC-C660, EFCC-C240, Isaria japonica
DGUM 32001, and P. farinosus KCTC 16102. Paecilomy-
ces tenuipes, sometimes referred as Isaria japonica,
Paecilomyces japonica, or other synonyms are known as
the telemorph of C. takaomontana (Takema et al., 1997).
Two Paecilomyces sp. KACC 40656 and KACC 40220
strains from KACC(Korean Agricultural Culture Collec-
tion) are identified as the same species with P. tenuipes
because the sequence of the ITS regions are identical.
Also, I japonica DGUM 32001, the anamorph of C.
takaomontana by Shimizu (Shimizu, 1994) and a parasite
on pupae of Lepidoptera insects, was used to investigate

___—__I Metarhizium SP. KACC 40239
Metarhizium anisoplioe KACC 40029
Paecilomyces SP. KACC 40222
Paecilomyces SP, KACC 40656
Paecilomyces SP. KACC 40220
Paecilomyces japonica KACC 40503
Paecilomyces tenuipes EFCC-C660
Paecilomyces tenuipes EFCC-C240
Isaria japonica DGUM 32001
Pagcilomyces farinosus KCTC 16102
Cordyceps militaris KACC 500171
Cordyceps militaris KACC 500161
Cordyceps militaris EFCC-C738
Cordyceps militaris EFCC-C18
Cordyceps militaris MPNU 8001
Cordyceps la EFCC- C252
Beauveria bassiana KACC 40224
Beauveria bassiana KACC 40024
Beauveria bassiana KACC 40218 o
Paecilomyces SP. KACC 40219
Paecilomyces SP. KACC 40221

Cordyceps nutans KACC 500169

Paecilomyces variotii
KCCM60009 IV
Paecilomyces variotii
KACC40246
Hirsutella thompsonii KACC 40023

Cordyceps sinensis MPNU 8002
Cordyceps ophioglossoides KCTC 6473 V
0@ Cordyceps ophioglossoides XCTC 16017

Out Group

Fig. 3. Phylogenetic tree showing the relationship among the
genus Cordyceps and Paecilomyces related taxa. Me-
tarhizium sp. and Metarhizium anisopliae were used as
outgroup taxa. Bar represented 2 nucleotide substitutions
per 1000 nucleotides in ITS1, 2 and 5.85 rDNA se-
quences. Bootstrap probabilities were indicated at the
corresponding branch points.

cultural characteristics under different conditions (Ban et
al., 1998). It was reported that the anamorphs of the
Cordyceps species belong to hyphomycetous genera in-
cluding Akanthomyce, Beauveria, Desmidiospra, Hirsu-
tella, Hymenostilbe, Mariannaea, Metarhizium, Nomuraea,
Paraisaria, Paecilomyces, Tolypocladium, and Verticillium
(Evans and Samson, 1984; Gams, 1982; Hodge et al.,
1998; Liang, 1991; Main, 1958; Samson, 1974; Samson
and Brady, 1983; Shimazu er al, 1988). Mycoparasites
growing on Cordyceps stromata have sometimes been
mistaken for anamorphs. This seems to have been the case
for putative anamorphs recorded as Stilbella species by
Kobayasi (Kobayasi, 1941). Many of these have been rec-
ognized as species of polycephalomyces by Seifert (Seif-
ert, 1985).

The DNA similarity between ITS1 and ITS2 is shown
in Table 3. The standard strains of P japonica and I
Japonica need to be called as P. tenuipes because they
have the same similarity value of 100%. Paecilomyces sp.
KACC 40220 and Paecilomyces sp. KACC 40656 are
classified as P fenuipes based on Table 3 and Fig. 3,
because they had 100% similarity value. Besides, P. fari-
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nosus KCTC 16102 shows almost similar results in simi-
larity value.

The group II includes C. militaris KACC 500171,
KACC 500161, EFCC-C738, EFCC-C18, MPNU 8001
and C. scarabaeicola EFCC-C252. KACC 40219. As
shown in Fig. 3, not only C. militaris MPNU 8001 is sim-
ilar to KACC 500171, KACC 500161 and EFCC-C738 in
similarity value but also it has almost same similarity to
MPNU 8001 and EFCC-C18. Cordyceps scarabaeicola
EFCC-C252 had high similarity of 90% compared with
the sequences of the C. militaris species.

Sung et al. reported that C. scarabaeicola is the
anamorph of Beauveria genus based on the morphologi-
cal characteristics (Sung et al, 1997). Therefore, our
result will represent the possibility of the related genus
having the similar morphology except anamorph and
telemorph.

Beauveria bassiana (anamorph of Cordyceps species)
also grouped as a same cluster with Paecilomyces sp.
(KACC 40219, KACC 40221) and C. nutans (KACC
500169). However, the species has different sequences
with Paecilomyces species.

The group IV included Paecilomyces variotii (KCCM
6009, KACC 40246) and Hirutella thompsonii (KACC
40023). Paecilomyces variotii is closely related to other
filamentous surface molds such as species of Penicillium,
Aspergillus, and Trichoderma. Some of these organisms
can inhibit the growth of pathogenic fungi and have been
evaluated as biocontrol agents in integrated contrcl sys-
tems with chemical preservatives for wood preservation
(Ohr et al., 1973). The group V had high bootstrap value
compared to the group I and group II. Cordyceps ophio-
glossoides and C. sinensis form this group. It is known
that C. sinensis had the similar immune system with three
groups but is differently classified from our analysis.

Conclusion

The nucleotide sequences of ITS regions including the
5.8S rRNA coding gene were obtained from 28 strains of
the genus Cordyceps, Paecilomyces, Beauveria, Metarhi-
zium and Hirsutella. The nucleotide length of these
regions varied from 482bp to 555 bp depending on the
taxa. The investigated taxa were divided into two large
groups based on the ITS length, i.e., a long-ITS group and
a short-ITS group. The phylogenetic tree constructed from
the nucleotide sequences supported this grouping. This
grouping was somewhat similar to the grouping based on
morphological characteristics.

The variable spacer regions of rtDNA have been consid-
ered to be useful for phylogenetic analysis of closely
related genera, interspecies or intraspecies (Carmean et
al., 1992). This was also true of the genus Cordyceps, and
the obtained sequences were sometimes difficult to align

among distantly related taxa. However, some conserved
sequences were found in the spacer regions, which
allowed the phylogenetic analysis of the genus Cordyceps
using the conserved sequences of the spacers and the cod-
ing regions. The separate analyses from ITS1 and ITS2
data set produced nearly similar trees topologically. It is
convinced that 1. japonica, P. japonica, and P. tenuipes are
the same species and called as another names. The genus
Paecilomyces has more than 60% of G+C content except
unidentified Paecilomyces sp. KACC 40219, KACC 40221,
while the genus Cordyceps has below 57% of that on total
ITS regions. The length of ITS1-5.8S-ITS2 of the short-
est group was between 473 to 485 nucleotides, and that of
long group was from 500 to 524 nucleotides. The longest
size of Cordyceps genus was 510 nucleotides of C. nutans
KACC 500169. The nucleotide length of Paecilomyces
genus was longer than that of the Cordyceps genus. The
genus Cordyceps and Paecilomyces investigated in our
study were clearly divided into five groups in the phyloge-
netic tree based on the ITS1, 2 and 5.8S rDNA sequences
(Fig. 3); group I-V group.
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