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The phylogenetic study of Penicillium chrysogenum was performed based on the amino acid
sequence comparison of chitin synthase. Phylogenetic trees were constructed with the deduced
amino acid sequences of the highly conserved region of chitin synthase gene fragments am-
plified by PCR. The BlastP similarity search and the bootstrap analysis of the deduced amino
acid sequences of chitin synthase from P. chrysogenum with those from other fungi showed a
close evolutionary relationship of Penicillium to ascomycetous fungi, especially to genus As-
pergillus. The result from bootstrap analysis of the deduced amino acid sequences of the Class
II chitin synthase from ascomyceteous fungi supported the usefulness of the Class II chitin syn-

thase for phylogenetic study of filamentous fungi.
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In the classification of Pericillium, the species
which form telomorphs were classified in Eupeni-
cillium and Talaromyces, whereas the strictly
anamorphic species were divided into four subgen-
era-Aspergilloides, Penicillium, Furcatum, and
Biverticillium determined by the type of conidial
fruiting structure (17). The subgenus Penicillium
is by far the most taxonomically difficult sub-
genus of Penicillium, because there are numerous
species and the apparent differences are small
between species (18). Thus, new approaches were
needed to improve the taxonomy and phylogeny
of Penicillia.

Molecular techniques for taxonomic and phylo-
genetic research became developed as means to ov-
ercome the difficulties in fungal taxonomy caused by
little or no fossil record, lack of a perfect stage, and
few available morphological characteristics of fungal
taxa (13). One of the recent molecular approaches is
the use of the PCR which allows amplication of spec-
ific sequences and characterization of fungal species.
Identification can thus be achieved through analysis
of PCR-amplified products by restriction fragment
length polymorphisms, sequencing, or oligonu-
cleotide probing. Most studies aiming at the iden-
tification of fungi have been based on the sequence
of ribosomal DNA including the internal transcribed
space (ITS) region (1, 5, 8, 16).

* To whom correspondence should be addressed

Another approach to the identification of fungal
species involves the analysis of gene sequences
specific for fungi, such as those of chitin synthase
encoding genes (CHS). Chitin is an important
structural polysaccharide of fungal cell walls and
septa (3). Comparison of derived amino acid se-
quences of Saccharomyces cerevisiae CHS1, CHS2,
and Candida albicans CHS1 revealed a highly con-
served region of about 200 amino acids in length.
Short streches of identical amino acid sequences
flanking this region are suitable for designing
PCR primers. Taking advantage of this, Bowen et
al. (2) amplified homologous DNA fragments deriv-
ed from zymogenic chitin synthase-encoding genes
of approximately 600 bp obtained primarily from
ascomycetous fungi. Multiple sequence alignment
of the deduced amino acid sequences from PCR-
amplified homologues showed that each homol-
gues fell into one of three distinct chitin synthase
(CHS) classes. Subsequently, this strategy has
been used to identify CHS homologues from a var-
iety of fungi (9-12. 14, 15, 23). Furthermore, the in-
formation obtained from sequence analysis of nu-
cleotides and deduced amino acids is becoming ap-
parently useful in phylogenetic and taxonomic stu-
dies of fungi (2, 9).

The analysis of the genes for CHS, therefore, may
contribute to the convenience of phylogenetic studies
for imperfect fungi like Penicillium. We have pre-
viously reported on the cloning and the charact-
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erization of four CHS gene fragments amplified from
the genomic DNA of Penicillium chrysogenum which
belongs to the subgenus Penicillium, using PCR
primers designed for highly conserved sequences
within fungal CHS encoding genes (14).

In this paper, we report the phylogenetic
analysis of the deduced amino acid sequences of
CHS from P. chrysogenum and discuss the use-
fulness of the sequence comparison of CHS in tax-
onomic studies and analyses of evolutionary re-
lationships among the fungi.

J. Microbiol.
Materials and Methods

Source of chitin synthase sequence

The deduced amino acid sequences of CHS from
P. chrysogeum previously published by the authors
(14) (GenBank accession numbers U57321-3 and U
57938} were used in this study. Other deduced am-
ino acid sequences of CHS used for sequence com-
parison and phylogenetic studies were retrieved
from GenBank Nucleotide Sequence Database and

PIR Sequence Database through NCBI (Table 1).

Table 1. Taxonomic affinities of fungal species®, chitin synthase gene designations, and GenBank accession numbers

Divi- Class . . Gene GenBank
sion (Subclass) Order Family Species designatin accession No.
7' Zygomycetes Entomophthorales Entomophthoraceae Entomophaga aulicae EaCHS2 L39869
Mucorales Mucoraceae Rhizomucor circinelloides RcCHS X99569
Rhizopus oligosporus RoCHS! D10159
Rhizopus stolonifer RsCHS X9095
Phycomyces blakesleeanus PbCHS 118753
A Euascomycetes
(Discomycetes) Elaphomycetales Elaphomyces muricatus ~ EmCHS X78092
(Plectomycetes) Eurotiales Trichomaceae Aspergillus (Emericellc) AdCHS1, ACHS2, MB82938, M82939,
nidulans AdCHSB D83216
Onygenales Onygenaceae Blastomyces (Ajellomyvces) BdCHS1, BACHS2 M92942, M92943
dematitidis
Histoplasma (Ajellomycesi HcCHSI, HeCHS2, M82947, M82948,
capsulatum HeCHS3 M82949
(Pyrenomycetes)  Phyllachorales Phyllachoraceae Magnaporthe grisea MgCHS1 X96413
Sordariales Sordariaceae Nerospora crassa NcCHS, NcCHS3 M82951, M&2950
Hemiascomycetes Saccharomycetales Saccharomycetaceae Saccharomyces cerevisiae ScCHS1, ScCHS2 — M14045, M23865
B¢ Ustilaginomycetes Ustilaginales Ustilaginaceae Ustilago maydis UmCHS1, UmCHS2 M82958, M82959
Hymenomycetes  Agaricales Agaricus bisporus AbCHS X98488
Aphyllophorales Schizophyllaceae Schizophyllum commune  SmCHS1 M82957
M- Mitosporic Aspergillus niger AnCHS, AnCHS2 MB2940, M82941
Trichomaceae
Aspergillus fumigatus SfCHSA, SfCHSB 853799, S53800
(Sartorya fumigata) SfCHSC, SfCHSG  S53801, 39478
P. chrysogenum PcCHS1, PcCHS2  U57321, U57322
PcCHS3, PcCHS4  U57323, U57938
Mitosporic Cioccidioides immitis CiCHS2 U60213
Mitosporic Onygenaceae
Chaetothyriales Exophiala jeanselmer EjCHS2, EjCHS3 M82945, M82944
Exophiala (Wangiella) WACHS1 M81905
dematitidis
Phaeococcus exphiales PeCHS2 M82953
Mitosporic Xylophypha batiana XbCHS2 M82961
Saccharomycetales Candida albicans CaCHS1, CaCHS2 MB82937, A38192

“Taxonomic affinity of species was described according to Taxonomic Scheme of NCBI.

diomycotina. *Mitosporic fungi (Deuteromycotina).

*Zygomycotina. “Ascomycotina. ‘Basi-
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Computer analysis

Similarity of deduced amino acid sequences of
CHS was determined using the BLASTP program
to search the non-redundant PDR +SwissProt+
SPupdate + PIR + GenPept + GPupdate database
through GenBank. Deduced amino acid sequences
of CHS were aligned using the mutiple alignment
program CLUSTAL W (22). And then, the den-
drogram was constructed with the method of un-
weighted pair-group arithmetic average (UPGMA)
of the software package MEGA version 1.0 (7). A
bootstrap analysis of one thousand replications was
performed using the heuristic search of MEGA (7).
For further study on the deduced amino acid se-
quences of the Class II CHS, a phylogenetic tree
was constructed using PHYLIP package v3.5 (4)
and phylogenetic relationships of CHSs were dis-
cussed.

Results and Discussion

Similarity with other fungal CHSs

The deduced amino acid sequences from P.
chrysogenum chitin synthase genes showed higher
rate of similarities with those of Ascomycetes and
Deuteromycetes being more closely related to As-
comycetes (Table 2). All of the PcCHSs showed
more than 90% of similarity to CHSs of As-
comycetes and Deuteromycetes except PcCHS3
which showed 87% similarity with those from Deu-
teromycetes, while the similarity values to CHSs
from Basidiomycetes and Zygomycetes ranged from
70 to 80%. It is also noteworthy that the Deu-
teromycetes whose CHSs show high levels of sim-
ilarity to P. chrysogenum are known to be closely
related to Ascomycetes. Aspergillus fumigatus (=
Sartorya fumigata) which does not produce a telo-
morph shows clear affinities with the telomorphic
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genus Neosartorya (19). Aspergillus niger is a
suspected Ascomycetes of the genus Emericella.
Phaeococomyces exophilales is a member of the
form family of Fungi Imperfecti which most likely
represent loculomycetous Ascomycetes (2). Thus
these results may reflect the kin taxonomic re-
lationship between Penicillium and ascomycetous
fungi.

Multialignment analysis

When the deduced amino acid sequences of the
PcCHSs were aligned with those of fungal species
whose deduced amino acid sequences could be ac-
cessed through GenBank database using CLU-
STAL W, they matched well with the three classes
of CHS defined by Bowen et al. (2). Especially,
PcCHS1 revealed characteristic sequence feature of
the Class I CHS. PcCHS2 and PcCHS3 revealed
those of the Class II CHS. PcCHS4, however, re-
vealed those of the Class III CHS (Fig. 1). Con-
sidering the fact that closeness in protein se-
quences can be interpreted in terms of similarity of
function and/or of species (24), the closeness of
deduced amino acid sequences between PcCHS2
and PcCHS3 could suggest some reflection on the
functional relativeness of the products of two genes
or the existence of pseudogene in the Class II CHS.
The definitive answers on these issues could be
given through the cloning of the cDNA for CHS as
well as its genomic equivalent.

Phylogenetic analysis

The UPGMA dendrogram was constructed using
the program MEGA to validate classification inf-
erred by the BLASTP and CLUSTAL analyses.
One thousand bootstrap replicates were performed
and the resulting consensus confirmed our se-
quence interpretation of the BLASTP and CLU-
STAL analyses. As shown in Fig. 2, the chitin syn-

Table 2. Similarity analysis of deduced amino acid sequences of P. chrysogenum CHS homologous sequences from other fun-

gi through BlastP*
Penicillum Basidiomycetes Zygomycetes Ascomycetes Deuteromycetes
chrysogenum Similarity Similarity Similarity Similarity
gene ne %) Gene %) Gene %) Gene %)
PeCHSI SmCHS1 81 PbCHS 80 BdCHS1 97 AnCHS1 97
RoCHS1 78 HcCHS1 97 StCHSA 96
PeCHS2 UnCHS1 87 RcCHS 82 AdCHS2 96 SfCHSB 96
¢ SmCHS1 84 RsCHS 82 EmCHS 93 AnCHS2 95
UnCHS2 84 RoCHS1 83 MgCHS1 95 PeCHS2 87
PeCHS3  gemcHS1 83 RcCHS 83 NcCHS2 94 SfCHSb 87
PeCHS4 UmCHS1 81 EaCHS 72 AdCHSB 98 SfCHSG 98
¢ AbCHS 78 PbCHS 71 HcCHS2 95 SfCHSC 94

*For abbreviations and GenBank accession numbers, see Table 1.
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ScCHS!  HILLGRTLKGIMDNVKYMVKKKNSSTW--GPDAWKKIVVCI ISDGRSKINERSLALLSSLGCYQDGFAKDEINEKKVAMHYYEHTTMINI T-——~NISESE
CaCHS2  DILLGRTLKGVFKNIKYLESKARSSTW--GKDSWKKIVVCIVSDGRTKINERAQALLAGLGVYQEGLAKSRVDDKKVQAHMFEYTTRVGIS—-——KVIDDV —

HoCHS1  DFLFARTMIGVFKNIEYMCSRTNSKTW--GKEAWKKIVVCVVSDGRAKINPRTRAVLAGLGVYQDGIAKQQVNGKDVTAHI YEYTTQIGME———LKGNQ

AGCHS]  DFLFARTMVGVFKNIEHMCSRTRRSTW——GKDAWKKIVVCYISDGRAKINPRTRAVLAGLGCYQDGIAKQQVNGKDVTAHI YEYTTQVGME-—--LKENQ

PCCHS1  DFLFARTMSGVFKNIDHMCSRTSSKTW--GKDSHKKIVVCIISDGRAKINARTRAVLAGLGVYQDGIAKQQVNGKDVTAHI VEYTTQIGLE-—-—-VKGTQ | Class |
SfchsA  DFLFARTLIGVFKNIEYMCNRTOSKTW--GKDAWKKIVVCVISDGRAKINPRTRAVLAGLGVYQDGIAKQQVNGKDVTAHI YEYTTQVGLE——---LKGTQ

ACHS!  DFLFARTMIGVFKNIEYMCSRTSSKTW--GKDAWKKIVVCVISDGRAKINPRTRAVLAGLGCYQDGIAKQQVNGKDVTAHI YEYTTQVGLE——--LKGGQ

BACHS!  DFLFARTMIGVFKNIEYMCSRTNSKTW--GKEAWKKIVVCVVSDGRAKINQRTKAVLAGLGVYQDGIAKQQVNGKDVTAHI YEYTTQIGME—---LKGTQ —

ScCHS2  KYSLARTIHSIMKNVAHLCKREKSHYW--GPNGWKKVSVILISDGRAKVNQGSLDYLAALGVYQEDMAKASVNGDPVKAHI FELTTQVSINAD-~~LDYVS —

CaCHS1  EVAFARTMHGVMKNI AHLCSRHKSHIW--GKDSWKKVQVIIVADGRNKVQQSVLELLTATGCYQENLARPYVNNSKVNAHLFEYTTQISI DEN-LKFKGDE

HcCHS3  EIHFTRTTHGIMANITHFCSRTKSRTW--GKDGWQKIVVCIIADGROKVHPRTLNALAAMGVYQDGIAKNI VNQKPVNAHVYEYTTQVSLDPD-LKFKGAE

PCCHS2  EIGFTRTMHGVMRNISHFCSRTKSATW-—GRDGWKKIVVCIVADGRKKVHPRTLNALAALGVYQEGI AKNIVNGKEVQAHVYEYTTQVSLIDD-LKFKGAE

AGCHS2  ETHFTRTMHGVMONISHFCSRSKSRTW--GKDGWKKIVVCIISDGRXXVHPRTLNALAALGVYQEGIAKNVVNQKQVNAHVYEYTTQVSLDSD-LKFKGAE

SfchsB  ETHFTRTMHGIMRNISHFCSRSKSRTW--GKDGWKKIVVCIIADGRKKVHPRTLNALAAMGVYQEGIAKNIVNQKQVTAHVYEYTTQVSLDSD-LKFKGAE | Class Il
PcCHS3  EVGFTRTMHAVMKNISHFCSRNKSRIW--GADGWQKIVVCI ISDGREKINARTLDALAAMGVYQHGTAKNYVNNRAVQAHVYEYTTQVSLDSD-LKFKGAE

AnCHS2  EIGFTRTLHGYMONITHLCSRSKSRTW-—GKDGWKKIVVCI I ADGRKKVHPRTLNALAALGVYQEGI AKNVVNGKGVNAHVYEYTTQVSLDPD-LKFKGAE

NCCHS2  EFGFTRTMHAVMKNISHFCSRNKSRTW--GADGWQKIVVCVVSDGREI THPRTLDALAAMGVYQHG T AKNFVNQKAVQAHVYEYTTQVSLDSD-LMFKGAE

WACHS1  EIEFTRTMHGIMRNIAHFCSRTRSRTW--GKDGWQKIVVCVIADGROKVHPRTLNALAAMGVYQLG T AKNVVNGKEVTAHVYEYTTQVSLDET-LKFKGAE —

EJCHS3  KVLTARTLHGVMONIRDIVNLXKSEFWNKGGPAWQKIVVCLVFDGIDPCDKNTLDLLATVGIYQDGVMKKDVDGKDTVVHIFEYTTQLSVTPNQQL IRPND

NcCHS3  KVLLSRTLHSVMTNIRDIVNLKKSSFWNRGGPAWQKIVVCLVFDGLDKTDKNVLDVLATIGVYQDGVIKKDVDGKETVAHI FEYTSQLSVTPNQALIRPVD

PcCHS4  KNLTARTLHGVMQNIRDIVNLKKSEFWNKGGPAWQKIVVALVFDGIDPCDKDTLDVLAT IGIYQDGVMKRDVDGKETLAHIFEYTTOLSVIPSQALIRPTD | Class Il
SfchsC  XVLTARTLHGVMONVRDIVNLKKSEFWNKGGPAWQKIVVCLVFDGIEPCDKNTLDVLAT IGVYQDGVMKKDVDGRETVAHI FEYTTQLSVTPTOQLVRPQP

ScCHS1  VSLECNQGTVPIQLLFCLKEQNQKKINSHRWAFEGFAZLLRPNIVTLLDAGTMPGKDS] YQLWREF -RNPNVGGACGEIRTDLGKREV—-KLLNPLVAS

CaCHS2  VKLT-TEKVVPVQMLFCLKETNAKKINSHRWCFQAIGQVLDPKIVVLFHOGTQPSGRSLYELWKEFDRDHRVAGACGEI TTSLKKR-Q~~-MITNPLVAS —

HCCHS1  VHLK-PRSGVPVQMIFCLKEKNQKKINSHRWFFQAFRVLDPNICVLLDAGTKPGRDSTYHLWRAFDLQPMCGGACGETKAMLSHG-K~—~KLINPLIA-

AdCHS1  VHLK-PRSGVPVQMIFCLKEKNQKK INSHRWFFQARGRVLDPNICVLLDAGTQPGKDSI YRLWKAFDVEPMCGGACGE KVMLDHG-K —-KLFNPLVAG

PcCHS1  VHLK-PRSGPPVQLIFCLKEXNQKKINSHRWFFQAFGRVLDPNICVLLDAGTKPGRDS] YHLWKAFDVEPMCGGACGEIKVMLSHE-K-—-KLLNPLVAG | Class |
SfchsA  VHIK-GRSACPVQMIFCLKEKNQKKINSHRWFFQAPGRVI.DPNICVLLDAGTKPGRDSIYQLWKAFDVEPMCGGACGETKVMLSHG-K~~~KLLNPLVAG

ADCHS1  VSLK~PRTGCPVQMIFCLKEKNOKKINSHRWFFQAFGRYLDPNICVLLDAGTRPGKDS] YHLWKAFDVDPMCGGACGEI KVM-SHG-K——-KLLNPLVAG

BACHS!  VHLK-PRSGVPVQMIFCLKEKNQKKINSHRWFFQAFGRVLDPNICVLLDAGTKPGRDSI YHLWRAFDLHPMCGGACGEI KTMLSHG-K--~KLINPLVAA —

ScCHS2  KDIV--——~PVQLVFCLKEENKKKINSHRWLFNAFCPVLQPTVVTLVDVGTRLNNTAI YRLWKVFDMDSNVAGAAGQI KTMKGKWGL ——-KLFNPLVAS —

CaCHS!  KNLA-——-PVQVLFCLKELNQKKINSHRWLFNAFCPVLDPNVIVLLDVGTKPDNHATYNLWKAFDRDSNVADAAGEI KAMKGKGWI —— -NLTNPLVAS

HOCHS3  KGIM--—-PCQIIFCLKERNEKKLNSHRWFFNAFGRALTPNVCILLDVGTKPGPTAL YHLWKAFDQDSNVAGAAGE TKAGKGKGWL -~~GLFNPLVAS

PcCHS2  KGIV-——-PCQVIFCLKEHNKKKLNSHRWFFNAFGRALQPNICILLDVGTRPEPMEL YHLWKAFDQDSNVAGAAGE T KAAKGKNML —-GLLNPLVAS

AGCHS?  KGIV-——-PCQVIFCLKEHNQKKLNSHRWFFNAPGRALQPNICILLDVGTRPEPTAL YNLWKAFDQDSNVAGAAGE TKASKGKNML ---GLLNPLVAS

SEchsB  KGIM--——-PCQVIFCLKEHNGKKLNSHRWFFNAFGRALQPNICILLDVGTKPEPTALYHLWKAFDQDSNVAGAAGEI KAGKGKNMM——GLLNPLVAS | Class |l
PcCHS3  KGIV-—-—-PCOMIFCLKEKNQRKLNSHRWFFNAFGRSLNPNVCILLDVGTRPTSNSLYHLWKAFDTDSNVAGACGEIKAMKGRLGS——~NLLNPLVAS

ACHS2  KGIM---—-PCQVLFCLKEHNKKKLNSHRWFFHAFGRALQPNICILLDVGTKPAPTALYHLWKAFDGNSNVAGAAGEIKAGKGKGML —~GLLNPLVAS

NcCHSZ  KGIV--———PCOMIFCLKEKNQKKLNSHRWFFNAFGKALNPNVCILLDVGTRPGGTSL YHLWKAFDTDSNV AGACGETKAMKGRFGG-—NLLNPLVAS

WACHS1  KBIV--——-PCOMIFCLKEKNKKKLNSHRWFFNAFGRALIPNVCILLDVGTKPDSKAL YHLWKAFDGNSNVAGAAGETKADKGKGWL—-GLLNPLVAS —

EJCHS3  ND-—STSLPPVQMIFCLKQKNSKKINSHRWLFNGFGRILNPEVCILLDAGTKPGPKSLMALWEAFYNDKDLGGACGEIHAMLGRGGVFGRKLLNPLVAA —

NcCHS3  DG-—PQTLPPVQFIFCLKQKNTKKINSHRWLFNAFGRILNPEVCILLDAGTKPSPRSLLALWEGFYNDKDLGGACGEIHAMLGKGEK~—~KLLNPLVAV

PcCHS4  DG-—PSTLPPVOMMFCLKQKNSKKINSHRWLFNAFGRILNPEVCILLDAGTLPGPXSLLYLWEAFYNDKDLG-ACGEIHAMLGKGWR---NLINPLVAA | Closs 1l
SfchsC  ND-—PSNLPPVQMLFCLKQKNSKKINSHRWLFNAFSRILNPEICILLDAGTKPGSKSLLALWEAFYNDKTLGGACGETHAMLGRGWR-—~NVLNPLVAA —

Fig. 1. Multiple amino acid sequence alignment of PcCHSs with the known fungal amino acid sequences which belong to the
three classes of CHS. For abbreviations and GenBank accession numbers, see Table 1.

thase classification was similar to that of Bowen et
al. (2). In addition, the classification of PcCHSs,
particularly in the Class 1 and II, clearly showed
that a close relationship between P. chrysogenum
and Aspergillus spp. existed as they were trad-
itionally recognized. In the Class I, P. chrysogenum
did not cluster with Histoplasma capsulatus and
Blastomyces dermatitidis, which are both as-
comycetes of the genus Ajellomyces, but clustered
with species in the genus Aspergillus such as A.
niger, A. nidulans, and A. fumigatus. Candida al-
bicans and S. cerevisiae were separated from the
rest of the fungi investigated as if they were out-
groups. In the Class II, PcCHS2 showed the same
tendency to the PcCHS1 of the Class I. The ad-
ditional Class II CHS, PcCHS3, however, did not
cluster as the same group with the PcCHS2, but
clustered with Neurospora crassa CHS2. Assuming
that one of the Class II PcCHSs, more probably

PcCHS3, is a nonfunctional pseudogene or a func-
tional duplicate of the PcCHS2, the PcCHS3 may
be a trait of evolutionary divergency. It may re-
main even after the separation of the genus Neu-
rospora from other groups of genera including As-
pergillus and Penicillium. These speculations are
based on several lines of evidences;

1) Among the fungi whose sequences for CHS
genes have been identified so far, most of them
have only one single copy of gene for the Class II
CHS except for the two species belonging to Zy-
gomycetes, Rhizopus oligosporus (12) and Ento-
mophaga aulicae (23). In the latter case, however,
only one of the Class II genes was expressed (23).

2) It was already shown that parsimony analysis
of the amino acid sequence of the Class II CHS en-
coding gene fragments confirmed the current tax-
onomic grouping (2, 9).

3) The mitochondrial tRNA genes in P. chrysoge-
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89— HoCHS!
_EBGCHS\
PCGHS1
69 AdCHS!
%! AnCHS!
% SfchsA
CeCHS2 -
ScCHS!
ScCHS2
CaCHS1
& 81 AJCHS2
74 78 SichsB
100 ARCHS2
100 PcCHS2
HeCHS3
73 WACHSH
PcCHS3
—m:NwH& .
———————————— NCCHS3 =~
PoCHS4
o EICHS3
StehsG

Class 1

Class Il
66

Class Il

Fig. 2. UPGMA dendrogram showing three distinct chitin
synthase classes. The tree was calculated by the program
CLUSTAL W from deduced amino acid sequences. The
method for estimating the number of amino acid sub-
stitutions was p-distance. The deduced amino acid se-
quences of S. cerevisice CHS1 and CHS2 were used as the
hypothetical outgroup to construct a parsimonious tree. The
numbers are the bootstrap results from 1,000 replications
with the heuristic algorithm. For abbreviations and Gen-
Bank accession numbers, see Table 1.

num are strikingly homologous to their coun-
terparts of genomic DNA sequences in A. nidulans
and N. crassa (20).

4) The small subunit of the mitochondrial ri-
bosomal RNA of P. chrysogenum is highly homo-
logous (84%) to its counterpart of A. nidulans and
is 61% or locally more homoglous to that of Po-
dospora anserina (21) with N. crassa in the family
Sordariaceae.

Phylogenetic consideration of the Class II CHS
The unrooted phylogenic tree was constructed
with the amino acid sequences of the Class II
genes by the program FITCH in PHYLIP to evalu-
ate the usefulness of the Class II CHS comparison
in phylogenic studies of filamentous fungi as men-
tioned previously by others (2, 9). The FITCH
analysis of Class II CHS showed quite remarkable
clustering of fungi (Fig. 3), traditionally recognized
as stated above. The S. cerevisiaze belongs to the
Hemiascomycetes showing considerable evolu-
tionary separation form the Euascomycetes. In Eu-
ascomycetes, N. crassa and Magnaporthe griesia
which belong to the Pyrenomycetes are separated
from the remaining Euascomycetes. All the mi-
tosporic Chaetothyriales (black yeasts) such as Ex-
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PcCHSY

HeCHS3
CreHs2 XbCHS2
WdCHS 05
ecrs? HS2

Fig. 3. Tree showing phylogenetic relationships of the Class
IT chitin synthases. Bootstrap analysis and production of
phylogenetic tree of the deduced amino acid sequences of
the Clags II CHS from ascomycetous fungi were performed
using PHYLIP v3. 5. S. cerevisiae CHS2 (ScCHS2) was in-
cluded in the analysis as an outgroup. Branch lengths re-
flect relative evolutionary distance and are defined by Fel-
senstein (4). For abbreviations and GenBank accession
numbers, see Table 1.

ophiala jeanselmei, Phaeococcus exophialae, Wan-
giella (Exophiala) dermatitidis, and Xylohypha ban-
tiana, are included in one branch, reflecting their
possible plectomycetous affinities. In Plectomycetes,
those that belong to the Eurotiales [A. nidulans, A.
niger, A. fumigatus (=S. fumigata), and P. chrysoge-
num] and those that belong to the Onygenales
[Blastomyces (Ajellomyces) dermatitidis, Histopla-
sma (Ajellomyces) capsulatum, and Coccidioides im-
mitis] show clear separation from each other. The
tree presented here was, therefore, well congruent
with NCBI classification which is one of the major
sources for phylogenetic insights derived from
molecular evolution studies.

The present results agree with the traditional
classifications based on morphological features and
also taxonomic and phylogenetic studies based on
molecular techniques. We can draw a conclusion
that CHSs in fungi reflect the phylogenetic re-
lationships among species and that the analysis of
amino acid sequences of chitin synthase genes can
be effectively applied for the taxonomic and phy-
logenetic studies of fungi (2, 9).
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