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We sequenced a 396-bp region of the mitochondrial cytochrome b gene of the most common clinically important
Candida species: Candida albicans, C. glabrata, C. parapsilosis, C. tropicalis, C. krusei, and C. lusitaniae. The recently
described species of Candida, C. dubliniensis, associated with mucosal candidiasis in human immunodeficiency
virus-infected individuals, was also included. Two to five strains of each species were examined. Some species
represented intraspecies variation, which was not more than 1.8% (DNA). However, interspecies variations
were more than 10 and 7%, respectively, for DNA and amino acid sequences. Multiple alignments of nucleotide
and deduced amino acid sequences revealed species-specific nucleotides and amino acids. Nucleotide- and
amino acid-based phylogenetic trees were constructed and are discussed. Using the database, it is possible to
identify presumptive Candida species within a working day.

There has been a significant increase in the number of re-
ports of systemic and mucosal infections caused by Candida
species with the increase in the number of immunocompro-
mised patients (3, 5, 9, 14, 21, 24, 25, 33). Candida albicans is

the most frequently isolated causative agent of candidal infec-
tion in humans (more than 50%) and is generally accepted as
the most pathogenic species of the genus Candida (3). How-
ever, in recent years, non-C. albicans Candida species, e.g., C.

TABLE 1. Fungal strains, strain origins, and accession numbers of cytochrome b genes sequenced in this studya

Species IFM no. Origin Accession no.

Candida albicans 5728 Clinical isolate AB044909
Candida albicans 46907 Clinical isolate AB044910
Candida albicans 48311T CBS 562 AB044911
Candida albicans 48922 Clinical isolate AB044918
Candida albicans 49689 Clinical isolate AB044919
Candida dubliniensis 48184 Clinical isolate AB044912
Candida dubliniensis 48313T CBS 7987 AB044913
Candida dubliniensis 48314 CBS 7988 AB044914
Candida glabrata 5489 Clinical isolate AB044920
Candida glabrata 5768 Clinical isolate AB044921
Candida glabrata 40065 Clinical isolate AB044922
Candida glabrata 46843T CBS 138 AB044915
Candida krusei (“Issatchenkia orientalis”) 5798 Clinical isolate AB044924
Candida krusei (“Issatchenkia orientalis”) 40019 Clinical isolate AB044923
Candida krusei (“Issatchenkia orientalis”) 46834T CBS 573 AB044925
Candida lusitaniae (“Clavispora lusitaniae”) 49207T IFO 1019 AB044926
Candida lusitaniae (“Clavispora lusitaniae”) 49723 Clinical isolate AB044927
Candida parapsilosis 5464 Clinical isolate AB044928
Candida parapsilosis 40119 Clinical isolate AB044929
Candida parapsilosis 46829T CBS 604 AB044916
Candida tropicalis 40085 Clinical isolate AB044930
Candida tropicalis 46816T CBS 94 AB044917
Candida tropicalis 48776 Clinical isolate AB044931
Candida tropicalis 49042 Clinical isolate AB044932
Candida tropicalis 49101 Clinical isolate AB044933
Filobasidiella neoformans 48637T CBS 132 AB040656

a CBS, Centraalbureau voor Schimmelcultures, Baarn, The Netherlands; IFM, Institute for Food Microbiology (at present, the Research Center for Pathogenic Fungi
and Microbial Toxicoses, Chiba University), Chiba, Japan; IFO, Institute for Fermentation, Osaka, Japan.

* Corresponding author. Mailing address: Research Center for
Pathogenic Fungi and Microbial Toxicoses, Chiba University, 1-8-1
Inohana, Chuo-ku, Chiba 260-8673, Japan. Phone: 81-43-226-2789.
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glabrata (formerly Torulopsis glabrata) (10 to 30%), C. parap-
silosis (10 to 20%), C. tropicalis (10 to 20%), C. krusei, and C.
lusitaniae, have been recovered with increasing frequency from
cases of candidiasis (9, 16, 24). C. dubliniensis, phenotypically
very similar to C. albicans and associated primarily with recur-
rent oral infections in human immunodeficiency virus-infected
individuals, was first described in 1995 (23). The clinical sig-
nificance of this species is under investigation.

Identification of Candida isolates to the species level in the
clinical laboratory has become more important. Some Candida
species, such as C. glabrata, are known to rapidly acquire de-
creased susceptibility to fluconazole; C. krusei is considered to
be inherently resistant to fluconazole (20, 32). However, am-
photericin B resistance is uncommon but appears to be most
common among isolates of C. lusitaniae (27). C. parapsilosis
can survive in the hospital environment, a fact which increases
the chance of nosocomial transmission (5, 15). Therefore, spe-
cies-specific identification is necessary for timely, targeted, and
effective antifungal therapy and to facilitate hospital infection
control measures.

The utility of a gene segment in accurate identification and
phylogenetic analysis depends on the frequency of recombina-
tional interchange of genetic material within the chosen gene
segment. Mitochondria (mt) are self-replicating; in the bud-
ding yeast Saccharomyces cerevisiae, mt enter the bud immedi-
ately after the emergence of the bud and are equally distrib-
uted, although it is not clear how the mother cell maintains its

own supply of mt (34). If this behavior is also true for the
budding yeast Candida, the choice of a mitochondrial gene
such as the cytochrome b gene is reasonable. Poulter et al. (17)
reported a parasexual cycle for C. albicans; however, it is be-
yond our knowledge that parasexuality has any effect on ge-
netic recombination of mitochondrial genes. Restriction frag-
ment length polymorphisms of mitochondrial DNA have been
shown to be useful genetic markers for estimating relationships
among fungi (8, 11, 28). However, studies that investigate phy-
logenetic relationships based on the sequences of mitochon-
drial DNA (13, 29) are in their infancy. The utility of the
sequences of the mitochondrial cytochrome b gene for identi-
fying pathogenic Aspergillus species has been shown by Wang
et al. (30, 31). However, similar techniques have not focused
on yeasts.

In this study, we partially sequenced the mitochondrial cy-
tochrome b genes of C. albicans, C. glabrata, C. parapsilosis, C.
tropicalis, C. krusei, C. lusitaniae, and C. dubliniensis. Their
identification and phylogenetic relationships are discussed.

MATERIALS AND METHODS

Yeast strains and isolation of DNA. Two to five strains of each species of the
most common pathogenic Candida species, including C. dubliniensis, and Filo-
basidiella neoformans were used in this study (Table 1). Total cellular DNA from
these strains was extracted using a Gen Toru Kun kit (Takara Shuzo Co. Ltd.,
Otsu, Shiga, Japan) as recommended by the manufacturer, except that one-third
of a loop of yeast cells from the YPD (1% [wt/vol] yeast extract, 2% [wt/vol]
Polypeptone, 2% [wt/vol] glucose) slant was used to isolate DNA.

PCR primers and amplification of the cytochrome b gene. PCR primers,
E1M4, E1M5, E2M4, and E2mr5 (Table 2), were designed by comparing previ-
ously published amino acid sequences for the mitochondrial cytochrome b genes
of several organisms as described by Wang et al. (30). One microliter of extracted
DNA was used to amplify the mitochondrial cytochrome b gene with a TaKaRa
Ex Taq PCR amplification kit (Takara Shuzo). The reactions were performed in
a final reaction mixture (50 ml) containing 10 pmol of each primer, 4 ml of 2.5
mM each deoxynucleoside triphosphate (dATP, dCTP, dGTP, and dTTP), 2.0 U
of TaKaRa Ex Taq polymerase, and 5 ml of 103 reaction buffer (Takara Shuzo).
The amplification reactions were performed with the following cycling parame-
ters: 94°C for 2 min; 30 cycles of denaturation for 30 s at 94°C, annealing for 30 s
at 50°C, and extension for 1 min at 72°C; and a final extension at 72°C for 10 min.

Sequencing. PCR products were purified using a QIAquick PCR purification
kit (QIAGEN, Hilden, Germany) according to the manufacturer’s instructions.
Then, both strands of the PCR products were sequenced directly on an ABI
prism 377 or 310 DNA sequencer using a Big Dye terminator cycle sequencing
ready reaction kit (Applied Biosystems Japan Co. Ltd., Tokyo, Japan) as rec-
ommended by the kit manufacturer. From the DNA sequences, cytochrome b
amino acid sequences were deduced using the yeast (Saccharomyces) mitochon-
drial genetic code.

Molecular phylogenetic analysis. DNA and amino acid sequences were
aligned using GENETYX-MAC genetic information processing software (Soft-
ware Development Co., Ltd., Tokyo, Japan). Sequences were analyzed by the

TABLE 2. PCR primers used in this study

Primer Sequencea Description

E1M4 59-TGRGGWGCWACWGTTATTACTA-39 Forward
E1M5 59-GTTATTACTAAYTTATTMTC-39 Forward
E2M4 59-GGWATAGMWSKTAAWAYAGCATA-39 Reverse
E2mr5 59-AGCACGTARWATTGCGTAGAATGG-39 Reverse

a R, A or G; W, A or T; Y, C or T; M, A or C; S, C or G; K, G or T.

TABLE 3. Variation of cytochrome b sequences within different
strains of a single Candida species

Species and
strain

% Variationa

DNA Amino acid

C. albicans
IFM 48311T

IFM 5728 0.0 0.0
IFM 46907 0.0 0.0
IFM 48922 0.0 0.0
IFM 49689 0.3 0.0

C. glabrata
IFM 46843T

IFM 5489 0.0 0.0
IFM 5768 0.0 0.0
IFM 40065 0.0 0.0
X53862 0.3 0.8

C. tropicalis
IFM 46816T

IFM 40085 1.8 0.8
IFM 48776 0.0 0.0
IFM 49042 1.8 0.8
IFM 49101 1.8 0.8

a Compared to the type strain.

TABLE 4. Levels of cytochrome b nucleotide and amino acid
sequence similarities for the most common

pathogenic Candida species

Species

% Cytochrome b sequence similaritya for:

C. albi-
cans

C. dub-
liniensis

C. parap-
silosis

C. lusi-
taniae

C.
krusei

C. tropi-
calis

C. gla-
brata

C. albicans 92.4 87.9 86.4 84.1 84.1 80.3
C. dubliniensis 89.9 87.9 84.1 84.8 86.4 75.8
C. parapsilosis 84.1 84.1 79.5 81.8 87.1 81.8
C. lusitaniae 83.3 84.6 81.6 80.3 74.2 79.5
C. krusei 81.8 84.1 81.6 84.3 75.8 79.5
C. tropicalis 81.3 80.3 80.5 74.5 72.7 76.5
C. glabrata 81.1 79.0 79.3 83.8 83.8 73.0

a Data in the lower left portion of the table indicate nucleotide sequence
similarity, and data in the upper right portion indicate amino acid sequence
similarity.
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FIG. 1. Comparison of nucleotide sequences of cytochrome b genes of the most common pathogenic Candida species (only type cultures) and F. neoformans. Dots
indicate nucleotides identical to those in C. albicans. Species-specific nucleotides are underlined.
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unweighted pair-group method with arithmetic mean (UPGMA) and neighbor
joining (NJ) using GENETYX-MAC genetic information processing software or
by maximum parsimony (MP) using the package Phylogenetic Analysis Using
Parsimony, version 4.0b4a, for Macintosh (26). For the NJ analyses, the distance
between the sequences was calculated using Kimura’s two-parameter model (10).

Nucleotide sequence accession numbers. Mitochondrial cytochrome b genes of
Candida species partially sequenced in this study have been deposited in the
DDBJ/EMBL/GenBank data library under the accession numbers shown in
Table 1.

RESULTS

The mitochondrial cytochrome b genes of major pathogenic
Candida species (Table 1), including C. dubliniensis, were am-
plified by PCR, and a 396-bp segment corresponding to posi-
tions 445 to 840 in the C. glabrata cytochrome b coding se-
quence (GenBank accession no. X53862) (2) was sequenced.
Strains of C. albicans, C. glabrata, and C. tropicalis showed
intraspecies variation (Table 3). Intraspecies variation was the
highest for C. tropicalis (1.8%) and was divided into two DNA
types.

Although the intraspecies variations of these pathogenic
yeasts were not higher than 1.8%, the interspecies variations
were high. Table 4 (lower left portion) represents the pairwise
nucleotide identities of these yeasts calculated from the nucle-
otide sequences of the cytochrome b genes. No pair of species
represented more than 90% identical sequences. Even C. al-
bicans and C. dubliniensis, the closest species, according to
other DNA sequences, had differences in 40 nucleotides of the
total of 396 nucleotides (89.9% identical).

The Saccharomyces mitochondrial genetic code system was
used to deduce amino acid sequences from cytochrome b gene
sequences. In the yeast mitochondrial gene, UGA encodes
tryptophan instead of polypeptide chain termination, AUA
encodes methionine instead of isoleucine, and CUN encodes
threonine instead of the leucine found in the universal codon

system. C. glabrata has conserved the strong codon bias of S.
cerevisiae (1); however, the CUN codon family codes for a
leucine in C. parapsilosis mt (7). The reason for using the
Saccharomyces mitochondrial genetic code system in the
present study is that the system is accepted for yeasts by the
DDBJ/EMBL/GenBank data library. Table 4 (upper right por-
tion) represents the pairwise amino acid identities among dif-
ferent species. Based on amino acid sequences, except for C.
albicans and C. dubliniensis (92.4% identical), no other pair
had more than 90% identity. There were differences in 10
amino acids of the total of 132 amino acids between C. albicans
and C. dubliniensis.

Multiple alignments of the nucleotide (Fig. 1) and amino
acid (Fig. 2) sequences showed that individual species pos-
sessed characteristic sequences. The major pathogenic Can-
dida species were positioned distinctly by any one of the phy-
logenetic trees constructed using UPGMA (Fig. 3), NJ (Fig. 4),
or MP (Fig. 5) with basidiomycetous yeast F. neoformans as an
outgroup. Although there was some difference in the degree of
resolution when nucleotide and amino acid sequences were
used, the topologies obtained by both sequence types and tree
estimation algorithms used were consistent.

DISCUSSION

This study reveals that the cytochrome b gene sequences of the
major pathogenic Candida species differ from each other by
more than 10%. Their amino acid sequences also show con-
siderable differences. Except for C. albicans and C. dubliniensis
(92.4% identical), no other pair showed more than 90% iden-
tity based on amino acid sequences. These results show the
higher divergence of mitochondrial cytochrome b genes than
of nuclear genes and its usefulness for investigating relation-
ships of closely related species.

FIG. 2. Comparison of deduced amino acid sequences for cytochrome b genes of the most common pathogenic Candida species (only type cultures) and F.
neoformans. Dots indicate amino acids identical to those in C. albicans. Species-specific amino acids are underlined.
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The sequence identity between C. dubliniensis and C. albi-
cans is 89.9% based on the nucleotide sequences of the mito-
chondrial cytochrome b genes. However, the previously re-
ported percentages of similarity between the organisms were
97.9% for the ACT1 gene (exon) (4), 97.52 to 97.75% for the
V3 variable region of the large-subunit rRNA gene (23, 25),
and 98.6% for the small-subunit rRNA gene (6). The predicted
C. dubliniensis ACT1 protein sequence was identical to that of
C. albicans, apart from a single conservative substitution, iso-
leucine to valine (4). On the other hand, the two organisms had
7.6% differences in the predicted protein sequences of the
cytochrome b genes.

Wang et al. (30, 31) have shown that UPGMA is the best
method for constructing phylogenetic trees based on cyto-
chrome b sequences of fungi. In addition to UPGMA, se-
quences were analyzed using NJ and MP. There was very little
difference among UPGMA (Fig. 3), NJ (Fig. 4), and MP (Fig.
5) phylogenetic trees based on the nucleotide or amino acid
sequences for the cytochrome b genes of the most common

pathogenic Candida species. This difference seems to be due to
bootstrap values and differences in the methods of analysis.
Moreover, different nucleotide codons may give rise to the
same amino acid, a result which may produce differences in
nucleotide- and amino acid-based phylogenetic trees. Al-
though there was some difference in the degree of resolution
when nucleotide and amino acid sequences were used, the
topologies obtained with both sequence types and the tree
estimation algorithms used were mutually consistent. The phy-
logenetic relationships of these pathogenic yeasts based on
cytochrome b sequences were not 100% congruent with those
based on rRNA; in addition, in the latter case, the relation-
ships varied depending on the part of the sequences used to
draw the phylograms, large or small-subunit rRNA (6, 23, 25).

This study represents the first phylogenetic investigation of
the most common Candida species based on the sequences of
the mitochondrial cytochrome b genes. The separation of the
most common pathogenic Candida species, including the re-
cently described species, C. dubliniensis, under investigation,

FIG. 3. UPGMA trees of the most common Candida species, based on nucleotide (a) and deduced amino acid (b) sequences for the cytochrome b genes. The
basidiomycetous yeast F. neoformans represents an outgroup. Bars represent the numbers of nucleotide and amino acid substitutions per nucleotide and amino acid
sites.
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was evident irrespective of the sequences, DNA or amino acid,
and the methods of phylogenetic tree construction, UPGMA,
NJ, or MP. The results supported the unique species designa-
tion of C. dubliniensis on the basis of its distinct phylogenetic
position (supported by bootstrap analyses) and on the basis of
the differences between its cytochrome b nucleotide and amino
acid sequences and the corresponding sequences for C. albi-
cans, 10.1 and 7.6%, respectively.

In a recent study, mitochondrial COX2 sequences revealed
2.1% intraspecies variability of C. glabrata isolates representing
two types (22). These types correlated with the geographical
origins of the strains, 90% of U.S. isolates belonging to type 1
and 82% of Brazilian isolates belonging to type 2. However,
mitochondrial cytochrome b genes are more conserved at the
intraspecies level (although the numbers of strains examined
are limited). In this study, strains of the same species had
identical sequences, except for C. albicans, C. glabrata, and C.

tropicalis (Table 3). C. tropicalis had the highest variation at the
intraspecies level—1.8%.

Rapid and accurate identification of pathogenic organisms is
important clinically and epidemiologically (12, 18). Molecular
methods provide accurate and rapid identification. Although a
variety of methods, ranging from randomly amplified polymor-
phic DNA analysis to PCR-enzyme immunoassay, are used for
DNA subtyping of Candida species, no “gold standard” exists
(19). With an automated DNA sequencer, a DNA sequence
can be obtained quite rapidly. Starting from DNA extraction
from yeast cells, the sequence of a cytochrome b segment (396
bp) can be determined within a working day, and suspected
Candida species can be identified correctly using a database.

This is the first report of the identification and phylogenetic
analysis of the most common pathogenic Candida species by
use of cytochrome b gene sequences. The 396-bp region of the
cytochrome b gene examined in the present study has proved

FIG. 4. NJ trees of the most common Candida species, based on nucleotide (a) and deduced amino acid (b) sequences for the cytochrome b genes. The
basidiomycetous yeast F. neoformans represents an outgroup. The numerals given on the branches represent the confidence levels from 1,000 replicate bootstrap
samplings (values lower than 50% are not shown). Bars represent the numbers of nucleotide and amino acid substitutions per nucleotide and amino acid sites, calculated
using Kimura’s two-parameter model (10).
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effective for identification and for studying phylogenetic rela-
tionships. High interspecies and low intraspecies divergences
of cytochrome b gene sequences are attractive and may facil-
itate the design of probes for specific and rapid identification
of pathogenic Candida species.
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