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Abstract

OBJECTIVE: This review was aimed to discuss the literature concerning the fingerprint methods for epidemiological
studies of oral-borne Candida albicans. DISCUSSION: Interest in obtaining a better understanding of the
pathogenesis, epidemiology, genetics and evolution of  Candida albicans has led to the development of  innumerable
investigations. These studies have employed fingerprinting systems, such as multilocus enzyme electrophoresis,
electrophoretic karyotyping, randomly amplified polymorphic DNA, and restriction length fragment polymorphism,
with and without hybridization. The efficacy of these systems has been examined at different levels of discrimination.
A validation strategy has been delineated which compares two or more unrelated methods. Moreover, the different
fingerprinting patterns produced could be registered in database programs and submitted to comparison with
parameters of  the host and characteristics of  the pathogen. These procedures permit urrent and retrospective
comparison of a selection of clinical and epidemiologically important strains, which could show one or several
characteristics of  the host or pathogen. Additionally, the sum of  this growing amount of  information could
contribute even more to the understanding of the dynamics of infectious organisms in human populations, the
complex relationship between commensalism and infection, and genetic and evolutionary mechanisms.
CONCLUSIONS: Multiple molecular systems are available for studies involving C. albicans. This growing amount
of  information contributes to the understanding of  the dynamics of  this fungus in human populations.
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Resumo

OBJETIVO: Esta revisão discute as informações existentes acerca dos métodos de caracterização
para estudos epidemiológicos envolvendo Candida albicans de origem bucal. DISCUSSÃO: O
interesse no melhor entendimento da patogênese, epidemiologia, genética e evolução de C. albicans
tem levado os pesquisadores à condução de inúmeras investigações. Esses estudos empregam
sistemas de caracterização molecular como eletroforese de enzimas multilocus, cariotipagem por
eletroforese, amplificação do DNA polimórfico ao acaso e polimorfismo dos fragmentos de restrição
com e sem hidridização. A eficácia desses sistemas tem sido avaliada nos seus diferentes níveis
de discriminação. Uma estratégia de validação foi delineada, a qual compara dois ou mais métodos
não relacionados. Ainda, os diferentes padrões de caracterização molecular produzem dados que
podem ser avaliados por programas computacionais e permite a comparação comparâmetros do
hospedeiro e características do patógeno. Tais procedimentos permitem comparações correntes e
retrospectivas de cepas clínicas e epidemiologicamente importantes, que podem mostrar uma ou
mais características do hospedeiro ou do patógeno. A somatória do montante de informação
pode contribuir para o entendimento da dinâmica dos organismos infecciosos em populações
humanas, as relações complexas entre comensalismo e infecção, e mecanismos genéticos e
evolutivos. CONCLUSÕES: Vários sistemas de caracterização molecular estão disponíveis para
estudos envolvendo C. albicans. Este aumento de informação contribui na compreensão da
dinâmica deste fungo em populações humanas.

Palavras-chave: Candida albicans. Epidemiologia molecular. Caracterização molecular.

INTRODUCTION

Candida albicans and related species are
found ubiquitously and commensally in the body
cavities (rectal, buccal, vaginal, urethral, nasal, and
aural) and skin microbiota of humans (1). These
species are considered opportunistic pathogens
capable of causing infections varying from
mucocutaneous disorders, not compromising to the
individual, to invasive diseases involving almost all
of the organs. The frequency of infections caused
by Candida spp. have been increasing worldwide
due to a multiplicity of predisposing factors that
facilitate its conversion from a commensal to a
parasitic form (2, 3). The rise of these infections has
been associated with immunological deficiencies,
as observed in innumerable cases of oropharyngeal
candidiasis in patients with AIDS (4). The
progression of colonization toward infection in
mucosal membranes has been related to a process
dependent on the defense mechanisms of the host
and on the ability of Candida spp. to overcome such
mechanisms (5). Different clinical manifestations
of buccal candidiases have been described,
corresponding to excessive growth of yeasts and
their penetration through the epithelial mucosa (6).

To understand the dynamics of the
infectious organisms in human populations, to
interpret the complex relationship between
commensalism and infection, to identify the origin
of an infection or monitor the emergence of drug-
resistant strains, molecular methods based on
genotypic fingerprinting systems (molecular
markers) should be available to determine the genetic
relationship of these organisms of epidemiological
importance (7, 8). By definition, an isolate
corresponds to a clone collected independently
from other isolates. Two isolates collected
independently could be completely unrelated or
genetically indistinguishable. On the contrary, a
strain is referred to as a collection of isolates from
the same species, which are highly related or
genetically indistinguishable.

To classify two isolates as belonging to the
same strain, or as members of different strains,
sensitive molecular genotyping methods need to be
adequately applied. This necessity is especially
important when diseases arise from commensal
organisms, when strains become specialized in
particular locations of the body or under
compromising conditions, when strains undergo
microevolution for rapid adaptation, or when strains
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are transmitted among individuals. Therefore,
genotypic fingerprinting systems should be examined
with respect to their efficacy at different levels of
discrimination: (i) identifying the same strain in
independent isolates, (ii) identifying microevolutionary
changes in a strain (highly related isolates, however
not identical), (iii) grouping moderately related isolates,
and (iv) identifying completely unrelated isolates. In
addition, such systems should furnish a database to
estimate the probability of a particular strain being
isolated twice by chance in a particular geographic
location (8).

Until the moment, no genotypic
fingerprinting method has been able to furnish a
definitive measure of the genetic distance between
two isolates. Tibayrenc has been mentioning the
inexistence of means to determine completely the
identity of two microbial genotypes, objection to
the sequencing of the entire genome (9). Different
molecular markers could show different molecular
clocks (i.e., the evolutionary speed at which they
change). Thereby, an optimal genotypic
fingerprinting method would be based on a number
of molecular markers. Such a method would also
be resistant to homoplasy (i.e., common
characteristics among isolates that do not have the
same ancestry) and provide quantitative data that
reflects genetic distance.

The comparison of data generated by
unrelated genotypic fingerprinting methods,
employing the same group of test isolates, becomes
a means of evaluating such requirements,
mentioned previously (10, 11). In addition, the
inclusion of identical isolates, highly related (but
not identical) isolates, and independent isolates
with unknown relationships (including moderately
related and completely unrelated isolates) were
suggested in groups of test isolates in comparative
analyses of genotypic fingerprinting methods (12).
According to Soll, when two methods identify the
identical isolates and nonidentical but highly related
isolates as such, generally cluster less closely related
isolates in a similar fashion, and distinguish among
completely unrelated isolates, then, in essence,
the two methods have cross-verified each other
for all of the levels of resolution (i, ii, iii and iv).
However, these verifications can be only for species
with a predominantly clonal population structure
(8).

The data generated by a particular genotypic
fingerprinting method, for one strain (i.e., gel

electrophoretic patterns), must be relatively stable
over many generations. Therefore, this fact requires
the occurrence of little recombination between the
sequences selected for study. In addition, the
populations of isolates in study must undergo primarily
clonal reproduction. On the other hand, when panmixia
occurs at a high frequency, due to sexual reproduction
and recombination, the results of epidemiological
studies, obtained by genotypic fingerprinting methods,
make interpretation difficult (8).

Fortunately, many fungal agents undergo
recombination or gene changes at extremely low
frequencies (13). Some studies have shown a
primarily clonal mode of reproduction in C. albicans,
justifying the applicability of the standard molecular
markers in epidemiological studies (14, 15). In
addition to the stability resulting from clonal
reproduction, a genotypic fingerprinting method
should access mainly sequences that are not highly
reorganizational (i.e., sequences that are reasonably
stable over time). For example, a complex DNA
fingerprinting probe such as the Ca3 probe (11kb)
of C. albicans (16, 17) contains both repetitive
sequences dispersed throughout the genome (RPS
repetitive element) and unique sequences
represented at only one locus (18, 19). Because
sequences in the genome containing clusters of full-
lengh RPS units (20, 21) undergo frequent
reorganization (duplication and deletion) (19),
frequent changes occur in Ca3 hybridization patterns
containing full-length RPS sequences. Bands
containing such sequences represent, on average,
20% of the patterns generated by hybridization
with the Ca3 probe. The remaining 80% represents
less variable sequences that tend to stabilize the
patterns (1). In contrast, a probe that consists
entirely of RPS elements tends to generate an
additional, less stable fingerprinting pattern, when
compared to the Ca3 probe (19), and consequently
the pattern shows low efficacy during the grouping
of moderately related isolates. Both full-length Ca3
and restricted RPS probes can be employed in
studies that assess rapid changes due to
microevolution. However, only the full-length Ca3
probe can be employed in studies in which
moderately related isolates are to be analyzed (8).

The typeability, reproducibility and
discriminatory power have been developed and
suggested during in the evaluation of the efficiency of
various genomic fingerprinting methods (22, 23).
Typeability and reproducibility represent quantitative
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systems that are frequently expressed as percentage
measures. The typeability of a method corresponds
to the percentage of distinct strains obtained. The
percentage of strains that show the same results for
repeated assays corresponds to reproducibility, that
is, the ability of a method to produce the same result
when a particular strain is repeatedly tested.
Reproducibility is especially important for the
construction of a reliable database, which shows all
the known strains within a species, to which unknown
organisms can be compared for classification.
Therefore, the discriminatory power of a method
corresponds to its ability to clearly differentiate
unrelated strains, such as those that are geographically
distinct from one source of organisms, and
demonstrate at the same time the relationship of all
the organisms isolated from individuals infected
directly from the same source (22, 23).

There has been a strong interest in
acquiring a better understanding of the
pathogenesis, epidemiology, genetics and evolution
of infections caused by C. albicans. This has led to
the development of extensive research, employing
fingerprinting methods such as MLEE (multilocus
enzyme electrophoresis), EK (electrophoretic
karyotyping), RAPD (randomly amplified
polymorphic DNA), RFLP (restriction length
fragment polymorphism) without hybridization or
REA (restriction enzyme analysis) and RFLP with
hybridization, which will be examined.

Multilocus enzyme electrophoresis

The method of multilocus enzyme
electrophoresis (MLEE or MEE), also known as
isoenzyme typing, has been employed during
various decades as the standard method for the
genetic analysis of populations in eukaryotes (24-
29). Pioneer work in the 1980s, employing MLEE
for the genetic analysis of Escherichia coli and Shigella,
stirred enormous interest among medical
microbiologists (30, 31). Henceforth, numerous
studies were conducted producing immeasurable
findings toward the understanding of the natural
history of infectious diseases. MLEE has been
considered the gold standard in the study of the
population genetics of microorganisms (32). Its
analytical capacity allows the study of codominant
markers for each locus in diploid organisms, an
essential requirement for evolution biologists that

is not achieved by a few of the popular DNA
fingerprinting methods (8).

In the field of medical mycology, isoenzyme
typing has shown great potential in studies of
taxonomic, systematics, genetics, evolutive, and
epidemiologic characterization, especially for the
yeast C. albicans (33-56). An enzyme reaction can be
demonstrated by electrophoretic bands of enzymatic
activity in gels, indicating the existence of isoenzymes
or isozymes (57). Isoenzymes constitute multiple
molecular structures of the same enzyme with
individual affinity for the same substrate, catalyzing
the same cellular reaction (58). Its control occurs
genetically through one or several alleles or genes,
situated at one or several loci (59-61). Isoenzymes
controlled through alleles from a single locus are
known as alloenzymes or allozymes (62, 63). Its
electrophoretic migration is determined by its net
electrical charge based on amino acid sequence, and
consequently, mobile variants (electromorphs or
alloenzymes) can be directly compared with alleles
of the corresponding structural gene locus (31).

Isoenzyme analysis in the distinction of
fungal species depends on intrapopulational genetic
variation. Organisms with high genetic variability
can express highly variable phenotypes, and thereby
mask inter- or intraspecies differences. This is evident
mainly with different non-metabolic enzymes that
exhibit great structural variation by virtue of the
intensity of environmental selective pressure (64-
68). On the contrary, metabolic enzymes have a low
vulnerability to environmental selection, and are
usually employed as isoenzyme markers (69).

The patterns of isoenzyme electrophoretic
bands are frequently predictable, since they depend
on genetic and nuclear conditions of each organism.
Nevertheless, many mycologists limit
interpretations of electrophoretic results to simply
counting of the bands (51, 52, 54, 70, 71). The
genetic interpretation, when possible, furnishes
abundant additional information about the nuclear
condition, genetics and taxonomy of a group of
organisms (72-74). In this context, different criteria
of interpretation have been employed for haploid
or diploid organisms (31, 72, 75, 76). Based on
these criteria, allelic composition has been
determined based on a group comprised of ten to
thirty metabolic enzymes considered representative
of the whole genome of an organism, which support
the study of the population genetics in bacteria,
fungi and protozoa (8, 32).
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The genetic interpretation of results
obtained by MLEE has been applied for a variety of
purposes in the field of medical microbiology. In
terms of specific alleles, allelic proportions have
inferred the degree of genetic recombination in
natural populations. These proportions have also
been utilized in determining the degrees of genetic
isolation among natural populations, caused by
geographic and ecological regions or biological
barriers. Its use has shown taxonomic and systematic
implications, since for clonal microorganisms, the
degrees of inter- and intrapopulational relationships
have been studied. Species-specific clones identified
by MLEE were also associated with clinical patterns
and re-incidence, and high indices of pathogenicity.
Such results have been employed in epidemiologic
delineations permitting better understanding of the
development of epidemics, in which it represents
an immeasurable complement to current methods
of molecular typing, particularly in large-scale
epidemiologic studies. Additionally, MLEE has
been considered a typing method with high
discriminatory power and reproducibility (12, 38,
75-77).

Comparative studies among MLEE,
RAPD and Southern blot hybridization with Ca3
probe show strong concordance in results, with
groups of C. albicans isolates, oral and from other
anatomical sites, originating from three geographic
regions of the United States [HIV-positive patients
and cancer patients (El Paso, TX.), vaginitis (Ann
Arbor, MI; Iowa City, IA), sexual partners (Ann
Arbor, MI; Iowa City, IA) and healthy individuals
(Iowa City, IA)]. Three main groups containing
isolates of unrelated origin were generated by the
above methods, without any indication that some
loci analyzed by MLEE corresponded to
amplification sequences by RAPD or by the Ca3
probe. In addition, microevolutionary changes in
strains of related origin were revealed by Southern
blot hybridization with Ca3 probe (high resolving
power), MLEE (moderate resolving power) and
RAPD (moderate resolving power) (12). However,
MLEE can be considered an optimal genotypic
fingerprinting method for fungal infections, since
it provides information on all levels of resolution
(i, ii, iii and iv). Nevertheless, the one disadvantage
of this method is that it is time-consuming, in view
of the laborious intensive enzyme assays and the
careful attention required in the processing of the
data and the genetic interpretation (8).

Electrophoretic karyotyping

With the invention of pulsed-field gel
electrophoresis (PFGE) (78), and its respective
systems OFAGE (orthogonal-field-alternative gel
electrophoresis), FIGE (field-inversion gel
electrophoresis), CHEF (contour-clamped homo-
geneous electric field) or TAFE (transverse alternate
field electrophoresis), chromosomal fragments of
the genome of yeasts have been easily separated in
gels, thereby establishing electrophoretic karyotyping
(EK) (8). These innovations appear to be ideal to
study the epidemiology of fungi, since this technology
was found to be reliable. In general, cells immersed
in gelled agarose plugs must be mixed directly with
enzyme solution to remove the cell wall.  Protease
and detergent can also be added, following cell
incubation to remove membranes and proteins.
Shortly thereafter, the DNA-containing plugs are
placed inside wells on agarose gels, and electrophoresis
is carried out according to the specifications of the
particular system for chromosome separation. The
chomosomal fragments of yeasts are separated
according to size, which can be visualized after
staining with ethidium bromide. In addition, specific
chromosomes can be identified using Southern blot
hybridization with chromosome-specific DNA probes
(i.e., rDNA) (8).

The first applications of PFGE
demonstrated variations in karyotype patterns
among unrelated isolates of C. albicans (79-86),
and thereby provided a potential genotypic
fingerprinting method (8). Despite the karyotypic
variability among C. albicans strains, Thrash-
Bingham and Gorman employed Southern blot
hybridization with probes of cloned genes and
demonstrated that (i) genomic organization was
maintained and that (ii) translocation processes
contributed to such variability (87). Essentially
important was the finding reported by Sangeorzan
and coworkers, who demonstrated patterns of
electrophoretic karyotyping that were highly
reproducible between experiments, relatively
intensive in the preparation of methods within
the same laboratory, and not influenced by high-
frequency phenotypic switching in strains of C.
albicans (88). However, Holmberg and Feroze
demonstrated technical variability with the CHEF
system due to reagents, sample preparation and
conditions of electrophoretic runs (89).

Molecular fingerprinting methods for studies involving oral Candida albicans
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Due to the excellent discriminatory power
and reproducibility (90-94), electrophoretic
karyotyping has been employed extensively as a
molecular marker for C. albicans (95-112). This
method showed greater discriminatory power
compared to RFLP without hybridization, in assays
of independent isolates (90, 92, 94). Nevertheless,
its efficiency in grouping moderately related strains
has not been carefully evaluated. Other indications
suggest that electrophoretic karyotyping cannot
fulfill the requirements necessary for DNA
fingerprinting analysis in C. albicans, since these
yeasts can undergo chromosomal reorganizations
at high or low frequency that, consequently, induce
increased or reduced karyotypic alterations,
respectively (113). Cells of C. albicans 3153A
strains, which express varying phenotypes
(switching), undergo highly frequent alterations in
the size of two chromosomes that harbor rDNA
cistrons (113). The capacity of a cell to express
two frequencies of chromosomal reorganization
consequently leads to two frequencies of
karyotypic alterations as a result of reversible
differentiation, regardless of the use of
electrophoretic karyotyping as a genotypic
fingerprinting method effective for the study of
groups of moderately related isolates (8). In
addition to the studies on karyotypic alterations
with increased or reduced frequency in C. albicans,
karyotypic patterns in variant strains (switching)
have been demonstrated to diverge and on other
occasions converge (113-116). The convergence
of karyotypic patterns leads to homoplasy, which
is inconsistent with the aims of a genotypic
fingerprinting method. When divergence is
followed by convergence of a DNA fingerprinting
pattern, two similar or identical karyotypes can be
interpreted as the same strain, when in reality the
isolates being compared may be unrelated (8). The
high-frequency karyotypic alterations in C. albicans
can interfere with the capacity to discriminate
moderately related and unrelated strains. However,
electrophoretic karyotyping can be employed
effectively to determine microevolution within an
infectious strain (117). Nevertheless, demons-
trations of high-frequency reorganization and
homoplasy reduce the efficacy of karyotyping as a
general DNA fingerprinting method for C. albicans
(8). Other factors that have limited the use of
PFGE are the high cost and relatively long time to
carry out the assays, which consequently reduce

laboratory capacity in analyzing large numbers of
samples (7, 93). Moreover, a modified version of
electrophoretic karyotyping has furnished the
method with better efficacy, with the aim of
fulfilling the necessary requirements. The resolving
power of karyotyping has improved by digesting
the chromosomal DNA of Candida spp. with
restriction enzymes, such as SfiI, NotI and BssHII,
previously for assays using pulsed-field gel
electrophoresis (93, 106, 118-124).

Randomly Amplified Polymorphic DNA

Randomly amplified polymorphic DNA
(RAPD) was first described by Williams and
collaborators (1990) (125) and Welsh & McClelland
(1990) (126). Although a variety of strategies based
on the polymerase chain reaction (PCR) have been
developed (127), RAPD has emerged as the DNA
fingerprinting method most commonly used for
fungal infections (125-127). Employing randomly
primers, of approximately 10 bases (oligonucleotide),
amplicons throughout the genome are subject to
being recognized and amplified. The amplified
products are commonly separated in agarose gels
and stained with ethidium bromide (7, 8). In the
development of a RAPD system for a particular
species, a certain number of primers need to be
tested to select those oligonucleotides capable of
providing the most variability among independent
isolates. A single primer can generate a relatively
complex pattern that varies among isolates.
However, in many cases its use produces one to
three intense electrophoretic bands capable of
differentiating isolates. Therefore, the primers should
be selected and tested independently for each isolate
in question, and the information obtained must be
combined (8). This strategy has been the objective
of Pujol and coworkers, who tested forty randomly
primers (each a length of 10 bases) on a limited
number of test isolates of C. albicans. Eight of these
primers were selected based on providing maximum
variability. However, only patterns showing intense
and reproducible electrophoretic bands (one to six
bands for each primer) were employed in the studies
of grouping. In addition, these patterns
demonstrated parity with those obtained by MLEE
and Southern blot hybridization with Ca3 probe
(12).  These investigators also demonstrated that
RAPD, MLEE and Ca3 fingerprinting of C. albicans
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not only can group moderately related isolates, but
also furnish similar levels of resolution of micro-
evolution within a clonal population. Nevertheless,
these microevolutionary changes were independent,
and consequently the three methods do not identify
alterations in the same highly related isolates. More
accurately, these methods measure similar
frequencies of variants within the same strain (12).

RAPD has demonstrated great success in
studies of fungal infections, especially for C. albicans
(12, 45, 90, 97, 128-136). Despite that the technique
is rapid and simple and has a high discriminatory
power, various limitations of its procedures have
been pointed out. The lack of inter- and intra-
laboratory reproducibility, although not
insurmountable, has resulted in the generation of a
complex and difficult to interpret database (7, 8, 91,
93, 137). Variations in results due to artifacts can
also occur due to small differences in the
concentration of primers, in temperature of
amplification and in magnesium concentration of
the reaction mixture (138). Alterations of these
parameters can notably affect the presence of low
intensity bands, and the position and clarity of high
intensity bands (8). In addition, various investigators
have demonstrated significant variations in RAPD
methodology due to different sources of Taq
polymerase, which were capable of producing
pseudoclusters in grouping analyses (139-141).

Restriction Length Fragment Polymorphism,
without hybridization

One of the first genotypic fingerprinting
methods employed to study the relationship of
strains in fungal infections was restriction enzyme
analysis (REA), or the comparison of restriction
length fragment polymorphism (RFLP) without
the use of hybridization probes (8, 91, 93). This
methodology has been applied in a series of
epidemiologic studies of various fungal infections,
especially for C. albicans (77, 92, 94, 98, 112, 129,
142-148). This technique has been considered
safe and reliable. Generally, cell DNA has been
extracted from spheroplasts, digested with one or
more restriction enzymes (i.e., EcoRI and HinfI),
separated in agarose gels and visualized by staining
with ethidium bromide. The resolution of this
method depends on agarose concentration, time
of electrophoresis, voltage and the endonuclease

employed. Nevertheless, all the experimental
conditions must be determined empirically. The
patterns result from different lengths of DNA
fragments, which are determined by restriction
sites identified by specific endonucleases. The
variations among strains can occur based on
alterations or secondary modifications in restriction
site sequences, deletion of recognition sites or
deletion and insertion at DNA sequences located
between recognition sites (8, 91, 93).

In fungal infections, the enhanced
complexity of the eukaryotic genome increases the
number of bands obtained with conventional
endonucleases. This diminishes the resolution of
band patterns that represent unique sequences, since
the complexity of banding patterns generated by
RFLP often makes the interpretation of the
relationship of the strains difficult (8, 93). In a
manner similar to all eukaryotic genomes, fungal
genomes contain repetitive rDNA genes with
relatively homologous sequences and intergenic
regions. Eukaryotic ribosomal cistrons are normally
grouped in one or two chromosomes (8). The genome
of C. albicans contains approximately 50 to 130
rDNA cistrons per diploid genome (149). Fungi also
have many copies of the mitochondrial genome
(150). Sequences of rDNA (145) and mitochondrial
DNA (151, 152), the latter less extensively, represent
the majority of intense bands in RFLP patterns (8).
Various studies of C. albicans by RFLP have pointed
out the utility of this method in the identification of
identical strains from independent isolates, as well as
in the discrimination between unrelated isolates (142,
144-146, 153). RFLP without hybridization probe
has been considered a legitimate method to deal with
selective epidemiologic questions related to fungal
infections. However, this methodology has a
disadvantage in analyzing groups of isolates that are
moderately related. For this reason, RFLP has not
been well suited for large epidemiologic studies. In
addition, this method has not been critically validated
through comparison with other methods at different
levels of resolution (i, ii, iii and iv) (175).

Restriction length fragment polymorphism,
with hybridization

A general RFLP pattern of eukaryotic
cellular DNA is considered insufficiently resolved

Molecular fingerprinting methods for studies involving oral Candida albicans
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because all the restriction fragments are revealed
(8). Nevertheless, the RFLP methodology can be
enhanced by transferring the DNA fragments to
nitrocellulose or nylon membranes, which can be
hybridized with specific probes (9, 154, 155). This
procedure permits the selective visualization of a
limited number of fragments, and still furnishes a
high-resolution fingerprinting pattern (8). This
methodology, referred to as Southern blot
hybridization, is based on DNA probes comprised
of sequences (i.e., radiolabelled) capable of
recognizing one or more corresponding fragments,
present in RFLP gels (8, 91, 154, 155). The stringency
of this hybridization can be controlled by varying
the salt concentration and/or temperature (156).
Specific band patterns are seen when a particular
probe recognizes a single specific DNA sequence
(i.e., a single gene). The existence of a relatively
intact, single sequence within a restriction fragment
in the gel has been exclusively identified by
hybridization using a specific DNA probe. In haploid
organisms only one band appears in RFLP-Southern
blot hybridization patterns, while in diploid
organisms such as C. albicans, one or two bands are
present in these patterns. Nonetheless, the site
action of a particular endonuclease could be
contained within a single sequence of DNA
corresponding to the site of hybridization with a
specific probe, which consequently could result in
the appearance of more than two bands in RFLP-
Southern blot hybridization patterns (8).

Various fungus-specific and species-
specific probes have been developed based on
evolutionarily conserved areas of fungal genomes
and of particular fungal species, respectively (157-
159). Probes that hybridize with single sequences
or a single gene (single-gene probes) can
discriminate some fungal isolates based on allelic
polymorphism. These probes tend to generate
patterns with one or two bands, which consequently
do not provide the level of complexity of the data
necessary to determine genetic distance.
Nevertheless, several single-gene probes employed
in combination can furnish results similar to those
obtained with MLEE and generate data complex
enough to estimate genetic distance. Thereby,
probes that hybridize with repetitive sequences
dispersed throughout the genome have been targets
of numerous investigations, since these sequences
can vary among strains (8). rDNA probes employed
in Southern blot hybridization analysis using total

cellular DNA of C. albicans demonstrated a certain
resolution in unrelated strains, whose complexity
in hybridization patterns were compared with those
using single-gene probes (160, 161). Stein and
coworkers employed the rDNA probe and
demonstrated five different patterns in eighteen
isolates of C. albicans (162). Hybridization with
the rDNA probe of C. albicans digested with EcoRI
showed a pattern with a maximum of three bands,
which was relatively very common for apparently
unrelated strains, suggesting the existence of
homoplasy (162, 163). rDNA and rDNA spacer
regions were tested as DNA fingerprinting probes
in other fungal infections besides C. albicans;
however, in no case were patterns generated
complex enough to consider such probes in an
effective fingerprinting system (164-168).
Eukaryotic ribosomal cistrons constitute tandem
repetitive sequences arranged in groups and are
normally separated by spacer regions (169-172),
and when digested by endonucleases, they generate
fragments of relatively similar size, resulting in
simpler Southern blot hybridization patterns (i.e.,
patterns with few bands). Consequently, rDNA
probes have not been very effective for genotypic
fingerprinting systems in fungi (8).

Some investigators have demonstrated a
circular structure for the mitochondrial genome of
C. albicans, with a size of 41kb comprising extensive
repetitive sequences in fewer numbers of copies
than those of rDNA (152, 173, 174). Total cellular
DNA of C. albicans digested with EcoRI has revealed
Southern blot hybridization patterns with the
mitochondrial DNA probe that are apparently
more complex than those obtained with an rDNA
probe (8). Studies have demonstrated five distinct
bands, whose patterns varied among isolates of C.
albicans, suggesting that Southern blot hybridization
with the mitochondrial DNA probe is effective in
identifying identical strains among independent
isolates and in distinguishing unrelated strains
(151, 152). In the study of type I and type II of
Candida stellatoidea, a species phylogenetically
analogous to C. albicans, the hybridization patterns
of type I with the mitochondrial DNA probe were
identical, while those of type II varied (175). In
addition, the patterns of some isolates of type II C.
stellatoidea were indistinguishable from some
isolates of C. albicans. This demonstrates the lack
of species specificity or low resolving power of the
method, if C. stellatoidea is accepted as an
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independent species (175). In this study, it was
also postulated that type II C. stellatoidea represents
a subgroup of C. albicans (175), as suggested by
other studies (176, 177). Consequently, methods
with mitochondrial DNA and rDNA probes have
not been commonly employed in wide
epidemiologic studies of fungal infections, and
none of them have been validated for the different
levels of genetic resolution (8).

The DNA probes 27A (178) and Ca3 (16,
17), for specific hybridization with the C. albicans
genome, were cloned almost at the same time
during the late 1980s, and subsequently, a certain
analogy was demonstrated between the two probes
(19). These probes contain sequences of RPS
repetitive elements and non-RPS sequences of C.
albicans (20, 21), which consequently hybridize
with a large part of the same bands in Southern
blot hybridization assays (8). However, these two
probes are not identical. The 27A probe contain
sequences downstream from the RPS groups that
hybridize with single bands, while the Ca3 probe
contains sequences upstream from the RPS groups
that hybridize with single bands (19). For
comparison, the Ca3 probe shows greater
complexity than does 27A, and moreover, contains
an additional repetitive sequence called sequence
B. In general, its pattern also shows more
complexity and satisfies the four requirements
necessary for an effective DNA fingerprinting
method (8, 12). The Ca3 and 27A probes were also
employed in various epidemiologic studies of C.
albicans and the phylogenetically related species C.
dubliniensis (178-195).

The strategy and the methods employed
to clone and characterize the complex probes 27A
and Ca3 were relatively reliable. Thereby, a
Southern blot hybridization assay of DNA
fragments digested with endonuclease, using probes
capable of identifying repetitive sequences
dispersed throughout the genome, could determine
the variability among isolates by means of the
diversity of spread out loci. Nevertheless, such
probes could hybridize with (i) additional less
variable sequences, including sequences that vary
as a result of allelic polymorphisms, and (ii) some
hypervariable sequences, revealing micro-
evolutionary changes within a strain. All this
information has been provided by a single Southern
blot hybridization pattern, which represents the
virtue of these complex probes. A complex probe

must generate a sufficiently complex pattern in
order to provide correct and sensitive measurements
capable of reflecting the relationship of the isolates.
The main part of the pattern produced should be
relatively stable over time for any particular strain.
In addition, the probe could contain one or more
sequences that hybridize with monomorphic
fragments (i.e., fragments that exhibit the same
size among all or most of strains within a species).
These monomorphic bands could facilitate
normalization in a universal pattern, whose
objective would be the computational storage of
data (i.e., a computer-aided construction of a
database) for subsequent comparative and
retrospective studies (8).

Sherer and Stevens demonstrated that the
probe 27A of 6.7kb, cloned from a clinical strain of
C. albicans 616, shows a repetitive sequence
dispersed throughout the genome. They examined
two clones by Southern blot hybridization using
probe 27A, of fragments after digestion with Sau3A
and demonstrated that there is a common sequence
between the two clones and 27A (17), which was
subsequently identified as a RPS repetitive element
by Iwaguchi and collaborators (21). From an
epidemiologic and taxonomic point of view,
Southern blot hybridization patterns with the probe
27A, of atypical isolates of C. albicans derived from
HIV-positive patients, demonstrated genetic
characteristics identical to those of C. dubliniensis,
suggesting also a widespread geographic distribution
for this species(196). In addition, Southern blot
hybridization with probe 27A also shows greater
discriminatory power in clinical strains of C. albicans
when compared to results from EK, REA with NotI
and PCR fingerprinting (197). The probe Ca3 of 11
kb (198), primarily referred to as JH3 in assays of
phenotypic switching among isolates de C. albicans
causing vaginitis (17), was cloned from the
laboratory strain 3153A and found to be dispersed
among seven of the eight chromosomes of C. albicans
(16). Anderson and collaborators digested the probe
Ca3 with EcoRI and obtained seven fragments,
which were classified in decreasing order of size as
A, B, C, D1, D2, E and F (199). Later, these
fragments were mapped in the 5’ to 3’ direction
(19). When DNA of the C. albicans 3153A strain
was digested with EcoRI and analyzed by fragments
A (~4.2 kb), B (~3 kb) and C (~2.9 kb) of probe
Ca3, three distinct patterns were obtained.
Nevertheless, the combination of these patterns
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resulted in the identification of all the principal
bands obtained in the hybridization patterns with
intact probe Ca3 (199). Fragment A produced three
distinct patterns (~5.8 kb; ~4.5 kb; ~5.8 and 4.5
kb) when analyzed by Southern blot hybridization
of DNA of clinical isolates of C. albicans that was
digested with EcoRI. In this case, fragment A
identified only one gene, whose patterns represented
allelic variations on only one gene locus. Fragment
B generated a pattern that included more than the
half of the bands obtained in hybridization patterns
with intact probe Ca3. The majority of B pattern
was polymorphic and representative of many
moderately variable bands, which are necessary for
grouping studies (8), or were even used in
demonstrating parity among MLEE, RAPD and
Ca3 fingerprinting (12). Finally, fragment C generated
patterns that included bands of highly variable
molecular weight, which have demonstrated
immense value in microevolutionary studies of
infectious strains (19, 117, 183, 189, 191).

In the determination genomic distribution
of the sequences that hybridize with the three
main fragments of probe Ca3 (A, B and C), Southern
blot  hybridization assays of C. albicans
chromosomes, separated electrophoretically, were
investigated (199). Seven distinct chromosomal
bands of the C. albicans strain 3153A were obtained
by transverse alternating-field electrophoresis
(TAFE) and numbered in decreasing order of size.
Since C. albicans has eight chromosomes (200), the
overlapping of bands possibly occurred at least in
one position (199). Intact probe Ca3 showed strong
hybridization with bands 1, 3, 5, 6 and 7.
Subfragment B showed strong hybridization with
bands 5 and 7, and weak hybridization with band
6. Subfragment C showed strong hybridization
with bands 1, 3 and 6, and weak hybridization with
bands 5 and 7. These results demonstrated that
subfragments B and C have sequences dispersed
in more than one chromosome, in which
subfragment C, containing the RPS sequences,
was more disseminated than subfragment B (199).

Southern blot hybridization with probe
Ca3 (16, 17, 199) has been employed in various
epidemiologic and microevolutionary studies of
clinical isolates of C. albicans (201-205). The probe
Ca3 utilized in assays of DNA digested with EcoRI
has identified more than 20 bands, which included
monomorphic patterns, both moderately variable
and hypervariable (188). All these patterns were

employed to determine the relationship of clinical
isolates, while hypervariable patterns were utilized
to monitor microevolution in infectious and
commensal strains of C. albicans (72, 117, 183,
191, 192). Analyses with RAPD, MLEE and
Southern blot hybridization using probe Ca3
showed strong agreement in results, in grouping
studies of C. albicans isolates of oral or other
anatomical sites, derived from three geographic
regions of the United States (HIV-positive and
cancer patients, vaginitis sexual partners and
healthy individuals). Three main groups,
containing isolates of unrelated origin, were
constructed by the above methods without any
indication of some locus analyzed by MLEE
corresponding to amplification sequences
identified by RAPD or probing with Ca3. In
addition, microevolutionary changes within a strain
(related origin) were revealed by Southern blot
hybridization with Ca3 probe, MLEE and RAPD
(12). These microevolutionary changes can also
involve reorganizations of the insertion type or
intrachromosomal deletion of the RPS elements
dispersed specifically throughout all the genome
of C. albicans (19). Isolates of C. albicans from
various anatomical sites originating from healthy
women were compared by Southern blot
hybridization the Ca3 probe.  Of eleven women
who harbored commensal C. albicans in both oral
and vaginal cavities, four had highly similar strains,
but not identical, in alternative sites. This finding
suggests the occurrence of microevolution among
those strains that are highly similar, from one
progenitor that adapted in two different niches of
the body. In addition, such divergent populations
could be distinguished genetically (192).

Schroeppel and coworkers employed the
same technique to assess the genetic relationship of
C. albicans strains isolated from patients (strains
maintained and substituted) and their sexual
partners. In the patient in whom infectious strains
were maintained, there were minimal genetic
changes in successive episodes of vaginal
candidiasis. In the patient in whom infectious strains
were substituted by others, a transition infection
developed an infectious population that was
genetically mixed, and the substitution of strains
apparently were derived from the oral cavity of
sexual partners. These results demonstrated that
the strains of recurrent infections of vaginal
candidiasis are genetically unstable, and that
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treatment with antifungals can result in the selection
of previously infectious variants, or substitution by
strains genetically unrelated (191).

The physical relationships among the Ca3
probe (16), the large genomic EcoRI fragments that
hybridize with the C fragment of Ca3 (19, 199), the
27A probe (17), the HOK fragment (206), and
RPS elements (20, 21) were determined (206, 207).
The Ca3, 27A and HOK probes showed sequences
of RPS elements and the upstream end of C2 of the
RPS group. Therefore, all these three probes identify
a group of common bands in a Southern blot of
genomic DNA digested with EcoRI. Thus, the RPS
elements used exclusively as a DNA fingerprinting
probe tend to generate patterns similar to those
obtained with the C fragment of the Ca3 probe (19,
21). Although the C pattern shows substantial
utility in microevolution studies, based on the
hypervariability in the length of their RPS sequences
localized in tandem at particular locations of the
genome (19), their use as an effective method of
DNA fingerprinting provides for an equivocal
interpretation of isolates that are not highly related
(19).  The problem in the utilization of a probe that
contains repetitive elements dispersed in the
genome was demonstrated in C. albicans. Lasker
and collaborators cloned the species-specific
repetitive element CARE-2 (1.06 kb) from the
genome of C. albicans. The Southern blot
hybridization patterns demonstrated different
numbers of CARE-2 copies on different
chromosomes of C. albicans (208). Complex
patterns were also produced by Southern blot
hybridization with the CARE-2 probe, in DNA
digested with EcoRI for various clinical isolates of
C. albicans, which showed approximately the same
number of bands in patterns obtained by Southern
blot hybridization with the Ca3 probe. However,
in contrast to Ca3, each CARE-2 band pattern was
variable (12). The CARE-2 probe distinguished
unrelated isolates and identified the same strain
independent isolates. However, while MLEE,
RAPD and Ca3 fingerprinting demonstrated parity
in grouping clinical isolates within the three highly
similar groups, two of the three groups fragmented
forming groups of minor and unrelated isolates in
the CARE-2 dendrogram (12). In this manner, the
patterns of the CARE-2 probe identified only
hypervariable fragments that, consequently,
become less effective in grouping moderately
related isolates (8).

The results obtained with the CARE-2
probe (12) pointed to an erroneous concept in relation
to the use of a DNA fingerprinting probe. There is a
certain tendency to reduce a complex DNA
fingerprinting probe to a simple repetition element.
Such is the case in reducing the Ca3 probe to a RPS
element, whose basis is supported by the mistaken
notion that most variable pattern corresponds to the
better DNA fingerprinting methods for strains. On
the other hand, Ca3 band patterns, analyzed
individually by their subfragments with regard to
variability, revealed subgroups with hypervariability,
moderate variability, low variability and no variability.
In this manner, this information tends to strengthen
the value of a probe in regard to the various levels of
resolution proposed for an effective DNA
fingerprinting method (8). In addition, the reduction
of the Ca3 probe to an RPS results in a convenient
probe for microevolution studies of strains (i.e.,
analysis of hypervariability) (19).

CONCLUSION

The evolution in molecular biology has
dramatically augmented the capacity of investigators
to study innumerable fungal infections; especially
those caused by the opportunistic pathogen C.
albicans and other Candida species. Multiple molecular
systems are available for scientific studies into the
epidemiology, evolution, taxonomy and systematics
of infectious fungi. Nonetheless, the use of an
adequately standardized system, encompassing
various genotypic fingerprinting methods associated
with a universal database program, has been the
worry of many molecular mycologists. To determine
the levels of resolution furnished by a genotypic
fingerprinting method, a validation strategy has
been delineated which compares two or more
unrelated methods. For C. albicans, this strategy has
validated the use of MLEE, RAPD and Ca3, since
these methods were capable of achieving all levels
of resolution. Within the context of epidemiology,
all isolates have a history, both for the host and the
pathogen, which could be further explored. Each
strain submitted to analysis by the different genotypic
fingerprinting methods could be registered in
database programs and subjected to comparison
with host parameters (i.e., age, sex, weight, medical
characteristics, predisposing conditions, prosthetic
devices, geographic location, socio-economic
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factors, association with other individuals, etc.)
and the characteristics of the pathogen (i.e.,
carbohydrate assimilation profiles, antigenicity,
secretion of proteases, patterns of drug sensitivity,
formation of hyphae, phenotypic switching, etc.).
These procedures would permit current and
retrospective comparison of a selection of clinical
and epidemiologically important strains, which could
show one or several characteristics of the host or
pathogen.  In addition, all of this growing amount of
information could contribute still more to the
understanding of the dynamics of infectious
organisms in human populations, the complex
relationship between commensalism and infection,
and genetic and evolutionary mechanisms. It could
even help to identify the origin of an infection and
to monitor the emergence of strains resistant to
unsuitable environmental factors.
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