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Four molecular approaches to determining the types of Candida albicans strains were compared. The strains
used were those whose repeated DNA (ribosomal and mitochondrial) EcoRI restriction fragment length
polymorphisms (RFLP) were determined by Stevens et al. (D. A. Stevens, F. C. Odds, and S. Scherer, Rev.
Infect. Dis. 12:258-266, 1990). Scherer and Stevens (S. Scherer and D. A. Stevens, Proc. Natl. Acad. Sci. USA
85:1452-1456, 1988) used the same strains to examine the Southern blots of genomic EcoRI digests probed with
the repeated sequence 27A. The results of these investigators were compared with determinations of RFLPs
generated from repeated DNA by the enzyme Hinft and examination of the karyotypes of strains under two sets
of conditions, one for the smaller chromosomes and one for the larger ones. Analysis ofRFLPs of repeated DNA
is most convenient but shows the lowest degree of resolution. Use of the repeated sequence and use of karyotype
have very high resolution, but the former method is more convenient than the latter. Hinfl digestion is more
sensitive than EcoRI digestion but equally convenient. By using all four methods, separate types were identified
for 18 of the 20 strains examined.

Candida albicans is a major fungal pathogen of immuno-
suppressed patients. Several studies of the epidemiology of
Candida infections have been carried out (3, 6, 9-13), but
definitive relationships between type and such properties as
pathogenicity, commensality, and infectivity or between
relapse and reinfection have not been established. In part,
this lack is due to the difficulty of defining types specifically
and reproducibly. As a result, biotyping of Candida species
has been the subject of several recent reports (1, 2, 5, 8,
13-15).
These recent reports and the earlier literature have been

reviewed by Merz (6), who compared the advantages and
disadvantages of the various methods. He suggested that
DNA typing, especially by determining restriction fragment
length polymorphisms (RFLPs) and by electrophoretic
karyotyping, is one of the methods with the greatest poten-
tial for discrimination.
These two methods theoretically seem very satisfactory in

determining strain identity or difference, since they directly
measure genotypic differences rather than phenotypic ones,
and the definition of two identical organisms is that their
genomes have the same DNA sequence. One of the simplest
of the genomic approaches makes use of the highly repeated
DNA sequences, including those of ribosomal DNA (rDNA)
and mitochondrial DNA. Digestion with a single restriction
enzyme like EcoRI yields several fragments which are
present in concentrations high enough to reveal the frag-
ments as distinct bands on a stained electrophoretic gel (4,
9). These bands are derived from the mitochondrial DNA
and rDNA, and they vary enough in size to permit the
assignment of various strains to biotyping groups (9). Other
restriction enzymes, most notably Hinfl, which produces a
characteristic fragment from the variable spacer region in the
rDNA (4), have been proposed to replace EcoRI.

Analysis of RFLPs derived from the repeated DNA has
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the advantage of being easy and rapid, but the number of
possible types distinguishable appears to be limited. Further-
more, some patterns are very common, and quite different
strains may appear identical by this critenon. The two
methods which seem to have the greatest potential resolving
power are determining RFLPs by using a moderately re-
peated DNA sequence as a probe (10, 13) and examining the
electrophoretic karyotype (1, 5, 6, 11, 15). One report has
used both RFLPs of the repeated DNA and the karyotype
and has argued that analysis of the karyotype is much more
sensitive (14). In both cases, changes seem to occur in a
stochastic manner with a relatively low frequency per cell
division. Therefore, these properties are likely to remain
stable over the length of time that one would want to study
a particular strain, and they make the typing method repro-
ducible. However, the properties vary often enough so that
they have great resolving power in distinguishing among
different strains. Of course, given the apparent lack of
genetic exchange in C. albicans, divergence is irreversible,
so any changes that occur are immediately fixed. This means
that strains varying by only a single difference in either the
restriction pattern or the karyotype are probably related.

In C. albicans, seven of the chromosomes are numbered 1
to 7 in order of decreasing size (1 is the largest). The
rDNA-bearing chromosome is always one of the three slow-
est migrating chromosomes in a pulsed-field gel electropho-
resis separation. However, its migration rate varies with
respect to the other two large chromosomes. Hence, it is
called R, rather than being given a number.
One highly variable aspect of the electrophoretic karyo-

type is the size of the two homologs of chromosome R.
Apparently because of unequal crossing over, the migration
rates of these homologs change with a very high frequency
(16). One should therefore be cautious in using differences in
the migration rate of these homologs to separate strains into
different types.
Merz suggests that it would be useful to compare results of

various typing methods on a large set of strains (6).
In order to compare the relative usefulness of typing by

electrophoretic karyotype with typing by RFLPs (ranging
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from 5 to 10 to 50 to 100 repeats per genome), we investi-
gated a set of strains originally typed by Scherer et al. (10,
14). These were isolated during a hospital outbreak of
candidosis, and their relatedness was determined both by the
RFLPs of cellular DNA visible by ethidium bromide staining
after digestion with the restriction enzyme EcoRI and by
RFLPs revealed by probing the same digestions with the
repeated element 27A. In this paper, we compare the types
generated by analysis of karyotypes of the strains with the
published results from the other two methods (9, 13). We
also examine the usefulness of the Hinfl RFLPs in biotyping.

MATERIALS AND METHODS

Strains and culture conditions. The strains used for elec-
trophoretic analysis were those described by Scherer and
Stevens (10) and further examined by Stevens et al. (14). The
cells were grown on YEPD medium (4) at 30°C.
DNA preparation and restriction enzyme digestion. The

DNA was prepared according to the method of Scherer and
Stevens (9), and digestion and Southern transfer were car-
ried out as described by Magee et al. (4). Restriction
enzymes were used according to the instructions of the
suppliers. EcoRI and Hinfl were purchased from Gibco/
BRL.

Determination of electrophoretic karyotype. For determi-
nation of the electrophoretic karyotype, cells were prepared
as described elsewhere (7). Electrophoresis was carried out
on a Bio-Rad CHEF-DRII. Conditions were varied accord-
ing to the region of the gel where maximum resolution was
desired. To separate the larger chromosomes (R to 3), 0.4%
agarose was used, and the pulse regimen was as follows: 120
to 300 s for 30 h, 420 to 900 s for 66 h, and 900 to 1,200 s for
24 h, all at 65 V. To separate chromosomes 4 to 7 and smaller
chromosomes 0.8% agarose was used, the voltage was 150
V, and the pulses were 120 s for 24 h followed by 240 s for 36
h. All runs were at 12°C in 0.45 M Tris-0.45 M boric
acid-0.001 M EDTA buffer.

RESULTS

Comparison of three methods of biotyping. In 1990,
Stevens et al. used 20 strains of C. albicans isolated from
patients with Candida infections in the same hospital to
demonstrate the use of EcoRI RFLPs in biotyping. Six
identifiable groups were found among these strains (14). In
an earlier publication, Scherer and Stevens had analyzed the
same group of strains by using the middle repeated element
27A (10). Although they did not divide these strains into
groups, inspection of their data yields 10 types based solely
on identical band position. Table 1 summarizes the data on
these strains from these two papers.

Figure 1 shows the electrophoretic karyotypes of these
strains under conditions designed to separate chromosomes
R, 1, 2, and 3. Comparing the karyotypes shows several
points immediately. In this figure, one can see that there are
three bright bands in the upper part of the gel which do not
vary significantly among the isolates. These are (from the
top) chromosomes 1, 2, and 3. In contrast to the stability of
these bands, there are numerous examples of lighter-staining
bands between chromosomes 1 and 2 (e.g., strain 1 of Fig.
1A and strain 12, strain 14, and strain 15 in Fig. 1B). Some of
these bands are the separated homologs of chromosome R,
the rDNA-containing linkage group. Others are separated
homologs of chromosome 1 or 2. Some strains (e.g., strain
11, Fig. 1B) have several new, large chromosomes between

TABLE 1. Results of three methods of biotyping
C. albicans strains

RFLP analysis Electrophoretic typeof type _______________________type _
Strain

EcoRIa 27W' Small Large Allchromosomes chromosomes chromosomes

1 IB3 1 el El Cl
2 IB3 2 e2 E2 C2
3 IA2 3 e2 E2 C2
4 LA2 4 e2 E2 C2
5 LA2 3 e2 E2 C2
6 IA8 2 e3 E2 C3
7 IA8 5 e4 E2 C4
8 lAll 6 e5 E2 C5
9 IA8 7 e4 E2 C4
10 1A8 8 e6 E3 C6
11 IA12 9 e7 E4 C7
12 IAll 6 e5 E2 CS
13 IAll 6 e8 E2 C8
14 IB3 10 e9 ES C9
15 IA12 11 e2 E2 Clo
16 1A8 8 e6 E2 Cll
17 IB4 12 e2 E2 C2
18 IA12 11 e2 E2 C2
19 IA12 11 e2 E2 C2
20 IAll 10 e5 E2 C5
a From Fig. 2 in reference 14. Strains are numbered according to Scherer

and Stevens (9) in order opposite to that in reference 14.
b Arbitrary type assignment based on the data in Fig. 5 of reference 9.

chromosomes 1 and 2. Chromosome R varies in size at a
rapid rate; it is therefore somewhat unsatisfactory as a basis
for biotyping. Separated homologs of the other chromo-
somes, on the other hand, are a more stable basis for strain
differentiation. We can determine which of the light bands
between chromosomes 1 and 2 are chromosome R homologs
by blotting the gels and probing them with labeled rDNA.
Figure 2 shows the results of such a blot for a separation of
the chromosomes of strains 1 and 2 similar to that shown in
Fig. 1A. The arrowheads indicate the positions of chromo-
somes 1 and 2 on this gel. Comparing the blot with Fig. 1A,
one can see that for strain 1, one of the chromosome R
homologs migrates at the same rate as chromosome 1, and
the other is the slower, lighter band between chromosomes 1
and 2. For strain 2, on the other hand, both homologs of
chromosome R migrate at the same rate, i.e., between
chromosomes 1 and 2 under these conditions. Similar exper-
iments (data not shown) suggest that the light bands in the
chromosome 1-2 regions in strains 11, 16, 18, and 20 are
variations in homologs of chromosomes other than chromo-
some R.
Using only the appearance of new bands which are not

homologs of chromosome R, we can divide these strains into
four types. Type El contains strain 1; type E2 contains
strains 2 to 9, 12, 13, and 16 to 20; type E3 contains strain 10;
type E4 contains strain 11; and type E5 is represented by
strain 14.

Figure 3 shows electrophoretic karyotypes of the same
strains run under conditions designed to separate the smaller
chromosomes, 4 to 7. In this separation, variations in the
number of bands appear in lanes 1, 10, 11, and 16 in Fig. 3A.
Variations in migration rate appear in many of the remaining
strains. Types el (strain 1), e2 (strains 2, 3, 4, 5, 15, 17, 18,
and 19), e3 (strain 6), e4 (strains 7 and 9), eS (strains 8, 12,
and 20), e6 (strains 10 and 16), e7 (strain 11), e8 (strain 13),

VOL. 30, 1992



2676 MAGEE ET AL.

B7 9 10 11 12 14 16 17
-----------1-1

C 18 20 4 4 14 19 13 15
_____

_1R , 5 - !
l-11 13El l | *Z s
1_ il11

FIG. 1. Electrophoretic separation of chromosomes R, 1, 2, and 3. Samples were run as described in Materials and Methods for the large
chromosomes. Numbers above the lanes indicate strains. Numbers on the side mark the regions of migration of the corresponding
chromosomes. Chromosome R is not indicated because its migration rate varies highly from strain to strain, ranging from slower than
chromosome 1 to as fast as chromosome 2.

and e9 (strain 14) can be identified. Many of these distinc-
tions are subtle and depend on more than one gel to
ascertain. Table 1 summarizes the typing data for the 20
strains examined here. The RFLPs with highly repeated
DNA yield 6 types, the 27A RFLPs yield 10 types, and the
electrophoretic karyotypes yield 9 types when the smaller
chromosomes are examined and 5 types when the larger
chromosomes are analyzed. Using the karyotyping data as a
whole, 10 types can be distinguished (Table 1). By utilizing
the data from all three analyses, 16 types can be distin-
guished for the 20 strains. Thus, the resolving powers of all
three techniques come close to allowing the unequivocal
identification of single strains, even closely related ones.

1
2

FIG. 2. rDNA hybridization of electrophoretic karyotypes of
strains 1 and 2. The chromosomes were separated as in Fig. 1,
transferred to Zetaprobe (Bio-Rad), and hybridized to an rDNA
probe. Arrowheads indicate the positions of chromosomes 1 and 2
on the original separation.

Use of Hinfl restriction enzyme polymorphisms. We
pointed out in an earlier paper that digestion of genomic
DNA with Hinfl yields a single band from the highly
repeated rDNA repeat and that since this enzyme seems to
cut in the nonconserved spacer region, the sizes of the
fragments generated are highly variable (4). It seemed useful
to test this molecular-typing approach on the strains in the
present study. We therefore carried out a HinfIl digestion as
described previously (4) and measured the separated bands.
Figure 4 shows the stained gel, and Table 2 gives the sizes in
base pairs of the major Hinfl bands. It is evident that this
method, too, has excellent resolving power, yielding 9 types
based on size of the major band among the 20 strains. Note
that strain 1 has two prominent Hinfl bands. We attribute
this to heterozygosity at the rDNA locus. The lighter bands
provide yet another strain signature for typing. We do not
know the source of these bands, but they appear reproduc-
ibly and must stem from some other repeated DNA, possibly
mitochondrial. (Their relative brightness makes it clear that
they are not derived from rDNA.) Using them allows one to
generate 13 types by Hinfl digestion alone (Table 2). While
the correlation of Hinfl polymorphisms with the EcoRI
RFLP type is high (but not perfect), the correlation with
other biotyping methods is rather low. For example, strains
8 and 12, 10 and 13, and 14 and 20, pairs indistinguishable on
the basis of the RFLPs demonstrated by the 27A probe, have
different-sized major Hinfl bands. The overall Hinfl types
provide even more resolution. Combining the data in Tables
1 and 2, it can be shown that by the use of all the methods
described in this paper, the 20 strains can be resolved into 18
types.

DISCUSSION

Methods of typing C albicans isolated from infected
patients are of use in answering such questions as whether a
new episode of the disease is caused by reinfection or
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FIG. 3. Electrophoretic separation of chromosomes 4 through 7. The samples were run as described in Materials and Methods for these
chromosomes. Numbers above the lanes indicate strains.

relapse, whether commensally carried strains are the source
of infection, and whether there are particular strains adapted
to particular body niches (e.g., the rectum compared with
the vagina). Classic approaches to determining types, such
as growth on a particular substrate or reactions to a partic-
ular antibiotic, are subject to the limitation that a specific
phenotypic characteristic may be the result of one or several
genotypes, and thus, strains that appear identical may in fact
be different. Use of molecular approaches gets around this

problem, since such approaches directly test genotypic
character. No one approach (other than completely sequenc-
ing the genomes of two isolates) can ensure identity, but a
combination of several such approaches can give a very high
probability of detecting differences if any exist.

In these present studies, we utilized the information from
two kinds of molecular studies previously described for
these strains: the RFLPs generated from repeated DNA by
digestion with EcoRI (14) and the RFLPs generated by the

III I IIIIIIIIIg1; 111111R
FIG. 4. Hinfl restriction fragments. DNA was isolated and digested as described in Materials and Methods. Digests were run on 0.7%

agarose at 90 V and then stained with ethidium bromide. Numbers above the lanes refer to strains.
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TABLE 2. Classification of strains according to Hinfl RFLPS

Major band
* ~~~~~~~~~~~~~~~HinflStrain Size typ

(kbp) Typea tpe

1 8.8, 6.3 hl Hi
2 7.0 h2 H2
3 5.7 h3 H3
4 5.7 h3 H4
5 5.7 h3 H5
6 7.0 h2 H2
7 7.0 h2 H7
8 6.0 h4 H8
9 7.0 h2 H2
10 7.0 h2 H7
11 4.4 h6 H9
12 4.7 h6 H9
13 4.7 h6 H9
14 5.1 h7 H10
15 4.7 h6 Hll
16 5.3 h8 H12
17 6.0 h4 H13
18 4.7 h6 Hll
19 4.7 h6 Hll
20 4.7 h6 H9

a The major-band type is based on the size(s) of the brightest one or two
bands on the gel.

b The Hinfl type takes into account the less brightly staining bands.

same enzyme from the chromosomal repeated element 27A
(10). We compared the types generated from 20 strains by
these methods with those generated by examination of the
electrophoretic karyotype and by the RFLPs obtained from
the rDNA by Hinfl digestion. With the application of each
method, the subdivision into types increased. That is to say,
only three of the strains were indistinguishable by any of the
four analyses. This is perhaps not surprising, since the lack
of genetic exchange in C. albicans means that each daughter
cell is permanently isolated from all others, so that genomic
changes are fixed. It may be that relatedness is proportional
to the number of differences between strains, but that
possibility remains to be tested. Such an interpretation
would suggest that strains 15, 18, and 19 are most closely
related, since they differ in none of the parameters tested.
Pair 3 and 5 and pair 8 and 12 differ only in their Hinfl
patterns, while 8, 12, and 13 differ only in karyotype.

It is interesting that the Hinfl RFLPs resolve more strains
than do the EcoRI patterns, although only one or two
sequences are involved. This is most likely due to the fact
that the major Hinfl piece comes from the nontranscribed
spacer in rDNA (4) and thus is subject to minimal constraints
on its genetic drift. Hinfl digestion seems to be preferable to
EcoRI treatment as a method for looking at stained gels,
since the enzyme generates only one or two major bands and
one or two lighter ones, well separated from the rest of the
digestion products, and the method shows great resolving
power.
Vasquez et al. (15) have suggested that karyotyping is

preferable to RFLP analysis as a method of biotyping
strains. They argue that karyotyping is more sensitive, more
reproducible, and simpler to perform and interpret, than
RFLP analysis, since the number of bands of the karyotype
is much smaller than the number of bands of the enzyme
digestion. One disadvantage of karyotyping which they do
not mention is the time required; their procedure takes 54 h,
while ours, which resolves the larger chromosomes more

effectively, takes 5 days (120 h). RFLP analysis, on the other
hand, take less than a day from colony to result. Further-
more, the number of samples that can be put on a simple
electrophoresis gel (>40) is much larger than can effectively
be run on a contour-clamped homogeneous electric-field
instrument. The use of Hinfl as the enzyme for digestion
greatly simplifies interpretation, so this approach seems to
be the method of choice for stained RFLPs.
The use of a middle repetitive sequence like 27A to

analyze RFLPs is a very sensitive method. Since EcoRI is
the enzyme of choice for 27A, if this pattern is to be
analyzed, the gel may as well be stained before being blotted
in order to take maximum advantage of the information
available from analysis of the RFLPs from the highly re-
peated DNA. In the case of the 20 strains analyzed in this
paper, use of such information generates 13 types. Adding
the information from contour-clamped homogeneous elec-
tric-field karyotyping generates 16 types; including Hinfl
digestion results gives 18 types. If only RFLPs (EcoRI
stained with 27A as a probe and Hinfl stained) are used, 17
types are generated. Thus, the karyotyping data do resolve
some otherwise identical strains.
Molecular approaches to biotyping thus promise eventu-

ally to allow every isolate to be distinguished from every
other isolate. At that point, the relatedness of the various
strains, that is, whether one isolate was recently derived
from another, must be decided. Such information will de-
pend on determining the rate at which the parameters we
measured (restriction sites, chromosome length, and chro-
mosomal configuration of 27A sequences) change as a func-
tion of cell growth. This is an area for which little or no
information is available.
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