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Two rapid spectroscopic approaches for whole-organism fingerprinting of pyrolysis-mass spectrometry
(PyMS) and Fourier transform-infrared spectroscopy (FT-IR) were used to analyze a group of 29 clinical and
reference Candida isolates. These strains had been identified by conventional means as belonging to one of the
three species Candida albicans, C. dubliniensis (previously reported as atypical C. albicans), and C. stellatoidea
(which is also closely related to C. albicans). To observe the relationships of the 29 isolates as judged by PyMS
and FT-IR, the spectral data were clustered by discriminant analysis. On visual inspection of the cluster
analyses from both methods, three distinct clusters, which were discrete for each of the Candida species, could
be seen. Moreover, these phenetic classifications were found to be very similar to those obtained by genotypic
studies which examined the HinfI restriction enzyme digestion patterns of genomic DNA and by use of the 27A
C. albicans-specific probe. Both spectroscopic techniques are rapid (typically, 2 min for PyMS and 10 s for
FT-IR) and were shown to be capable of successfully discriminating between closely related isolates of C.
albicans, C. dubliniensis, and C. stellatoidea. We believe that these whole-organism fingerprinting methods could
provide opportunities for automation in clinical microbial laboratories, improving turnaround times and the
use of resources.

The differentiation of Candida species has classically been
performed on the basis of biochemical reactions and morpho-
logical features. However, phenotypic variations within some
species such as Candida albicans (1, 6, 26) has led to much
confusion in the classification of this species. The high degree
of relatedness between C. albicans and C. stellatoidea illus-
trates this, and several workers have suggested that C. stella-
toidea is synonymous with or a variant of C. albicans (3, 34).
Typing systems based on DNA analysis have been introduced
(38, 42), but these approaches are slow and labor-intensive and
require considerable technical expertise.

In immunocompromised patients the clinical appearance of
the C. albicans infection is often very complex and identifica-
tion of the organism is difficult. However, speedy diagnosis and
management of candidosis is crucial for these patients. The
ideal method for the rapid and accurate identification of mi-
croorganisms, particularly in the clinical laboratory, would
have minimum sample preparation, would analyze samples
directly, and would be rapid, automated, accurate, and inex-
pensive (at least relatively inexpensive) (10). With recent de-
velopments in analytical instrumentation, these requirements
are being fulfilled by physicochemical spectroscopic methods,
often referred to as “whole-organism fingerprinting.” The most
common such methods are pyrolysis-mass spectrometry
(PyMR) (8), Fourier transform-infrared (IR) spectroscopy
(FT-IR) (13, 18), and UV resonance Raman spectroscopy (33).

PyMS involves the thermal degradation of complex material
(such as bacteria or fungi) in a vacuum by Curie-point pyrol-

ysis; this causes molecules to cleave at their weakest points to
produce smaller, volatile fragments called pyrolysate (20). A
mass spectrometer can then be used to separate the compo-
nents of the pyrolysate on the basis of their mass-to-charge
(m/z) ratios to produce a pyrolysis mass spectrum, which can
then be used as a chemical fingerprint of the complex material
analyzed (28). PyMS is well established within microbiology for
the characterization of bacterial systems. In particular, the
technique has been successful for the interstrain comparison of
a variety of medically important organisms (see references 10,
16, and 24 for reviews).

In contrast to measuring the bond strengths of molecules,
FT-IR spectroscopy measures vibrations of functional groups
and highly polar bonds such as O-H stretches. Thus, these
“fingerprints” are made up of the vibrational features of all the
cell components, i.e., DNA, RNA, proteins, and membrane
and cell-wall components (31). FT-IR allows the chemically
based discrimination of intact microbial cells, without their
destruction, and produces complex biochemical fingerprints
which are reproducible and distinct for different bacteria and
fungi. Naumann and coworkers (18, 30) have shown that
FT-IR absorbance spectroscopy (in the mid-IR range, usually
defined as 4,000 to 400 cm21) provides a powerful tool with
sufficient resolving power to distinguish microbes at the strain
level.

The aim of this study was to compare the phenotypic differ-
entiation of Candida isolates by PyMS and diffuse reflectance-
absorbance FT-IR with the differentiation based on genotypic
investigations of the same isolates. Strain similarity was exam-
ined by using the HinfI endonuclease restriction enzyme diges-
tion patterns of genomic DNA, while strain and species iden-
tifications were confirmed by hybridization of EcoRI digests
with the 27A C. albicans-specific probe. The 29 isolates studied
had previously been identified by conventional means as be-
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longing to C. albicans, C. stellatoidea, or C. dubliniensis. C.
dubliniensis is a newly proposed strain of Candida (40) and has
been reported in the past as atypical C. albicans (27, 39).
Therefore, an additional aim was to investigate the taxonomic
position of C. dubliniensis.

MATERIALS AND METHODS

Strains and cultivation. Twenty-nine Candida isolates, which comprised a
selection of C. albicans, C. dubliniensis, and C. stellatoidea strains (see Table 1 for
strain numbers and sources), were aerobically cultivated on LabM Malthus blood
agar base (37 mg z ml21) for 16 h at 37°C. After subculturing three times to
ensure pure cultures, the biomass was carefully collected with sterile plastic loops
and was suspended in 1-ml aliquots of sterile physiological saline (0.9% NaCl).

All isolates were identified to the species level by using the biochemical
profiles from the API 20C AUX (BioMerieux) kit. In addition, all isolates were
tested for their ability to produce germ tubes and chlamydospores and for the
ability to grow at 42°C; the latter was the distinguishing feature for C. dubliniensis
(40). The isolates listed as C. albicans were all identified by the API kit (generally
with .99.5% certainty), were all germ tube and chlamydospore positive, and
grew at 42°C. The two isolates of C. stellatoidea were identified by the API kit as
C. albicans 2, were germ tube and chlamydospore positive, but failed to grow at
42°C. Isolates of C. dubliniensis produced a variety of API profiles for C. albicans
(generally with levels of 95 to 99% certainty), 11 of 16 were germ tube positive,
15 of 16 were chlamydospore positive, and none grew at 42°C.

DNA extraction. Isolates were grown overnight in 5 ml of Sabouraud broth
(1% mycopeptone and 4% dextrose; Oxoid, Unipath, Basingstoke, United King-
dom) at 30°C. Cells from 1.5 ml of broth culture were pelleted in a microcen-
trifuge tube by centrifugation and were then extracted as described previously
(19). Briefly, the cell pellet was washed and resuspended in 1 ml of buffer (1 M
sorbitol, 50 mM potassium dihydrogen phosphate [pH 7.5]) containing 1 mg of
zymolyase 20T (ICN Biomedicals, High Wycombe, United Kingdom) and 3 ml of
b-mercaptoethanol. After 90 min of incubation at 37°C the spheroplasts were
pelleted by centrifugation and were lysed by resuspension in 0.5 ml of GES (60%
guanidine thiocyanate, 0.1 M EDTA, 0.5% lauroyl sarcosine [Sigma, Poole,

United Kingdom]) reagent (35). After 20 min at room temperature, 100 ml of 5
M potassium acetate was added, the solution was placed on ice for 30 min, and
0.5 ml of chloroform-pentanol (24:1; vol/vol) was then added. The mixture was
centrifuged for 5 min at 10,000 3 g after which the upper layer was saved and the
DNA was precipitated by the addition of an equal volume of absolute ethanol.
The DNA was next pelleted, washed with 70% ethanol, dried, and resuspended
in 100 ml of TE (10 mM Trizma base, 1 mM EDTA [pH 8]) for 30 min at 37°C.
The DNA was then reprecipitated, pelleted, and finally dissolved in 50 ml of TE
and stored at 220°C until it was used.

Restriction endonuclease digestion. Aliquots of 20 ml of DNA solution were
digested according to the manufacturer’s instructions with either EcoRI (Gibco
BRL, Uxbridge, United Kingdom) or HinfI (Pharmacia, St. Albans, United
Kingdom) for 4 h at 37°C. The DNA fragments were separated on 0.8% agarose
gels immersed in TBE (89 mM Trizma, 32 mM boric acid, 2.5 mM EDTA) at 30
V for 16 h. The gels were stained with ethidium bromide, and the results were
recorded photographically.

Southern blotting. The EcoRI restriction digests were capillary blotted onto a
Stratagene (Cambridge, United Kingdom) Duralon UV nylon membrane by
following a previously described procedure (36), and the DNA was fixed by UV
cross-linking in a UV Stratalinker 1800 (Stratagene). Hybridization and detec-
tion were performed by following previously described procedures (2), with the
exceptions that fat-free dried milk (0.2%; wt/vol) replaced sheared herring sperm
in the hybridization solutions and the 27A probe was biotin labelled by nick
translation with the BioNick Labelling System (Gibco BRL).

PyMS. Five-microliter aliquots of the yeast suspensions described above were
evenly applied to clean iron-nickel foils which had been partially inserted into
clean pyrolysis tubes. Samples were run in triplicate. Prior to pyrolysis the
samples were oven dried at 50°C for 30 min, and the foils were then pushed into
the tubes by using a stainless steel depth gauge so that the foils were 10 mm from
the mouth of the tube. Viton O rings were next placed approximately 1 mm from
the mouth of each tube.

PyMS was then performed on a Horizon Instrument PyMS-200X (Horizon
Instruments Ltd., Heathfield, United Kingdom). Full operational procedures are
described elsewhere (11, 12, 14, 41). The conditions used for each experiment
involved heating the sample to 100°C for 5 s, followed by Curie-point pyrolysis at
530°C for 3 s with a temperature rise time of 0.5 s.

TABLE 1. Strain numbers of the three Candida species analyzed by PyMS together with their corresponding identifiers and source.

Species Strain no.a Source Identifierb

C. albicans NCPF 3153 Mycology Reference Laboratory antigen strain, serotype A, 1965 A
C. albicans NCPF 3156 Serotype B, 1965 B
C. albicans NCPF 3157 Serotype B, 1965 C
C. albicans NCPF 3116 Human chronic glossitis, United Kingdom, 1944 D
C. albicans NCPF 3119 Human systemic candidosis, skin isolate, United Kingdom, 1944 E
C. albicans ATCC 18804 Type culture F
C. albicans Rld Laboratory strainc G
C. albicans R8a large Laboratory strainc H
C. albicans R12a Laboratory strainc I
C. albicans R18a Laboratory strainc J
C. albicans 27544A large Laboratory strainc K
C. stellatoidea ATCC 11006 Type I 1
C. stellatoidea Y2360 Gift from B. B. Magee, University of Minnesota 2
C. dubliniensis NCPF 3108 Human bronchopneumonia, lung isolate, United Kingdom 1957 a
C. dubliniensis NCPF 3949 Middorsum of the tongue of an Irish subject with human immunodeficiency

virus infection and suffering from oral candidosis, 1988, type culture
b

C. dubliniensis R1a buff Laboratory strainc c
C. dubliniensis R2g creamd Laboratory strainc d
C. dubliniensis R2g whited Laboratory strainc e
C. dubliniensis R3b Laboratory strainc f
C. dubliniensis R3i Laboratory strainc g
C. dubliniensis R9a Laboratory strainc h
C. dubliniensis R9g large Laboratory strainc i
C. dubliniensis R11b large Laboratory strainc j
C. dubliniensis R16a Laboratory strainc k
C. dubliniensis R16b whitee Laboratory strainc l
C. dubliniensis R16b buffe Laboratory strainc m
C. dubliniensis 716 Laboratory strainc n
C. dubliniensis 43194A Laboratory strainc o
C. dubliniensis 63861Ao Laboratory strainc p

a NCPF, National Collection of Pathogenic Fungi; ATCC, American Type Culture Collection.
b Identifier used in Fig. 3.
c Laboratory strains recovered from oral swabs of patients attending dental clinics.
d Strains isolated from the same patient.
e Strains isolated from the same patient.
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PyMS data may be displayed as quantitative pyrolysis-mass spectra (e.g., as in
Fig. 1). The abscissa represents the 150 m/z ratios, while the ordinate contains
information on ion count for any particular m/z value ranging from 51 to 200.
Data were normalized as a percentage of the total ion count to remove the
influence of sample size per se.

The normalized data for the 29 isolates (Table 1) were processed with the
GENSTAT package (32) which runs under Microsoft DOS, version 6.2, on an
International Business Machines (IBM)-compatible personal computer. This
method has been described previously (17). The initial stage involved the reduc-
tion of the data by principal component analysis (PCA) (5, 21); this is a well-
known technique for reducing the dimensionality of multivariate data while
preserving most of the variance. Data were preserved by keeping only those
principal components (PCs) whose eigenvalues accounted for more than 0.1% of
the total variance. Discriminant function analysis (DFA) then discriminated
between groups on the basis of the retained PCs and the a priori knowledge of
which spectra were replicates (23, 43). The next stage involved the construction
of a percent similarity matrix by transforming Mahalanobis’s distance between a
priori groups in DFA with the Gower similarity coefficient SG (15).

Diffuse reflectance-absorbance FT-IR. Ten-microliter aliquots of the yeast
suspensions were evenly applied onto a sand-blasted aluminum plate. Prior to
analysis the samples were oven dried at 50°C for 30 min. Samples were run in
triplicate. The FT-IR instrument used was the Bruker IFS28 FT-IR spectrometer
(Bruker Spectrospin Ltd., Coventry, United Kingdom) equipped with a mercury-
cadmium-telluride detector cooled with liquid N2. The aluminum plate was then
loaded onto the motorized stage of a reflectance thin-layer chromatography
accessory (4, 7, 29).

The IBM-compatible personal computer used to control the IFS28 spectrom-
eter was also programmed (using Opus, version 2.1, software running under IBM
O/S2 Warp provided by the manufacturers) to collect spectra over the wave
number range of 4,000 to 600 cm21. Spectra were acquired at a rate of 20 s21.
A spectral resolution of 4 cm21 was used. To improve the signal-to-noise ratio,
256 spectra were coadded and averaged. Each sample was thus represented by a
spectrum containing 882 points, and spectra were displayed in terms of the
absorbance calculated from the reflectance-absorbance spectra using the Opus
software. Typical FT-IR spectra are shown in Fig. 2.

ASCII data were exported from the Opus software used to control the FT-IR
instrument and imported into Matlab, version 4.2c.1 (The MathWorks, Inc.,
Natick, Mass.), which runs under Microsoft Windows NT on an IBM-compatible
personal computer. To minimize problems arising from baseline shifts, the fol-
lowing procedure was implemented. (i) The spectra were first normalized so that
the smallest absorbance was set to 0 and the highest absorbance was set to 11 for
each spectrum; (ii) next, these normalized spectra were detrended by subtracting
a linearly increasing baseline from 4,000 to 600 cm21; and (iii) finally, the
smoothed first derivatives of these normalized and detrended spectra were cal-
culated by using the Savitzky-Golay algorithm (37) with 5-point smoothing.

To reduce the dimensionality of the FT-IR data, Matlab was also used to
perform PCA (according to the NIPALS algorithm [44]); of the original 882
spectral points, 97.5% of the total variance was retained in the first 15 PCs,
illustrating the power of this technique. Next these 15 PCs were used as inputs to
the DFA algorithm with the a priori knowledge of which spectra were replicates.
DFA was programmed by Bjørn K. Alsberg according to the principles of Manly
(25). Finally, the Euclidean distance between a priori group centers in DFA
space (using the first eight discriminant functions) was used to construct a
similarity measure, and these distance measures were then processed by an
agglomerative clustering algorithm to construct a dendrogram (25).

RESULTS AND DISCUSSION

Examples of PyMS and FT-IR spectra for C. albicans, C.
stellatoidea, and C. dubliniensis are shown in Fig. 1 and 2,
respectively. For PyMS there was very little qualitative differ-
ence between these spectra, although on closer inspection
quantitative differences may be observed. The FT-IR spectra
all show broad and complex contours, and again, there was
relatively little qualitative difference between the spectra. Such
spectra readily illustrate the need to use multivariate statistical
techniques in the analysis of both PyMS and FT-IR data.

The next stage was to use DFA to observe the relationships
between these yeasts as judged from their PyMS and FT-IR
spectra. The 87 spectra were coded so as to give 29 groups, 1
for each isolate (see Table 1), and the PyMS and FT-IR data
were analyzed by DFA as detailed above. The resulting ordi-
nation plots for all 29 isolates (see Table 1 for identifiers)
based on PyMS data and FT-IR data are shown in Fig. 3A and
B, respectively. Both plots show the strains grouped into the
same three main clusters: cluster 1 comprised all the C. albi-
cans strains except C. albicans R8a large; cluster 2 was a rather

loose cluster which included all the C. dubliniensis strains and
C. albicans R8a large; finally, cluster 3 contained both C. stel-
latoidea strains. On closer inspection, cluster 2 can be seen to
contain three subclusters: subcluster 2a comprised C. dublini-
ensis NCPF 3949, R1a buff, R3b, R2g cream, R2g white, R3i,
R11b large, R16a, R16b buff, R16b white, 43194A, and
63861Ao and C. albicans R8a large; subcluster 2b contained C.
dubliniensis R9a, R9g large, and 716; finally, subcluster 2c was
a single-member cluster (SMC) of C. dubliniensis NCPF 3108.

An alternative way of viewing the relationship between these
isolates is by using hierarchical cluster analyses, and the result-
ing dendrograms are shown in Fig. 4 for both the PyMS and
FT-IR data. This plot shows that there was indeed a great deal
of congruence between both phenotypic analysis methods since
the same three main clusters, as described above (Fig. 3), can
be seen. This is very encouraging when one considers that
although both methods fall within the framework of whole-
organism fingerprinting and so give a phenotypic measure of
the total biochemical makeup of the cells, they are doing so by
measuring different physicochemical aspects. That is, PyMS
gives a measure of the strengths of covalent bonds between
molecules, while FT-IR measures the vibrations of functional
groups and highly polar bonds.

In contrast to giving a measure of the phenotypes of the

FIG. 1. Normalized pyrolysis-mass spectra of C. albicans NCPF 3153 (A), C.
dubliniensis NCPF 3949 (B), and C. stellatoidea ATCC 11006 (C).
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Candida cells, restriction enzyme digestion analysis of chromo-
somal DNA provides an indication of the genotypic relation-
ship between the isolates. Therefore, genomic DNA from the
29 isolates was digested with the restriction endonuclease
HinfI, and the fragments were separated by agarose gel elec-
trophoresis as detailed above.

Direct visual analysis of the band patterns (Fig. 5A and 5B)
very easily allowed the C. dubliniensis strains to be differenti-
ated from the C. albicans isolates. It can be seen (Fig. 5B) that
the C. dubliniensis isolates produced quite a distinct pattern
which was highly conserved, even though these isolates were
recovered from different patients. On closer inspection, iso-

lates R9a, R9g large, and 716 produced patterns which were
similar to each other but which were slightly different from
those for the other C. dubliniensis isolates. This was also seen
in phenotypic analyses (Fig. 3A and B) in which these isolates
were recovered together in cluster 2, subcluster 2b (see below).
Figure 5 also shows that the pattern for C. dubliniensis NCPF
3108 more closely resembles the typical C. dubliniensis pat-
terns, although some bands are missing; this isolate was orig-
inally reported to be C. stellatoidea (39); however, Sullivan and
colleagues (40) have since assigned this isolate to the species C.
dubliniensis. The PyMS and FT-IR analyses showed that this
strain only loosely clustered with the other C. dubliniensis iso-
lates and was more likely to be an intermediate between C.
dubliniensis and C. stellatoidea. Therefore, it would appear that
the exact taxonomic position of NCPF 3108 is still unclear.

The two C. stellatoidea banding patterns were very similar to
one another (Fig. 5A), and when the lower-size bands are
studied, these two patterns are more like those for C. albicans
than those for C. dubliniensis; this result seems plausible since
Kwon-Chung et al. (22) have referred to C. stellatoidea isolates
as being sucrose-negative variants of C. albicans. However, the
fact that the PyMS and FT-IR results indicated that C. stella-
toidea is wholly distinct from both C. albicans and C. dublini-
ensis would suggest that visual inspection of banding patterns is
often subjective.

FIG. 2. FT-IR diffuse reflectance-absorbance spectra of C. albicans NCPF
3153 (A), C. dubliniensis NCPF 3949 (B), and C. stellatoidea ATCC 11006 (C).

FIG. 3. Discriminant analysis plots based on PyMS data (A) and FT-IR data
(B) showing the relationship between the 29 Candida strains. Analyses were
conducted as described in Materials and Methods.
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In contrast to the rather homogeneous nature of the HinfI
banding patterns for C. dubliniensis, C. albicans showed much
more variation and no two patterns were the same (Fig. 5A).
All C. albicans strains showed the similar feature of bands in
the 4.4- to 6.2-kb region which were absent from the patterns
for C. stellatoidea and C. dubliniensis, although C. dubliniensis
R9a, R9g large, and 716 possessed a common band at approx-
imately 4 kb.

Overall, the digestion patterns (Fig. 5) indicate that C. dub-
liniensis strains are very similar to each other, while PyMS and
FT-IR detected differences and each produced a broad cluster
(cluster 2; Fig. 3A and B). Conversely, the digests in Fig. 5A
indicate that C. albicans isolates are diverse, while PyMS and
FT-IR each produced a smaller cluster (cluster 1; Fig. 3A and
B).

C. albicans R8a large, which possessed HinfI banding pat-
terns similar to those for C. albicans, was much more closely
related to C. dubliniensis in both phenotypic analyses; Fig. 3
and 4 indicate this strain was recovered in the C. dubliniensis
groups by both PyMS and FT-IR. Moreover, conventional test-
ing also identified this isolate as C. albicans. To investigate this
anomaly further, this isolate was subsequently reanalyzed by all
techniques, and the results described above were found to be
consistent. Identification was then confirmed by hybridizing
EcoRI digests from some strains of each of the three Candida
species with the C. albicans-specific 27A probe. Use of this
probe was how atypical C. albicans isolates (later to be called
C. dubliniensis) were first identified (27, 39). Figure 6A shows
the EcoRI digestion patterns and Fig. 6B shows the corre-
sponding hybridization patterns which clearly distinguish the
three Candida species. Three separately stored subcultures of
R8a large are shown on these gels, and they include subcul-
tures from the St. Thomas Hospital stock (lane 5), the Uni-
versity of Wales stock (lane 6), and the sample after recovery
from analysis by both PyMS and FT-IR (lane 7). From Fig. 6B
it can be seen that the hybridization patterns for these subcul-
tures were identical to one another and, more importantly,

closely resemble the C. albicans profile. There are still two
schools of thought as to how microorganisms should be clas-
sified: some believe that the way forward is to study the mi-
crobes’s genotype; others pursue phenetic classifications. Few
studies have exploited both approaches; often when this is
done the results obtained are directly complementary (9) and
both schools are happy, but sometimes, conflicting results are
seen. For isolate R8a large the latter is unfortunately the case,
and its identity remains unclear when both the phenotype and
genotype are examined. The 27A repeat sequence probe for C.
albicans shows that its genotype more closely resembles that of
C. albicans; by contrast, however, the phenotypic experiments,
which measure the expressed genotype, show unequivocally
and reproducibly that R8a large clusters with C. dubliniensis. It
is likely that as more taxonomic studies pursue both the phe-
netic and phylogenetic approaches other discrepancies will
arise. Indeed, two organisms that are isogenic may be adapting
(at the protein transcriptional level) to live in different ecolog-
ical niches or host environments and will therefore display
different phenotypes.

Finally, to investigate the finer relationships between the
isolates recovered in clusters 1 and 2 from the PyMS analysis,
multivariate statistical analysis was performed with these
strains only, and the resulting dendrograms can be seen in Fig.
7 and 8. The dendrogram from cluster 1 (Fig. 7) showed that at
85% similarity three clusters could be seen: subcluster 1a con-
tained C. albicans NCPF 3153, R12a, and Rld, which clustered
together with .95% relative similarity, and these grouped with
C. albicans NCPF 3156 at 87% similarity; subcluster 1b com-
prised C. albicans NCPF 3157, NCPF 3119, R18a, and ATCC
18804, which had .95% relative similarity, and these strains
were 90.2% similar to C. albicans NCPF 3116; finally, subclus-
ter 1c was an SMC consisting of C. albicans 27544A large.
Similarly, the dendrogram from cluster 2 (Fig. 8) showed that
at 90% similarity three clusters could be seen, and these mir-
rored those from DFA of all 29 Candida isolates (Fig. 3):
subcluster 2a comprised two subgroups (which were formed at

FIG. 4. Comparison of the 29 Candida strains clustered by using hierarchical cluster analyses; the dendrograms are from FT-IR data and PyMS data.
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92% similarity); the first comprised C. albicans R8a large and
C. dubliniensis NCPF 3949, R1a buff, R3b, R2g cream, R2g
white, while the second included C. dubliniensis R3i, R11b
large, R16a, R16b buff, R16b white, 43194A, and 63861Ao;
subcluster 2b contained C. dubliniensis R9a, R9g large, and
716; finally, subcluster 2c was an SMC consisting of C. dublini-
ensis NCPF 3108.

It was also very encouraging that duplicate cultures of C.
dubliniensis from the same patients were recovered together,
highlighting the reproducibility of these techniques. For exam-
ple, it can be seen in Fig. 8 that the colonial color variants R2g

cream and R2g white were recovered together in subcluster
2a9, while R16b buff and R16b white were recovered in sub-
cluster 2a0.

Similar results were obtained by FT-IR (data not shown),
demonstrating that both techniques are reproducible and have
the ability to differentiate between C. albicans and C. dublini-
ensis. Moreover, these PyMS and FT-IR analyses were per-
formed in triplicate on the day of assay and were repeated on
two separate occasions and provided the same results, showing
that these methods are indeed highly reproducible.

Concluding remarks. Twenty-nine isolates of Candida were
classified by conventional means as being one of the following
species: C. albicans, C. dubliniensis, or C. stellatoidea. These
isolates were then analyzed by the two whole-organism finger-

FIG. 5. HinfI restriction patterns of genomic DNA. (A) Lane M (lanes are
from left to right, respectively), bacteriophage l HindIII marker; lanes 1 to 11,
C. albicans isolates; lane 1, NCPF 3116; lane 2, NCPF 3119; lane 3, NCPF 3153;
lane 4, NCPF 3156; lane 5, NCPF 3157; lane 6, ATCC 18804; lane 7, R1d; lane
8, R8a large; lane 9, R12a; lane 10, R18a; lane 11, 27544A; lanes 12 and 13, C.
stellatoidea isolates; lane 12, ATCC 11006; lane 13, Y2360; lane 14, C. dublini-
ensis NCPF 3108. (B) Lanes 1 to 14 (lanes from left to right, respectively), C.
dubliniensis isolates; lane 1, NCPF 3949; lane 2, R1a buff; lane 3, R2g cream; lane
4, R2g white; lane 5, R 3b; lane 6, R3i; lane 7, R9a; lane 8, R9g large; lane 9,
R11b large; lane 10, R16a; lane 11, R16b white; lane 12, 716; lane 13, 43194A;
lane 14, 63861Ao; lane M, l HindIII marker. l HindIII marker sizes of 23.1, 9.4,
6.6, 4.4, 2.3, and 2.0 kb are shown.

FIG. 6. EcoRI restriction patterns (A) and the corresponding hybridization
patterns obtained with the C. albicans specific 27A probe (B). Lane M (lanes are
from left to right, respectively), l HindIII marker; lanes 1 to 7, C. albicans
isolates; lane 1, NCPF 3153; lane 2, ATCC 18804; lane 3, R18a; lane 4, R8a
small; lane 5, R8a large; lane 6, R8a large; lane 7, R8a large; lanes 8 and 9, C.
stellatoidea isolates; lane 8, ATCC 11006; lane 9, Y2360; lanes 10 to 12, C.
dubliniensis isolates; lane 10, NCPF 3108; lane 11, NCPF 3949; lane 12, R2g
cream. l HindIII marker sizes of 23.1, 9.4, 6.6, 4.4, 2.3, and 2.0 kb are shown in
lane 1 of panel A.
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printing techniques of PyMS and FT-IR, and their genotypes
were examined by using restriction endonuclease digestion
with the enzyme HinfI followed by separation by gel electro-
phoresis. The identities of strains from each species were also
confirmed by hybridization of EcoRI digests with the 27A C.
albicans-specific probe.

Cluster analysis of the PyMS and FT-IR spectral data
showed that three distinct groups were seen to be discrete for
each of the Candida species. Moreover, these phenetic classi-
fications were found to be very similar to those obtained by

using HinfI digestion patterns. The important conclusion from
this study is that C. dubliniensis and C. albicans are indeed
separate species, as judged by their genotypes and phenotypes.
Finer discriminatory analyses showed that both spectroscopic
methods could be used for the differentiation of C. albicans
and C. dubliniensis isolates to below the subspecies level. How-
ever, subspecies analysis of C. albicans was found to be more
successful when genotypic methods were used, while for C.
dubliniensis, PyMS and FT-IR offer a more interpretable
means of subspecies identification. Finally, duplicate cultures

FIG. 7. Dendrogram representing the relationships between all the C. albicans strains (except R8a large) on the basis of PyMS data analyzed by GENSTAT.

FIG. 8. Dendrogram representing the relationships between all the C. dubliniensis (C. dublin.) strains tested and C. albicans R8a large based on PyMS data analyzed
by GENSTAT.
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were recovered together, showing that all methods are highly
reproducible.

The application of PyMS and FT-IR to microbiology is un-
doubtedly useful for the discrimination between these Candida
species at the species and subspecies levels. Both techniques
have the major advantages of speed, sensitivity, and the ability
to analyze many hundreds of samples per day. We therefore
conclude that these whole-organism fingerprinting methods
could provide in the future opportunities for automation in the
clinical microbiology laboratory, depending on the location of
the laboratory and access to suitable support facilities. These
new techniques are rapid and accurate and present the poten-
tial for investigating outbreaks of infection almost as they occur.
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