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Abstract
Ten medically important Saccharomyces strains, comprising six clinical isolates of
Saccharomyces cerevisiae and four probiotic strains of Saccharomyces boulardii, were
characterized at the genetic and metabolic level and compared with non-medical,
commercial yeast strains used in baking and wine-making. Strains were compared
by genetic fingerprinting using amplified fragment length polymorphism (AFLP)
analysis, by ribosomal DNA ITS1 sequencing and by metabolic footprinting using
both direct injection mass spectrometry (DIMS) and gas chromatography–time
of flight–mass spectrometry (GC–ToF–MS). Overall, the clinical isolates fell into
different groupings when compared with the non-medical strains, with good but
not perfect correlation amongst strains at both the genetic and metabolic levels.
Probiotic strains of S. boulardii that are used therapeutically to treat human gastro-
intestinal tract disorders showed tight clustering both genetically and metabolically.
Metabolomics was found to be of value both as a taxonomic tool and as a means to
investigate anomalous links between genotype and phenotype. Key discriminatory
metabolites were identified when comparing the three main groups of clinical,
probiotic and non-medical strains and included molecules such as trehalose, myo-
inositol, lactic acid, fumaric acid and glycerol 3-phosphate. This study confirmed the
link between a subset of clinical isolates and baking or probiotic strains but also
highlighted that in general the clinical strains were more diverse at both the genomic
and metabolic levels. Copyright  2008 John Wiley & Sons, Ltd.
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Introduction

Saccharomyces cerevisiae has been used in the
fermentation of food and drink for thousands of

years and is traditionally considered as safe, with
GRAS (‘generally regarded as safe’) status in the
food industry. Over the last 10–20 years, how-
ever, there has been an up-turn in the incidence
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of human infections, both mucosal and systemic,
caused by this yeast (Muñoz et al., 2005; Olver
et al., 2002). Whilst most of these have occurred
in patients who were immunocompromised or were
already severely ill, in a few exceptions fatal S.
cerevisiae infections have been described in appar-
ently immunocompetent patients, for example, up
to 1 year after major aortic graft surgery (Smith
et al., 2002). A further worrying development is
the increase in resistance to some antifungal drugs
that has been reported for clinical strains of S. cere-
visiae (Barchiesi et al., 1998, 2000; Olver et al.,
2001; Salonen et al., 2000).

The origins of such clinical isolates of S. cere-
visiae are still open to debate but there is increas-
ing evidence that at least some of these are food-
and drink-related, with particular suspicion falling
on baking and probiotic (Saccharomyces boulardii )
strains. S. boulardii is used worldwide as an alter-
native therapy to combat both antibiotic-associated
diarrhoea and Clostridium difficile infection (Gus-
landi, 2006), although the mechanism of its ben-
eficial effects has yet to be determined (Castagli-
uolo et al., 1999; Sougioultzis et al., 2006; Van-
houtte et al., 2006). This probiotic yeast, which
was isolated from lici fruit in Indonesia, was orig-
inally described as a separate species (McFar-
land, 1996) but is now considered to be con-
specific with S. cerevisiae, based on compara-
tive genomic hybridization, genetic fingerprinting
and gene sequencing (Edwards-Ingram et al., 2004,
2007; Fietto et al., 2004; van der Aa Kühle and Jes-
persen, 2003). However, despite these high genetic
similarities, strains of S. boulardii differ physio-
logically from those of S. cerevisiae by displaying
an increased growth rate, enhanced pseudohyphal
formation and greater resistance to low pH and ele-
vated temperature (Edwards-Ingram et al., 2007;
Fietto et al., 2004), which suggests that they may
be phenotypically different. Recently, some clini-
cal isolates were linked to commercial baking and
probiotic strains at both genetic and physiologi-
cal levels but not to other food-related strains (de
Llanos et al., 2004, 2006a,b). In a separate case
study, the probiotic use of S. boulardii was directly
associated with fungaemia in three seriously ill
patients (Muñoz et al., 2005). The current paper
investigates these links in more depth by analysing
the genetic and metabolic relationships amongst a
diverse group of human clinical isolates, a group

of probiotic strains and a group that includes non-
medical, commercial baking and wine strains.

Although sequencing the ribosomal ITS1 region
gives information on only a very small region of
the rDNA, it has proved to be a useful method
in discriminating strains within a species because
it is more sensitive than analysing other rRNA
sequences, such as the D1/D2 26S region (James
et al., 1996; Liti et al., 2005). Amplified frag-
ment length polymorphism (AFLP) analysis is
even more discriminatory than ITS1 sequencing,
as this technique effectively gives a ‘snapshot’
of the entire genome, based on the pattern of
PCR fragments amplified from a specific subset
of restriction fragments (Zabeau and Vos, 1993).
AFLP analysis has therefore been employed as a
robust, reproducible method for genetically char-
acterizing a wide range of yeast strains (Azumi
and Goto-Yamamoto, 2001; Borst et al., 2003;
de Barros Lopes et al., 2002; Pope et al., 2007).
Metabolic footprinting, or analysis of the extracel-
lular metabolome under defined growth conditions,
has also proved to be a powerful tool in discrimi-
nating different strains of S. cerevisiae (Allen et al.,
2003; Kell et al., 2005; Mas et al., 2007), includ-
ing brewing strains (Pope et al., 2007) and wine
strains (Howell et al., 2006). The method has also
helped to differentiate modes of action of anti-
fungal compounds in yeast (Allen et al., 2004),
to discriminate amongst polysaccharide-degrading
bacteria (Villas-Bôas et al., 2006) and to study the
effects of toxic chemicals on wastewater treatment
microflora (Henriques et al., 2007).

The aim of this present study was to conduct the
first combined genetic and metabolomic analysis
of a group of medically important Saccharomyces
strains that included clinical isolates of S. cerevisiae
and probiotic strains of S. boulardii, with a view to
determining how similar these were to a number of
non-medical strains of S. cerevisiae.

Materials and methods

Yeast strains and culture media

The yeast strains used in this study are listed in
Table 1. They were maintained on YM medium
(Pope et al., 2007). Metabolic footprinting was
performed at 30 ◦C in the metabolite cocktail-
containing medium described by Allen et al. (2003)
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Table 1. Strains used in this study

Species Strain name NCYC accession no. Origin

S. cerevisiae S288c 2939 Laboratory strain, USA
DBVPG 1373 3312 Soil isolate, The Netherlands
YS4 3453 Baking strain, The Netherlands
YS9 3454 Baking strain, Singapore
CECT 1482 2743 Wine strain, Spain
322134S 3455 Clinical isolate (oncology, throat/sputum), UK∗
378604X 3456 Clinical isolate (haematology, sputum), UK∗
273614N 3457 Clinical isolate (oncology, faeces), UK∗
YJM 978 3458 Clinical isolate (vagina), Italy
CBS 2919 2925 Clinical isolate (sputum), Norway
SC10 2966 Clinical isolate (bone marrow transplant, faeces), UK†

S. boulardii†† DBVPG 6765 3264 Probiotic (lici fruit), Indonesia
DBVPG 6764 — Probiotic (lici fruit), Indonesia‡

DBVPG 6907 — Probiotic (lici fruit), Indonesia‡

UL — Probiotic (lici fruit), Indonesia§

∗ Courtesy of Angela Galloway, Royal Victoria Infirmary, Newcastle upon Tyne, UK.
† Originated from the City Hospital, Nottingham, UK.
†† The exact origins of the four S. boulardii strains are unclear, but genetically they fall into three distinct groups, comprising
DBVPG 6764, DBVPG 6765 and DBVPG 6907/UL, based on ITS1 sequence type (see Figure 1), AFLP pattern (see Figure 2), Ty
fingerprint (unpublished data), sporulation ability (Gianni Liti, personal communication) and sub-telomeric Y′ element pattern
(Liti et al., 2005).
‡ Courtesy of Gianni Liti, University of Nottingham, UK.
§ Courtesy of Lubomira Stateva, University of Manchester, UK.

and was designated yeast metabolic footprinting
(YMF) medium. The growth rate of each strain in
YMF broth at 30 ◦C was measured spectrophoto-
metrically in duplicate cultures under the condi-
tions used for metabolic footprinting.

rDNA ITS1 sequencing

The entire ITS region, comprising ITS1-5.8S
rDNA–ITS2, was amplified from whole yeast cells
using primers ITS5 and ITS4, as described pre-
viously (James et al., 1996). PCR products were
purified (Qiaquick PCR Purification Kit, Qiagen)
and the ITS1 region was sequenced with primers
ITS1 and ITS2 (White et al., 1990). The data
were analysed using EMBOSS version 1.4 (Rice
et al., 2000), ClustalW (Thompson et al., 1994)
and Treeview version 1.6.6 (Page, 1996) soft-
ware packages. An unrooted phylogenetic tree
was generated from the ITS1 alignment by using
the neighbour-joining (Saitou and Nei, 1987) and
unweighted pair group with mathematical aver-
age (UPGMA) cluster analysis (Swofford and
Olsen, 1990) methods. In this paper, the ITS1
sequence type is given as (n.x) where n repre-
sents the number of T residues in the poly(T)

stretch at position 28 nt in the reference labora-
tory strain, S288c, and x represents a given set
of sequence differences from the S288c sequence
which has been designated as type 7.1. Each ITS1
sequence type has the following Accession No:
7.1, U53879; 7.4, AM779767; 7.5, AJ632284; 7.8,
AM779768; 12.1, AM779766; 12.11, AM779765;
13.11, AM779764. Some strains contained two
ITS1 sequence types which were designated strain-
1 and strain-2, respectively, such as CBS 2919-1
and CBS 2919-2 or UL-1 and UL-2.

AFLP fingerprinting

AFLP analysis was carried out as described pre-
viously by Pope et al. (2007), with the following
modifications. Fluorescently labelled AFLP frag-
ments were fractionated and detected using an ABI
3730 automated DNA sequencer and the data anal-
ysed using GeneMapper version 3.7 (ABI) and
TotalLab TL120 Trace version 2006 (Nonlinear
Dynamics) software packages. The AFLP dendro-
gram was drawn using the Dice coefficient measure
of similarity (Hand et al., 2001) and the UPGMA
method in TotalLab TL120 Trace version 2006
(Nonlinear Dynamics).
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Sample preparation for metabolic footprinting

Strain growth and metabolic footprint sampling
were carried out as described previously by Pope
et al. (2007), with the following modifications.
Pre-inocula were prepared by inoculating a single
colony from a YM agar plate into 10 ml YMF
broth and incubating at 30 ◦C, 150 r.p.m. for 70 h.
Water-washed inocula were added to 50 ml fresh
YMF broth in a 250 ml shake flask to give a
starting OD600 nm value of 0.03. Cultures were
incubated at 30 ◦C and 200 r.p.m. and harvested
after 69 h growth, except in the case of clinical
isolate 322134S, which was harvested after 81 h
because of its longer lag phase and slightly reduced
growth rate. Spent media samples for DIMS and
GC–ToF–MS analyses were centrifuged at 3220 ×
g for 15 min and the supernatants filtered through
prewashed (using the same spent media) 0.22 µm
membranes (MILLEX-GS, Millipore) to remove
any remaining cells and other particulate matter.
Samples from six individual cultures of each strain
(six biological replicates per strain), were analysed
by both DIMS and GC–ToF–MS.

DIMS analysis

Duplicate aliquots from each medium sample were
diluted 1/10 with 30% v/v methanol in water and
27 mM formic acid, and DIMS analysis performed
as described previously (Allen et al., 2003; Pope
et al., 2007). DIMS data were normalized as before
and analysed statistically by principal components
analysis (PCA) (Pope et al., 2007). Hierarchical
cluster analysis (HCA) was carried out using as
input PC scores 1–4, which was found to be the
optimal number for cross-validated classification of
the strains by linear discriminant analysis (Massart
et al., 1988). Mahalanobis distance (Mahalanobis,
1936) was used to take into account the variance of
the scores being different between PC axes, again
using the UPGMA method.

GC–ToF–MS analysis

The volume of each sample lyophilized for GC–
ToF–MS analysis was adjusted according to the
OD600 nm value, measured at harvest, by normal-
izing to the sample from the culture with the
lowest OD600 nm using a maximum sample vol-
ume of 600 µl. 100 µl internal standard solution
(0.14 mg/ml succinic d4 acid) was spiked into each

sample prior to lyophilization. Chemical deriva-
tization of lyophilized samples was performed as
described previously (Pope et al., 2007) and sam-
ples were analysed in a random order employ-
ing the optimized instrumental method for yeast
metabolic footprints (O’Hagan et al., 2005). Pro-
cessing of raw data was as described previously,
including normalization to the internal standard,
and produced a database of 142 metabolite peaks
with S : N > 25, of which 53 were identified by
a match to mass spectral libraries. Of the latter,
42 were definitively identified by matching mass
spectrum and retention index to that of an authen-
tic standard, analysed using identical analytical and
instrument conditions. Univariate and multivariate
data analyses were performed as follows. For PCA,
all data were autoscaled to zero mean and unit
variance. HCA was again carried out using PC
scores 1–4, as for the DIMS analysis. Univariate
statistical analysis was performed, using the non-
parametric Kruskal–Wallis test (Kruskal and Wal-
lis, 1952, 1953), to calculate whether there were
statistically significant differences for any given
peak between the medians of the different bio-
logical classes. The Bonferroni correction (Abdi,
2007), given as α/number of peaks (i.e. 0.01/142 or
0.00007), was used to determine those metabolite
peaks of high statistical significance. This correc-
tion is used when testing n independent hypotheses
as performing multiple tests of statistical signif-
icance on the same data (Broadhurst and Kell,
2006).

Results and discussion

Genetic characterization

Strains were characterized genetically using two
different methods. Sequencing of the ITS1 rDNA
region revealed variation amongst strains based
on the number of T residues in a poly(T) stretch
at position 28 nt, relative to reference labora-
tory strain, S288c, and on other sequence dif-
ferences, all of which had been observed previ-
ously in other isolates of S. cerevisiae (Figure 1,
Supplementary Table 1). The predominant ITS1
sequence was that of S288c (type 7.1) in eight
of the 16 sequences studied. Three strains (clin-
ical isolate CBS 2919 and the S. boulardii pro-
biotic strains DBVPG 6907 and UL) each con-
tained two distinct versions of the ITS1 region.
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Figure 1. Boot-strapped neighbour-joining cladogram of
rDNA ITS1 sequences. The sequence type (n.x) is given
in parenthesis (see Materials and methods for definition).
Some strains contain more than one ITS1 sequence type,
designated strain-1 and strain-2 (such as CBS 2919-1 and
CBS 2919-2, or UL-1 and UL-2). Boot-strap values (%)
are indicated at each node in the tree. Sb, S. boulardii; Sc,
S. cerevisiae. Clinical, probiotic and non-medical strains are
indicated in black, blue and red text, respectively

This is not uncommon and has been observed
before in the S. cerevisiae type strain, NCYC 505T

(CBS 1171T; Junpeng, 1998; Montrocher et al.,
1998) and other Saccharomyces strains (Liti et al.,
2005), which suggests a combination of putative
interstrain hybridizations and different ITS1 evo-
lutionary rates within these strains. The appar-
ent difference in the number of ITS1 sequences
present in probiotic strain UL, comparing the cur-
rent data with that of the original published single
sequence from van der Aa Kühle and Jespersen
(2003), remains unclear, as both studies employed
direct sequencing of PCR fragments. The UL-2
ITS1 sequence was equivalent to that described by
van der Aa Kühle and Jespersen (2003), whereas
the second sequence, UL-1, differed from this by
a single A → G transition. Baking strains YS4
and YS9 were omitted from the analysis because
their ITS1 sequences were unreadable, due to the
presence of different stretches of T residues at nt
position 28. Based on ITS1 sequence differences,

Figure 2. UPGMA dendrogram of yeast AFLP patterns,
created using TotalLab TL120 Trace version 2006 software.
Sb, S. boulardii; Sc, S. cerevisiae. The same strain colour coding
is used as in Figure 1

the probiotic strains showed less divergence than
the clinical isolates. However, the fact that the
S. boulardii ITS1 sequences remained very simi-
lar to those from other S. cerevisiae strains further
reinforced the conspecificity of S. boulardii with
S. cerevisiae.

AFLP patterns from the two baking strains
YS4 and YS9 showed a high degree of sim-
ilarity and were most closely related to those
from two clinical isolates, 273614N and YJM
978 (Figure 2). Similarly, the four probiotic strains
formed a tight cluster that also included clinical
isolate SC10. Another clinical isolate, 378604X,
grouped with reference laboratory strain S288c
and showed a degree of relatedness to two other
clinical isolates, CBS 2919 and 322134S. When
visually comparing the ITS1 and AFLP trees
from Figures 1 and 2, some correlation existed in
the groupings of clinical isolates, such as CBS
2919 with 322134S, 273614N with YJM 978 and
378604X with S288c, and in the grouping of
probiotic strains UL and DBVPG 6907, but this
was much less evident with the other strains.
The overall pattern of genetic diversity estab-
lished by these methods, however, provided an
accurate representation of strain evolutionary his-
tory as currently understood from whole-genome
phylogenies (Edward Louis, personal communica-
tion).

Copyright  2008 John Wiley & Sons, Ltd. Yeast 2008; 25: 501–512.
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Metabolomic characterization

Ten of the 15 strains examined in this study
grew to OD600 nm > 10 U in YMF medium at
30 ◦C, whereas the other five strains only reached
OD = 3–8 U, but this difference in growth did
not affect the subsequent multivariate analysis of
the DIMS metabolomic data (see Supplementary
Figures 1, 2). In addition, clinical isolate 322134S
displayed an increased lag time of about 10–12 h
compared with 5 h for all other strains and attained
the lowest OD value (3 U), primarily because
of its pseudomycelial or chain-forming growth
phenotype, a characteristic associated with many
pathogenic yeasts, including some clinical isolates
of S. cerevisiae (Guo et al., 2000). However, this
growth difference also appeared to have little
effect on the metabolomic DIMS analysis of strain
322134S (see Supplementary Figure 2).

PCA of the DIMS data revealed clustering of
strains into roughly two main groups in the PC1
vs. PC2 plot, with two possible ‘outlier’ strains,
322134S and CECT 1482 (Figure 3a). However,
differences in the metabolic profiles of the latter
two were not significantly large, as shown by their
position in PCA space ‘close’ to both main groups
on these two PCs (64% variance). However, on
PC3 (15.5% variance), strain 322134S could be
separated easily from the others (see Supplemen-
tary Figure 3a) with the 206 m/z ion being the
most discriminatory (see Supplementary Figure 4).
This explains the strong divergence from the other
strains observed in the subsequent HCA, which
combined PC scores 1–4 (Figure 4). HCA of the
DIMS data reinforced the clustering of strains into
roughly two main groups, one of which com-
prised S288c, CBS 2919 and 378604X, while the
other contained all the remaining strains except for
322134S and CECT 1482 (Figure 4). The repro-
ducibility of the technique was confirmed by the
grouping together of the two sets of data from strain
S288c which were collected from cultures that had
been grown 1 year apart (Figure 4), although there
was a small separation in PCA space, showing that
there was some phenotypic variability associated
with growth at different times (Figure 3a, Supple-
mentary Figure 3a). On further examination of the
data, it was obvious that the clinical isolates did
not show any major trend in clustering. It could be
inferred that three clinical strains (YJM 978, SC10
and 273614N) were more metabolically similar to

Figure 3. PCA of normalized DIMS (a) and GC–ToF–MS
(b) metabolic footprinting data plotting PC scores 1 and 2. In
(a) all 12 data points were plotted per strain (i.e. duplicate
DIMS samples from each of six biological replicates). Sc
S288c-A and Sc S288c-B represent two sets of cultures
grown 1 year apart. Clinical, probiotic and non-medical
strains are indicated by black, blue and red symbols,
respectively

the probiotic and baking strains and therefore had
a similar history or genetic background. Compar-
ing this analysis of the DIMS data with the genetic
relationships, strain SC10 was more similar geneti-
cally to the probiotic strains, whereas YJM 978 and
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Figure 4. HCA of normalized DIMS metabolic footprinting
data using PC scores 1–4. The same strain colour coding is
used as in Figure 1

273614N were more like the baking strains at the
genetic level. A further two clinical isolates (CBS
2919 and 378604X) appeared metabolically simi-
lar to the laboratory strain S288c and also geneti-
cally similar as deduced from AFLP analysis. This
highlights the differences in genotype–phenotype
relationships for these two separate sets of clini-
cal isolates. Interestingly, the two baking strains
YS4 and YS9 could be differentiated from each
other in the DIMS analysis on PC 1 due to ions
detected at m/z values of 156 and 175, whereas
three of the four S. boulardii strains formed a very
tight cluster. The fourth probiotic strain, DBVPG
6765, was slightly less similar metabolically to the
other three (Figure 4), which was reflected again
in the ITS1 sequence differences but, overall, the
DIMS profiles for this group were rather homoge-
neous. Another feature was the close association of
the two strains originating from The Netherlands,
viz. soil isolate DBVPG 1373 and baking strain
YS4. PCA loadings plots from the DIMS analy-
sis highlighted the most discriminatory m/z ions
and the metabolites which they most likely rep-
resented were inferred from molecular mass data
tables (see Supplementary Figure 4, Supplemen-
tary Tables 2, 3). Some of these putative metabolite
identifications were confirmed to a degree by the
subsequent GC–ToF–MS analysis, e.g. valine and
glycerol 3-phosphate (see Table 2).

PCA of the GC–ToF–MS data highlighted the
good reproducibility of sampling already described
for the DIMS data as shown by the clustering of
biological replicates of the same strain (Figure 3b,
Supplementary Figure 3b). As for the DIMS data,

Figure 5. HCA of normalized GC–ToF–MS metabolic
footprinting data using PC scores 1–4. The same strain
colour coding is used as in Figure 1

the two sets of samples from strain S288c clustered
in close proximity to each other showing metabolic
similarity but also some variation in growth over
the 1 year gap (Figures 3b, 5). Although HCA of
the GC–ToF–MS data differed considerably from
the DIMS HCA dendrogram, some trends were
maintained in that the four probiotic strains still
clustered metabolically with clinical strains YJM
978 and SC10 and baking strain YS9, but this
group now also included S288c, CBS 2919 and
378604X (Figure 5). The similarity in PC1 and
PC2 of the soil strain, DBVPG 1373, and the bak-
ing strain, YS4, both sourced from The Nether-
lands, was again observed (Figure 3b), but this
was not the case when PC scores 1–4 were com-
bined in the HCA (Figure 5), due to PC3 isolating
DBVPG 1373 (9.2% variance). One of the clini-
cal isolates, 322134S, and the wine strain, CECT
1482, were found to lie outside the main clus-
ter (Figures 3b, 5, Supplementary Figure 3b). This
was also observed for this clinical strain in the
DIMS data. The group of four probiotic strains
was fairly homogeneous, with three of them clus-
tering together again, viz. UL, DBVPG 6907 and
DBVPG 6764, and the fourth strain, DBVPG 6765,
belonging to another sub-cluster. These observa-
tions were again in agreement with those based on
DIMS. Interestingly, the clinical isolates appeared
to cluster differently when comparing the DIMS
and GC–ToF–MS datasets, and this was likely
to be a consequence of probing different parts
of the metabolome. However, these strains were
distributed across the multivariate space, showing
metabolic divergence compared to the complete
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Table 2. Discriminatory metabolites observed in GC–ToF–MS analysis

Metabolite†† Strains in which metabolite is shown as discriminatory‡‡

Non-medical strains vs. all others
Lactic acid∗ Elevated (73.4) in DBVPG 1373 and CECT 1482
Valine∗ Elevated (7.2) in DBVPG 1373, CECT 1482 and YS4
Fumaric acid∗ Elevated (5.7) in DBVPG 1373, CECT 1482 and YS4
Malic acid∗ Elevated (2.2) in DBVPG 1373 and YS4
Unidentified metabolite Elevated (1.8) in S288c and YS9
Sugar alcohol Elevated (2.7) in DBVPG 1373
Unidentified metabolite Elevated (6.6) in DBVPG 1373, CECT 1482 and YS4
Glycerol 3-phosphate∗ Elevated (4.1) in DBVPG 1373, CECT 1482 and YS4
Isocitric acid∗ Elevated (12.0) in DBVPG 1373
4-Deoxypyridoxine Elevated (27.9) in S288c
Gluconlactone Elevated (3.3) in DBVPG 1373
Unidentified metabolite Elevated (89.0) in DBVPG 1373 and CECT 1482
Trehalose∗ Elevated (22.8) in S288c

Clinical strains vs. all others
Gluconolactone Elevated (3.5) in 322134S

Probiotic strains vs. all others
4-Hydroxyphenylethanol∗ Reduced (0.3) in all strains
2,3,4-Trihydroxybutanal Elevated (1.8) in all strains
Pentonic acid 1,4-lactone Elevated (3.3) in all strains
Myo-inositol∗ Elevated (10.4) in all strains
2-Ethoxyindole Reduced (0.2) in DBVPG 6764, DBVPG 6907 and UL

† Discriminatory metabolites are shown with p < 0.001, based on the χ2 test of the Kruskal–Wallis
analysis, comparing each group of yeasts (non-medical, clinical or probiotic) against all others. Those
highlighted in bold have p < the Bonferroni-corrected critical p value of 0.00007 and are therefore
considered to be most significant.
‡ Specific strains depicting a change in metabolite concentration, which is given in parentheses as the
relative fold increase or decrease for the median response ratio for all of the strains indicated relative to
the median response ratio for all other strains external to the strain set discussed. It should be noted
that within-class variation is high for a number of the metabolites described.
∗ Metabolites that were identified by matching the mass spectrum and retention index to those of
authentic standards analysed with the same methodology.

dataset. The fact that the clinical isolates were not
tightly clustered indicates that they are metabol-
ically distinct strains, albeit in this small sample
set, and suggests that their origins or evolutionary
pathways could be quite diverse.

With the GC–ToF–MS data it was possible,
in addition to the PCA, to examine the distribu-
tion of each peak (metabolite) separately. As these
data are non-parametric, Kruskal–Wallis ANOVAs
were performed by comparing each set of strains
(clinical, probiotic and non-medical) against the
combination of the remaining two strain sets (clin-
ical strains vs. all others, probiotic strains vs. all
others and non-medical strains vs. all others). In the
context of this study, the non-medical group com-
prised the two baking strains, YS4 and YS9, the
wine strain, CECT 1482, the environmental isolate,
DBVPG 1373, and the reference laboratory strain,

S288c. This analysis provided a measure to define
which metabolites were present at higher or lower
concentrations for each strain set when compared
to all other strains. To ensure that false positives
were not being reported, all metabolites with crit-
ical p values <0.001 were assessed by graphical
visualization of the raw data and a number of false
positives were observed and removed from the
list of discriminatory metabolites. In metabolomics,
where hypothesis generation is the objective and
multiple testing is performed, false positives are
generally observed and returning to the raw data
provides an assessment of this. The resulting list
of discriminatory metabolites and associated dif-
ferences are shown in Table 2. Those metabolites
with modified critical p values lower than the
Bonferroni-corrected critical p value of 0.00007 are
highlighted in Table 2.
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The non-medical strains showed a number of
interesting metabolic differences. Lactate, valine
and glycerol 3-phosphate were all produced from
products/intermediates of glycolysis, as were the
TCA cycle intermediates of fumaric, isocitric and
malic acids. Glucono-1,5-lactone is associated with
the pentose phosphate pathway consuming glucose
6-phosphate produced from the glycolytic pathway.
These may all indicate changes in flux through gly-
colysis in these strains, especially DBVPG 1373,
CECT 1482 and the baking strain YS4. Trehalose,
in the case of the laboratory strain S288c, and myo-
inositol, in the case of all probiotic strains, can
both be classed as stress response and/or defence
metabolites (Fernandes, 2005; Gaspar et al., 2007;
Michell et al., 2003; Parrou et al., 2005; Vanlaere,
1989). Trehalose can be considered an indicator of
chemical or physical resistance (Panni et al., 2008)
and was one of the metabolites shown previously
to be discriminatory between ale and lager brew-
ing strains (Pope et al., 2007). The clinical strains
were much more diverse in their metabolic profiles
and could not be easily differentiated from other
strains, either multivariately or univariately. Glu-
cono 1,5-lactone showed an increase in 322134S,
which separated in PCA from the other clini-
cal isolates, which again may be associated with
changes in the pentose phosphate and glycolytic
pathways. The probiotic strains showed tight clus-
tering in PCA space and a number of metabolites
were shown as discriminating all or most of these
four strains from all other strains. These included
4-hydroxyphenylethanol and an indole compound
(possibly 2-ethoxyindole), which are related to
tyrosine metabolism.

Concluding remarks

S. cerevisiae and the conspecific S. boulardii are
regarded as emerging pathogens with the ability to
colonize the human respiratory and gastrointestinal
tracts and to elicit systemic fungaemia, especially
in immunocompromised and severely ill individ-
uals. The increasing incidence of clinical isolates
of these yeasts has been associated at both the
genetic and physiological level with food-related
baking and probiotic strains (de Llanos et al., 2004,
2006a, b). In one study, 52% of the 96 clinical iso-
lates analysed were genetically linked to baking
or probiotic strains (de Llanos et al., 2004). In the

present study this link has been examined in greater
depth, using both phylogenetic and metabolomics
approaches.

At the genetic level, only a subset of the clinical
strains from this study shared similar AFLP pat-
terns and/or ITS1 sequences with either baking or
probiotic strains. Metabolically, under the growth
conditions used in this study, the clinical isolates
were also quite diverse, although two, SC10 and
YJM 978, clustered with baking strain YS9 and
probiotic strain DBVPG 6765 in both the DIMS
and GC–ToF–MS analyses. Additionally, clinical
isolates CBS 2919 and 378604X clustered in both
the DIMS and GC–ToF–MS PCA with reference
laboratory strain, S288c. On comparing the genetic
and metabolic data from each strain, some strains
displayed good agreement at both levels, while oth-
ers did not. For example, the DIMS data and rDNA
ITS1 sequence gave similar groupings amongst the
four S. boulardii strains and clinical isolate SC10
and between S288c and clinical isolate 378604X,
which was also reflected in the AFLP groupings.
In the case of the S288c AFLP and DIMS clus-
ters, this grouping included clinical isolate CBS
2919 in addition to 378604X. Conversely, some
strains fell into different groupings, depending on
which type of genetic or metabolic data were being
compared, e.g. wine strain CECT 1482 and clinical
isolate 322134S. Similar results were found pre-
viously for other yeast strains (Pope et al., 2007)
and this probably reflects improved sensitivity of
the metabolomics methods relative to the genetic
methods employed in this study. It will be inter-
esting to compare the metabolic data again with
genomic groupings as more S. cerevisiae whole
genome sequences become available.

The origin of many clinical strains of S. cere-
visiae/S. boulardii therefore remains open to ques-
tion and possibly highlights separate origins of
these different strains. A food-related source has
a high probability, although the present research
can not confirm this. The link between the use of
S. boulardii as a probiotic in immunocompromised
or severely debilitated patients and the occurrence
of fungaemia has been more or less proven, which
has led to the withdrawal of this treatment in these
cases (Muñoz et al., 2005). Moreover, clinical iso-
lates of S. cerevisiae and S. boulardii can now be
easily distinguished at the molecular level using
microsatellite polymorphism analysis and retro-
transposon hybridization (Posteraro et al., 2005).
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In the present study, we have verified the link
between some clinical isolates and baking or probi-
otic strains but have also shown that this relation-
ship does not apply to all clinical strains. Further-
more, we have confirmed that S. boulardii is indeed
conspecific with S. cerevisiae at the genetic level,
as postulated by Edwards-Ingram et al. (2007),
Fietto et al. (2004) and van der Aa Kühle and
Jespersen (2003). We have also established that
S. boulardii behaves similarly metabolically to a
subset of S. cerevisiae strains under the defined
growth conditions used in this study. Because the
clinical and probiotic strains are more likely to
be better adapted to human body temperature, it
will be interesting in future metabolomic studies to
compare their metabolic profiles at higher growth
temperatures, including 37 ◦C, which might give
more insight into their behaviour in vivo. However,
previous studies indicated that some strains of S.
boulardii grew faster at 30 ◦C compared with 37 ◦C
(van der Aa Kühle and Jespersen, 2003) whereas
with others there was no difference in growth rate
at the two temperatures (Fietto et al., 2004).

A recent comparison of DIMS and GC–MS in
analysing a small number of yeast mutants high-
lighted the advantages and disadvantages of both
methods in terms of the range of metabolites anal-
ysed vs. relative ease of metabolite identification
(Mas et al., 2007). The authors concluded that
although GC–MS gave information on a smaller
number of metabolites than DIMS, it remained an
efficient way of differentiating these yeast mutants
following growth in a minimal medium. Mas et al.
(2007) also argued that both MS methods behaved
in a complementary fashion to resolve metabolic
differences better between strains, generally caused
by differences in the metabolites detected by the
different analytical instrumentation. For identifi-
cation of metabolites, two orthogonal properties
should be employed, generally chromatographic
retention time (related to a physical property of
the metabolite) and fragmentation mass spectrum
or the accurate mass of the molecular ion (which
are related to metabolite empirical formula and
structure). The possibility of false positives is
greatly increased when applying only one property.
Although DIMS can identify metabolites in a pre-
liminary fashion, especially when applying accu-
rate mass measurements, this method can be flawed
and any identifications should be validated using
chromatographic-based mass spectrometry or other

analytical techniques (e.g. NMR). In the present
study, we have shown that DIMS may therefore
be more appropriate for the rapid screening and
classification of large numbers of samples, whereas
GC–MS may be more relevant in identifying and
quantifying discriminatory metabolites for ‘biologi-
cal reasoning’ in the analysis of metabolic networks
(Blank et al., 2005; Camacho et al., 2005; Duarte
et al., 2004; Förster et al., 2003).
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