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Saccharomyces boulardii, a yeast that was isolated from fruit in Indochina, has been used as a remedy for
diarrhea since 1950 and is now a commercially available treatment throughout Europe, Africa, and South
America. Though initially classified as a separate species of Saccharomyces, recent publications have shown
that the genome of S. boulardii is so similar to Saccharomyces cerevisiae that the two should be classified as
conspecific. This raises the question of the distinguishing molecular and phenotypic characteristics present in
S. boulardii that make it perform more effectively as a probiotic organism compared to other strains of S.
cerevisiae. This investigation reports some of these distinguishing characteristics including enhanced ability for
pseudohyphal switching upon nitrogen limitation and increased resistance to acidic pH. However, these
differences did not correlate with increased adherence to epithelial cells or transit through mouse gut.
Pertinent characteristics of the S. boulardii genome such as trisomy of chromosome IX, altered copy number
of a number of individual genes, and sporulation deficiency have been revealed by comparative genome
hybridization using oligonucleotide-based microarrays coupled with a rigorous statistical analysis. The con-
tributions of the different genomic and phenotypic features of S. boulardii to its probiotic nature are discussed.

Probiotics is traditionally used as a term to describe the use
of live microorganisms as food supplements that benefit the
host by improving the intestinal microbial balance (50). Probi-
otics are used as an alternative therapy for treatment of infec-
tious gastroenteritis or in the prevention and cure of antibiotic-
associated diarrhea (AAD), which is a frequent complication
of antimicrobial treatment of hospitalized patients (7, 20, 37).

Lactic acid bacteria of the genera Lactobacillus and Bi-
fidobacterium are the most common microorganisms used as
probiotics. However, yeasts of the species Saccharomyces are
used as well. Saccharomyces boulardii, in particular, has been
very successful in prevention and treatment of AAD, being
especially effective against Clostridium difficile, the cause of
about a third of all AAD cases (7, 56). S. boulardii was isolated
from fruit in Indochina, and because of its benefits in the
treatment of diarrhea, it is now a commercially available alter-
native remedy in Europe, Africa, and South America (39, 45)
for AAD, acute diarrhea in children, and traveler’s diarrhea
(22). Many in vitro and some in vivo studies have suggested
that S. boulardii is able to prevent intestinal infections caused
by the adherence or invasion of C. difficile, Escherichia coli, and
Candida albicans to the epithelial layer of the gastrointestinal
tract (4, 11, 12). The efficacy of S. boulardii reported in case
studies and in vitro trials (11) has led to investigations of the
mechanisms involved in the probiotic activity of this yeast.
Several potential mechanisms of probiotic activity have been
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suggested, including secretion of proteases or inhibitory pro-
teins, stimulation of immunoglobulin A, acquisition and elim-
ination of secreted toxins, modification of the intestinal mu-
cosa, and direct adherence to the epithelial layer causing
competition for colonization sites (12, 20). However, the mech-
anisms identified so far do not reflect the full set of interactions
of this yeast with the host. For a start, it is unclear whether the
probiotic effect of S. boulardii is related to gut colonization.
Administration of a single dose of lyophilized S. boulardii to
gnotobiotic mice resulted in the shedding of yeast cells into the
feces for more than 10 days after administration (49). How-
ever, common laboratory strains of Saccharomyces cerevisiae
were rapidly excluded from the gut of normal mice in only a
few days or hours, suggesting that the presence of a normal
enteric microflora may prevent colonization (44).

While the probiotic properties of S. boulardii have been dem-
onstrated over the past 50 years, there is also evidence that it may
act as an opportunistic pathogen causing Saccharomyces funge-
mia (39). The cause of these cases has often been identified as
infection by the yeast via inserted catheters (3, 8, 26, 38). How-
ever, these incidents have raised concerns regarding the advisabil-
ity of administering S. boulardii to immunocompromised patients.
As the potential mechanisms of probiotic action include interac-
tions with the immune system as well as the direct stimulation of
host tissue, the safety of such treatments for patients whose im-
mune systems are incapacitated would appear in doubt. There-
fore, to maximize the benefits of treatment with S. boulardii as
well as to minimize the potential risks, the mechanisms of this
yeast’s probiotic action need to be identified, and any potential for
virulence must be fully investigated.

S. boulardii was initially identified as a separate species of
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TABLE 1. Yeast strains used in this investigation

Strain Genotype Source or reference
S. cerevisiae BY3 MATa ura3-52 60
S. cerevisiae FY23 MATa ura3-52 leu2Al trpl Al 60
S. cerevisiae FY73 MATo ura3-52 his3A200 60
S. cerevisiae FY1679 MATa/a ura3-52/ura3-52 leu2AI/LEU2 trpl Al/ 60
TRP1 HIS3/his3A200
S. cerevisiae %1278b Wild type S. G. Oliver
S. cerevisiae JO43 MATo hisX J. Hughes
S. cerevisiae BY4743 MATa/a his3A1/his3AI leu2Afleu2A lys2A/LYS2 Euroscarf
metlSA/IMETI5 ura3A/ura3A
S. cerevisiae BY4743 ygr204w::kanMX4 MATa/a his3A1/his3AI leu2Afleu2A lys2A/LYS2 Euroscarf
metl SA/IMETI5 ura3A/ura3A
ygr204w::kanMX4/ygr204w::kanMX4
S. cerevisiae BY4741 ygr204w::kanMX4 MATa his3A1 leu2A met15A ura3A Euroscarf
ygr204w::kanMX4
S. cerevisiae BY4742 ygr204w::kanMX4 MATo his3AT leu2A lys2A ura3A ygr204w::kanMX4 Euroscarf
S. cerevisiae 243a MATa ura3A L. Stateva
S. cerevisiae 243a MATo ura3A L. Stateva
S. boulardii UL Wild type P. Niederberger, Nestlé
S. boulardii UL#3509 Wild type P. Niederberger, Nestlé
S. boulardii UL[rho] Petite mutant This study
C. albicans CAl4 Aura3::imm434/Aura3::imm434 19

the hemiascomycete genus Saccharomyces (40). However, the
rapid development of molecular phylogenetics in recent years
has led to changes in the classification of many yeast species
(17, 39, 57). Using comparative genomic hybridizations for
whole-genome analysis, we concluded that S. cerevisiae and S.
boulardii are members of the same species (17). However, we
also demonstrated some distinctive features of the S. boulardii
genome with respect to its Ty elements (yeast retrotrans-
posons) and the copy number of genes in its subtelomeric
regions (17). In this paper, we report a number of new findings
concerning the genomic and phenotypic characteristics of S.
boulardii that may have an indirect or, indeed, direct bearing
on the probiotic effects of this yeast, and we identify potential
benefits and risks that may be associated with them.

MATERIALS AND METHODS

Yeast strains, media, and plasmids. The yeast strains used in this study are
listed in Table 1. Standard nutrient media (yeast extract, peptone, and dextrose
[YPD] medium; minimal synthetic dextrose [SD] or synthetic glycerol medium
[SG]; presporulation or sporulation medium; or GAL indicator) were prepared
as described previously (54). Synthetic low-ammonium dextrose (SLAD) me-
dium was prepared as described by Gimeno et al. (21). Plasmids pAG26 (24) and
pRS316-KanMX (N. Zhang, unpublished) were used in this investigation.

Ethidium bromide mutagenesis to obtain mitochondrial mutants. Cells from
an overnight YPD culture were incubated in minimal SD medium with ethidium
bromide at 10 wg/ml overnight and subsequently spread onto minimal agar until
single colonies developed, usually after 2 to 3 days. Colonies were replica plated
on minimal SD and synthetic glycerol agar, and those able to utilize only glucose
but not glycerol were retained as respiratory-deficient petite ([rho]) mutants.

Mating and sporulation analysis. Parental strains grown overnight on YPD
agar were crossed by replica plating onto the same medium and incubated for
another 24 h. Hybrids were isolated on appropriate selective minimal SD me-
dium. To induce sporulation, the hybrids were first grown in presporulation
medium for 2 days at 30°C, and then an aliquot of the biomass was transferred
to sporulation agar and incubated at room temperature (~25°C) for up to 2
weeks. For tetrad dissection, a small amount of the sporulated biomass was
suspended in 1 M sorbitol containing 1 mg/ml zymolyase and incubated at 30°C
for 20 min to digest the ascus walls. Four-spored asci were dissected with a
Micromanipulator (Singer Instruments, United Kingdom), and the individual
spores were incubated at 30°C until growth was observed.

Induction of pseudohyphal growth. Overnight cultures, grown in minimal SD
medium at 30°C, were harvested, and the cells were plated on SLAD agar. Plates
were incubated at 30°C and photographed after 24 h, 48 h, and 1 week.

CGH. Genomic DNA from S. boulardii UL and S. cerevisiae BY4743 was
prepared and used for comparative genomic hybridization (CGH) against the
Affymetrix GeneChips as described previously (61). The data were normalized
using RMAExpress (see below) and then analyzed with Genespring as described
previously (17).

Statistical analysis of Affymetrix GeneChip hybridization data. Spatial biases
due to arrangement of probe sets on Affymetrix GeneChips are known to affect
intensities (47). The probe set spatial arrangement is correlated with chromo-
somal organization, and so any spatial bias present may be confounded with the
potential changes we are attempting to detect. Affymetrix chip probes are either
perfect match (PM) or mismatch (MM), with the spatial position of a particular
probe being given by x and y coordinates. Probes corresponding to neighboring
open reading frames (ORFs) on a chromosome are predominantly neighbors on
the chip with respect to their x coordinates. We noted, in agreement with Qian
et al. (47), that this tends to introduce periodic short-ranged intensity correla-
tions along each chromosome. This was considered to be an artifact, and so for
each hybridization the median logarithm of the PM intensity value for each
column (defined by a common x coordinate) was calculated. The median of these
column medians was evaluated to obtain a chip-wide median. Columns of loga-
rithms of PM values were then centered to this chip-wide median. A similar
column-based median centering was performed on the logarithms of the MM
intensity values. The exponential of the median-centered logarithms of the PM
and MM values were calculated to construct a within-chip normalized CEL file.
Between-chip normalization was performed using RMAExpress (6) on the mod-
ified CEL files. The subset of probe sets which could be mapped to an identified
annotated ORF was selected for further analysis.

For each ORF, average RMA (robust multiarray average)-normalized loga-
rithms of intensities were calculated for S. boulardii and S. cerevisiae BY4743
strains by taking an average of the three corresponding replicate normalized
hybridizations. Residuals about the average values for S. boulardii and S. cerevi-
siae BY4743 were then calculated. The logarithm of the copy number ratio was
estimated by taking the difference in the average logarithms of the intensities for
S. boulardii and S. cerevisiae BY4743. The median value, over all ORFs analyzed,
of the logarithm of the copy number ratio was centered to zero. Copy number for
S. boulardii was calculated by evaluating the exponential of the logarithm of the
copy number ratio and taking a copy number of 2 for each S. cerevisiae BY4743
ORF. Bootstrap confidence intervals (CIs) of 95% were calculated, under a
homoscedastic assumption, by resampling suitably scaled residuals (31) to pro-
duce 100,000 bootstrap data sets. Marginal CIs are reported rather than multiply
adjusted ones, since the 17 genes listed in Table 2 were not selected solely on the
basis of estimated copy number. To aid detection of substantial regions of copy
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TABLE 2. Copy number values of individual genes predicted by
CGH using the Affymetrix GeneChip
oligonucleotide microarrays

Copy number (95% CI)

Gene name Chr Lower Upper
Average linit ot

ADEI1 (YARO15W) I 1.83 1.56 2.14
ADES (YDR408C) v 2.02 1.72 2.36
HISS (YIL116W) IX 291 2.48 3.40
CUPI (YHRO053C) VIII 0.95 0.81 1.11
CDCI16 (YKL022C) XI 1.21 1.04 1.42
DMC1 (YER179W) \% 1.47 1.31 1.63
STE11 (YLR362W) XII 1.51 1.29 1.77
SKM1 (YOL113W) XV 1.06 0.90 1.23
RASI (YOR101W) XV 1.01 0.87 1.18
CDC24 (YALO41W) 1 2.44 2.09 2.85
CDC42 (YLR229C) XII 243 2.07 2.84
CDC25 (YLR310C) XII 2.40 2.05 2.80
DFG16 (YOR030W) XV 2.50 2.14 2.93
RGS2 (YORI107W) XV 2.38 2.03 2.78
HSP26 (YBRO72W) 11 2.47 2.11 2.90
RMD6 (YELO72W) \% 3.10 2.65 3.62
CYRI (YJLOOSW) X 2.62 2.24 3.06

@ Chr, chromosome.

number gain or loss, a local weighted average copy number was also obtained for
each OREF, thereby providing a smoother picture of copy number variation across
each chromosome. The weighted average was calculated using a tri-cube window,
taking the sequential ORF number within the chromosome as the ordinal coor-
dinate and a window width of 10 ORFs. To test chromosomes for statistically
significant enrichment of high-copy-number ORFs, type I error rates (P values)
for median copy number within each chromosome were calculated by random
permutation of ORF labels to produce 100,000 permuted data sets. We have not
corrected for multiple testing, but even with stringent Bonferroni corrections,
unadjusted P values that are less than 107> will be significant.

Yeast-to-epithelia adherence analysis. Assessment of yeast’s adherence to
human buccal epithelial cells was performed as described by Douglas et al. (16).
Briefly, yeast cells grown in YPD medium at 30°C were washed in Dulbecco’s
phosphate-buffered saline (PBS) (Gibco, United Kingdom), counted with a he-
mocytometer, and resuspended at a concentration of 1 X 10% cells/ml. Buccal
epithelial cells obtained by swabs of the inner cheek were also washed with PBS
and resuspended at a concentration of 1 X 10° cells/ml. Mixtures of 100 pl each
of yeast and epithelial cell suspensions were incubated for 1 h at 37°C and then
vacuum filtered onto a polycarbonate filter with 12-pm pores (Whatman) and
washed with PBS. The filters were air dried, fixed with methanol, and stained
with Gram stain.

Alternatively, yeast suspensions, prepared as described above, were mixed with
a suspension of Caco?2 cells. The Caco2 cells grown in Dulbecco’s modified Eagle
medium (DMEM; Gibco, United Kingdom) were removed from the flasks by
trypsinization at 37°C with 0.25% (vol/vol) trypsin and 0.2% EDTA (wt/vol) in
Hank’s balanced salt solution, washed twice with DMEM, and resuspended in
DMEM at a concentration of 1 X 10° cells/ml. The mixture of yeast and Caco2
cells was treated as described above.

Animal work. CF-1 male mice, approximately 10 weeks old, were individually
housed under specific-pathogen-free conditions. Food was withdrawn 18 h prior
to administration of the yeast, although mice continued to have free access to
water throughout. The experimental animals were administered approximately
10® CFU of the appropriate yeast cell suspension by gastric gavage in a total
volume of 200 pl before being returned to food. Feces collected from the bottom
of the cage at regular intervals were suspended in PBS (100 mg/ml) for 1 h to
soften before being suspended in PBS, and after appropriate dilution the sus-
pensions were spread onto YPD plates containing strain-relevant antibiotic sup-
plements plus 200 pwg/ml ampicillin to inhibit the growth of natural gut flora. To
check for colonization in the gut, the animals were euthanized by cervical dis-
location, and the gastrointestinal tract was removed and divided into stomach,
jejunum, ileum, cecum, and colon. PBS was flushed through each section, fol-
lowed by scraping with a glass slide to isolate the mucosa. Mucosal isolates were
briefly homogenized, and aliquots of both the flushings and the mucosal isolates
were spread onto YPD agar plus appropriate antibiotic to determine CFU of any
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associated yeast cells. All animal procedures were undertaken under Home
Office approval and supervision.

For the in vivo studies, S. boulardii and S. cerevisiae BY3 were transformed
with plasmid pAG26 conferring resistance to hygromycin B, while S. cerevisiae
31278b was transformed with pRS316-KanMX conferring resistance to G418.
Strains were maintained on YPD agar containing either 400 pg/ml hygromycin B
or 600 pg/ml G418, as appropriate. For oral administration to mice, the three
plasmid-containing strains were grown for 24 h in YPD medium containing the
appropriate antibiotic. The cells were washed twice in sterile water and once in
PBS before being suspended in PBS to a density of 108 CFU/200 .l and stored
on ice until required.

Acid sensitivity. Yeast grown overnight in YPD medium were suspended in
PBS adjusted to different pH values (pH 6, pH 3, pH 2, pH 1, or pH 7), and
following 1 h incubation at 37°C, appropriate dilutions of the cell suspensions
were spread on YPD agar to measure survival.

Microarray data accession number. The S. boulardii UL and S. cerevisiae
BY4743 microarray data have been deposited in the Array Express database
(http://www.ebi.ac.uk/arrayexpress/) under accession number E-MAXD-15.

RESULTS

CGH analysis reveals significant genomic differences be-
tween S. boulardii and the sequenced strain of S. cerevisiae.
Recently, we reported that S. boulardii is a strain of S. cerevi-
siae that has lost most of its Ty1/2 elements (17). In the current
study, we carried out a more detailed investigation of the S.
boulardii genome employing CGH analysis using oligonucleo-
tide microarrays (Affymetrix GeneChips) rather than the glass
slide arrays with full-length PCR products for each ORF that
we had employed previously. While the PCR product arrays
are most suitable for making between-species comparisons
(17), the higher-resolution short-oligonucleotide arrays are
more useful for within-species (interstrain) studies (61). When
the S. boulardii data were visualized using the Genespring
software (data not shown), it was observed that there were
significantly higher levels of hybridization to the sets of oligo-
nucleotides corresponding to chromosome IX, compared to
those representing the other 15 chromosomes. This prelimi-
nary observation was further supported by a rigorous statistical
analysis, illustrated in Fig. 1, which plots the local average gene
copy number for each ORF, following normalization and
smoothing as described in Materials and Methods. As chro-
mosome IX appeared to be present in a higher copy number in
S. boulardii, the median log-ratio for each chromosome was
determined relative to S. cerevisiae BY4743, a balanced diploid
strain with two copies of each chromosome. As seen in Fig. 1,
the copy number of each chromosome except chromosome IX
was approximately 2, supporting the idea that S. boulardii is an
aneuploid, containing three copies of chromosome IX. This
interpretation is strengthened further by the permutation test
which gave a P value of less than 10~ for chromosome IX.

Further sources of genome differences were revealed from the
internal regions of lower copy number in the respective chromo-
somes of S. boulardii shown by the circles in Fig. 1. The three
regions contain, respectively, YAR031W, YAR033W, YAR047C,
YARO50W, YARO053W, YAR060W, and YAR061W on chromo-
some I; YGL052W and YGLO51W on chromosome VII; and
YLR155C and YLRI156W on chromosome XII. Interestingly,
YGLO51W (chromosome VII), YAR031W, and YARO033W
(chromosome I) are members of a recently described gene family
(46), which encodes nonessential membrane-specific proteins
specific to Saccharomyces sensu stricto species. These proteins
have been shown to act as part of complexes: Mst27p (encoded by



VoL. 73, 2007

CHARACTERIZATION OF S. BOULARDII ~ 2461

Chi 3 . :

e Ch IX 3 o A e e
1.85(<10%) | @ 2.62 (<10%) Z%' e -l
chll } " ch :
2.01 (0.453) 2.03 0.011) )
Chil 3 | - chx ——
1.92 (10%) 2.02 (0.196) -
Ch v : :1 Ch XII :

. R R

2.00 0747y 3 ¥ 207 os T |
Chv : . chxil 3 —
1.91 (<10%) - ~1 2.01 0.265) '3 1
chvl chxv 1 _ _— .
1.80 (<10%) —— 2.04 (4.1x10%) r
chvi -3 N chxv ]
1.92 (<10%) :r"’ Qj ) | 2.02 0155 —l
cChvil - chxvi 3. :
1.94 (10% ey | 2.04 (8.6x10 )

FIG. 1. Chromosome plot of copy number distribution over the S. boulardii genome. Using the window-averaged copy number for each ORF,
the results have been plotted using the starting nucleotide position of the ORF. The x axis represents the length of each chromosome (Ch) and
the y axis shows copy number. The circled areas indicate the three most prominent internal regions of low copy number on chromosomes I, VII,
and XII. The rectangles indicate the ORFs deleted in S. cerevisiae BY4743 causing the appearance of overrepresented genes. The value for each
chromosome is the copy number as revealed by CGH. The P values shown in brackets are estimates of the probability of obtaining a median
chromosomal copy number of the magnitude observed, by chance, if ORF copy number values were uniformly distributed across the genome.

YGLO51W) acts with Mst28p (encoded by YARO033W), and
Prm9p (encoded by YAR031W) acts with a protein encoded by
YGLO53W (51). Furthermore, YAROS0W (chromosome I) en-
codes a lectin-like protein involved in flocculation (34). YLR155C
(ASP3) encodes a nitrogen catabolite-regulated cell wall L-aspa-
raginase II (32). There are four copies of ASP3 in the S288C
genome, but as our study suggests, the number could be lower in
the genome of S. boulardii. The rest of the genes in this group,
with the exception of YAR061W (a pseudogene), encode un-
known, hypothetical proteins. In addition, these results support
our previous findings (17) that there is more variation within the
subtelomeric region of each chromosome (Fig. 1).

Another intriguing example of gene copy number differ-
ences was revealed in the case of CUPI—a gene known to be
variably amplified in strains of S. cerevisiae from different ori-
gins (59) and present in two copies in the S288C strain. In S.
boulardii, a lower copy number of CUPI (YHRO053C) was
revealed by the present analysis, which predicted an average
copy number of 0.95, a figure which is two times lower than the
average for chromosome VIII (Fig. 1 and Table 2). This dif-
ference manifested itself in the form of the higher sensitivity of
S. boulardii to copper ions at 0.5 mM than the standard labo-
ratory S. cerevisiae strains (FY23, FY1679, and 21278b) that
we tested (Fig. 2).

The two higher-copy-number regions on chromosomes III
and V, highlighted by the rectangles in Fig. 1, correspond to
LEU2 and URA3, respectively. As both copies of these genes
are deleted in the S. cerevisiae diploid reference strain BY4743,
their values appear about twofold higher in S. boulardii, a
result which validates the reliability of this method for copy
number determination.

S. boulardii produces fertile hybrids when crossed with other
haploid and diploid strains of S. cerevisiae. Previously we re-

ported that S. boulardii contains copies of both mating type
loci, MATa and MATo (17). As shown in the current study, it
is also trisomic for chromosome IX and contains different copy
numbers for a set of genes (Table 2) that could have pheno-
typic consequences, as demonstrated by the enhanced sensitiv-
ity to copper. Taken together, these results could help explain
previous reports that have suggested that S. boulardii is unable
to sporulate (39, 40). While our own experiments confirmed
the sporulation deficiency of S. boulardii, some changes in cell
morphology were observed (data not shown) after prolonged
incubation on sporulation medium. Cells appeared enlarged

108 D 10°

) Fyz3
sSD FY1679
s1278b
uL

UL#3509

FY23

+0.5mM
CuS0,

FY1679

81278b

4009 0 gq0%0

uL

'@
«

UL#3509

FIG. 2. Copper sensitivity. Cells were plated out at the concentrations
indicated onto minimal SD medium plates containing all required amino
acids with or without CuSO,. The plates were then incubated at 30°C for
3 days prior to examination. The experiment was performed in duplicate,
and the images are a representation of the complete results.
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and highly granular, suggestive of initiation of the sporulation
process coupled with an inability to complete meiosis.

Possible genomic reasons for the sporulation deficiency of S.
boulardii were revealed among the set of genes with values
significantly lower than the average of the respective chromo-
some. Most noteworthy was CDC16 (YKL022C), identified as
having a significantly lower value than the average of chromo-
some XI (Fig. 1 and Table 2). It encodes a subunit of the
anaphase-promoting complex, which is required for sporula-
tion (62), and has been shown to interact with Cdc23p and
Cdc27p, both subunits of the same complex. Moreover, DMC1
(YER179W), encoding a meiosis-specific protein required for
repair of double-strand breaks and pairing between homolo-
gous chromosomes, was also characterized by a value lower
than that of chromosome V.

The observations described above suggested that the sporula-
tion deficiency of S. boulardii, if caused by a lower copy number
or, indeed, loss-of-function mutations (we cannot at present dis-
tinguish between these two possibilities) in one or more of the
potential candidates, should be complemented in the presence of
the corresponding functional wild-type allele(s). In order to test
this hypothesis, we took advantage of the rare mating that occurs
at low but measurable frequency between S. cerevisiae heterozy-
gous MATa/MATo diploids and haploids of either mating type.
As there were no auxotrophic strains of S. boulardii to use in the
selection of hybrids, a mitochondrial petite mutant derivative was
generated by ethidium-bromide mutagenesis. Such mutants were
readily obtained in the current study although other workers have
reported that their attempts to isolate petite mutants had failed
(39). The S. boulardii mitochondrial petite mutant (UL[rho]) was
crossed with known mating tester strains of S. cerevisiae. Crosses
were also performed with wild-type S. boulardii strains, taking
advantage of their elevated sensitivity to geneticin (data not
shown) for selection purposes. Putative hybrids were selected on
minimal medium containing geneticin, in the latter case, or on
minimal medium containing glycerol, in the former. In contrast to
the sporulation-deficient S. boulardii strains, successful sporula-
tion occurred with all hybrids, and tetrad dissection showed that
spore viability was significantly higher than 5% (Table 3), a figure
that has been suggested to represent the borderline value that
distinguishes inter- and intraspecific hybrids (13). Taken together,
these data suggest that the sporulation deficiency of S. boulardii
strains is most likely a result of mutant and/or lower-copy-number
sporulation gene(s) since it could be successfully complemented
by hybridization to several sporulation-competent S. cerevisiae
strains. The experiment also provides further independent con-
firmation that S. boulardii is indeed a strain of S. cerevisiae, re-
gardless of a number of genotypic differences.

S. boulardii has an enhanced ability for pseudohyphal
switching in response to nitrogen limitation. The sets of ORFs
with predicted copy number values that were significantly dif-
ferent than the average of their respective chromosomes re-
vealed several that affect pseudohyphal growth (Table 2 and
Fig. 1). They include CDC24 (encoding the guanine nucleotide
exchange factor for Cdc42), CDC42 (encoding small rho-like
GTPase), DFG16 (encoding a membrane protein involved in
pseudohyphal growth), RGS2 (negative regulator of cyclic
AMP [cAMP] signaling), CYR! (encoding adenyate cyclase),
and CDC25 (encoding the guanine nucleotide exchange factor
for Ras2p and Raslp), whose values were higher. In contrast,
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TABLE 3. Viability of spores isolated from hybrids between
S. boulardii and S. cerevisiae strains

) ) No. of Np. of %
Mating strains spores vlablg Viability
plated spores
S. cerevisiae strain pairs
FY23 X JO43«a 144 5 35
FY23 X BY4742 ygr204wa 28 5 17.9
FY23 X BY4743 ygr204wa/a 52 9 17.3
FY1679 X BY4743 ygr204wa/a 28 26 92.9
S. boulardii strain X S. cerevisiae
strain pairs
UL[rho] X JO43«a 192 140 72.9
UL[rho] X BY4741 ygr204wa 28 2 7.1
UL([rho] X BY4742 ygr204wa 52 7 13.5
UL[rho] X 243a 48 4 8.3
UL[rho] X 243« 56 4 7.1
UL[rho] X FY73« 56 4 7.1
UL X BY4741 ygr204wa 40 5 12.5
UL X BY4742 ygr204wa 52 5 9.6
UL X BY4743 ygr204wa/a 64 56 87.5

STE11 (encoding the MEK kinase involved in pheromone and
pseudohyphal/invasive growth mitogen-activated protein ki-
nase signal transduction pathways), SKMI (encoding a mem-
ber of the PAK family of Ser/Thr protein kinases), and RAS!
(GTPase involved in the cCAMP pathway) had lower values
than those of their respective chromosomes.

The predicted genomic differences in S. boulardii suggested
most likely changes of the cAMP pathway. Previously, this
pathway has been shown to be hyperactivated in the genetic
background of S. cerevisiae %1278b (55), resulting in enhanced
pseudohyphal development. In view of this, it was decided to
test the ability of S. boulardii UL to form pseudohyphae in
comparison to that of S. cerevisiae strains FY1679 (filamenta-
tion negative) and %1278b (filamentation positive) on SLAD
agar at 30°C. The results (Fig. 3) demonstrated not only that S.
boulardii has the ability to make this morphological switch but
also that its response was both more rapid and more extensive
than that of S. cerevisiae 31278b.

S. boulardii is unable to adhere to human epithelial cells in
vitro and does not colonize the mouse gut in vivo. S. boulardii
has been reported to be rapidly eliminated from the gastro-
intestinal (GI) tract (33) in the presence of a normal enteric
flora. This would suggest that it is unlikely to adhere to the
gut epithelial cells, but to our knowledge this has not been
determined directly. We therefore tested this using first the
method described by Douglas et al. (16). The strain of C.
albicans used as a positive control adhered successfully to
the epithelial cells; however, none of the S. cerevisiae or S.
boulardii strains displayed this ability (data not shown). Sim-
ilar studies were performed in the polarized colonic cell line
which has been widely used as a model of the intestinal
epithelium, particularly with regard to its interaction with
commensal and pathogenic microorganisms (9). However,
although there appeared to be some binding of the yeast
cells to Caco?2 cells, this was not directly to the epithelia but
to some extracellular factor, possibly mucus secreted by the
cultures (data not shown).
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FIG. 3. Pseudohyphal switching upon nitrogen limitation. Shown are the photographs of the SLAD agar plates taken at a magnification
of X10 following inoculation by spreading with a loop and incubation at 30°C for up to 1 week. After 7 days (d), the edges of the colonies

were compared.

Differences in the intestinal handling of the yeast strains were
assessed by analyzing their transit time through the mouse gut. In
order to differentiate the test yeast strains from the resident gut
microflora, S. boulardii and S. cerevisiae strains were transformed
with appropriate plasmids, the presence of which conferred resis-
tance to antibiotics (see Materials and Methods). As shown in
Fig. 4A, the three yeast strains were all excreted within the first
28 h, with the bulk of the cells excreted between 3 and 6 h after
gavage. Qualitative differences in excretion between the strains
were observed with some evidence that S. boulardii and S. cerevi-
siae %1278b were excreted more rapidly than S. cerevisiae BY3
although this was not statistically significant. No viable yeast cells
were found in the feces 48 h postgavage for any of the strains.
There was also no evidence that these strains were able to colo-
nize the gut after a single administration as judged by the low
levels of viable yeast cells found in gut flushings (<25,000 CFU/
flushing) or mucosal scrapings (<200 CFU/scraping) 72 h after
administration.

To investigate the transit of the yeast cells through the gut in
more detail, mice were sacrificed at 1 h and 3 h postgavage
(n = 6 for each strain at each time point), and the contents
from five sequential sections of the gut (stomach, jejunum,
ileum, secum, and colon) were cultured to build a profile of
passage of each strain. Feces collected at the same time inter-
vals after yeast administration were also analyzed. Typically,
the majority of viable yeast cells were present in the cecum and
colon after only 1 h postgavage (Fig. 4B). By 3 h, almost no
yeast cells were present in the stomach or small intestine, and
the first cells were being excreted in the feces. For both exper-
iments, there was a considerable variation between individual
mice in both the percentages of cells surviving and growing
from the original inoculum (Fig. 4C) and in the apparent rates

at which the cells traversed the gut. Similar variation has been
also observed in analogous experiments in humans (33). This is
likely to be due to a number of factors, ranging from experi-
mental technique (variation in the volumes successfully intro-
duced by gavage and proportion of fecal pellets successfully
retrieved) to individual variation in the mice’s physiology and
feeding habits after the gavage procedure. This meant that no
statistically significant difference was found between the sur-
vival of the different strains in either the feces or the gut
flushings (Student’s ¢ test, P < 0.05 for all pair-wise compari-
sons of strains in each condition) or the rate at which the
different strains traversed the gastric tract.

S. boulardii survives significantly better at low pH than
other strains of S. cerevisiae. Our study demonstrated that in
terms of adherence and survival in the gut, S. boulardii strain
did not differ significantly from the commonly used laboratory
strains. However, we observed differences in the extent of
survival of Saccharomyces yeast strains to the acidic conditions
of the stomach when an acid sensitivity assay was performed.
In comparison to the controls, both S. boulardii and S. cerevi-
siae BY3 displayed an increased number of CFU/ml after 1 h
at pH 7 at 37°C, indicating that cells currently undergoing
budding were able to complete their cycle and form 2 viable
CFU (Fig. 5). As the pH decreased, the viability of S. boulardii
remained similar to that of the control, down to pH 2. In
contrast, the number of viable CFU for S. cerevisiae 21278b,
decreased to less than half of the control at pH 6 and pH 3, and
less than 4% of the control at pH 2. S. cerevisiae BY3 main-
tained similar or greater numbers of viable CFU relative to the
control strain but less than one-third survived at pH 2. None of
the yeast strains showed any survival at pH 1 (<300,000
CFU/ml plated).
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FIG. 4. Survival of yeast strains in the mouse gut. The different S.
cerevisiae strains were distinguished from each other by plasmids con-
ferring distinct antibiotic resistance phenotypes. CF-1 male mice were
administered 10° CFU of the appropriate yeast suspension by gastric
gavage in 200 pl. (A) The percentage of yeast recovered in the feces at
different times (1 to 72 h) after administration; » = 6 mice for each
time point. (B) Percentage of yeast recovered from different gut com-
partments, 1 h or 3 h after administration of different yeast strains.
Animals were euthanized by cervical dislocation, and the GI tract was
removed and divided into the gut components as indicated. Aliquots of
the mucosal homogenates and the flushing and fecal homogenates
were spread onto YPD medium with appropriate antibiotics to deter-
mine the number of CFU of the yeast strains. For each strain and time
point, n = 6 mice. (C) Percentage of viable cells recovered from the
mice following inoculation and incubation for 1 or 3 h. An increase
indicated continued cell growth and division following inoculation.

DISCUSSION

S. boulardii is a strain of S. cerevisiae with some specific
genome features including chromosome IX trisomy and dif-
ferent copy numbers of some genes. The probiotic yeast S.
boulardii, classified originally as a separate species, has recently
been shown to be a strain of S. cerevisiae (17, 39, 41, 42, 43),
regardless of its strain-specific differences (12, 17, 22, 40). The
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FIG. 5. Acid tolerance of yeast strains. Appropriate dilutions of the
cell suspensions incubated under different pH conditions at 37°C were
spread on YPD agar, and the plates were incubated until colonies
appeared. Survival is expressed as the number of CFU/ml observed
following incubation.

present study extended the earlier findings, showing that S.
boulardii appears to be trisomic for chromosome IX. S. cerevi-
siae now encompasses a wide range of strains, with various
unique characteristics. These traits have generally developed in
response to the environmental conditions to which each strain
has adapted. The common laboratory strains have been exten-
sively modified for ease of use and manipulation, but strains
taken from their original sources and used for specific pur-
poses vary greatly in ploidy as well as other traits. Wine and
beer brewing strains, for example, are identified as strains of S.
cerevisiae (10), even though their molecular karyotype, Ty dis-
tribution, and ploidy vary greatly. Aneuploidy, in particular, is
rife among brewing and wine-making strains which tradition-
ally have been selected for their desirable properties (2). A
good example is the extra copy of chromosome XIII (25) found
in strains proficient in “flor” formation used in the sherry-type
wine industry. Variations in S. cerevisiae strains can also be
traced to yeasts that have a different genetic background. The
S. cerevisiae strain %1278b, whose genetic background is ap-
parently characterized by an overactive Ras pathway (55), is
used commonly as the model organism for pseudohyphal de-
velopment in yeast, a trait not observed in the strain with the
background of the standard (sequenced) strain, S288C, due to
a mutation in the FLOS gene (35). Recent work indicates that
S. cerevisiae can control and maintain aneuploidy at the indi-
vidual chromosome level (58). One potential reason for the
maintenance of aneuploidy may be the selective advantage to
the cell from the presence of extra copies of gene(s) contained
within the duplicated chromosome (1, 52). In the pathogenic
yeast C. albicans, aneuploidy has also been proposed to pro-
vide a selective advantage under certain environmental condi-
tions: cells adapt to utilization of the secondary carbon source
L-sorbose by reversible loss of chromosome V (29, 30). How-
ever, it remains to be seen if chromosome IX trisomy is char-
acteristic of other strains of S. boulardii.

In addition to the overrepresentation of the entire chromo-
some IX, there is also a noticeable presence of genes related to
protein synthesis (RPL31A, RPL41A, RPS24B, RPL2B, and
RSA3) and stress responses (HSP26, SSA3, SEDI, HSP42,
HSP78, and PBS2) among the genes with higher values than
the average copy number for the respective chromosomes.
These genes’ potentially elevated copy number could be con-
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tributing to the increased growth rate (data not shown), en-
hanced pseudohyphal switching (Fig. 3), and better survival at
acid pH (Fig. 5) observed with S. boulardii. At the same time,
our investigation suggests a lower copy number for some
genes, such as CUPI, which was further supported by altered
sensitivity to copper (Fig. 2) and members of the DUP240
multigene family (Fig. 1) and confirms the previously reported
lower copy number of Ty 1/2 elements (data not shown). Copy
number is not only a major source of variation between fungal
species but it also, as shown recently, represents a significant
mechanism of variation in humans (28, 53).

The success of S. boulardii as a probiotic might be due to its
enhanced ability for pseudohyphal switching and better sur-
vival at acid pH. The enhanced ability of S. boulardii to form
pseudohyphae could be potentially linked to the mechanisms
of its probiotic activity. The morphological response of S. bou-
lardii appeared to be more extensive than that of 21278b upon
exposure to low nitrogen, and this could in part be explained by
genomic changes as revealed by CGH (Table 2). High survival
at low pH (Fig. 5) is another physiologically important feature
which would be expected to allow more organisms to survive
passage through the stomach and therefore increase probiotic
potential by increasing the number of yeast cells reaching the
intestine. However, the data from the gut transit studies do not
support this, with the different strains showing similar levels in
the intestine.

S. boulardii has been found in the fecal matter of healthy
human subjects several weeks after administration, suggesting
that it was able to establish itself within the GI tract after
treatment with antibiotics (33). The other yeasts that are
known to be able to achieve this are opportunistic pathogens of
the genus Candida. During colonization, many Candida species
undergo a morphological transition to filamentous forms (true
hyphae and pseudohyphae), which are better able to penetrate
the lining of the GI tract (and, indeed, other tissues), and this
ability to switch forms may be a significant virulence factor. S.
cerevisiae is unable to form true hyphae. However, while strains
related to the sequenced isolate of S. cerevisiae FY1679 (23), a
derivative of S288c, are unable to form even pseudohyphae,
strains of different genetic background (e.g., %1278b) are able
to adopt a filamentous mode of growth upon exposure to either
a poor nitrogen source (21, 55) or fusel alcohols (15). Our
study demonstrates that strains of the S. boulardii genetic back-
ground also display enhanced pseudohyphal growth ability,
most likely as a result of higher activity of the cAMP pathway.

The ability to switch readily between yeast and filamentous
forms of growth combined with adherence to host tissues has
long been considered a virulence trait in fungal pathogens such
as C. albicans. However, S. boulardii has generally been shown
to be beneficial to most hosts. A key issue in relation to its
probiotic properties is the way in which S. boulardii is handled
by the mammalian gut, particularly in regard to the rate at
which it is excreted and also its ability to colonize. Although it
was thought that S. boulardii would have the ability to adhere
to epithelial cells and subsequently to sustain longer term col-
onization of the gut, the current study found no evidence that
this occurs. The transit time of all the yeast strains tested in
mouse were very short, with total clearance of the yeast burden
within 28 h (6 to 28 h), an observation which supports previous
reports (18, 33, 44, 48). In contrast, Rodrigues and coworkers
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showed that S. boulardii colonized the gut of gnotobiotic mice
after a single oral dose of lyophilized S. boulardii cells, shed-
ding yeast in the feces for more than 10 days after administra-
tion (49). This suggests that S. boulardii may be sensitive to
competition from the resident microflora in the gut. The find-
ing that repeated reinoculation of S. boulardii was necessary to
maintain high intestinal populations over several days in con-
ventional mice supports this view (18, 48). A similar effect was
observed with human volunteers (33); single doses of S. bou-
lardii were eliminated rapidly in the stools while repeated daily
doses allowed the establishment of a steady-state concentra-
tion after about 3 days. In this study, ampicillin was also admin-
istered to the volunteers to disrupt the commensal flora of the
gut, which significantly increased mean fecal concentrations of S.
boulardii. Our own study demonstrated rapid elimination kinetics
of single doses of different Saccharomyces strains, including S.
boulardii, in the mouse. This is an important observation which
should be considered if this animal model is to be used to evaluate
probiotic and other applications of S. boulardii, including the
recently suggested use of yeast as a novel delivery system for
different pharmaceuticals (5).

The current study suggests genomic reasons for the sporu-
lation deficiency phenotype of S. boulardii. 1t had previously
been reported that S. boulardii was unable to sporulate (39,
40). Our study confirmed this, and on the basis of comparative
genomic hybridization analysis predicted several reasons for
this phenotype. CDC16, DMC1 (Table 2), and MND2 (encod-
ing a subunit of the anaphase-promoting complex) as well were
characterized by values lower than those of their respective
chromosome’s average predicted copy number. This suggests
either copy number difference or sequence divergence, and we
cannot at present distinguish between the two possibilities.
However, the successful complementation of the S. boulardii
sporulation deficiency by hybridizing to sporulation-competent
strains of S. cerevisiae (Table 3) suggests that the most likely
reason for the lower values of CDC16, DMC1, and MND?2 is
sequence divergence. Cdcl6p has been shown to interact with
Cdc23p and Cdc27p to form a macromolecular complex, most
probably via association through their tetratricopeptide re-
peats (36). It could be that the divergence affects the sequence
of this repeat; however, further investigation is required to test
this hypothesis. Interestingly down-regulation of the cAMP
pathway by PDE?2 overexpression has been shown to rescue the
temperature sensitivity of the cdcl6-1 mutant (27). As our
study suggests that the cAMP pathway is activated in S. bou-
lardii, this could be an additional contributing factor to the
inability of strains of this genetic background to sporulate.

Genomic reasons for the sporulation deficiency of S. bou-
lardii were also revealed among the set of genes with values
significantly higher than the average of the respective chromo-
some. Genes in this category, which according to the current
Gene Ontology nomenclature are involved in sporulation, in-
cluded YSWI (encoding a protein expressed specifically in
spores), IME2 (encoding a Ser/Thr kinase involved in activa-
tion of meiosis), ADY4 (encoding a structural component of
the meiotic outer plaque), SLK/9 (encoding a kinetochore-
associated protein required for normal chromosome segrega-
tion in meiosis), and SRC1 (encoding a protein with a putative
role in sister chromatid segregation). All of them were char-
acterized by copy number values significantly higher than the



2466 EDWARDS-INGRAM ET AL.

average for their respective chromosomes. These changes to-
gether with the observed chromosome IX aneuploidy could be
another contributing factor for the sporulation deficiency of S.
boulardii. In a recent study (14), three quantitative trait loci
which control and determine the efficiency of sporulation in
yeast were mapped. It is noteworthy that one of these, TAO3,
is located on chromosome IX.

Our present investigation did not cover the whole genome as
both the previously used glass slide microarrays and the cur-
rently used Affymetrix chips contain probes representative of
only the annotated ORFs but not the intergenic regions. A
more detailed investigation employing the recently developed
tiling microarrays may reveal additional genome differences
between yeast strains, which the current study has been unable
to identify.

In conclusion, we have shown that S. boulardii strains differ
significantly from laboratory strains of S. cerevisiae at both the
genomic and physiological levels with regard to sporulation,
individual chromosome and gene copy numbers, ability for
pseudohyphal switching, and survival at low acid pH, the latter
two features having a direct bearing on the probiotic nature of
S. boulardii. On the other hand, our study found no significant
differences in terms of the ability of S. boulardii strains to
adhere to human epithelial cells and of transit time through
the mouse gut. It remains to be seen how these differences
affect the relationship of this yeast strain with the host.
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