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Saccharomyces cerevisiae, bakers’ yeast, is not a pathogen in
healthy individuals, but is increasingly isolated from immunocom-
promised patients. The more frequent isolation of S. cerevisiae
clinically raises a number of questions concerning the origin,
survival, and virulence of this organism in human hosts. Here we
compare the virulence of a human isolate, a strain isolated from
decaying fruit, and a common laboratory strain in a mouse infec-
tion model. We find that the plant isolate is lethal in mice, whereas
the laboratory strain is avirulent. A knockout of the SSD17 gene,
which alters the composition and cell wall architecture of the yeast
cell surface, causes both the clinical and plant isolates to be more
virulent in the mouse model of infection. The hypervirulent ssd7A/
ssd71A yeast strain is a more potent elicitor of proinflammatory
cytokines from macrophages in vitro. Our data suggest that the
increased virulence of the mutant strains is a consequence of
unique surface characteristics that overstimulate the proinflam-
matory response.

akers’ yeast, Saccharomyces cerevisiae, is not a pathogen in

healthy individuals, but is increasingly isolated from immu-
nocompromised patients (1). This organism, used commercially
in the preparation of food and beverages, is usually found in the
environment associated with rotting fruit. The use of live
Saccharomyces in the treatment of diarrhea in Europe has been
linked to yeast sepsis, making it clinically relevant (1, 2). In
addition to its use as an oral probiotic, live S. cerevisiae shows
promise as a vaccine delivery vector (3), and the predominant
yeast cell wall molecule, B-glucan, is a potent immunostimula-
tory molecule with potential clinical use (4). The possible
infectious properties and clinical utility of S. cerevisiae highlight
the importance of understanding the yeast-immune system
interaction.

Some clinical isolates of S. cerevisiae proliferate and cause
death in DBA/2 mice (5, 6), but not other standard laboratory
mouse strains. Clinical yeast isolates are able to grow at higher
temperatures (41°C) than laboratory strains, and this character-
istic has been correlated with their survival in mice (7). Recent
work has also shown that metabolic genes required for the
virulence of more traditional human pathogens such as Crypto-
coccus neoformans and Candida albicans are also required for
survival of clinical isolates in mice (8). These experiments have
established that the mouse models of S. cerevisiae virulence are
relevant to a broad range of fungal pathogens and are useful for
identification of new determinants of fungal virulence.

We have genetically characterized a number of Saccharomyces
strains recently isolated from humans and found that in the
CISC44 (CISC, clinical isolate of Saccharomyces cerevisiae)
strain the SSDI gene is heterozygous and required for high-
temperature growth (Htg). In wild strains of S. cerevisiae isolated
either from humans or plants, we show that knockout of the
SSD1I gene, which alters the composition and cell wall architec-
ture of the yeast cell surface, causes yeast to be more virulent in
the mouse model of infection. The ssd1A/ssd1A mutant yeast is
a more potent elicitor of proinflammatory cytokines from
macrophages, suggesting that the hypervirulence is due to
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overstimulation of the proinflammatory response and septic
shock.

Materials and Methods

Strains and Manipulations. CISC44 was isolated by A. W.
Fothergill at the University of Texas Health Science Center, San
Antonio, and was obtained from Robert H. Rubin of Massa-
chusetts General Hospital, Boston. It was isolated from a patient
by esophageal brushing. EM93 was a gift from Robert Mortimer
of the University of California, Berkeley (9). W303 (Z18) was
obtained from Rick Young of the Whitehead Institute, Boston.
Prototrophic S288c strains FY4 and FY5 were obtained from
Fred Winston of Harvard Medical School, Boston (10). Plasmids
containing the S288c allele of SSDI were gifts of Ralph Keil of
the Pennsylvania State University, Hershey. Standard yeast
manipulations were performed and all media used were as
described (11). Preliminary characterization of CISCs showed
that the majority were bona fide diploid Saccharomyces by
several criteria: they underwent meiosis, produced haploid prog-
eny that mated well to laboratory strains (S288C, %1278b, and
W303), and resulted in F1 heterozygotes that were fertile.
In-frame knockouts of the entire ORF in S288c were made using
dominant drug resistance cassettes (G418 and HYG") as de-
scribed (12). The deleted ORF with the drug resistance cassette,
including 500 bp flanking each side, were amplified by PCR and
sequentially transformed to make the knockouts in the diploid
EM93 and CISC44 strains. Complementation of the homozy-
gous knockout in the EM93 background was done by inserting
the NAT" cassette upstream of the SSD1 gene in S288C. PCR was
used to amplify the marked SSDI* gene and this PCR fragment
was transformed into the ssdlA/ssd1A mutant in the EM93
background to replace the ssd/A::HYG" knockout allele. Tem-
perature resistance was assayed by diluting overnight cultures
and spotting to yeast extract/peptone/dextrose (YPD) plates
that were incubated at the indicated temperatures for 2-3 days.

Mouse Infections. Tail-vein infections were done essentially as
described (6). A culture of each yeast strain grown in rich media
(YPD) overnight at room temperature was diluted and allowed
to grow for more than two generations at room temperature.
Cells were harvested at ODggy = 1-2, washed three times with
PBS, counted, and resuspended at 2 X 108 colony-forming units
(cfu)/ml in PBS. The flocculation of the ssd1A/ssd1A mutant
strains was eliminated by the washes in PBS, allowing an accurate
count of cfu. Four-week-old DBA/2 or BALB/c mice (Taconic
Farms) were anaesthetized with i.p. injection of Avertin (tribro-
moethanol in fert-amyl alcohol; dosage of 250 mg/kg). Anaes-
thetized mice were injected in the tail vein with 100 ul of yeast
suspension (2 X 107 yeast). Mice were monitored after 2 h to
ensure return of the righting reflex. Mice were then monitored
for morbidity twice daily for 14 days. In each experiment,

Abbreviations: CISC, clinical isolate of Saccharomyces cerevisiae; TNFa, tumor necrosis
factor «; Htg, high-temperature growth; YPD, yeast extract/peptone/dextrose.
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infections of DBA/2 mice with live EM93 and the ssd1A/ssd1A
in the EM93 background were used as controls. Where appli-
cable, significance of differences in survival were calculated by
Kaplan—Meier survival analysis using log-rank scores.

Cell wall Analysis. Cells from cultures grown for seven to eight
generations in YPD medium containing [U*C]glucose were
harvested from log-phase cells grown at room temperature (to
assure homogeneous labeling of all carbon containing molecules
and equal '*C incorporation for all strains). Cells were homog-
enized with glass beads and cell walls were isolated by centrif-
ugation. Walls were enzymatically fractionated in a three-step
procedure previously described (13). Each of the cell wall
polysaccharides were quantified as the percentage of total wall
label. Chromatographic profiles are on the digestion products
obtained after step 1 of the serial enzymatic cell wall fraction-
ation scheme (13). The relative amount of Ls and L, was
calculated by adding the radioactivity in all fractions of each
peak, relative to the total of both peaks, after background
subtraction. The fractions taken for calculation are those be-
tween the lines (Fig. 3 @ and b). Ls (laminaripentaose) and L,
(GlcNAc and laminaribiose) were both analyzed by TLC to
confirm the polysaccharide content of the peaks. Statistical
significance was measured using one-tailed Student’s ¢ test,
assuming two-sample equal variance.

Assays of Flocculation and Hydrophobicity. Cells were grown over-
night in SC media (minimal media containing glucose and all
amino acids). To test flocculation, culture tubes were vortexed
vigorously for 1 min, stood on end, and photographed within 5
min. The hydrophobicity test was done exactly as described (14).
The amount of cells in the aqueous layer before and after
vortexing vigorously with octane was quantitated by spectro-
photometer.

Macrophage Stimulation with Yeast. Overnight cultures of yeast
strains grown in rich media (YPD) were washed three times with
sterile PBS (GIBCO/BRL), counted, and resuspended at 1.5 X
108 yeast per ml. Murine RAW 264.7 macrophages (American
Type Culture Collection) were grown in RPMI-10 [RPMI
(GIBCO/BRL) + 10% heat-inactivated FCS (Intergen, Pur-
chase, NY) + penicillin (100 units/ml)-streptomycin (0.1 mg/
ml)]. They were plated to 24-well plates at 2.5 X 10° macrophages
per well and grown overnight. Peritoneal macrophages were
elicited from 7- to 10-week-old DBA/2 mice with Biogel-10
beads (Bio-Rad) and harvested as described (15). Macrophages
were plated in 24-well plates at 2.5 X 10° macrophages per well
and grown overnight in RPMI-10 before the infection. Before
infection, macrophages were washed three times with fresh
RPMI-10. Yeast were then added at a yeast:macrophage ratio of
30:1 and allowed to bind and be phagocytosed for 30 min at 37°C
in 5% CO,. Macrophages were then washed extensively to
remove unbound yeast and incubated in 0.5 ml of medium for
3-6 h at 37°C in 5% CO.. All infections were done at least three
times independently, and duplicate or triplicate wells were used
each time.

Cytokine Measurements. Murine tumor necrosis factor a (TNFa),
IL-1B, and IL-6 levels in the infection supernatants were mea-
sured by ELISA according to the manufacturer’s instructions (R
& D Systems), with the exception that antibody binding was
detected using the Supersignal ELISA substrate (Pierce) and
quantified on a Luminoskan luminometer (Labsystems, Frank-
lin, MA). Standard curves were calculated using DELTASOFT3
imaging software (Biometallics, Princeton) or EXCEL (Mi-
crosoft). Infections were done in duplicate or triplicate and
ELISA measurements were taken in duplicate or triplicate. Five
independent experiments were performed, and results from a
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Fig. 1. The SSD7 gene is heterozygous in a clinical isolate and regulates Htg
in three strain backgrounds. (a-d) A single locus regulates temperature resis-
tance in CISC44 clinical isolate. The four products of one meiosis are in each
vertical column. The meiotic products of CISC44 (a and b) or a cross between
CISC Htg™ spore 44-8c and W303 (c and d) were replica-plated to YPD plates
at 30°C(a and ¢) or 41°C (b and d). (e and f) W303 (row 3) is converted to Htg™
by transformation with a centromeric plasmid containing the SSD7 gene from
CISC44 (row 4) or from $288C (rows 5 and 6) or a high copy (2 ) plasmid
containing the 5288C allele (row 7), but not with vector alone (row 3); CISC44
is included as an Htg™ control (row 1) and CISC44 ssd1A/ssd1A (row 2) is
included as an Htg~ control. Strains were spotted in 10-fold dilution series (left
to right) on YPD plates at 30°C (e) or 41°C (). (g and h) Homozygous knockout
of both alleles of SSD17 yields Htg™ strains in both EM93 and CISC44 back-
grounds. EM93 (row 1), EM93 ssd7A/ssd 1A (row 2), CISC44 (row 3), and CISC44
ssd1A/ssd1A (row 4) were spotted in a 10-fold dilution series to YPD plates at
37°C(g) or 41°C (h). Linkage of Htg* to SSD7 was further validated by crosses
of Htg™ spore 44-8c¢ to strains with neutral markers inserted at the SSD7 locus
(data not shown).

single representative experiment are presented as the averages
and standard deviations of four to nine measurements.

Results and Discussion

A number of clinical isolates, dubbed CISCs, were subjected to
genetic analysis and shown to be authentic diploids of S. cerevi-
siae (see Materials and Methods). One of these diploids, CISC44,
showed a 2:2 meiotic segregation for the ability to grow at high
temperatures (Fig. 1 a and b), suggesting that Htg* in this strain
depends on a single genetic locus. We investigated the molecular
nature of the Htg™ phenotype because temperature growth has
been associated with virulence in S. cerevisiae (7, 16). Crosses of
an Htg™ haploid segregant by the laboratory W303 strain (Htg™)
also segregated 2 Htg":2 Htg~ (Fig. 1 ¢ and d). The Htg™ locus
was cloned by transforming a single-copy library (from an Htg™"
haploid segregant, 44-8c) into the Htg~ W303 strain and isolat-
ing a plasmid that conferred the Htg"™ phenotype to W303.
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Table 1. The cell wall composition of ssd71A/ssd1A mutants in
wild isolates

Strain Chitin B-1,6-glucan B-1,3-glucan Mannan

EM93 WT 3417 124+ 0.3 429 = 1.1 414+ 1.8

EM93 ssd7A/ 4.1 1.3 11.0 = 0.2* 39.8 0.7 45.6 = 1.2**
ssdTA

CISC44 WT 3.1+ 1.1 124 = 0.7 39.4+2.0 45.1 = 0.9

CISC44 ssd1A/ 5.7 = 1.5%* 10.9 + 0.5* 33.4 + 1.4* 50.1 = 0.9*%
ssdTA

All results are presented as the percentage of total cell wall. Results are
presented as average *= SD of duplicates from three independent experi-
ments. * and ** indicate, respectively, P< 0.001 and P < 0.01 for the difference
between WT and ssd7A/ssd7A.

Sequence analysis showed that the cloned gene was SSDI, a
polymorphic gene in laboratory strains that is functional in the
fully sequenced S288c strain but nonfunctional in W303 (17).
Either the CISC44-derived SSDI gene or the S288c-derived
SSDI confers the Htg™ phenotype to the Htg~ W303 strain (Fig.
1 e and f). SSD1 has been implicated in temperature resistance
in several laboratory strains (17-19). To establish that SSDI
regulates temperature resistance in environmental isolates, we
constructed homozygous mutants (ssdlA::G418"/ssd1A::HYG")
by sequential gene disruption in two different strains, CISC44
and EM93. EM93, a feral diploid strain that was isolated from
a rotting fig, is the progenitor to the fully sequenced S288c lab
strain and contributes ~88% of the S288c gene pool (9). As
shown in Fig. 1 g and A, SSD1 is required for Htg on YPD media
in both the EM93 and CISC44 backgrounds.

Loss of SSD! function in laboratory strains results in a number
of phenotypes associated with alterations in the cell wall: dra-
matic increases in sensitivity to osmotin, a plant-derived anti-
fungal compound; changes in the composition of the cell wall
polysaccharides (20); and sensitivity to the cell wall damaging
agent calcofluor white (18). Both ssd1A/ssd1A mutants con-
structed in the feral strain backgrounds exhibit similar cell wall
changes and cell integrity phenotypes to those described in lab
strains: a partial deficiency in 1,3- and 31,6-glucan (=10% less)
accompanied by concomitant increases in mannan and chitin
(Table 1), as well as sensitivity to calcofluor white.

The fact that selective pressures have kept CISC44 heterozy-
gous at the SSDI locus raised the possibility that homozygous
mutation may affect the survival and/or virulence of the yeast
in the mammalian host, counterbalancing the clearly detrimental
ex vivo fitness of such strains. To test the contribution of SSDI
to virulence we infected DBA/2 mice i.v., a standard model of
S. cerevisiae infection (6, 21). The EM93 strain was much more
virulent than the clinical isolate CISC44, which caused no
lethality in mice even 4 weeks after infection (Fig. 2a). Consis-
tent with previous studies, we found that the prototrophic S288C
lab strain was avirulent (data not shown).

The homozygous ssd1A/ssd1A strains of yeast constructed in
both the CISC44 and EM93 backgrounds were dramatically
more virulent than the corresponding WT strains. The CISC44
comparison is striking because the ssdlA/ssd]A mutant was
lethal, whereas the CISC44 WT strain caused no death. Mice
infected with the EM93 ssd1A/ssd1A strain had an accelerated
onset of lethality as compared with the isogenic WT strain; a
significant proportion of the mice died even 1 day after infection.
This accelerated death is a consequence of the ssdIA/ssd1A
mutations in EM93, because the SSDI/ssdIA heterozygote and
an ssd1A/ssd1A strain with a functional SSDI gene reintegrated
at the SSDI locus (ssdIA/SSDI*) had virulence indistinguish-
able from that of the EM93 WT strain and less than that of the
ssd1A/ssd1A mutant (Fig. 2b).
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Fig. 2. Homozygous ssd7A/ssd1A mutants are more virulent in the mouse

model of infection. DBA/2 mice were infected with the indicated yeast strains
(see Materials and Methods) and monitored twice daily. (a) Comparison of
infections with WT (0) and ssd7A/ssd7A (O) yeast in the CISC44 (dotted line)
and EM93 (solid line) backgrounds. (b) Reintroduction of SSD7 into the
ssd1A/ssd1A mutant in the EM93 background restores virulence to WT levels.
Two ssd1A/ssdTA strains transformed with WT SSDT were assayed and had
indistinguishable virulence (data not shown). Only one transformed strain
(ssd1A/SSD1*; dotted line) is shown for the sake of clarity. In addition, the
heterozygote used to obtain the homozygous deletion was found to have
essentially the same virulence as the transformed strains (data not shown). (c)
Comparison of infections of DBA/2 and BALB/c mice shows that lethality is not
through aggregation and mechanical obstruction. Infections of DBA/2 mice
(solid lines) resulted in 100% lethality, whereas infections of BALB/c mice
(dashed lines) caused no lethality. EM93 and the ssd7A/ssd7A mutant in the
EM93 background were used in all experiments as controls, and the survival
curves represent the combination of four experiments. Survival curves with
CISC44 and the ssd7A/ssd1A mutant in the CISC44 background are the com-
bination of three independent experiments.

Wheeler et al.



4,500
4,000
35004 Yo
. 3,000
E 5500
o
G 2,000
1,500
1,000+
500 -
]
50 70 20 110 130 -
Fraction Number S5D1/ 85D1/ ssd1A/ ssdia/
SSD1 ssd14 ssd14 S8D1*
60
3,500 - 5
3,000 - 450
F=
25001 Ve 240
E L0 E‘au
3" 1,500 - €
o 20
1,000 - 2
2 10
500 -
[] : - - - 0
50 70 a0 110 130 S5D1/ 8SD1/  ssdiA/  ssd1a/

85Dt ssd1A  ssdia SsD1*

Fraction Number

Fig.3. The cell surface is quantitatively and qualitatively altered in ssd7A/ssd7A mutants. (a and b) Profiles of B-glucanase digestion products of 1,3-glucan.
Ls represents laminaripentaose from linear, unsubstituted portions of the chains. L4 represents laminaritetraose from substituted portions of the glucan chain.
The glucanase also releases laminaribiose (L,) from glucan chains and GIcNAc from chitin, which coelute on the column in higher number fractions. Peaks were
quantitated as described in Materials and Methods. (a) Profile of CISC44. (b) Profile of CISC44 ssd1A/ssd1A mutant. (c) The EM93 ssd7A/ssd1A mutant is more
flocculent than the WT and heterozygous strains. Strains were grown overnight, vortexed, and photographed within 5 min. Flocculation causes the cells to clump
together and fall out of suspension. This flocculation was found to depend on Ca2* (data not shown). (d) The EM93 ssd7A/ssd1A mutant is more hydrophobic
than the WT and heterozygous strains in the octane bipartitioning assay. Strains were grown overnight and assayed as described in Materials and Methods.
Greater retention in the octane phase indicates an increase in hydrophobicity.

Several experiments suggest that the ssdIA/ssdIA mutant
yeast are viable in the mouse and that their increased virulence
requires proliferation in vivo. Although the ssd 1A /ssd 1A mutants
do not grow at 41°C, they still grow well at mammalian body
temperature, 37°C (Fig. 1g). Mice that have died after tail-vein
injections of either the ssdl mutant or WT have large numbers
of live yeast (>10° yeast) in their kidneys. Moreover, neither
mutant nor WT yeast that have been killed by mild heating to
65°C for 15 min cause any lethality, suggesting that the increased
virulence of the mutant cells is not a consequence of lysis and
release of toxins. These data suggest that the mutant yeast are
viable in vivo and cause mortality due to their growth and
interaction with the host, rather than killing the mice through
toxicity, as is the case for lipopolysaccharide (LPS).

We investigated the architecture of B-glucan in the cell wall of
WT and ssd1A/ssd1A strains because alterations in the compo-
sition of fungal cell walls are known to alter the immune response
(22). The two primary components of the S. cerevisiae cell wall
(B-glucan and mannan) are recognized by specialized innate
immune receptors, termed pattern recognition receptors (23,
24), which are thought to direct innate and adaptive immune
responses to these fungal antigens. To probe the B-glucan
structure, we analyzed the chromatographic profile of products
released from WT and ssdIA/ssdIA mutant cell walls by the
combined action of a recombinant 1,3 endoglucanase (Quan-
tazyme) and chitinase (see Materials and Methods). Because of
the cleavage specificity of Quantazyme (25), the S5-glucose
(Ls):4-glucose (L4) products ratio indicates the structural fea-
tures of the glucan chains: Ls is diagnostic of linear chains and
L, is indicative of branching or chain substitutions, which affect
enzyme accessibility. The cell walls from the hypervirulent
CISC44 ssd1A/ssd1A and EM93 ssd1A/ssd1A mutants show an
increase in Ls as compared with Ly, indicating a relative increase
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in linear, unsubstituted B-glucan chains (Fig. 3 a and b, Table 2).
These experiments show that the quantitative changes in cell wall
composition are accompanied by significant qualitative changes
in B-glucan structure.

These differences in cell wall architecture between the ssd1A/
ssdIA mutant and parent strain are accompanied by physical
changes in the yeast cell surface. The ssdIA/ssdIA mutant in the
EM93 background shows much greater flocculence (cell-cell
adherence) and greater hydrophobicity than the isogenic WT
and heterozygous strains (Fig. 3 ¢ and d). Hydrophobicity is a
property of cell wall composition and is positively correlated with
virulence in C. albicans (26). The flocculence of the ssd1A /ssd1A
strains does not appear to contribute to virulence by causing
mechanical obstruction of the vascular system, because the WT
and ssd1A/ssd1A mutant strains are both avirulent in BALB/c
mice (Fig. 2c). BALB/c mice are resistant to lethal infection with
S. cerevisiae strains but should be equally susceptible to mechan-
ical obstruction (6). The fact that neither WT nor ssd1A/ssd1A
mutant yeast were virulent in BALB/c mice suggests that

Table 2. The B1,3-glucan structure (linear vs. substituted) of
ssd1A/ssd1A mutants

Laminaripentaose Laminaritetraose

Strain (LsWT/LsssdAssdA) (L4WT/LsssdAssdA)
EM93 0.95 + 0.01* 1.34 = 0.13**
CISC44 0.91 = 0.02* 1.83 £ 0.20**

All results are presented as the ratios of the areas under the curve for each
peak and are the average + SD of three experiments. * and ** indicate,
respectively, P < 0.001 and P < 0.005 for the difference between WT and
mutant.
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Fig. 4. The ssd7A/ssd1A mutant yeast elicits greater proinflammatory cytokine induction in both primary and cultured macrophages. (a) Peritoneal
macrophages were exposed to WT and mutant yeast for 6 h. (b) Macrophages from the RAW 264.7 murine cell line were exposed to WT and mutant yeast for
6 h.TNFe, IL-6, and IL-1Bin culture supernatants were measured by duplicate ELISAs of duplicate wells. Gray bar, CISC44 stimulation; crosshatched bar, stimulation
with the ssd7A/ssd1A mutant. The ssd7A/ssd7A mutant in the EM93 background also causes a significant, although smaller, increase of cytokine production in
RAW?264.7 and primary macrophages. For both a and b, more than four independent experiments were performed and a single representative experiment is

shown.

aggregation and associated embolism are not responsible for the
hypervirulence of ssdIA/ssdIA strains.

These striking cell wall changes suggested that the mutants
may be more virulent because their altered cell surface leads to
misrecognition by the innate immune system. The rapidity of
death in all cases (within 1 week) also implied that the lethality
was due to septic shock induced through overstimulation of the
proinflammatory arm of the innate immune system. Analysis of
the production of proinflammatory cytokines by primary peri-
toneal macrophages exposed to WT and mutant yeast provided
strong support for this hypothesis. In comparison to the WT
CISC44 yeast, the ssd1A/ssdl1A mutant yeast stimulated 3-fold
more TNF«, 3-fold more IL-6, and 7-fold more IL-18 (Fig. 4a).
The enhancement of TNFa production stimulated by the mutant
yeast was also seen when a murine macrophage cell line was
exposed to the mutant yeast (Fig. 4D). Overproduction of TNFq,
IL-1B, and IL-6 is associated with septic shock (27), suggesting
that the hypervirulent yeast is indeed a more efficient inducer of
sepsis in the mice.

The established association between fungal cell surface poly-
saccharides and immune recognition of fungi (22-24, 28, 29)
suggests that the changes in the cell surface properties of the
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