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Abstract
Because domesticated Saccharomyces cerevisiae strains have been used to produce fermented
food and beverages for centuries without apparent health implications, S. cerevisiae has always
been considered a Generally Recognized As Safe (GRAS) microorganism. However, the number
of reported mucosal and systemic S. cerevisiae infections in the human population has increased
and fatal infections have occured even in relatively healthy individuals. In order to gain insight
into the pathogenesis of S. cerevisiae and improve our understanding of the emergence of fungal
pathogens, we performed a population-based genome-wide environmental association analysis of
clinical versus non-clinical origin in S. cerevisiae. Using tiling array-based, high density
genotypes of 44 clinical and 44 non-clinical S. cerevisiae strains from diverse geographical origins
and source substrates, we identified several genetic loci associated with clinical background in S.
cerevisiae. Associated polymorphisms within the coding sequences of VRP1, KIC1, SBE22 and
PDR5, and the 5′ upstream region of YGR146C indicate the importance of pseudohyphal
formation, robust cell wall maintenance and cellular detoxification for S. cerevisiae pathogenesis,
and constitute good candidates for follow-up verification of virulence and virulence-related factors
underlying the pathogenicity of S. cerevisiae.
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INTRODUCTION
Domesticated strains of the hemiascomycetous yeast Saccharomyces cerevisiae have been
employed for centuries in the production of fermented food and beverages, which has been
considered safe practice as S. cerevisiae was generally recognized as being non-pathogenic.
However, an increase in the number of reported mucosal and systemic infections caused by
S. cerevisiae warranted a reevaluation and this species is now regarded as an opportunistic
pathogen of low virulence (de Hoog, 1996; Enache-Angoulvant & Hennequin, 2005).
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Clinical syndromes caused by S. cerevisiae include pneumonia, peritonitis, vaginitis and
fungemia (Muñoz et al., 2005), and although S. cerevisiae infections often involve
immunocompromised or critically ill patients, fatal infections also occur in relatively healthy
individuals (Smith et al., 2002). S. cerevisiae is commonly present as part of the microflora
in the gastrointestinal tract, the respiratory tract and the vagina (Kwon-Chung & Bennett,
1992; Salonen et al., 2000), and infection is believed to occur through translocation of
ingested microorganisms from the oral or enteral mucosa and contamination of catheter
insertion sites (Hennequin et al., 2000; Muñoz et al., 2005). The sources of emerging S.
cerevisiae pathogens are largely unclear, but some have shown to be food and drink related
(de Llanos et al., 2004; de Llanos et al., 2006a), while others are nosocomial. A notable
example of nosocomial infections are those caused by S. cerevisiae var. boulardii, which is
used as a probiotic to treat antibiotic-associated diarrhoea and Clostridium difficile
infections (Guslandi, 2006), and which has caused fungemia in various cases (Bassetti et al.,
1998; Muñoz et al., 2005). Nevertheless, the genetic diversity among pathogenic S.
cerevisiae strains is large and a single origin is unlikely (Muller & McCusker, 2009).

Although S. cerevisiae infections are opportunistic in nature and host factors are believed to
be more important for the establishment of infection than yeast characteristics (Klingberg et
al., 2008), virulence does vary greatly among S. cerevisiae strains and is expected to have an
effect on the extent of invasiveness (Clemons et al., 1994). Both virulence factors, which
interact directly with the host, and fitness attributes that enhance the ability to thrive in the
host contribute to fungal pathogenicity, and most knowledge regarding virulence and
virulence-related factors is available for Candida albicans, the major fungal pathogen of
humans. Recognized virulence factors of C. albicans include morphogenesis (the transition
between yeast cells and filamentous growth; Sundstrom, 2006), secretion of degradative
enzymes such as aspartyl proteinases and phospholipases (Hube & Naglik, 2002), adhesin-
promoted binding to host tissue (Hoyer et al., 2008) and invasin-enhanced uptake by host
cells (Phan et al., 2007). Suspected virulence factors in S. cerevisiae are pseudohyphal
growth and high levels of phospholipase activity, while the ability to grow at high
temperatures has been proposed as an important virulence-related fitness attribute
(McCusker et al., 1994; de Llanos et al., 2006b). However, the intrinsic properties that
determine pathogenesis in S. cerevisiae remain poorly understood.

Here, we report on the first population-based genome-wide environmental association
analysis of clinical versus non-clinical background in S. cerevisiae. Using 135,771 single
feature polymorphisms (SFPs) in independent case-control samples of 44 clinical and 44
non-clinical S. cerevisiae strains from various geographical origins and source substrates, we
identified several polymorphisms, consituting both coding and regulatory variation,
associated with clinical origin in S. cerevisiae. Our results support the importance of yeast-
hypha morphogenesis for S. cerevisiae pathogenicity, in addition to suggesting the
involvement of cell wall maintenance and cellular detoxification.

MATERIAL AND METHODS
Yeast strains

Segregants of 44 clinical and 44 non-clinical S. cerevisiae isolates of diverse geographical
backgrounds and source substrates, including the well known lab strain S. cerevisiae S288c,
were used in this study (see Table S1). Segregants were obtained through sporulation of S.
cerevisiae isolates, dissection of the spore tetrads and germination of the ascospores using
standard methods described by Sherman (1991). All strains were kept in glycerol (15% v/v)
at −80 °C, or for shortterm storage on 1% yeast extract, 2% peptone and 2% dextrose (YPD)
agar medium at 4 °C. All strains have been deposited in, and should be requested from, the
Phaff Yeast Culture Collection (http://www.phaffcollection.org/).
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DNA extraction and microarray hybridization
Total DNA was extracted from yeast cultures grown overnight in 50 mL YPD medium using
the Qiagen Genomic-tip 100/G (Qiagen) according to the manufacturer’s instructions. Ten
micrograms of purified DNA were digested with 1 U of DNase I (New England Biolabs) for
2 min at 37 °C in 1× DNase I Reaction buffer (New England Biolabs) to obtain fragments of
25-50 bp. DNase I was heat inactivated at 95 °C for 20 min, and the digestion products were
analyzed on a 2% agarose gel. The fragmented DNA was end-labeled by incubation at 37 °C
for 1 h with 20 U of terminal deoxynucleotidyl transferase (New England Biolabs) and 1
nmol of biotin-11-ddATP (Perkin Elmer) in 1× NEBuffer 4 (New England Biolabs), and the
labeling reaction was terminated by heat inactivation of the terminal transferase at 75 °C for
25 min. The target DNA was hybridized onto GeneChip® S. cerevisiae Tiling 1.0R Arrays
(Affymetrix) following standard Affymetrix protocols for DNA hybridization, washing and
staining (see Gresham et al., 2006), and the arrays were scanned using the Affymetrix
scanner at 0.7 μm resolution. The hybridization intensities of the 9 central pixels were
determined, and an average intensity at each oligonucleotide feature was computed using the
GeneChip® Operating Software (Affymetrix).

Data analysis
The raw hybridization intensity data of the perfect match (PM) oligonucleotide features
were extracted from the individual “.cel” files, background-corrected with the RMA
algorithm (Irizarry et al., 2003), quantile-normalized across microarrays (Bolstad et al.,
2003) and log2-transformed using the AROMA.AFFYMETRIX v1.1.0 package (Bengtsson
et al., 2008) in R v2.9.0 (R Development Core Team, 2007). Single feature polymorphisms
(SFPs) were identified based on the bimodality of their respective transformed hybridization
intensity distributions. Modalities of the hybridization intensity distributions were estimated
and individual observations were assigned to genotype classes using a normal mixture
modeling and model-based clustering approach, as implemented in the MCLUST v3
package for R (Fraley & Raftery, 2006). Model-based clustering was performed according
to the normal mixture model with the highest Bayesian Information Criterion-value (BIC;
see e.g. Fraley & Raftery, 2002) among the equal variance-models with up to two mixture
components. Analysis was restricted to PM features with a unique match in the S. cerevisiae
S288c reference genome (Goffeau et al., 1996) and in order to reduce the number of false
genotype calls, data of predicted polymorphic PM features were only withheld for further
analysis if the mean transformed hybridization intensities of the different genotype classes
differed by at least 4 and the rare genotype class was comprised of at least 5 yeast strains
(minor allele frequency (MAF) ≥ 5.6%). In all subsequent analyses, the two recognized
genotype classes were considered “S288c-like” (high hybridization intensity class) and “non
S288c-like” (low hybridization intensity class).

Pairwise linkage disequilibria (LD) between the SFPs were measured as r2 using PLINK
v1.07 (Purcell et al., 2007) and heatmaps were generated with the LDHEATMAP package
(Shin et al., 2006) in R v2.9.0. Genotype data from a subset of 5,000 SFPs that appear in
linkage equilibrium were selected (PLINK parameters: pairwise r2 ≤ 0.5, window size = 50
loci, step size = 5 loci) and used to assess the genetic relationships among the different yeast
strains. Classical multidimensional scaling was performed using the CMDSCALE routine in
R v2.9.0 with a genetic distance matrix based on the identity-by-state (IBS) estimates
between all pairs of yeast strains. In addition, genetic structure was evaluated using the
Bayesian approach implemented in STRUCTURE v2.3.2 (Pritchard et al., 2000; Falush et
al., 2003; Hubisz et al., 2009) to take the clinical/non-clinical origin of the samples into
account. The LOCPRIOR model (Hubisz et al., 2009) with admixture and correlated allele
frequencies was used and three independent runs for each value of K (the number of
clusters) between 1 and 5 were performed, with 100,000 iterations after a burn-in period of
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50,000 iterations. Using ARLEQUIN v3.5.1.2 (Excoffier & Lischer, 2010), analysis of
molecular variance (AMOVA; Excoffier et al., 1992) was performed in order to estimate the
proportions of the total genetic variance between and within the groups of clinical and
nonclinical yeast strains.

Genome-wide association mapping was performed using the non-parametric Fisher exact
test and the parametric linear mixed model implemented in the method of Efficient Mixed-
Model Association Expedited (EMMAX; Kang et al., 2010) to identify genetic loci
associated with clinical background in S. cerevisiae. Fisher exact tests of association
between background and single markers were carried out in R v2.9.0. A log quantile-
quantile (Q-Q) plot was generated by plotting the negative logarithm (base 10) of the
observed P-values against −log10(r/(n+1)), with r equal to the rank of the n = 135,771 P-
values, and inflation of the observed P-values was measured as the slope of the linear
regression between the log-transformed quantiles. The method of Efficient Mixed-Model
Association (EMMA; Kang et al., 2008) as implemented in EMMAX was used to account
for patterns of genetic relatedness between the yeast strains. In the applied model, a random
genetic term with a variance-covariance matrix proportional to the kinship matrix based on
pairwise IBS estimates was included together with the SFPs being tested as fixed terms.
Inflation of the observed P-values was estimated as described for the Fisher exact tests.
Genome-wide significance was assessed using a nominal 5% significance treshold with
Bonferroni correction for 135,771 tests (P-value ≤ 0.05 / 135,771 = 3.68 × 10−7).

Verification of DNA polymorphisms
Underlying DNA polymorphisms of SFPs 47,217, 58,321, 79,325, 79,327, 79,345, 79,346,
94,444, 94,445, 94,446, 94,447, 94,468, 94,469, 120,072, 120,073, 120,120 and 120,121,
which were found to be associated with clinical origin in S. cerevisiae (see Results), were
verified using DNA sequences of S. cerevisiae strains S288c, YJM789 (YJM145), YJM975
and RM11-1a (YJM1293) retrieved from the NCBI database (National Center for
Biotechnology Service; http://www.ncbi.nlm.nih.gov/). SFPs 65,184, 65,185, 65,186 and
65,201 were verified using S. cerevisiae S288c DNA sequences and sequences obtained by
polymerase chain reaction (PCR) amplification and subsequent Sanger sequencing of the
corresponding genetic loci in S. cerevisiae strain YJM1199. Oligonucleotide primers were
designed based on the S. cerevisiae S288c reference sequence using PRIMER3 v0.4.0
software and PCRs were performed in total volumes of 20 μL containing 0.5 mM of the
forward and reverse primers (see Table S2), 1U Taq DNA polymerase, 10mM Tris-HCl, pH
9, 15mM MgCl2, 50mM KCl, 200 mM of all four dNTPs and approximately 2 ng of
genomic DNA template. The following PCR temperature profile was used: initial
denaturation at 95 °C for 2 min; 30 cycles of 95 °C for 20 s, 55 °C for 20 s, 72 °C for 1 min;
final extension at 72 °C for 10 min. Direct sequencing of the PCR products was performed
using the ABI BigDye® Terminator reaction mixture and an ABI PRISM® 3730 DNA
Analyzer (Applied Biosystems) following the manufacturer’s instructions.

RESULTS
Genomic DNA extracted from segregants of 44 clinical and 44 non-clinical S. cerevisiae
isolates was hybridized onto separate GeneChip® S. cerevisiae Tiling 1.0R Arrays, which
carry 2,470,820 PM oligonucleotide features with a unique match in the S. cerevisiae S288c
reference genome. Combined, the unique microarray features cover approximately 93% of
the S. cerevisiae S288c nuclear genome. After background correction and normalization, a
total of 135,771 oligonucleotide features (5.5%) were found to cover polymorphic loci in the
S. cerevisiae nuclear genome based on the bimodality of the distributions of their log2-
transformed hybridization intensity values and a minor allele frequency cut-off value of
5.6%. The fraction of polymorphic oligonucleotide features per chromosome varied between

Muller et al. Page 4

Mol Ecol. Author manuscript; available in PMC 2012 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.ncbi.nlm.nih.gov/


4.1% and 11.5% (average of 6.3%), with relatively high frequencies of SFPs for the three
smallest chromosomes (chromosome 1, 11.5%, chromosome 3, 10.8%, and chromosome 6,
11.4%; see Table 1) due to the occurrence of large sequence polymorphisms. The distance
between adjacent polymorphic features (calculated using the position of the middle
nucleotide of each oligonucleotide feature in the S. cerevisiae S288c reference genome)
varied between 4 bp and 16,018 bp, with an average of 89 bp (see Figure S1 for the genomic
distribution of SFPs).

Based on the hybridization intensity, two allele classes were recognized for each SFP:
“S288c-like” (high hybridization intensity class) and “non S288c-like” (low hybridization
intensity class). Per SFP marker, the frequency of the “S288c-like” allele class varied
between 5.7% and 94.3% (average of 75.7%) across all yeast strains (see Figure S2a). Per
strain, the frequency of the “S288c-like” allele class varied between 59.4% and 99.9%
(average of 75.7%) across all SFPs (see Figure S2b), with the highest frequency observed
for strain S288c. Using the hybridization intensity data of strain YJM145 and the genome
sequence of its haploid isoform YJM789 (Wei et al., 2007), the frequency of correctly called
genotypes was estimated to be 94.6%. Of the 94,125 SFP markers covering loci with an
“S288c-like” allele in YJM145, 94,061 (99.9%) allowed correct genotype calling, while
34,403 of the 41,646 SFP markers covering loci with “non S288c-like” alleles (82.6%)
provided correct genotype calls.

The results of the classical multidimensional scaling ordination are presented in Figure 1 as
a plane projection of the two most informative axes accounting for the genetic relatedness
among the segregants of the clinical and non-clinical S. cerevisiae isolates. Combined, the
first two factors accounted for 31% of the total variation in the sample. Although strongly
differentiated clusters of yeast strains are not apparent, there seems to be some genetic
differentiation between the groups of clinical and non-clinical S. cerevisiae strains. This was
confirmed by the analysis of molecular variance, which indicated a limited (2.7%) but
significant (P-value < 0.05) proportion of the total variance to be due to differences between
these two groups of yeast strains (see Table 2). However, the bayesian analysis of genetic
structure, as implemented in STRUCTURE v2.3.2, provided no evidence for clustering
according to clinical/non-clinical origin and seemed to support the absence of a clear genetic
structure among the yeast strains, assigning relatively few strains to single clusters and
indicating most strains to be of mixed ancestry (results not shown).

Figure 2 provides an overview of the results of the genome-wide association analysis using
Fisher exact tests (Figure 2a) and EMMAX (Figure 2b). Magnifications of the genomic
regions surrounding the SFPs giving the strongest association signals (see Table 3),
including heatmaps of pairwise linkage disequilibria, are presented in Figure 3. Before
correcting the P-values for inflation due to population structure, Fisher exact tests and
EMMAX indicated 20 SFPs to reach genomewide significance. Twelve of these
corresponded to sharply defined peaks within single genes and eight are located in intergenic
regions. SFP 47,217 (P-value = 3.16 × 10−7, OR = ∞) is located in a small LD block of four
partially overlapping SFPs on chromosome 6 in between open reading frames (ORFs)
YFR012W and YFR012W-A (see Figure 3a). SFP 58,321 (P-value = 1.24 × 10−7, OR = 6.04)
on chromosome 7 overlaps with the heat shock transcription factor Hsf1p binding site
between YGR146C-A and YGR147C (see Figure 3b). The partially overlapping SFPs 65,184,
65,185 and 65,186 (P-values ≤ 4.04 × 10−8, ORs = ∞) are located within YHR102W (KIC1)
on chromosome 8 and appear in LD with SFP 65,201 (P-value = 1.15 × 10−7, OR = ∞)
located within YHR103W (SBE22; see Figure 3c). SFPs 79,325 and 79,327 (P-values = 5.01
× 10−8, ORs = 0.00), together with SFPs 79,345 and 79,346 (P-values = 1.36 × 10−12, ORs
= 0.00), are located within a 1.6 kbp LD block containing YJR153W (PGU1) on
chromosome 10 (see Figure 3d). The LD block of SFPs 94,444, 94,445, 94,446 and 94,447
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(P-values = 2.50 × 10−8, ORs = 7.71) is located within YLR337C (VRP1) on chromosome
12 and is in LD with SFPs 94,468 and 94,469 (P-values = 2.50 × 10−8, ORs = 7.71) located
between YLR340W (RPP0) and YLR341W (SPO77; see Figure 3e). Finally, on chromosome
15, SFPs 120,072 and 120,073 (P-values = 3.16 × 10−7, ORs = ∞) are located within a 2.2
kbp LD block partially overlapping YOR153W (PDR5) and SFPs 120,120 and 120,121 (P-
values = 3.55 × 10−7, ORs = 15.30) are located within YOR154W (SLP1; see Figure 3f).

However, the log Q-Q plots of the observed P-values (see Figure 4) indicated systematic
deviations of the observed P-value distributions from their null expectations under a model
of no association and an excess of significant associations is expected based on the
estimations of the inflation factors for the P-values generated by the Fisher exact tests (λfisher
= 1.67; see Figure 4a) and by EMMAX (λEMMAX = 1.15; see Figure 4b). After correcting
the observed P-values using the estimated inflation factors (Pcorrected = Pobserved

1/λ),
EMMAX identified significant association at a genome-wide level of SFPs 79,345 and
79,346 (P-values = 5.13 × 10−11) and SFPs 94,444, 94,445, 94,446, 94,447, 94,468 and
94,469 (P-values = 2.56 × 10−7) with clinical origin in S. cerevisiae (see Figures 2 and 3,
and Table 3).

The pseudoheritability, the additive component of heritability as estimated with the kinship
matrix by EMMAX, of the clinical background in S. cerevisiae is 99%. Including the 20
SFPs that reach genome-wide significance before correction of the P-values for inflation due
to population structure in the AMOVA, these SFPs explain 0.5% of the total genetic
variance and 4.7% of the variance due to differences between clinical and non-clinical S.
cerevisiae strains (results not shown). Among the 20 significantly associated SFPs, linkage
disequilibrium was mostly restricted to the SFPs located on the same chromosome (see
Table 4).

All reported SFPs associated with clinical origin in S. cerevisiae cover at least one single
nucleotide polymorphism (SNP) or sequence polymorphism spanning two or three
nucleotides (see Figure S3). The majority of the SNPs were found to be transitions and the
polymorphisms located within coding sequences were mostly synonymous polymorphisms.
Nevertheless, SFPs were found to cover non-synonymous nucleotide polymorphisms in the
coding sequences of YLR337C (VRP1; D159I and I160V; see Figure S3f) and YOR153W
(PDR5; T1444A and D1447G; see Figure S3h).

DISCUSSION
Treating an environmental variable as a phenotype and applying similar methods as those
developed for mapping phenotypes is a potentially powerful approach to identify loci under
selection, and can provide valuable insights into the genetic and ecological bases of natural
selection (Coop et al., 2010). Unusually strong correlations between allele frequencies and
environmental variables may indicate the corresponding loci, assuming they affect relevant
phenotypes, to be under selection by those environmental factors or correlated ecological
variables. Although this strategy often fails at identifying causal selection pressures, as
many environmental and ecological factors covary, it has the advantage that the involvement
of specific phenotypes is not assumed a priori and thus allows for a more exploratory
approach. In the presented population-based case-control study, we performed a genome-
wide environmental association analysis of clinical versus non-clinical origin in
Saccharomyces cerevisiae. Assuming the distribution of genetic variants related to
pathogenicity in S. cerevisiae differs between clinical and non-clinical strains, we aimed at
identifying significant correlations between allele frequencies and clinical origin to gain
insight into the virulence factors and virulence-related traits that contribute to S. cerevisiae
pathogenesis.
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Genotypes of 44 clinical and 44 non-clinical S. cerevisiae strains were obtained using the
high-density Affymetrix GeneChip® S. cerevisiae Tiling 1.0R Array and relatively constant
levels of diversity, detected as single microarray feature polymorphisms, were revealed
across the genome. Genetic structure in our sample of yeast strains was largely independent
of geographical origin. This is in agreement with our earlier work, which included 63 of the
88 S. cerevisiae isolates used in the present study and indicated high levels of gene flow
between geographical locations (Muller & McCusker, 2009), as well as with studies by Liti
et al. (2009) and Schacherer et al. (2009), which revealed relatively low differentiation
among worldwide S. cerevisiae isolates and suggested ecological rather than geographical
differentiation. Consistent with ecological differentiation and as reported by Malgoire et al.
(2005) and Klingberg et al. (2008), we found limited but significant genetic differentiation
between the clinical and the non-clinical S. cerevisiae strains. Nevertheless, patterns of
genetic relatedness among the S. cerevisiae strains in our sample are complex and
confounding of the results of the association analysis due to this population structure could
be assumed from the deviations of the P-value distributions from their null expectations.
Although the mixed-model approach implemented in EMMAX, which takes genetic
relatedness among samples into account, reduced the number of associations of low-to-
moderate significance in comparison with the Fisher exact tests, significant inflation of P-
values remained and warranted correction.

Even if the limited numbers of clinical and non-clinical strains resulted in low statistical
power, which may have been further reduced by the possible ability of some of the non-
clinical strains to establish infection when given the opportunity (see e.g. Wheeler et al.,
2003), we were able to identify several common variants associated with a clinical origin in
S. cerevisiae. Some of the identified polymorphisms indicate genes that consitute known
virulence factors, most notably yeast-pseudohyphal morphogenesis, or fitness attributes that
have been shown to contribute to fungal pathogenicity, such as a heat stress response and
cellular detoxification, to be involved in S. cerevisiae pathogenesis.

After applying the correction for confounding due to population structure, EMMAX
identified three polymorphisms to be associated with clinical background in S. cerevisiae at
a genome-wide significance level and two of these suggested single genes to be involved:
PGU1 and VRP1. The PGU1 gene encodes for a secreted endo-polygalacturonase, a cell
wall-degrading pectinase that is induced during invasive growth by the Kss1p mitogen-
activated protein kinase (MAPK) signaling pathway (Madhani et al., 1999; Wong Sak Hoi
& Dumas, 2010). Expression of PGU1 is regulated by the Ste12p transcription factor, which
also targets FLO11. Although FLO11 encodes a cell surface-protein that promotes yeast
flocculation and pseudohyphal growth directly, PGU1 is not required for morphogenesis but
may play a role in processes related to filamentous growth (Gancedo, 2001; Gognies et al.,
2006). Alternatively, the significant association of PGU1 with clinical origin may indicate
plant associated S. cerevisiae strains to be an important source of human infections as
pectinases are proven virulence factors of plant pathogens (Reignault et al., 2008).

VRP1, on the other hand, which encodes an actin-binding protein essential for correct
polarization of actin patches during cell growth, has been shown to be directly involved in
pseudohyphal morphogenesis in S. cerevisiae and Candida albicans (Wu & Jiang, 2005;
Borth et al., 2010). Noteworthy thereby is the physical interaction between Vrp1p and
End3p (Tarassov et al., 2008), a protein involved in cytoskeletal organization and cell wall
morphogenesis known to affect high temperature growth in S. cerevisiae (Sinha et al.,
2008).

The functional relevance of the third polymorphism indicated to be associated with clinical
origin in S. cerevisiae by EMMAX, found in the intergenic region between RPP0 and
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SPO77, is less clear. While SPO77 is involved in spore wall formation during sporulation
(Coluccio et al., 2004), RPP0 apparently affects invasive growth (Jin et al., 2008). However,
the identified locus is not linked to any other polymorphism covering the RPP0 ORF.
Instead, it is tightly linked to the VRP1 polymorphism, rendering significance of RPP0
questionable.

Applying a correction for confounding due to population structure using the inflation factor
resulted in several associations identified by Fisher exact tests and EMMAX becoming
nonsignificant at the genome-wide level. However, considering the fact that Q-Q plots can
overestimate the impact of population structure (see e.g. Voorman et al., 2011), the large
differences in minor allele frequency between the clinical and the non-clinical yeast strains
and the functions of the identified genes, we do believe there is real information in these
results. Among these associations are polymorphisms within the genes KIC1, SBE22, PDR5
and SLP1, and polymorphisms in the intergenic regions between YGR146C-A and NAT2,
and between YFR012W and YFR012W-A. KIC1 encodes a protein kinase that is part of the
RAM (Regulation of Ace2p activity and cellular Morphogenesis) signaling pathway and
plays a role in maintaining cell wall integrity (Vink et al., 2002). Mutations in KIC1 have
been shown to cause cell separation defects and loss of polarity in S. cerevisiae (Nelson et
al., 2003), and deletion of KIC1 in C. albicans resulted in defective mouse infectivity and
hyphal formation (Noble et al., 2010). SBE22 is involved in the transport of cell wall
components from the Golgi apparatus to the cell surface and deletion of SBE22 results in the
formation of an abnormal cell wall structure with a reduced mannoprotein layer (Santos &
Snyder, 2000). Amongst others, Sbe22p is involved in the transport of Crh2p (Rodriguez-
Peña et al., 2002), a chitin transglycosylase encoded by a member of the CRH family which
has been shown to be critical for virulence of C. albicans in an animal model of systemic
infection (Pardini et al., 2006). PDR5 encodes for an ATP-binding cassette (ABC)
transporter, which is involved in the pleiotropic drug response and mediates resistance to
fungicides and other xenobiotic compounds (Ernst et al., 2005).

While SLP1 encodes for an integral membrane protein of unknown function, its relevance
for S. cerevisiae pathogenesis is unclear. This is also the case for the polymorphism located
in the 5′ upstream region of YFR013W (IOC3), in between the uncharacterized ORFs
YFR012W and YFR012W-A. However, the polymorphism identified in between YGR146C-A
and NAT2 flanks a binding site for the heat shock transcription factor Hsf1p located in the 5′
upstream region of YGR146C (ECL1). Hsf1p, which activates transcription of at least 59
genes upon heat shock (Yamamoto et al., 2005), is believed to regulate stress-induced cell
wall remodeling (Imazu & Sakurai, 2005) and has been shown to contribute significantly to
the virulence of C. albicans (Nicholls et al., 2011). Hsf1p binds to the promotor of
YGR146C and although the function of Ygr146cp is unclear, transcription of YGR146C is
induced upon transient cell wall damage (Imazu & Sakurai, 2005).

In all cases, large differences in allele frequency distributions were observed between the
clinical and the non-clinical yeast groups, with the “non S288c-like” allele class usually
being more prevalent among the clinical yeast strains. The “S288c-like” allele class was
only found to be more common for the PGU1 associated polymorphism and this may reflect
its indirect clinical relevance as the non-clinical S. cerevisiae S288c, which is avirulent in
mice (Clemons et al., 1994), has about 90% of its genome derived from a strain which was
originally isolated from rotten fruit (Mortimer & Johnston, 1986). Single nucleotide
polymorphisms, both in coding and in regulatory non-coding regions, most often underlied
the observed microarray feature polymorphisms, and both synonymous and non-
synonymous clinical SNP variants were found in coding regions. Whether the identified
polymorphisms also constitute functional variation and are not just in linkage disequilibrium
with the unidentified causative alleles will have to be determined in experimental studies.
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Nevertheless, our results suggest that both coding and regulatory variation are important for
pathogenicity in S. cerevisiae. In addition, the restriction of pairwise linkage disequilibrium
to those polymorphisms located in the same chromosomal region may suggest that a single
clinical genetic background is absent and is consistent with the opportunistic nature of S.
cerevisiae pathogenesis (Klingberg et al., 2008; Muller & McCusker, 2009).

In summary, we were able to identify different polymorphisms associated with clinical
background in S. cerevisiae by performing a population-based genome-wide environmental
association analysis with relatively few clinical and non-clinical S. cerevisiae isolates and
high density, tiling array-based genotypes. Polymorphisms within the coding sequences of
VRP1, KIC1, SBE22 and PDR5, and the 5′ upstream region of YGR146C found to be
associated with a clinical origin support the relevance of pseudohyphal formation, robust
cell wall maintenance and cellular detoxification for S. cerevisiae pathogenesis, and we
propose these genes as good candidates for follow-up studies that aim to reveal the virulence
and virulence-related factors important for the pathogenicity of S. cerevisiae.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Results of a classical multidimensional scaling analysis performed using the cmdscale
routine in R v2.9.0 (R Development Core Team, 2007) with a genetic distance matrix based
on the pairwise identity-by-state (IBS) estimates, calculated using genotype data from 5,000
GeneChip® S. cerevisiae Tiling 1.0R single feature polymorphisms in approximate linkage
equilibrium, among the segregants of 88 clinical and non-clinical Saccharomyces cerevisiae
isolates; filled circles, nonclinical S. cerevisiae strains; filled triangles, clinical S. cerevisiae
strains.
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Figure 2.
Manhattan plots illustrating the results of a genome-wide association analysis using Fisher
exact tests (a) and Efficient Mixed-Model Association Expedited (EMMAX) (b) of clinical
origin in Saccharomyces cerevisiae, with the x-axis representing genomic position and the
y-axis indicating −log10(P) before (grey) and after (black) correction for confounding due to
population structure by division with the inflation factor λ (λFisher = 1.67 and λEMMAX =
1.15); the dashed line corresponds to a nominal 5% significance threshold with Bonferroni
correction for 135,771 tests and bold circles indicate a genome-wide significant association
(P-value ≤ 3.68 × 10−7).
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Figure 3.
Magnifications of the genomic regions surrounding single feature polymorphisms (SFPs)
that were found to be associated with clinical origin in Saccharomyces cerevisiae at a
genome-wide significant level according to Fisher exact tests (a, c and f) and Efficient
Mixed-Model Association Expedited (b, d and e); the x-axis indicates genomic position in
basepair positions and the y-axis represents −log10(P) before (grey) and after (black)
correction for confounding due to population structure by division with the inflation factor λ;
the red dashed line corresponds to a nominal 5% significance threshold with Bonferroni
correction for 135,771 tests and bold circles indicate a genome-wide significant association
(P-value ≤ 3.68 × 10−7); the black dashed lines indicate the positions of the SFPs; heatmaps
illustrate pairwise linkage disequilibria (LD) between the SFPs, measured as r2, and are
shaded with a white-to-red gradient indicating low to high LD values.

Muller et al. Page 18

Mol Ecol. Author manuscript; available in PMC 2012 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Log quantile-quantile plots of observed P-values generated by Fisher exact tests (a) and
Efficient Mixed-Model Association Expedited (EMMAX) (b) versus expected P-values
under the null hypothesis of no association before (black) and after (grey) correction for
confounding due to population stratification by division with the inflation factor λ (λFisher =
1.67 and λemmax = 1.15).
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Table 1

Summary of perfect match (PM) oligonucleotide features with unique occurrences in the Saccharomyces
cerevisiae S288c reference genome and bimodal hybridization intensity distributions based on the
hybridization of genomic DNA from the segregants of 88 S. cerevisiae isolates onto separate Affymetrix
GeneChip® S. cerevisiae Tiling 1.0R Arrays; indicated coverage is based on the S. cerevisiae S288c reference
genome sequence.

Single feature polymorphisms

Chromosome # # Unique features % Coverage # %

1 41436 83 4785 11.5

2 170119 94 7624 4.5

3 63927 92 6874 10.8

4 312429 92 17022 5.4

5 118808 93 7578 6.4

6 54768 92 6220 11.4

7 225318 94 11420 5.1

8 111848 90 6047 5.4

9 88944 92 4896 5.5

10 151020 91 7192 4.8

11 143000 97 7920 5.5

12 214231 90 9340 4.4

13 192873 94 7955 4.1

14 161499 93 7800 4.8

15 226315 94 13673 6.0

16 194285 93 9425 4.9

Total 2470820 93 135771 5.5
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