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ABSTRACT

Sporulation is a well-studied process executed with varying efficiency by diverse yeast strains. We
developed a high-throughput method to quantify yeast sporulation efficiency and used this technique to
analyze a line cross between a high-efficiency oak tree isolate and a low-efficiency wine strain. We find that
natural variation in sporulation efficiency mirrors natural variation in higher eukaryotes: it shows di-
vergence between isolated populations, arises from loci of major effect, and exhibits epistasis. We show
that the lower sporulation efficiency of the wine strain results from a failure to initiate sporulation, rather
than from slower kinetics of meiosis and spore formation. The two strains differentially regulate many
genes involved in aerobic respiration, an essential pathway for sporulation, such that the oak tree strain
appears better poised to generate energy from this pathway. We also report that a polymorphism in RME1
that affects sporulation efficiency in laboratory strains also cosegregates with significant phenotypic
differences in our cross of natural isolates. These results lay the groundwork for the study of variation in
sporulation efficiency among natural isolates of yeast.

YEAST sporulation, the coupling of meiosis and
spore formation in response to nutrient depriva-

tion, provides a well-studied model of a cell fate deci-
sion in response to external cues (Kupiec et al. 1997).
A variety of signaling mechanisms integrate environ-
mental information to determine whether a yeast cell
sporulates (Honigberg and Purnapatre 2003). The
fraction of cells that sporulate in a culture, called the
sporulation efficiency, varies heritably among yeast
strains. For example, the best-studied laboratory strain,
S288c, is a notoriously poor sporulator, so most studies
of sporulation employ the efficient sporulator, SK1.

To accompany the wealth of genomic and loss-of-
function analyses of sporulation, Deutschbauer and
Davis (2005) began the genetic dissection of variation
in sporulation efficiency by crossing S288c and SK1.
They found three single-nucleotide polymorphisms that
significantly affect sporulation efficiency in these labo-
ratory strains, thus providing the first glimpse into how
quantitative genetic variation governs phenotypic differ-
ences in this trait.

Sporulation efficiency also varies among natural iso-
lates of yeast (Mortimer 2000). Many of these isolates
are from wine fermentations, as Saccharomyces cerevisiae
has long been known as a domesticated organism
adapted to winemaking (Vaughan-Martini and Martini

1995). Researchers have also obtained yeast samples
from other sources, including human infections and

oak trees (McCusker et al. 1994; Naumov et al. 1998). A
recent survey of genetic polymorphism demonstrates
that the oak isolates of yeast represent a diverse, wild
population that is genetically isolated from the wine
strains (Fay and Benavides 2005). Oak strains there-
fore provide an untapped resource of wild genetic
polymorphism resulting from natural selective pres-
sures distinct from those experienced by the wine and
laboratory strains.

To expand yeast sporulation efficiency as a model for
the study of natural quantitative genetic variation, we set
out to measure and characterize the sporulation effi-
ciency of oak isolates and wine strains. Our first aim
was to understand the nature of the genetic variance
governing sporulation efficiency. Both the number of
effective loci and the presence or absence of epistasis
suggest how a trait may respond to selection (Falconer

and Mackay 1996). In addition, if the genetic variance
is governed by a small number of loci with large effect,
the mapping of quantitative trait loci (QTL) provides an
ideal experimental approach to identify contributing
genetic factors (Lynch and Walsh 1998).

We also sought to identify pathways that potentially
govern the variation of this trait. In addition to increas-
ing our general understanding of sporulation, these
data provide lists of candidate genes that aid in the
dissection of QTL down to the level of individual genes
and polymorphisms. Systematic analyses of sporulation
in yeast have provided a large list of candidates (Chu

et al. 1998; Primig et al. 2000; Deutschbauer et al. 2002;
Enyenihi and Saunders 2003). These candidates are
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active at many different phases of sporulation, from the
initiation of meiosis through formation of the spore
wall. By identifying the specific stages from which phe-
notypic variation arises, we can narrow the list of can-
didates to genes expressed during those stages.

MATERIALS AND METHODS

Strains and growth conditions: All strains were grown at
30� using standard media (Guthrie and Fink 1991). When
needed for selection, the antibiotics nourseothricin, hygrom-
ycin, and G418 were filter sterilized and added to autoclaved
media (Wach et al. 1994; Goldstein and McCusker 1999).
Yeast strains used in this study are listed in Table 2. All are
either isolates of S. cerevisiae from wine fermentations and oak
trees or derivatives of such strains. The UCD wine strains
originate from the University of California, Davis, stock center.
Strains M5 and M13 are from the collection of R. Mortimer,
and all YPS strains are from the collection of P. Sniegowski.
Oak tree strains isolated by our laboratory (BC191, BC192, and
BC193) were obtained by culturing soil samples from the base
of trees using published methods (Sniegowski et al. 2002),
modified as follows. To enrich for yeast as opposed other
microorganisms, we twice subcultured, into SD medium with
8% glucose, each sample showing fermentation (bubbles) in
the initial culture. We isolated a single colony from the second
subculture of each sample. We determined whether this col-
ony was S. cerevisiae by two methods. First, we used intergenic
transcribed spacer PCR ribotyping (McCullough et al. 1998).
Second, since all the oak yeast isolates sporulated, we mated
our prototrophic natural isolates to a G418 resistant, ade2D
haploid S. cerevisiae tester (Giaever et al. 2002) by mixing these
haploid cells with spores from each natural isolate. We spor-
ulated resulting hybrid ADE21, G418-resistant colonies to test
spore viability. Only strains with S. cerevisiae ribotyping pat-
terns produced viable spores in this test cross, and we des-
ignated these strains as S. cerevisiae. BC192 and BC193 are
original isolates, whereas BC191 is a monosporic derivative
of a natural isolate.

To generate spores during genetic manipulations, we grew
oak isolates for 2 days in 1% yeast extract, 2% peptone, and 2%
potassium acetate (YPA), and we grew wine isolates overnight
in solid media containing 5% glucose, 3% nutrient broth, and
1% yeast extract and then placed a patch of these cells into 1%
potassium acetate (sporulation medium) for 3 days.

Genetic manipulations: We find that natural yeast isolates
give much lower transformation efficiency than the standard
laboratory strain (S288c) and that the efficiency varies with
strain background. We carried out yeast transformations using
the lithium acetate method, with modifications (Gietz and
Woods 2002). Instead of a 40-min heat shock, we incubated
cells at 30� for 30 min, then added DMSO to 8%, and incu-
bated them at 42� for 15 min. Cells were then washed and
resuspended in 800 ml of YPD and incubated overnight at
room temperature before plating onto selective media. Trans-
formants were streak purified, and those carrying the proper
insertion were identified using colony PCR with primers both
in the insertion cassette and flanking genomic loci.

Strain BC186 is a monosporic isolate from YPS606, which we
obtained from Paul Sniegowski. YPS606 is itself a monosporic
isolate from YPS142, a strain isolated from the bark of an oak
tree in Pennsylvania (Sniegowski et al. 2002). We tagged SPS2
in BC186 with a yEGFP:kanMX4 construct using homologous
recombination (Sheff and Thorn 2004) and sporulated the
transformant to generate BC233 (primer sequences generated
for this study are listed in Table 1). We replaced the kanMX4
marker in this strain with a hygMX4 marker and sporulated this

transformant to generate BC248 (Goldstein and McCusker

1999).
BC187 is a monosporic isolate from UCD2120, a strain

isolated from a wine barrel in California. We transformed this
strain with the natMX4 cassette targeted to the HO locus to
generate strains BC216 and BC217 (Goldstein and McCusker

1999). We tagged SPS2 in BC187 with a yEGFP:kanMX4 con-
struct using homologous recombination and sporulated the
transformant to generate BC235. We replaced the kanMX4
marker in this strain with a natMX4 resistance marker and
sporulated this transformant to generate strain BC240. We
replaced the kanMX4 marker in BC235 with a hygMX4 marker
and sporulated this transformant to generate strain BC241.

To cross BC233 and BC240, we used a micro needle to place
individual spores of each strain in direct contact. After 2 days,
we selected for hybrids by replica plating the resulting colonies
on media containing both nourseothricin and G418. Approx-
imately 10% of colonies showed resistance to both antibiotics,
indicating a mating between strain backgrounds. We picked
one of these hybrids and designated it as BC251. We spor-
ulated BC251 and isolated single spores to generate recombi-
nant segregants. We picked only segregants from tetrads with
100% spore viability. These segregants were arrayed in 96-well
plates with replicates of BC241, BC248, and BC251 and stored
at �80� in YPD containing 20% glycerol.

Measurement of sporulation efficiency: To measure the
sporulation efficiencies of all the natural isolates (Figure 1),
strains were grown overnight in YPD and then diluted 1:200
into YPA. After 16 hr, strains were washed and resuspended in
sporulation medium to an optical density at 600 nm (OD600)
of 1.0. Time points were recorded starting with the shift to
sporulation medium. We counted at least 200 cells for each
sample. To verify the SPS2:GFP reporter (Figure 4), we grew
each strain in YPA and measured spore formation and fluo-
rescence as each strain arrested growth and began to sporu-
late. We designated a cell as exhibiting GFP fluorescence if
it displayed increased fluorescence—relative to a non-GFP-
expressing population—at 510 nm using a Beckmann-Coulter
Cytomics FC500 MPL with a 488-nm laser.

For analysis of sporulation efficiencies in the cross of BC233
and BC240 (Figures 5, 6, and 8 and Tables 4–6), we developed
a set of conditions that yield more reproducible results and
give greater disparity between the sporulation efficiencies of
BC233 and BC251. Colonies were first inoculated into 0.5 ml
of YPD in 2-ml 96-well blocks using a custom-made replica
pinner and then grown at 30� with aeration and shaking at
325 rpm. After 14 hr, 8 ml of each culture were inoculated into
400 ml of sporulation medium (a 1:50 dilution) and incubated
at 30� with aeration and shaking at 325 rpm. At the concen-
tration of cells resulting from this dilution of a saturated
culture, sporulation efficiency is insensitive to twofold changes
in cellular concentration. We find that this is not the case in
less dilute samples, in which sporulation efficiency becomes
more concentration dependent. Time points were recorded
starting at dilution into sporulation medium. The ‘‘early’’ time
point was taken at 10 hr and the ‘‘late’’ time point at 30 hr. We
defined sporulation efficiency as the percentage of cells ex-
hibiting increased fluorescence at 510 nm using a Beckmann-
Coulter Cytomics FC500 MPL with a 488-nm laser. At least
10,000 cells were analyzed from each sample. We routinely
stored samples at �80� prior to analysis. For each intercross
between high-efficiency segregants, 30 replicates of each
parent were grown in a 96-well plate with 30 segregants. All
phenotypic measurements and flow cytometer settings are
available upon request.

We calculated the segregational variance for doubled hap-
loids as described elsewhere (Lynch and Walsh 1998). We
calculated broad-sense heritability (H 2) as
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H 2 ¼ 1� s2
e

s2
s

;

where s2
s is the variance of the segregant population, and s2

e is
the pooled variance of the parents (Moore and McCabe

2006). Our test for epistasis (deviation from additive inheri-
tance) is an adaptation, identical to that used by Brem and
Kruglyak (2005), of the D-statistic of Lynch and Walsh

(1998). This test calculates a t-statistic representing the de-
viation of the offspring mean from the expected midparent
value. Because all progeny are homozygous, any significant
deviation of the observed mean from the midparent value
must be due to epistasis.

Analysis of mitochondrial DNA contributions to sporula-
tion efficiency: We generated petite haploid yeast strains by
treating YPS2052, YPS2056, BC216, and BC217 with ethidium
bromide (Guthrie and Fink 1991). We isolated multiple
clones from each treated strain and confirmed respiratory
deficiency by lack of growth on rich medium containing
glycerol as the sole carbon source. For both the oak and the
wine strain backgrounds, we crossed two independent petite
derivatives of each mating type with a respiratory-proficient
haploid from the opposite strain background to generate
nuclear hybrids containing functional mtDNA from only one
parent. The t-statistic does not reject the null hypothesis that
hybrids sporulate equally using the mtDNA of either parent.

Flow-cytometric analysis of DNA content: Overnight cul-
tures grown in YPD were inoculated 1:200 into YPA. At each
time point after inoculation, aliquots of 100 ml were examined
for spore formation by microscopy, and 500-ml aliquots were
fixed for SYTOX Green (Molecular Probes, Eugene, OR)
staining and flow cytometry as described previously (Haase

and Reed 2002). The interval of SYTOX Green fluorescence
intensities displayed by cells in S-phase is clearly distinguish-
able in growing cultures. In stationary cultures, the beginning
of meiotic DNA replication is easily marked by a sharp increase
in the fraction of cells displaying this level of fluorescence.

Expression analysis: For expression analysis, we first grew
strains overnight in SD medium containing 2% glucose. Cells
were then reinoculated in this medium to an OD600 of 0.2.
After 4 hr, the cultures reached an OD600 of 1.0, and each was
divided into two portions. The first was used to inoculate a new
culture of SD glucose at an OD600 of 0.13. This subculture was
grown an additional 3.5 hr to an OD600 of 0.6. We then washed
this culture in water; resuspended it in 500 ml 10 mm Tris 7.5,
10 mm EDTA, 0.5% SDS (TES); and snap froze it in a dry ice
and ethanol bath. The second portion of each culture was
washed in SD acetate medium (2% potassium acetate) and
resuspended to an OD600 of 0.6. Prior to freezing, this culture
was incubated for 6 hr in SD acetate with no change in the
OD600. We extracted RNA from frozen pellets using hot
phenol and chloroform. We fluorescently labeled and hybrid-
ized RNA to 70-mer oligonucleotide microarrays using the
3DNA Array 350 kit (Genisphere, Hatfield, PA), according to
the manufacturer’s protocol. For RNA expression level com-
parison, we paired each experimental sample with a common
reference pool composed of equal amounts of RNA from all
samples.

We analyzed the results using the default settings in Gene-
Pix Pro 4.0 (Axon Instruments, Union City, CA). For each spot
on the array, we calculated the log-transformed median of
the pixel-by-pixel ratios of the two channel intensities (local
background subtracted). The median of ratios is preferred
over the mean because it follows a more Gaussian-like distri-
bution, an important assumption for later analyses (Brody

et al. 2002). We then applied a two-step mixed-model analysis
of variance (ANOVA) to these log-transformed values. The
first mixed ANOVA model removes the genomewide effect of

different growing conditions and different genotype back-
grounds on the expression levels,

log2ðYijkmÞ ¼ m 1 Gi 1 Tj 1 AkðijÞ1 GTij 1 uðijkÞm ;

where Yijkm is the median of ratios for each spot, m is the
baseline expression on each spot independent of all other
factors, Gi is the average genotype effect (BC186 vs. BC187), Tj

is the average treatment effect (glucose vs. acetate medium),
GTij is the average genotype-by-treatment interaction effect,
Ak(ij) is the average array effect, and u(ijk)m is the residual.

The second ANOVA model was applied to each gene sep-
arately using the residual u(ijk)m from each spot as a response
variable,

ugðijkÞm
¼ gg 1 gGgi

1 gTgj
1 gGTgij

1 gAgkðijÞ 1 eðgijkÞm ;

where ugðijkÞm
is the residual from the first ANOVA model for

each spot, gg is the average gene expression for each gene
g, gGgi

is the gene expression due to genotype i (BC186 vs.
BC187), gTgj

is the gene expression due to treatment j (glucose
vs. acetate medium), gGTgij

is the gene expression due to ge-
notype i interacting with treatment j, gAgkðijÞ

is the gene ex-
pression due to array effect, and e(gijk)m is the residual.

To avoid problems associated with multiple hypothesis
testing, we did not use P-values calculated using the second
ANOVA model to determine statistical significance. Instead,
we calculated the q-value for each gene on the basis of the
distribution of P-values across all genes. The q-value is a mea-
sure of the false discovery rate (FDR): the percentage of genes
incorrectly deemed to have significant expression changes.
The advantage of using q-values, rather than P-values, is that
the calculation of q-values automatically takes into account
that many hypotheses are being tested simultaneously. For
each gene, we calculated the q-values for genotype effect,
condition effect, and genotype-by-condition interaction effect
using the program QVALUE (Storey and Tibshirani 2003).
We considered a gene’s expression to exhibit a significant
effect (genotype or genotype-by-condition interaction) if its
q-value for that effect is ,0.05. A q-value of 0.05 for a genotype
effect is equivalent to a P-value of 0.024. A q-value of 0.05 for
a genotype-by-condition effect is equivalent to a P-value of
0.00245.

The ANOVA provided us with sets of genes displaying
significant genotypic effects and/or interaction effects. We
divided genes with significant genotypic effects into two sets
on the basis of the strain that more highly expressed the gene.
We tested for enrichment of functional categories in these
subsets and the full interaction set, using the MIPS Func-
tional Catalogue Database (http://mips.gsf.de/proj/funcatDB).
P-values for this data set were calculated using the cumulative
hypergeometric distribution (Sokal and Rohlf 1995). Micro-
array images, spot fluorescence ratios, and lists of differentially
expressed genes are available upon request.

Genotyping of known sporulation QTL: We sequenced
published sporulation QTL (RME1, MKT1, and TAO3) in our
parent strains using BigDye (Perkin-Elmer, Boston) termi-
nation sequencing of PCR products. We sequenced using
primers �200 bp from the target nucleotide in both forward
and reverse orientations. The primers used both for amplifi-
cation and for sequencing are listed in Table 1. The PCR
products generated from the parental alleles of the RME1
locus display a restriction fragment length polymorphism
when digested with Tsp509I. To genotype the RME1 QTL in
a large number of progeny, we digested PCR products am-
plified from colony PCR of the progeny and resolved the
polymorphism by agarose gel electrophoresis. We determined
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statistical significance of marker–trait linkage using the Mann–
Whitney test (Sokal and Rohlf 1995).

RESULTS

Sporulation efficiency varies among natural isolates:
To begin the genetic characterization of differences in
sporulation efficiency among natural isolates of yeast,
we measured the sporulation efficiencies of five strains
originating from North American oak trees and nine
strains from wine fermentations (strains are listed in
Table 2). All of the oak tree strains sporulate more
proficiently than the wine strains. At least 95% of the
cells in all oak strain cultures form visible spores within
12 hr of inoculation into sporulation medium (Figure
1A). Far fewer cells form spores in wine cultures, and
those that do take significantly longer than their oak
tree counterparts. Oak strains predominantly form asci
(sporulated cells) with four spores (tetrads), but many
wine strains produce larger numbers of two-spored
(dyads) and three-spored asci (triads) (Figure 1B). Wine
strains produce tetrads and triads earlier in sporulation
than dyads (data not shown).

The slow sporulation of a wine strain results from
delayed entry into meiosis: The delays in sporulation
of wine strains could arise from a deficiency in detec-
tion or transduction of the signal to initiate meiosis or
from defects in the machinery that executes meiosis
and spore formation. The relative contribution of each
mechanism bears upon the classes of genes we expect
to carry polymorphisms affecting the trait. For example,
many genes that function in spore formation are ex-
pressed only during sporulation, whereas genes that
detect the signal to sporulate are expressed earlier.

To assess the contributions of each type of delay to
disparity in sporulation efficiency, we evaluated the
sporulation kinetics of a wine strain, an oak strain, and
their F1 hybrid (BC210). We chose the oak strain de-
rivative BC186. BC186 is a single-spore descendant
of YPS606, a highly efficient oak strain from Pennsyl-
vania (Sniegowski et al. 2002). For our wine strain we
chose BC187, a single-spore descendant of UCD2120.
UCD2120 is a poorly sporulating strain isolated from
a barrel fermentation unit in a California winery (L.
Bisson, personal communication). Both BC186 (oak)
and BC187 (wine) were derived from homothallic
strains, so these single-spore isolates are homozygous
diploids (Takano and Oshima 1970; Oshima and
Takano 1971). After inoculation into rich medium
supplemented with acetate, each strain grows to satu-
ration before undergoing growth arrest, which is fol-
lowed by meiosis and spore formation. Using DNA
staining and flow cytometry, growth arrest is detect-
able by an absence of cells in S-phase. Meiotic DNA
replication then returns cells to S-phase. The reemer-
gence of S-phase cells in a saturated culture therefore
allows us to mark the onset of sporulation (Figure 2).

For each strain, we compared the time points at which
the first cells initiate meiosis to the appearance of the
first visible spores. Regardless of strain background,
�7–8 hr separate the initiation of DNA synthesis and
the appearance of spores: cells of each strain require a
similar amount of time to carry out sporulation once it
begins (Table 3). In contrast, we observed differences
in the time it takes for each strain to initiate sporulation.
In oak cultures, most cells begin meiosis 2–4 hr after
growth arrest. Few cells in a wine culture initiate meiosis,
and do so only a full day after growth arrest. Therefore,

TABLE 1

Oligonucleotides generated for this study

Name Sequence 59–39 Description

JG94 TCAAAATGTCAGTTTATGCAGTTTTCACGGTATTGTTCTCGA
TAATTTTTGGTGACGGTGCTGGTTTA

Amplifies GFP:kanMX4 and targets to SPS2

JG95 TATCTCATAAGAACTAAATAAAATGGCTAGTATTTAAGT
TAATCTTCTAACTCGATGAATTCGAGCTCG

Amplifies GFP:kanMX4 and targets to SPS2

BC336 GGATACAGTTCTCACATCACATCCGAACATAAACAACCATGG Complementary to MX4 promoter
BC337 CGTTAGTATCGAATCGACAGCAGTATAGCGACC Complementary to MX4 terminator
JG111 GTGGGAATAACAAGCGCGCTACTGGTAAGTG Amplification of RME1 QTL
JG117 CGGTTGCACCTCTTGTAAAACCTCTCTGTTCC Amplification of RME1 QTL
JG120 CGTAATAACCATTGAACTACATTAAAGAAATAACTGTCTCGC Amplification of MKT1 QTL
JG124 GGCATTGGTACCGCTGCTGG Amplification of MKT1 QTL
JG128 CCCAAACATTGGACGATGATTTAGAGTTGCC Amplification of TAO3 QTL
JG133 CCCTTGCCAAGAGAAATCCATAGCTGC Amplification of TAO3 QTL
JG113 GGGATAGTGGGTAAACGAGTAGC Sequencing of RME1 QTL
JG114 GCTTCGTCGTTGGTATAGTTTCGG Sequencing of RME1 QTL
JG119 GTCCATTAACTATTTTAGCGTGACTGAC Sequencing of MKT1 QTL
JG123 GCTGCAGTAAAATGGCCCG Sequencing of MKT1 QTL
JG127 CCTTCGGTAGCTGTTTTATATTACACTAC Sequencing of TAO3 QTL
JG130 CGAAAGGAAACAAATCAAGTATTCTAACC Sequencing of TAO3 QTL
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the wine strain sporulates poorly because most cells of
this genetic background do not initiate meiosis, and
those that do begin later. The difference we observe in
sporulation efficiency reflects the different times at
which cells of each strain initiate meiosis, as opposed to
differences in each strain’s ability to execute meiosis
and spore formation.

Development of a high-throughput measure of spor-
ulation efficiency: Quantitative traits such as sporu-
lation efficiency usually display complex patterns of
inheritance whose dissection requires phenotypic mea-
surements of large sample sizes. We therefore developed
an assay of sporulation efficiency by generating deriv-
atives of the oak and wine strains (designated BC233
and BC240, respectively) that carry GFP fused to the C
terminus of the coding region of SPS2. Yeast cells ex-
press SPS2 only during sporulation (Percival-Smith

and Segall 1986), when it plays a role in spore wall for-
mation (Coluccio et al. 2004), so strains carrying this
fusion exhibit GFP fluorescence only during and after
spore formation (Figure 3). In each strain, GFP fluo-
rescence precedes visible spore formation by �2–4 hr
(Figure 4). Thus, the fraction of cells expressing this
reporter, measured by flow cytometry in 96-well plates,
serves as an easily quantifiable measure of sporulation
efficiency that does not require microscopy.

Sporulation efficiency segregates as a complex trait:
We crossed the oak and wine strain derivatives carry-
ing the SPS2:GFP reporter to generate an F1 hybrid
(BC251). Because the strains are homothallic, sporu-
lating the F1 produces homozygous diploid progeny.
Using growth conditions that give reproducible values
of sporulation efficiency (see materials and methods),
we assayed the sporulation efficiency of the parents, F1,
and .2000 recombinant progeny at two time points
(early and late, see materials and methods) after
inoculation into sporulation medium (Tables 4 and 5).
The broad-sense heritability (H 2) of both time points is
.0.99 (see materials and methods), indicating that
most of the phenotypic variation we observe is genetic.
At both time points, the distribution of segregants con-
tains multiple, distinct peaks, suggesting that loci of ma-
jor effect segregate in this cross (Figure 5). The progeny
modes occur between the wine parent and midparent
values, indicating a deviation from additive inheritance.
Because these segregants are completely homozygous,
this deviation must be due to epistasis between segre-
gating QTL. A t-test for epistasis is highly significant
(P , 0.0001) at both time points (see materials and

methods).
Our estimates indicate that a small number of loci

account for most of the variance in this cross. For each

TABLE 2

Strains

Strain Origin Location Date Genotype

UCD 51 Vineyard France 1948
UCD 175 Vineyard Sicily, Italy 1953
UCD 522 Vineyard France Pre-1958
UCD 762 Vineyard Italy Pre-1984
UCD 765 Vineyard Australia
UCD 820 Vineyard South Africa Pre-1988
UCD 2120 Vineyard California 1998
M5 Vineyard Italy 1993
M13 Vineyard Italy 1993
BC191 Oak Tree Illinois 2003 Monosporic isolate
BC192 Oak Tree Missouri 2003
BC193 Oak Tree North Carolina 2003
YPS606 Oak Tree Pennsylvania 1999 Monosporic isolate
YPS623 Oak Tree New Jersey Monosporic isolate
YPS2052 YPS606 Gift from P. Sniegowski hoTkanMX4 MATa

YPS2056 YPS606 Gift from P. Sniegowski hoTkanMX4 MATa
BC186 YPS606 Monosporic isolate
BC187 UCD 2120 Monosporic isolate
BC210 BC186 3 BC187
BC216 BC187 hoTnatMX4 MATa
BC217 BC187 hoTnatMX4 MATa

BC233 BC186 SPS2:EGFP:kanMX4/SPS2:EGFP:kanMX4
BC235 BC187 SPS2:EGFP:kanMX4/SPS2:EGFP:kanMX4
BC240 BC235 SPS2:EGFP:natMX4/SPS2:EGFP:natMX4
BC241 BC235 SPS2:EGFP:hygMX4/SPS2:EGFP:hygMX4
BC248 BC233 SPS2:EGFP:hygMX4/SPS2:EGFP:hygMX4
BC251 BC233 3 BC240 SPS2:EGFP:kanMX4/SPS2:EGFP:natMX4
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96-well plate we assayed, �1 segregant of 40 (51/2065)
sporulates at higher efficiency than all four replicates of
the oak parent, as measured at the early time point. The
same proportion (54/2069) sporulates worse than the
wine parent at the late time point. If these proportions
represent the probability that an individual inherited all
beneficial (or detrimental) alleles for sporulation, then
five to six loci likely segregate in this cross (1/25.3 � 1/
40). We also computed the Castle–Wright estimator by
comparing the segregational variance (variance due to
the segregation of QTL) of the progeny to the variance
of the parents (Lynch and Walsh 1998). This metric
predicts that roughly three effective loci segregate in
this cross at both time points. Although this method
underestimates the actual number of segregating loci
(Zeng et al. 1990), both metrics suggest a small number
of factors, which is consistent with the bimodal distri-
bution of progeny phenotypes. The phenotypes of a

given strain at each time point are highly correlated
(correlation coefficient ¼ 0.945), suggesting (not sur-
prisingly) that many of the same loci affect both time
points. The tendency to make dyads vs. triads or tetrads
also segregates in this cross. Some progeny produce
a higher proportion of tetrads than the oak parent,
whereas others produce mostly dyads. The most effi-
ciently sporulating progeny vary widely for this phe-
notype (Figure 6). Some of these progeny sporulate
significantly better than the oak parent at the early time
point, indicating that some minor alleles beneficial
for sporulation efficiency must be inherited from the
poorly sporulating wine parent.

Figure 1.—Sporulation efficiencies of natural isolates. (A)
Sporulation time course of natural isolates in sporulation me-
dium. (B) Frequencies of spores per cell for a subset of strains
at the 24-hr time point. The 24-hr sporulation efficiencies are
shown in parentheses. Cells with a single spore were rarely ob-
served. Oak 1, BC186; Oak 2, BC191; Wine 1, M5; Wine 2,
M13; and Wine 3, BC111.

Figure 2.—Flow cytometry profiles of cultures at different
stages of sporulation. Histograms of STYOX Green staining of
cells in (A) a growing culture (2% acetate), (B) an arrested
culture, and (C) an arrested culture in which cells have initi-
ated meiotic DNA replication are shown. The arrows denote
the fluorescence intensity of cells in S-phase.
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Although the best progeny sporulated with almost
identical efficiencies, they showed variation in the
shape of the flow-cytometer histograms that measure
GFP fluorescence intensity. They also produced curves
of slightly different shape in a detailed time-course
experiment (data not shown). This suggested that each
recombinant strain may have reached high sporulation
efficiency through the inheritance of different alleles.
We therefore sought to determine if any loci of major
effect segregated in our high-efficiency progeny. We
performed intercrosses between four segregants that
rank in the top 2% of sporulation efficiencies at both
time points and make at least 50% tetrads. Progeny
from these crosses exhibit dramatically reduced (�99%)
segregational variance relative to the original cross of
the oak and wine parents (Table 6). Therefore, these
strains share in common any alleles with large effect on
sporulation efficiency. Yet even in these crosses of strains
with extremely similar phenotypes, most of the variance
we observe is genetic; H 2 is still .0.85. This indicates the
segregation of minor alleles between these strains.

Gene expression profiles indicate higher respiratory
activity in the oak strain: Our results demonstrate that
the genetic factors causing differences in sporulation
efficiency between these oak and wine strains act up-
stream of meiotic DNA synthesis. This is consistent with
causative polymorphisms affecting genes expressed
before sporulation begins. With this in mind, we used
oligonucleotide arrays to determine if nonsporulating
oak (BC186) and wine (BC187) cells differentially ex-

press genes or pathways that may influence sporulation
efficiency. We analyzed samples of each strain grown in a
defined medium containing nitrogen base and either
glucose or acetate (see materials and methods). In
the glucose cultures, each strain grows exponentially,
whereas the acetate cultures remain static. The oak strain
eventually sporulates after 24 hr in acetate, but we sam-
pled the strains after only 6 hr in this medium. There-
fore, comparison of gene expression in these conditions
illuminates how each strain responds to sporulation-
inducing conditions before the transcriptional program
of sporulation begins.

We isolated RNA from each sample and implemented
an experimental design in which each sample was fluo-
rescently labeled and hybridized competitively with
a common reference. The data were analyzed using
an analysis of variance to detect genes with significant
genotype and genotype-by-carbon source components
to their expression variance. A total of 1174 genes pos-
sess a significant genotypic variance component (are
differentially expressed between the two strains regard-
less of carbon source) at a FDR (see materials and

methods) of 0.05. The set of genes expressed higher in
the oak strain displays significant enrichment for genes
in functional categories (Ruepp et al. 2004) connected
to the mitochondrion and respiration (Table 7). Com-
ponents of the mitochondrial ATP synthase, the elec-
tron transport chain, mitochondrial protein import
machinery, and the mitochondrial ribosome express
higher in the oak strain, regardless of the carbon source.

TABLE 3

Sporulation kinetics of an oak strain, a wine strain, and their hybrid

Strain
Growth

arrest (hr)
Initiation of
meiosis (hr)

Visible
spores (hr)

Arrest /
initiation (hr)

Initiation / visible
spores (hr)

Oak 11.5 13.5 20.5 2 7
Hybrid 14.75 19 26.5 4.25 7.5
Wine 17.75 36 44 18.25 8

All times denote hours since inoculation into acetate medium. These times are approximate, because we
observed cells only at specific time points.

Figure 3.—A fluorescent reporter of sporula-
tion. Bright-field (A) and fluorescence (B) mi-
crographs of a yeast strain carrying the SPS2:
GFP reporter are shown. Only sporulating cells
fluoresce.
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Furthermore, many of these genes also exhibit a sig-
nificant genotype-by-carbon source interaction: in ace-
tate, both the oak and wine strains upregulate the
expression of respiratory genes, but induction in the
oak strain is significantly greater.

In total, an interaction between genotype and carbon
source played a significant role for 183 genes at an FDR
of 0.05. For these genes, the relative expression in each
strain differs in glucose and acetate. In addition to the
respiration genes, this list showed functional enrich-
ment for the metabolism of energy reserves (P¼ 0.004),
specifically enzymes in the glycogen synthesis pathway,
which consumes ATP to build up energy stores (Francois

and Parrou 2001). Both strains increase expression of
the glycogen synthesis pathway when grown in acetate,
but the wine strain induces all components to a greater
degree than the oak.

Oak and wine strains show different growth rates on
nonfermentable carbon sources: Our expression anal-
ysis suggests that the oak strain is better able to generate
energy from nonfermentable carbon sources. To test
this hypothesis, we plated dilutions of all our wine and
oak strains onto plates supplemented with glucose or
acetate (Figure 7). On acetate, all oak strains form
larger visible colonies prior to any of the wine strains. We

noted no corresponding differences in growth using
glucose as the carbon source. Similar to sporulation
efficiency, the ability to grow using acetate is greater in
the oak isolates than in the wine strains.

Oak–wine hybrids sporulate equally using the mi-
tochondrial genome of either parent: A functioning
mitochondrial genome is an essential prerequisite for
sporulation, and genes encoded in the mitochondrial
DNA (mtDNA) are differentially expressed between the
oak and wine strains. We tested whether polymorphisms
in mtDNA cause differences in sporulation efficiency
between these strains. We generated diploid hybrid
strains containing the haploid genomes of both the
oak (BC186) and wine (BC187) backgrounds, but with
mtDNA from only one parent. If inheritance of the
mtDNA affects sporulation efficiency, then we expect
that strains inheriting mtDNA from the oak strain spor-
ulate more proficiently than those with mtDNA from
the wine strain. Instead, all the hybrid strains sporulate
equally (�60% after 12 hr). Furthermore, efficiently
sporulating progeny from the cross of the oak and wine
strains possess mtDNA markers identical by descent with
the wine parent (data not shown). Therefore, both in
the hybrid and in recombinant genetic backgrounds,
inheritance of mtDNA from the oak strain parent is not
necessary for high sporulation efficiency.

Polymorphism in RME1 cosegregates with variation
in sporulation efficiency: Three single-nucleotide poly-
morphisms (SNPs) cause differences in sporulation
efficiency between SK1, an efficiently sporulating labo-
ratory strain, and S288c, a poorly sporulating laboratory
strain (Deutschbauer and Davis 2005). We sequenced
these three QTL in our oak and wine parents. Two of the
SNPs, coding polymorphisms in MKT1 and TAO3, do
not segregate between our two strains, which carry the
more common allele for each SNP (Deutschbauer

and Davis 2005). The third SNP, a noncoding polymor-
phism upstream of RME1, segregates in our cross. The
oak-derived allele shares a single-base-pair insertion
with SK1 that increases sporulation efficiency when
placed in the S288c background. In fact, all oak isolates
in our collection (Table 2) carry the allele at this locus
known to increase sporulation efficiency in the cross of
laboratory strains, whereas all winery isolates carry the
allele known to decrease sporulation efficiency.

TABLE 4

Sporulation efficiency at the early time point

Strain type Sample size Mean Variance Segregational variance Effective factors

Segregants 2065 0.43 0.06 0.03 2.9
Oak 104 0.9 0.00058
Hybrid 102 0.51 0.00041
Wine 104 0.067 0.00015

The values are the result of a square-root transformation (Sokal and Rohlf 1995) of the raw values, which
increases genetic additivity and reduces the dependence of the variance upon the mean.

Figure 4.—The SPS2:GFP reporter. A graph shows the frac-
tion of cells in cultures of oak and wine strains that exhibit
GFP fluorescence or visible spores during a sporulation time
course.
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The RME1 locus is linked to a QTL exerting a major
effect upon sporulation efficiency in this cross (Figure
8). Inheritance of the oak-derived allele increases spor-
ulation efficiency, on average, by 28% at the early time
point and 42% at the late time point (n ¼ 470, P >

0.001). In a linear regression on genotype, inheritance
of the RME1 polymorphism gives an r2 of 0.41 at the
early time point and 0.47 at the late time point. The
polymorphism occurs 309 bp upstream of the RME1
open reading frame, suggesting a regulatory effect in
S288c. We therefore checked our microarray data to see
whether the RME1 message is expressed differentially

between our parent strains. RME1 displays a significant
genotype effect: the wine strain overexpresses RME1
relative to the oak strain in both glucose and acetate
(P ¼ 0.013) (Figure 9).

DISCUSSION

The quantitative genetics of sporulation efficiency in
natural isolates: Using laboratory strains, Deutschbauer

and Davis (2005) demonstrated the tractability of yeast
sporulation efficiency as a quantitative trait. To expand
the usefulness of this model in quantitative and evolu-
tionary genetics, we have measured sporulation effi-
ciency and its genetic variance in natural strains. We find
that wild isolates from oak trees sporulate more effi-
ciently than strains obtained from wine fermentations.
In a cross between strains from these two populations,
the genetic sources of variation lie in the nuclear genome,
as opposed to the mitochondrial DNA.

We found that the difference in phenotype lies in
the decision to initiate meiosis and that the speed of
sporulation in both strain backgrounds is equal once
the process has begun. This allowed us to use SPS2, a
gene expressed late in sporulation, as a reporter gene to
calculate sporulation efficiency in an automated, high-
throughput assay. This assay enabled the rapid analysis
of a large sample of recombinant progeny, providing
a general picture of the genetic variation governing spor-
ulation efficiency between two natural isolates.

A large fraction of the variance can be explained by a
small number of loci exerting large effects upon the
trait. This conclusion promises that genetic mapping
will be successful in identifying QTL accounting for
most of the variation in sporulation efficiency (Lynch

and Walsh 1998). Intercrosses of our progeny with the
highest sporulation efficiencies (within the top 2%)
contained only 1–3% of the segregational variance ob-
served in the initial cross of the oak and wine strains.
QTL with large effect do not segregate between these
individuals. These QTL could therefore be identified by
techniques that selectively genotype extreme progeny,
such as bulk segregant analysis (Brauer et al. 2006).

Despite the reduction in segregational variance, the
broad-sense heritability of sporulation efficiency in these

Figure 5.—Segregation of sporulation efficiency. Histo-
grams of sporulation efficiency at (A) 10 hr (early time point)
and (B) 30 hr (late time point) after inoculation into sporu-
lation medium are shown. We measured .2000 segregants at
each time point. The raw data have been transformed to reduce
the dependence of the sample variance upon the mean. Seg-
regants, shaded bars; F1 hybrid, solid bars; parents, open bars.

TABLE 5

Sporulation efficiency at the late time point

Strain type Sample size Mean Variance Segregational variance Effective factors

Segregants 2069 0.72 0.12 0.06 3.5
Oak 104 1.46 0.00069
Hybrid 103 0.74 0.0017
Wine 104 0.17 0.00074

The values are the result of an arcsine transformation (Sokal and Rohlf 1995) of the raw values, which
increases genetic additivity and reduces the dependence of the variance upon the mean.
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intercrosses was still high, revealing the segregation of
minor-effect loci that might be missed by a bulk analysis.
The intercrosses produced transgressive segregants with
sporulation efficiencies slightly above that of either
recombinant parent. The occurrence of transgressive
segregants points to the wine strain contributing some
of the minor alleles promoting increased sporulation
efficiency. The identification of minor loci will likely
require QTL detection strategies that genotype a large
sample of progeny.

The distribution of phenotypes among natural iso-
lates opposes their pattern of sequence polymorphism.
Although oak strains show uniformly high sporulation
efficiencies, they compose a more genetically variable
population ( J. Gerke and B. Cohen, unpublished re-
sults) than the relatively homogeneous wine strains

(Fay and Benavides 2005), which vary widely in their
sporulation efficiencies. This observation suggests stron-
ger selection for efficient sporulation—or a correlated
trait—in oak tree populations. The phenotypic means
of the progeny in our cross are significantly shifted away
from the midparent—toward the wine parent—at both
time points. This indicates that, collectively, the wine
alleles (negative with respect to sporulation efficiency)
are epistatic to the oak alleles. Given selection for spor-
ulation efficiency in the oak isolates, the negative epis-
tasis of wine alleles could serve as a barrier to gene
flow between oak and wine populations, since the in-
heritance of a wine allele would be detrimental to the
fitness of a strain in the oak habitat. Accordingly, we
hypothesize that the major loci affecting sporulation
efficiency do not segregate in the oak population.
Selection against sporulation efficiency or correlated
traits in the wine isolates remains an open question. The
lower sporulation efficiency of wine strains could be the
result of genetic drift rather than selection. For exam-
ple, a relaxation of selection on high sporulation effi-
ciency would allow this phenotype to diverge. Whatever
the case, the wider variation of sporulation efficiency
among wine isolates raises the question of whether
major alleles segregate in this population.

This is not the case with one known QTL governing
yeast sporulation efficiency. In our sample of isolates,
the genotype of a polymorphism at the RME1 locus
is fixed between strains from the two populations. We
find that this single-base-pair change, which directly
affects sporulation efficiency in laboratory isolates, also
shows linkage as a major-effect QTL in our cross. From a
panel of 13 strains, Deutschbauer and Davis conclude
that the allele promoting sporulation efficiency is rare
(Deutschbauer and Davis 2005). Although it was
rare in their sample of strains, our results show that it
is common—if not fixed—in oak strains. The inclusion
of oak strains in future yeast studies promises to provide
additional genetic diversity that may not be present in
other populations. In fact, it is possible that the large
effect of the RME1 QTL in our cross is due, in part, to
linked polymorphisms not present in laboratory isolates.

In addition to absolute differences in sporulation
efficiency, we observed that sporulated cells from dif-
ferent wine strains produce distinct fractions of asci
containing dyads, triads, or tetrads. Dyads form when
only two nonsister haploid genomes are enclosed in
spores (Davidow et al. 1980). This decision is regulated
by the availability of spindle pole body components and
nutrient flux through the glyoxylate pathway (Nickas

et al. 2004). Strains probably produce tetrads earlier
than dyads in a sporulation time course because nu-
trient availability decreases over time (Esposito et al.
1969; Fast 1973). Since our wine strains sporulate
slowly, we expect them to produce dyads with greater
frequency. Our cross of wine and oak tree isolates also
reveals the presence of natural genetic variation in

TABLE 6

Sporulation efficiency at the early time point in intercrosses
between highly efficient recombinant progeny

Parents
Parent
means

Offspring
mean H 2

Segregational
variance

Reduction in
segregational
variance (%)

A, B 0.90, 0.90 0.89 0.87 0.00019 99
C, B 0.87, 0.89 0.89 0.86 0.00016 99
A, D 0.89, 0.89 0.88 0.95 0.00045 99
D, C 0.91, 0.88 0.87 0.97 0.00086 97

The values are the result of a square-root transformation
(Sokal and Rohlf 1995) of the raw values, which increases
genetic additivity and reduces the dependence of the variance
upon the mean.

Figure 6.—The fraction of asci producing two, three, our
four spores in high-efficiency segregants. We quantified the
fraction of tetrads, triads, and dyads in seven different high-
efficiency segregants and in five replicates of the oak parent.
Each strain or replicate is denoted on the x-axis by its percent-
age of sporulation efficiency at the late time point.
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tetrad vs. dyad formation; even rapidly sporulating
progeny vary with respect to the frequency of dyad for-
mation. Crosses of highly efficient progeny with dispa-
rate frequencies of dyad formation will determine the
genetic variance of this phenotype and reveal if effi-
ciently sporulating dyad makers result from a different
allelic combination than efficient tetrad makers.

Our study of sporulation efficiency indicates that loci
of large effect account for much of the genetic variation
observed between lines drawn from phenotypically
diverged populations and reveals epistasis between the
loci segregating in these lines. In addition, minor alleles
with opposite effects in each strain generate transgres-
sive segregants. Loci of large effect, epistasis, and trans-
gressive segregation are commonly observed in crosses
of phenotypically diverged lines in higher eukaryotes
(Lynch and Walsh 1998). Despite their single-cell
lifestyle, natural isolates of yeast promise to provide a
useful model for eukaryotic quantitative genetics.

The functional basis of variation in sporulation effi-
ciency: A first step in unraveling the genetic architec-
ture of a trait is to gain an understanding of the genes
that could potentially carry polymorphisms affecting
the phenotype (Mackay 2001). Through a prioritized
candidate gene approach, this knowledge can expedite
the narrowing of QTL to one or a few genes. In this
respect, yeast sporulation provides an attractive trait, as
it is a well-studied developmental program. Multiple
transcriptional analyses show that .1000 genes are
differentially expressed during meiosis and sporulation
(Chu et al. 1998; Primig et al. 2000). Loss-of-function
genetic studies have designated .400 genes that posi-
tively or negatively affect sporulation (Kupiec et al. 1997;
Deutschbauer et al. 2002; Enyenihi and Saunders

2003). The genes implicated in these studies provide

the most likely candidates to carry polymorphisms
affecting sporulation efficiency.

Our results further narrow the search space for nat-
ural variation governing this trait. Many genes needed
for sporulation are expressed only during meiosis and
spore formation (Primig et al. 2000). Since the pheno-
typic difference between the oak and wine strains we
study is due to delays prior to meiosis, that class of genes
can be ruled out as candidates. Instead, the causal se-
quence differences must affect genes expressed before
sporulation begins.

Our analysis of gene expression suggests that genes
regulating respiration and starvation response may af-
fect sporulation efficiency. Many respiration genes are
expressed significantly higher by the oak strain. In
addition, the oak strain shows stronger upregulation
of these genes in acetate. These results suggest that
the oak strain is capable of greater respiratory activity,
especially in conditions that promote sporulation. Our
demonstration that the oak isolates grow faster than
wine strains on nonfermentable carbon sources sup-
ports the hypothesis that the expression differences are
functional and may extend to the rest of our isolates.
Sporulation requires respiratory activity, so increased
respiration could conceivably lead to higher sporulation
efficiency. Furthermore, in acetate, the wine strain
upregulates genes in the glycogen synthesis pathway to
a greater degree than the oak strain. These genes,
considered part of a starvation response (Lillie and
Pringle 1980; Gasch et al. 2000), are used to store
energy as glycogen for later use. Collectively, our data fit
a model in which the oak strain produces more energy
from acetate to drive growth and sporulation, but the
wine strain—presumably adapted for fermentative al-
cohol production—has less respiratory activity and

Figure 7.—Comparison of the growth
of oak and wine strains on acetate. Pho-
tographs were taken 24 hr after plating
�7500 cells of each strain on rich agar
medium containing 2% glucose or 2%
potassium acetate.

TABLE 7

A subset of functional categories showing significant enrichment for genes with significant genotypic effects

Functional categorya

Strain with higher
expression

No. of genes
with effects

No. of genes in
functional category P-value

Mitochondrion, 42.16 Oak 69 166 2.53E-28
Respiration, 02.13 Oak 45 135 1.77E-14
Mitochondrial transport, 20.09.04 Oak 30 101 1.02E-08
Transposable elements, 38 Wine 48 123 4.98E-22
Metabolism of methionine, 01.01.06.05 Wine 9 34 0.0011

a Numbers for each category represent their designation in the MIPS Functional Catalogue (Ruepp et al. 2004).
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instead stores more glycogen, a hallmark of the starva-
tion response. This model echoes a hypothesis pro-
posed to explain differences in sporulation efficiency
between SK1 and W303, a poor sporulator related to
S288c (Williams et al. 2002; Winzeler et al. 2003). In
addition, a quantitative reverse-genetics study revealed
that respiration and starvation response genes were
significantly enriched in the set of genes affecting spor-

ulation efficiency (Deutschbauer et al. 2002). Together,
these data suggest that genes regulating respiration
and carbon utilization are likely candidate genes gov-
erning sporulation efficiency.

In contrast, the three functional polymorphisms
known to affect sporulation efficiency do not lie in
genes involved in respiration or carbon metabolism. In
fact, only RME1, a negative transcriptional regulator of
meiosis, is an obvious candidate gene (Mitchell and
Herskowitz 1986). Thus, although candidate genes
within sporulation QTL may provide a starting point for
fine mapping, an unbiased, genomewide approach still
provides the best starting point for genetic dissection
(Deutschbauer and Davis 2005). As more QTL are
identified, it will be interesting to see what portion of
the genetic variation in this trait fits with the models
generated by functional genomics.
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and members of the Cohen Lab for advice and discussions.
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