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Abstract
Different cell types can form patterns within fungal communities; for example, colonies of
Saccharomyces cerevisiae form two sharply defined layers of sporulating cells separated by an
intervening layer of unsporulated cells. Because colony sporulation patterns have only been
investigated in a single laboratory strain background (W303), in this report we examined these
patterns in other strain backgrounds. Two other laboratory strain backgrounds (SK1 and Σ1278b)
that differ from W303 with respect to colony morphology, invasive growth, and sporulation
efficiency nevertheless displayed the same colony sporulation pattern as W303. This pattern was
also observed in colonies of wild isolates of S. cerevisiae and S. paradoxus. The wild yeast colonies
sporulated on a much wider range of carbon sources than did the lab yeast and displayed a similar
layered sporulation pattern when grown on either acetate or glucose medium and on either rich or
synthetic medium. SK1 and Σ1278b and wild yeast colonies invaded the agar surface. The region of
invasion varied between strains with respect to the organization and appearance of cells, but this
invasion was always accompanied by sporulation. Thus, sporulation patterns are a general property
of S. cerevisiae, and sporulation in colonies can be coordinated with invasive growth.
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1. Introduction
Cell patterning is the lynchpin of development in metazoans, but its role in microbial function
is still poorly understood. Nevertheless, patterns of different cell types have been observed in
microbial colonies and biofilms of many species, including eukaryotes (reviewed in (Kimmel
and Firtel, 2004, Shapiro, 1998)). Recently, we reported that sporulation occurs in a sharply
defined pattern within colonies of the budding yeast Saccharomyces cerevisiae (Piccirillo et
al., 2010). Specifically, once colony growth is complete, sporulation initiates in two distinct
horizontal layers within the colony-- a narrow layer at the bottom of the colony and an interior
layer near the center of the colony. Over time, this central band of sporulation expands to
eventually include the top of the colony. Even after extended incubation, colonies remain
divided into sharply divided layers of sporulated and unsporulated regions.
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Sporulation in S. cerevisiae is comprised of meiosis, whereby a diploid cell is converted into
four haploid gametes, and spore formation, whereby each gamete is packaged within a spore
wall. Three main nutrient criteria must be met for sporulation to occur: 1) fermentable carbon
sources such as glucose must be absent, 2) non-fermentable carbon sources such as acetate
must be present, and 3) nitrogen or another essential nutrient must be absent (reviewed in
(Honigberg and Purnapatre, 2003, Zaman et al., 2008)). Notably, these three conditions are
expected during late stages of colony growth under natural conditions. In the wild, S.
cerevisiae and closely related yeast are found primarily on decaying fruit or tree exudates, both
of which contain primarily fermentable carbon sources; however, during late stages of growth,
these fermentable carbon sources will have been converted via glycolysis to non-fermentable
carbon sources, primarily ethanol. Non-fermentable carbon sources stimulate sporulation
through multiple pathways (Jambhekar and Amon, 2008), including pathways that lead to
bicarbonate production and export, which in turn stimulates sporulation by raising the pH of
the medium (Hayashi et al., 1998, Ohkuni et al., 1998). In colonies, alkali signals between
cells, sensed through the Rim101p pathway are required for the gradual expansion of the region
of sporulation from a narrow band in the interior of the colony to a much broader region
including the top of the colony (Piccirillo et al., 2010).

It is sometimes useful to compare biological processes such as colony patterning in different
laboratory strains of yeast. Laboratory strains of yeast can differ at hundreds of polymorphic
loci, including both deletions and duplications (Schacherer et al., 2007). Related to these
genetic differences, laboratory yeast strains differ dramatically in a number of related and easily
observable phenotypes such as colony morphology (Granek and Magwene, 2010, Vopalenska
et al., 2005), ability to form pseudohyphae (Liu et al., 1996) and efficiency of sporulation
(Esposito and Klapholz, 1981).

Differences between laboratory strain backgrounds in colony morphology, invasive growth
and ability to form pseudohyphae can be attributed in part to allelic difference in the flocculin
family of genes, which encode cell surface proteins that mediate cell-cell adhesion (reviewed
in (Gancedo, 2001). In particular, some flocculin alleles are not expressed or are nonfunctional
in some laboratory strains. For example, the S288C strain background lacks a functional allele
of FLO8, which encodes a transcriptional activator of the FLO11 and FLO1 flocculin genes
(Liu et al., 1996). As a result, S288C fails to express most flocculin genes and is incapable of
pseudohyphal differentiation or invasive growth, but restoring a functional FLO8 allele to this
strain allows both pseudohyphal differentiation and invasive growth (Kobayashi et al., 1999).
Similarly, differences in sporulation efficiency between strains are attributable in part to allelic
differences in signal transduction components and transcriptional regulation (Ben-Ari et al.,
2006, Deutschbauer and Davis, 2005, Gerke et al., 2009).

Some traits of laboratory yeast, such as the ability to disperse as single cells in liquid culture,
may have been selected during domestication in the laboratory (Mortimer and Johnston,
1986). In addition, because most lab strains are derived from vineyard strains, other traits may
have been selected during vineyard cultivation (Liti et al., 2009, Mortimer, 2000). As a result
it can be useful to investigate biological processes in wild isolates. For example, S.
cerevisiae isolated from tree exudates (Naumov et al., 1998) have probably evolved separately
from domesticated strains (Aa et al., 2006, Fay and Benavides, 2005). Of course, for any wild
strain of S. cerevisiae, the possibility of genetic exchange with domesticated yeast, e.g. from
vineyards, cannot be entirely ruled out (Ruderfer et al., 2006). For this reason, it can also be
useful to examine these traits in a closely related yeast species, Saccharomyces paradoxus
(Johnson et al., 2004, Naumov et al., 1998), that has not been domesticated (Koufopanou et
al., 2006).
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To determine whether the colony sporulation pattern we previously observed in the W303
background (Piccirillo et al., 2010) was a general property of yeast or reflected properties
acquired during domestication or unique to specific laboratory strains, we examined
sporulation patterns in a variety of laboratory and wild strains and in a range of growth
conditions. Because colonies of different strain backgrounds differ with respect to colony
morphology, sporulation efficiency, invasive growth and pseudohyphal differentiation, we
investigated the relationship between these different processes in colony development.

2. Materials and methods
2.1. Strains and media

Yeast strains used in this study are shown in Supplementary Table 1. SH1020 is a derivative
of W303 (Lee and Honigberg, 1996), SH2533 is a derivative of Σ1278b (Palecek et al.,
2000), and SH561 is a derivative of SK1 (Smith et al., 1990). The flo11Δ mutant was
constructed as described (Gray and Honigberg, 2001). S. cerevisiae and S. paradoxus strains
isolated from tree exudates have been described (Sniegowski et al., 2002). Except as noted
below, colonies were grown on YNA medium (2% potassium acetate (pH 7.0), 0.25% yeast
extract, 2% agar, supplemented with the minimal amino acids necessary to balance
auxotrophies) at 30° C. For the experiment reported in Table 3, in some cultures the acetate in
YNA was replaced with 2% of ethanol, raffinose, galactose or glucose, or 0.5% glucose. 0.5%
SC is synthetic complete medium (Kaiser et al., 1994) containing 0.5% glucose.

2.2. Colony embedding and section
Sectioning colonies was performed as described (Piccirillo et al., 2010). In brief, colonies were
grown on agar medium and then encased in melted agar. The encased colony was perfused
first with fixative, then with ethanol and finally with Spurr’s resin. Sections were stained with
toluidine blue. Distribution of asci within colonies was quantified by superimposing a vertical
stack of nine equal-sized rectangles on the colony image. For each rectangle, all sporulated
and non-sporulated cells were counted (50–100 cells), and the percentage of total cells that had
formed asci was calculated.

To measure the percentage of sporulated cells in a section that were dyads, the number of asci
with two spores visible in the section was multiplied by the estimated fraction of such asci that
were authentic dyads (rather than tetrads with only two spores visible. This latter fraction was
estimated by examining serial sections of these two-spored asci. For each two-spored asci, if
additional spores were visible in at least one other serial sections, then the ascus was considered
to be a tetrad; in contrast, if only one spore of the ascus was visible in at least one other serial
sections, then the dyad was considered an “authentic” dyad. (Fig. S2 in supplementary
material). The estimated fraction of authentic dyads was determined separately for asci in the
invasive region and in the center of the colony. These fractions were based on examining 50–
80 classifiable two-spored asci from at least three independent colonies.

2.3. Measuring efficiency of sporulation and agar invasion
To measure overall sporulation efficiency in colonies, the entire colony was scraped from the
agar and resuspended in water. This suspension was examined under a light microscope, and
250–300 cells were classified as sporulated or unsporulated. Percentage sporulation is the
fraction of the total cells counted that had formed tetrad or dyad asci. To quantify the efficiency
of agar invasion, colony sections with more than five cells present below the agar surface were
considered invasive. As an additional measure of invasion, plate washing assays were
performed as described (Guldal and Broach, 2006). Plates were photographed before and after
washing and the two images compared to determine the fraction of colonies retained after
washing.
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For experiments comparing sporulation efficiency in colonies growing on different carbon
sources, “spot” colonies were analyzed. These colonies were inoculated by spotting 0.5 μl of
culture containing 1.0 ×105 cells on to plates. To ensure an equivalent environment for each
colony, 20 equally spaced colonies were spotted on each plate in a ring approximately 5 mm
from the edge of plate.

2.4. Image acquisition and processing
All microscope images were captured using a Colorview II camera and AnalySIS software
(SIS). Images were adjusted for brightness in Canvas 8.

3. Results
3.1. Patterns of sporulation are conserved among yeast with different colony morphologies

Because we previously observed a layered pattern of sporulation in colonies using the S.
cerevisiae laboratory strain background W303 (Piccirillo et al., 2010), we examined two other
common laboratory strains of yeast (SK1 and Σ1278b), which differ dramatically from one
another with respect to colony morphology (Granek and Magwene, 2010). As a preliminary
step, we compared the timing and efficiency of sporulation in colonies of all three strains (Fig.
1). When grown on rich acetate medium, SK1 and W303 colonies formed spores with similar
timing, though the final efficiency of spore formation in SK1 was somewhat higher. In contrast,
Σ1278b colonies formed spores significantly less rapidly and efficiently than the other two
strains.

We next examined the colony morphology and distribution of sporulated cells within colonies
for all three laboratory-strain backgrounds. When grown on the above medium, SK1 colonies
were lacey or flocculent, so that sections of these colonies often contained regions with few or
no cells. In contrast, W303 and Σ1278b colonies were smooth and sections of these colonies
revealed a compact structure (Fig. 2A–2B). Despite differences in colony morphology and the
timing and efficiency of sporulation, the overall pattern of sporulation within mature colonies
was very similar for all three strains. As reported previously for W303 (Piccirillo et al.,
2010), sporulated cells in all three strains were observed in a broad layer near the top of the
colony and in a narrow layer at the bottom of the colony (Fig. 2B, regions with high frequencies
of asci indicated by gray bar to right of each image).

For SK1, the development of colony sporulation patterns over time (Fig. 3) was similar to the
pattern previously reported for W303 (Piccirillo et al., 2010). Specifically, spores were initially
observed in an internal layer within SK1 colonies (Fig. 2C) as well as at the bottom of the
colony. Over time, this internal layer expanded to eventually include the top of the colony (Fig.
3). We previously demonstrated that in W303, this changing pattern of sporulation is not
attributable to colony growth, since growth, as measured either by colony diameter or by cell
number, is largely complete before sporulation initiates (Piccirillo et al., 2010). Importantly,
SK1 colonies, like W303 colonies, developed sharp boundaries between regions of sporulation
and regions of non-sporulation; indeed, an almost straight line can be drawn between the two
regions (Fig. 2C). Although the colony sporulation pattern for Σ1278b is similar to the other
two strains, because Σ1278b colonies sporulate with relatively low efficiency, it was not
possible in this strain to monitor the development of sporulation patterns over time or to observe
sharp boundaries.

3.2. High frequency of pseudohyphae is not required for invasive growth
W303 colonies did not invade the agar surface; in contrast, greater than half of SK1 and
Σ1278b colonies penetrated the agar (Table 1). The structure of the region of invasion can be
clearly visualized in sectioned colonies (Fig. 2A and Fig. 4). Interestingly, SK1 formed a
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different structure in this region than does Σ1278b. In SK1, chains of cells invaded the agar at
multiple sites through the central third of the colony; whereas, in Σ1278b there was a single
site of invasion near the center of the colony that expanded outward into a pocket or bubble of
cells beneath the surface. A second difference between the region of invasion in SK1 and
Σ1278b was the shape of cells in this region (Fig. 4). SK1 colonies contained many elongated
cells (pseudohyphae) at the region of invasion, most of which had also sporulated (discussed
below). In contrast, Σ1278b colonies grown under the same conditions did not contain
detectable pseudohyphae. These results indicate that invasion of the agar can be accompanied
by pseudohyphal growth, but that extensive pseudohyphal growth is not a prerequisite for cells
to invade the agar.

As an independent measure of the efficiency that the three laboratory strain backgrounds invade
the agar under the standard conditions of this study, we also performed “wash assays” in which
all but the invasive region of colonies are washed away under a stream of water. After extensive
washing, more than 90% of either SK1 or Σ1278b colonies retained enough cells attached to
the agar to be easily visible by eye (Fig. S1 in supplementary material). In contrast, no visible
cells were retained when W303 colonies, or an SK1 strain deleted for the FLO11 adhesin were
washed under identical conditions. Consistent with the differences between SK1 and Σ1278b
colony sections in the appearance of the invasive region, in SK1 colonies most of the agar
surface contacting the colony retained cells after washing, whereas in Σ1278b colonies only a
small central portion of the agar surface contacting the colony retained cells.

3.3. Asci present in the region of invasive growth
In both SK1 and Σ1278b colonies, asci were frequently observed in the region of invasion (Fig.
4). Indeed, analysis of serial sections revealed that the frequency of sporulation in the invasive
region was comparable to the frequency of sporulation in the top layer of the colony for both
SK1 colonies and Σ1278b colonies (Table 2, column 3). However, for SK1 colonies, the
appearance of asci was different in the invasive region than in the top layer of sporulation. In
the top layer, the majority of asci were tetrahedral (tetrads), whereas in the invasive region,
significantly more of the asci contained only two spores (dyads) (P<0.001), and sometimes
contained three spores in a linear arrangement (compare Fig. 2B to Fig. 4, and Table 2, column
4). We reasoned that these dyads and linear asci likely derived from pseudohyphae that invade
the agar and subsequently sporulate.

In contrast to SK1 colonies, asci in Σ1278b colonies were mostly tetrads rather than dyads
(Table 2, rows 3–4), even though the overall frequency of sporulation in the invasive region
of Σ1278b colonies was approximately the same as in the top region. As a result, the frequency
of dyads/total asci within the invasive region was significantly lower in Σ1278b colonies than
in SK1 colonies (P<0.001). Thus, pseudohyphal differentiation could accompany and perhaps
stimulate efficient invasive growth and sporulation, as in SK1; however, both invasive growth
and sporulation could also occur in the absence of efficient pseudohyphal differentiation, as in
Σ1278b.

3.4. Sporulation patterns and invasive structures in wild yeast colonies are similar to
laboratory yeast

We next asked whether colonies formed from wild strains of yeast would display sporulation
patterns and invasive growth similarly to lab yeast. For this purpose, two strains each of S.
cerevisiae and Saccharomyces paradoxus were tested. All four of these wild strains were
isolated from tree exudates and are unrelated to lab strains (Naumov et al., 1992, Naumov et
al., 1998). Colonies of these strains were grown as colonies for 6 days and sectioned as above
(Fig. 5A). We found that all four wild strains yielded sporulation patterns similar to laboratory
strains, with a narrow layer of sporulation along the bottom surface of the colony and a broader
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layer of sporulation through approximately one-third of the colony (Fig. 5B). Because almost
all cells in the upper layer formed asci, the boundary between this layer and the underlying
unsporulated layer was especially distinct (Fig. 5C).

Colonies from both species of wild yeast invaded the agar efficiently when grown on standard
medium (Table 1, rows 3 and 5; Fig. S1). Interestingly, the region of invasion of wild S.
cerevisiae colonies resembled those of SK1 colonies, whereas the region of invasion of the
wild S. paradoxus colonies was more similar to that of Σ1278b colonies (Fig. 5D).

3.5. Effect of carbon and nitrogen source on colony sporulation
To investigate the effect of carbon source on colony sporulation, we first determined the total
frequency of sporulated cells in colonies grown on either fermentable or non-fermentable
carbon sources (Table 3). The three laboratory strain backgrounds tested (W303, SK1, and
Σ1278b) formed spores efficiently only on acetate; neither a different non-fermentable carbon
source (ethanol) nor any of three fermentable carbon sources (glucose, galactose or raffinose)
allowed appreciable sporulation in these strains. In contrast, wild S. cerevisiae and S.
paradoxus colonies formed spores on a wide range of carbon sources, including moderate
concentrations of glucose, though with higher efficiency on some carbon sources than on
others. Wild S. cerevisiae and S. paradoxus differed in the effects of different carbon sources
on sporulation; both isolates of the wild S. cerevisiae sporulated almost twice as efficiently as
the S. paradoxus isolates on acetate medium, but 2–4 times less efficiently than S.
paradoxus on most other carbon sources.

Because wild yeast colonies can sporulate on media containing a range of carbon sources, we
next asked whether sporulation and invasive growth would also occur in colonies grown on
synthetic rather than rich medium. Nitrogen and other nutrients are supplied by yeast extract
and peptone in rich medium, whereas these nutrients are supplied in synthetic (i.e. defined)
medium as ammonium sulfate and yeast nitrogen base. When wild-type colonies were
incubated for seven days on synthetic medium containing 0.5% glucose,, 22 ± 3% of cells in
S. cerevisiae colonies and 28 ± 3% of cells in S. paradoxus colonies formed asci. Unlike
colonies grown on rich acetate medium, colonies grown on the synthetic glucose medium
completely failed to invade the agar (Table 1, rows 4 and 6; Fig. 5A).

3.6. Colony sporulation patterns are similar on synthetic glucose medium and rich acetate
medium

Because the wild S. cerevisiae strains formed colonies with relatively high frequencies of asci
on synthetic medium containing 0.5% glucose, we examined the pattern of sporulation in these
colonies after 8 days of incubation. We found that these colonies displayed a layered pattern
of sporulation (Fig. 5B and 5C) that was indistinguishable from the pattern formed on rich
acetate medium. Thus, the pattern of sporulation characteristic of yeast colonies was not limited
to a particular carbon or nitrogen source.

4. Discussion
We compared the properties of colonies from three laboratory yeast strains and four wild yeast
strains. Colonies from these strains varied dramatically with respect to their overall
morphology, their ability to form pseudohyphae and their ability to invade the agar surface. In
addition, nutrient requirements for sporulation in colonies varied between these strains. Despite
these differences, all seven strains tested displayed the same characteristic colony sporulation
pattern, with two layers of sporulated cells and an intervening layer of unsporulated cells.
Furthermore, under all conditions tested in which sporulation occurred efficiently in colonies,
these colonies exhibited sharply defined boundaries between regions containing asci and
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regions lacking asci. These results indicate that patterns of sporulation within colonies are
likely to be a general property of S. cerevisiae.

The wild yeast strains tested in this study formed spores on a much wider range of carbon
sources than did laboratory yeast. Indeed, wild yeast colonies sporulated relatively efficiently
even on medium containing glucose in moderate concentrations (0.5%), perhaps indicating
that wild yeast are more efficient than lab yeast at converting glucose to non-fermentable carbon
sources. In any case, wild yeast formed colony sporulation patterns on synthetic glucose media
that were indistinguishable from those formed on rich acetate medium. Thus, the layered colony
sporulation pattern probably does not depend on a specific nutrient combination.

Pseudohyphal differentiation and invasive growth are closely coupled processes, and a number
of genes are required for both, notably the flocculins FL011 and FLO10 (Fichtner et al.,
2007, Van Mulders et al., 2009). As indicated previously (Guo et al., 2000), standard assays
for invasive growth (e.g. cells remaining after washing plates) may not fully distinguish
invasive growth from cell affinity to the agar surface. Nevertheless, there have been several
reports of mutants that affect these two processes differently (Birkaya et al., 2009, Palecek et
al., 2000). These earlier studies suggest that pseudohyphae may contribute to invasive growth
without being necessary for this invasion. Our results support this view; Σ1278b can form
pseudohyphae under a variety of conditions, but under the conditions used in this study,
Σ1278b colonies invade the agar without forming detectable pseudohyphae. Invasive growth
may require only a few pseudohyphae at the initial site of invasion, but clearly a high level of
pseudohyphal differentiation is not required for invasion.

Although pseudohyphal differentiation (the dimorphic switch) is not required to invade the
agar, this switch may stimulate invasion. Two distinct types of structures were observed at the
site of invasion, in different strains. In Σ1278b (and wild S. paradoxus) colonies, invasion
occurred at a single central point in the colony, forming a bubble-like pocket of cells beneath
the surface. In contrast, in SK1 (and wild S. cerevisiae) colonies, pseudohyphae invaded the
agar at multiple points through the central approximately one-third of the colony. Thus
pseudohyphae may be more efficient at invading the agar surface than are ovoid cells.

The region of invasion in SK1, Σ1278b and wild yeast colonies contain relatively high levels
of sporulated cells. Interestingly, the asci in these regions of invasion were mostly two-spore
dyads for SK1 and mostly tetrads for Σ1278b. This difference is consistent with earlier studies
demonstrating that that elongated yeast cells, such as zygotes formed after mating and some
S. cerevisiae hybrid species, result in linear rather than tetrahedral asci (Hawthorne, 1955,
Thomas and Botstein, 1987). Thus, either typical ovoid or elongated (pseudohyphal) cells are
capable of sporulating once they have invaded the agar, but the arrangement of spores within
the asci may conform to the shape of the pre-existing cell.

The conserved pattern of sporulation in yeast colonies described in this study raises the question
of what (if any) selective advantage colony patterning may confer on yeast. While meiosis in
higher organisms is considered important in maintaining genetic diversity in populations,
sequence analysis indicates that wild yeast strains are probably completely homozygous
(Diezmann and Dietrich, 2009, Koufopanou et al., 2006, Sniegowski et al., 2002). This
homozygosity results from the ability of haploids to efficiently switch mating-types followed
by mating. Of course, sporulation in a clonal homozygous population would not generate
genotype diversity. However, sequence comparisons between diverse natural isolates in yeast
suggest that mating between unrelated strains of wild yeast (outcrossing), though rare, is
nevertheless important for maintaining genotype diversity in yeast populations (Johnson et al.,
2004, Liti et al., 2009, Ruderfer et al., 2006). Outcrossing in nature likely occurs in the context
of a yeast community containing a mixture of strains. If these natural communities, like clonal
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colonies, sequester sporulation in one region of the community, this would tend to increase the
frequency of these inter-strain crosses.

In addition to increasing the possibility of outcrossing, sporulation patterning may help to
conserve nutrients in colonies. Although sporulation is a response to starvation, the combined
programs of meiosis and spore formation require continued respiration in order to induce the
hundreds of genes required for meiotic recombination, chromosome segregation and spore wall
formation. Limiting sporulation to only a portion of the colony may ensure that scarce nutrients
are utilized by only a subset of the colony’s population. Another possibility is that the non-
sporulating cells in colonies die rapidly, and these dead cells supply nutrients to other cells in
the colony. Finally, positioning asci at the upper surface of colonies may promote their
dispersion to new environments. This dispersion occurs primarily when they are ingested to
insects such as Drosophila or attach to the appendages of these insects (Begon, 1986). Spores
are much more viable within the gut of Drosophila than are vegetative (growing) cells (Coluccio
et al., 2008). Thus, localization of sporulation to the top surface of colonies might increase
dispersal to new locations as well as increase the efficiency of interstrain mating and nutrient
utilization.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Timing of spore formation in colonies of three common laboratory yeast strains
Colonies of SK1 SH561 (SK1 background, ●), SH1020 (W303 background, △), or SH2533
(Σ1278b background, ○) were plated on YNA medium. At the indicated times, the frequency
of asci among the total cells in the colony was determined for each of three colonies from a
single experiment. The mean frequency of asci in these three colonies is represented by the
data points, and the error bars represent the SEM. Where error bars are not visible, their length
is less than that of the symbol.

Piccirillo and Honigberg Page 11

Res Microbiol. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2. Pattern of sporulation in colonies of three common laboratory yeast strains
Colonies from the indicated strain backgrounds were grown as in Fig. 1, embedded and
sectioned. A) Cross-section after 8 days of incubation at 30° C, scale bar = 0.5 mm. B) Section
from top to bottom of colony after 8 days of incubation, scale bar = 40 μm. C) Boundary
between the upper region of sporulation in cells and the underlying region after 10 days
incubation (W303) or 4 days incubation (SK1), scale bar = 25 μm. Gray bars to the left of
images in B) and C) indicate region of colonies with high frequencies of asci. Arrowheads in
the figures indicate representative tetrad asci (three or four spores visible), whereas arrows
indicate representative dyad asci (two spores). For each of the above strains, at least three
independent colonies were examined; all colonies from the same strain displayed the same
sporulation pattern.
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Fig. 3. Distribution of sporulated cells in SK1 colonies
Colonies were incubated for the times indicated on each graph (4, 6, or 8 days) and then
sectioned. The frequency of asci in each region of the colony is shown in the bar graphs; the
leftmost bar represents the top of the colony and the rightmost bar represents the bottom of the
colony. The data is the average of three independent colonies, and error bars represent the
SEM.
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Fig. 4. Structure of region of SK1 and Σ1278b colonies that invade the agar surface
A) A portion of the region of an SK1 colony which has invaded the agar, B) Region of an
Σ1278b colony which has invaded the agar. Colonies incubated for eight days prior to
sectioning. Asterisk to right of images indicates surface of agar, arrowheads in the figures
indicate representative tetrad asci (three or four spores visible), open arrows indicate
representative dyad asci (two spores), and the filled arrow indicates a linear four-spored ascus.
Scale bar = 25 μm.
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Fig. 5. Pattern of sporulation in wild isolates of S. cerevisiae and S. paradoxus
Colonies of wild S. cerevisiae (S. c.) and S. paradoxus (S. p.) were grown on YNA medium
for six days, or colonies of wild S. cerevisiae were grown on 0.5% synthetic glucose medium
(0.5%) for 8 days, then embedded and sectioned as in Fig. 1. Arrowheads indicate
representative tetrad asci (three or four spores visible), whereas arrows indicate representative
dyad asci (two spores). A) Section through center of entire colony, scale bar = 0.5 mm, B)
Vertical slice of section, from top to bottom of colony, scale bar = 30 μm. C) Portion of colony
containing boundary between high sporulating region at top and low sporulating region. D)
Portion of colonies grown on YNA medium that invades the agar. Asterisks to left of images
indicate the agar surface, scale bar = 30 um. Gray bars to right of images in (B) and (C) indicate
regions containing a high frequency of asci. For the images in B–D, at least three independent
colonies from each of two wild S. cerevisiae and two S. paradoxus strains were examined and
yielded similar patterns.
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Table 1

Efficiency of Invading Agar

Strain Bkga Medium Time (days) % invb nc

SKI YNA 8 94 18

Σ1278b YNA 8 62 13

Wild S. c. YNA 6 100 9

0.5% SC 8 0 10

Wild S. p. YNA 6 83 6

0.5% SC 8 0 6

a
Strains numbers shown in Supplementary Table 1

b
(colonies invading agar) × 100%/(total colonies)

c
number of colonies examined
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Table 2

Dyad asci in regions of colonya

Strain Region spor. (%)b dyads/asci (%)c

SK1 Top Layer 38±5 (3) 43±2 (3)

Invasive 39±4 (3) 72±1 (3)

Σ1278b Top Layer 17±2 (4) 33±2 (4)

Invasive 13±2 (4) 26±1 (4)

a
Mean ± SEM (number of colonies)

b
(asci ×100%)/total cells

c
(dyad asci ×100%)/total asci
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