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Abstract
S. cerevisiae grown on plastic surfaces formed organized structures, termed minicolonies, that
consisted of a core of round (yeast-like) cells surrounded by chains of filamentous cells
(pseudohyphae). Minicolonies had much higher affinity for plastic than unstructured yeast
communities growing on the same surface. Pseudohyphae at the surface of these colonies
developed further into chains of asci. These structures suggest that pseudohyphal differentiation
and sporulation are sequential processes in minicolonies. Consistent with this idea, minicolonies
grown under conditions that stimulated pseudohyphal differentiation contained higher frequencies
of asci. Furthermore, a flo11Δ mutant, which fails to form pseudohyphae, yielded normal
sporulation in cultures but was defective for minicolony sporulation. When minicolonies were
dispersed in water and cells then allowed to settle on the plastic surface, these cells sporulated
very efficiently. Taken together, our results suggest that sporulation in minicolonies is stimulated
by pseudohyphal differentiation because these pseudohyphae are dispersed from the core of the
colony.
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Introduction
Biofilms are bacterial or fungal communities that tightly bind plastic or other surfaces. For
example, the yeast C. albicans, a common pathogen in humans, forms an organized bi-layer
on plastic surfaces consisting of a basal layer of ovoid cells and an upper layer of chains of
filamentous cells (Baillie & Douglas, 1999, Chandra, et al., 2001, Khot, et al., 2006).
Biofilms that form on medical devices like catheters and heart valves are a major contributor
to the high mortality rate associated with hospital-acquired fungal infections (Puzniak, et al.,
2004, Pfaller & Diekema, 2007, Tumbarello, et al., 2007). S. cerevisiae is the most
extensively studied yeast species, but the extent that this non-pathogenic yeast can form
biofilms is uncertain. S. cerevisiae can adhere tightly to plastic surfaces (Reynolds & Fink,
2001), but a clinical isolate of S. cerevisiae growing on plastic did not generate the
extracellular material and increased drug resistance characteristic of C. albicans biofilms
(Chandra, et al., 2001). One limitation to using S. cerevisiae as a model for biofilms is that
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the structure of S. cerevisiae communities growing on plastic is not known. Thus, the degree
to which S. cerevisiae can serve as a model for pathogenic biofilms remains an open
question.

C. albicans biofilms undergo a dimorphic transition from ovoid to mycelial cells. This
transition stimulates two key aspects of pathogenesis: adhesion to plastic and ability to
invade host tissue (Hube, 2006, Verstrepen & Klis, 2006). Diploid S. cerevisiae also can
undergo a dimorphic switch, in this case from ovoid to pseudohyphal cells, i.e. elongated
cells containing one nucleus per cell. This dimorphic transition occurs during conditions of
nutrient limitation, especially limitation for a nitrogen source (Gancedo, 2001, Dickinson,
2008). Nutrient limitation also promotes sporulation, i.e. meiosis and spore formation, in this
yeast (Honigberg & Purnapatre, 2003, Kassir, et al., 2003). The connection between
pseudohyphal differentiation and sporulation is unclear, but a number of regulators
independently activate the dimorphic switch and repress sporulation. These regulators
include the transcription factor Rme1p, the G1 cyclin Cln2p, the trimeric G-protein subunit
Gpa2p, and the monomeric G-protein, Ras2 (Matsuura, et al., 1990, Gimeno, et al., 1992,
Colomina, et al., 1999, Donzeau & Bandlow, 1999, Purnapatre, et al., 2002, van Dyk, et al.,
2003). These results suggest that sporulation and the dimorphic switch may be mutually
exclusive differentiation programs. However, in some cases pseudohyphal differentiation
and spore formation may occur sequentially; for example, colonies of the SK1 strain
background form high frequencies of pseudohyphae at their bottom surface, and these
elongated cells can eventually sporulate to form dyad and 3–4 spore linear asci (Piccirillo &
Honigberg, 2010).

Different strain backgrounds of laboratory yeast show considerable variation both in their
ability to form pseudohyphae and in their ability to sporulate. Much of the variation in
pseudohyphae can be traced to the FLO11 gene. FLO11 (also known as MUC1) encodes a
cell surface protein, termed an adhesin, required not only for pseudohyphal differentiation
but also for the affinity of cells to plastic and to other cells (Lambrechts, et al., 1996, Lo &
Dranginis, 1998). Interestingly, although required for diploid pseudohyphal growth, FLO11
is not required for the most aspects of haploid filamentous growth (Cullen & Sprague, 2002,
Vyas, et al., 2003, Vopalenska, et al., 2010). Allelic variation between strains is common
both in FLO11 itself (Kron, 1997, Fidalgo, et al., 2006) and in regulators of FLO11
expression such as the Flo8p transcriptional activator (Liu, et al., 1996, Kobayashi, et al.,
1999). Expression of other adhesin proteins (e.g. Flo1p and Flo10p) can also affect
pseudohyphal formation (Fichtner, et al., 2007, Van Mulders, et al., 2009). Variability
between laboratory strain backgrounds in their sporulation efficiency is also common. This
variability can be attributed in part to allelic differences in key transcription factors
regulating the initiation of sporulation such as IME1 and RME1 (Deutschbauer & Davis,
2005, Ben-Ari, et al., 2006, Gerke, et al., 2009).

The current study reports that a common laboratory strain of S. cerevisiae (SK1) formed
organized structures when grown on plastic surfaces, and these structures were absent in
other commonly used laboratory strains. We term these structures “minicolonies” to
distinguish them from microcolonies, i.e. early stages of colony development on agar plates.
We investigated the organization of ovoid, pseudohyphal and sporulated cells within
minicolonies and also examined the connection between pseudohyphal differentiation and
sporulation within these colonies.
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Materials and methods
Strains, media, and growth conditions

Strains are shown in Table 1. Except where noted, 400 cells/250 μl YPA-1 medium/well
were inoculated in 96-well polystyrene microtiter plates (Nunclon) and grown at 24° C
without shaking for six days. YPA-1 medium contains 0.25% yeast extract, 0.5% peptone
and 1% potassium acetate, pH 5.8. YPA-2 medium contained 0.5% yeast extract, 1%
peptone and 1% potassium acetate, pH 5.8; YPA-3 medium contained 1% yeast extract, 2%
peptone and 1% potassium acetate, pH 5.8.

Minicolony growth and differentiation assays
Before assaying minicolony diameter, cell growth, sporulation, or viability, the microtiter
wells containing the minicolonies were first examined using a dissecting microscope. Rare
wells containing “flors”-aggregations of cells growing on top of the medium- or otherwise
containing many cells not associated with minicolonies were not analyzed further.
Minicolony diameter was measured using AnalySIS software (SIS) on light micrographs; for
each minicolony image, we drew the smallest circle possible that contained all cells
(including pseudohyphae), then measured the diameter of this circle.

To measure cell number in minicolonies, 200 μl of the medium was removed from the well
without disturbing the minicolonies. Cells removed at this stage amounted to less than 5% of
the cells remaining in the well. Next, minicolonies from a single well were suspended in the
remaining approximately 50 μl of spent medium by vigorous pipetting, then sonicated for
three 6-second pulses with a GE 50 Ultrasonic Processor. To measure sporulation, the same
procedure was followed except that all of the medium was removed from the well, and then
cells resuspended from the central portion of the well using 25 μl of sterile dH2O. Dilutions
of the cell suspensions were examined by light microscopy using a hemacytometer to
calculate both the total number of cells in the well and the fraction of these cells that had
sporulated (sporulation efficiency).

To measure viability and sporulation capability in minicolonies, we resuspended cells as
above, transferred them to a 1.6 ml Eppendorf tube, and then washed the cells 3× in 1 ml
sterile dH2O. After washing, cells were suspended in 200 μl sterile dH2O, sonicated as
above, and examined in the microscope to ensure that >90% of cells were not attached to
other cells. To measure viability, approximately 500 cells from a serial dilution were plated
on YPD medium, and the fraction of cells that developed into colonies determined. To
measure sporulation capability, cells were diluted ten-fold from their original concentration
in sterile dH2O, and 250 ul of this dilution (containing ~ 1 × 105 cells) was placed into a
microtiter well and incubated as before at 24° C. After three days, cells were resuspended
and examined by microscope to determine the fraction that had sporulated.

Plastic-affinity assays
Affinity of minicolonies for polystyrene microtiter plates was measured after 6 days of
incubation, except where noted. At this time, the spent medium was removed from each
well, and the wells washed four times. Washes were performed by placing 200 μl of dH2O
into the well, incubating at room temperature for 3 minutes, and then removing the water by
touching a P-200 pipetman tip to the edge of the well. The total number of cells present in
the spent medium and the washes was compared to the number resuspended in a final
resuspension of cells from the plastic surface. This final resuspension was achieved by
vigorously pipetting 200 μl of dH2O up and down in the well approximately eight times.
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Scanning electron microscopy
SK1 at the same concentration as above in 400 μl YPA-1 medium was inoculated in a single
well of an 8-chamber Permanox slide (Lab-Tek). After incubation at 24°C, spent medium
was removed from the well, and the well was washed 4× with 200 μl cacodylate buffer
(0.2M sodium cacodylate [pH 7.2]). The sample was then incubated for 90 minutes at room
temperature in 2.5 % glutaraldehyde. The fixative was removed from the wells, and the
wells then washed 2× with sodium cacodylate buffer and 2× with O buffer (100 mM
KH2PO4, 10 mM MgCl2, pH 6.0). Wells were then incubated for 1 hr at room temperature
in a fume hood in 1% OsO4 in O buffer, then washed 2× in O buffer and 3× in dH2O. After
removing the last wash, cells were progressively incubated for 5 minutes each in 33%, 67%,
85%, 95% and 2× in 100% ethanol. Finally, ethanol was replaced with
hexamethyldisilazane, the sample dried in a fume hood overnight, and coated with gold/
palladium. Samples were visualized in a FEG ESEM XL30 scanning electron microscope
(FEI/Philips, Hillsboro, OR).

Light microscopy and time-lapse photography
Light microscopy images in Figures 1, 2 and 4 were captured using a Nikon Eclipse
TE2000-U inverted microscope, a Colorview II camera, and AnalySIS software (SIS). For
time-lapse photography, 14 hrs after inoculation, a Nikon TEM inverted microscope was
focused on a single minicolony with a 20× objective. Images were captured every 10
minutes using a Canon Powershot G5 digital camera controlled by GBTimelapse software
(Granite Bay Software). Video was created in Adobe® Premiere Pro CS4 and After Effects
CS4. After the video was assembled, variation in luminescence between frames was reduced
using VirtualDub (1.3).

Results
Comparison of four laboratory strains of S. cerevisiae for growth and sporulation on
plastic surfaces

To begin an investigation of the growth, morphology and sporulation capacity of S.
cerevisiae on plastic surfaces, we examined four common laboratory strains of S. cerevisiae
(SK1, W303, Σ1278b, and S228C) for their growth on polystyrene microtiter plates. Both
sequence analysis and historical evidence indicates that among these four strains, S288C and
W303 are the most closely related, whereas SK1 is the most distant strain (Mortimer &
Johnston, 1986, Schacherer, et al., 2007, Liti, et al., 2009). We grew these strains in rich
acetate medium (YPA-1) with the idea that this medium would allow growth, pseudohyphal
differentiation and sporulation.

Cells were inoculated in 96-well format microtiter plates and incubated at 24°C without
agitation. After six days of incubation, the structure of the cell community growing on the
plastic surface was much different in the four strains (Fig. 1A). In the SK1 culture, and to
some extent in the Σ1278b culture, discreet structures were formed on the plastic surface,
whereas in the other two strains, growth resulted in a thin layer of cells that covered the
entire plastic surface. Despite these differences in appearance, the rate of growth of the four
strains was similar, and growth was largely complete by 48 hrs in all four strains (Fig. 1B).

We term the compact structures growing in SK1 and Σ1278b cultures “minicolonies”. SK1
minicolonies reached a diameter of approximately 261 ± 8 μ (n=24) after 6 days and did not
increase significantly after a further 3 days of incubation (260 ± 8 μ, n=24). These SK1
minicolonies uniformly contained chains of pseudohyphal (elongated) cells extending out
from a dense central core. Σ1278b minicolonies contained fewer and shorter pseudohyphal
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chains than SK1 minicolonies. S288C and W303 minicolonies did not yield visible
pseudohyphae.

We next determined the efficiency of sporulation in each of the four strain backgrounds
grown as above. Consistent with the relative efficiencies of these laboratory strains in both
colonies and cultures (Piccirillo & Honigberg), we found that after 10 days of incubation,
5.8 ± 1.1 % of SK1 cells formed asci, whereas only 2.9 ± 0.4% of W303, 0.8 ± 0.3% of
Σ1278b, and 0 % of S288C formed asci (n=3).

Relative affinity of four laboratory strains to plastic
To measure the affinity of the four strains to the surface of microtiter wells, minicolonies
were grown for 6 days as above, then the wells washed repeatedly with water. We compared
the fraction of cells that were removed from the wells to those that were retained on the
plastic surface after washing (see Materials and Methods). We found that approximately
45% of SK1 cells were retained on the plates after four washes, whereas <5% of any of the
three other strains were retained under these conditions (Fig. 1A and 1C). Because SK1
minicolonies efficiently formed pseudohyphae, sporulated, and adhered to plastic, we chose
this strain background for subsequent experiments.

Timing of sporulation and increase in affinity in SK1
We next determined the timing of adherence and sporulation in minicolonies. After 2 or 4
days of incubation, the affinity of minicolonies to plastic remained low (<5% of cells
adhered) but by 6 days approximately 50% of the cells adhered and this fraction did not
change even after 12 days of incubation (Fig. 1D). Sporulation increased in minicolonies
between 6 and 8 days; thus, the increase in affinity preceded spore formation (Fig 1D).

Effect of nutrient concentration on minicolony growth, morphology, affinity to plastic, and
sporulation

Because conditions containing plentiful nutrients, and especially nitrogen, inhibit
pseudohyphal differentiation, we next investigated whether pseudohyphal differentiation,
affinity to the underlying surface, and sporulation in SK1 minicolonies depended on the
concentration of nutrients in the rich medium. For this purpose, we compared cultures grown
as above and containing the same concentration of acetate but varying concentrations of the
other components of the medium (yeast extract and peptone). These two components
provide nitrogen and other essential nutrients such as vitamins, salts and minerals. We found
that minicolonies formed at all three nutrient media, termed YPA-1 (lowest nutrient
concentration), YPA-2 (intermediate nutrient concentration), and YPA-3 (highest nutrient
concentration). However, pseudohyphae were most prominent at the lowest nutrient
concentrations (YPA-1, Fig. 2A), which was the medium used for the experiments shown in
Fig. 1. Not surprisingly, cell number reached a slightly lower plateau value in this medium
than in medium containing higher concentrations of nutrients (Fig. 2B). In line with the
correlation between pseudohyphae and cell affinity observed in different strain backgrounds,
minicolonies grown on medium that yielded the highest level of pseudohyphae also had the
highest affinity to plastic (Fig. 2C). In addition, as the concentration of nitrogen in the media
was increased, the efficiency of sporulation in minicolonies progressively decreased
(8.7±2.1 in YPA-1, 3.7±0.7 in YPA-2, and undetectable in YPA-3, n=6). Because YPA-1
medium led to the highest level of pseudohyphal differentiation, adherence to plastic, and
sporulation in minicolonies, this medium was employed for all subsequent experiments.
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Three phases of minicolony development
To further investigate the structure of minicolonies containing pseudohyphal cells, we
examined the structures of these colonies at various stages of development using scanning
electron microscopy (Fig. 3). After one or two days, minicolonies consisted of mostly ovoid
(i.e. yeast-like) cells. After three days, many pseudohyphal cells were visible extending from
the body of the colony. After five days, many of these pseudohyphal cells had sporulated to
form linear asci, and by ten days most of the cells on the surface of the colony had
sporulated. Thus the development of minicolonies proceeded through a phase of growth as
ovoid cells, then a phase of growth as pseudohyphae, and finally a phase in which the
pseudohyphae formed asci. The development of pseudohyphae occurred at the same time or
slightly before the increase in affinity we noted previously (compare Fig. 3 to Fig. 1D).

As an independent test of minicolony development, we monitored minicolony development
over time using time-lapse light microscopy. Except at the earliest times, this method only
discriminates cells at the edge of the minicolony. Nevertheless, this experiment confirmed
that wild-type yeast at the minicolony’s edge transition from round to pseudohyphal cells at
2–3 days, and that these pseudohyphae begin to sporulate by 5–6 days (Supplementary
Information, Video 1).

Increased frequencies of dyads and linear tetrads among minicolony asci
The experiments in the previous section suggest that sporulation in minicolonies occurs
preferentially in the pseudohyphal cells extending outward from the colony’s core. This
interpretation is consistent with our finding that the medium that best promoted
pseudohyphal differentiation (YNA-1) also yielded the highest rates of sporulation. Also
consistent with this interpretation is the observation that many of the asci visible in scanning
electron microscopy and time-lapse microscopy were dyads or linear 3–4 spore asci rather
than tetrahedral asci. Indeed, earlier studies indicate that pseudohyphae and other elongated
cells often sporulate to form two-spored asci (dyads) and linear tetrads (Hawthorne, 1955,
Thomas & Botstein, 1987, Piccirillo & Honigberg, 2010). To further test the idea that
pseudohyphae in minicolonies sporulate preferentially to other cells in the colony, we
compared the structure of asci formed in minicolonies to that in liquid cultures grown in the
same cultures. We found that 73 ± 7 % (n=4) of the asci observed after resuspending 8 day
minicolonies were dyads as compared to only 11 ± 1 % (n=3) dyads in 4 day liquid cultures.
Furthermore, 55 ± 9% (n=4) of the 3–4 spored asci in 8 day minicolonies were linear rather
than tetrahedral as compared to only 0.2 ± 0.2 % (n=3) in 4 day liquid cultures. These results
are consistent with the idea that pseudohyphal differentiation is a prerequisite for efficient
sporulation in minicolonies.

Role of Flo11p adhesin in minicolony development
To further test the idea that sporulation in minicolonies occurs primarily in pseudohyphae
extending from the core of the colony, we measured sporulation in a flo11Δ mutant, which is
defective in forming pseudohyphae. Indeed, the ability of different strain backgrounds to
form pseudohyphae in minicolonies correlates with their reported FLO11 expression-levels.
That is, FLO11 is expressed at much higher levels in SK1 than in Σ1278b (Strudwick, et
al.), whereas this gene is expressed in much lower levels in W303 and S288C than in
Σ1278b (Trachtulcova, et al., 2000, Fichtner, et al., 2007). The latter two strains express
only low levels of FLO11 because they both contain non-functional alleles of FLO8, a
transcriptional activator required for efficient FLO11 transcription (Liu, et al., 1996).

We first compared suspended cultures of the flo11Δ mutant to the wild type for ability to
sporulate in suspended cultures. The mutant sporulated to approximately the same high
levels as the wild type in these cultures (Fig. 4A, bars 1–4). In contrast, flo11Δ minicolonies
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sporulated significantly less efficiently than wild-type minicolonies (P<0.05) at all three
time points examined (Fig. 4A, bars 5–10). The flo11Δ minicolonies grew at approximately
the same rate as the wild type (Fig. 4B), and as reported previously (Reynolds & Fink,
2001), had much lower affinity for plastic (Fig. 4C). As a result of this lower affinity, we
were not able to prepare mutant minicolonies for SEM; however, we could perform time-
lapse light microscopy without disturbing the sample. As expected, light microscopy
revealed that the flo11Δ mutant failed to undergo the dimorphic transition observed for the
wild type (Fig. 4D, and Video 2 in Supplementary Information). Sporulation in flo11Δ
minicolonies was also significantly delayed relative to the wild type, and even after
extended incubation, the majority of asci visible in the flo11Δ samples were either detached
from the minicolonies or in chains of ovoid cells extending outward from the minicolonies
(Video 2 in Supplementary Information). The efficient sporulation of rare dispersed cells
around flo11Δ minicolonies suggests that sporulation occurs efficiently in the minicolony
pseudohyphae because these pseudohyphae are dispersed from the core of the minicolony.

To determine whether at least a part of the sporulation defect in flo11Δ minicolonies resulted
from a loss in viability in this mutant, cells from wild-type or flo11Δ minicolonies were
suspended after 6 days of incubation and plated on rich glucose medium (n=3). In this
experiment, we found that 63±2 % of cells in flo11Δ minicolonies were able to re-enter
growth and form colonies, as compared to only 34±2 % of the cells from wild-type
minicolonies. Thus the viability in the mutant minicolonies was actually higher than in the
wild type.

Cells from dispersed minicolonies sporulate efficiently
As a test of the idea that pseudohyphae sporulate efficiently in minicolonies because they
are dispersed from the core of the colony, cells from 3-day minicolonies were resuspended,
washed, dispersed by sonication, and then diluted ten-fold in water. The cultures were then
allowed to settle in a microtiter well, incubated for an additional 3 days, and examined
through the microscope. We observed very high levels of sporulation in the dispersed cells
from both wild-type minicolonies (69 ± 10 % of cells, n=3) and flo11Δ minicolonies (74 ± 7
% of cells, n=3) cultures relative to the levels in undisturbed minicolonies (Fig. 4A). This
result is consistent with the idea that pseudohyphae sporulate efficiently in minicolonies
because these pseudohyphae are dispersed from the colony.

To summarize our results regarding the relationship between pseudohyphal differentiation
and sporulation in minicolonies: 1) sporulation in minicolonies occurred primarily in
pseudohyphae extending outward from the colony’s core, 2) media conditions that prevented
pseudohyphae formation in minicolonies also inhibited sporulation in these colonies, 3)
flo11Δ minicolonies, which do not form pseudohyphae, failed to sporulate efficiently though
they maintained high cell viability, 4) A high percentage of the asci were dyads or linear 3–4
spored asci. 5) Cells dispersed mechanically from minicolonies sporulate much more
efficiently than cells in the core of undisturbed minicolonies. Taken together, these results
indicate that sporulation in minicolonies is predominately limited to the pseudohyphal cells
extending from the periphery of the colony, perhaps simply because these cells are dispersed
from the core of the colony.

Discussion
The key result from this study is that a common laboratory strain of S. cerevisiae (SK1)
forms organized structures (minicolonies) when grown on plastic surfaces. The organization
of three cell types-- ovoid-shaped yeast cells, pseudohyphal cells and asci— within a
minicolony reflects two sequential rounds of cell differentiation during colony development.
First, “yeast-like” ovoid cells in the minicolony’s core differentiate into pseudohyphal
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chains that extend outward from this core. Second, these pseudohyphae differentiate further
to yield asci. As a result, most sporulation in minicolonies occurs specifically at the surface
of the minicolony.

Minicolony development provides a clear example of the relationship between
pseudohyphal differentiation (the dimorphic switch) and sporulation. Because a number of
cellular regulators stimulate pseudohyphal growth through one set of targets while inhibiting
sporulation through a second set of targets (see Introduction), these two differentiation
programs can be considered alternative, mutually-exclusive fates. Indeed, pseudohyphal
differentiation is likely a foraging response triggered when nutrients are limiting but not
absent, whereas sporulation is a stress response triggered (in part) by the absence of essential
nutrients (Zaman, et al., 2008).

Examining minicolony development indicates that sporulation and the dimorphic switch are
not only alternative fates, but more precisely, they are also sequential fates, at least with
respect to minicolony development. Specifically, several lines of evidence suggest that
formation of pseudohyphae in minicolonies leads to the sporulation of the pseudohyphal
cells. First, asci in minicolonies were mostly observed in the pseudohyphal cells extending
from the colony’s core. Second, nutrient conditions that increased pseudohyphal growth in
minicolonies also increased sporulation. Third, most of the asci in minicolonies are dyads or
linear asci, as expected if these asci derive from pseudohyphal cells. Finally, a flo11Δ
mutant, which is defective in pseudohyphal differentiation, was also defective in
sporulation. Since FLO11 is not required for sporulation in cultures, only in minicolonies, it
is likely that the pseudohyphae extending outward from surface of minicolonies are more
competent for sporulation than are the ovoid cells that compose the core of the minicolony.
Consistent with sporulation following pseudohyphal differentiation during colony
development, large colonies that form on top of an agar surface can form pseudohyphal
chains that efficiently invade the agar surface, and these pseudohyphae also sporulate quite
efficiently below the agar surface (Piccirillo & Honigberg).

The reason sporulation in minicolonies occurs most efficiently in the pseudohyphae may be
that cells need to be dispersed from the minicolony’s core before they can sporulate. In
agreement with this interpretation, although flo11Δ minicolonies sporulate to low levels, the
relatively few cells that are dispersed from these minicolonies sporulate relatively
efficiently. Also in agreement with this view, when wild-type minicolonies are mechanically
dispersed, most of the dispersed cells go on to sporulate. The widely different sporulation
efficiency in the core vs. the periphery of colonies may reflect differences in
microenvironment of the two regions or differences in the number of cell-cell contacts.

Recently, a second link between pseudohyphae and sporulation was identified in SK1
microcolonies grown on agar medium containing nonfermentable carbon sources
(Strudwick, et al.). These authors demonstrate that two key regulators of meiosis and
sporulation, the Ime1p transcription factor and the Ime2p protein kinase, are required for
pseudohyphal growth in SK1 colonies. This result suggests that metabolic or other changes
induced as part of the sporulation program may, at least in some strains and conditions, also
stimulate pseudohyphal differentiation.

The SK1 strain background may prove particularly useful for investigating the growth of
yeast on plastic surfaces. Different laboratory strain backgrounds vary dramatically with
respect to their ability to form pseudohyphae, invade agar, and adhere to plastic. For
example, the commonly used laboratory S288C and W303 strains proliferated on a
submerged plastic surface, but these strains failed to form minicolonies or adhere tightly to
this surface. In contrast, both Σ1278b and SK1 formed minicolonies that adhered tightly to
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the plastic surface. SK1 minicolonies formed a more extensive pseudohyphal network than
did Σ1278b and also had higher affinity to the underlying surface. It is not known whether
SK1 minicolonies can serve as a tractable model for the biofilms formed by pathogenic
yeast such as C. albicans, but it is promising that both S. cerevisiae minicolonies and C.
albicans biofilms involves a dimorphic switch from ovoid to filamentous cells, and this
dimorphic switch correlates with adherence to the underlying plastic surface for both
species.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Comparison of yeast strain backgrounds for minicolony sporulation and affinity to plastic
A) 6-day minicolonies of the indicated strain backgrounds before washing (left column of
images) and after washing (right column). Strains used: W303 (SH3881), ©1278b
(SH2533), S288C (SH2081), SK1 (SH4329). Scale bar = 200 μ. B) Growth rates of the same
strains as in (A) on a plastic surfaces, growth measured as the total number of cells/well at
the indicated times, data expressed as mean ± S.E.M., n=3. C) Affinity to plastic for the
indicated strains after 6-day incubation, “sheared cells” are cells removed in the supernatant
or in any of four sequential washes, “retained cells” are cells remaining after these washes.
D) Affinity to plastic and sporulation of SK1 strain. At the indicated times, the fraction of
cells retained on the plastic after washing (open triangles) and the fraction of asci in
minicolonies (filled circles) were assayed.
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Fig. 2. Effect of nutrient concentration on pseudohyphae formation and cell-surface affinity
A) Morphology of SK1 (SH4329) minicolonies grown for 6 days in YPA-1 (low
concentration nitrogen source), YPA-2 (intermediate concentration nitrogen source), and
YPA-3 (high concentration nitrogen source). B) Growth rate of SK1 in the indicated media
as in (A). C) Affinity to plastic for 6 day SK1 minicolonies grown in the indicated media as
in (A), and assayed as in Fig. 1.
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Fig. 3. Yeast minicolony development
Scanning electron micrographs of minicolonies incubated for the indicated times. The left
column of images are magnified 1000×, 10 μ bar. The right column are magnified 2000×, 5
μ bar. Arrows indicate representative chains of elongated cells. Arrowheads indicate
representative sporulated cells.
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Fig. 4. Roles of FLO11 in minicolony development
A) Sporulation levels of wild type (WT, SH4329) and flo11Δ (SH4325) in suspension
cultures and minicolonies. Strains were grown in suspension for 4 or 8 days in YPA-1 (n=3)
or grown as minicolonies for 8, 10, or 12 days in the same medium (n=6), and the
percentage asci in the population determined B) Growth rate of WT and flo11Δ
minicolonies. C) Affinity of 6-day WT and flo11Δ minicolonies to well of microtiter plate
assayed as in Fig. 1. D) Morphology of WT and flo11Δ minicolonies after 6 days incubation.
Scale bar = 50 μ.

White et al. Page 15

FEMS Yeast Res. Author manuscript; available in PMC 2012 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

White et al. Page 16

Table 1

Yeast strains used in this study

Strain Background Genotype

SH3881 W303 MATa/MATα ade2/ade2 can1:ADE2:CAN1/can1:ADE2:CAN1
his3-11,15/his3-11,15 lys2(3′Δ):HIS3:lys2(5′Δ)/LYS2 URA3/ura3-1

SH2533 Σ1278b MATa/MATα ura3-52/ura3-52 his3::hisG/HIS3
leu2::hisG/leu2::hisG YEp24

SH2081 S288C MATa/MATα his3Δ/his3Δ leu2Δ/leu2Δ met15Δ/MET15
LYS2/lys2Δ ura3Δ/ura3Δ

SH4329 SK1 MATa/MATα ade3/ADE3 ARG6/arg6 gal80::LEU2/gal80::LEU2
his4-G/his4-N ho::LYS2/ho::LYS2 leu2::hisG/leu2::hisG
lys2/lys2 trp1::hisG/trp1::hisG ura3/URA3

SH4325 SK1 Same as SH4329 except ura3/ura3 flo11Δ:URA3/flo11Δ:URA3
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