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Abstract

During times of nutritional stress, Saccharomyces cerevisiae undergoes gametogenesis, known as sporulation. Diploid yeast cells that are
starved for nitrogen and carbon will initiate the sporulation process. The process of sporulation includes meiosis followed by spore formation,
where the haploid nuclei are packaged into environmentally resistant spores. We have developed methods for the efficient sporulation of budding
yeast in 96 multiwell plates, to increase the throughput of screening yeast cells for sporulation phenotypes. These methods are compatible with
screening with yeast containing plasmids requiring nutritional selection, when appropriate minimal media is used, or with screening yeast with
genomic alterations, when a rich presporulation regimen is used. We find that for this method, aeration during sporulation is critical for spore
formation, and have devised techniques to ensure sufficient aeration that are compatible with the 96 multiwell plate format. Although these
methods do not achieve the typical ~80% level of sporulation that can be achieved in large-volume flask based experiments, these methods will
reliably achieve about 50-60% level of sporulation in small-volume multiwell plates.

Video Link

The video component of this article can be found at https://www.jove.com/video/54584/

Introduction

Sporulation in the budding yeast has been studied to provide insights into many aspects of biology, including the control of chromosome
segregation during meiosis1, mechanisms of genetic recombination2, the control of development by cell signaling3, nutritional control of
development4, the transcriptional regulation of development5, and the examination of spore formation6. Spore formation includes a novel cell
division event involving the formation of new membrane compartments within the mother cell followed by the deposition of a protective spore
wall6. These studies that examine sporulating cells often take advantage of the rapidly sporulating yeast strain SK1, which can undergo the
process of sporulation in about 24 hr in a relatively efficient fashion7,8. Although optimization of sporulation conditions for budding yeast have
been described9-13, these experiments examined sporulation on solid media or in larger scale liquid cultures where sporulation is carried out
using culture tubes or flasks.

Here we describe a method for sporulating yeast in a 96 multiwell plate format. We find that for this method, aeration is critical for synchronous
and efficient sporulation, and have devised techniques to ensure sufficient sporulation a small-volume multiwell format. Sporulating in a 96
multiwell plate format allows for cells to be screened using high-throughput techniques and reagents optimized for a multiwell plate format, such
screening for high copy suppressors using a tiled library14-16.

Protocol

1. Preparing for Sporulation

Note: The media described in this protocol are made using standard recipes and methods13,17. Table 1 gives the formulation for 1 L of the
various media used in this protocol.

Bacto Peptone Yeast Extract Bacto Agar Dextrose Potassium
Acetate

Glycerol ddH2O

YPG plates 20 g 10 g 20 g - - 30 ml 970 ml

YPD plates 20 g 10 g 20 g 20 g - - 1,000 ml

YPD liquid 20 g 10 g - 20 g - - 1,000 ml

YPA liquid 20 g 10 g - - 20 g - 1,000 ml
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Sporulation
media

- - - - 10 g - 1,000 ml

Table 1: Media formulations. Amounts are given for 1 L of media. Specifics about media ingredients can be found in the Materials Table.

1. If All Sporulating Cells will be the Same Genotype, Follow This Procedure:
1. Thaw yeast strain to be used onto a YPG (YPGlycerol) plate. Grow yeast for 12-16 hr at 30 °C. Importantly, SK1 cells are also poised

to sporulate, so SK1 strains should not be left too long on YPG plates, or they may sporulate on the plate.
 

Note: A freshly thawed strain grown on YPG is preferred, as utilization of glycerol as a carbon source requires oxidative
phosphorylation, and thus selects for cells that have functional mitochondrial DNA. SK1 cells have a tendency to lose functional
mitochondrial DNA and become petites. Functional mitochondrial DNA is needed for sporulation.

2. Streak yeast from the YPG plate onto a YPD (YPDextrose) plate for single colonies. Grow yeast on YPD plate 24-28 hr at 30 °C.
3. After about 36-48 hr of growth on YPD solid media, start a 25 ml YPD culture using a single colony from the YPD plate. Grow this

culture until cells are about OD600 = 4.0 to 7.0. Perform this step at 30 °C overnight in a shaking incubator, shaking at 220 rpm.
4. From the YPD culture, use an appropriate amount of cells to start 1,000 ml of YPA (YPAcetate) culture that is OD600 = 0.1 for each 96

well plate need in Section 2. Grow yeast in a 30 °C shaking incubator (shaking at 220 rpm) until the culture OD600 is between 1.3 to 1.5.
 

Note: Inoculate 100 ml of YPA culture for each 96 multiwell plate to be screened in Section 2. For example, if screening four 96
multiwell plates, 400 ml of YPA culture will be needed. Starting with 10% extra volume in the YPA culture is necessary to protect
against evaporative volume loss. Typically, it will take between 12-16 hr for cells to reach the appropriate OD600; the amount of
time may vary depending on the genotype of the yeast strain. YPA is the presporulation media. Pregrowth in acetate helps induce
expression of genes (such as IME1) needed for efficient and synchronous sporulation6.

5. Spin at 1,800 x g in a table top centrifuge for 5 min to pellet cells grown in YPA. Wash cells 1x with 0.5 volume of sterile autoclaved
deionized water. Spin again, and discard wash. Resuspend cells in 1x volume sporulation media. Continue to Section 2.

2. If using cells for sporulation that are of different genotypes, (i.e., transformed with different plasmids or containing different mutations, typically
obtained and stored as frozen stocks), array cells of the different genotypes into a 96 multiwell format. Then, follow this procedure:

1. Use a sterile 96 prong frogger to transfer cells from thawed frozen stocks in 96 multiwell plate(s) onto YPG solid media. Grow yeast
overnight at 30 °C.

2. Using a sterile 96 prong frogger, transfer cells from YPG solid media onto YPD solid media or selective solid media (i.e., synthetic
minimal media lacking amino acids, if the cells contain plasmids that require selection). Grow yeast at 30 °C until colonies are formed
for each strain, typically 1 day on YPD and 2 days if selective media is necessary.

3. Aliquot 1.2 ml of YPD liquid media or selective liquid media into each well of a 96 deep 2 ml multiwell plate. Transfer cells from solid
media into liquid media using a frogger, cover with a plastic lid held in place by tape, and grow overnight in 30 °C shaker, shaking at
220 rpm.
 

Note: To minimize contamination, cover plates using the plastic lids from a rectangular petri plate. Hold lids in place using a piece of
tape, so that air circulation is minimally restricted.

4. Centrifuge plates at 1,800 x g for 5 min, using a swinging bucket centrifuge with adaptors to accommodate 96 well plates. Pour off
media from cells; add 500 µl YPA to each well and resuspend pelleted cells in the YPA. Cover with plastic lid held in place by tape.

5. Grow cells for 15 hr at 30 °C in a shaking incubator, shaking at 220 rpm. Continue to Section 2.

2. Sporulating Cells in a 96 Multiwell Format

1. Add either one 3 mm sterile solid glass bead or a sterile 5 mm x 2 mm magnetic stir bar into each well of a 96 well plate with 1.3 ml wells.
(See Representative Results below for a discussion on whether to use a bead or a stir bar.)

2. If all cells to be screened are of the same genotype, go to 2.2.1. If cells to be screened are of different genotypes, go to 2.2.2.
1. Take cells from step 1.1.5 and aliquot 500 µl of cells plus media into each well of the 96 multiwell plate. Cover with plastic lid held in

place by tape. Proceed to 2.3.
2. Spin cells that are in YPA from 1.2.4 at 1,800 x g for 5 min, using a swinging bucket centrifuge with adaptors to accommodate 96 well

plates. Pour off media from cells. Add 500 µl of sporulation media to each well and resuspend pelleted cells in the sporulation media.
Cover with plastic lid held in place by tape. Proceed to 2.3.

3. If using a glass bead, place samples in a shaking incubator at 30° C and shake at 220 rpm for sporulation. If using a magnetic stir bar, place
samples on a stir plate inside of a 30 °C incubator for sporulation.
 

Note: The exact stir speed for the magnetic stir bars is not very important, as long as all bars are moving energetically and the culture is
aerated.

4. To monitor progression through sporulation, withdraw samples from the sporulating culture for visualization, Add 6 µl of cells from the
sporulating cultures to 24 µl of sporulation media in a 96 well coverslip plate (1:5 dilution). Leave cells to settle for 5 min before examining
cells using an inverted microscope.
 

Note: In wild type SK1 cells, compact mature spores will form by 36 hours after transfer to sporulation media. Progression through sporulation
can be monitored by microscopy using fluorescent markers, such as a nuclear marker (i.e., Htb2-mCherry18) to examine the meiotic division
or a prospore membrane marker (i.e., G2019) to examine spore morphogenesis. Alternatively, the formation of refractile spores can be seen
using Nomarski DIC microscopy starting about 12 hr after transfer to sporulation media.
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Representative Results

To assess this protocol, sporulation efficiencies obtained from sporulating cells in multiwell plates (as described above) were compared to cells
sporulated using larger volumes in flasks (Table 2). The use of multiwell plates did not achieve the high efficiency seen when sporulating in
flasks, where ~80% efficiency can be routinely seen. Sporulating in multiwell plates with proper aeration (provided by glass beads or stir bars)
can achieve sufficient sporulation efficiencies greater than 50%, with the best results (66% efficiency) obtained using a 5 mm x 2 mm stir bar.
A representative sporulation of two different strains (wild type and smk1Δ) is shown here (Figure 1). These cells are examined after 36 hr in
sporulation media and visualized using a 96 well glass bottom plate.

 

Figure 1: Sporulating cells from a representative sporulation. Wild type and smk1Δ cells20 sporulated in a 96 multiwell plates. Cells were
visualized using a 63X objective on an inverted microscope. Refractile tetrads (arrowheads) can be seen in the wild type culture, but not in the
culture containing smk1Δ cells. Scale bar = 10 µm. Please click here to view a larger version of this figure.

Sporulation was tested using either a 5 mm or 7 mm stir bar, each of which fits within the well of a 96 1.3 ml multiwell plate (Table 2). Using a 7
mm stir bar resulted in poor sporulation efficiency (28%) compared to the higher efficiency (66%) achieved using the 5 mm stir bar. The 7 mm
stir bar in a well tended to interact with a stir bar in an adjacent well (Figure 1), preventing the bars from being able to properly stir and provide
adequate aeration of the culture.

sporulating cells (%) SEM  (%)

flask in shaker 82 1.8

no bead in shaker 17 2.4

bead in shaker 56 3

no stir bar on stir plate 10 2.2

5 mm stir bar on stir plate 66 3.9

7 mm stir bar on stir plate 28 6.7

SEM = standard error of the mean

Table 2: Sporulation efficiencies using different conditions. Sporulation was conducted in 96 well multiwell plates as described above, or,
if noted, in 500 ml flasks containing 50 ml of sporulation media. Eight different wells were averaged for each condition carried out in a multiwell
plate. Three different flasks were sporulated. All cultures are technical replicates, started from the same colony of mCherry-tagged Htb2 but
otherwise wild type diploid SK1 yeast strain (LH90218). These cells were grown in a single flask of YPD and a single flask of YPA, and then
divided to inoculate 96-well plates containing sporulation media, as described above. Sporulation efficiency was assayed by counting refractile
spores 36 hr after transfer to sporulation media using Nomarski DIC brightfield microscopy.
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Figure 2: Stir bars in 96 1.3 ml multiwell plates. Sporulation culture containing either (A) 5 mm x 2 mm stir bars (red) or (B) 7 mm x 2 mm stir
bars (blue) in a 96 1.3 ml multiwell plate on a magnetic stir plate. Scale bar = 10 mm. Please click here to view a larger version of this figure.

Discussion

Here we present a protocol for sporulating SK1 yeast in a 96 multiwell format. Aeration is key for efficient sporulation, which requires the use of
either a stir bar or a glass bead in each well. When cells are sporulated in a 96 multiwell plate in a shaking incubator without either a bead or a
stir bar, cells do not sporulate efficiently. Only a small increase in sporulation efficiency is seen when cells are sporulated without either a bead or
a stir bar in a shaking incubator, compared to being at 30 °C without agitation (Table 1; 17% in shaker vs 10% placed on a stir plate). Similarly,
the use of a 7 mm stir bar resulted in poor sporulation efficiency (28%), likely because the 7 mm stir bars did not aerate the culture properly
due to interactions with stir bars in adjacent wells. This protocol describes conditions for sporulation using the synchronously and efficiently
sporulating SK1 yeast strain7,8 used commonly to study sporulation; sporulation efficiencies that can be obtained with other yeast strains using
this protocol should be examined before undertaking a large screen using these techniques.

Although a 5 mm x 2 mm stir bar results in a slightly better sporulation compared to the use of a glass bead (66% with 5 mm x 2 mm stir
bar vs 56% with a glass bead), the cost required to purchase enough stir bars for each well can be prohibitive. The sporulation efficiencies
obtained using a glass bead provides a low-cost solution that creates enough aeration for high-throughput screening in a 96 multiwell format16.
Unfortunately, the addition of a stir bar or a glass bead did not achieve the very high sporulation efficiencies (typically ~80% or greater) seen
when sporulating in flasks, and thus subtle sporulation phenotypes may be difficult to detect when screening in a 96 well format.

Unlike previously described sporulation methods9-13 which utilize solid media or larger liquid media volumes using flasks or culture tubes, this
protocol describes conditions for efficient sporulation in a 96 multiwell format. The use of a 96 multiwell format is compatible with different types
of high throughput screens that can be carried out to examine sporulation phenotypes. For example, chemical screens that affect processes
in sporulation can be carried out using this technique, where sporulating cells are treated with different compounds that have been arrayed
into a 96 well format. In this case, the cells to be sporulated would all be of the same genotype, and the compounds would be added at step
2.2 of sporulation. This protocol is also compatible with screening cells of different genotypes for sporulation phenotypes, such as yeast cells
transformed with a high copy library or a yeast mutant strain collection. For this case, the strains would need to be arrayed first in a 96 well
format and the protocol described starting at step 1.2 would be appropriate.
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