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Abstract
Yeast are the foremost genetic model system. With relative ease, entire chemical libraries can be
screened for effects on essentially every gene in the yeast genome. Until recently, researchers
focused only on whether yeast were killed by the conditions applied, irrespective of the
mechanisms by which they died. In contrast, considerable effort has been devoted to
understanding the mechanisms of mammalian cell death. However, most of the methodologies for
detecting programmed apoptotic and necrotic death of mammalian cells have not been applicable
to yeast. Therefore, we developed a cell death assay for baker’s yeast Saccharomyces cerevisiae to
identify genes involved in the mechanisms of yeast cell death. Small volumes of yeast suspensions
are subjected to a precisely controlled heat ramp, allowing sufficient time for yeast cell factors to
suppress or facilitate death, which can be quantified by high-throughput automated analyses. This
assay produces remarkably reliable results that typically reflect results with other death stimuli.
Here we describe the protocol and its caveats, which can be easily overcome.
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1 Introduction
The fact that yeast lack the canonical apoptosis machinery of meta-zoans led to widespread
skepticism concerning the existence of programmed cell death in yeast. However, animal
cells also undergo non-apoptotic cell death mechanisms ending in cell morphologies that are
generally lumped into the broad category of necrosis [1–3]. This raised the possibility that
alternative non-apoptotic cell death programs could have arisen in unicellular species [4–
11]. When considering how and why programmed cell suicide arose during evolution, there
are a number of compelling arguments to support the model that programmed death arose in
unicellular species, and that programmed cell death in multicellular species may stem from
these earlier versions [12]. The ability of unicellular species to control infectious pathogens
[13–15], to nurture younger cells [16], to adjust their population size in response to nutrient
deprivation before supplies are completely consumed [17, 18], to respond to other
environmental stresses [19–23], and potentially to stratify functional cell layers [24] are all
consistent with the evolution of an inducible program of cell suicide that ensures the
survival of the species (rather than the individual). The identification of yeast cell death
genes that are also involved in other cellular processes such as actin dynamics [25–28], the
mating process [7], histone modification [29, 30], aging [31, 32], mRNA stability [33, 34],
DNA damage response [23, 35], and mitochondrial dynamics and bioenergetics [21, 36, 37]
suggests that cell death could be linked to many cellular processes gone awry.
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Delineation of phylogenetically conserved death pathways in yeast may be revealing about
non-apoptotic mechanisms in mammals, or could lead to novel strategies for controlling
pathogenic yeast infections. However, these pathways in yeast have not been extensively
explored as programmed death mechanisms, partially due to the lack of suitable cell death
assays. We developed an effective yeast cell death assay by applying principles from
mammalian models to distinguish cell death that occurs by an active process rather than by
direct assault [38]. For consistent results, we apply a precisely controlled death stimulus that
uniformly treats all cells in the sample simultaneously. Assay parameters can be easily
adjusted to accommodate different metabolic states and strain backgrounds [38]. High-
throughput BioSpot counting technology with image recognition software adds additional
power to this assay. The BioSpot Analyzer counts up to 500 microscopic colonies per spot
in a 96-place format. This strategy reduces plate incubation times and avoids errors inherent
to serial dilutions required for visual inspection of minimally merged colonies [38]. Here we
provide a detailed protocol for the heat ramp yeast cell death assay.

2 Materials
2.1 Yeast Cultures and Heat Ramp Treatment

1. Yeast strains: Wild-type BY4741 (MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0) and
knockout strains from the BY MATa YKO collection (see Note 1).

2. YPD liquid medium: 2 % peptone (Peptone-Y, MP Biomedicals), 1 % yeast extract
(Fisher Scientific), and 2 % glucose (J.T. Baker).

3. Roller drum (TC-7, New Brunswick Scientific).

4. Glass culture tubes (18 × 150 mm) with loose-fitting caps.

5. 0.2 ml PCR tubes.

6. Thermocycler/PCR machine with a narrow temperature variance and that can be
programmed to slowly ramp/step up the temperature (e.g., Mastercycler gradient,
Eppendorf).

2.2 Colony Forming Assay
1. 96-well microplates (V-bottom, 200 ml).

2. Omni trays (128 × 86 cm).

3. YPD agar plates: Liquid YPD with 2 % agar (BD).

4. 12-channel micropipette.

2.3 FUN1 Staining Viability Assay
1. Live/Dead Yeast Viability Kit (Molecular Probes) containing FUN1 cell stain [10

mM solution in anhydrous dimethylsulfoxide (DMSO)] and Calcofluor White M2R
(5 mM solution in water).

2. Fluorescence microscope (Nikon Eclipse E800, 100× objective lens, multipass
filter sets appropriate for viewing DAPI/ fluorescein/rhodamine).

1 This cell death assay can be readily adapted for other yeast strains by adjusting the intensity of the death stimulus. Strains grown on
minimal media and those bearing plasmids are generally more sensitive to cell death, requiring parallel strains bearing empty plasmid
vectors as controls. Diploid strains and older haploid strains (passaged multiple times) can be much more sensitive to cell death than
newly sporulated strains of the same. However, using the same conditions yields highly reproducible results in independent
experiments (Fig. 2).
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3. Micro slides (25 × 75 × 1 mm) and micro cover glass (18 × 18 mm) (VWR
Scientific).

2.4 High-Throughput Heat Ramp Assay
1. 96-pin tool (96 Pin Replicator Model 140500, Boekel Scientific).

2. 96-well microplates (flat-bottom, 200 ml).

3. Plate reader (Kinetic microplate reader, Molecular Devices).

4. 96-well PCR tubes (TempPlate PCR plate, 0.2 ml thin-wall standard wells, USA
Scientific).

5. BioSpot S5 Micro Analyzer (CTL/Cellular Technology Limited).

6. BioSpot Academic Software Version 5.0 (CTL).

3 Methods
3.1 Low-Throughput Heat Ramp Cell Death Assay

1. WT and mutant yeast strains are streaked out from frozen −80 °C glycerol stocks
(without thawing) onto YPD agar plates and incubated at 30 °C for ~2 days.

2. Single colonies are transferred from the plate with a sterile implement into 2 ml
YPD in yeast culture tubes (see Note 2). Cultures are incubated at 30 °C on a roller
drum (~35 rotations/min) for the times specified below to test yeast in log phase
and post-diauxic growth phases.

3. For mid-log-phase yeast, each overnight culture is diluted to OD600 = 0.20 in fresh
YPD (with at least 1 ml more than the amount required for experiments), and
further incubated at 30 °C until mid-log phase, OD600 = ≤0.5. Before treatment, all
cultures are readjusted to the same OD600 (for example the OD600 of the least
dense culture) at 30 min before reaching OD600 = 0.5 by diluting the slightly
overgrown samples with YPD, and then continue incubation until all samples reach
the same density simultaneously, OD600 = ~0.5. Further volume adjustments may
be necessary to make all samples equal in cell density before treatment (see Note
3).

4. 100 μl of each mid-log-phase culture (OD600 = ~0.5) are transferred in 0.2 ml PCR
tubes and incubated in a thermocycler/PCR machine programmed to ramp the
temperature from RT to 30 °C immediately, held at 30 °C for 1 min, ramped from
30 to 40 °C in 2 min, then ramped from 40 to 51 °C in 10 min, and held at 51 °C
for 10 min (see Note 4). The remaining untreated OD-adjusted cultures are plated
as controls to verify equal cell numbers prior to treatment.

2Different results obtained with different colonies from the same strain could indicate genetic variation and alternative approaches are
required to evaluate the true phenotype. To determine if genetic variability is a possibility, prepare frozen stocks of overnight cultures
for each of the original colonies picked for analysis, and repeat the cell death assay on these archived substrains to determine if their
cell death phenotypes are stable.
3Differences in maximum OD of individual cultures prior to treatment can influence outcome, but can be avoided by not allowing
cultures to reach OD600 = ~0.6.
4The key to inducing programmed cell death in yeast is to set up sufficiently mild conditions to allow time for gene-dependent death
to occur [38]. Ramping from ambient to maximum temperature over a specified period accomplishes this goal. The heat ramp
conditions listed here have been optimized, but the ramp rate(s), maximum temperature, and holding time can be adjusted with relative
latitude to accommodate different metabolic states, background strains, media types, and culture densities. Cell death sensitivity can
differ for individual strains depending on their metabolic state. Heat ramp-induced cell death usually results in similar phenotypes
when compared to unrelated death stimuli [38].
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5. For post-diauxic cultures, the 2 ml YPD yeast culture tubes are incubated at 30 °C
on a roller drum continuously for 16 or 48 h.

6. The 16- or 48-h cultures are directly diluted to OD600 = 0.5 in fresh YPD, and 100
μl of each culture are transferred in 0.2 ml PCR tubes and treated in the
thermocycler with appropriate parameters. For 16-h cultures, the temperature is
ramped from RT to 30 °C immediately, held at 30 °C for 1 min, then ramped from
30 to 55 °C in 10 min, and held at 55 °C for 5 min. For 48-h cultures, the
temperature is ramped from RT to 30 °C immediately, held at 30 °C for 1 min, and
then ramped from 30 to 62 °C in 20 min without holding (see Note 5). The
remainder of each diluted culture is plated as untreated control. Dilutions may be
required (e.g., 1:5,000) to accurately compare strains.

3.2 Viability Measured by Colony-Forming Units for Low-Throughput Assays
1. For both the untreated controls and the heat ramp-treated aliquots, 100 μl of each

culture (previously adjusted to OD600 = 0.5) are transferred to a 96-well microplate
and five 1:5 serial dilutions are performed using a 12-channel pipette (20 μl culture
is added to 80 μl ddH2O and mixed well by pipetting 5–6 times) (see Note 6). 5 μl
from each dilution are plated (highest to lowest) onto YPD agar plates.

2. Agar plates are incubated at 30 °C for 2 days to visualize colonies. Colonies within
the plated spots containing countable numbers (less than 50) can be counted by
hand, or plates can be counted at earlier times with the BioSpot Analyzer (see
below). Final colony-forming units (CFUs) are calculated by correcting for the
dilution factor.

3.3 Viability Measured by FUN1 Staining
1. Before heat ramp treatment (see Note 7), 0.5 μl FUN1 cell stain and 5 μl Calcofluor

White M2R are added to 1 ml yeast culture (OD600 adjusted) with final
concentrations of 5 and 25 μM, respectively.

2. 100 μl of each culture is treated with milder heat ramp conditions (e.g., ramp the
temperature from RT to 30 °C immediately, held at 30 °C for 1 min, ramped from
30 to 51 °C in 30 min, and held at 51 °C for 10 min) (see Note 8). After heat ramp
treatment, yeast cells are pelleted and the supernatant is removed except for ~50 μl.
Yeast cell pellets are resuspended and 1.5 μl of stained yeast suspension is trapped
between a slide and cover glass for observation by fluorescence microscopy.

3. Dead cells stain diffusely green, while healthy cells stain blue and contain a red bar
inside. At least 500 cells are counted from representative fields (see Note 8).

5The yeast cell death phenotype is highly dependent on metabolic state. Post-diauxic cultures grown over 1 night (~16 h) or over 2
nights (~48 h) are far more resistant to heat ramp-induced death compared to mid-log-phase cultures and require higher maximum
temperatures. However, single heat ramp conditions can simultaneously distinguish death-sensitive and death-resistant strains from
WT grown under the same conditions [38].
6Delays between sample dilution and heat ramp treatment, or between treatment and plating, can affect outcomes.
7Unlike other yeast cell death stimuli such as acetic acid treatment for which the FUN1 dye is usually added after the death stimulus
[39], the dye must be added before the death stimulus in the heat ramp assay, because heat treatment impairs uptake of the dye.
8Absolute values for cell viabilities obtained with vital dyes such as FUN1 are proportionately higher than the corresponding CFUs
for the same samples, apparently because not all cells have died at the earlier time after treatment when staining for vital dyes is
evaluated. Lower heat ramp doses may be needed to obtain viabilities in the linear (rather than log) scale.
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3.4 High-Throughput Heat Ramp Cell Death Assay
1. Frozen stocks in 96-well format of yeast strains [e.g., the yeast knockout (YKO)

collections] are pinned (without thawing) onto square YPD agar plates using a 96-
pin tool, and grown at 30 °C for 2 days.

2. Yeast from these solid cultures are transferred into 200 μl liquid YPD using the 96-
pin tool and incubated at 30 °C for 48 h to saturation. OD600 of each well on the
plate are determined with the plate reader (see Note 9).

3. Saturated cultures are diluted directly to OD600 = ~0.5 in fresh YPD, and 100 μl
from each diluted/mixed sample are immediately transferred to 96-well PCR tubes
using a 12-channel pipette for treatment in the thermocycler (see Note 6). Ramp the
temperature from 30 to 62 °C over 20 min without holding at maximum
temperature.

4. Following treatment, 5 μl of each sample (undiluted and a 1:5 dilution) are spotted
on YPD agar plates in four replicates with a 12-channel pipette (see Note 10).

5. Plates are incubated at 30 °C for about 18 h and analyzed using the BioSpot Reader
(see Note 11).

3.5 Automated High-Throughput Colony Counting
1. Images of each YPD agar plate with yeast colonies are captured by the BioSpot

Analyzer. Plate position is manually adjusted to ensure that all spots are within the
camera field. Highest resolution settings (1,024 by 768 pixels) are chosen for all the
plate images taken.

2. The BioSpot Analyzer collects colony counts as well as other information such as
the density of yeast growth, which can be useful for other studies. However, for
accurate assessment of cell death, only cell counts and not cell density are accurate
measures of clonogenic cell viability (Fig. 1).

3. Colony counting is performed using the BioSpot counting software. Plate images
are counted using the parameters in Table 1 (see Note 12), but images can be
recounted with alternative parameters. Data can be extracted as both Text and
Excel files.

9One critical parameter is to standardize the starting number of cells prior to treatment. Although untreated cells could be plated and
counted, the increased workload and extensive dilutions that themselves introduce inaccuracies were found to exceed beneficial
output. To maximally equalize cell number for high-throughput assays, 48-h cultures are used to allow yeast to grow to saturation. To
minimize day-to-day variation, exact 48-h incubation time should be performed.
10The BioSpot Analyzer (BioSpot™ S5 Micro Analyzer, CTL) automatically captures plate images in a 96-place format with fixed
magnification. To ensure that each spot of yeast growth is within the field of the camera lens, all the spots need to be aligned
uniformly. A template with uniformly aligned 96 spots can be put underneath the agar plate for guidance. In our experience, pinning
tools cannot deliver sufficiently accurate volumes of liquid, or of cells in suspension to agar plates. Agar surface tensions and plastic
plate types can affect plating accuracies.
11For visual enumeration of colony number, yeast are typically grown on agar plates for 2 days. The BioSpot Analyzer has much
higher resolution than human acuity, distinguishing objects of 25 μm in diameter, thereby reducing the required yeast growth time to
only 18 h [38]. This capability allows accurate counts of 300–500 colonies per spot while reducing colony overlap and limiting the
number of error-prone dilution steps required before plating.
12The most important counting parameter settings on the BioSpot Analyzer are “sensitivity” and “background balance,” which adjust
the sensitivity required to distinguish real object signals from background noise. Higher “sensitivity” settings result in higher colony
counts, but also increase false positives. Lower “background balance” settings accordingly reduce noise, but can also fail to detect real
colonies. Therefore, a balance needs to be achieved between signal sensitivity and background noise. Machine counting parameters
are customized by visual inspection of the counted plate images. Here, a high sensitivity setting of 216 enables small colonies to be
recognized as real subject, while the low background balance setting of 40 minimizes the noise effect. The contrast of plate images is
highly dependent on the thickness of the agar plates. To minimize plate-to-plate and spot-to-spot variation, plates should be poured
with equal volumes of media on a surface adjusted with a leveler for best results.
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Fig. 1.
Colony number rather than growth density accurately reflects clonogenic survival. (a)
BioSpot images of two wells from a 96-well plate revealing strain-dependent and/or colony
density-dependent differences in colony size. Machine colony counts are indicated. (b)
Survival difference between samples based on colony counts is tenfold. (c) Survival
difference between samples based on growth density is inaccurately estimated at twofold,
analogous to colony-forming clonogenic survival assays for mammalian cells
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Fig. 2.
Heat ramp cell death assay results are highly reproducible. Results from three independent
experiments, each initiated from the same frozen strains. Daily variation is likely due to
differences in the precise timing, differences in specific lots of media components, or other
trivial explanation, as the relative differences between strains are uniform, with the potential
exception of strain C-3
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Table 1

BioSpot analyzer colony counting parameters

Parameter Setting

Sensitivity 216

Background balance 40

Spot separation 8

Diffuseness Large

Min–max spot size 0.0001–9.6466 mm 2

Fill holes Off

Hair removal On

Counting mask size (%) 98, normalization off
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