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Chronological and replicative aging have been studied in yeast as alternative paradigms for post-mitotic and mitotic
aging, respectively. It has been known for more than a decade that cells of the S288C background aged chronologically
in rich medium have reduced replicative lifespan relative to chronologically young cells. Here we report replication of
this observation in the diploid BY4743 strain background. We further show that the reduction in replicative lifespan from
chronological aging is accelerated when cells are chronologically aged under standard conditions in synthetic complete
medium rather than rich medium. The loss of replicative potential with chronological age is attenuated by buffering the
pH of the chronological aging medium to 6.0, an intervention that we have previously shown can extend chronological
lifespan. These data demonstrate that extracellular acidification of the culture medium can cause intracellular damage in
the chronologically aging population that is asymmetrically segregated by the mother cell to limit subsequent replicative
lifespan.
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Introduction
Budding yeast has been used extensively as a model system to
understand the processes that influence cellular aging.1 Two distinct methods for aging of yeast cells have been developed. Yeast
chronological aging is a model of post-mitotic aging, where lifespan is defined by the length of time that a yeast cell can survive
in a non-dividing, quiescent-like state.2,3 Yeast replicative aging,
in contrast, is a replicative model of mitotic capacity, where lifespan is defined by the number of daughter cells a mother cell can
produce.4,5
Replicative lifespan (RLS) is typically measured in the laboratory by isolating individual cells on rich medium (YEPD), allowing those cells to proceed through the cell cycle at 30°C, and
using a micromanipulator with a fiber optic needle to physically
remove daughter cells after every 1–2 divisions, until the mother
cell reaches senescence.6 There is variation in the RLS of different laboratory strains, with typical average wild type RLS values
ranging from 15–35 generations. In the genetic background of
the yeast ORF-deletion collection, haploid cells (BY4742 MATα

or BY4741 MATa) have an RLS of approximately 25 generations,
while diploid cells (BY4743) have an average RLS of approximately 35 generations.7 The mechanisms underlying the difference in RLS between haploid and diploid cells in this background
is not known; however, this effect appears to be dependent on
genetic background, since diploids are slightly shorter lived than
haploids in the W303 strain.8
A variety of different methods have been used to measure
chronological lifespan (CLS) in yeast. The most commonly used
protocol involves culturing cells under aeration in liquid synthetic
defined complete (SC) medium with an initial glucose concentration of 2%.2,3 Under these conditions, cells undergo fermentative exponential growth, where ethanol is produced from glucose,
followed by a metabolic shift to respiration upon glucose depletion. Within 48 h, a majority of cells exit the cell cycle as unbudded, quiescent cells. Viability over time is then quantified by
removing small aliquots of cells and plating for colony-forming
units (CFUs) on YEPD. A higher-throughput method for quantifying CLS has also been described, in which the cells are still
aged in SC medium, but the relative proportion of viable cells is
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Table 1. Effect of culture medium on pH
Medium

Day 30 pH

SC 2% glucose

2.78 ± 0.01

SC 2% glucose pH 6.0

5.19 ± 0.01

YEPD

4.55 ± 0.00

Cells were aged in synthetic complete medium with 2% glucose,
synthetic complete medium with 2% glucose buffered to pH 6.0 or rich
YEPD medium. pH was determined using an Accumet XL 15 pH meter
after 30 d of chronological aging between three biological replicates.
Average values with standard deviations are shown.

determined based on outgrowth kinetics in YEPD rather than
CFU determination.9,10 Several variations on the CLS assay have
been described, involving either changing the composition of
the initial culture medium in which the cells are aged, transferring the cells to water following entry into quiescence or altering
the temperature at which the cells are aged.11 A solid agar-based
CLS assay has also been described, in which cells are aged on SC
medium lacking tryptophan12,13
Although the detailed mechanisms of chronological aging
remain unknown, there is abundant evidence that aging in this
system is associated with an increasing burden of oxidative stress,
damage to mitochondria and an induction of the yeast apoptoticlike response.14-17 Chronological lifespan can be extended under
certain conditions by activation of stress response pathways or
overexpression of antioxidant enzymes, further supporting a role
for oxidative damage in chronological aging.18,19 Acidification
of the extracellular culture medium contributes to chronological senescence when cells are cultured in SC liquid medium, as
buffering the culture medium to pH 6.0 or neutralizing the pH
with NaOH is sufficient to significantly extend lifespan in several
common laboratory strains and at least two vineyard strains.20-23
CLS extension from dietary restriction (DR) by reducing the glucose concentration of the culture medium from 2% to 0.5% or
0.05% results in decreased production of acetic acid and reduced
medium acidification.20 It currently remains unresolved whether
the positive effects of pH buffering on CLS arise primarily due to
protection against acetic acid toxicity, altered sensitivity to ethanol in the culture medium, reduced intracellular oxidative stress
or additional mechanisms. Differences in CLS protocols between
laboratories (i.e., use of tin foil vs. plastic caps) may also influence
culture aeration and the relative importance of medium acidification for CLS.11 Multiple genetic interventions have been found
to extend CLS in both buffered and unbuffered conditions, suggesting that acidification of the culture medium may accelerate
an underlying molecular cause of chronological aging.11
Despite the fact that both replicative and chronological aging
have been studied intensively, the relationship between CLS and
RLS has received limited attention. In a seminal study published
in 1998, Ashrafi et al.24 showed that chronological aging of diploid S288C cells in YEPD results in a reduction of their replicative lifespan that is roughly proportional to the chronological age
of the cells. They also provided evidence that the depression of
RLS following chronological aging is not mediated by accumulation of extrachromosomal rDNA circles.24 Despite the fundamental importance of this finding for the field, there has been

little additional characterization of this link between replicative
and chronological aging in over a decade.
Here, we replicate and extend this prior study by showing
that chronological aging in both YEPD and SC shortens subsequent replicative lifespan among the viable sub-population of
cells in the BY4743 strain background. We further show that,
in addition to extending CLS, buffering the culture medium to
pH 6.0 attenuates the reduction in RLS following chronological aging. Using FACS, we separate chronologically aging cells
into two distinct populations (senescent and non-senescent) and
show that the senescent sub-population shows aberrant cell cycle
progression that is not present in the non-senescent sub-population. These data indicate that extracellular acidification during
chronological aging accelerates the accumulation of damage in
non-dividing yeast cells, which, upon resumption of cell cycle
progression, is asymmetrically retained by the mother cell and
limits subsequent RLS.
Results
Buffering to pH 6.0 suppresses the reduction in RLS associated with chronological aging. In order to determine the effect
of chronological aging on subsequent RLS, we chronologically
aged diploid BY4743 cells under three different culture conditions known to influence CLS20,23 and measured the RLS of cells
that were chronologically aged for 2, 4, 9, 16 or 23 d. We chose
to perform these studies in the diploid strain background in order
to be consistent with the prior report by Ashrafi et al.,24 which
was performed in a diploid strain, and to enhance our ability
to detect the expected reduction in replicative lifespan following chronological aging. In addition, BY4743 is the genetic background of the yeast ORF deletion collection, for which there is
already abundant phenotypic and molecular data.25 The three
conditions utilized were (1) SC medium with 2% glucose, (2)
YEPD medium with 2% glucose and (3) SC medium buffered
to a pH of 6.0. At each age-point, chronological survival was
also determined in two ways: by our standard Bioscreen C MBR
CLS assay10,26 and by directly quantifying the number of aged
cells that were capable of re-entering the cell cycle when plated
on YEPD during the RLS analysis. As expected, medium acidification was attenuated by culture in YEPD or in buffered SC
2% glucose, and CLS was extended under each of these conditions relative to cells aged in SC 2% glucose (Fig. 1A and B and
Table 1; Tables S1 and S2).
As previously reported,24 cells aged chronologically in YEPD
showed a reduction in subsequent RLS, and the negative effect
on RLS was enhanced by greater chronological age (Fig. 1C;
Table S3). Importantly, this effect was also observed in cells aged
in SC 2% glucose, the most commonly used method for measuring CLS. Indeed, the reduction in RLS was accelerated when
cells were aged chronologically in SC relative to YEPD. This is
consistent with the observation that cells senesce more rapidly
when aged in SC 2% relative to YEPD (Fig. 1D; Table S3). Cells
aged in SC buffered to pH 6.0 showed a reduced effect of chronological aging on RLS relative to cells aged in SC 2% glucose
(Fig. 1E; Table S3).
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Figure 1. Medium conditions that extend chronological lifespan also protect against the reduction in replicative lifespan. (A) Chronological lifespans of cells aged in SC 2% glucose, SC 2% glucose pH6.0 and YEPD measured using the Bioscreen C MBR machine. The data represent six biological replicates with error bars representing standard error. (B) Fraction of cells able to complete more than one division after chronological aging as
determined by replicative lifespan measurements. The data represent six biological replicates with error bars representing standard error. Replicative
lifespan curves of cells aged chronologically in (C) YEPD, (D) SC 2% glucose or (E) SC 2% glucose pH 6.0. Cells that did not divide or divided once are not
included (see uncensored lifespans in Fig. S2).

During the course of these experiments, we noted an increase
with chronological age in the number of cells that were only
able to complete one cell division during the RLS experiment,
particularly for those cells aged in SC 2% glucose. For clarity, we removed such cells from the plots shown in Figure 1;
however, not censoring these cells from the subsequent RLS
analysis does not substantially change the results (Fig. S1 and
Table S4).

www.landesbioscience.com

A direct comparison of the reduction in RLS during chronological aging indicates that cells aged chronologically in SC 2%
glucose lose replicative capacity most rapidly among the conditions tested, while cells aged in YEPD show an intermediate rate
of loss of replicative capacity with increasing chronological age.
This can be seen from a plot of the mean RLS as a function of the
chronological age of the cells at the start of the RLS experiment
(Fig. 2A). The slope of the linear regression correlation between
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chronologically in buffered or unbuffered SC or in
YEPD, the smaller cells tend to have the greatest
subsequent RLS.
Chronological senescence is associated with
failure to maintain G1 arrest. Replication stress
has been shown to play an important role in
chronological aging, particularly in SD medium,
causing cells to inappropriately enter S phase in
the absence of sufficient nutrients, leading to cell
death.28,29 To determine whether replication stress
may underlie the reduction in RLS following
chronological aging, cells were treated with the
dye SYTOX Green, which serves two purposes in
this study. First, SYTOX Green differentiates live
from dead cells, as it is excluded from cells with
an intact plasma membrane.30,31 Second, SYTOX
Green binds nuclear DNA only in dead cells, providing a measure of cell cycle progression.32,33 As
expected, the proportion of cells stained brightly
with SYTOX Green increased dramatically with
chronological age when cells were aged in in
unbuffered SC 2% glucose, indicating that dead
cells were accumulating in the population (Fig. 4).
Figure 2. Cells aged chronologically in YEPD or buffered synthetic complete medium
Consistent with the survival data, this increase in
have a decreased rate of replicative lifespan shortening. (A) Trend lines created from
SYTOX Green-positive cells was attenuated for
mean replicative lifespans following chronological aging are shown here. (B) Statistics
cells aged in YEPD or SC 2% glucose buffered
and slope measurements of the regression trendlines in (A).
to pH 6 (Fig. 5A). Although a subset of SYTOX
Green-negative cells may retain metabolic activity
chronological age and RLS for cells aged in buffered SC 2% but be unable to reenter the cell cycle—and hence be counted as
medium was significantly different from cells aged in unbuffered “dead” in the CLS assay—these observations nicely recapitulate
medium (Fig. 2B). Thus, buffering the culture medium to pH the relative survival curves under the different culture conditions
6 attenuates the reduction in RLS associated with chronological examined.
age.
By measuring forward scatter, an indicator of relative cell size,
Cell size following chronological aging predicts RLS. Based the SYTOX Green staining also supported the cell size measureon a recent report indicating that cell size may limit RLS under ments obtained by microscopy (Fig. S2); the live cells (SYTOX
some conditions,27 we measured the size of chronologically aged Green-negative) in unbuffered SC 2% glucose cultures were
yeast in order to determine whether the reduction in RLS cor- approximately 20% larger than the dead cells (SYTOX Greenrelates with cell size during chronological aging. Cell size was positive) in the same culture. The reason for this difference is
determined by quantifying the area of the cell when lying flat unclear, but one possibility is that dead cells have lost membrane
on the surface of YEPD agar (see Methods). Unexpectedly, the and cell wall integrity.
During our analysis, we noted that the DNA content of
average size of cells grown in SC 2% glucose decreased during
chronological aging; however, this effect could be attributed to the brightly staining cells aged in unbuffered SC 2% glucose
an increasing number of exceptionally small cells accumulating appeared to increase with chronological age (Fig. 5B). This sugin the population. This smaller sub-population consisted of cells gests that cell death in unbuffered SC 2% glucose is associated
that were terminally arrested (unable to re-enter the cell cycle), with a loss of DNA replication control, since SYTOX Green
as determined during the replicative lifespan analysis (Fig. 3A). staining is proportional to DNA content only in dead cells.
This observation was independently confirmed by vital dye stain- While at younger time points, there are too few dead cells to
ing during flow cytometry (Fig. 4, see below). When the cells construct proper cell cycle profiles, a similar trend can be seen
which failed to bud were censored from the data set, the SC 2% in cells aged in YEPD or SC 2% glucose buffered to pH 6 after
glucose cultured yeast were as large as cells aged in SC 2% glu- 36 d of chronological aging (Fig. 5C). Thus, although survival
cose buffered to pH 6 or in YEPD (Fig. 3B and C).
is extended under these conditions, exit from G1 and initiation
For those mother cells that were able to divide at least once, cell of DNA replication appears to be associated with cell death in
size following chronological aging was inversely correlated with all cases. These data are further supported by analysis of budsubsequent RLS when cells were aged in unbuffered SC 2% glu- ding index. Cells were gated based on SYTOX Green staining
cose (p < 8.3E-5), SC 2% glucose buffered to pH 6 (p < 1.1E‑2), into “live” and “dead” fractions, and budding morphology was
or YEPD (p < 8.8E-7) (Fig. 3E). Thus, among viable cells aged determined by microscopy for each fraction. Buds appear as early
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Figure 3. The interrelationship of cell size and replicative lifespan. (A) Cell size measurements of aged cultures prior to replicative lifespan analysis.
Cell size of those which divide one or more times (censored) is greater than that of the population mostly containing dead cells (uncensored) in SC 2%
glucose, but not the other conditions (B and C). (D) Scatter plots of cell sizes taken from images at the beginning of replicative lifespan compared with
their corresponding replicative lifespan. P values represent significant correlations between initial size and replicative lifespan.
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as S phase.34,35 In every case, the dead population contained significantly more budded cells (around 20%) than the live fraction
(Fig. 5D). In contrast to the dead cell fraction, no increase in
budding index was observed in the live cell fraction, suggesting
that replication stress sufficient to induce cell cycle progression
does not contribute to the reduced RLS following chronological
aging.
Discussion
The primary goals of this study were to verify that chronological aging of yeast cells reduces RLS under the most commonly
used CLS assay conditions and to determine whether changes
in the extracellular environment that influence CLS would also
influence subsequent RLS. Both of these goals were achieved.
Chronological aging of diploid BY4743 yeast cells in YEPD
medium was found to reduce RLS, with our observed effects
quite similar to those reported by Ashrafi et al.24 The vast majority of published CLS studies do not use YEPD as the aging
medium, however, and instead use SC 2% glucose. Importantly,
we observed that cells aged in SC 2% glucose also show a reduction in RLS that is even more severe than cells aged in YEPD,
correlating with their relatively shorter CLS. It is known that cells
aged in YEPD have an extended post-diauxic phase, which can
last for up to 5–7 d before they enter quiescence.36 The continued

www.landesbioscience.com

slow division of cells aged in YEPD during this time may account
in part for the delayed reduction in RLS for cells aged in YEPD
relative to cells aged in SC 2% glucose.
We have previously shown that acidification the culture
medium limits survival of yeast cells in SC 2% glucose and proposed that this is due to accumulation of acetic acid in the extracellular environment.20 The intracellular mechanisms accounting
for CLS extension from buffering the medium to pH 6.0 remain
unclear, however, and a critically important question is whether
medium acidification limits CLS by accelerating the molecular
changes associated with aging under other conditions.11 Our
data are consistent with this model, since buffering the culture
medium also prevented the reduction in RLS during chronological aging. This indicates that extracellular acidification during
chronological aging causes intracellular changes that are maintained and asymmetrically inherited by the mother cell during
subsequent replicative aging to limit RLS (Fig. 6). These data
therefore support the model that extracellular acidification accelerates the accumulation of age-associated molecular damage and
suggest a strong link between the rate of chronological aging and
the resulting reduction in RLS.
These findings are of particular interest in light of recent evidence that acidification of the extracellular environment also limits the survival of quiescent human cells in culture.37-40 In human
cells, the acidic byproduct from fermentation is lactic acid rather
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unbudded cells in the live cell fraction of the populations under all conditions and age-points examined. It
therefore remains unclear whether escape from G1 is a
cause or consequence of cell death during chronological
aging.
Mitochondria represent an attractive link between
replicative and chronological aging in yeast, as defects
in mitochondria have been associated with both types
of aging in yeast, as well as aging in other organisms.
Oxidative damage to mitochondrial and cytoplasmic
proteins accumulates during chronological aging,4244
and these types of damage are asymmetrically segregated to the mother cell during normal replicative
aging.45-48 Few interventions have been shown extend
both CLS and RLS,49 but among those that do is reduced
signaling through the target of rapamycin (TOR)
pathway.50-52 In one report, it was found that tor1Δ
cells exhibit lower mitochondria potential by DiOC6
staining in stationary phase, compared with wild type
cells.22 These cells correlated with lower superoxide levels, as measured by DHE staining, and the authors suggest these lower superoxide levels in the chronologically
aged cultures are the reason tor1Δ cells are adapted for
long chronological lifespan. Mitochondrial damage and
degeneration is also known to occur during acetic acidinduced cell death in yeast.53,54 It would therefore be of
interest to determine whether mitochondrial function
is preserved by preventing medium acidification during chronological aging, and if this directly influences
subsequent RLS.
The observation that chronological aging reduces
subsequent RLS may explain an apparent paradox
regarding why asymmetric retention of damage should
have evolved in budding yeast. In natural populations,
Figure 4. Uptake of vital dye SYTOX Green during chronological aging. SYTOX
the vast majority (> 99.9%) of cells will be fewer than 10
Green stained cells were run through a flow cytometer and assayed for relative
generations old, less than the median RLS of a mother
fluorescence. Since dead cells are able to uptake the dye and allow it to bind DNA,
cell, and half of all cells will have produced at most one
live and dead cell gates were constructed based on SYTOX staining. Forward scatdaughter cell. Thus, inheritance of damage is unlikely
ter measures relative cell size.
to have a significant effect on fitness for the vast majority
of individuals in rapidly dividing populations.33 In nonthan acetic acid, but the intracellular effects may be conserved. dividing populations, however, damage will accumulate in all of
This idea is supported by the observation that inhibition of the the viable cells over time. By retaining this damage in the mother
mammalian TOR homolog with rapamycin protects human cells cell upon resumption of cell division, the fitness of the daughter
from acid-induced senescence,37 just as rapamycin extends yeast cell is maximized. Thus, we propose that the selection for asymCLS.22,41
metry arises due to the natural cycle of quiescence, followed by
In addition to showing that preventing extracellular acidifica- growth, followed by quiescence. A recent report suggests that a
tion during chronological aging attenuates the reduction in sub- similar process of damage clearance may occur during sporulasequent RLS of yeast cells, we also examined the role of proposed tion, based on the observation that replicatively aged mother cells
molecular causes of chronological aging on RLS shortening. induced to undergo sporulation give rise to daughter cells that
Chronological aging in yeast is associated with DNA replication are free from age-related oxidative damage.55 By the same logic as
stress, and DR may extend CLS in part by promoting a more effi- above, this meiotic asymmetry is unlikely to have evolved based
cient G1 arrest.28 Our observations that dead cells in the chrono- on replicative age, since replicatively old mother cells represent a
logically aging population show indications of release from G1 vanishingly small proportion of any population. Instead, such a
arrest and partial DNA synthesis are consistent with this model. mechanism may be more relevant for cells that undergo sporulaThis failure to maintain cell cycle arrest was only observed in tion following a prolonged period of quiescence. It will theredead cells, however, as evidenced by the high proportion of fore be of substantial interest to determine whether spore clones
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arising from chronologically aged cells
show a similar reduction in damage
and restoration of normal replicative
capacity.
Materials and Methods
Yeast strains and media. The diploid BY4743 strain was obtained from
Open Biosystems. CLS assays were
performed as previously described
using the Bioscreen C MBR (Growth
Curves Inc.) automated shaker/
incubator/plate reader to determine
viability.9,10,26 A second measure of
viability following chronological aging
was obtained from the percentage of
cells that were able to complete at least
one mitotic division during the replicative aging assay. All chronological
aging cultures were initiated by seeding a 5 ml liquid culture of YEPD with
a single colony from a freshly streaked
strain grown on YEPD agar at 30°C.
A 1:100 dilution of the YEPD culture
was made into SC medium, containing
2% glucose, unless otherwise noted.
Basic medium is 1.7 g/L yeast nitrogen
base (-AA/-AS) (BD DifcoTM) and 5
g/L (NH4)2SO4. Components of the
SC medium used in this study have
been described elsewhere in detail.10,23
All strain auxotrophies were compensated with a 4-fold excess of amino
acids. Cultures were grown and aged
in a roller drum enclosed in a waterjacketed incubator at 30°C. YEPD was
Figure 5. Chronologically shorter lived cells undergo enhanced replication stress. (A) SYTOX Green
20 g/L Bacto Peptone and 10 g/L yeast
TM
stained cells analyzed after chronological aging are gated as in Figure 5, and the viability measureextract (BD Difco ) supplemented
ments are shown here. (B) Dead gated SC 2% glucose cells are analyzed for cell cycle profiles during
with glucose at the indicated concentrachronological aging. (C) Dead gated cells of all types of chronologically aged cultures are analyzed for
tions. For growth in buffered medium,
cell cycle profiles after 36 d of aging. (D) Gated live and dead cells were sorted for analysis after 13 d
a citrate phosphate buffer (64.2 mM
of chronological aging and visually assayed for budding state, with the percent budded of each type
shown here.
Na 2HPO4 and 17.9 mM citric acid, pH
6.0) adjusted to pH 6.0 was added to
the medium prior to inoculation.
complete medium supplemented with 2% glucose, as previpH determinations. Aging cultures were prepared as described ously described.9,10,26 Chronological viability was calculated from
above, with a 1:100 dilution of a YEPD culture being inocu- growth curves of aging cultures using the Yeast Outgrowth Data
lated into synthetic medium containing the appropriate carbon Analyzer (YODA, www.sageweb.org/yoda).56 The survival intesource. pH of cultures was measured after 30 d of aging using an grals were calculated using the YODA “cleaned” algorithm on
Accumet XL 15 pH meter (Fisher Scientific). Between readings, YODA, and the doubling time was calculated by the “interval”
the meter was rinsed with ethanol, sterile deionized water and method. The calculation parameters were as follows: threshold
patted dry with a laboratory tissue wipe.
ODs (Min = 0.100, Max = 2.000); doubling time interval OD
Chronological lifespan analysis. Unless otherwise stated, (Min = 0.200, Max = 0.500); doubling time adjustment [delay
CLS was determined using a Bioscreen C MBR (Growth Curves OD = 0.500, slope = 0.0261, min delay (sec) = 500]; survival time
Inc.) automated incubator/plate reader to monitor the out- shift (OD = 0.300). Survival integral (SI) is defined as the area
growth kinetics of chronologically aged cultures in a synthetic under the mortality curve and provides a quantitative measure of
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Figure 6. Model for unique and shared forms of damage in yeast aging.

the CLS that allows for statistical analysis between experimental
and control groups.9,26 A Student’s t-test was used to calculate
p values. For all experiments, outgrowth data was normalized to
the initial time point collected on the second day of chronological aging.
Replicative lifespan analysis. RLS was determined using a
standard yeast tetrad dissection scope as previously described,6
with the modification that virgin daughter cells were not specifically selected by allowing a cell division cycle to occur prior to initiating the experiment. Instead, 5 μL of the chronological aging
culture was spotted onto 2% glucose YEPD plates, allowed to dry
into the plates and 60–1080 cells (depending on the predicted
viability of the culture at that point) were randomly selected for
RLS analysis. Selected cells were moved to the middle of the
YEPD plates, and the RLS of those cells was measured. Statistical
significance for lifespan differences was determined using the
Wilcoxon Rank-Sum test. Regression statistics were performed
using Microsoft Excel Analysis Toolpak’s “Regression” function, and regression lines were compared (Fig. 2) using Microsoft
Excel Analysis Toolpak’s “ANOVA: two factor with replication”
function using individual lifespans as the replicates.
Direct cell size analysis. Cell sizes were determined through
two methods: direct photography and outlining of cells present
on replicative lifespan plates as well as forward scatter measurements by flow cytometry. For the former, pictures of the cells
measured in the replicative lifespans (shown in Fig. 1) were taken
by a Zeiss SteREO Lumar.V12 at 150 zoom using bright field
settings. Axiovision was then used to draw a perimeter around
the cell, and the cell area was automatically calculated. Results

are shown as the mean average of the sizes of at least 60 cells for
each condition tested. Regression statistics were performed using
Microsoft Excel Analysis Toolpak’s “Regression” function.
Flow cytometry. All flow cytometry experiments were performed in the University of Washington Nathan Shock Center
of Excellence in the Basic Biology of Aging Imaging Core using
a BD Biosciences Influx Cell Sorter. Cell were aged chronologically, and then 5 x 107 cells were harvested for flow cytometric
analysis. Cells were spun down (7 k rpm 1 min) and the supernatant removed. Cells were washed in sterile 50 mM Na citrate
buffer, spun down again and the supernatant discarded. For live/
dead analysis with SYTOX Green, cells were resuspended in 50
mM Na citrate containing 2 μM SYTOX® Green (Invitrogen,
S7020). Cells were kept on ice and immediately run through the
flow cytometer. Readings were optimized to maximize the spread
of live and dead cells to ease subsequent analysis. 20,000 cells
were used in each biological replicate measurement.
Cell cycle profiles were generated by gating dead cells and
then by creating plots in FCS Express (DeNovo software). Cell
sizes from flow cytometry were determined by gating live or dead
cells and then by using the mean forward scatter, a relative cell
size measurement, value for comparisons between biological replicates. Budding indices were formed from gating the live or dead
cells after 13 d of aging and then using the cell sorting capability
of the instrument to separate the two into separate eppendorf
tubes, each containing at least 500 cells, 100 of which were used
to determine budding percentages.
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