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Abstract
We describe a new chronological lifespan (CLS) assay for the yeast Schizosaccharomyces pombe.
Yeast CLS assays monitor the loss of cell viability in a culture over time, and this new assay shows
a continuous decline in viability without detectable regrowth until all cells in the culture are dead.
Thus, the survival curve is not altered by the generation of mutants that can grow during the
experiments, and one can monitor the entire lifespan of a strain until the number of viable cells has
decreased over 106-fold. This CLS assay recapitulates the evolutionarily conserved features of
lifespan shortening by over nutrition, lifespan extension by caloric restriction, increased stress
resistance of calorically restricted cells and lifespan control by the AKT kinases. Both S. pombe AKT
kinase orthologs regulate CLS: loss of sck1+ extended lifespan in over nutrition conditions, loss of
sck2+ extended lifespan under both normal and over nutrition conditions, and loss of both genes
showed that sck1+ and sck2+ control different longevity pathways. The longest-lived S. pombe cells
showed the most efficient cell cycle exit, demonstrating that caloric restriction links these two
processes. This new S. pombe CLS assay will provide a valuable tool for aging research.
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1. Introduction
The lifespans of multicellular organisms are most often measured chronologically, i.e. the
length of time the entire organism is alive, and are dependent on both the replicative lifespans
(RLS) and chronological lifespans (CLS) of different cell types. RLS is the number of times a
cell can divide before division ceases, and is applicable to stem cells such as those that
repopulate the human hematopoietic and immune systems (Brummendorf and Balabanov
2006; Zimmermann and Martens 2008). CLS is the length of time a cell can survive without
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dividing, and is applicable to post-mitotic cells such as neurons or skeletal muscle (Lodish et
al. 2004). Thus, understanding the molecular mechanisms that control RLS and CLS is
important to understanding human aging.

Reducing the amount of calories in the diet (caloric restriction) is an intervention that affects
both cellular RLS and CLS. Early caloric restriction experiments demonstrated a delay in the
onset of aging phenotypes and a significant increase in lifespan in rodents (McCay et al.
1935) and these observations are recapitulated in several non-mammalian model systems such
as the budding yeast Saccharomyces cerevisiae, the nematode Caenorhabditis elegans and the
fruit fly Drosophila melanogaster (Bishop and Guarente 2007; Dilova et al. 2007; Guarente
2008). An additional property of these long-lived organisms is resistance to stress: a higher
proportion of long-lived yeast, nematodes and flies can survive lethal stresses compared to
their normal counterparts (Gems and Partridge 2008; Kennedy et al. 1995; Masoro 2005;
Masoro 2007; Sinclair 2005). Thus, lifespan extension by caloric restriction and the increased
stress resistance of long-lived cells are evolutionarily conserved properties of aging in both
unicellular and multicellular eukaryotes.

Several of the non-mammalian model systems used in aging research have the benefit of shorter
lifespans and well-developed genetics compared to human populations. In the cases of
nematode and fruit fly CLS and budding yeast RLS, most genetic studies follow the same
approaches as survival studies in humans: scores to hundreds of individuals are monitored for
survival over a given time period until all individuals are dead. This approach has been
successful in identifying evolutionarily conserved genes that affect lifespan such as AKT
(Paradis and Ruvkun 1998), insulin-related growth factors (Lin et al. 2001; Mukhopadhyay et
al. 2006), and sirtuins (Guarente 2005; Sinclair 2005). The availability of defined mutant
collections in model organisms has also been a major benefit in identifying genes whose
mutation can increase longevity (Hamilton et al. 2005; Kaeberlein et al. 2005; Lee et al.
2003; Lin et al. 1998; Powers et al. 2006).

Yeast CLS assays are distinct from those lifespan assays described above in that one assays a
far greater number of individuals, i.e. typically >109 cells. In most experiments, cell viability
is analyzed as the percent of viable cells remaining after the culture has reached its maximal
density. Viability is usually followed until it has declined to 0.1% to 1% of its original value
(e.g. (Fabrizio and Longo 2003; Fabrizio et al. 2001; MacLean et al. 2001)), which allows a
simple comparison of yeast CLS assay results with other lifespan assays. Analysis beyond 3
logs can be a problem because large numbers of individuals (106 cells) remain alive and rare
mutants can arise that regrow as other cells die (Fabrizio et al. 2004). Because the CLS assay
measures aging as the decline in the number of viable cells, the generation of a new mutant
population of viable, growing cells confounds analysis. The challenge in using this range to
identify mutants that alter lifespan has required innovative approaches such as prescreening
mutants for stress resistance (Fabrizio et al. 2001), or analyzing very small cultures of a defined
set of mutants (i.e. the gene deletion strain set)(Powers et al. 2006).

The utility of the S. cerevisiae system prompted us to examine the feasibility of using the fission
yeast Schizosaccharomyces pombe in CLS assays. S. pombe appears to be more similar to the
last common ancestor of humans and fungi (Sipiczki 2004), has more similarities to humans
than S. cerevisiae in several processes including RNA splicing, DNA repair and telomere
function, and the presence of an RNAi system (Moreno et al. 1991; Wood et al. 2002), and
has powerful molecular genetics and simple culturing conditions similar to S. cerevisiae. Here
we describe a CLS assay in S. pombe that follows the entire curve of the lifespan until all cells
have died and recapitulates features of aging conserved throughout eukaryotes including
lifespan extension by caloric restriction, lifespan shortening by over nutrition and lifespan
regulation by AKT kinases. There are two AKT paralogs in S. pombe, and analysis of the full
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lifespan curve of mutants lacking these paralogs showed that each AKT ortholog regulates
lifespan under different nutritional conditions. Analysis of cells under normal and calorically-
restricted conditions revealed a link between longevity and efficient cell cycle exit. These
results demonstrate the utility of this new S. pombe CLS assay in studying the biology of aging.

2. Materials and Methods
2. 1. S. pombe strains

The auxotrophic wildtype strain KRP1 (h- ade6-M216 ura4-D18 leu1-32 his7-366, originally
designated CHP429 from C. Hoffman (Apolinario et al. 1993)) was used in all lifespan analyses
and to construct gene deletion strains. The gene deletion strains are KRP19 (KRP1
leu1Δ::LEU2), KRP14 (KRP1 sck1Δ::LEU2), and KRP20 (KRP1 sck2Δ::LEU2), which have
the entire open reading frame of the deleted gene replaced with the plasmid pRS305 bearing
the S. cerevisiae LEU2 gene (as described in (Wang et al. 2004) except that a single CspC I
site replaces the two Sap I sites). Correct deletions were confirmed by PCR using primers
external to the sequences for targeting the integration and the internal primers for pRS305, T7-
R1 Extend and T3 Extend (oligonucleotides used are shown in Supplemental Table 1). The
double deletion strain KRP21 (KRP1 sck1Δ::LEU2 sck2Δ::LEU2) was constructed from
KRP14 and KRP20 by mating and tetrad dissection using standard genetic techniques (Moreno
et al. 1991).

2.2. Chronological aging assays
Two independent isolates of each mutant were assayed to determine the CLS. For each CLS
assay, cells were revived from frozen storage by streaking onto rich medium plates (yeast
extract + supplements or YES (Moreno et al. 1991)) and grown at 30°C for 3 days to form
single colonies. Cells for lifespan analysis were inoculated from single colonies into medium
(at an initial cell density of 5 × 104 cells/ml in 30 ml of medium in a 125 ml flask), and grown
at 30°C rotating at 220 rpm. The medium for CLS assays was synthetic dextrose (SD) medium
with 3% glucose with 150 mg/l of adenine, leucine, histidine and uracil (Rose et al. 1990) or
Edinburgh Minimal Medium (EMM) with 2% glucose with 225 mg/l of the same supplements
(Moreno et al. 1991) or synthetic minimal medium (SMM) with 3% glucose (Rose et al.
1990). For over nutrition and caloric restriction experiments, SD or EMM medium with
adenine, leucine, histidine and uracil or SMM medium were also made with varying amounts
of glucose (indicated in the figure legends). Cultures were grown to saturation, usually 2 days
after starting the cultures, and this time point was designated as day 0 in all aging experiments.
Starting from day 0, aliquots of cultures were taken, serially diluted in sterile milliQ water and
multiple dilutions were plated on YES plates in duplicate and grown at 30°C for 4 days.
Colonies were then counted and used to calculate the number of colony forming units per ml
of culture (CFU/ml). Pilot experiments showed that incubating these plates for a total of 7 days
did not significantly change the final CFU/ml values. For each experiment, the CFU/ml value
was monitored until it reached ≤ 10/ml. Each experiment was done at least twice.

2.3. Analysis of CLS assay data
The CFU/ml values from each time point from 2 or more independent cultures were averaged
and plotted on a log scale, with error bars corresponding to the range (for 2 cultures) or standard
deviation (for ≥ 3 cultures). The different growth conditions produced cultures whose cell
densities on day 0 differed by ~10 fold. In order to allow a direct graphical comparison of these
results, the log10 of each CFU/ml was obtained and the average, range or standard deviation
of these log10 values were then determined. These values were then normalized to the day 0
log10(CFU/ml) value and plotted as Normalized log10(CFU/ml) with values ranging from 0 to
1. Statistical comparisons were performed using the Wilcoxon signed rank test in Prism 4
(Graphpad Software).
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2.4. Other methods
FACS analyses, sensitivity to heat (55°C) and oxidative (H2O2) stress followed published
procedures and are described in the Supplemental Material.

3. Results
3.1. Chronological Lifespan Assay Design

The CLS assay described here is based on the environmental niche of saprophytic fungi, which
usually exist in a non-dividing state and then must rapidly grow once food becomes available
in order to compete with other prokaryotic and eukaryotic microorganisms (Fredickson and
Stephanopoulos 1981; Gottschal 1993; Gray et al. 2004; Werner-Washburne et al. 1996). A
principal evolutionary advantage of S. pombe is its ability to ferment glucose in an aerobic
environment, allowing a growing population of S. pombe to consume a key carbon source
required by competing organisms. Thus, S. pombe has evolved under selective pressure to
survive in non-dividing and resume growth, and the cellular machinery that regulates CLS has
been adapted for this function. Consequently, an assay that follows survival in a stationary
phase culture and resumption of growth when food is reintroduced should allow one to examine
evolutionarily conserved signaling pathways that control S. pombe lifespan. The new CLS
assay was therefore based on the ability of cells to survive in stationary phase and then form
colonies when plated on fresh medium.

3.2. Cells in SD medium show the evolutionarily conserved lifespan shortening in response
to over nutrition while cells in EMM medium do not

Three types of media commonly used for S. pombe growth were tested for use in CLS assays:
EMM + 2% glucose (Moreno et al. 1991), SMM + 3% glucose (Rose et al. 1990), and SD +
3% glucose (Kuranda and Robbins 1987; Nakaseko et al. 1986; Niwa et al. 1989; Suga et al.
2007; Yamada et al. 1999). Analysis of duplicate cultures of both EMM and SD media
produced survival curves that showed a continuous decline in viability, and viability could be
followed over at least six orders of magnitude (Fig. 1). In contrast, S. pombe cells in SMM
medium showed a multiphasic survival curve and responded to changes in nutritional
conditions in an unusual manner (Supplemental Fig. 1), and so the subsequent work focused
on the EMM and SD media.

An evolutionarily conserved feature of lifespan regulation is that increasing nutrient levels, or
over nutrition, shortens lifespan (Piper and Partridge 2007; Sinclair 2005). To establish whether
the EMM or SD media were appropriate as a standard condition for a CLS assay, the
concentration of glucose, a major regulator of yeast metabolism (Hoffman 2005) and the
primary carbon source in the medium, was varied. S. pombe can grow in medium with glucose
concentrations as high as 8% and as low as 0.1% (Hoffman and Winston 1990; Mochida and
Yanagida 2006). We initially examined duplicate cultures containing the standard glucose
concentration (2% for EMM, 3% for SD) or 5% glucose to determine if over nutrition shortened
lifespan.

Cells grown in SD + 5% glucose medium showed a shorter lifespan than those grown in the
standard SD + 3% glucose medium (Fig. 1A), showing that this condition recapitulated the
same response to over nutrition seen in other species (Metcalfe and Monaghan 2003;Piper and
Partridge 2007;Sinclair 2005). In contrast, cells grown in EMM + 5% glucose medium had a
longer lifespan than cells grown in the standard EMM + 2% glucose condition (Fig. 1B),
indicating that over nutrition in EMM medium had the opposite effect. As EMM and SD are
made from nearly identical chemicals but in different proportions (Moreno et al. 1991;Sherman
1991), the prolonged CLS in EMM with increased calories may be related to the response to
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the levels of one or more of the nutrients in the medium. Thus, only cells grown in SD medium
had the characteristics of a condition appropriate for CLS assays.

In addition to cell viability, cell number and cellular DNA content were also monitored in the
standard SD and EMM media. Cell number remained constant throughout the lifespan,
indicating that reduction in viability was not accompanied by a decrease in cell density
(Supplemental Fig. 2A, B). In contrast to cell number, cellular DNA content decreased as the
culture aged in distinct ways in the two media. Cells grown in EMM medium showed both 1N
and 2N cells at the start of the experiment (Fig. 2A), consistent with the previous reports that
S. pombe can enter stationary phase from either G1 (i.e. 1N) or G2 (i.e. 2N) phase (Costello
et al. 1986; Mochida and Yanagida 2006; Shimanuki et al. 2007; Su et al. 1996). However, by
day 2 of the assay, this culture showed substantial amounts of particles with sub-1N DNA
content that dramatically increased as the assay progressed (Fig. 2A, B). In contrast, cells in
SD medium had a 2N DNA content at the beginning of the assay which slowly converted to
1N DNA content, indicating that the cells were metabolically active despite the inability to
regrow when plated on fresh medium. Thus, the change in the bulk population of cells in the
culture occurred even as the fraction of viable cells declined (Figs. 1, 2). This gradual
diminution of 2N to 1N DNA content is distinct from normal cell cycle progression where 2N
cells divide to produce 1N cells, producing a bimodal distribution of cells rather than cells with
intermediate DNA content (Lodish et al. 2004). These data suggest that the cells in the CLS
assay with SD medium are slowly degrading their DNA. However, very few cells with less
than 1N DNA content were observed in the SD culture by day 11 (Fig. 2B). A similar reduction
in DNA content has also been observed in CLS assays of several S. cerevisiae lab strains
(Weinberger et al. 2007), showing that this response can be induced in evolutionarily distant
fungi.

Cell viability was also monitored by the ability of cells to exclude the membrane impermeable
DNA stain propidium iodide. The fraction of viable, unstained cells declined in parallel with
the ability of cells to form colonies in both the SD and EMM cultures (Supplemental Fig. 2),
confirming that the ability to form colonies is an appropriate assay for S. pombe cell viability.
Thus, aging in the standard EMM and SD media was similar in that cell number remained
constant while cellular DNA content and cell viability showed changes that paralleled the
survival curve; however, only cells grown in SD medium showed the evolutionarily conserved
response to lifespan shortening due to over nutrition. Consequently, SD medium was used in
all subsequent assays.

3.3. Caloric restriction extends lifespan in the SD medium-based assay
To test whether S. pombe grown in SD medium exhibits the evolutionarily conserved feature
of lifespan extension by caloric restriction, it was first necessary to determine a standard growth
condition that did not shorten lifespan due to over nutrition nor lengthen lifespan due to caloric
restriction. Therefore, to determine if 3% glucose was an appropriate condition, the lifespans
of duplicate cultures in 3% and 4% glucose were compared. Both cultures gave similar,
overlapping survival curves (Fig. 3A). Thus, 3% to 4% glucose constitutes a range of nutrients
that do not shorten lifespan due to over nutrition nor lengthen lifespan due to caloric restriction,
and SD + 3% glucose is a valid standard condition.

To directly test the effect of caloric restriction, the glucose concentrations in the media for CLS
assays were reduced from 3% to 0.1%. The progressive decrease in glucose concentrations
from 3% to 0.3% caused a progressive increase in lifespan (Fig. 3B), while the 0.3% and 0.1%
glucose cultures had remarkably similar, overlapping CLS curves. This observation of reaching
a maximum lifespan as calories decrease is strikingly similar to data from calorically restricted
mice, where lifespan steadily increases as calories are decreased from ad lib to 85 kcal/wk to
50 kcal/wk, and overlapping survival curves are produced at 50 kcal/wk and 40 kcal/wk
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(Weindruch et al. 1986). Thus, the S. pombe CLS assay in SD medium showed the
evolutionarily conserved trait of lifespan extension by caloric restriction.

The survival curves of these different glucose cultures required a different statistical method
for quantitative comparison. Thus, survival curves typically compare the median lifespans, i.e.
the time when 50% of the population remains alive (Motulsky 2003); however, most studies
analyze a much smaller population and follow viability over a smaller range (a decline of 100
– 1000 fold). As our assay follows the full lifespan of hundreds of millions of individuals until
all cells are dead to give a survival curve that spans seven orders of magnitude, the point when
50% of the population remains alive would not summarize the changes in viability that occur
in a large portion of the survival curve. An additional consequence of the large range of viable
cells is that the sampling error for CFU/ml is high early in the lifespan (±106) and low at the
end of the lifespan (±10). A common way to compare the means of these types of data is to
take the logarithm of each value and then compare these transformed data (Bland and Altman
1996; Sokal and Rohlf 1995).

To establish a median lifespan measurement to compare different survival curves, the
log10(CFU/ml) from each lifespan was normalized to the cell density at day 0 so that all
lifespans start at 1.0 and then decline as cells in the culture die (Fig. 3C, D). The lifespan
medians were then calculated as the point where normalized log10(CFU/ml) equals 0.5. This
metric confirms that the median lifespans of the 3% glucose cultures done at different times
(Fig. 3A and B) were similar to each other (8.1 and 6.7 days), the 5% culture had a shorter
lifespan (3.4 days), the 3% and 4% cultures had very similar values (8.1 and 8.7 days,
respectively), as did the 0.3% and 0.1% glucose cultures (22.8 and 23.1 days, respectively)
(Fig. 3E). This normalization also revealed the differences between the 0.1% and 0.3% glucose
cultures early in the lifespans (Fig. 3D), since the 0.1% glucose culture did not reach as high
a cell density and maintained the same number of viable cells over a longer period. These
curves were compared with a Wilcoxon rank sum test, which showed that the 3% and 4%
curves were indistinguishable and the 3% and 5% curves were clearly different (Fig. 3). Thus,
transformation to logarithmic values provided a more revealing presentation of these data, and
defining the median CLS as the point where the normalized log10(CFU/ml) equals 0.5 provided
an accurate summary of the different lifespan curves.

To investigate how caloric restriction might extend S. pombe lifespan, we examined DNA
content by FACS for the 3% - 0.1% glucose cultures (Fig. 4). Similar to the results from the
3% glucose cultures, cells in the 2% and 1% glucose cultures had a 2N DNA content at the
beginning of the CLS assay that gradually decreased to 1N DNA content (Fig. 4) as the ability
to form colonies declined by several logs (Fig. 3B). However, the cultures with a longer CLS
showed a slower shift in DNA content (Figs. 3, 4). This difference can be seen, for example,
by comparing days 0 and 7 of the lifespans for the 1%, 2% and 3% glucose cultures. The longer-
lived 1% glucose culture retained a unimodal FACS profile on both days with a DNA content
on day 7 midway between 1N and 2N. In contrast, the shorter-lived 3% and 2% cultures showed
a larger shift and proportion of 1N cells on day 7 than on day 0, and the FACS profiles on day
7 were more heterogeneous. This correlation of higher viabilities when the cells showed less
of a shift over time was repeated in the long-lived 0.3% and 0.1% glucose cultures. For example,
a comparison on day 7 and day 1 of the 0.1% glucose culture revealed FACS profiles that were
virtually the same. These results indicate that cells in the 0.3% and 0.1% glucose cultures had
exited the cell cycle, and this exit was associated with longer CLS. Exit in the 0.3% and 0.1%
cultures was from both G1 and G2, as the FACS profiles showed a bimodal pattern of 1N and
2N cells. This pattern is similar to FACS profiles observed for other starvation conditions
(Mochida and Yanagida 2006) and was distinct from the 3%, 2% and 1% cultures (Fig. 4).
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Sub-1N cells were observed over time in the 0.3% glucose culture. Cells with sub-1N DNA
content were detected by day 3 and the proportion of sub-1N cells increased until a maximum
at day 12. These sub-1N cells were unique to the 0.3% glucose culture. Sub-1N cells were not
observed in the 0.1% glucose culture in the experiment shown in Fig. 4 as well as 2 additional
independent experiments (data now shown), indicating that these cells showed fewer changes
during the CLS assay. The combination of prolonged viability in early lifespan and the lack of
changes in the FACS profile indicated that 0.1% glucose was the appropriate caloric restriction
condition.

3.4. Longer CLS correlates with exhausting free glucose in the medium
To validate that the 0.1% glucose cells are in fact restricted for glucose, we determined the free
glucose concentration in the medium before and after the cells reached their maximum density
(day −1 and day 1, respectively)(Table 1). At day −1, the glucose concentrations in media from
the 0.1% and 3% glucose cultures were the same as that in the initial medium before cells were
added. However, by day 1 of the CLS, the amount of glucose remaining in the 0.1% glucose
culture was about 1000-fold less and at the lower limit of detection while the amount remaining
in the 3% culture was almost the same as the starting concentration in the calorically restricted
culture (0.09%). In addition, the 0.1% cultures did not reach as high a cell density as the 3%
glucose cultures (Table 1), indicating that glucose was a limiting nutrient for cell growth. Thus,
the longer CLS correlated with completely exhausting the free glucose in the medium as cells
reached their maximum density.

3.5. Long-lived calorically restricted cells show increased stress resistance
To determine if the long-lived calorically restricted S. pombe share the evolutionarily
conserved feature of increased resistance to environmental stress (Sinclair 2005; Sohal and
Weindruch 1996), the ability of cells grown in 3% or 0.1% glucose cultures to survive exposure
to an oxidizing agent (H2O2) or heat stress (55°C) was tested. The calorically restricted cells
showed no loss of viability when exposed to 300 mM H2O2, while the viability of the normal
cells decreased by ~1000-fold (Fig. 5A). The calorically restricted cells also showed an
increased resistance to heat stress compared to normal cells, where survival of the calorically
restricted cells was ~20 fold higher than normal cells (Fig. 5B). Consequently, the calorically
restricted S. pombe showed increased stress resistance compared to S. pombe grown under
normal conditions, as is commonly seen in other calorically restricted organisms.

3.6. The AKT orthologs sck1+ and sck2+ differentially affect lifespan under normal and over
nutrition conditions

We tested whether the two AKT orthologs of S. pombe, sck1+ and sck2+, played a role in
lifespan control by determining the CLS of the strains lacking one or both genes. When assayed
under normal conditions (i.e. 3% glucose), the strain bearing a deletion of the sck2+ gene,
sck2Δ, showed a significant increase in lifespan (Figs. 6B, E), while the strain bearing a deletion
of the sck1+ gene, sck1Δ, had a lifespan indistinguishable from wildtype (Fig. 6A, D). The
sck1Δsck2Δ double mutant had the same lifespan as the sck2Δ single mutant (Figs. 6B, C),
confirming that the sck1+ AKT paralog did not affect lifespan under normal conditions even
when its paralog sck2+ was not available to potentially substitute for sck1+ function.

The products of paralogous genes often substitute for one another under different conditions
(e.g. (Kurzhals et al. 2008)), suggesting that the sck1+ protein might control lifespan under a
different nutritional condition. The previous measurements of glucose concentrations in the
normal medium indicated that cells start growth in 3% glucose and glucose concentration
gradually declines (Table 1). These considerations suggested that sck2+ functioned at 3% and/
or lower glucose concentrations to control lifespan. We therefore hypothesized that sck1+ might
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be adapted for a function at a higher glucose concentration, and assayed CLS in the 5% glucose
over nutrition condition for the single and double AKT mutants.

Both the sck1Δ and sck2Δ mutations caused a detectable lifespan extension in the over nutrition
condition. The sck1Δ strain had a longer CLS than wildtype cells that was most noticeable in
the latter 40% of the lifespan (Figs. 7A, D). The sck2Δ strain also extended lifespan over
wildtype cells (Figs. 7B, E). The double mutant strain had a longer lifespan than the wildtype
and either single mutant strain (Figs. 7C, F), confirming that each AKT ortholog made a
contribution to the control of longevity in S. pombe. Thus, the two AKT orthologs of S.
pombe control lifespan under different nutritional conditions.

4. Discussion
4.1. A new, rapid CLS assay in a powerful genetic system reveals distinct roles for the AKT
kinases sck1 and sck2

We have described a new CLS assay for the fission yeast S. pombe that recapitulates features
of lifespan control that are conserved throughout eukaryotes. Conditions for over nutrition,
normal nutrition and under nutrition were established by varying the concentration of glucose
and, like other eukaryotes (Metcalfe and Monaghan 2003; Piper and Partridge 2007; Sinclair
2005; Sohal and Weindruch 1996), over nutrition shortened lifespan while caloric restriction
increased lifespan and stress resistance (Figs. 3, 4, 5). An important property of this assay is
that after cells reached their maximum density, cell viability showed a progressive decline with
no plateaus, indicating that regrowth of the cells was minimized and the measurement of viable
cells was not complicated by a subpopulation of growing cells. These data contrast with S.
cerevisiae where cell lysis and regrowth are observed in some CLS assays (Fabrizio et al.
2004; Fabrizio and Longo 2003), apparently due to mutagenic adaptation. The lack of regrowth
in the new S. pombe CLS assay allows an analysis of the full survival curve, i.e. over a >106-
fold range, until all cells in the culture are dead. This large range contrasts with almost all
previous assays in S. pombe and S. cerevisiae that follow a smaller (~102-103) portion of the
survival curve (e.g. (Fabrizio and Longo 2008; Fabrizio et al. 2001; Maclean et al. 2003; Mutoh
and Kitajima 2007; Ohtsuka et al. 2008; Roux et al. 2006; Wei et al. 2008; Weinberger et al.
2007; Zuin et al. 2008)). The ability to follow the entire survival curve in the new CLS assay
allowed us to elucidate the distinct properties of the two S. pombe AKT kinase family members,
showing that sck1+ functions under an over nutrition condition while sck2+ functions under
both normal and over nutrition conditions (Figs. 6, 7). Roux et al. and Ohtsuka et al. have also
shown that the sck2Δ mutation extends lifespan, and Roux et al. also examined the sck1Δ
mutation but found no effect (Ohtsuka et al. 2008; Roux et al. 2006). However, the sck1Δ
mutant was only analyzed using their standard condition and monitoring survival over 3 logs.
Our results show that the lifespan extending effect of the sck1Δ mutation observed in over
nutrition conditions was most evident at later points in the lifespan (Figs. 7A, D). This result
illustrates the advantage of following lifespan over an extended range. We note that one S.
cerevisiae CLS assay has recently been described, using small cultures, that can follow cell
viability over an ~106-fold range, and was used to show that the lifespan extending effects of
caloric restriction were independent of sirtuins. Many of the effects were only detectable after
viability had dropped by >1000-fold (Smith et al. 2007), reinforcing the importance of
analyzing the full lifespan.

4.2. Efficient cell cycle exit correlates with extended lifespan
The calorically restricted (0.1% glucose) S. pombe showed no change in DNA content over
the course of the CLS assay (Fig. 4) and survived much longer (Fig. 3B). In contrast, S.
pombe grown in media with higher glucose levels showed a gradual reduction in DNA content
as the fraction of cells that were viable rapidly declined (i.e. the 1%, 2% and 3% glucose cultures
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in Figs. 3 and 4). Thus, the S. pombe in media with glucose concentrations ≥ 1% were still
metabolically active. These data indicate that caloric restriction induced a quiescent state,
resulting in cell cycle exit to G0 phase.

We propose that calorically restricted cells entered G0 more efficiently because the free glucose
was exhausted as cells reached maximum density (Table 1). In contrast, the S. pombe cells
cultured under normal conditions reached maximum density in the presence of a glucose
concentration sufficient to support cell growth (Table 1). Consequently, under normal
conditions, cells have presumably stopped growing because of some other limiting nutrient(s),
but the medium still contains substantial amounts of glucose that signals cells to grow. Thus,
the remaining glucose may shorten lifespan by providing an extracellular signal that prevents
arrest in a quiescent state. In the case of calorically restricted cells, glucose depletion and
consequent loss of signaling allows them to enter quiescence more efficiently, resulting in a
longer CLS. These S. pombe results are consistent with results from S. cerevisiae where cells
grown in low glucose medium enter G0 more efficiently with longer CLS (Weinberger et al.
2007), and where G0 cells placed in media lacking all nutrients except glucose attempt to enter
the cell cycle and show a dramatic loss in cell viability (Granot and Snyder 1991;Granot and
Snyder 1993).

We therefore suggest that a longer CLS is due in part to efficient cell cycle exit in the absence
of growth inducing stimuli. In the case of S. pombe, one such stimulus is the presence of free
glucose in the medium, and another appears to be a function of an AKT signaling kinase. This
general conclusion is relevant to human aging in that signaling terminally differentiated human
cells to proliferate has been linked to shortened lifespan and cell death even if the post-
mitotic state is maintained by other mechanisms (e.g. (Lee et al. 2009; Rodriguez et al.
2007; Varvel et al. 2008; Yang et al. 2006)). As humans and S. pombe use similar evolutionarily
conserved pathways to respond to extracellular stresses and stimuli (e.g. (Clotet and Posas
2007)), the S. pombe CLS assay described here should be useful in identifying the mechanisms
that modulate the lifespan of post-mitotic cells.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Over nutrition shortens chronological lifespan of S. pombe in SD medium but lengthens
lifespan in EMM medium. Wildtype KRP1 cells were seeded at 5 × 104 cells/ml in a 30 ml
culture and grown to stationary phase at 30°C (day 0, which is 48 hrs after the culture was
started). The cultures were maintained at 30°C and samples were taken at the intervals shown
and plated on rich medium to assay the number of cells per ml that could form colonies (colony
forming units or CFU per ml). Duplicate assays were performed and error bars show the ranges
of the values (some error bars are too small to be visible on this log scale). Cells were grown
under standard (3% glucose) or over nutrition conditions (5% glucose) in either SD medium
(A) or EMM medium (B).
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Fig. 2.
EMM, but not SD medium, results in the accumulation of a large fraction of cells with sub-1N
DNA content. (A) FACS analysis of DNA content in S. pombe cells from CLS experiments in
EMM + 2% glucose or SD + 3% glucose. Cells were fixed with ethanol, stored at 4°C until all
cells could be treated with propidium iodide and analyzed together. The medium used for each
series of FACS analyses is indicated along with the position of haploid S. pombe cells with 1N
and 2N DNA content. All cells in the same series come from the same culture of a single CLS
experiment. (B) The FACS analyses of the day 11 cultures in panel A plotted at scales that
show the entire histogram and the relative proportions of the sub-1N, 1N and 2N cells.
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Fig. 3.
Caloric restriction extends lifespan in S. pombe. (A) SD + 3% glucose is an appropriate standard
condition for CLS assays. Chronological lifespans were measured in SD + 3% or 4% glucose
as described in the Materials and Methods. All lifespans were performed at the same time. The
lifespan of the SD + 5% glucose culture from Fig. 1A is included for comparison. The lifespans
in 3% and 4% glucose were not significantly different (p = 0.28), while the 5% lifespan is
significantly shorter than 3% glucose (p = 0.0005). Error bars represent the ranges of duplicate
experiments. (B) CLS assays were performed and analyzed as in panel A with the glucose
concentrations shown, except that the 0.3% and 0.1% cultures were sampled every two days.
All lifespans were performed in duplicate and run concurrently. The 3% glucose cultures in
panel B are independent from those in panel A. All lifespans for cultures with 2% glucose or
less were significantly longer than the 3% glucose culture (p < 0.008). (C and D) The
normalized log10(CFU/ml) from the CLS experiments in panels A and B are plotted,
respectively. The normalization of the log10 values starts all lifespans at the same point, and
allows cultures that grow to different maximum densities (e.g. the 3% and 0.1% glucose
cultures) to be directly compared. (E) Median lifespans from cultures with different glucose
concentrations as defined as the point where the normalized log10(CFU/ml) equals 0.5. Median
CLS values were calculated by linear interpolation between the values immediately above and
below 0.5. The slightly different values for the two independent 3% glucose experiments
performed on different days (in panels A and B) are shown.
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Fig. 4.
Long-lived S. pombe grown in 0.1% glucose maintain a constant DNA FACS profile while
aging. Aliquots from one of the two duplicate cultures from Fig. 3 were collected and processed
for FACS. All cell numbers are plotted on the same scale. For the purposes of comparison, day
0 of the assay is defined as 48 hr after the culture was started. In the case of cells grown in
0.1% glucose medium, the culture did not reach maximum cell density until day 1, i.e. 72 hrs
after the culture was started. The 0.1% glucose culture maintained the same FACS profile until
day 21 (not shown).
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Fig. 5.
Long-lived calorically restricted S. pombe show increased stress resistance. (A) Resistance to
an oxidizing agent. Aliquots of cells from the SD + 3% glucose culture or the calorically
restricted SD + 0.1% glucose culture were taken when cells had reached maximum density,
washed with sterile water, and 5 × 106 cells were resuspended in varying concentrations of
H2O2 and incubated at 30°C for 90 min. After washing the cells in water, 10-fold serial dilutions
were made and 5 μl aliquots of each suspension were spotted onto rich medium where all cells
can grow. (B) Resistance to heat stress. Cells grown in normal or calorically restricted condition
as in A were heat shocked at 55°C for different lengths of time, placed on ice for 2 min and
then diluted and spotted on plates. Fold differences in resistance for the assays in panels A and
B were determined by counting the number of single colonies in the most dilute spots in the
treated and untreated samples.
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Fig. 6.
Deletion of the AKT kinase gene sck2+ extends lifespan under normal conditions while deletion
of the gene for the paralogous kinase sck1+ does not. A-C) Chronological lifespans of sck1Δ
and sck2Δ single and double mutants grown in normal SD medium (3% glucose), with CFU/
ml plotted on a log scale. The KRP14 sck1Δ strain shows a lifespan the same as KRP19 wildtype
(wt) cells (p = 0.46) while the KRP20 sck2Δ and KRP21 sck1Δsck2Δ strains show extended
lifespans (p < 0.001 for sck2Δ and sck1Δ sck2Δ). The sck2Δ and sck1Δ sck2Δ lifespans are
statistically indistinguishable from each other (p > 0.05). D-F) The data from panels A-C
plotted as normalized log10(CFU/ml) to show the fraction of viable cells over the course of the
lifespan. The median lifespans determined from these data are: KRP19 wildtype 8.3 days;
KRP14 sck1Δ 8.7 days; KRP20 sck2Δ 10.6 days; KRP21 sck1Δ sck2Δ 10.5 days.
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Fig. 7.
Deletion of either AKT kinase sck1+ or sck2+ extends lifespan in over nutrition conditions. A-
C) Chronological lifespans of sck1Δ and sck2Δ single and double mutants grown in over
nutrition SD medium (5% glucose), with CFU/ml plotted on a log scale. D-F) The data from
panels A-C plotted as normalized log10(CFU/ml) to show the fraction of viable cells over the
course of the lifespan. The median lifespans determined from these data are: KRP19 wildtype
3.6 days; KRP14 sck1Δ 4.4 days; KRP20 sck2Δ 7.1 days; KRP21 sck1Δ sck2Δ 9.4 days. KRP14
sck1Δ had a longer lifespan than the wildtype KRP19 strain after day 5, which made the two
curves distinguishable (p = 0.0215). Both the KRP20 sck2Δ and KRP21 sck1Δ sck2Δ strains
show extended lifespans compared to wildtype (p < 0.001 and p < 0.05 for sck2Δ and sck1Δ
sck2Δ, respectively). The lifespan curves of the sck2Δ strain and sck1Δ sck2Δ strains were
significantly different (p < 0.05).
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