
Mechanisms of Ageing and Development 124 (2003) 1059–1063

Biodemographic trajectories of age-specific reproliferation from
stationary phase in the yeastSaccharomyces cerevisiae

seem multiphasic

Christi M. Gendrona, Nadège Minoisa,∗, Valter D. Longob,
Scott D. Pletcherc, James W. Vaupela

a Max Planck Institute for Demographic Research, Konrad-Zuse Strasse 1, Rostock D-18057, Germany
b Andrus Gerontology Centre, Division of Biogerontology, University of Southern California, Los Angeles, CA 90089, USA
c Baylor College of Medicine, Huffington Center on Aging and Molecular and Human Genetics, Houston, TX 77030, USA

Received 18 June 2003; received in revised form 20 August 2003; accepted 22 August 2003

Abstract

Ageing is usually seen as a monotonic decline of functions and survival. However, recent studies reported that age-specific mortality
rates increased and then leveled off or even declined at later ages in several species including humans. Preliminary data using the yeast,
Saccharomyces cerevisiae, demonstrated an even more complicated, non-monotonic pattern of reproliferation after stationary phase (i.e. the
ability of a cell to exit stationary phase and form a colony). In the present article, we conducted a study of the age-specific reproliferation
rates of yeast populations. Stationary phase yeast cells were maintained in water and the reproliferation rates were estimated by the number
of yeast able to exit stationary phase on rich growth media. We showed that the age-specific reproliferation rates in yeast seem to rise, fall and
rise again. Furthermore, we observed this pattern in different experiments and in different genotypes and established that this pattern was not
due to genetic heterogeneity of the populations.
© 2003 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Ageing is generally assumed to be deleterious because
its overall effects are negative. The idea of compensatory
mechanisms or improvements in the life course, except in
the recovery from specific pathologies, is scarcely part of the
gerontological debate. Mechanistic theories suggest that the
accumulation of damage and the failure of defense and repair
systems cause ageing. Traditional evolutionary models of
ageing are also based on such assumptions. They predict a
monotonic decline in many components of fitness, including
reproductive output and survival, due to a decline in the
strength of natural selection with advancing age.

Empirically, however, this prediction has often failed as
experimental data have revealed more complex patterns in
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the ageing process than a relentless decline to death. For
example,Kale and Jazwinski (1996)showed that EMS
(ethyl methanesulfonate) resistance in yeast decreased then
plateaued later in life. Starvation resistance and lipid con-
tent in female fruit flies increased up to middle age then
stabilized (Minois and Le Bourg, 1999). Recent work on
the age-specific mortality of a wide variety of organisms,
from worms to humans, revealed that the traditional idea of
inexorably rising mortality rates with age was inaccurate.
Several species experienced a mortality rate that decelerated
and occasionally declined at advanced ages (Carey et al.,
1992; Curtsinger et al., 1992; Vaupel et al., 1994; Khazaeli
et al., 1995, 1996; Fukui et al., 1993; Pletcher et al., 2000;
Thatcher et al., 1998; Vaupel et al., 1998).

In the budding yeastSaccharomyces cerevisiae, two
methods are used to measure longevity. The first and more
common is the micromanipulation of daughter cells from
mother cells. The “replicative life span” is then measured
as the number of daughter cells produced by a mother
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cell. Age-specific death rates derived from such data in-
creased and then plateaued later in life (e.g.Jazwinski et al.,
1998). The second method of quantifying yeast mortality
is by measuring the ability of cells in stationary phase
(non-reproducing cells) to successfully resume reproduc-
tion when food is provided (i.e. to be able to exit stationary
phase, divide, and form a colony). The cells are either kept in
their spent medium or transferred to water. The latter option
offers the advantage of keeping the cells in a controlled and
constant environment. This measurement is usually referred
to as “chronological life span” and the technical method as
“Colony-forming Units or CFU” (e.g.Fabrizio and Longo,
2003). We use the term reproliferation to emphasize the
dynamic process of the cells to implement the changes nec-
essary to exit stationary phase and to divide again. It is the
ability of the yeast cells to reproliferate after extended peri-
ods in stationary phase that is measured in the present paper.

No obvious forecast of the shape of age-specific reprolif-
eration rates can be made. The force of natural selection is
hard to predict in non-reproducing populations, despite the
possible existence of selective pressures due to the existence
of stationary phase (adaptive) mutations (e.g.Halas et al.,
2002). However, preliminary data (Vaupel et al., 1998) sug-
gested that the reproliferation rate rose, fell, and then rose
again with increasing age. If this were real, it would be
one of the most complex age-dependent fitness components
seen to date.

In the present paper, we wanted to replicate this experi-
ment by performing several long-term studies of ageing pat-
terns involving the reproliferation potential of billions ofS.
cerevisiae cells maintained in stationary phase. These com-
plex dynamics of reproliferation can be explained by at least
two different mechanisms. The first is that the population
under study is composed of two or more sub-populations
(heterogeneity hypothesis). The combination of two or more
distinct sub-populations, each with different patterns of age-
ing, could lead to the complex trajectory seen when measur-
ing reproliferation across the entire population. The second
possibility is that the observed complexity in reproliferation
patterns may be truly reflective of the underlying biology of
the organism (biological hypothesis). In this article we de-
scribe experiments designed to distinguish the heterogene-
ity and biological hypotheses. Because the measurements
require working with a very small sub-sample of the pop-
ulations (seeSection 2), the observed complexity might be
a consequence of the experimental procedure and more ex-
periments are on-going to further study those reproliferation
patterns.

2. Materials and methods

Yeast strains used in these experiments are the fol-
lowing: haploid S288C (MAT� mal gal2) and haploid
EG103 (DBY746; MAT�, Leu2–3, 112, His3�1, Trp1–289,
Ura3–52 GAL+).

2.1. Reproliferation assays

Experimental cohorts were obtained from single cells as
follows. A sample of frozen culture was streaked onto stan-
dard YPD plates. After 2 days of incubation at 30◦C, a
single colony was sampled and cells were transferred to
25 ml liquid SC media (Longo et al., 1997), where they were
grown (30◦C and 200 rpm) for 4 days until stationary phase
was reached. At this point, each cohort was transferred to
50 ml Falcon tubes, and cells were collected by centrifu-
gation. Cells were then washed using autoclaved Millipore
water following the procedure: (1) 8 min centrifugation at
3500 rpm, (2) removal of the supernatant, and (3) resuspen-
sion with 45 ml of fresh water. This procedure was repeated
three times. After the last wash, the cohort was resuspended
in 45 ml fresh water and placed at 30◦C and 200 rpm in
250 ml glass flasks. The cells were resuspended in the max-
imum amount of water (45 ml in 50 ml tubes) to insure a
thorough washing. This point marked day zero for the re-
proliferation assay. To preclude reproduction during the as-
say, the cells were washed following the same procedure as
above every second day to insure fresh water, which was
void of nutrients. Under these experimental conditions, the
cells remain in stationary phase and undergo no budding
(Fabrizio and Longo, 2003).

Daily measures of colony-forming units (the number of
cells able to exit stationary phase and initiate division) in
each experimental cohort were estimated as follows. One
hundred microliters from each cohort was removed from
the flask containing the experimental population and seri-
ally diluted (from 105 to 1 depending on the number of cells
in the population). Six days a week, 50�l of the appropri-
ate dilution was plated onto half a YPD plate, resulting in
roughly 80–100 colonies per half-plate. Each dilution was
plated several times. After incubation at 30◦C for 3–4 days,
the number of colonies on each half-plate was counted and
used to estimate the total number of cells able to reprolifer-
ate in the flask (seeSection 2.3).

2.2. Experimental designs

The first experiment was designed to provide estimates
of the age-dependent reproliferation of yeast after stationary
phase. To test for reproducibility, we estimated age-specific
reproliferation for three replicate populations in each of
two genotypes (S288C and EG103). To avoid confounding
age-dependent changes in reproliferation with day-to-day
variation in the protocols used to obtain population size,
replicate cohorts were initiated at staggered 5-day intervals.

The second experiment was designed to test the hypoth-
esis that yeast cells surviving to very old ages in station-
ary phase represent a genetically distinct sub-population
that differs from cells that die early. To test this, we sam-
pled colonies from cells that survived to very old ages and
colonies from cells alive very early in life. These colonies
were then used to establish new experimental populations
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for the reproliferation analysis. Two replicate cohorts were
established for each of four representative populations. The
first two populations were derived from colonies sampled
at different ages during our first experiment. These popu-
lations are designated S (S288C colonies sampled at 3 or
120 days post-stationary phase). The second two popula-
tions were derived from colonies sampled at different ages
in the laboratory of Dr. Longo at USC, during the experi-
ment reported inVaupel et al. (1998). These populations are
designated VD (S288C colonies sampled at 17 or 82 days
post-stationary phase). Experimental procedures were iden-
tical to that described inSection 2.1.

2.3. Statistical analysis

Statistics were based on the observed number of
colony-forming cells in the sampled sub-populations. Tak-
ing into account the dilution factor and the total volume of
the population, we estimated the number of cells able to
reproliferate in the whole population in each cohort at each
age (Nx). The proportion of individuals able to reproliferate
at each age was calculated for each cohort by dividing the
number of cells able to reproliferate at agex by the esti-
mated initial cohort size (sx = Nx/N0). The curves were
subsequently smoothed using a moving average smoother
with a window size of 5 days. Age-specific reproliferation
rate was calculated based on the smoothed values (sx) using
the formula.

ux = −ln(sx+1/sx).

Hypothesis tests concerning the shape of the log-reprolife-
ration curve were carried out in a generalized additive
model framework (Hastie and Tibshirani, 1990). P-values
were obtained by testing the significance of a smoothing
term in the linear model after accounting for either a flat
log-reproliferation pattern or one that changes linearly with
age.

3. Results and discussion

Age-specific reproliferation for yeast cells maintained
in stationary phase was complicated and exhibited at least
two discernible peaks (Fig. 1). The statistical analyses went
against the hypothesis that the log-reproliferation patterns
are flat (P < 0.0001) or linearly increasing (P < 0.005).
The pattern was reproducible: (i) in replicate cohorts mea-
sured simultaneously but that were staggered with respect
to age, and (ii) in different genotypes, however, to a lesser
extent for genotype EG103 (Fig. 1, lower graph). This re-
sult resembled earlier work reported byVaupel et al. (1998)
and extended it to a genetically different yeast population.

Our first concern was that the yeast cells in stationary
phase were regrowing, therefore giving rise to the kind of
fluctuation pattern also seen in overgrown bacterial cultures
(Zambrano and Kolter, 1996). However, our observations
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Fig. 1. Age-specific reproliferation rates of populations of yeastS. cere-
visiae in stationary phase. Upper graph: genotype S288C. Lower graph:
genotype EG103. The three curves on each graph are the different repli-
cates.

looking at the population composition from stationary phase
cultures suggested that growth was not occurring under the
conditions used for the experiment. By regularly observing
samples under the microscope, we could not detect budding
activity (Minois, personal observation). Other studies using
this method also did not report apparent regrowth of pop-
ulations in stationary phase kept in water (MacLean et al.,
2001).

Furthermore, ongoing development of more powerful sta-
tistical machinery for analyzing survival data based on small
sub-samples of a larger population will help in determining
the reproducibility and reliability of the multiphasic pattern.

However, such patterns may be due to heterogeneity. One
would predict such a two-peaked curve if the observed rates
were actually a composition of two sub-populations experi-
encing different, but much simpler, dynamics (Vaupel and
Yashin, 1985). We therefore compared the reproliferation
patterns from yeast cells taken at very old ages with those
from yeast cells taken at young ages. If a life-extending
mutation had arisen to generate two genetically distinct
sub-populations, then cohorts derived from cells sampled
very late in life would contain a much greater proportion
of mutant cells than cohorts originated from early sam-
ples. We would therefore expect the “old” populations to
have significantly increased reproliferation rates early in
life, which might subsequently converge with the “young”
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Fig. 2. Age-specific reproliferation rates of populations of yeastS. cere-
visiae in stationary phase derived from colonies sampled at early (young)
or late (old) post-stationary phase. Upper graph: S lines. Lower graph:
VD lines (see text for explanation).

populations at advanced ages. The results showed that
reproliferation rates were identical in “young” and “old”
populations (Fig. 2). The multi-peaked pattern was there-
fore not due to genetic heterogeneity caused by mutations
during population expansion.

Nevertheless, it is still possible that the complicated re-
proliferation trajectories may result from systematic and re-
producible non-genetic heterogeneity that acts in such a way
as to repeatedly produce distinct sub-cohorts with different
reproliferation patterns. Each of our yeast populations at the
beginning of stationary phase consists of 1/2 virgin cells,
1/4 cells that have budded once, 1/8 cells that have budded
twice, etc. If reproduction has a large impact on reprolifer-
ation rates, then the patterns we observed may be the result
of a differential reproliferation of cells having never budded,
having budded a few times or more. Although this hypothe-
sis could be tested using homogeneous cohorts with respect
to their reproductive history, large-scale separation of virgin
from non-virgin cells is technically difficult (see for instance
Egilmez et al., 1990for a possible procedure). We are cur-
rently conducting studies to address this problem.

If the complex patterns cannot be explained by a dif-
ferential reproliferation rate with past reproductive history,
then the observed trajectories may actually reflect phys-
iological changes in individual yeast cells. The observed
age-dependent reproliferation rates would therefore, in this

case, be due to a non-constant and non-linear age-specific
frailty of the individuals. The risk of each individual to fail
to reproliferate would not be constant or increase with age,
but would show also a multi-peaked behavior with age. In-
terestingly, other components of fitness, such as stress resis-
tance, may demonstrate a similar multi-peaked pattern with
age. These studies are ongoing in our laboratory.
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