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Calorie restriction (CR) is often described as the most robust
manner to extend lifespan in a large variety of organisms. Hence,
considerable research effort is directed toward understanding the
mechanisms underlying CR, especially in the yeast Saccharomyces
cerevisiae. However, the effect of CR on lifespan has never been
systematically reviewed in this organism. Here, we performed a
meta-analysis of replicative lifespan (RLS) data published in more
than 40 different papers. Our analysis revealed that there is sig-
nificant variation in the reported RLS data, which appears to be
mainly due to the low number of cells analyzed per experiment.
Furthermore, we found that the RLS measured at 2% (wt/vol)
glucose in CR experiments is partly biased toward shorter lifespans
compared with identical lifespan measurements from other studies.
Excluding the 2% (wt/vol) glucose experiments from CR experi-
ments, we determined that the average RLS of the yeast strains
BY4741 and BY4742 is 25.9 buds at 2% (wt/vol) glucose and 30.2
buds under CR conditions. RLS measurements with a microfluidic
dissection platform produced identical RLS data at 2% (wt/vol)
glucose. However, CR conditions did not induce lifespan extension.
As we excluded obvious methodological differences, such as tem-
perature and medium, as causes, we conclude that subtle method-
specific factors are crucial to induce lifespan extension under CR
conditions in S. cerevisiae.

In the last decades, a nutritious diet low in calories, commonly
referred to as calorie restriction (CR), has been reported to
extend the lifespan of a broad range of organisms, such as yeast,
worms, fruit flies, mice, rats, and monkeys (1-6). This seemingly
evolutionary conserved effect of CR on aging has sparked in-
tense investigation into its underlying molecular mechanisms,
especially in the budding yeast Saccharomyces cerevisiae (7-10).
Some studies suggest that nutrient-responsive pathways, such as
target of rapamycin (TOR), protein kinase A (PKA), and Sch9
(11), mediate CR-induced lifespan extension, whereas others
hypothesize that CR increases the activity of sirtuin deacetylases
(e.g., SIR2) extending lifespan by suppressing ribosomal DNA
recombination (9, 12, 13).

In S. cerevisiae, lifespan can either be defined by the time cells
remain viable in absence of nutrients, called chronological life-
span, or by the number of daughter cells a yeast cell produces
during its life, which is referred to as replicative lifespan (RLS)
(14). Although RLS can vary greatly between individual yeast
cells, the average RLS (i.e., across a population of cells) is as-
sumed to be a genotypic trait (15-19). However, besides CR,
other environmental conditions, such as pH and carbon source,
are known to have a strong impact on RLS (20, 21).

Here, through a systematic analysis of RLS data of S. cerevisiae
using data from more than 27,000 cells, we obtained indication
that small sample sizes might be the cause for the often ob-
served significant variation between RLS data. Further, we
identified that partly biased data exists. After removing such
biased data, we determined the literature-wide average RLS of
BY4741 and BY4742 at 2% (wt/vol) glucose and under CR
conditions. As small sample sizes are inherent to the laborious
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microdissection technique most commonly used to measure RLS,
we performed additional aging experiments with a recently de-
veloped microfluidic dissection platform that allows acquisition
of data for large numbers of cells in a fully automated manner
(22). Although identical RLSs were measured at 2% (wt/vol)
glucose with the microfluidic dissection platform as with the
classical microdissection method, CR failed to extend lifespan
in the microfluidic dissection platform. After excluding fac-
tors, such as temperature and medium composition, we con-
clude that, in yeast, lifespan extension under CR conditions
requires subtle method-specific factors.

Results

RLS Data Harbor Significant Variation. We gathered RLS data for
the yeast strains BY4741 and BY4742 because of the consider-
able amount of lifespan data that have been published for these
relatively long-lived haploid yeast strains. In total, 220 lifespan
measurements from 41 papers were collected (Dataset S1), with
an average RLS between 19.4 and 41.1 buds (Fig. 14). Because
the lifespan measurements were performed in various laborato-
ries using different glucose percentages and strains with different
mating types (Fig. 1B), we determined how these variables in-
dividually affected RLS using a linear mixed model (23) (for
details about the model, see SI Text and Tables S1 and S2).
The results of the linear mixed model showed that a reduction
in glucose percentage from 2% (wt/vol) to 0.5% or 0.05%
resulted in an increase in RLS (Fig. 1C; linear mixed model: P <
0.001). However, the RLS determined at 0.5% and 0.05%
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Fig. 1. Replicative lifespan measurements harbor significant variation. (A) Overview of all lifespan curves at 2% (wt/vol) glucose gathered from 41 different
papers for BY4741 and BY4742. (Inset) The RLS curve with the lowest and highest reported RLS for 2% (wt/vol) glucose (gray lines) and CR conditions (dashed
lines). (B) Subdivision of the gathered lifespan data over variables, such as glucose percentage [2%, 0.5%, and 0.05% (wt/vol) glucose], strain (BY4741,
BY4742, or an aggregate of BY4741 and BY4742), and laboratory (see Dataset S1 for details about laboratory). (C and D) Overview of the RLS published for
different glucose percentages (C) and individual laboratories [D, only 2% (wt/vol) glucose]. Median RLS is indicated with a line inside the box plot. The box

represents the first and third quartiles and the whiskers 1.5 times the interquartile range. Each RLS measurement is indicated by a dot.

glucose was identical (linear mixed model: P = 0.476), contra-
dictory to earlier studies (6, 24). Although there was no effect of
mating type (BY4741 or BY4742) on lifespan (linear mixed
model: P = 0.1; Fig. S1), we found that the variable “laboratory”
had a strong impact on RLS (Fig. 1D; e.g., laboratory 1 vs. labo-
ratory 8, ¢ test: P < 0.001), suggesting that ambiguous differences

between lifespan measurements (e.g., incubation times and
preculture methods) may have a strong impact on RLS.

We observed that variation in RLS was not only present be-
tween laboratories, but to a varying degree also within labora-
tories (Fig. S2). We hypothesized that the number of cells
analyzed per experiment might have caused this variation. To
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Fig. 2. The average RLS at 2% (wt/vol) glucose in CR studies are biased toward shorter RLS. (A) Plot showing the measured RLS vs. the number of cells
analyzed. Three outliers, which had a RLS of more than 10 buds longer than the average RLS determined for all 2% (wt/vol) glucose lifespan curves gathered
in this study (25.8 + 0.1 buds), were removed from the plot. As the sample size of the experiment increases, the reported RLS deviates less from the average
RLS. (B) Density plot comparing the RLS measured under CR conditions (30.2 + 0.3 buds) with the RLS measured at 2% (wt/vol) glucose in the accompanying CR
control experiments (23.4 + 0.3 buds) and in all other control experiments (25.9 + 0.1 buds). (C) Overview of lifespan curves for BY4741 from Kruegel et al.
(26). The lifespan curve obtained under CR conditions (curve 10, dashed black line) overlaps with most of the lifespan curves measured at 2% (wt/vol) glucose
(gray lines). The CR control experiment at 2% (wt/vol) glucose (curve 9, black line) is exceptionally short-lived relative to all of the other lifespan curves. (Inset)
Box-plot with the distribution of the median RLS reported for WT BY4741 in Kruegel et al. (26). Curve 9 is the single outlier.
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understand the effect of sample size on experimental variation,
we used a modified funnel plot, in which sample size is plotted
against the measured RLS (Fig. 24). This plot shows an inverse
relationship between sample size and the average RLS de-
termined from all literature data. Measurements with a small
sample size are scattered over a broad range of lifespans at the
bottom of the graph, whereas measurements with a larger sample
size converge toward the average RLS of all lifespan curves.
Apparently, high numbers of cells are necessary to reliably esti-
mate RLS. In fact, we determined using sample size estimation
(25) that in order to reliably measure the effect of CR on repli-
cative lifespan at least 100 cells need to be analysed per lifespan
curve. However, in most studies, only a limited number of cells are
analyzed per experiment (median of 59 cells per experiment),
which means that most studies are too small to reliably determine
the effect of environmental and genetic perturbations on RLS.

RLS Measured at 2% Glucose Is Shorter in CR Studies Compared with
Other Studies. During our data analysis, we further noticed that
the RLS reported at 2% (wt/vol) glucose in CR experiments was
generally lower compared with those in other experiments in
which the effect of CR on RLS was not measured (23.4 + 0.3 vs.
25.9 + 0.1 buds; P < 0.001; Fig. 2B; for overview of median RLS,
see Dataset S1). Even within papers that studied CR, the average
RLS at 2% (wt/vol) glucose was lower for controls of CR
experiments than for other controls, which were not associated
with CR experiments (23.4 + 0.3 vs. 25.8 + 0.1 buds; P < 0.001;
Fig. S3). To illustrate this point, we focused on a study by
Kruegel et al. (26) that reports an average RLS of 21.5 buds for
2% (wt/vol) glucose (Fig. 2C, curve 9) and 27.1 buds under CR
conditions (Fig. 2C, curve 10). Although this comparison shows
a substantial increase in lifespan under CR conditions (i.e., from
21.5 to 27.1 buds, P = 0.036), we discovered that the 2% (wt/vol)
glucose control curve (curve 9) linked to the CR experiment
(curve 10) had a significantly shorter RLS than all of the other 10
lifespan curves for 2% (wt/vol) glucose reported in the same
paper (Fig. 2C, Inset). Moreover, we found that the RLS under
CR conditions (curve 10) is not significantly different from the
majority of the RLS measured at 2% (wt/vol) glucose (Fig. S4).
Thus, the significant lifespan extension reported under CR
conditions in this specific paper is solely caused by an unusually
short-lived control experiment.

Because the average RLS reported for 2% (wt/vol) glucose
controls in CR experiments was on average significantly shorter
than the ones of other 2% (wt/vol) glucose measurements (Fig.
2B), we removed all 2% (wt/vol) glucose data originating from
CR control curves from our dataset (22 of 220 lifespan curves).
On the basis of the remaining literature data, we then de-
termined that the average RLS of BY4741 and BY4742 is 25.9 +
0.1 buds under 2% (wt/vol) glucose conditions and that CR
conditions extend the average RLS by 18% to 30.2 + 0.3 buds
(P < 0.001). When we performed microdissection experiments
ourselves, we measured RLS for BY4741 that were almost
identical to those determined from the consolidated literature
data [25.5 + 0.9 buds at 2% (wt/vol) glucose (n = 102 cells) vs.
30.4 + 1.0 buds at 0.5% glucose (n = 102 cells); P < 0.001;
Fig. S5].

CR Does Not Extend Replicative Lifespan in a Microfluidic Dissection
Platform. As the classical microdissection method is a labor in-
tensive technique to determine RLS, especially when larger
sample sizes are required, we questioned whether the recently
developed microfluidic dissection methods (22, 27, 28) could
generate similar lifespan data. The advantage of using a micro-
fluidic dissection method is that RLS can be measured in a
semiautomated manner with a large number of cells under
constant environmental conditions, i.e., without incubation at
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low temperature during the night and with constant glucose
concentration.

We performed a series of 10 independent RLS measurements
at 2% and 0.5% (wt/vol) glucose with the microfluidic dissection
platform developed by Lee et al. (22). Although at 2% (wt/vol)
glucose the RLS measured with the microfluidic dissection
platform was similar to the average RLS that we determined
from the literature (26.5 + 0.5 vs. 25.9 + 0.1 buds; P = 0.8), we
could not find any lifespan extending effect of CR with the
microfluidic dissection platform. Instead, the RLS at 0.5% glu-
cose was identical to the RLS measured at 2% (wt/vol) glucose
(25.9 £ 0.7 vs. 26.5 + 0.5 buds; Fig. 3; P = 0.11). Also for the
longer-lived prototrophic yeast strain YSBN6 (29), we could not
observe any CR-induced lifespan extension with the microfluidic
dissection platform (35.3 + 0.9 vs. 35.3 + 0.8 buds; P = 0.42;
Fig. S6).

We hypothesized that a reduction in the glucose concentration
of the medium may be sensed differently by the cells inside the
microfluidics dissection platform compared with those on an
agar plate. For instance, in the microfluidic setup, cells are
completely surrounded by a flow of medium, while on an agar
plate, a diffusion limitation could exist, which could generate
a lower effective glucose concentration in CR experiments,
leading to lifespan extension. We therefore performed additional
RLS measurements with the microfluidic dissection platform
with lower glucose concentrations, i.e., 0.25%, 0.1%, and 0.05%
glucose. However, at these lower glucose concentrations, we
obtained RLS values similar to those obtained at 2% (wt/vol)
glucose [i.e., for 0.25% glucose, 25.5 + 0.7; for 0.1% glucose, 27.9 +
1.0; and for 0.05% glucose, 24.6 + 0.8 vs. 26.5 + 0.5 buds for 2%
(wt/vol) glucose; Fig. S7] and therefore no significant effect of CR
on RLS.
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Fig. 3. CR does not elicit a robust extension of replicative lifespan. With the
microfluidic dissection platform, we measured an average RLS of 26.5 + 0.5
buds (n = 2,806 cells of which 2,409 were washed out before death) at 2%
(wt/vol) glucose and 25.9 + 0.7 buds at 0.5% glucose (n = 2,055 cells of which
1,716 were washed out before death). Here, CR does not extend RLS.
However, with the classical dissection method RLS is extended from 25.8 +
0.9 buds at 2% (wt/vol) glucose (n = 122 cells) to 29.6 + 0.9 buds at 0.5%
glucose (n = 129 cells) The classical dissection and microfluidic experiments
were both performed with YNB medium and at a constant incubation
temperature of 30 °C.
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CR-Induced Lifespan Extension Depends on Method-Specific Factors.
As the experimental conditions with the microfluidic dissection
platform and the classical microdissection technique are slightly
different, e.g., in the microfluidic dissection platform temperature
cycles are absent and synthetic complete (SC) medium is used
instead of yeast peptone dextrose (YPD) medium, we wondered
whether these factors played a role in eliciting a CR-induced
lifespan extension. We therefore performed microdissection
experiments with BY4741 on SC medium. Further, to avoid tem-
perature cycles, we dissected cells continuously inside a 30 °C
room. Under these conditions, we obtained an RLS of 25.8 + 0.9
buds at 2% (wt/vol) glucose (rn = 129 cells) and 29.6 + 0.9 buds at
0.5% glucose (n = 122 cells), which both correspond well with
the average RLS determined from our meta-analysis [for 2%
(wt/vol) glucose, 25.8 + 0.9 buds vs. 25.9 + 0.1 buds; P = 0.9; for
0.5% glucose, 29.6 + 0.9 buds vs. 30.3 + 0.4 buds; P = 0.4; Fig. 3].
Apparently, factors, such as the use of SC or YPD medium and
the absence or presence of periods of lower temperature (4 °C),
have no significant effect on the CR-induced extension of RLS.
We therefore conclude that subtle method-specific factors, e.g.,
growth on a solid surface or handling with a needle, are crucial to
elicit a CR-induced RLS extension.

Discussion

Although numerous studies reported lifespan extension in
S. cerevisiae in response to CR, our meta-analysis uncovered
several problems with the currently available RLS data, such as
differences in the measured RLS between laboratories, short-
lived 2% glucose CR controls, and small sample sizes. The sig-
nificant variation that we observed between RLS measurements
could explain several contradictions that exist about CR in lit-
erature, such as whether the histone deacetylase SIR2 (9, 30, 31)
or the ability to respire are required for CR-induced lifespan
extension (32, 33), whether CR is able to extend RLS in the yeast
strain W303 (9, 13, 30), and whether the optimal glucose con-
centration for CR is at 0.5% or 0.05% glucose (24, 32). In fact, in
our dataset, the RLS was identical in the presence of 0.05% and
0.5% glucose.

Based on our literature analysis of RLS data, we determined
that the average RLS of the yeast strains BY4741 and BY4742
on 2% (wt/vol) glucose is 25.9 buds and 30.2 buds under CR
conditions (0.5% and 0.05% glucose YPD medium). These av-
erage RLS values could serve as reference values in future yeast
aging studies. In addition, we recommend that lifespan curves
are generated with at least 100 cells to obtain more reliable RLS
measurements. In this study, we obtained identical lifespans for
BY4741 at 2% (wt/vol) glucose with the microfluidics dissection
platform as with the classical dissection technique (26.5 + 0.5 vs.
25.8 + 0.9 buds; P = 0.3). However, we were unable to observe
any CR-induced lifespan extension using the microfluidic dis-
section platform. This discrepancy between the two methods
cannot be explained by differences in medium, the absence of
temperature cycles or by a general inability of the microfluidic
dissection platform to generate lifespan extension, because we
previously demonstrated that the microfluidic platform gen-
erates identical RLS data for several longevity mutants as the
classical dissection method [e.g., median RLS of 32 vs. 34 buds
for fobIA and 13 vs. 13 buds for sir2A (22)]. Thus, apparently,
CR-induced lifespan extension also depends on subtle, yet un-
known, differences between the methods used to determine RLS.

In other organisms, methodology was also shown to be of key
importance on the effect that CR has on lifespan. For example,
although an initial study suggested that Rhesus monkeys live
longer under CR conditions (3), a recent study found no evi-
dence for CR-induced lifespan extension (34). The key differ-
ence between these studies appears to be the exact composition
of the diet of the monkeys (34). Also in Drosophila (35), the
effect of calorie restriction was not merely dependent on the
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amount of calories in the diet, but on the ratio of yeast and sugar
in the diet. Overall, these recent developments suggest that
lifespan extension by CR is not as robust as once believed.

Materials and Methods

Data Acquisition from the Literature. Replicative lifespan curves from the
literature were digitized using the GetData Graph Digitizer 2.25. In case there
was no information provided about the number of cells used to generate the
RLS curve, we inferred the cell number from the smallest step decrease in
the fraction of viable cells. Dataset S1 provides a comprehensive overview of
the gathered data.

Statistical Analysis. Meta-analysis of lifespan data were performed using a
linear mixed model (23). Survival curves were compared with each other
using the log-rank test (36). For each condition the average replicative
lifespan was given with the SE. Median RLS for all conditions can be found in
Dataset S1. An overview of all lifespan data acquired in this study can be
found in Dataset S1.

Strains, Media, and Cultivation. Lifespan measurements were performed with
BY4741 and YSBN6 [MATa FY3 ho:HphMX4 (29)], which is derived from
$288c. YPD plates were prepared by adding 20 g/L agar to complete rich
medium (50 g/L YPD; Formedium). Minimal medium [6.9 g/L yeast nitrogen
base (YNB); Formedium] supplemented with filter-sterilized glucose (p-glucose
monohydrate; Sigma) was used for liquid cultures. For BY4741, SC medium
was used, which is minimal medium to which complete supplemental mix-
ture was added (790 mg/L). A glucose concentration of 20 g/L [2% (wt/vol)
glucose] was used for control experiments and 5 g/L [0.5% (wt/vol) glucose],
2.5 g/L [0.25% (wt/vol) glucose], 1 g/L [0.1% (wt/vol) glucose], and 0.5 g/L
[0.05% (wt/vol) glucose] for calorie restriction experiments. One or 2 d before
the experiment, cells were taken from the —80 °C freezer, streaked on YPD
plates, and incubated overnight at 30 °C. A single colony was used to inoculate
a 100-mL flask containing 10 mL SC medium with 2% (wt/vol) glucose. The
flask was then incubated overnight at 30 °C with shaking at 300 rpm (Climo-
Shaker ISF1-x, Kihner AG, Switzerland). The next morning, the culture was
diluted (~30 pL) into a new 100-mL flask containing 10 mL medium with 2% or
0.5% (wt/vol), 0.25% (wt/vol), 0.1% (wt/vol), or 0.05% (wt/vol) glucose to yield
an ODgoonm Of 0.3 after roughly 8 h. The culture was then diluted again and
incubated overnight to yield an ODggonm Of about 0.3 the next morning at the
start of the aging experiment. This preculture procedure ensured that the cells
were growing exponentially at the start of the RLS measurements. For 0.25%
or 0.05% (wt/vol) glucose, the cultures were grown to an ODggonm Of 0.05-0.1
to ensure that the cells were still growing exponentially at the start of the
aging experiment.

RLS Measurements with the Microfluidic Dissection Platform. RLS was de-
termined using a microfluidic dissection platform (22, 37) and an inverted
fluorescence microscope (Eclipse Ti-E; Nikon Instruments). The microscope was
placed in an incubator (Life Imaging Services) for cultivation at 30 °C. Brightfield
images were taken every 10 min for ~100-120 h using a UV blocking filter
and 60x objective (CFI Plan Apo; Nikon; NA = 1.4; working distance = 0.13
mm). Replicative lifespan was determined for each cell by counting the
number of buds produced during its entire life. Experimental data obtained
from cells that were washed out before death were incorporated into the
lifespan curve as right-censored data using Kaplan-Meier analysis (38).

RLS Measurements with the Microdissection Technique. At the start of each
experiment, cells were taken from a frozen —80 °C stock and streaked on a
fresh YPD plate containing 2% (wt/vol) glucose. Cells were then grown for 2 d at
30 °C before being restreaked on a fresh YPD plate containing either 2% or
0.5% (wt/vol) glucose. The following day, the cells were streaked again on fresh
YPD or SC plates containing either 2% or 0.5% (wt/vol) glucose and allowed to
grow for another 12 h before being restreaked very thinly on a fresh plate. The
cells were then incubated for 12 h at 30 °C. The very faint colonies present on the
plate were then used to create small patches on each microdissection plate. In
general, only one patch of cells was made per microdissection plate. The mi-
crodissection plates were then incubated for another 2-3 h before the start of
the experiment.

Plates intended to be used for microdissection contained 50 mL of medium
plus agar and were allowed to dry for 2 d on the laboratory bench to remove
excess water before the start of the experiment. During the experiment, each
individual microdissection plate was kept inside a plastic bag with a wet towel
to prevent desiccation. All other plates used for initial plating before the mi-
crodissection experiment were parafilmed to prevent dessication. A SporePlay
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dissection microscope (Singer Instruments) equipped with a 50-um—-diameter
dissection needle (Singer Instruments) was used to perform the microdissec-
tion experiments. Small groups of cells, which produced one to two buds in the
2- to 3-h incubation time before the start of the experiment, were gathered
and rapidly moved to a fresh position on the agar plate for virgin daughter cell
selection. It appeared crucial for overall cell viability to keep the amount of
time that the cells spend in the microdissection needle to a bare minimum.
Replicative lifespan measurements were then performed as described by
Steffen et al. (39) with the exception that the fridge incubation steps were
omitted, and cells were dissected 24 h/d in a 30 °C room during the entire
lifespan measurement (roughly 5 d).
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