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Stationary-growth-phase Saccharomyces cerevisiae yeast cultures consist of nondividing cells that undergo chronological aging.
For their successful survival, the turnover of proteins and organelles, ensured by autophagy and the activation of mitochondria,
is performed. Some of these processes are engaged in by the actin cytoskeleton. In S. cerevisiae stationary-phase cells, F actin has
been shown to form static aggregates named actin bodies, subsequently cited to be markers of quiescence. Our in vivo analyses
revealed that stationary-phase cultures contain cells with dynamic actin filaments, besides the cells with static actin bodies. The
cells with dynamic actin displayed active endocytosis and autophagy and well-developed mitochondrial networks. Even more,
stationary-phase cell cultures grown under calorie restriction predominantly contained cells with actin cables, confirming that
the presence of actin cables is linked to successful adaptation to stationary phase. Cells with actin bodies were inactive in endocy-
tosis and autophagy and displayed aberrations in mitochondrial networks. Notably, cells of the respiratory activity-deficient
cox4� strain displayed the same mitochondrial aberrations and actin bodies only. Additionally, our results indicate that mito-
chondrial dysfunction precedes the formation of actin bodies and the appearance of actin bodies corresponds to decreased cell
fitness. We conclude that the F-actin status reflects the extent of damage that arises from exponential growth.

Once glucose and other external nutrients are exhausted, cell
division stops and Saccharomyces cerevisiae cells are able to

survive for extended periods of time. This period of survival has
been termed chronological aging and has become a model for
aging of postmitotic tissues (1, 2). The cells in these nondividing
stationary-phase cell cultures are often termed quiescent (Q) cells
(3, 4). Some authors claim that stationary-phase yeast cell popu-
lations are heterogeneous and only a portion of them have char-
acteristics of quiescence (5, 6). The ability to survive the period of
scarcity of external nutrition and reproduce again upon refeeding
is influenced by several life span-extending genetic and environ-
mental interventions. One of the most cited is calorie restriction
(CR) (7).

In general, cells that are in a nutrient-poor environment acti-
vate processes that help them to efficiently utilize inner resources
and thus prolong the life span. A catabolic process that has a pos-
itive impact on chronological aging is autophagy, which provides
nutrients by the vacuolar degradation of damaged or superfluous
macromolecules and organelles (8, 9). In addition, Fabrizio et al.
demonstrated that the deletion of several genes encoding endo-
somal functions also shortens the life span (8). Note that some of
them have not been directly implicated in autophagy (8). The
efficient utilization of resources is ensured by the activation of
mitochondrial respiration. It has been proved that the utilization
of carbohydrate stores by respiration instead of glycolysis extends
the life span (10, 11), and mitochondrial dysfunctions cause its
shortening (12). Endosome movement, selective types of au-
tophagy, and the quality control of mitochondria are engaged in
by the actin cytoskeleton (13–15).

The actin cytoskeleton has been studied in various types of
eukaryotic cells. It is generally accepted to play a key role in essen-
tial cellular processes, including movement, protein trafficking
and secretion, cell division, and growth. In the yeast S. cerevisiae,
the actin cytoskeleton is composed of three morphologically dis-

tinct structures: cortical actin patches (here referred to as
patches), actin cables (here referred to as cables), and the actomy-
osin ring (16). Patches, sites of endocytic plasma membrane up-
take, are networks of branched actin filaments (17). The actin
turnover in these structures provides the force required for non-
linear cortical patch movement and for elongation of membrane
invagination (18, 19). The rapid linear movement of patches,
which is typical for the last step of endocytosis, is mediated by
cables (13, 18). The cables are long bundles of short overlapping
actin filaments that serve as tracks for a molecular motor-depen-
dent transport of various cargoes (20). Their assembly depends on
formins Bni1 and Bnr1 (21), whose localization is cell cycle depen-
dent (22).

The yeast actin cytoskeleton is responsive to environmental
stresses. Therefore, it is regarded as a sensor, as changes of its
status are linked to the cell’s fate (23). The actin cytoskeleton is
transiently depolarized upon heat shock (24, 25) and osmotic
stress (26, 27). The formation of oxidized actin bodies during
acute oxidative stress has been reported (28). The F-actin aggre-
gates, named actin bodies, were observed in stationary-phase cells,
and their occurrence has been linked to quiescence (4). On the
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other hand, the formation of actin aggregates after the reduction
of actin dynamics in post-diauxic-phase cells leads to the dysfunc-
tion of mitochondria followed by apoptosis (29). Notably, most of
these observations were obtained on fixed cells using phalloidin
staining of F actin.

Live-imaging analyses of cables labeled by actin binding pro-
tein Abp140 fused to green fluorescent protein (GFP) significantly
extended common knowledge about the dynamics and persis-
tence of cables. The work of Yu et al. revealed the different dynam-
ics and motility of cables in polarized and unpolarized cells in the
exponential phase (30). Additionally, in vivo observations of ca-
bles under conditions of acute glucose depletion revealed the sta-
bilization of cables (31), albeit previous observations of fixed cells
detected the persistence of depolarized patches only (32). This in
vivo approach has not yet been used for monitoring of actin cables
in post-diauxic and stationary phases.

Here we report, with the help of only in vivo observations of the
actin cytoskeleton, that stationary-phase cultures consist of two
live cell subpopulations, namely, cells with a dynamic actin cyto-
skeleton and cells with static actin bodies. This heterogeneity was
observed under various conditions of cultivation (in synthetic
complete medium, in rich yeast extract, peptone, and glucose
[YPD] medium, and under conditions of calorie restriction). The
cells with dynamic actin displayed active endocytosis and au-
tophagy and a well-developed mitochondrial network. On the
contrary, in cells with actin bodies, endocytosis and autophagy
were inactive and these cells contained an aberrant mitochondrial
network. Similar changes to the shape of the mitochondria were
visible in respiratory activity-deficient cells of a cox4� strain. The
majority of these respiratory activity-deficient cells contained ac-
tin bodies in early stationary phase. As the presence of actin cables
is linked to a well-developed mitochondrial network, we conclude
that the occurrence of a dynamic actin cytoskeleton indicates suc-
cessful adaptation for survival in stationary phase.

MATERIALS AND METHODS
Yeast strains, plasmids, and growth conditions. Unless specified other-
wise, yeast cells were grown in synthetic complete (SC) medium (0.17%
yeast nitrogen base without amino acids and ammonium sulfate, 0.5%
ammonium sulfate, and a complete or appropriate mixture of amino
acids supplemented with 2% or 0.5% glucose) at 25°C for up to 7 days or
12 days. For the observation of cables in post-diauxic phase/stationary
phase in rich medium, yeast cultures were grown in YPD medium (1%
yeast extract, 2% peptone, 2% glucose) at 30°C. The starting concentra-
tion of cells for long-term cultivations was 5 � 106 cells/ml. Cells were

cultivated in 10 ml of SC medium in 100-ml Erlenmeyer flasks. For selec-
tion, the respective amino acid was omitted from the dropout mix or the
appropriate antibiotic was added to the medium. Survival plating was
done on YPD agar plates (2% agar) incubated for 3 to 5 days at 28°C,
depending on the strain. For recovery of the actin cytoskeleton, fresh SC
medium was added directly to pelleted aged cells that had already been
positioned on a glass slide. Standard methods were used for all DNA
manipulations.

The newly constructed stains used in this study are listed in Table 1. All
strains used in this study are isogenic to strain BY4741 (MATa his3�1
leu2�0 met15�0 ura3�0), available from Euroscarf. Yeast strains carrying
GFP fusions of the BNI1, BNR1, MYO2, WHI5, TOM20, and RSM23 genes
were obtained from Invitrogen (33). All other chromosomal tagging
(GFP/mCherry/TagRFP-T) and deletions were created by one-step tar-
geted integration of a DNA cassette created by PCR (34, 35). The correct
integration was proved by PCR. Specifically, the COX4 gene was deleted
by use of a disruption cassette amplified from the vector pUG72 (36). The
ABP140 and ABP1 genes were fused to GFP on its C terminus using a
cassette that originated from the vector pKT128 (37). The genomic C-ter-
minal mCherry fusion of the SAC6 gene was created with a cassette that
originated from the vector pFM699 (kindly provided by M. Farkasovsky,
Slovak Academy of Sciences, Slovakia). The ABP140 gene was also fused to
the photostable TagRFP-T version of red fluorescent protein (RFP) (38)
on its C terminus using a cassette that originated from the vector pIM700.
The cassette was produced by inserting a SalI-BamHI fragment contain-
ing the gene encoding TagRFP-T, which was amplified by PCR, on pFA-
TagRFP-T-URA3 (plasmid pEE10; a kind gift of M. Whiteway, McGill
University, Montreal, Quebec, Canada) as the template into the vector
pFM699. Details of the plasmid and strain constructions are available
upon request. Centromeric plasmid pRS316 GFP-ATG8, used for the
monitoring of autophagy, was kindly provided by Yoshinory Ohsumi
(Tokyo Institute of Technology, Tokyo, Japan). Yeast transformation was
done by high-efficiency yeast transformation (39). Escherichia coli strain
DH5� [F� endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR nupG
�80dlacZ�M15 �(lacZYA-argF)U169, hsdR17(rK

� mK
�) ��] was culti-

vated in LB medium (1% tryptone, 0.5% yeast extract, 1% NaCl) and used
for plasmid propagation.

Growth curve, clonogenic assay, and cell viability. The strains were
cultivated in SC medium at 25°C. The starting concentration of the cells
was the same as that of the cells used for microscopic observations (5 �
106 cells/ml). To obtain the growth curve, the growth of the yeast culture
was monitored by determining of the concentration of cells by the use of
a CASY cell counter (Scharfe System) at the time points indicated below.
Note that the volume of the stationary-phase cultures that had evaporated
was refilled before every measurement of the concentration of the cells.
The ability to reproduce was determined by a clonogenic assay. The con-
centration of cells was counted by the use of a CASY cell counter (Scharfe
System), and after serial dilution, 150 cells were plated on YPD plates. Two

TABLE 1 Yeast strains constructed in this study

Strain Genotypea

CRY1673 MATa his3�1 leu2�0 met15�0 ura3�0 ABP140-GFP::HIS3MX6
CRY1778 MATa his3�1 leu2�0 met15�0 ura3�0 cox4::URAMX
CRY1872 MATa his3�1 leu2�0 met15�0 ura3�0 ABP1-EGFP::HIS3MX6 SAC6-mCherry::natNT2
CRY1886 MATa his3�1 leu2�0 met15�0 ura3�0 ABP140-EGFP::HIS3MX6 SAC6-mCherry::natNT2
CRY1959 MATa his3�0 leu2�0 met15�0 ura3�0 WHI5-GFP::HIS3MX6 ABP140-TagRFP-T::natNT2
CRY1978 MATa his3�1 leu2�0 met15�0 ura3�0 cox4::URAMX ABP140-EGFP::HIS3MX6
CRY2097 MATa his3�0 leu2�0 met15�0 ura3�0 TOM20-GFP::HIS3MX6 ABP140-TagRFP-T::natNT2
CRY2098 MATa his3�0 leu2�0 met15�0 ura3�0 RSM23GFP::HIS3MX6 ABP140-TagRFP-T::natNT2
CRY2115 MATa his3�0 leu2�0 met15�0 ura3�0 MYO2-GFP::HIS3MX6 ABP140-TagRFP-T::natNT2
CRY2116 MATa his3�0 leu2�0 met15�0 ura3�0 TOM20-GFP::HIS3MX6 ABP140-TagRFP-T::natNT2 cox4::URAMX
CRY2134 MATa his3�1 leu2�0 met15�0 ura3�0 ABP140-TagRFP-T::natNT2/pRS316 GFP-ATG8
a EGFP, enhanced green fluorescent protein.
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independent serial dilutions and three platings for every dilution were
done. After 3 to 5 days, the CFU were counted and the percentage of
reproducing cells was calculated. Alternatively, the amount of dead cells
was measured via propidium iodide (PI; Sigma-Aldrich) staining. For PI
staining, cells (0.5 � 107) were pelleted and resuspended in 100 	l of
citrate buffer, and then PI (final concentration [f.c.], 30 	M) was added.
Cells were incubated for 10 min in Eppendorf tubes in an Eppendorf
mixer (25°C, 550 rpm) and then once washed with citrate buffer and
imaged by wide-field microscopy at room temperature. The cells with an
elevated PI fluorescence were counted, and their percentages were calcu-
lated.

Disruption of F actin using LatB treatment. (i) Sensitivity of the
actin cytoskeleton to LatB in stationary-phase cells. Two- and 7-day-old
cell cultures were diluted (2 � 107 cells/ml) using conditioned medium
from a culture of the same age. Latrunculin B (LatB; Sigma-Aldrich) was
added to a concentration of 20 	M, and the cells were incubated in an
Eppendorf mixer (25°C, 550 rpm). Cells were imaged at the time points
indicated below, and Abp140-GFP localization was determined.

(ii) Extent of GFP-Atg8 vacuolar accumulation after disruption of F
actin. One-day-old cell cultures expressing GFP-Atg8 were diluted (2 �
107 cells/ml) with the conditioned medium, LatB was added to a final
concentration of 100 	M, and these cells were incubated in 12-well plates
in an Eppendorf mixer (25°C, 550 rpm) for an additional 1 day. The
control cells were incubated with dimethyl sulfoxide (DMSO; 0.25%).
The cells were imaged, and the intensity of GFP-Atg8 in the vacuole and in
the cytoplasm was measured (for details, see “Autophagy” below).

Endocytosis. Endocytosis was monitored by determination of the in-
ternalization of the lipophilic dye FM4-64 (Invitrogen). Briefly, 200 	l of
a 2- or 7-day-old cell culture was incubated with FM4-64 (f.c., 40 	M) for
100 min in an Eppendorf mixer (25°C, 550 rpm). Before imaging, the cells
were washed with the conditioned medium. In experiments where the role
of the actin cytoskeleton in FM4-64 internalization was tested, the cells
were pretreated with LatB (f.c., 100 	M) for 30 min, and then FM4-64 was
added and the cells were incubated for an additional 100 min.

Autophagy. The activation of autophagy was monitored by wide-field
microscopy as GFP-Atg8 vacuolar accumulation. For quantification of
the vacuolar/cytoplasmic (V/C) GFP-signal ratio, the GFP fluorescence
and differential interference contrast (DIC) images were merged and then
analyzed on an xcellence rt platform (Olympus Cell-R). Note that most of
the cells in the stationary growth phase displayed a distinguishable vacuole
on the DIC image. To obtain average gray values (mean fluorescence
intensities) in the vacuole and in the cytoplasm, the same round region of
interest (ROI) with a diameter 0.3 	m was used for both compartments.
The values obtained were analyzed using GraphPad Prism (version 6)
software.

Estimation of replicative age. Replicative age was determined by
counting of the number of bud scars stained by calcofluor white M2R
(CFW; Sigma-Aldrich). Two- and 7-day-old cell cultures (2 � 107 cells)
were incubated with CFW (f.c., 25 	M) for 15 min. Then, the cells were
washed with the conditioned medium and imaged. The cells were divided
into 5 groups, daughter cells (cells with no scars) and mother cells (cells
with 1 or 2, 3 or 4, 5 or 6, and 7 to 10 bud scars).

Fluorescence microscopy. The cells in the cultivation medium were
inspected, mounted on a glass slide, covered with a coverslip, and directly
imaged at room temperature. Only the first three snapshots of each sam-
ple were used for analysis. The distribution of various fusion proteins
(fused to GFP, TagRFP-T, or mCherry) was analyzed with a 100� Pla-
napochromat objective (numerical aperture [NA] 
 1.4); the PI fluores-
cence for scoring of PI-positive cells was analyzed with an Olympus 60�
Planapochromat objective (NA 
 1.35). An Olympus IX-81 inverted mi-
croscope equipped with an Hamamatsu Orca/ER digital camera and an
Olympus Cell R detection and analysis system was used. GFP fusions were
detected using GFP filter block (U-MGFPHQ; maximum excitation, 488
nm; maximum emission, 507 nm); mCherry and TagRFP-T fusions, PI,
and FM4-64 were detected using RFP filter block (U-MWIY2; maximum

excitation, 545 to 580 nm; maximum emission, 610 nm); and was detected
using blue fluorescent protein filter block (U-MFBFPHQ; maximum ex-
citation, 390 nm; maximum emission, 460 nm). Images were processed
and merged using Olympus Cell R (xcellence rt) and Adobe CS5 software.
Images presented as z-stacks are maximal projections of stacks obtained
using 0.6-	m steps. Images presented as T-stacks are the maximum-in-
tensity projection of the fluorescence from all captured frames. Deconvo-
lution of images obtained by z-sectioning was done by use of a Wiener
filter (WF). Deconvolution of images obtained by time-lapse microscopy
was done by use of a no-neighbor filter (NoNF).

Time-lapse setting. The image acquisition parameters were as follows:
for the images in Fig. 4A, 5D, 10B, and 11, 1 frame/4.5 s for 130.5 s; for the
images in Fig. 4B, 1 frame/1 s for 60 s; and for the images in Fig. 12C, 1
frame/4.5 s for 265.5 s.

Data reproducibility. In all graphs, bars indicate standard deviations.
The number of independent experiments (n) from which the mean values
were obtained is shown in each graph. In Fig. 1G and 12B, mean values of
percent CFU were obtained from 6 plates (see the information on the
clonogenic assay above). In Fig. 1B, 6B, 8C and D, and 9, representative
graphs of three experimental repeats are shown. In Fig. 1D and G, 6B, 7B,
and 12B, for each time point, more than 150 cells were scored for Abp140-
GFP localization. In Fig. 9, for each time point, more than 400 cells were
scored for the number of bud scars. In Fig. 1F and 7C, for each time point,
more than 600 cells were scored for PI fluorescence. In Fig. 8C and D, the
intensity of GFP-Atg8 fluorescence was measured in the vacuole and cy-
toplasm of more than 100 cells in each experiment.

RESULTS
The stationary growth phase of S. cerevisiae is associated with
F-actin heterogeneity. The actin binding protein Abp140 fused to
GFP has been successfully used to analyze the dynamics of cables
in live exponentially growing S. cerevisiae cells, and these in vivo
experiments noticeably extended existing knowledge about the
yeast actin cytoskeleton (30, 40). We applied this in vivo labeling to
inspect the reorganization of cables in chronologically aged cul-
tures. First, we defined when the yeast cultures grown in synthetic
complete (SC) medium at 25°C reach the stationary phase and
revealed that such cell cultures reached the stationary phase on
day 2, as the number of cells did not increase in the following days
(Fig. 1A). The cessation of cell proliferation and achievement of
the stationary growth phase were confirmed by nuclear localiza-
tion of Whi5-GFP in the majority of 2-day-old cells (Fig. 1B).
Note that Whi5 is the transcription repressor, and when it is lo-
calized in the nucleus, the G1/S transition is repressed (41, 42).
Then we analyzed the distribution of Abp140-GFP in the post-
diauxic phase (1 day) and in the stationary phase (2 days and 7
days) (Fig. 1C and D). Compared to exponentially growing cul-
tures containing only cells with cables, we found that 1-day-old
cultures contained cell with cables (88% � 3%), cells with actin
accumulations named actin bodies (11% � 2%) (4), and cells
without the specific Abp140-GFP fluorescence (nonfluorescent
[NF] cells; 1%). In cells with cables, the depolarized localization of
Abp140-GFP into the patches was often seen. All three types of
cells (cells with cables, cells with actin bodies, and NF cells) were
present when the culture reached the stationary phase (2 days),
but the proportion of each group changed. The amount of cells
with cables was smaller (60% � 6%) and the amount of cells with
bodies and NF cells was larger (34% � 7% and 5% � 3%, respec-
tively) in 2-day-old cultures than in 1-day-old cultures. Further
chronological aging (7 days) caused additional changes in the pro-
portions of all defined groups of cells. The amount of cells with
cables and bodies decreased (48% � 5% and 19% � 9%, respec-
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FIG 1 The stationary phase of S. cerevisiae is associated with F-actin heterogeneity. The age of the cell cultures is indicated. (A) The growth of a cell culture
expressing Abp140-GFP was monitored by cell counting. Blue, exponential and post-diauxic phases; red, stationary phase. (B) A Whi5-GFP fluorescence image
(z-stack) merged with a DIC image (opacity, 20%) is shown. (C) Cells expressing Abp140-GFP (WF, z-stack) are shown. Dotted outlines, cells with actin bodies;
red outlines, cells with no specific Abp140-GFP fluorescence (NF cells). (D) Stationary-phase cells (expressing Abp140-GFP) with actin structures (cables, bodies,
or no fluorescence) were scored. (E) The loss of cable polarity in stationary-phase budded cells expressing Abp140-GFP (WF, z-stack) is shown. (F) Stationary-
phase cells expressing Abp140-GFP (z-stack) stained with PI are shown; dotted outlines, the periphery of the cells. PI-positive cells were scored. (G) Cells
expressing Abp140-GFP were tested for their clonogenicity. The percentage of CFU and the localization of Abp140-GFP (cables, bodies, or no fluorescence) were
plotted for each time point. The results of three independent experiments are shown. d, days. Bars, 4 	m.
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tively) and the amount of NF cells was larger (34% � 8%) in
7-day-old cultures compared with the amounts in 2-day-old cul-
tures. Contrary to the bud-oriented polarity of cables in exponen-
tially growing cells, the cables in all budded stationary-phase cells
(2 and 7 days old) lost their orientation along the budded cell axis
and became randomly distributed along the cell cortex (Fig. 1E).
The loss of the cables’ polarity reflected the cessation of cell pro-
liferation and confirmed that the cells had reached the stationary
growth phase. To determine the proportion of dead cells, pro-
pidium iodide (PI) staining was performed. We found that the 2-
and 7-day-old cultures contained 3% and 29% dead cells, respec-
tively. Furthermore, the cells with either cables or actin bodies
displayed no PI staining, indicating that they were still alive (Fig.
1F). We also performed a clonogenic assay to determine the
amount of cells able to reproduce. We found that cells with cables
and cells with actin bodies were able to reproduce, as the percent-
age of CFU was nearly equal to the sum of the percentages of both
groups (Fig. 1G). This result underscores the results of the PI
staining experiments and suggests that both groups of cells were
alive and had the capacity to reproduce.

Previous observations of the actin cytoskeleton in chronolog-
ically aged cells revealed that after glucose exhaustion (the diauxic
shift), the cables disappeared and actin bodies were found in the
majority of cells within a few hours after the diauxic shift (4). As
the cables were visualized in these cells only by phalloidin staining
after fixation with formaldehyde, we used the same growth con-
ditions (rich YPD medium, 30°C) described previously (4). We
analyzed the distribution of Abp140-GFP in live cells to reveal
whether the presence of actin cables in chronologically aged cells
depends on the growth conditions or whether the detection of
actin structures is influenced by the method of F-actin labeling (in
vivo with Abp140-GFP or in vitro with phalloidin). Interestingly,
we found that post-diauxic-phase/stationary-phase cell cultures
that were grown in YPD medium were also heterogeneous and
also contained cells with cables and NF cells, besides cells with
actin bodies (Fig. 2). Note that we present here only the cortical
layers of the cells, as chronologically aged cells grown on YPD had
strong GFP fluorescence in vacuoles and the presentation of z-
stacks decreased the visibility of the cables. In addition, we also
labeled the actin cytoskeleton in 2-day-old cultures (SC medium,
25°C) with Alexa-phalloidin after fixation with formaldehyde,
and we did not detect, contrary to our in vivo observations, any
cells with cables (data not shown), confirming the previous obser-

vations of fixed cells (4, 10). Altogether, these results indicate that
cables are also present in chronologically aged cells grown in rich
YPD medium and that phalloidin staining and formaldehyde fix-
ation may destroy actin cables and induce the formation of actin
bodies. As the detection of GFP fluorescence and also RFP fluo-
rescence in chronologically aged cells grown in YPD medium is
influenced by strong fluorescence in vacuoles, we used SC me-
dium only in further experiments.

Growing cells of S. cerevisiae contain two main actin structures,
cables and patches. To reveal whether the stationary-phase cells
with cables also contain patches, we analyzed a strain expressing
Abp140-GFP and the actin bundling protein Sac6-mCherry, com-
monly used to label patches in vivo (43, 44). We found that the
cells of the 2-day-old cultures displayed cables, visualized by
Abp140-GFP, and patches, decorated by Sac6-mCherry (Fig. 3A).
In cells showing the accumulation of Abp140-GFP in actin bodies,
Sac6-mCherry lost its cortical localization and accumulated at the
same sites as Abp140-GFP. In 7-day-old cultures, we observed a
similar phenomenon (not shown). To confirm that branched ac-
tin filaments of patches participate in the formation of bodies, we
used another marker of patches, actin binding protein Abp1 (45,
46). In 2-day-old cells expressing Sac6-mCherry and Abp1-GFP,
we observed that both fluorescent fusions either were localized in
patches or accumulated in actin bodies (Fig. 3B). As the actin
bodies were recognized by the marker of cables as well as two
markers of patches, we suggest that these actin structures are com-
posed of F actin, in which the sites for protein binding cables and
patches are maintained.

Altogether, we concluded that F actin is structurally heteroge-
neous in chronologically aged cells. Two subpopulations of cells

FIG 2 The stationary-phase cells of S. cerevisiae grown in rich YPD medium contain actin cables. The cortical layers of cells expressing Abp140-GFP (WF) and
DIC images are shown. The age of the cell cultures is indicated. Bars, 4 	m.

FIG 3 The markers of cortical actin patches also point to F-actin heterogeneity in
stationary-phase cells. Two-day-old cells expressing Abp140-GFP (WF; z-stack)
and Sac6-mCherry (z-stack) (A) or Abp1-GFP (z-stack) and Sac6-mCherry
(z-stack) (B) are shown. Dotted outlines, cells with actin bodies. Bars, 4 	m.
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with a preserved reproductive capacity could be discriminated,
with one displaying both cables (Abp140) and patches (Sac6 and
Abp1) and the second one being characterized by actin bodies.
The third subpopulation of cells had no specific Abp140-GFP flu-
orescence, and its ability to reproduce was limited.

Actin cables and patches in chronologically aged cells pre-
serve the dynamics of F actin. To describe the dynamics of F actin
in 2- and 7-day-old cultures, we performed time-lapse analyses of
cells expressing Abp140-GFP and Sac6-mCherry. Changes in the
distribution of both actin markers during the time-lapse record-
ing were evaluated by comparison of the fluorescent signals of the
first frame (0 s) and the sum of the signals (maximal projection of
frames, T-stack) from all frames (Fig. 4A). Note that in stationary-
phase cells with cables (Abp140 signal) and patches (Sac6 signal),
the fluorescent signals of both F-actin markers changed their lo-
cations with time, indicating a movement of cables and patches
even in such aged yeast cells. In the cells containing actin bodies,
the localization of Abp140-GFP and Sac6-mCherry remained sta-
ble during image acquisition, suggesting that actin bodies are
static structures. To perform analysis of the movement of the ca-
bles, we used a strain expressing Abp140-GFP and analyzed indi-
vidual frames obtained by time-lapse microscopy. In stationary-
phase cells, we observed cables with an extending leading end
together with a moving lagging end (Fig. 4B). These findings in-
dicate that such cables have translational motility, also detected in
unpolarized G1-phase cells (30).

In general, the polymerization and motility of cables depend
on formins Bni1 and Bnr1 in cells with polarity and on Bni1 and
type V myosin Myo2 in unpolarized cells (30). To elucidate the
role of these proteins in chronologically aged cells, we analyzed
strains expressing either Bni1-GFP, Bnr1-GFP, or Myo2-GFP. As
expected, the localization of all three proteins during the exponen-
tial phase of growth was cell cycle dependent. However, their lo-

calization typical for cell proliferation was lost in the 2-day-old
culture (Fig. 5A). The fluorescence of Bnr1-GFP and Bni1-GFP in
these cells was hardly detectable and not distinguishable from au-
tofluorescence. In contrast, in cells expressing Myo2-GFP, we ob-
served dots and cable-like structures in the 2-day-old culture.

As described above, the yeast stationary-phase cells contain
either mobile actin cytoskeleton (cables and patches) or static ac-
tin bodies. In order to find out whether the localization of Myo2
varies in the context of F-actin structures and whether the trans-
lational motility of cables in stationary-phase cells is linked to
Myo2, we analyzed a strain expressing Abp140-TagRFP-T and
Myo2-GFP. We found that in cells with actin bodies, Myo2-GFP
did not localize to these structures, while in cells with cables it
formed dots or cable-like structures (Fig. 5B). The analyses of
individual layers revealed that Myo2-GFP mainly localized to the
cell cortex, where it was next to or overlapping with cables labeled
by Abp140-TagRFP-T (Fig. 5C). The examination of individual
frames also showed that Myo2-GFP associated with the lagging
end as well as the leading end of the cable (Fig. 5D). The localiza-
tion of Myo2-GFP into the cell cortex and its contact with cables
suggest that Myo2 serves as a motor for the sliding of cables along
the plasma membrane (translational motility [30]) in 2-day-old
cells.

To compare the turnover of G actin in cables, patches, and
actin bodies, we treated stationary-phase cells expressing Abp140-
GFPandSac6-mCherrywithLatB,whichinhibitsF-actinpolymer-
ization by sequestering G actin (47). We observed that 2- and
7-day-old cultures treated with LatB did not contain cells with
cables. Such populations consisted of cells with depolymerized
actin (a diffuse cytoplasmic Abp140-GFP or Sac6-mCherry
signal), cells with cortical patches, and cells with actin bodies
(Fig. 6A). Note that the proportion of cells with patches was higher
in 7-day-old cultures than in 2-day-old cultures even after 120

FIG 4 Actin cables and patches in stationary-phase cells preserve cells dynamics. The age of the cell cultures is indicated. (A) Cells expressing Abp140-GFP and
Sac6-mCherry were monitored by time-lapse microscopy. The fluorescence in the first frame and T-stack is shown. All images were processed with a no-neighbor
(NoNF) filter. (B) Stills of time-lapse images of cells expressing Abp140-GFP (NoNF) are shown; asterisks, the leading end of the cable; arrowheads, the lagging
end of the cable. Bars, 4 	m.
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min of LatB treatment, pointing to the decreased actin dynamics
in older cells (Fig. 6B).

We proved that patches and cables in chronologically aged cells
are mobile structures and the F actin in these structures undergoes
turnover. In contrast, actin bodies are static structures containing
F actin that is not depolymerized. Among the tested proteins re-
sponsible for cable dynamics, only Myo2 remained detectable and
associated with cables in 2-day-old cells.

The number of cells with actin cables is increased in cultures
with a prolonged chronological life span. We found that two live
cell populations that can be distinguished by the status of F actin
were present in stationary-phase cultures. The next step was to

determine which actin structure is associated with the adaptation
and survival of cells in the stationary phase. Therefore, we used
growth under CR (0.5% glucose), an accepted model known to
generate a chronological longevity phenotype (7). The strain ex-
pressing Abp140-GFP was grown under CR, and Abp140-GFP
localization was observed at several time points of the stationary
phase. Unlike cells grown on 2% glucose (Fig. 1C and D), the
majority of stationary-phase cells grown under CR contained
94% � 3%, 87% � 3%, and 75% � 9% cables at 2, 7, and 12 days,
respectively. Only a few cells displayed actin bodies (Fig. 7A and
B), indicating that the actin status correlates with adaptation of
the cells to stationary phase. The fitness of populations grown

FIG 5 Myo2 associates with actin cables in 2-day-old cells. The age of the cell cultures is indicated. (A) Cells expressing Bni1-GFP, Bnr1-GFP, or Myo2-GFP are
shown; the central section is shown. The fluorescence of strain BY without any protein fused to GFP is shown as a control. Arrows, the autofluorescent signal. (B)
Cells expressing Abp140-TagRFP-T (z-stack) and Myo2-GFP (z-stack) are shown; dotted outlines, cells with actin bodies. (C) The localization of Myo2-GFP and
Abp140-TagRFP-T in the cortex of three individual cells of the same strain shown in panel B is shown. Arrows, the same site of the images. (D) The same strain
shown in panel B was analyzed by time-lapse microscopy. Stills of the locations of Abp140-TagRFP-T (NoNF) and Myo2-GFP (NoNF; contrasted) are shown;
asterisks, the leading end; red arrowheads, Myo2-GFP on the leading end; green arrowheads, Myo2-GFP on the lagging end. Bars, 4 	m.
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under CR was verified by monitoring of cell viability. Cultures
growing under CR for 12 days contained only 3% PI-positive cells,
whereas cell populations grown on 2% glucose for the same
amount of time contained 75% PI-positive cells (Fig. 7C).

Our findings reveal that an adaptation of S. cerevisiae to sta-
tionary phase is linked to the persistence of dynamic F-actin struc-
tures.

Active endocytosis and autophagy in the stationary-phase
cells require a dynamic actin cytoskeleton. As described above,
the persisting actin cables seem to be markers of an increased
chronological life span. We asked for which processes the actin
cytoskeleton might be required during chronological aging. At
first, we monitored endocytosis, where actin plays an essential role
at the stage of membrane internalization (48). To follow endocy-
tosis in chronologically aged cells, we labeled 2-day-old cultures
growing either on 2% glucose or under CR with the lipophilic dye

FM4-64. Figure 8A shows that the dye was internalized in the
majority of cells containing cables (Abp140-GFP). To confirm
that FM4-64 internalization (endocytosis) in 2-day-old cells con-
taining cables depends on F-actin turnover, as was described for
growing cells, we treated 2-day-old cells with LatB before addition
of FM4-64. As expected, Abp140-GFP was uniformly distributed
in the cytoplasm and the internalization of FM4-64 was not
detected (Fig. 8B). Finally, this experiment also revealed that
the cells with actin bodies displayed no fluorescent signal of the
FM4-64 dye.

Another process that might be dependent on a dynamic actin
cytoskeleton in stationary-phase cells is autophagy. Although the
actin cytoskeleton is dispensable for bulk autophagy, there is evi-
dence that actin is involved in the selective types of autophagy,
namely, in cytoplasm-to-vacuole targeting (49, 50) and in the au-
tophagy-dependent delivery of the endoplasmic reticulum into
the vacuole (51). To test the links between autophagy and the
status of actin in stationary phase, we performed microscopic
analyses of 2-day-old cells (grown in either 2% or 0.5% glucose)
expressing Abp140-TagRFP-T and GFP-Atg8 derived from the
centromeric plasmid. Atg8 regulates the size of the autophago-
some, and its vacuolar accumulation indicates the activation of
autophagy (52). We found that in the 2-day-old cells, GFP-Atg8
accumulated in the vacuole, and this accumulation corresponded
to the presence of cables (Fig. 8C). The cells with actin bodies
frequently showed low levels of expression of GFP-Atg8 and low
levels of its accumulation in vacuoles. The vacuolar-to-cytoplas-
mic (V/C) ratios of GFP-Atg8 fluorescence intensity, presented as
a scatter dot plot, confirmed a correlation between the presence of
cables and the vacuolar accumulation of GFP-Atg8. Cells with
cables revealed a higher level of GFP-Atg8 vacuolar accumulation
than cells with actin bodies under both culture conditions (2% or
0.5% glucose). Even more, when we compared the V/C ratios of
GFP-Atg8 fluorescence in the population of cells with cables
grown under CR or on 2% glucose, we found that cells under CR
accumulated GFP-Atg8 in the vacuole more efficiently than cells
grown on glucose-rich medium.

We also tested the influence of the disruption of F-actin turn-
over caused by LatB treatment on the GFP-Atg8 distribution. LatB
was added to the 1-day-old culture grown under CR, and the
culture was incubated for 1 additional day. Destabilization of the
cables was confirmed by observation of Abp140-TagRFP-T relo-
calization either to the cytoplasm or to patches (Fig. 8D). F-actin
destabilization led to a heterogeneous response of GFP-Atg8 lo-
calization. Although some cells with GFP-Atg8 localized in the
vacuole could be still observed, a fraction of the cells with GFP-
Atg8 remaining in the cytosol emerged. The V/C ratio revealed
that the portion of cells with a lower V/C ratio after LatB treatment
significantly increased compared to that in the control popula-
tion.

Altogether, our experiments reveal that 2-day-old cells con-
taining the dynamic actin cytoskeleton have functional endocyto-
sis and autophagy and the persistence of F-actin turnover is essen-
tial for endocytosis and partially also for autophagy.

Actin bodies are not specific markers of replicative age. Ac-
cording to Allen et al., the stationary-phase cell populations
contain long-term-lived quiescent (Q) daughter cells and non-
quiescent (NQ) mother cells (6). To explore whether the actin
status is related to replicative age, we costained stationary-
phase cells with the dye calcofluor white M2R (CFW) to visu-

FIG 6 LatB treatment disrupts actin cables in stationary-phase cells. Two- and
7-day-old cells expressing Abp140-GFP and Sac6-mCherry were treated with
LatB. The fluorescence of Abp140-GFP and Sac6-mCherry (both central sec-
tions) (A) and quantification of Abp140-GFP localization (cables, bodies,
patches, diffuse, or no fluorescence) (B) are shown. Single-headed arrows,
bodies; double-headed arrows, patches. Bars, 4 	m.
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alize bud scars. We found that 2- and 7-day-old cultures con-
sisted mainly of replicatively young cells, as over 80% of
daughter cells and young mother cells with 1 or 2 bud scars
were present in those cultures (Fig. 9A). We did not identify
any cells with 11 or more scars; thus, such replicatively old cells
were probably very rare in stationary-phase cultures. We di-
vided the cells into 5 groups according to their replicative age
(daughter cells with no scars and mother cells with 1 or 2 scars,

3 or 4 scars, 5 or 6 scars, or 7 to 10 scars) and scored the cells
with a particular actin structure in every group. We found that
cables, actin bodies, and NF cells were present in all groups,
irrespective of their replicative age, in 2-day-old cultures (Fig.
9B). In 7-day-old cultures, we did not identify any cells with
cables in the group of cells with 7 to 10 bud scars. Nevertheless,
such cells were still present in the group of cells with 5 or 6 bud
scars.

FIG 7 The number of cells with actin cables is increased in cultures with a prolonged chronological life span. The age of the cell culture and the initial
concentration of glucose are indicated. (A) Cells expressing Abp140-GFP (z-stack; WF) were grown under CR; dotted outlines, cells with actin bodies; red
outlines, NF cells. DIC images are shown. Bars, 4 	m. (B) Stationary-phase cells (from the same experiment for which the results are presented in panel A) were
scored for actin structures (cables, bodies, or no fluorescence). (C) Cell cultures used in the experiments whose results are presented in Fig. 1C and panel A were
stained with PI. PI-positive cells were scored.
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FIG 8 Stationary-phase cells with actin cables reveal active endocytosis and autophagy. The age of the cell cultures and the initial concentration of glucose are
indicated. (A) Stationary-phase cells expressing Abp140-GFP were stained with FM4-64. The fluorescence of Abp140-GFP (z-stack) and FM4-64 is shown;
dotted outlines, cells with actin bodies. (B) Cells expressing Abp140-GFP (z-stack) were treated with LatB, and then FM4-64 was added. (C) Cells expressing
Abp140-TagRFP-T (z-stack) and GFP-Atg8 are shown; solid outlines, cells with actin cables; dotted outlines, cells with actin bodies. (Bottom) Scatter dot plots
of V/C ratios are shown. (D) The same strain for which the results are shown in panel C was grown under CR for 1 day, and then LatB or DMSO (the solvent for
LatB; control cells) was added and the cells were incubated for 1 additional day. The fluorescence of Abp140-TagRFP-T (z-stack) and merged images of GFP-Atg8
and DIC images (opacity 30%) are shown. (Bottom) Scatter dot plots of V/C ratios are shown. ****, P � 0.0001, determined by two-tailed Student’s test for the
difference between the cells with cables grown in 2% glucose and under CR (graph in panel C) and for the difference between cells treated with LatB and control
cells (graph in panel D). Bars, 4 	m.
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Altogether, the stationary-phase yeast cultures mainly con-
sisted of replicatively young cells. Even these replicatively young
cells displayed cables, actin bodies, or no specific Abp140-GFP
fluorescence. Thus, the actin cytoskeleton heterogeneity is not di-
rectly linked to the replicative age of yeast cells.

Emergence of actin bodies corresponds to respiratory dys-
function in stationary-phase cells. The existence of large actin
accumulations has been described in post-diauxic-phase cells de-
fective in actin dynamics (53). These cells also displayed a reduc-
tion of the mitochondrial membrane potential and respiratory
defects. Since mitochondrial respiration is an essential require-
ment for stationary-phase adaptation, survival, and life span ex-
tension in yeast (54–56), we decided to correlate the actin status
with the pattern of mitochondria in chronologically aged cells. We
used strains expressing Abp140-TagRFP-T together with either
Tom20-GFP (Tom20 is a mitochondrial membrane protein [57])
or Rsm23-GFP (Rsm23 is a mitochondrial ribosomal protein
[58]). We analyzed the distribution of Tom20-GFP and Rsm23-
GFP, and we found that most of the cells displaying cables con-
tained a developed mitochondrial network (Fig. 10A). In contrast,
the cells with actin bodies always contained round mitochondria
or a fragmented mitochondrial network, indicating a strong cor-
relation between the status of F actin and the status of the mito-
chondrial network. Moreover, although 1-day-old post-diauxic-
phase cultures contained only 10% of cells with actin bodies, we
found that about 40% of the cells of the same culture contained
a fragmented mitochondrial network and round mitochon-
dria. This suggests that the structural aberrations of the mito-
chondria preceded the occurrence of static actin bodies, as
shown in Fig. 10B.

In this respect, we wanted to know how these structural aber-
rations of mitochondria are linked to respiratory dysfunction and
how they are linked to the actin status. We used cells containing a
dysfunctional cytochrome c oxidase (COX) complex. To inacti-
vate the COX complex, we deleted the COX4 gene in a strain
expressing Abp140-TagRFP-T and Tom20-GFP. We analyzed the
shape of the mitochondria and actin cytoskeleton of these cells in
post-diauxic and stationary phases (1, 2, and 5 days), when the
wild-type (WT) yeast metabolism should turn to oxidative metab-
olism. We found that 1-day-old respiratory activity-deficient
cox4� cells already displayed a fragmented mitochondrial net-

work and round mitochondria (Fig. 11). Abp140-TagRFP-T was
localized into the patches in most of the cells, and only a small
proportion of cells contained actin bodies or actin cables. How-
ever, this was changed in 2-day-old cells, as these cells predomi-
nantly contained actin bodies. Some cox4� cells still revealed a
fragmented mitochondrial network labeled with Tom20-GFP,
and some cells were without Tom20-GFP fluorescence. The
5-day-old cox4� culture also contained cells with actin bodies, but
the Tom20-GFP fluorescence was not detected in the majority of
the cells. Additionally, we analyzed these cells by time-lapse mi-
croscopy to follow the actin dynamics (Fig. 11, bottom row). The
changes of the actin dynamics are presented as merged images of
the Abp140-GFP signal in the first frame (blue) and the sum of the
Abp140-GFP signals from all frames (red). The relocalization of
Abp140-TagRFP-T in the cell during image capture is visible as a
red color. These analyses revealed that 1-day-old respiratory ac-
tivity-deficient cox4� cells that already contained a fragmented
mitochondrial network and round mitochondria still had a dy-
namic actin cytoskeleton. The 2- and 5-day-old cox4� popula-
tions predominantly contained cells with static actin bodies.

Altogether, these results confirmed that the fragmentation of
the mitochondrial network and the occurrence of round mito-
chondria might be markers of respiratory dysfunction. Our anal-
yses also indicate that the formation of actin bodies corresponds to
mitochondrial dysfunction, which precedes the rearrangement of
F actin into static actin bodies.

Actin bodies are markers of reduced cell fitness rather than
dying cells. Notably, populations of the post-diauxic-phase respi-
ratory-deficient cox4� mutant did not contain cells with cables.
We utilized this state of the culture lacking cells with cables to test
the link between the ability to reproduce and the status of the actin
cytoskeleton. First, we compared the clonogenicity of cox4� cells
with that of WT cells cultured for 1, 2, and 3 days. We found that
nearly all cox4� cells as well as WT cells of the 1-day-old culture
were able to grow on plates containing glucose (proportion of
CFU, 100%). However, during aging, the cox4� cells lost this abil-
ity more rapidly than WT cells (in 2-day-old cultures, the propor-
tion of WT cell CFU was 100% and that of cox4� cell CFU was
74%; in 3-day-old cultures, the proportion of WT cell CFU was
86% and that of cox4� cell CFU was 48%) (Fig. 12A). Interest-
ingly, the obtained percentage of CFU corresponded to the per-

FIG 9 Actin status does not reflect the replicative age of cells. Cells of the 2- and 7-day-old cultures expressing Abp140-GFP were stained with CFW, and then
the cells with 0, 1 or 2, 3 or 4, 5 or 6, or 7 to 10 bud scars were counted (A) and the percentages of cells with cables, cells with actin bodies, and NF cells were scored
for all subpopulations of different replicative ages (B).
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centage of cells with actin bodies (in 1-day-old cultures, the sum of
cells with patches and cells with actin bodies) in each individual
experiment (Fig. 12B). Consistent with the finding that the ma-
jority of cells containing actin bodies were still able to reproduce,
actin bodies were able to recover into a dynamic actin cytoskeleton
within 5 min after glucose addition (Fig. 12C).

These results indicate that the formation of actin bodies visu-
alized by Abp140 fluorescent fusions is not a marker of dying yeast
cells.

DISCUSSION

Live-imaging studies helped provide an understanding of the be-
havior of the S. cerevisiae actin cytoskeleton (30, 59), but this ap-
proach has mainly been utilized in exponentially growing cul-
tures. Investigations of fixed cells have revealed that actin bodies
are the only F-actin structure of post-diauxic-phase/stationary-
phase cells (4, 10). Herein we present in vivo observations of the
actin cytoskeleton in stationary-phase cells that extend the com-
mon knowledge. We present evidence that the stationary-phase
cultures consist not only of cells with actin bodies but also of cells
with a dynamic actin cytoskeleton (cables and patches). Our find-
ings point to the heterogeneity of the cells in the stationary-phase
cultures and to the important function of actin in cell adaptation
to the stationary phase.

It has previously been shown on fixed cells that cables dis-
appear at the diauxic shift when the glucose is exhausted. Then,
within a few hours actin bodies have been found in the majority
of post-diauxic-phase cells (4). Contrary to these findings, our
experimental approach employing only in vivo observations of
various actin cytoskeleton markers revealed the persistence of
cells with cables, besides the cells with actin bodies, even in
7-day-old cultures. We observed this heterogeneity of the actin
status in live stationary-phase cells that were grown in different
media. For the majority of our experiments, we used the syn-
thetic SC medium that is recommended for use in chronolog-
ical aging studies (60), and in addition, it is suitable for use for
observation of live cells by fluorescence microscopy. Further,
we analyzed the persistence of actin cables in cells that were
grown under CR in SC medium, conditions that extend the
chronological life span. Since Sagot et al. (4) analyzed the actin
cytoskeleton in the cells that were grown in YPD, we also ana-
lyzed the actin cytoskeleton in cells growing in this rich me-
dium, though this medium is less suitable for use in live-imag-
ing studies because of autofluorescence. Thus, using a different
medium, we confirmed that the persistence of actin cables is
not a unique metabolic program activated only in stationary-
phase cells that are grown in SC medium. We conclude that the

FIG 10 Cells containing actin bodies reveal an aberrant shape of mitochondria (mito). The age of the cell cultures is indicated. (A) Cells expressing Abp140-
TagRFP-T and Tom20-GFP or Rsm23-GFP are shown. Images are presented as z-stacks; dashed outlines, cell with actin bodies. (B) Cells expressing Abp140-
tagRFP-T and Tom20-GFP are shown. Images of the same cells were captured first by time-lapse microscopy and then by Z-sectioning. The images show, from
the left, DIC image, Tom20-GFP (z-stack), Abp140-tagRFP-T (z-stack), Abp140-tagRFP-T (first frame; NoNF), Abp140-tagRFP-T (T-stack; NoNF), and merge
of the first frame and T-stack. The left set of images shows examples of cells with an aberrant mitochondrial network; the right set shows examples of cells with
a tubular mitochondrial network. Bars, 4 	m.
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occurrence of cells with cables and cells with bodies seems to be
associated with each chronologically aged population.

Why are there differences between the observations of Sagot et
al. (4) and our observations? Unlike us, those authors used phal-
loidin staining after formaldehyde fixation. Therefore, we applied
the same in vitro labeling of F actin in 2-day-old cultures (SC
medium, 25°C), and we also did not find any cells containing
cables but detected only cells with actin bodies. Similarly, recent
observations of the actin cytoskeleton in live glucose-depleted
cells revealed the presence of cables (31) that were not previously
detected in fixed cells (32). Thus, our results are supported by
these observations, and we conclude that in vivo studies may ex-
tend the knowledge obtained on fixed cells.

Despite all the differences in experimental approaches, the ac-
tin bodies that we observed in vivo had characteristics similar to
those of the actin bodies described by Sagot et al. (4). These au-

thors showed that (i) Abp140-GFP, Abp1-GFP, and Sac6-GFP
colocalize with F actin in actin bodies, (ii) actin bodies are stable
structures resistant to LatB treatment, and (iii) actin bodies are
able to disappear after addition of glucose.

Our data show that cells in stationary phase can be divided into
two live subpopulations on the basis of their actin status. Simi-
larly, other authors also claim that the stationary-phase culture is
divided into two subpopulations, dense Q daughter cells and NQ
cells (5, 6, 10). These authors suggested that only daughter cells
and in some circumstances young mother cells can acquire char-
acteristics of quiescence. Q daughter cells are unbudded, long-
term-surviving cells with the ability to reproduce. They arrest in
the G1 phase of the cell cycle, contain well-developed mitochon-
dria, and use respiration to produce ATP. Here we described a
subpopulation of cells with cables and patches exhibiting some
characteristics similar to those of Q daughter cells. Both Q daugh-

FIG 11 The occurrence of mitochondrial network aberrations precedes the formation of static actin bodies. The age of the cell cultures is indicated. cox4� cells
expressing Abp140-TagRFP-T and Tom20-GFP are shown. Images of the same cells were captured first by time-lapse microscopy and then by z-sectioning.
DIC images, images of cells expressing Abp140-TagRFP-T (z-stack), images of cells expressing Tom20-GFP (z-stack), and the dynamics of Abp140-
TagRFP-T (merge of first frame and T-stack of cortical layers; NoNF) are presented from the top to the bottom, respectively; dashed outlines, the
periphery of the cells. Bars, 4 	m.
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ter cells and cells with dynamic actin are well adapted for survival,
as they contain developed mitochondrial networks. However, by
determining the replicative age, we found that these groups are
not identical, as the subpopulation of cells with dynamic actin
consisted not only of daughter cells but also of mother cells. This
situation resembles a new model for the differentiation of Q and
NQ cells (61). This recent model shows that cell fate is decided at
or before glucose exhaustion. Then, in post-diauxic phase, NQ
mother cells produce NQ daughter cells and Q mother cells pro-
duce Q daughter cells. Importantly, according to these authors,
the main characteristic of Q cells (mother and daughter cells) is
their metabolic/respiratory activity, albeit these cells appear to be
quiescent.

The cessation of cell division is not the only response to nutri-
ent scarcity during the transition into the stationary phase. The
stationary-phase cells also actively respond to these changes and
must remain metabolically and biosynthetically active, albeit at
reduced levels (3). Our results support this concept, as we found
that the presence of the dynamic actin accompanied by persisting
endocytosis, autophagy, and respiration points to better adapta-
tion to the stationary phase.

The impact of autophagy on better survival in the stationary
phase has already been described (8, 9, 62). As in some other
studies (9, 63, 64), we confirmed the activation of autophagy in the
early stationary phase (2-day-old cultures). We used GFP-Atg8,
which is a marker of both types of macroautophagy, selective and
nonselective macroautophagy (14). The observed decline in the
level of GFP-Atg8 vacuolar accumulation after actin cytoskeleton
disruption using LatB treatment of stationary-phase cells indi-
cates that some types of selective macroautophagy may contribute
to this process in stationary-phase cells.

Endocytosis was another process active in stationary-phase
cells with dynamic actin. We observed FM4-64 internalization in
the 2-day-old yeast culture, and we proved that it depends on F
actin. In respect to endocytosis, its activation in yeast stationary-
phase cells has not been described yet. The only data pointing to
the activation of endocytosis upon starvation have recently been
published (65). The authors described the presence of active en-
docytosis upon acute glucose depletion and proposed that the
endocytic internalization of proteins and lipids from the plasma
membrane contributes to cell catabolism. Genome-wide screens
also identified several endosomal proteins for which deletion of
their genes caused shortening of the chronological life span (8).
Even more, the possibility that autophagy-unrelated degradation
processes contribute to yeast chronological survival was taken into
consideration (66).

Our results indicate that autophagy and endocytosis are mainly
active in the early stationary phase, as in 7-day-old cultures the
amount of cells containing GFP-Atg8 in the vacuole dropped sig-
nificantly and the efficiency of FM4-64 internalization was also
lower than that in 2-day-old cultures (data not shown). These
observations point to the fact that stationary-phase cells gradually
change their metabolism. This indicates that endocytosis and also
autophagy are active only when the substrates degraded through
these routes are still present. This concept of the gradual utiliza-
tion of various substrates is supported by our observations that in
7-day-old cells with cables the mitochondrial markers were local-
ized not only to mitochondria but also to the vacuole, which in-
dicates the activation of mitophagy (see Movie S1 in the supple-
mental material).

Our experiments revealed that the occurrence of actin bod-
ies in stationary-phase cells correlates with morphological

FIG 12 Actin bodies are markers of reduced cell fitness but not of dying cells. The age of the cell cultures is indicated. (A) WT and cox4� cells expressing
Abp140-GFP were analyzed by the clonogenic assay. The percentages of CFU obtained were plotted. (B) The results of two independent experiments analyzing
the relation between the percentages of CFU and the localization of Abp140-GFP (cables, patches, bodies, or no fluorescence) in stationary-phase cells (cox4�
cells expressing Abp140-GFP) are shown. (C) SC medium was added to a 3-day-old cell culture (cox4� cells expressing Abp140-GFP), and the recovery of actin
was monitored by time-lapse microscopy. Still images of Abp140-GFP (NoNF) at the indicated time points are shown. Image capture started 1 min after SC
medium was added. Bar, 4 	m.
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changes to the mitochondrial network (a fragmented mito-
chondrial network and round mitochondria). Similar morpho-
logical changes of mitochondria were observed in post-di-
auxic-phase cells of a respiratory activity-deficient (cox4�)
strain. Additionally, our experiments indicate that such mor-
phological changes of mitochondrial networks preceded the
rearrangement of F actin into static actin bodies. In this re-
spect, a direct relationship between the appearance of actin
aggregates and mitochondrial dysfunction has been observed
previously (29, 53, 67, 68). It has been shown that genetic in-
terventions causing decreased actin dynamics resulted in the
formation of large actin aggregates in the early stationary phase
and that cells with the aggregates were unable to activate mito-
chondria (29, 53). Therefore, in contrast to our results, these
authors supposed that the formation of actin aggregates leads
to the dysfunction of mitochondria. Despite these contradic-
tions, we concur that the emergence of actin aggregates/bodies
in post-diauxic-phase and stationary-phase cells points to de-
creased fitness.

The survival of yeast stationary-phase cells mainly relies on
the stores of nutrients (glycogen and trehalose) and their effi-
cient utilization performed by mitochondrial respiration (10,
11). The dysfunction of mitochondria in cells in the post-di-
auxic phase results in the utilization of storage components by
glycolysis, which is less efficient in gaining energy than respi-
ration (10). Thus, the formation of static actin bodies may
indicate the status of critical levels of energy. This phenome-
non resembles the situation in neurites of neurons, where the
transient formation of rod-like actin inclusions (ADF/cofilin
rods) has also been observed (69). These structures were
formed when the synthesis of ATP was inhibited, and their
formation transiently protected neurites from the unnecessary
consumption of ATP (70). Similarly, the formation of yeast
actin bodies may also minimize the consumption of ATP and
thus facilitate the longer survival of respiration-deficient cells.
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