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Autophagy is a conserved intracellular degradation system
in eukaryotes. Recent studies have revealed that autophagy
can be induced not only by nitrogen starvation but also by
many other stimuli. However, questions persist regarding the
types of conditions that induce autophagy, as well as the par-
ticular kinds of autophagy that are induced under these spe-
cific conditions. In experimental studies, abrupt nutrient
changes are often used to induce autophagy. In this study, we
investigated autophagy induction in batch culture on low-
glucose medium, in which growth of yeast (Saccharomyces
cerevisiae) cells is clearly reflected exclusively by carbon
source state. In this medium, cells pass sequentially through
three stages: glucose-utilizing, ethanol-utilizing, and etha-
nol-depleted phases. Using GFP cleavage assay by immuno-
blotting methods, fluorescence microscopy, and transmis-
sion electron microscopy ultrastructural analysis, we found
that bulk autophagy and endoplasmic reticulum-phagy are
induced starting at the ethanol-utilizing phase, and bulk
autophagy is activated to a greater extent in the ethanol-
depleted phase. Furthermore, we found that mitophagy is
induced by ethanol depletion. Microautophagy occurred
after glucose depletion and involved incorporation of cytoso-
lic components and lipid droplets into the vacuolar lumen.
Moreover, we observed that autophagy-deficient cells grow
more slowly in the ethanol-utilizing phase and exhibit a delay
in growth resumption when they are shifted to fresh medium
from the ethanol-depleted phase. Our findings suggest that
distinct types of autophagy are induced in yeast cells under-
going gradual changes in carbon source availability.

Autophagy is a conserved eukaryotic intracellular degrada-
tion system by which cytoplasmic components are delivered to
the vacuolar (lysosomal) lumen and degraded by the vacuolar
hydrolytic enzymes. During autophagy, the autophagosome, a
key double-membrane structure, encloses various cellular
components, including cytosolic proteins and organelles. Sub-
sequently, the outer membrane of the autophagosome fuses
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with the vacuolar membrane, leading to release of the inner
spherical structure, called the autophagic body, into the vacu-
olar lumen (1). Finally, the autophagic body disintegrates, and
its contents are degraded by a variety of hydrolases. Although it
was initially thought that autophagy exclusively entailed bulk
engulfment of the cytoplasm, many types of autophagy that
selectively degrade targets have been discovered (2). In addi-
tion, it is widely recognized that autophagy is involved in a
variety of physiological processes.

The types of autophagy described above are categorized as
macroautophagy. Two other types of autophagy have been
described: microautophagy and chaperone-mediated autophagy
(3). In microautophagy, substrates are directly enwrapped by the
vacuolar membrane and delivered to the vacuolar lumen (4). In
chaperone-mediated autophagy, which has been characterized
in higher eukaryotes, substrates for degradation directly translo-
cate across the lysosomal membrane. Of these three types of
autophagy, macroautophagy has been studied most extensively;
accordingly, hereafter we will mostly refer to macroautophagy as
autophagy.

Over the past 3 decades, a number of ATG genes, which play
important roles on autophagy, have been identified, and the
functions and structures of their protein products have been
studied in the yeast Saccharomyces cerevisiae (1, 5). Fifteen Atg
proteins, Atgl-10, Atgl2-14, Atgl6, and Atgl8, play essential
roles in autophagy, and these proteins are referred to as the core
machinery for membrane formation. In starvation-induced
autophagy, three Atg proteins, Atgl7, Atg29, and Atg31, are
additionally required. Most of the components of the core
machinery are assembled at the pre-autophagosomal structure
(PAS)? in close proximity to the vacuole (6). In starvation-in-
duced autophagy, Atgl7 is required for PAS organization, sug-
gesting that it acts as a scaffold protein (7). In contrast, in some
types of selective autophagy, in which specific targets are
sequestered by the autophagosome, Atgll acts as a scaffold
protein (8, 9). Selective autophagy requires receptors that are
localized on targets and become landmarks for degradation:
Atgl9 and Atg34 for Apel (Cvt pathway) (10, 11); Atg32 for
mitochondria (mitophagy) (12, 13); Atg36 for peroxisomes
(pexophagy) (14, 15); and Atg39 and Atg40 for endoplasmic

2 The abbreviations used are: PAS, pre-autophagosomal structure; BODIPY,
4,4-difluoro-1,3,5,7,8-pentamethyl-4-bora-3a,4a-diaza-s-indacene; ER, en-
doplasmic reticulum; ETC, electron transport chain; FCCP, carbonyl cya-
nide-p-trifluoromethoxyphenylhydrazone; LD, lipid droplet; ROS, reactive
oxygen species; TCA, tricarboxylic acid.
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Analysis of autophagy in batch culture on low-glucose medium

reticulum (ER-phagy) (16). Although we have learned a great
deal about the molecular mechanisms of autophagy, several
questions remain regarding the effects of autophagy on intra-
cellular environments. In general, autophagy plays crucial roles
in ensuring the supply of amino acids under nitrogen starvation
(17). However, many kinds of stimuli and starvation conditions
induce autophagy (18 —21). Under those conditions, autophagy
plays diverse roles beyond supplying amino acids. To elucidate
the physiological roles of autophagy, it is necessary to address a
fundamental issue regarding autophagy: what kinds of condi-
tions induce which kinds of autophagy?

Carbon compounds are used for energy production and as
basic building blocks of cells. In eukaryotes, glycolysis in the
cytosol and the tricarboxylic acid (TCA) cycle and electron
transport chain (ETC) in the mitochondria play pivotal roles
in energy production (22). Glucose is one of the most impor-
tant carbon compounds because many organisms utilize it as
a primary carbon source. In many eukaryotes, glucose is
assimilated in the presence of oxygen to produce ATP
through glycolysis, the TCA cycle, and the ETC. However, in
the presence of oxygen the yeast S. cerevisiae exclusively uses
glycolysis to obtain ATP from glucose (23, 24), and then it
continues to produce ethanol. Therefore, if the yeast is cul-
tured in glucose-containing medium, ethanol accumulates
in the medium until the glucose is depleted. After glucose
depletion, the yeast begins to use ethanol to generate ATP in
the mitochondria (25). This phenomenon is referred to as
the “Crabtree effect” and can be explained by glucose repres-
sion, a phenomenon in which the presence of glucose sup-
presses respiration, the use of alternative carbon sources,
and gluconeogenesis (26). For these reasons, S. cerevisiae
cultured in glucose-containing medium undergoes two
growth phases (diauxie) separated by a period of growth
arrest: during the first phase, when glucose is used, growth is
rapid, whereas during the second phase, when ethanol is
used, growth is slower. The growth arrest is called the
“diauxic shift” (25). During the diauxic shift, the mitochon-
dria are developed to produce ATP (27). Based on these
unique features, S. cerevisiae is a good model organism in
which to examine biological processes related to carbon
source state.

In various studies, abrupt nutrient depletion has been used to
induce autophagy. However, such drastic changes are not com-
mon; rather, more gradual changes are likely to occur in natural
environments. Accordingly, investigation of autophagy occur-
ring during continuous nutrient changes may lead to a better
understanding of the functions of autophagy in natural habi-
tats. In this study, we found that yeast growth in batch culture
on synthetic medium with low-glucose is reflected exclusively
by carbon source state. Using this medium, we investigated
autophagy induction in each phase. We found that distinct cel-
lular components are degraded via macroautophagy and
microautophagy after glucose depletion. In particular, we dis-
covered that mitophagy is induced by ethanol depletion after
respiratory growth. Our findings suggest that distinct types of
autophagy are induced under gradual changes of carbon source
availability in yeast.
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Results

In synthetic medium containing low glucose, yeast growth is
reflected exclusively by carbon source availability

The yeast S. cerevisiae exhibits diauxie when cultured in glu-
cose-containing medium. Although many reports have de-
scribed diauxic growth in S. cerevisiae, there is little detailed
information about the relationships among cell density, glu-
cose, and ethanol concentration in batch culture. To investigate
this issue, we cultured prototrophic WT cells (X2180-1B strain)
in standard SD medium containing 0.5% casamino acids (SDCA
medium) and measured those parameters in detail (Fig. 1A4).
The cells grew logarithmically while utilizing glucose and pro-
ducing ethanol. When glucose was exhausted, cell proliferation
was temporarily arrested, and at the same time, ethanol con-
centration reached a maximum. After a while, the cells re-
started their growth, causing the ethanol concentration to
gradually decrease. Ethanol-utilizing growth did not follow a
logarithmic pattern, as reported previously (18, 28). To our sur-
prise, ethanol was not depleted even when ethanol-utilizing
growth was almost arrested. This result suggests that growth
arrest is not caused by depletion of ethanol in SDCA medium,
but instead by other factors.

There are at least two approaches to making yeast growth
directly reflect carbon source availability: increasing the con-
centrations of other nutrients or decreasing glucose concentra-
tion. As shown in Fig. 14, the OD,, reached 8 -9 by the time
that glucose was depleted in SDCA medium. We considered
that the effects of high cell density would interfere with yeast
growth in the ethanol-utilizing phase even if we increased the
levels of other nutrients in SDCA medium. To avoid those
effects, we lowered the glucose concentration. When we cul-
tured WT cells in synthetic medium containing 0.2% glucose
and 0.5% casamino acids (SD,,CA medium), the cells tempo-
rarily stopped their growth at an ODy,, of ~1.2 (Fig. 1B). After
the growth arrest, the cells restarted their growth by using eth-
anol. In contrast to the growth pattern in SDCA medium, eth-
anol-utilizing growth was logarithmic in SD, ,CA medium (Fig.
1D). During growth, the oxygen consumption rate was higher
in SD, ,CA medium than in SDCA medium in the absence or
presence of FCCP, an uncoupling reagent, suggesting that res-
piratory potential is higher in SD, ,CA medium than in SDCA
medium (Fig. 1C). Importantly, arrest of ethanol-utilizing
growth in SD,, ,CA medium occurred at the time when ethanol
was exhausted. Furthermore, we confirmed that the yeast did
not show significant growth on SCA medium, which did not
contain glucose, in our experimental duration (Fig. S1A).
Because ODg, exceeds 10 in SDCA medium, we considered
that nitrogen sources are enough for yeast growth in SD, ,CA
medium. As expected, ammonium was not depleted during cul-
tivation, and extra ammonium did not improve the yeast
growth (Fig. S1, B and C). Therefore, we concluded that
SD, ,CA is a suitable model medium in which yeast growth is
reflected exclusively by carbon source availability. In SD, ,CA
medium, three stages of yeast growth became obvious: glucose-
utilizing, ethanol-utilizing, and ethanol-depleted (stationary)
phases (Fig. 1E). Hereafter, we primarily used SD, ,CA medium
to analyze the effects of carbon source availability.
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Figure 1.Yeast cells undergo three distinct growth stages in low-glucose medium. A and B, prototrophic WT cells were inoculated into SDCA (A) or SD,, ,CA
(B) medium at a starting ODgq, of 0.01 and then cultured for 74 or 32 h, respectively. ODg,,, (black circle), glucose concentration (blue triangle), and ethanol
concentration (red square) were measured at the indicated time points. Data points and error bars indicate means = S.E. (n = 3). C, WT cells were inoculated into
SDCA medium or SD, ,CA medium and cultured for the indicated time periods. Cells were collected, and oxygen consumption rates were measured. Each bar
represents mean * S.E. (n = 3). D, growth curve in Bis shown on a semilogarithmic graph. Regression lines and their adjusted R? values were calculated using
data from 6 to 11 h (glucose-utilizing phase) or from 16 to 24 h (ethanol-utilizing phase). £, plots of ODg,, glucose, and ethanol concentration depicted here
are derived from B. Yeast growth is categorized into three stages: glucose-utilizing, ethanol-utilizing, and ethanol-depleted phases.

Autophagy is induced after glucose depletion

We examined induction of autophagy during growth in low-
glucose medium using GFP-Atg8—expressing cells. When
autophagy is induced, GFP-Atg8 is delivered to the vacuolar
lumen via the autophagic pathway; the GFP moiety is released
from GFP-Atg8 by vacuolar proteases, and free GFP is detected
by immunoblot analysis (29). Endogenous expression of GFP-
Atg8 did not alter the growth features observed in WT cells
cultured in low-glucose medium (data not shown). We found
that cleavage of GFP-Atg8 occurred in the ethanol-utilizing and
ethanol-depleted phases but not in the glucose-utilizing phase
(Fig. 2A). The cleavage depended strongly on ATG2 (Fig. 24). In
addition, we confirmed that GFP-Atg8 was delivered to the vac-
uolar lumen in WT but not atg2A cells (Fig. 2B). In a deletion
mutant of ATG1S5, which encodes a putative lipase responsible
for disintegration of autophagic bodies (30), we observed
autophagic bodies moving around randomly (Movie S1). These
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autophagic bodies were not observed when ATG2 was simul-
taneously deleted (Movie S1). These results indicate that
autophagy is induced after glucose depletion, i.e. in the eth-
anol-utilizing and ethanol-depleted phases. Moreover, our
findings suggest that autophagy is activated to a greater
extent in the ethanol-depleted phase than the ethanol-utiliz-
ing phase (Fig. 2A4).

Cytosolic components, ER, and mitochondria are degraded via
autophagy

Next, we sought to determine which substrates are degraded
during growth in low-glucose medium. We performed the
cleavage assay using WT cells expressing Pgk1-GEP (a cytosolic
protein), Sec63-GFP (an ER membrane protein), Om45-GFP (a
mitochondrial outer membrane protein), Pex11-GFP (a perox-
isome membrane protein), or Osw5-GFP (a lipid droplet (LD)
protein). Cells were collected from each culture at the indicated

SASBMB
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Figure 2. Autophagy is induced after glucose depletion in low-glucose
medium. A, WT and atg2A cells expressing GFP-Atg8 were inoculated into
SD,,CA medium at a starting ODgq, of 0.01 and then cultured for 44 h. Cells
were collected at the indicated time points and subjected to immunoblot
analysis. Glc., glucose-utilizing phase; Eth., ethanol-utilizing phase; EtOH dep.,
ethanol-depleted phase. pApeT, precursor Apel; mApel, mature Apel.B, WT
and atg2A cells expressing GFP-Atg8 were inoculated into SD, ,CA medium
ata starting ODg, of 0.01 and cultured for 10 h (glucose-utilizing), 22 h (etha-
nol-utilizing), or 46 h (ethanol-depleted). The cells were observed under a fluo-
rescence microscope. Bars, 5 wm. The cells having the vacuoles with fluores-
cence signal were counted, and the ratio is shown. DIC, differential
interference contrast.

time points (Fig. 34), and cell lysates were subjected to immu-
noblot analysis using anti-GFP antibodies (Fig. 3, B-F). The
cytosol started to be degraded in the ethanol-utilizing phase,
and its rate of degradation increased in the ethanol-depleted
phase (Fig. 3B). A similar pattern was observed in the ER deg-
radation, although the degradation rate was very low (Fig. 3C).
On the contrary, the mitochondria were degraded only in the
ethanol-depleted phase (Fig. 3D). In contrast to these organ-
elles, degradation of peroxisomes and LDs was not detected
during the experiment period (total cultivation time, 100 h)
(Fig. 3, E and F). Rather, the amount of Pex11-GFP increased
during the ethanol-utilizing and the ethanol-depleted phases,
and Osw5-GFP increased during the ethanol-utilizing phase.
We ascertained that Sec63-GFP and Om45-GFP were delivered
to the vacuolar lumen (Fig. 3G), suggesting that the ER and
mitochondria are degraded in the vacuole. Electron micro-
scopic observation of atglSA cells confirmed that the cytosol,
ER, and mitochondria were incorporated into autophagic bod-
ies (Fig. 3H).

To determine whether autophagy was involved in the degra-
dation of these organelles, we cultured autophagy-defective
mutants expressing Pgkl-GFP, Sec63-GFP, or Om45-GFP in
SD,, ,CA medium, lysed the cells, and performed the cleavage
assay on these lysates (Fig. 4). Cytosolic components, ER, and
mitochondria were not degraded in cells lacking ATG2, sug-
gesting that these cellular components are degraded by the
autophagic pathway. Degradation of the cytosol was highly de-

SASBMB

pendent on ATGI17, but not ATG11 (Fig. 4A). A similar pattern
was observed for degradation of the ER (Fig. 4B). These results
suggest that cytosolic components and the ER are degraded in
an Atgl7-dependent manner under our experimental condi-
tion. Importantly, double-deletion of ATG39 and ATG40
diminished ER degradation (Fig. 4B), suggesting that ER-phagy
receptors are required for ER degradation under these condi-
tions. In contrast, degradation of the mitochondria was highly
dependent on ATG11 but only partially dependent on ATG17
(Fig. 4C). In addition, mitochondrial degradation was not
detected in cells lacking ATG32 (Fig. 4C). These results indicate
that mitophagy occurs in the ethanol-depleted phase. In sum-
mary, bulk autophagy and ER-phagy were induced after glucose
depletion, whereas mitophagy was induced in the ethanol-de-
pleted phase. The possible roles of Atgl7 and Atgll are dis-
cussed below (see “Discussion”).

Low-glucose medium sheds light on mitophagy during
ethanol-depleted condition

Our findings suggest that autophagy is activated to a greater
extent in the ethanol-depleted phase in SD, ,CA medium (Fig.
2A). Consistent with this, the degradation rates of cytosolic
components and the ER were higher in the ethanol-depleted
phase than in the ethanol-utilizing phase (Fig. 3, B and C). The
mitochondria were targets of autophagy during the ethanol-
depleted phase (Fig. 3D). However, mitochondrial degradation
was not observed during prolonged cultivation in SDCA
medium (Fig. 5), suggesting that the mitochondrial degradation
is induced not by long-term cultivation, but rather by ethanol
depletion. It has been reported so far that mitophagy can be
induced by prolonged cultivation on a nonfermentable carbon
source or by shifting from a nonfermentable carbon source to
nitrogen starvation medium containing glucose (12, 13, 31). In
addition to those conditions, we propose that mitophagy is also
induced by ethanol depletion after ethanol-utilizing growth.

Presence of amino acids may sustain autophagy activity
during ethanol-depleted condition

The prototrophic WT yeast cells can synthesize the amino
acids required for growth by themselves. However, as described
above, we used medium containing casamino acids, acid
hydrolysate of casein, to support the yeast growth. To evaluate
effects of the presence of amino acids, we used low-glucose
medium without casamino acids (SD,, , medium). Growth fea-
ture in SD,, , medium was similar to that in SD,, ,CA medium;
yeast growth is correlated with concentration of glucose and
ethanol (Fig. 6A). However, there were two different aspects
between those two conditions. In SD,, medium, the yeast
growth was slower (Figs. 18 and 6A), and biomass was accumu-
lated less in the ethanol-depleted phase (Fig. 6B), indicating
that amino acids are used in the prototrophic yeast.

Using SD,, , medium, in which ammonium was not depleted
during cultivation (Fig. 6C), we repeated GFP cleavage assay of
GFP-Atg8, Pgkl-GFP, Sec63-GFP, and Om45-GFP (Fig. 6,
D-G). Regarding time points when autophagy is induced,
results similar to SD,,CA medium were obtained; bulk
autophagy and ER-phagy were induced after glucose depletion,
and mitophagy was induced in ethanol-depleted phase. We also
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glucose, and ethanol concentration depicted here are derived from Fig. 1B. Time I, glucose-utilizing phase (9-11 h); time Il, early ethanol-utilizing phase (12-14
h); time Ill, middle ethanol-utilizing phase (20-24 h); time IV, just after ethanol depletion (26-28 h); time V, ethanol-depleted for 1 day (48-52 h); time VI,
ethanol-depleted for 3 days (96-100 h). B-F, WT cells expressing Pgk1-GFP (B), Sec63-GFP (C), Om45-GFP (D), Pex11-GFP (E), or Osw5-GFP (F) were inoculated
into SD, ,CA medium at a starting ODg,, of 0.01, cultured for 100 h, and collected at the time points indicated in A. Lysates from these cells were subjected to
immunoblot analysis. B-D, intensity of each band was quantified, and GFP ratio (free GFP/B-tubulin or free GFP/Pgk1) was calculated. The values in parentheses
are relative values to the GFP ratio of time VI. G, WT cells expressing Sec63-GFP or Om45-GFP were inoculated into SD, ,CA medium at a starting ODg, of 0.01
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Arrowheads indicate the ER membrane. Bars, 1 um (lower magnification) and 100 nm (higher magnification).

ascertained that the degradation was dependent on ATG2.
However, we noticed that some different points were observed
in the ethanol-depleted phase between SD, ,CA medium and
SD, , medium. In SD,,CA medium, the longer the ethanol-
depleted phase was, the greater the amount of free GFP accu-
mulated (Fig. 3, B-D). In contrast, in SD, , medium, such accu-
mulation was not observed (Fig. 6, E-G). In particular, ER
degradation was reduced in the ethanol-depleted phase (Fig.
6F). It should be noted that the GFP cleavage assay only gives an
indication of the amount of free GFP moieties in vacuoles at
a certain time, which is determined by both influx from
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autophagy and degradation by vacuolar hydrolytic enzymes.
Therefore, it cannot be reliably used as a quantitative measure
to analyze or discuss data obtained under different conditions.
Nevertheless, the results described above raised a possibility
that the presence of amino acids may sustain autophagy activity
during the ethanol-depleted phase.

Microautophagy occurs in the ethanol-utilizing and
ethanol-depleted phases

As described above, it is considered that cleavage of GFP-
Atg8is not observed in autophagy-defective mutants. However,

SASBMB
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Figure 5. Mitophagy is induced under ethanol-depleted conditions after
respiratory growth. A, time points used in B. Plots of OD,, glucose, and
ethanol concentration depicted here are derived from Fig. 1A. Time i, glucose-
utilizing phase (16 h); time ii, early ethanol-utilizing phase (18 h); time iii, mid-
dle ethanol-utilizing phase (24 h); times iv-vi, growth arrest after respiratory
growth (iv, 49 h; v, 72 h; and vi, 120 h). B, WT cells expressing Om45-GFP were
inoculated into SD, ,CA or SDCA medium at a starting OD¢,, of 0.01 and then
collected at the time points indicated in Fig. 3A (SD, ,CA) or Fig. 5A (SDCA).
Lysates from these cells were subjected to immunoblot analysis.

we detected a significant amount of free GFP, even in atg2A
cells expressing GFP-Atg8, in both the ethanol-utilizing and
ethanol-depleted phases (Fig. 24). Hence, we investigated how
cleavage of GFP-Atg8 occurred in atg2A cells.

Initially, we sought to determine whether the GFP-Atg8
cleavage occurred in deletion mutants of the other core ATG
genes in the ethanol-depleted phase (Fig. 7A). GFP-Atg8 cleav-
age was hardly detected in single deletion mutants of ATG3,
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ATG4, ATGS, ATG7, ATGI0, ATGI2, and ATGI16, which
encode components of the ATG conjugation system. In con-
trast, free GFP was clearly detected in single deletion mutants of
ATGI1,ATG2,ATGY9,ATGI3,ATG14,and ATGI8. Because all
components of the ATG conjugation system are required for
the GFP-Atg8 cleavage, this result suggests that lipidation of
Atg8 is essential for its delivery to the vacuolar lumen. There-
fore, assuming that the amount of GFP-Atg8 that binds to the
vacuolar membrane increases when GFP-Atg8 is lipidated, we
speculated that lipidated GFP-Atg8 moieties are internalized
into the vacuolar lumen via microautophagy, because it is
reported that microautophagy occurs after the diauxic shift in
YEPD medium (32). Consistent with this idea, we found that
the free GFP bands detected in atg2A cells disappeared upon
simultaneous deletion of VPS4 (Fig. 7B), which is involved in
microautophagy after the diauxic shift (32). Furthermore, we
demonstrated that cleavage of Vph1-GFP, a vacuolar mem-
brane protein thought to be cleaved by microautophagy,
occurred in the ethanol-utilizing and ethanol-depleted
phases (Fig. 7D) and that this cleavage took place indepen-
dently of the ATG genes (Fig. 7C). These results indicate that
microautophagy occurs in the ethanol-utilizing and ethanol-
depleted phases. On the basis of these findings, we propose
that microautophagy degrades lipidated GFP-Atg8 without
machineries for macroautophagy and that this is the reason
that GFP-Atg8 was cleaved in atg2A cells. However, the pos-
sibility that lipidated GFP-Atg8 is transported into the vac-
uolar lumen via the multivesicular body pathway (33) cannot
be excluded. As shown in Fig. 74, we also found that cleavage
of GFP-Atg8 was barely detectable in the deletion mutant of
ATG6, which encodes a component of the phosphatidyli-
nositol 3-kinase complex; however, the underlying reason
remains to be elucidated.

Next, we performed electron-microscopic analysis to ob-
serve in detail WT cells in the glucose-utilizing and ethanol-
depleted phases (Fig. 7E, upper panel). We observed spherical
bodies, which we hereafter call microautophagic bodies, in the
vacuolar lumen of cells in the ethanol-depleted phase; these
bodies contained cytosolic components and LDs. We then con-
firmed, by BODIPY staining, that LDs were delivered to the
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Figure 6. Cytosolic components, ER, and mitochondria are degraded via autophagy during growth in low-glucose medium without casamino acids.
A, prototrophic WT cells were inoculated into SD,, , medium at a starting ODg,, of 0.01, and then cultured for 55 h. ODy,, (black circle), glucose concentration
(blue triangle), and ethanol concentration (red square) were measured at the indicated time points. Data points and error bars indicate means = S.E. (n = 3). Time
points used in D-G are as follows: /, glucose-utilizing, 14 h; /I, diauxic shift, 17 h; /I, ethanol-utilizing, 24 h; IV, ethanol-depleted, 48 h; V, ethanol-depleted, 65 h.
B, WT cells were inoculated into SD, ,CA or SD,, , medium at a starting ODg,, of 0.01 and then cultured for 48 h. Dry cell weight of yeast cells per 1 liter of culture
was measured. Each bar represents mean = S.E. (n = 8). C, ammonium concentration of the SD, , medium before or after cultivation was measured. WT cells
were inoculated into SD, , medium at a starting ODg,, of 0.01 and cultured for 48 h. The supernatant was obtained by centrifuging the culture,and ammonium
concentration was measured in the supernatant. Each bar represents mean = S.E. (n = 3). D-G, WT or atg2A cells expressing GFP-Atg8 (D), Pgk1-GFP (E),
Sec63-GFP (F), or Om45-GFP (G) were inoculated into SD, , medium at a starting ODg,, of 0.01, cultured for 65 h, and collected at the indicated time points.
Lysates from these cells were subjected to immunoblot analysis. E-G, intensity of each band was quantified, and GFP ratio (free GFP/B-tubulin) was calculated.
The values in parentheses are relative values to the GFP ratio of time V (Pgk1-GFP and Om45-GFP) or time Il (Sec63-GFP).

vacuolar lumen (Fig. 7F and Movie S2). In the ethanol-utilizing
phase, it was often observed that the vacuolar membrane was
directly enwrapping LD (Fig. S2). Microautophagic bodies con-
taining the cytosol and/or LDs were also observed in the atg2A
mutant (Fig. 7E, lower panel), consistent with the idea that
microautophagy occurs without machineries for macroau-
tophagy under our experimental condition. One discrepancy is
that cleavage of Osw5-GFP was not detected despite incorpo-
ration of LDs into the vacuoles (Figs. 3F and 7, E and F). How-
ever, because disintegration of microautophagic bodies, whose
membranes are derived from the vacuolar membrane, pro-
gresses very slowly, this cleavage may not be detectable.

Roles of autophagy in the ethanol-utilizing and
ethanol-depleted phases

Because autophagy is induced after glucose depletion in low-
glucose medium, we investigated the roles of the autophagy in
growth. First, we cultured WT or atg2A cells in low-glucose
medium and measured cell density, glucose, and ethanol con-
centration (Fig. 84). In the ethanol-utilizing phase, growth and
ethanol consumption rate were significantly slower in atg2A
cells than in WT cells. Second, we measured the viabilities of
WT and atg2A cells in the ethanol-depleted phase by phloxine
B staining (Fig. 8B). The viabilities of these strains did not differ
until 5 days after entry into the ethanol-depleted phase. Subse-
quently, we re-inoculated WT or atg2A cells in the ethanol-
depleted phase into fresh SD, ,CA medium, and we then mea-
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sured cell density of the cultures every 10 min using an
automatically recording incubator (Fig. 8C). In WT cells, the
length of lag phase barely changed until 3 days after entry into
the ethanol-depleted phase, whereas in afg2A cells, the lag
phase became longer as the ethanol-depleted phase became
longer. This result suggests that autophagy in the ethanol-de-
pleted phase is required to promote re-growth in fresh medium.

Above, we demonstrated that mitophagy was induced only in
the ethanol-depleted phase. Finally, we investigated whether
mitophagy was required for promotion of re-growth in fresh
medium (Fig. 8D). The atg32A strain, a mitophagy-deficient
strain, exhibited delayed re-growth compared with the WT
strain when it was shifted to fresh medium on day 0 or day 4
of cultivation after entry into the ethanol-depleted phase.
This observation suggests that mitochondrial quality and/or
quantity control in the ethanol-depleted phase is important for
subsequent re-growth. However, the ER-phagy—deficient
atg39Aatg40A strain did not exhibit delayed re-growth. In light
of the difference between atg2A and atg32A cells, this finding
suggests that not only mitochondria but also other cellular
components must be degraded for cells to undergo subsequent
growth. Future work should seek to identify the autophagic
targets that influence the ability to re-initiate growth.

Discussion

In natural environments, nutrient conditions change from
moment to moment. Yeasts must adapt to these gradual
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Figure 7. Microautophagy incorporates cytosol and LDs into the vacuolar lumen. A, WT, atg1A, atg2A, atg3A, atg4A, atg5A, atg6A, atg7A, atg9A, atg10A,
atg12A, atg13A, atg14A, atg16A, or atg18A cells expressing GFP-Atg8 were inoculated into SD, ,CA medium at a starting OD,, of 0.01 and cultured for 2 days.
Cell extracts were prepared from these cells and subjected to immunoblot analysis. pApel, precursor Apel; mApel, mature Apel. B, WT, atg2A, vps4A, and
atg2Avps4A cells expressing GFP-Atg8 were inoculated into SD, ,CA medium at a starting OD,, of 0.01 and cultured for 2 days. Lysates from these cells were
subjected to immunoblot analysis. C, WT, atg1A, atg2A, atg7A, atg8A, atg14A, and vps4A cells expressing Vph1-GFP were inoculated into SD, ,CA medium at
a starting ODg, of 0.01 and cultured for 2 days. Lysates from these cells were subjected to immunoblot analysis. D, WT cells expressing Vph1-GFP were
inoculated into SD, ,CA medium at a starting ODg,, 0f 0.01, cultured for 100 h, and collected at the time points indicated in Fig. 3A. Lysates from these cells were
subjected toimmunoblot analysis. E, WT or atg15Aatg2A cells were cultured for 8 h (left, glucose-utilizing) or 52 h (middle and right, ethanol-depleted) in SD, ,CA
medium. Images were acquired by transmission EM. Bars, 500 nm. F, cells expressing Vph1-mCherry were cultured for 48 h in SD,,CA medium. Cells were
stained with BODIPY and observed by fluorescence microscopy. Bars, 5 um. The cells having vacuoles that includes moving BODIPY-dots were counted, and
the ratio is shown.

changes, and their growth is influenced by the availability of
nutrients at that moment. Abrupt nutrient changes are often
used to investigate cellular responses. In nature, however,
nutrient changes are more likely to be gradual in most cases.
Therefore, it is important to investigate cellular responses
based on their growth along with nutrient changes.

Here, we found that carbon source availability is an impor-
tant determinant of growth when yeast is cultured in SD, ,CA
medium (Fig. 1B). Amino acids derived from the hydrolysate of
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casein contributed yeast biomass (Fig. 5B), but yeast growth
was correlated with glucose and ethanol concentrations (Figs.
1B and 5A). We consider that casamino acids should be utilized
for protein synthesis or others even in the prototrophic yeast
used in this study, and that glucose and ethanol are important
factors for growth state. Hence, we categorized the yeast
growth in SD,, ,CA or SD, , medium into three stages: the glu-
cose-utilizing, ethanol-utilizing, and ethanol-depleted phases
(Fig. 1E). We investigated autophagy in each phase and found
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Figure 8. Autophagy-defective cells exhibit slower growth in the ethanol-utilizing phase and delayed re-growth after return to rich medium after
ethanol-depleted phase. A, WT or atg2A cells were inoculated into SD, ,CA medium at a starting ODg,, of 0.01 and cultured for 32 h. ODg, (black circle),
glucose concentration (blue triangle), and ethanol concentration (red square) in the cultures were measured at the indicated time points. Filled and open
symbols represent the results from the WT and atg2A strains, respectively. Data points and error bars represent means = S.E. (n = 3). B, WT or atg2A cells were
inoculated into SD, ,CA medium at a starting ODg,, of 0.01 and cultured for the indicated time periods. Viabilities of these cells were measured. Each result
represents an average of calculated viability = S.E. (n = 3). C, WT or atg2A cells were inoculated into SD,,CA medium at a starting ODg, of 0.01 and then
cultured for the indicated time periods. The cells were re-inoculated into SD, ,CA medium at a starting ODgo 0f 0.01 and cultured in an automatically recording
incubator. The ODgg, of the culture was measured every 10 min. Each result represents the mean = S.E. (n = 3). D, WT, atg2A, atg32A, or atg39Aatg40A cells
were inoculated into SD,,CA medium at a starting ODg,, of 0.01 and cultured for 0 or 4 days after entry into ethanol-depleted phase. The cells were
re-inoculated into SD, ,CA medium at a starting ODg, of 0.01 and cultured in an automatically recording incubator. The OD, of the culture was measured

every 10 min. Each result represents the mean = S.E. (n = 3).

that bulk autophagy and ER-phagy were induced starting in the
ethanol-utilizing phase and that the level of bulk autophagic
activity increased in the ethanol-depleted phase (Figs. 3,4, 6). In
contrast, mitophagy occurred only in the ethanol-depleted
phase (Figs. 3— 6). Induction of autophagy in the ethanol-utiliz-
ing phase is an interesting discovery because nutrient availabil-
ity is expected to be sufficient for yeast growth at this stage. This
result implies that autophagy is constitutively induced in the
absence of glucose. Consistent with this, our group previously
reported that autophagy is induced during the diauxic shift, i.e.
after glucose depletion, in SD medium (18). In the ethanol-
depleted phase, bulk autophagy is more strongly activated, and
the mitochondria become targets of autophagy. Thus, we dem-
onstrated that distinct types of autophagy are induced during
gradual changes of the carbon source availability.
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Our previous report showed that iron levels are insufficient
in SD medium after the diauxic shift and that growth after the
diauxic shift is not logarithmic (18). Consistent with this, mul-
tiple studies have reported nonlogarithmic growth after the
diauxic shift (28, 34, 35). Here, we showed that yeast growth was
logarithmic in the ethanol-utilizing phase in low-glucose
medium (Fig. 1D). In standard synthetic medium, certain nutri-
ents are probably not present at sufficient levels for ethanol-
utilizing growth. It is noteworthy that some essential nutrients
in standard synthetic dextrose medium are insufficient to fully
support yeast growth even during glucose-utilizing growth
(36). These observations emphasize that the composition of
growth media should be carefully considered when we perform
long-term cultivation to investigate cellular responses to grad-
ual environmental changes. In particular, the term “stationary
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phase” is often used without precise definition. Importantly,
under our experimental conditions, stationary phase was
caused by ethanol depletion.

In this study, we revealed that three types of macroautophagy
are induced after glucose depletion: bulk autophagy, ER-phagy,
and mitophagy (Figs. 3, 4, and 6). However, the peroxisome and
LDs were not degraded (Fig. 3, E and F). Rather, both organelles
increased during the ethanol-utilizing phase. Because lipases
for triacylglycerols and steryl esters are localized in LDs (37—
40), fatty acids may be produced via lipolysis in the cytosol,
converted to acyl-CoA, and assimilated in the peroxisome,
which has -oxidation activity in yeast, in the ethanol-depleted
phase (41). The mitochondria should be needed to produce
ATP, but the required amount of the mitochondria may be less
in the ethanol-depleted phase than the ethanol-utilizing phase.
Hence, the mitochondria may be degraded in the ethanol-de-
pleted phase (Fig. 3D). There may be mechanisms so that
organelle balance is appropriately adjusted according to the
environment surrounding cells, and autophagy may contribute
the mechanisms.

Here, we further investigated the dependence of ATG17 or
ATG11I on those types of autophagy (Fig. 4). It is now accepted
that Atgl1 functions as a scaffold protein to organize the PAS
for selective autophagy. Indeed, ER-phagy induced by rapa-
mycin treatment is partially dependent on ATG11 (16). Inter-
estingly, under the ethanol-depleted condition, deletion of
ATGI1 did not influence ER degradation (Fig. 4B). One possi-
ble explanation for the weak dependence of ER-phagy on Atgl1
in the ethanol-depleted phase is that a large fraction of Atgll
might be preferentially recruited to the mitochondria. It is
noteworthy that ER-phagy receptors are still required for ER
degradation under these conditions (Fig. 4B). In the case of
mitophagy, Atgll plays an essential role (12, 13). Consistent
with this, the mitochondria were not degraded in atgl 1A cells
in ethanol-depleted phase (Fig. 4C). Under our experimental
conditions, the mitochondria should be well-developed at the
starting point of the ethanol-depleted phase, because the cells
had previously undergone the ethanol-utilizing phase. To
degrade those mitochondria, many molecules of Atgll might
be needed. Detailed observation of the behavior of Atgll and
various organelles under the same conditions will reveal the
roles of scaffold proteins, including Atgl7. The observation
that the mitochondrial degradation is partially dependent on
ATG17 implies that Atgl7 functions with Atgll (Fig. 4C). If
these two Atg proteins functioned independently, the mito-
chondria would be degraded in atglIA cells. Therefore, it is
necessary to carefully examine the balance of various autophagy
and scaffold protein(s).

Questions remain regarding the effects of autophagy on
the intracellular environment. Here, we demonstrated that
autophagy-deficient cells exhibited slower growth in the etha-
nol-utilizing phase (Fig. 8, A and B). Previously, our group
reported that autophagy-defective mutants exhibit a growth
defect after the diauxic shift and that autophagy during the
diauxic shift in SD medium contributes to iron recycling (18).
However, SD,,CA medium contains enough iron to support
respiratory growth (data not shown). Because the proteomic
profile changes dynamically during the diauxic shift (35),
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autophagy induced after glucose depletion might degrade some
glycolytic enzymes, which are abundant in glucose-containing
medium, thereby causing the yeast to rapidly alter the intracel-
lular proteome in preparation for the ethanol-utilizing phase.
Alternatively, amino acids, which are important for ethanol-
utilizing growth, may be released by autophagy. We also
showed that autophagy in the ethanol-depleted phase was
required to promote re-growth in fresh medium (Fig. 8, C and
D). Interestingly, mitophagy was required for the rapid adapta-
tion (Fig. 8D). Reactive oxygen species (ROS) accumulate in
autophagy-deficient cells under nitrogen starvation (42, 43)
and in mitophagy-deficient cells under starvation after respira-
tory growth (44). It is possible that ROS released from excess
mitochondria accumulate in atg2A or atg32A cells in ethanol-
depleted phase; if so, these ROS could damage cellular compo-
nents in a way that inhibits rapid adaptation to fresh medium.

The type of microautophagy that involves invagination of the
vacuolar membrane, recently named Type 2 microautophagy
(4), occurs after the diauxic shift in YEPD medium or standard
synthetic complete medium (32, 45). Our results are consistent
with those findings: microautophagy occurred in the ethanol-
utilizing and ethanol-depleted phases, i.e. after diauxic shift.
The vacuole invagination process occurs under various condi-
tions, and it results in incorporation of various organelles into
the vacuolar lumen (46 -49). Although we found that cytosol
and LDs are delivered to the vacuolar lumen (Fig. 7, E and F), it
is possible that microautophagy results in uptake of other cel-
lular components. One discrepancy is that Pgkl-GFP was
barely cleaved in atg2A cells, although cleavage of GFP-Atg8
and Vph1-GFP was clearly detected (Figs. 44 and 7, B and D).
Moreover, Osw5-GFP was not cleaved in the WT cells despite
the presence of LDs in the vacuolar lumen (Fig. 7F and Movie
S2). In the ethanol-depleted phase, microautophagic bodies
containing cytosol and LDs were detected in the vacuolar
lumen of WT cells, implying that they were not being efficiently
degraded (Fig. 7E, upper panel). A possible explanation about
these discrepancies is that the disintegration speed of microau-
tophagic bodies might differ depending on their contents,
resulting in different rates of cleavage. As described above, it is
possible that LDs are degraded in the cytosol. It will be an inter-
esting issue to clarify the contribution of LD degradations
between in the vacuole and in the cytosol.

Carbon metabolism is a fundamental biological process that
is involved in the production of energy and basic cellular com-
ponents. We should be aware that the metabolic pathways of
various nutrients are intricately connected with one another.
Here, we focused on carbon source availability, but these influ-
ences extend to metabolism of nucleic acids and amino acids,
which are deeply involved in induction of autophagy. In the
future, integrated metabolomic analyses will provide a better
understanding of the physiological roles of autophagy.

Experimental procedures
Yeast strains and growth conditions

Yeast strains used in this study are listed in Table 1. Gene
deletions and epitope tagging of genes at endogenous loci were
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Table 1
Yeast strains used in this study
Strain Genotype Source Data no.
X2180-1B MATa SUC2 mal mel gal2 CUP1 Yeast genetic stock center Figs. 1,6, A-C, 7E, and 8,
Figs. S1 and S2, and Movie S2
RIX47 X2180-1B atg2A::kanMX6 This study Fig. 8
RIX151 X2180-1B atglSA:kanMX6 This study Fig. 3H
RIX175 X2180-1B atg32A::kanMX6 This study Fig. 8D
RIX525 X2180-1B atg39A:kanMX6 atg40A::natNT2 This study Fig. 8D
RIX471 X2180-1B atg2A:kanMX6 atglSA:natNT2 This study Fig. 7E
MMY98 X2180-1B atg8:GFP-ATGS8::hphNT1I 53 Figs. 2, 6D, and 7, A and B
RIX19 X2180-1B atg8::GFP-ATG8::hphNT1 atgl A:kanMX6 This study Fig. 7A
MMY104 X2180-1B atg8:GFP-ATG8:hphNT1I atg2A:kanMX6 53 Figs. 2, 6D, and 7, A and B
RIX67 X2180-1B atg8:GFP-ATG8:hphNT1I atg3A:kanMX6 This study Fig. 7A
RIX69 X2180-1B atg8::GFP-ATG8::hphNT1 atg4A:kanMX6 This study Fig. 7A
RIX71 X2180-1B atg8:GFP-ATG8:hphNT1I atgSA:kanMX6 This study Fig. 7A
RIX73 X2180-1B atg8:GFP-ATG8:hphNT1I atg6A::kanMX6 This study Fig. 7A
RIX22 X2180-1B atg8::GFP-ATG8::hphNT1 atg7A:kanMX6 This study Fig. 7A
RIX185 X2180-1B atg8:GFP-ATG8::hphNT1I atg9A::kanMX6 This study Fig. 7A
RIX75 X2180-1B atg8:GFP-ATG8:hphNT1I atgl 0A:kanMX6 This study Fig. 7A
RIX77 X2180-1B atg8::GFP-ATG8:hphNT1 atgl 2A::kanMX6 This study Fig. 7A
RIX187 X2180-1B atg8:GFP-ATG8:hphNT1I atgl 3A::kanMX6 This study Fig. 7A
RIX189 X2180-1B atg8:GFP-ATG8:hphNT1I atgl4A:kanMX6 This study Fig. 7A
RIX191 X2180-1B atg8::GFP-ATG8:hphNT1 atglSA:kanMX6 This study Movie S1
RIX193 X2180-1B atg8:GFP-ATG8:hphNT1I atgl 6A::kanMX6 This study Fig. 7A
RIX197 X2180-1B atg8:GFP-ATG8:hphNT1I atgl8A:kanMX6 This study Fig. 7A
RIX587 X2180-1B atg8::GFP-ATG8::hphNT1 vps4A:kanMX6 This study Fig. 7B
RIX589 X2180-1B atg8:GFP-ATG8::hphNT1I vps4A:kanMX6 atg2A:kanMX6 This study Fig. 7B
RIX113 X2180-1B atg8:GFP-ATGS8::hphNT1 atg2A::kanMX6 atgl5A:natNT2 This study Movie S1
TMK834 X2180-1B pgkl:PGKI1-GFP:kanMX4 19 Figs. 3B, 4A, and 6E
TMK858 X2180-1B pgkl::PGKI1-GFP:kanMX4 atg2A:hphNT1 19 Figs. 44 and 6E
TMK911 X2180-1B pgkl::PGKI1-GFP:kanMX4 atgl1A::hphNT1 This study Fig. 4A
RIX16 X2180-1B pgkl::PGKI-GFP::kanMX4 atgl 7A:hphNT1 This study Fig. 4A
RIX179 X2180-1B sec63::SEC63-GFP::kanMX4 This study Figs. 3, Cand G, 4B, and 6F
RIX493 X2180-1B sec63:SEC63-GFP:kanMX4 atg2A::hphNT1 This study Figs. 4B and 6F
RIX495 X2180-1B sec63::SEC63-GFP:kanMX4 atgl1A:hphNTI1 This study Fig. 4B
RIX507 X2180-1B sec63:SEC63-GFP::kanMX4 atgl 7A::hphNTI1 This study Fig. 4B
RIX497 X2180-1B sec63:SEC63-GFP:kanMX4 atg39A::hphNT1 This study Fig. 4B
RIX499 X2180-1B sec63::SEC63-GFP:kanMX4 atgd0A:hphNTI1 This study Fig. 4B
RIX509 X2180-1B sec63:SEC63-GFP::kanMX4 atg39A:hphNTI1 atgd0A:natNT2 This study Fig. 4B
RIX183 X2180-1B 0m45::0M45-GFP::kanMX4 This study Figs. 3, D and G, 4C, 5B, and 6G
RIX293 X2180-1B 0m45::0M45-GFP::kanMX4 atg2A:hphNT1 This study Figs. 4C and 6G
RIX483 X2180-1B 0m45::0M45-GFP::kanMX4 atgl 1A:hphNT1 This study Fig. 4C
RIX485 X2180-1B 0m45::0M45-GFP::kanMX4 atgl7A:hiphNT1 This study Fig. 4C
RIX307 X2180-1B 0m45::0M45-GFP::kanMX4 atg32A:hphNT1 This study Fig. 4C
RIX181 X2180-1B pex11::PEX11-GFP::kanMX4 This study Fig. 3E
RIX511 X2180-1B 0sw5::0SW5-GFP::kanMX4 This study Fig. 3F
RIX345 X2180-1B vphl::VPHI-GFP:kanMX4 This study Fig. 7, Cand D
RIX349 X2180-1B vphl::VPHI1-GFP:kanMX4 atgl A:hphNT1 This study Fig. 7C
RIX351 X2180-1B vphl::VPHI-GFP:kanMX4 atg2A::hphNT1 This study Fig.7C
RIX353 X2180-1B vph1:VPHI-GFP:kanMX4 atg7A:hphNT1 This study Fig. 7C
RIX355 X2180-1B vphl::VPHI-GFP:kanMX4 atg8A:hphNT1 This study Fig. 7C
RIX359 X2180-1B vphl::VPHI-GFP:kanMX4 atgl4A:hphNT1 This study Fig.7C
RIX501 X2180-1B vphl::VPHI1-GFP:kanMX4 vps4A:hphNT1 This study Fig. 7C
RIX389 X2180-1B vphl:VPHI-mCherry::hphNTI This study Fig. 7F

performed by PCR-based methods and validated by PCR
(50, 51).

An appropriate carbon source was added to YNB medium
(1 g/liter potassium dihydrogen phosphate, 0.5 g/liter magne-
sium sulfate heptahydrate, 0.1 g/liter sodium chloride, 0.1 g/li-
ter calcium chloride dihydrate, 2 mg/liter myo-inositol, 0.4
mg/liter calcium (+)-pantothenate, 0.4 mg/liter nicotinic acid,
0.4 mg/liter pyridoxine hydrochloride, 0.4 mg/liter thiamine
hydrochloride, 0.2 mg/liter p-aminobenzoic acid, 0.2 mg/ml
riboflavin, 2 ug/liter (+)-biotin, 2 pg/liter folic acid, 0.5 mg/ml
boric acid, 0.4 mg/liter manganese(II) sulfate pentahydrate, 0.4
mg/liter zinc sulfate heptahydrate, 0.2 mg/liter iron(III) chlo-
ride hexahydrate, 0.2 mg/liter disodium molybdate(VI) dihy-
drate, 0.1 mg/liter potassium iodide, 0.04 mg/liter copper(II)
sulfate pentahydrate, 5 g/liter ammonium sulfate) containing
0.5% Bacto™ casamino acid (Difco), as follows: 2% (w/v) glu-
cose (SDCA medium) or 0.2% (w/v) glucose (SD, ,CA medium).
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To prepare SD, , medium, 0.2%(w/v) glucose was added to YNB
medium.

Yeast cells were inoculated from YPD plates (1% Bacto™
yeast extract (Difco), 2% Bacto™ peptone (Difco), 2% glucose,
2% agar) into 2 ml of SDCA medium in a test tube and grown
overnight (pre-culture) at 30 °C and 187 rpm using a rotator
(RT-550, TAITEC Corp.) until glucose was completely ex-
hausted. These cells were inoculated into fresh medium and
cultured under the indicated conditions. Unless otherwise
mentioned, yeast cells were grown at 30 °C and 180 rpm in a
125-ml Erlenmeyer baffled flask (Corning) on a BioShaker
(BR-43FL, TAITEC Corp.).

Growth curve analyses

ODy,, of yeast cultures were obtained using a spectrometer
(U-2900, Hitachi) at the indicated time points after cultures
were diluted to appropriate concentrations. For automatic
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growth curve analyses, pre-cultured cells were inoculated at a
starting ODg,, of 0.01 into 5 ml of the indicated medium in
L-shaped tubes and then cultured at 30 °C at 60 rpm in an auto-
matically recording incubator (TVS062CA, Advantec). OD,
of yeast cultures was recorded every 10 min. Growth curves
were obtained by connecting the average values of the respec-
tive times (n = 3).

Measurement of dry cell weight

Yeast cells were collected by centrifugation (10,000 rpm, 1
min), washed with distilled water, and collected by centrifuga-
tion (10,000 rpm, 1 min). The supernatant was discarded; the
resultant pellet was frozen by liquid nitrogen, and the frozen-
pellet was freeze-dried overnight using a freeze dryer (VD-
500F, TAITEC Corp.). Weight of the dried yeast cells was mea-
sured, and the dry cell weight per 1-liter of culture was
calculated.

Quantification of glucose and ethanol concentration in
cultures

Medium or yeast cultures were centrifuged at 10,000 rpm
for 1 min, and supernatants were collected. Supernatants
were diluted to the appropriate concentrations. Glucose,
ethanol, or ammonium concentrations in supernatants were
measured using the F-kit p-glucose (JK International Inc.),
F-kit ethanol (JK International), or F-kit ammonia (JK Inter-
national), respectively.

Measurement of oxygen consumption rate

Respiration of yeast cells was measured noninvasively at
room temperature using a Fibox3 oxygen meter (PreSens Pre-
cision Sensing GmbH) with continuous stirring. Cells were col-
lected and resuspended in 3 ml of YNB medium containing
0.5% (w/v) casamino acids and 1% (v/v) ethanol in a 15-ml tube
at appropriate density. Then, the tube was vortexed for 3 s, and
the cell suspension was immediately transferred into a cuvette.
Dissolved oxygen in the culture was measured every second,
with stirring, by the Fibox3. The changes of dissolved oxygen
(DO) in the solution per unit time and ODy,, were calculated
(ADQ"e freatment (9 Q,/ODgqo/min)) using dissolved oxygen
values from 61 to 120 s. The same procedures were performed
in the presence of antimycin A (5 um) or FCCP (10 um). On the
bases of these measurements, ADO™™ ™ <" & and ADOF<P
were calculated. Finally, the true values of dissolved oxygen
change as ADQP° freatment _ ApQ@ntimycin A (ng treatment) or
ADOQFCCP — ADQ2antimyein A (ECCP) were calculated.

Immunoblot analyses

Immunoblot analyses were performed as described previ-
ously (20). Antibodies against GFP (Roche Applied Science),
Pgkl (Invitrogen), B-tubulin (Wako), and Apel (a laboratory
stock) were used to detect relevant proteins. Chemilumines-
cence signals were detected using a CCD camera system
(LAS4000, GE Healthcare, or Fusion FX, Vilber Lourmat).
Quantification of each band intensity was performed using
Fusion®© software (Vilber Lourmat).
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Microscopic image acquisition

Fluorescence microscopy was performed as described previ-
ously (20).

Ultrastructural analyses

Ultrastructural analysis of yeast cells was performed by
Tokai-EMA (Japan).

BODIPY staining

BODIPY 493/503 was dissolved in DMSO at a final concen-
tration of 1 mg/ml (BODIPY stock solution). Five microliters of
the BODIPY stock was added to 495 ul of yeast culture, and the
mixture was incubated for 5 min at room temperature.

Determination of cell viability

Cell viability was determined by phloxine B staining (52).
Phloxine B was added to yeast cultures at a final concentration
of 2.5 ug/ml. Cells were observed using an inverted fluores-
cence microscope (IX81, Olympus) equipped with a cooled
CCD camera (CoolSNAP HQ, Photometrics) and a X40 objec-
tive lens (Uplan Apo X40, Olympus) at room temperature. A
power supply (BH2-RFL-T3, Olympus) was used to excite
phloxine B. To obtain phloxine B fluorescence, an excitation
filter (BP535-555HQ, Olympus), a dichroic filter (DM565HQ,
Olympus), and a fluorescence filter (BA570-625HQ, Olympus)
were used. Images were acquired using the MetaMorph soft-
ware (Molecular Devices).
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