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Abstract Cyanidioschyzon merolae is considered as a suit-
able model system for studies of organelle differentiation,
proliferation and partitioning. Here, we have identified and
characterized vacuoles in this organism and examined the
partitioning of vacuoles using fluorescence and electron
microscopy. Vacuoles were stained with the fluorescent
aminopeptidase substrate 7-amino-4-chloromethylcoumarin
L-arginine amide, acidotrophic dyes quinacrine and Lyso-
Tracker, and 4',6-diamidino-2-phenyl indole, which, at a
high concentration, stains polyphosphate. Vacuoles have
been shown to be approximately 500 nm in diameter with a
mean of around five per interphase cell. The vacuolar H*-
ATPase inhibitor concanamycin A blocked the accumulation
of quinacrine in the vacuoles, suggesting the presence of the
enzyme on these membranes. Electron microscopy revealed
that the vacuoles were single membrane-bound organelles
with an electron-dense substance, often containing a thick
layer surrounding the membrane. Immunoelectron micros-
copy using an anti-vacuolar-H*-pyrophosphatase antibody
revealed the presence of the enzyme on these membranes. In
interphase cells, vacuoles were distributed in the cytoplasm,
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while in mitotic cells they were localized adjacent to the
mitochondria. Filamentous structures were observed between
vacuoles and mitochondria. Vacuoles were distributed almost
evenly to daughter cells and redistributed in the cytoplasm
after cytokinesis. The change in localization of vacuoles also
happened in microtubule-disrupted cells. Since no actin pro-
tein or filaments have been detected in C. merolae, this result
suggests an intrinsic mechanism for the movement of vacu-
oles that differs from commonly known mechanisms medi-
ated by microtubules and actin filaments.
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Abbreviations

CMAC-Arg 7-Amino-4-chloromethylcoumarin
L-arginine amide

DAPI 4', 6-Diamidino-2-phenylindole

Pi Phosphate

TMA-DPH 1-(4-Trimethylammoniumphenyl)-6-
phenyl-1,3,5-hexatriene p-toluenesulfonate

V-ATPase Vacuolar H*-ATPase

V-PPase Vacuolar H*-pyrophosphatase

Introduction

The primitive red alga Cyanidioschyzon merolae is a small
organism (2 pm in diameter) that lives in sulfate-rich acidic
hot springs (pH 2.5, 42°C). C. merolae is an excellent
model system to study the fundamental features of eukary-
otic cells, especially with regard to organelle dynamics.
The C. merolae cell does not have a cell wall and contains
only one nucleus, one mitochondrion, and one chloroplast,
as well as only one microbody, one Golgi apparatus with
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two cisternae, and one layer of endoplasmic reticulum,
division of which can be highly synchronized by light/dark
cycles (Kuroiwa etal. 1994, 1998; Suzuki etal. 1994,
Miyagishima et al. 1999). In contrast, a typical eukaryotic
cell contains many double membrane-bound and single
membrane-bound organelles, division of which occurs at
random and cannot be synchronized. In addition, the shape
of the organelles is very diverse and complicated (Kuroiwa
1998). C. merolae is also a eukaryote with one of the small-
est (16.5Mb) and simplest genomes (Matsuzaki et al.
2004). Since most of the genes are present in low copy
numbers and lack introns, this would facilitate proteome
and transcriptome analyses. Although these features make
C. merolae an ideal organism for elucidating the function,
biosynthesis, and multiplication of organelles in eukaryotic
cells, organelles functionally equivalent to vacuoles have
not been well characterized.

The plant cell vacuoles are single membrane-bound
organelles, which share several properties with lysosomes
of animal cells and fungal vacuoles (Marty 1999). Plant cell
vacuoles were discovered earlier under microscopy and
were originally defined as a cell space empty of cytoplas-
mic matter. Most cell space in developed organs of higher
plants is occupied with vacuoles. In contrast, typical mam-
malian lysosomes are small organelles about ~500 nm in
diameter (Holtzman 1989). Today increasing biochemical
and molecular evidence suggests that vacuoles and lyso-
somes belong to a common group. Both exhibit an acidic
luminal pH, which is maintained by proton pumps such as
vacuolar H*-ATPase (V-ATPase) (Holtzman 1989). They
are rich in hydrolytic enzymes and are responsible for intra-
cellular degradation (Matile 1969). Vacuoles also function
as reservoirs for ions and metabolites and are involved in
cellular responses to environmental and biotic factors that
provoke stresses. Furthermore, several proteins required for
vacuolar protein transport in Saccharomyces cerevisiae
seem to be conserved in higher plants and mammals
(Sanderfoot and Raikhel 1999; Bethke and Jones 2000;
Winter and Hauser 2006) and some of these proteins have
been demonstrated to be involved in vacuolar or lysosomal
assembly in those organisms (Babst 2005; Rojo et al. 2003;
Suzuki et al. 2003). The presence of vacuoles in C. merolae
cells is implied by the fact that the genome contains genes
encoding vacuolar H*-pyrophosphatase (V-PPase), a full
set of V-ATPases, as well as proteases and phosphatases
(Misumi et al. 2005). It is not extensively discussed, how-
ever, vacuoles and lysosomes seems to have an evolution-
ary relationship as they have several enzymes in common
and require homologous proteins for their assembly.

Red algae are one of the main photosynthetic eukaryotic
lineages, as recent studies indicate their basal phylogenetic
position within the eukaryotes (Nozaki et al. 2003). There-
fore, characterizing vacuoles of C. merolae is expected to
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provide unique tools to address problems regarding origin,
evolution, and fundamental features such as biogenesis and
propagation of vacuoles and lysosomes. In this study, we
used fluorescence microscopy and electron microscopy to
identify and characterize the vacuoles in C. merolae. In
addition we studied changes in number and localization of
vacuoles throughout the cell cycle and our data suggest the
presence of certain mechanisms that ensure partitioning of
vacuoles.

Materials and methods
Cell culture and drug treatment

Cyanidioschyzon merolae 10D-14 strain (Toda et al. 1998)
were maintained in swirling conical flasks in 2xAllen’s
media (Allen 1959) at pH 2.5 and 42°C under continuous
light. To make phosphate-depleted medium, 4 mM
KH,PO, was removed from 2xAllen’s media and instead,
4 mM KOH was added and pH was adjusted to 2.5. For
synchronization, cells were diluted to an OD,, of 1.0 and
cultured under a 12-h light/12-h dark cycle with vigorous
aeration (Suzuki et al. 1994). Cells synchronized in the sec-
ond dark period were used. The commencement of lateral
chloroplast elongation was considered as the start of mito-
sis (Suzuki et al. 1994). For concanamycin A treatment,
I mM concanamycin A (Wako Pure Chemical Industries,
Ltd, Osaka, Japan) dissolved in DMSO was added to the
culture in a final concentration of 1 uM and incubated for
5 h. For oryzalin treatment, 40 uM oryzalin (Wako Pure
Chemical Industries) was added 2 h before the start of
mitosis and aeration was changed to gentle agitation.

Fluorescence microscopy

Images were viewed using an epifluorescence microscope
(BX51; Olympus, Tokyo, Japan) with a 3CCD digital cam-
era (C7780; Hamamatsu Photonics, Hamamatsu, Japan)
under ultraviolet excitation [for 4',6-diamidino-2-phenylin-
dole (DAPI), 7-amino-4-chloromethylcoumarin L-arginine
amide (CMAC-Arg) and 1-(4-trimethylammoniumphenyl)-
6-phenyl-1,3,5-hexatriene p-toluenesulfonate (TMA-DPH)],
blue excitation (for quinacrine and Alexa 488) or green
excitation (for chloroplast autofluorescence, LysoTracker
Red DND-99, and FM4-64). To observe DNA, cells were
fixed for 1 min with 1% (w/v) glutaraldehyde in TAN
buffer (20 mM Tris—HCI, 0.5 mM EDTA, 1.2 mM spermi-
dine) and stained with 1 pg/ml DAPI for 1 min. To observe
the yellow fluorescence of DAPI, cells were fixed for 5 min
with 1% (w/v) glutaraldehyde, rinsed in distilled water and
then stained with 3 pg/ml DAPI for 30 min at 37°C. For
CMAC-Arg staining, 10 uM digitonin was added to the
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culture and incubated for 15 min. Cells were then fixed for
5 min with 1% (w/v) glutaraldehyde, rinsed in 2xAllen’s
media and incubated with 100 uM CMAC-Arg (Molecular
Probes, Eugene, OR) for 15 min at room temperature. For
staining with quinacrine and LysoTracker Red DND-99,
30 mM Tris—HCI (pH 8.8), 10 uM digitonin and 40 pg/ml
quinacrine or 1 mM LysoTracker Red DND-99 (Molecular
Probes) were added to the culture and incubated for 15 min
at room temperature. Cells were collected by weak centrifu-
gation, resuspended in fresh media and incubated for 1 h at
37°C. For staining with TMA-DPH and FM4-64, 1 pg/ml
TMA-DPH (Molecular Probes) or 1 pg/ml FM4-64
(Molecular Probes) was added to the culture. Immunofluo-
rescence microscopy was performed as described previ-
ously (Nishida et al. 2005). Cells were fixed in 90% (v/v)
methanol at —20°C for 5 min. Mouse anti-a-tubulin anti-
body (Molecular Probes) at a dilution of 1:100 was used as
the primary antibody and goat anti-mouse IgG conjugated
with Alexa 488 (Molecular Probes) at a dilution of 1:1,000
was used as the secondary antibody.

Electron microscopy

Transmission electron microscopy was performed as
described previously (Miyagishima et al. 1999). Briefly, cell
pellets were rapidly frozen in liquid propane cooled with lig-
uid nitrogen, transferred to dried acetone containing 1%
osmium tetraoxide at —80°C then embedded in Spurr’s resin
(Polyscience Inc, Warrington, PA, USA). Thin sections
(90 nm thick) were stained with uranyl acetate and lead cit-
rate, and examined with an electron microscope (JEM-
1200EX; JEOL, Tokyo, Japan). For immunoelectron
microscopy, cells were rapidly frozen in liquid propane and
fixed with dried acetone at —80°C (Miyagishima et al.
1999). Rabbit antibody against peptide (DVGADLVGKVE)
of mung bean vacuolar H*-pyrophosphatase (V-PPase)
(Takasu et al. 1997) was used for labeling; underlined amino
acids represent conserved areas in the C. merolae sequence
(GenBank accession number AB231859). Thin sections
(90 nm thick) were labeled with the antibody at a dilution of
1:80 and then with 15-nm gold-conjugate goat anti-rabbit
antibody, and stained with uranyl acetate. Cells were also
fixed chemically with 0.5% glutaraldehyde in 1xAllen’s
media buffered in 10 mM sodium cacodylate (pH 7.2) for
2 h at room temperature and 12 h at 4°C, and rinsed in the
same buffer. Fixed cells were dehydrated in a graded ethanol
series followed by propylene oxide and embedded in LR
White resin (London Resin Company, London, UK). Thin
sections were labeled with the antibody against V-PPase
diluted 1:20 then with 10-nm gold-conjugate goat anti-rabbit
antibody, and stained with uranyl acetate. Densities of label-
ing by antibodies against V-PPase were calculated as
described previously (Tanaka et al. 1996).

Results
Identification and characterization of vacuoles

While C. merolae cells contain one nucleus, one mitochon-
drion, and one chloroplast, the mitochondrion is closely
adjacent to the chloroplast (Fig. 1a). To visualize vacuoles,
a range of fluorescent probes was used (Table 1). CMAC-
Arg, quinacrine and a high concentration of DAPI presum-
ably stained identical round-shaped organelles, which were
about 430-550 nm in diameter (Table 1, Fig. 1b—d). These
organelles were distributed in the cytoplasm during inter-
phase and close to mitochondria in mitotic cells. A high
concentration of DAPI stains polyphosphate, which is
known to accumulate in vacuoles in various organisms.
While DAPI-DNA fluorescence is blue-white with an emis-
sion maximum of 456 nm, DAPI-polyphosphate fluores-
cence is bright yellow with a fluorescence maximum of
525 nm (Tijssen et al. 1982). The yellow fluorescence of
DAPI disappeared in the cells cultured in phosphate (Pi)-
depleted medium (Fig. le) and became rapidly visible after
readdition of phosphate (Fig. 1f), indicating that the yellow
fluorescence originated from polyphosphate likely con-
tained in vacuoles. LysoTracker is thought to be incorpo-
rated into membranes of acidic organelles according to the
manufacturer’s protocol (Molecular Probes). Simultaneous
staining with DAPI revealed LysoTracker signal surround-
ing the DAPI signal (Fig. 1g), suggesting that the mem-
brane and matrix of the round structures were stained with
LysoTracker and DAPI. These results suggest that these
round organelles are lytic and acidic compartments con-
taining polyphosphate. In general, vacuolar H*-ATPase
(V-ATPase) is abundant in vacuolar membranes and is
responsible for the maintenance of the proton gradient across
the membranes to keep the inside acidic. To study whether
the acidity of the round organelles depends on V-ATPase,
cells were treated with concanamycin A, a specific inhibitor
of V-ATPase (Fig. 2a, b). In the presence of the drug, quina-
crine did not accumulate in these organelles (Fig. 2b), sug-
gesting that V-ATPase is responsible for their acidification.
Taken together, the organelles were designated as vacuoles.
In order to reveal the detailed morphology of the vacu-
oles, cells were fixed using the rapid-freeze substitution
method, embedded in Spurr’s resin, and observed by trans-
mission electron microscopy. As previously reported,
organelles such as nuclei, mitochondria, chloroplasts, and
microbodies were easily identified (Fig.3a, b, Kuroiwa
etal. 1994, 1998; Miyagishima et al. 1999). Beside these
known structures, we observed single membrane-bound
organelles containing variable amounts of electron-dense
entities (Fig. 3a—g), which we classified into two types. The
first type had no visible specific structures around the mem-
brane (Fig. 3c—e), whereas the second type had a layered
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PC/DAPI

Fig. 1 Visualization of vacuoles by fluorescence microscopy. a A
phase contrast-fluorescence microscopy image showing interphase
(left) and mitotic cells (right) after DAPI staining. The red fluorescence
is autofluorescence of chloroplasts. b Cells stained with CMAC-Arg
and c cells stained with quinacrine. d—f Cells stained with a high
concentration of DAPI: cells grown in 2xAllen’s medium (d); in Pi-

L‘soTracker DAPI L‘SO)’DAPl

depleted medium for 3 weeks (e) or cultured in Pi-containing medium
for 14 h after culture in Pi-depleted medium for 3 weeks (f). g A cell
stained with LysoTracker Red DND-99 and a high concentration of
DAPI. PC Phase contrast, nu nucleus, mt mitochondrion, ¢p chloro-
plast. Bars 2 um (a—c, f), | pm (g)

Table 1 Fluorescent probes

. . Probes
used to visualize vacuoles

Stained organelles in
C. merolae (diameter nm)

Stainable organelles

Peptidase activity

Round organelles (434 + 83) Lysosomes and vacuoles®

Round organelles (549 + 147)
Round organelles (ND)

Cell membrane

Acidic organelles®

Acidic organelles®

Cell membrane, endosomes?,

CMAC-Arg
pH gradient
Quinacrine
LysoTracker Red DND-99

ND not determined Endocytosis

# Kruckeberg et al. (1999) TMA-DPH

> Weisman et al. (1987)

¢ Bucci et al. (2000) FM4-64

4 Tllinger et al. (1990)

© Bolte et al. (2004) Polyphosphate

‘ DAPI

Allan and Miller (1980)

lysosomes, and vacuoles

Cell membrane, endosomes®,
lysosomes, and vacuoles

No uptake

Round organelles (530 £ 140) Vacuoles’

structure surrounding the membrane (Fig. 3f—g). The first
type and the second type of organelles were 325 4+ 103 and
316 £ 81 nm in diameter, respectively. In mitotic cells,
both types of organelles were observed close to the mito-
chondria (See below, Fig. 6a—i). We also embedded cells in
LR White resin and performed immunoelectron micros-
copy using IgG against vacuolar H"-pyrophosphatase (V-
PPase) (Fig. 3h—1, Table 2), which has been shown to be an
intrinsic-vacuolar membrane-localized pump in plant cells
(Maeshima 2000). Signals of PPase were detected around
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organelles, which were recognized as single membrane-
bound organelles by their size and electron-dense inclusion.
These results suggest that the observed single membrane-
bound organelles are vacuoles.

Proliferation and distribution of vacuoles
The number of organelles per cell should be controled to

fulfill their functions. We also studied the proliferation and
behavior of vacuoles during the cell cycle. To study the



Planta (2007) 226:1017-1029

1021

Fig. 2 The effect of concana-
mycin A treatment on quinacrine
accumulation. Cells were treated
with DMSO (control a) or
concanamycin A (b) for 5 h and
subsequently stained with
quinacrine. The autofluores-
cence of chloroplasts was
subtracted from the images
using Photoshop 6.0 (Adobe
systems, Mountain View,

CA, USA). PC Phase contrast.
Bar 2 pm

Fig. 3 Identification of vacu-
oles by electron microscopy. a, b
Typical electron microscopic
images of interphase cells. c—g
Typical images of round single
membrane-bound organelles. ¢,
d Magnified images of (a) and
(b). Organelles without a layer
(c—e); and with a thick layer
around the membrane (f, g). h-1
Immunoelectron micrographs of
cells stained with anti-V-PPase
antibody. i Magnified image of
(h). Cells were fixed with ace-
tone (h—j) or glutaraldehyde

(k, ). nu Nucleus, mt mitochon-
drion, cp chloroplast; mb micro-
body; st starch, arrowheads
round single membrane-bound
organelles. Bars 1 pm (b, h),
200 nm (g), 500 nm (1)

Quinacrine
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relationship between proliferation of vacuoles and cell
cycle, after the synchronization of cell division, the number
of vacuoles stained with quinacrine or DAPI was examined
(Fig. 4). Synchronized cell division was observed from 35
to 37 h after the start of incubation. In C. merolae, the chlo-
roplast, mitochondrion, microbody, and nucleus divide in
this order before cytokinesis (Suzuki et al. 1994). Based on
morphology, we sorted cells into six cell-cycle stages:
interphase cells just before mitosis, cells with an elongated
chloroplast, cells with a constricted chloroplast, cells after
chloroplast division, cells at cytokinesis, and interphase
cells after cytokinesis. Cells with an elongated chloroplast
had a higher number of vacuoles (6.10 &= 1.73 and 6.05 £
1.50 with quinacrine and DAPI, respectively) than inter-
phase cells just before mitosis (4.77 & 1.53 and 4.67 £
1.29; P < 0.0001, Student’s ¢ test). Alternatively, no signifi-
cant difference was observed between the number of vacu-
oles in cells with a constricted chloroplast, in cells after
chloroplast division, and in cells at cytokinesis. The num-
ber reduced by half in interphase cells just after mitosis.

As shown above, C. merolae vacuoles are distributed in
the cytoplasm during interphase and localized close to the
mitochondria in mitotic cells (Fig. 1b, c). This raised the
possibility that certain mechanisms exist for proper parti-
tioning of vacuoles. To ascertain details of the behavior of
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Fig. 4 Changes in the number of vacuoles per cell throughout the cell
cycle. The number of vacuoles per cell visualized with quinacrine or
DAPI was counted at different stages of the cell cycle. I Interphase
cells just before mitosis; 2 cells with an elongated chloroplast; 3 cells
with a constricted chloroplast; 4 cells after chloroplast division; 5 cells
at cytokinesis; 6 interphase cells after cytokinesis. nu Nucleus, mt
mitochondrion; cp chloroplast
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vacuoles, subcellular localization of vacuoles was studied
using synchronized cells. In this experiment, we designated
the nuclear side of the cell as upside, and the chloroplast
side as downside. DAPI was used to observe the vacuoles.
In the interphase, the vacuoles were distributed throughout
the cytoplasm, mainly in the upper part of the cell (Fig. 5a).
In cells with an elongated chloroplast (Fig. 5b, c), about
half of the observed vacuoles were localized over the chlo-
roplast, i.e. over the mitochondria. In cells in which the
chloroplast had started to constrict and in cells with divided
chloroplasts, about 80 and 90% of the observed vacuoles
were located over the mitochondria, respectively (Fig. 5d,
e). In cells at cytokinesis, the vacuoles were located close to
the mitochondria and often situated near the division plane
(Fig. 5f). In this stage, vacuoles were also observed in the
upper part of the cytoplasm close to the division plane. To
study how evenly the vacuoles were distributed to the
daughter cells, we examined the difference in the number of
vacuoles between the prospective daughter cells using cells
in cytokinesis (Table 3). Thirty-four percent of cells in
cytokinesis had the same number of vacuoles between the
daughter cells and in 53% of cells; one daughter cell had
one more vacuole than the other. This result shows that
vacuoles are almost evenly distributed among daughter
cells.

The behavior of vacuoles was further examined by elec-
tron microscopy. Table 4 shows the percentage of each type
of vacuole of the total number of observed vacuoles in each
stage of the cell cycle stage. Vacuoles with or without a
surrounding layer were both observed regardless of cell
cycle. The percentage of vacuoles with a layer was slightly
larger in cells with divided chloroplasts and cells in cytoki-
nesis than in interphase cells and cells with an elongated
chloroplast. In mitotic cells, both types of vacuoles were in
close proximity to mitochondria, while in cells with an
elongated chloroplast, the vacuoles were observed on the
mitochondria and in other parts of the cytoplasm (Fig. 6a).
In cells with constricting chloroplasts (Fig. 6b—d), cells
with divided chloroplasts (Fig. 6g), and cells at cytokinesis
(Fig. 61), vacuoles were observed on top of mitochondria,
while the microbodies were localized at the site of mito-
chondrial division (Miyagishima et al. 1999). In cells at
cytokinesis, vacuoles were also observed in the cytoplasm
close to the division plane. We found filamentous structures
between vacuoles and mitochondria (Fig. 6d-h). In some
peripheral regions of the mitochondria, a portion of the
mitochondrial membrane was stretched and was in direct
contact with the vacuoles (Figs. 6g, h, 7a—f).

Localization of the vacuoles in oryzalin-treated cells

Among components of cytoskeleton, only microtubules are
observed in C. merolae (Matsuzaki et al. 2004; Nishida
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Fig. 5 Changes in localization
of vacuoles throughout the cell
cycle visualized with DAPIL. A
cell in interphase (a); with an
elongating chloroplast (b); with
an elongated chloroplast (¢);
with a constricted chloroplast
(d); with a divided chloroplasts
(e); and at cytokinesis (f). PC
phase contrast; CP autofluores- b
cence of chloroplast. Bar 2 pm

[=3

et al. 2005). To examine whether the change in localization
of vacuoles during mitosis was dependent on mitotic spin-
dles, we disrupted microtubules with oryzalin, an inhibitor
of tubulin polymerization. When oryzalin was added to the
synchronized culture 2 h before commencement of mitosis,
cell-cycle progression was arrested after mitochondrial
division, as described by Nishida et al. (2005), suggesting
that the drug effectively disrupted microtubules. We also
performed immunofluorescence microscopy using antibod-
ies against a-tubulin. Microtubule filaments were observed
in control cells (Fig. 8a), while no filaments could be
observed in the oryzalin-treated cells (Fig. 8b). Vacuoles
were also observed over the chloroplasts, i.e. over the mito-
chondria, in oryzalin-treated mitotic cells (Fig. 8c).

'.r‘,

(@)
3

DAPI Merged

Discussion
Identification and characterization of vacuoles

In this paper, we have identified and characterized vacuoles
in C. merolae. They possess fundamental characteristics of
typical vacuoles, in that they are single membrane-bound,
Iytic and acidic organelles. Vacuoles visualized with the
blue fluorescence of CMAC were about 430 nm in diameter
on average, whereas those visualized with yellow fluores-
cence of quinacrine and DAPI were about 550 and 530 nm,
respectively (Table 1). This is not inconsistent, since a
longer wavelength gives objects nonnegligibly larger
appearance due to limits of resolution when the objects are
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Fig. 6 Vertical sections of mi-
totic cells observed with electron
microscopy. a A cell with an
elongated chloroplast. b—d Cells
with dividing chloroplasts. e, f
Magnified images of (d). g A
cell with divided chloroplasts. h
Magnified image of (g). i A cell
in cytokinesis. nu Nucleus, mt
mitochondrion, cp chloroplast,
mb microbody, st starch, arrow-
heads vacuoles, small arrows
the filamentous structures, large
arrow the stretched mitochon-
drial membrane. Bar 1 pm (i),
200 nm (£, h)

as small as the light wavelength. Alternatively, fixation
might cause the difference in image size (see Materials and
methods). Each vacuole contained polyphosphate as shown
by dual labeling with DAPI and LysoTracker (Fig. 1). We
also showed drastic changes in the amount of polyphos-
phate in response to the outer phosphate concentration,
implying that polyphosphate acts as a reservoir of
phosphate. Several microorganisms such as S. cerevisiae
(Vorisek etal. 1982), Neurospora crassa (Cramer et al.
1980), the green alga Chlorella pyrenoidosa (Peverly et al.
1978), and Dunaliella salina (Pick and Weiss 1991) accu-
mulate polyphosphate in vacuoles. Incorporation of ortho-
phosphate into polyphosphate was also reported in isolated
lysosomes of human fibroblasts (Pisoni and Lindley 1992).
Polyphosphate performs numerous and various biological
functions. Among these, they function as a reservoir of
energy and phosphate, a chelator of metals, and a regulator
of cytoplasmic pH and osmolarity (Pick and Weiss 1991;
Weiss et al. 1991; Kornberg 1995; Shirahama et al. 1996;
Kulaev et al. 2004). In considering our results, accumula-
tion of polyphosphate into vacuoles seems likely to occur in
the early stages of eukaryotic evolution and have various
biological functions in diverse organisms. By treatment
with concanamycin A, a V-ATPase inhibitor, the vacuoles
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abolished their acidic state, suggesting that V-ATPase is
responsible for acidity of the vacuoles, as is the case in
many other organisms (Fig. 2). In S. cerevisiae, suppression
of V-ATPase activity is known to have a pleiotropic effect
on the vacuolar system (Nelson et al. 2000). Indeed, con-
canamycin A-treated cells stopped growing and died within
24 h (data not shown), suggesting that the active vacuolar
system is vital for C. merolae.

When observed by electron microscopy, the average size
of vacuoles was about 300 nm in diameter. The size could
have been underestimated as not all vacuoles were sectioned
in the median plane. The vacuoles had an electron-dense
substance (Fig. 3). In many organisms, electron-dense con-
tents are observed in vacuoles or lysosomes (Holtzmann
1989). In mammalian cells, lysosomes have a heterogeneous
content, owing to differences in function and substrate (Hol-
tzmann 1989). We also observed variations in amount and
density of the electron-dense contents. Such variation might
reflect different properties of the vacuoles. Alternatively,
apparent differences in electron-dense substances might be
partly due to instability of the contents during fixation. We
classified the vacuoles into two types based on their outer
structure (Fig. 3). One type of vacuole might turn into the
other type of vacuole as vacuoles with a slight outer layer,
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Fig. 7 Cross sections of a single
mitotic cell observed with elec-
tron microscopy. The vacuoles
(arrowheads) were observed in
the periphery of the mitochon-
drion, constricted by the mito-
chondrial dividing ring (double
arrowheads) (a—f). b, d Magni-
fied images of (a) and (c¢). mt
Mitochondrion, cp chloroplast,
arrows the contact sites of the
mitochondrion and the vacuoles.
Bars 1 pm (f), 200 nm (b, d)

Fig. 8 Localization of vacuoles
in oryzalin-treated cells. Oryza-
lin was added 2 h before the start
of mitosis. Immunofluorescence
images of o-tubulin in control
(a) and oryzalin-treated cells (b).
¢ Oryzalin-treated mitotic cells
stained with a high concentra-
tion of DAPI. PC Phase contrast,
CP autofluorescence of the chlo-
roplast. Bars 2 pm

PC Alexa 488 Merged

DAPI
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which are supposed to be at an intermediate state, were also
observed. Immunofluorescence microscopy revealed the
localization of V-PPase on the vacuoles (Fig. 3, Table 2).
Presence of V-PPase and V-ATPases in C. merolae vacuole
strongly supports that the observed vacuoles are true vacu-
oles, although the term “vacuoles” is occasionally used for
quite different organelles (Holtzman 1989).

Proliferation and distribution of the vacuoles

We investigated as to when vacuoles of C. merolae prolifer-
ate. Mitotic cells had a higher number of vacuoles than
interphase cells, whereas no significant increase in number
was detected in the progression of mitosis (Fig.4). This
indicated that proliferation of vacuoles occurs preferentially
in the interphase. Warren and Wickner (1996) reviewed the
two inheritance strategies used by organelles; stochastic
inheritance and ordered inheritance. Stochastic inheritance
is based on the law of probability, while in ordered inheri-
tance, organelles are inherited using certain machineries. It
has been reported with mammalian Madin-Darby canine
kidney (MDCK) cells that lysosomes are dispersed through-
out the cytoplasm in the early prophase, but in a juxtanuclear
position just after cytokinesis (Bergeland et al. 2001). In
tobacco BY-2 cells, which contain large developed vacu-
oles, it has been reported that the central part of the vacuole
becomes tubular and finally segregated into two smaller
vacuoles, each of which is inherited by daughter cells
(Kutsuna et al. 2003). In S. cerevisiae, the vacuolar mem-
brane extends into the emerging bud via a tubular and vesic-
ular structure, which then fuses into a new vacuole in the
daughter cell (Catlett and Weisman 2000). These observa-
tions indicate that certain mechanisms exist to actively con-
trol vacuole/lysosome partitioning. In C. merolae, vacuoles
changed their localization dynamically and partitioned

Table 2 Density of labeling by antibodies to V-PPase by electron
microscopy

Organelles Number of gold
particles (um’z)
Cytoplasm 5077
Nucleus 4864
Mitochondrion 50+£8.1
Chloroplast 42+44
Microbody 40+59
Round, single membrane- 117.6 £ 75.8
bound organelles (M)
Round, single-membrane- 18.1 +14.0

bound organelles (I)

Values are mean + SD; 14 sections derived from different cells were
examined. M The membrane area (the area, 20-nm in width covering
the presumable membrane area)

I Inner area of the organelles

@ Springer

almost evenly (Figs. 5, 6, Table 3). The change in localiza-
tion did not seem to be directly related to the outer structure
of the vacuoles since both types of vacuoles were observed
throughout the cell cycle. The percentage of vacuoles with a
layer increased and vacuoles without a layer decreased in
the later stages of the cell cycle (Table 4). Although the
physiological meaning of the difference in outer structure is
unknown, this change might be caused by a variation in
metabolism during the cell cycle. We propose the following
model of vacuolar partitioning in the cell cycle of C. mero-
lae (Fig. 9a—g). During interphase, the vacuoles are distrib-
uted throughout the cytoplasm, where proliferation occurs
(Fig. 9a). When the chloroplast starts to elongate, the vacu-
oles begin to move to the upper side of the mitochondrion
whereas the microbody localizes at the center of the mito-
chondrion (Fig. 9b). Most vacuoles are located in close
proximity to the mitochondrion (Fig. 9c). After division of
the chloroplast, the mitochondrion, nucleus and microbody
divide, in this particular order. The vacuoles are distributed
almost evenly to either side of the cell as the division and
partitioning of organelles proceeds (Fig. 9d). During cytoki-
nesis, the vacuoles begin to move close to the division plane
of the cell, where some start to leave the vicinity of mito-
chondria (Fig. 9e). After cytokinesis, all vacuoles are redis-
tributed in the cytoplasm via the former division plane
(Fig. 9f). We speculated that the vacuoles are bound to the
mitochondria and distributed together with them. In some
peripheral region of the mitochondria, the mitochondrial
membrane bulges outward and moves into direct contact
with the vacuoles (Figs. 6, 7). Thus, at least several vacuoles
seem to bind to the mitochondria in a positive manner. Fila-
mentous structures were observed between vacuoles and
mitochondria (Fig. 6) and might be involved in the binding
of the two organelles (Fig. 9g).

Localization of vacuoles in oryzalin-treated cells

What triggers this cell cycle-dependent change in localiza-
tion and how vacuoles move and attach to the mitochondria
remains to be determined. Subcellular localization of vacu-
oles in interphase does not depend on microtubules since
o-tubulin is expressed only in cells just before and during

Table 3 The difference in number of vacuoles between prospective
daughter cells in cytokinesis

The difference in Percentage
number of vacuoles of cells

34

53

12

1

> W = O

total 100 cells at cytokinesis were counted
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Table 4 Changes in propor-
tions of two types of vacuoles
during cell cycle

Percentage of number of each type of vacuole to total
number of vacuoles

Vacuoles with a thick
layer around the membrane

Vacuoles without a thick layer
around the membrane

Interphase cells (n
Cells with an elongated CP (n
Cells with a constricted CP (n
Cells with divided CPs (n

CP Chloroplast; n number of Cells in cytokinesis o

vacuoles examined

=36) 417 583
=60) 433 56.7
=88) 364 63.4
=143) 294 70.6
=17) 294 70.6

=3
o
-

N
g
Vacuole
Putative binding
structures

Mitochondrion
N =4

Fig. 9 Schematic model of the partitioning of vacuoles during cell
cycle. During interphase, the vacuoles are distributed in the cytoplasm
(a). When the chloroplast starts to elongate, vacuoles and the micro-
body begin to move to the upper side of the mitochondrion (b). Most
of the vacuoles are located in close proximity to the mitochondrion (c).
Vacuoles are mostly distributed evenly to either side of the cell as the
division and partitioning of organelles proceeds (d). During cytokine-
sis, vacuoles begin to move close to the division plane of the cell and
leave the vicinity of mitochondria (e). After cytokinesis, all vacuoles
are redistributed in the cytoplasm via the former division plane (f).
Vacuoles and mitochondria are speculated to be bound with specific
structures (g)

mitosis (Nishida et al. 2005). The spindle does not seem
necessary in the movement over the mitochondria since the
vacuoles changed their localization in the presence of oryz-
alin (Fig. 8). This result is consistent with the partitioning
of mammalian lysosomes, which are excluded from and

independent of the mitotic spindle (Dunster et al. 2002).
Actin filaments and class V myosin Myo2p are needed for
the inheritance of vacuoles in S. cerevisiae (Hill et al. 1996;
Catlett and Weisman 2000). C. merolae genome codes for
one actin and six actin-related proteins, but there are no
proteins that appear to contain the motor domain of dynein
or myosin (Matsuzaki et al. 2004). Although the transcript
of actin gene has been detected by Northern hybridization
(Takahashi et al. 1995), actin protein or filaments were not
detected by immunoblot analysis or by staining with rhoda-
mine-conjugated phalloidin or anti-actin antibodies
(Kuroiwa 1998). Further, cytochalasin B, an actin depoly-
merization drug, did not arrest the cell cycle of C. merolae
(Kuroiwa 1998). We also used latrunculin B and cytochala-
sin D, other inhibitors of actin polymerization, and
observed no significant effect on the cell cycle, viability, or
the relocation of vacuoles (data not shown). Therefore
C. merolae is considered to be lacking typical actin fila-
ments and the partitioning of vacuoles is likely to involve
other, so far undiscovered, mechanisms.

In conclusion, the present study confirmed the existence
of vacuoles in C. merolae. Our results show that vacuoles
are distributed to each daughter cell in a specific manner.
Since vacuoles of C. merolae are low in number per cell,
have a distinct shape, and are easily detected by several
dyes, they are thought to provide an excellent system to
further understand the specialization, proliferation and dis-
tribution of vacuoles and lysosomes.
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