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Abstract

We used soft X-ray tomography (SXT) — a high-resolution, quantitative imaging
technique — to measure cell size and organelle volumes in yeasts. Cell size is a
key factor in initiating cell division in yeasts, whereas the number and volume
of the organelles have a profound impact on the function and viability of a cell.
Consequently, determining these cell parameters is fundamentally important in
understanding yeast biology. SXT is well suited to this type of analysis. Specimens
are imaged in a near-native state, and relatively large numbers of cells can be readily
analysed. In this study, we characterized haploid and diploid strains of Saccharomyces
cerevisiae at each of the key stages in the cell cycle and determined the relationships
that exist cellular and organelle volumes. We then compared these results with SXT
data obtained from Schizosaccharomyces pombe, the three main phenotypes displayed
by the opportunistic yeast pathogen Candida albicans and from a coff1-22 mutant
strain of S. cerevisiae. This comparison revealed that volumetric ratios were invariant,
irrespective of yeast strain, ploidy or morphology, leading to the conclusion these
volumetric ratios are common in all yeasts. Copyright © 2010 John Wiley & Sons,
Ltd.
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Introduction

cell (Fagarasanu et al., 2007; Warren and Wickner,
1996). During the cell cycle, organelle size must

Cell size is a critical parameter in the regulation
of cell division in yeasts (Bryan et al., 2010; Con-
lon et al., 2001; Johnston et al., 1977; Jorgensen
and Tyers, 2004; Umen, 2005). It has long been
accepted that yeast cells must reach a minimum
size before the process of cell division is initiated,
and that the cells continue to grow as the cycle pro-
ceeds (Calvert and Dawes, 1984; Goranov et al.,
2009; Mitchison, 1957). As with all eukaryotes,
yeast cells are compartmentalized into function-
ally distinct spaces by the creation of membrane-
bound organelles. This subcellular arrangement
maximizes both the complexity and the diversity of
biochemical processes that can take place inside the
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be precisely controlled for both proper cellular
function and correct organelle partitioning between
mother and daughter prior to their separation, since
most organelles are inherited (Fagarasanu et al.,
2007; Warren and Wickner, 1996).

In the past it has been challenging to accu-
rately measure the volume and density of organelles
(Bryan et al., 2010). Electron microscopy can only
be used to image specimens that are less than
500 nm thick (Baumeister et al., 1999). Conse-
quently, even relatively small eukaryotic cells, such
as yeasts, must be cut into sections 60—400 nm
thick before they can be imaged. This requirement
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makes imaging all organelles in a eukaryotic cell
technically challenging and very time consuming
(Leis et al., 2009). Fluorescence microscopy has
also been widely applied to imaging organelles
(Giepmans et al., 2006; Tsien, 2005). However, this
technique can only provide data on organelles that
have been fluorescently stained, and only a small
number of organelles can be stained before over-
lap occurs between the emission/excitation bands
of different coloured fluorescent probes. Moreover,
in most cases it is difficult to accurately measure
the actual volume of a labelled organelle, based on
its fluorescence emission signal. In particular, it is
very difficult to determine the volume of irregularly
shaped organelles (such as lipid bodies, mitochon-
dria and vacuoles) using fluorescence. Over the past
decade, soft X-ray tomography (SXT) has emerged
as a technique that is ideally suited to imaging
and accurately quantifying organelle volumes (Gu
et al., 2007; Larabell and Le Gros, 2004a, 2004b;
Le Gros et al., 2005; Leis et al., 2009; McDer-
mott et al., 2009; Parkinson et al., 2008; Schneider
et al., 2002, 2003; Weiss et al., 2000).

SXT has a number of highly advantageous
characteristics in the context of imaging eukary-
otic cells (McDermott et al., 2009). First, the
short wavelength of the illuminating X-rays allows
specimens to be imaged at high spatial resolu-
tion (Kirz et al., 1995; Larabell and Le Gros,
2004a; McDermott et al., 2009; Weiss et al., 2000,
2001). Second, soft X-ray photons can penetrate
and image fully hydrated specimens up to 15 pym
thick (Attwood, 1999; Kirz et al., 1995; Le Gros
et al., 2005; Schneider, 2003). Lastly, image con-
trast is obtained directly from the absorption of soft
X-rays by the specimen, and therefore no poten-
tially damaging specimen staining procedures are
required (Le Gros et al., 2005; McDermott et al.,
2009). In SXT the specimen-illuminating photons
are in a region of the electromagnetic spectrum
known as the ‘water window’. This lies between
the K shell absorption edges of carbon (284 eV,
A =4.4nm) and oxygen (543 eV, A =2.3 nm)
(Attwood, 1999; Kirz et al., 1995; Le Gros et al.,
2005; McDermott et al., 2009; Schmahl et al.,
1996; Weiss et al., 2001). X-ray photons within this
energy range are absorbed an order of magnitude
more strongly by carbon- and nitrogen-containing
biomolecules than by water (Le Gros et al., 2005).
This absorption adheres to Beer-Lambert’s law and
is therefore linear with thickness (Attwood, 1999;
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Uchida et al., 2009). Consequently, images pro-
duced by SXT are quantitative, with each bio-
chemical component having a specific X-ray linear
absorption coefficient (LAC) (Le Gros et al., 2005;
Weiss and 2000). Therefore, organelles and other
cell structures can be visualized directly, based on
differences in biochemical composition and den-
sity. For example, dense lipid-rich structures absorb
soft X-rays much more strongly than organelles
with relatively high water content, for example vac-
uoles. This contrast mechanism is highly sensitive
to subtle changes in LAC, e.g. the nucleolus can
be very readily identified in a reconstruction of a
yeast nucleus (Uchida et al., 2009).

As with all tomographic imaging techniques,
in SXT a number of projection images are col-
lected and then used to calculate a volumetric
reconstruction of the specimen (Leis et al., 2009;
McDermott et al., 2009). In this work, projection
images were collected using XM-2, a soft X-ray
microscope dedicated to biological and biomedical
imaging. The spatial resolution in images produced
by XM-2 is determined by the zone plate optics
(Attwood, 1999; Le Gros et al., 2005; McDermott
et al., 2009). For all of the specimens imaged in
this work the spatial resolution was 50 nm. In the
near future, incorporation of the latest generation
of zone plates into XM-2 will increase the achiev-
able spatial resolution to better than 20 nm (Chao
et al., 2005).

Yeasts have been a workhorse model eukaryotic
cell for many years, particularly for studying cell
division and the effects of engineered mutations.
Recently, much work has been carried out on deter-
mining the genetic and molecular mechanisms of
organelle inheritance in the budding yeast Saccha-
romyces cerevisiae (Umen, 2005; Zimmerberg and
Kozlov, 2006). It is now generally accepted that the
actin cytoskeleton and associated motors orches-
trate organelle localization during cell division.
However, details of the mechanisms that regulate
organelle size in yeast during the cell cycle remain
unclear in general, the exception being regulation
of nuclear size, where there has been significant
progress to date (Jorgensen et al., 2007; Neumann
and Nurse, 2007). In both budding and fission yeast
the growth of the nucleus has been shown to be
proportional to cell size (Jorgensen et al., 2007,
Neumann and Nurse, 2007). It has also been well
established that ploidy has a direct bearing on cell
size (Murray et al., 1987). Therefore, in this study
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we imaged both haploid and diploid strains of S.
cerevisiae to determine the effects of ploidy and
cell cycle on the size of the cells and organelles.
We observed ratios existing between cell size and
organelle volumes were conserved, irrespective of
ploidy or stage in the cell cycle. We then compared
data obtained from S. cerevisiae with that from
other strains of yeasts, including a strain of Can-
dida albicans that undergoes phenotypic switching
(Uchida et al., 2009). In this way we examined
these volumetric ratios in specimens across a range
of yeast cell types and morphologies.

Materials and methods

Strains, cell cultures, and growth conditions

Diploid (DDY1102), haploid (DDY904) and coffl -
22 mutant (DDY1266) of S. cerevisiae strains were
grown at 25 °C to early log phase in YPD medium.
S. cerevisiae (diploid, ATCC 200060) was grown
at 30°C to early log phase in YEPD medium.
C. albicans (ATCC 26555) was grown in YM
medium at 26 °C for the formation of yeast-like
cells, at 30°C for formation of germ tubes and
at 37°C for hyphal form. Sz. pombe (strain no.
972h) was grown at 30°C to early log phase in
YES medium. All media were supplemented with
the appropriate amino acids.

Soft X-ray tomography

Projection images were collected using XM-2,
the National Center for X-ray Tomography soft
X-ray microscope at the Advanced Light Source
of Lawrence Berkeley National Laboratory. XM-2
was designed to image biological samples in their
hydrated states. Specimens were simply transferred
from the growth chamber, mounted in thin-walled
glass capillary tubes and rapidly cryo-imobilized
prior to being mounted in the cryogenic specimen
rotation stage on the microscope (Le Gros et al.,
2005). During data collection, the cells were main-
tained in a stream of helium gas that had been
cooled to liquid nitrogen temperatures (Le Gros
et al., 2005; McDermott et al., 2009). Cooling the
specimen allows collection of projection images
while mitigating the effects of exposure to radi-
ation. Each dataset (i.e. 90 projection images span-
ning a range of 180°) was collected using a Fresnel
zone plate-based objective lens with a resolution
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of 50 nm (Larabell and Le Gros, 2004a). Exposure
times for each projection image was in the range
150-300 ms. Projection images were manually
aligned using IMOD software by tracking fiducial
markers on adjacent images (Kremer et al., 1996).
Tomographic reconstructions were calculated using
the iterative reconstruction method (Mastronarde,
2005; Stayman and Fessler, 2004). The Amira soft-
ware package (Mercury Computer Systems) was
used to manually segment the reconstructed vol-
umes, measure voxel values (i.e. absorption values
in volume element of the reconstructed data) to
calculate linear absorption coefficients (LACs) and
create the movies included in the supporting infor-
mation.

Results

In the first instance we quantified the change in
cell and organelle volumes during the cell cycle
in S. cerevisiae using soft X-ray tomography.
These measurements were done for both haploid
and diploid cells without preselecting cells at a
certain stage of the cell cycle, e.g. techniques
such as fluorescence activated cell sorting (FACS),
centrifugal elutriation, or chemically/biochemically
inducing cell cycle arrest. Cells undergoing log
phase growth (OD = 0.1-0.4) were mounted
in glass capillary tubes and immediately cryo-
immobilized; therefore, cells were imaged with
minimal perturbation from their native growth con-
ditions. It has been well established from electron
microscopy/tomographic imaging that use of chem-
ical fixation agents leads to significant damage to
cellular structures. In total we collected approxi-
mately 80 tomographic datasets. Since each field
of view in the soft X-ray microscope used for this
work is approximately 15 x 15 pm, between one
and six yeast cells were imaged per dataset and, as
a result, more than 200 cells were analysed in total.

Once the projection images were reconstructed,
the volumes were segmented to isolate individual
cells and subsequently their component organelles
(Figure 1A). The reconstructed cells were seg-
mented into discrete volumes based on the LACs
(Figure 1B). For instance, volumes assigned as
dense lipid bodies have an average LAC value
of 0.55 um~! compared with more transmissive
organelles, such as nuclei, nucleoli, vacuoles and
mitochondria, that have typical LAC values of 0.26,
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Figure |. Segmentation of organelles based on linear absorption coefficient (LAC) values. (A) A representative diploid cell
shown in an orthoslice (i.e. a single slice of tomographic data) and individually segmented organelles; scale bar = | um.
(B) LAC values for each organelles. (C) Five different vacuolar compositions found in tomographic data [left; the similar
sizes of vacuoles were selected (i.e., ~| um)], schematic views (middle) and LAC values (right; *indicates LAC values of

structures inside vacuoles)

0.33, 0.22 and 0.36 um~!, respectively. Assign-
ment of organelle type to a particular segmented
volume was guided by morphological character-
istics established by other modalities. For exam-
ple, the nuclei/nucleoli, mitochondria and vacuoles
have distinct and very recognizable morphologies.
Once vacuoles from a number of cells had been
segmented, it was clear that they could be cat-
egorized into one of five types, based on their
morphology, internal structure and densities. The
LAC values for these are shown in Figure 1C.
Representative cells from each stage of the
cell cycle are shown in Figure 2A. All the seg-
mented cells were categorized into the appropri-
ate phase of the cell cycle, based on the mor-
phological state of cells and their organelles. It
was assumed that these cells were actively going
through the cell cycle until the instant they were

Copyright © 2010 John Wiley & Sons, Ltd.

cryo-immobilized. Using these segmented cells,
we quantified cell (Figure 2B), cytosol (Figure 2C)
and organelle (Figure 3) volumes, together with
their surface areas (Figure 4). In haploid cells, the
cell volumes were within the range 10—50 um?
in Gy, 20-60 um® in S, 40-80 um® in G, and
60—100 um? in M phase. In diploid cells, the cell
volumes were within 20—-60 um> in G;, within
30—-80 um?® in S, within 50—140 um® in G, and
within 70—140 um? in M phase. The minimum size
requirement to be in G; phase was observed to
be 10 um? in haploid and 20 pm? in diploid cells.
A similar trend of cell volume distribution was
also observed in diploid cells of another S. cere-
visiae strain (ATCC200060; see supporting infor-
mation, Figure S1). The average cytosolic vol-
ume (Figure 2C) was calculated by combining the
cell wall/membrane volume with the total volume
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of segmented organelles and then subtracting this
combined volume from the total cell volume. On
average, the nucleus occupied 6—11% of cell vol-
ume; the nucleolus occupied 20% of the nucleus;
vacuole(s) occupied 3—14% of the cell; and mito-
chondria and lipid bodies occupied 1-2% of the
cell (Figure 3); therefore, the cytosol, other non-
segmented organelles, large macromolecular com-
plexes, such as the ribosomes, and the cytoskeleton
occupy the remaining 70% of cell volume. The
overall trend observed in the surface area of lipid
bodies, mitochondria, vacuoles and nucleus mir-
rored that of the organelle volumes (Figure 4).
We next examined how the major organelle
volume correlates with the cell size as the cell
cycle progresses (Figure SA). In haploid cells, the
ratio of total major organelle volume to cell volume
(O:C ratio) was relatively constant through out
the cell cycle (i.e. Gy, 0.17; S, 0.18; G, 0.18;
M, 0.16). In diploid cells, the O: C ratio dropped
slightly at M phase (i.e. 0.16) compared to the O : C
ratios during G, through G; (i.e. Gy, 0.22; S, 0.24;

Copyright © 2010 John Wiley & Sons, Ltd.
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Figure 2. Measurement of cell volumes using segmented cells. (A) Representative haploid and diploid S. cerevisiae cells at
the four main stages of the cell cycle; scale bar = | um. (B) Comparison of cell volumes in diploid and haploid cells. For
this measurement, a total of 74 haploid cells and 80 diploid cells were analysed. (C) Average cytosolic volume in diploid
and haploid cells

G, 0.20); however, overall it appears that there
is a linear correlation between cell size and major
organelle volume in both haploid and diploid cells.

To determine whether the O : C ratio is consistent
for each organelle, we obtained the O: C ratio for
lipid bodies, mitochondria, vacuoles (Figure 5B, C)
and nucleus (Figure 5D). Interestingly, the O:C
ratio for lipid bodies and mitochondria (i.e. ~0.01)
was constant throughout the cell cycle in both
diploid and haploid cells. The O:C ratio for
vacuoles was, however, much larger compared to
those of lipid bodies and mitochondria. In haploid
cells, the O: C ratio for vacuoles increased as the
cell cycle proceeded (i.e. Gy, 0.04; S, 0.06; Gy,
0.07; M, 0.13). In contrast with the haploid cells,
the O: C ratio for vacuoles in diploid cells showed
a slight increase in ratio from G; (0.09) to S (0.11)
and then declined from S (0.11) to G, (0.09) and
M (0.05). Similar to the O : C ratio for lipid bodies
and mitochondria, the O:C ratio for the nucleus
was fairly constant throughout the cell cycle in
both haploid and diploid cells (i.e. 0.07-0.09).
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Figure 3. Average volume of organelles in haploid (A) and
diploid (B) cells

This result was similar to the ratio of nuclear to
cell volume previously reported for both budding
and fission yeast (Jorgensen et al., 2007; Neumann
and Nurse, 2007), in that the growth of nucleus
was consistently proportional with cell growth. We
also observed that all organelles, except vacuoles,
grew in direct proportion to cell size. Therefore, we
conclude that the slight variation seen in the ratio of
total organelle volume to cell volume (Figure 5A)
was mainly due to the volume of vacuoles.

We quantified the ratio of nucleolus to nuclear
volume (N :Nuc ratio; Figure SE). Similar to the
ratio of nuclear to cell volumes, the N : Nuc ratio
was relatively similar between haploid (0.14-0.26)
and diploid (0.17-0.21) cells. In haploid cells,
the N :Nuc ratio in Gy, S and G, was, however,
higher than those of diploid cells, indicating that
the nucleolus in these stages of haploid cells was
slightly larger relative to the size of nucleus.

To better understand cell size control and
organelle inheritance during bud emergence and
formation of the daughter cell, we measured cell

Copyright © 2010 John Wiley & Sons, Ltd.
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Figure 4. Average surface area of organelles in haploid
(A) and diploid (B) cells

and organelle volumes in daughter and mother cells
separately. The bud scar(s) on the cell surface was
readily identified (an example of bud scars is shown
in the supporting information, Figure S2). In this
study, about 67% of cells had no bud scar, 14%
of cells had one bud scar, 12% of cells had two
bud scars, and <6% of cells had three to seven
bud scars. As shown in Figure 6A, there was a lin-
ear increase in the ratio of daughter to mother cell
volume (D:M ratio) in both haploid and diploid
cells, indicating that the size of both increases as
the cell cycle progresses. In haploid cells, the D : M
ratio of G, was approximately 1.3 times larger (G,
0.37) than those of diploid cells (G;, 0.29). We then
compared the ratio of total organelle volume to cell
volume (O :C ratio) in daughter and mother cells
(Figure 6B). In haploid cells, the O:C ratio for
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Figure 5. Analysis of organelle and cell size linkage during cell cycle. (A) The ratio of total organelle volume to cell volume
(O:C ratio) in haploid and diploid cells. (B) The O: C ratio for lipid bodies, mitochondria and vacuoles in haploid cells.
(C) The O:C ratio for lipid bodies, mitochondria and vacuoles in diploid cells. (D) The O: C ratio for nucleus in haploid
and diploid cells. (E) The ratio of nucleolus volume to nucleus volume in haploid and diploid cells

mother cells was similar in S (0.17) and G, (0.18),
but the O:C ratio was increased by ~1.5-fold in
M (0.28). In contrast, the O:C ratio for daugh-
ter cells was similar in G, (0.11) and M (0.10)
but decreased 10-fold in S (0.01). In diploid cells,
the O:C ratio for mother cells was identical in S
(0.22) and G, (0.22) but was decreased by 1.4-fold
in M (0.16), whereas the O:C ratio for daugh-
ter cells was identical in S (0.01) and G, (0.01)
but increased by 11-fold in M (0.11). Overall, the

Copyright © 2010 John Wiley & Sons, Ltd.

O: C ratios in daughter and mother cells were not
as constant as those in the whole cells. In addition,
it appears that the timing of organelle partitioning
from the mother to the daughter cells was different
in haploid and diploid cells.

This work demonstrates that both haploid and
diploid cells of S. cerevisiae maintain a constant
ratio of total major organelle volume to cell vol-
ume throughout the cell cycle. To find out whether
this correlation was influenced by morphology,

Yeast 201 |; 28: 227-236.
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species or mutation, we characterized C. albicans,
Sz. pombe and a S. cerevisiae mutant. Surprisingly,
similar O : C ratios (i.e. 0.18—0.21) were observed
in C. albicans that exhibited three different pheno-
types (i.e. yeast-like, germ tubes and hyphae), Sz.
pombe cells at the different stages of cell cycle, and
cofilin mutant cells (coffI-22) (data not shown).
The ratio of nuclear to cell volume was also similar
among all of these different yeasts (i.e. 0.05-0.08).
Therefore, it appears that maintaining the ratio of
organelle volume to cell volume is important for
the cells to grow and divide, and that these ratios
are common over a wide range of yeast strains and
morphologies.

In this study, vacuoles were observed to have
different compositions (Figure 1C). These were
verified by the linear absorption coefficient (LAC)
values and categorized into five types. The type A
vacuole had numerous small, dense inclusions. The
type B and C vacuoles were similar to each other,
in that both appeared to have a dense region that
occupied the majority of the vacuole core; however,
this portion was much more highly absorbing in
type C vacuoles. The type D and E vacuoles
were also similar to each other, but quite different
from the type A-C vacuoles. Types D and E
did not contain any inclusions or dense regions,
but appeared to be mostly aqueous, although the
type D vacuole had a slightly higher LAC value
compared to that of the type E. Although we did
not observe any strong correlation between the
vacuole content morphology and its location in
the cell or stage of the cell cycle, it seems likely
that these patterns represent different functional
processes (examples of their relative location in
the cell are shown in the supporting information,
Figure S3). It is known that vacuoles participate
in various processes, such as protein degradation,
metabolic storage, ion homeostasis and osmo-
regulation (Klionsky et al., 1990), as do their
counterpart in mammalian cells, lysosomes, and
vacuoles in plant cells (Gieselmann and Braulke,
2009). In future work it will be important to
determine the functional consequences of these
differences in vacuolar composition.

Discussion

Cell size and organelle volumes are enormously
important physical characteristics that must be

Copyright © 2010 John Wiley & Sons, Ltd.
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monitored and controlled in response to chang-
ing environmental conditions, phenotype and the
cell cycle. Soft X-ray tomography allows the inter-
nal architecture of cells in a near-native state to
be imaged and quantified with high spatial res-
olution. The images produced by this technique
have excellent natural contrast without requiring
the cells to be first stained or dehydrated. More-
over, compared to other high-resolution tomo-
graphic imaging techniques, SXT is capable of
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high-throughput imaging. Since each reconstruc-
tion typically contains three to five yeast cells, this
allows analysis of significant numbers of cells; for
example, in this work more than 200 cells were
reconstructed.

In this study we focused primarily on mea-
suring cell size and the volumes of the major
organelles in haploid and diploid strains of S. cere-
visiae at the four key stages of the yeast cell
cycle. We determined that the growth of the major
organelles — with the notable exception of vac-
uoles — is strictly regulated in accordance with
cell size. We observed the relative ratio of organelle
to cell volumes to remain constant throughout the
cell cycle. We also determined that the ratio of
nucleolus to nuclear volume and ratio of nuclear to
cell volumes were similar at all stages of the cell
cycle. We expanded this study to include an exam-
ination of these ratios in Sz. pombe and C. albicans
and found similar ratios to be maintained. There-
fore, we conclude that in yeasts there are well-
defined optimal volumetric ratios and, since these
were observed to be independent of strain, ploidy
and phenotype, that these ratios are likely to be
common to all yeast cells. We plan to extend
this analysis in the future, with the goal of using
mutant cells to improve our understanding of how
cells control their size and that of their component
organelles.
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