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Summary

In metazoans, plants, and fungi, the spindle checkpoint

delays mitosis until each chromosome is attached to one
or more of its own kinetochore microtubules (kMTs). Some

unicellular eukaryotes, however, have been reported to
have fewer kMTs than chromosomes [1–5]. If this is the

case, it is unclear how the spindle checkpoint could be satis-
fied. In the vast majority of the previous studies, mitotic cells

were chemically fixed at room temperature, but this does
not always preserve dynamic and/or small structures like

spindle MTs and kinetochores [6]. Indeed, later higher-reso-
lution studies have reversed some earlier claims [7–11]. Here

we show that in Ostreococcus tauri (the smallest eukaryote
known), mitosis does involve fewer spindle microtubules

than chromosomes. O. tauri cultures were enriched for
mitotic cells, high-pressure frozen, and then imaged in 3D

both in plastic and in a near-native (‘‘frozen-hydrated’’) state
through electron tomography.Mitotic cells have a distinctive

intranuclear heterochromatin-free ‘‘spindle tunnel’’ with
approximately four short and occasionally one long, incom-

plete (unclosed) microtubule at each end of the spindle

tunnel. Because other aspects of O. tauri ’s spindle check-
point seem typical, these data suggest that O. tauri ’s 20

chromosomes are physically linked and segregated as just
one or a small number of groups.

Results and Discussion

Detection and Enrichment of Mitotic Cells

TheOstreococcus tauri cell cycle can be loosely synchronized
with light, resulting in early interphase cells at the dark-to-light
transition (morning) and mitotic cells at the light-to-dark tran-
sition (evening) [12]. In our previous electron cryotomography
study of evening cells, however, no spindles were detected
[13]. At the time, we did not have a method to determine the
percentage of mitotic cells, so we did not know whether
mitotic cells were completely absent in those naturally syn-
chronized samples or whether mitosis was simply so fast
that none happened to be seen in our limited pool. We there-
fore developed an immunofluorescence assay to detect phos-
phohistone H3 [14], which is found in mitotic (H3P+) but not
interphase (H3P2) cells (see Supplemental Results and
Discussion and Figures S1A–S1C available online).

Using the H3P assay, we modified an artificial synchroniza-
tion protocol that involved sequential drug treatments and
washouts to arrest cells at successive stages of the cell cycle
[15] (Table S1A; Supplemental Results and Discussion).
Briefly, cells were first arrested at the G1/S transition with
*Correspondence: jensen@caltech.edu
hydroxyurea, a DNA-synthesis inhibitor. Following a 9 hr incu-
bation, the hydroxyurea was washed out and propyzamide,
a tubulin polymerization inhibitor, was then added [16]. This
allowed the cells to progress to prophase. Finally, following
a 12 hr incubation, the propyzamide was washed out and re-
placed with the proteasome inhibitor MG132 [17]. This allowed
the microtubules (MTs) to recover but arrested the cells in
metaphase (39% mitotic cells; see Figure S1). Control experi-
ments showed that the drug treatments were reversible
and only slightly perturbed cell-culture viability (Figure S2).
Together, these results indicate not only that O. tauri mitosis
requires functional spindle MTs but also that the majority of
propyzamide-arrested cells pass through mitosis within an
hour after drug removal. Thus, the spindles in the ‘‘MG132-
treated’’ cells imaged throughout the studymust be functional.

Mitotic Nuclei Have Substantially Fewer

than Forty Microtubules
MG132-treated cells were first imaged intact, plunge frozen
(Figures S3A and S3B). Many of these cells were two or more
times thicker than the mean free path of the electrons,
however, reducing the quality of the tomographic reconstruc-
tions and restricting analysis to the smaller cells. None of these
smaller cells exhibited a mitotic spindle.
To obtain images of the thicker, likely mitotic cells, cell

pellets were high-pressure frozen, freeze substituted, plastic
embedded, and sectioned. Tomograms of single plastic
sections showed that MG132-treated cells were ovoid (1.5–
2 mm long and w1 mm wide), with the nucleus in the middle
and chloroplasts at the cell poles (Figures S3C and S3D).
Nuclei were w0.7 mm wide. In the middle of mitotic nuclei,
there was a heterochromatin-free zone that we refer to as
the ‘‘spindle tunnel,’’ which contained spindle MTs. The
spindle tunnel flared out at its ends to 218 6 16 nm (n = 16)
and narrowed to onlyw100 nm near its midpoint. Longitudinal
sections (parallel to tunnel) showed that most spindle tunnels
(7 of 10) contained one or two long, incomplete MTs (Figures
S4A–S4C). Transverse sections (perpendicular to tunnel)
through the ends of spindle tunnels consistently showed 4 6 2
short MTs (n = 9), which often had C-shaped cross-sections
(Figures S4D–S4F). No nuclear envelope was seen at the poles
(the ends of the spindle tunnel where the spindle MTs termi-
nated), suggesting that mitosis is semiopen. Centrosomes
and spindle pole bodies were also not seen, and no astral MTs
were detected in the cytoplasm outside the nucleus.
To obtainmore complete views, we reconstructed the nuclei

of four cells in their entirety by merging dual-axis tomograms
from three or four serial 200 nm sections [18]. All four mitotic
nuclei exhibited hourglass-shaped tunnels (Figure 1; Movie
S1). Three of the four serially sectioned cells were sectioned
nearly transverse to the tunnel (Figures 1A–1C) and contained
several short spindle MTs at the poles. These short MTs
(<100 nm) were roughly parallel and clustered together, with
nearest-neighbor distances of 40–50 nm. Additionally, incom-
plete long MTs penetrated into the middle of three of the
tunnels (Figure 1A, row 1), in some cases almost reaching
the opposite pole (Figure 1D), likely serving as polar MTs anal-
ogous to the long MTs in other eukaryotes. Negative-control
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Figure 1. O. tauri Has Only a Few Spindle Microtubules

Tomographic slices (19 nm thick) through merged serial-section tomograms of MG132-treated, high-pressure-frozen, freeze-substituted O. tauri cells. The

entire nuclei and spindles are reconstructed in the merged tomogram. The cells in (A)–(C) were sectioned nearly transverse to the spindle tunnel and the cell

in (D) nearly longitudinal. Rows 1–3 show tomographic slices through upper, middle, and lower plastic sections of the nucleus. Row 4 shows enlargements of

the areas boxed in white in rows 1 or 2, with small rotations out of plane to enhance the visibility of the spindle microtubules (MTs). Arrows in row 4 indicate

example MTs. Row 5 shows 3D segmentations of the chromatin boundary (blue), spindle tunnel (arrowheads), and MTs (green). Note that the tunnel-span-

ning portions of long MTs have incomplete walls and are modeled as thin rods instead of tubes. The cell in (B) is shown in greater detail in Movie S1.
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tomograms of interphase cells confirmed that spindle tunnels
were only found in mitotic cells (Figures S4G and S4H; Supple-
mental Results and Discussion).

O. tauri Spindle Microtubules Are Rarely Complete Tubes
To obtain higher-resolution images of the spindles in a
closer-to-native state, we cryosectioned high-pressure-frozen
MG132-treated cells and imaged them in a near-native,
‘‘frozen-hydrated’’ state. Cells were selected at random
because neither the spindle tunnel nor spindle MTs could be
seen in the low-dose low-magnification images used to locate
cells for cryotomography. Each cryosection (nominally
w150 nm thick) contained onlyw1/4th to 1/5th of the typically
w700 nm-wide nucleus,meaning that only a randomportion of
a spindle could be imaged in each tomogram. Cryosections
taken transverse to the spindle axis and near the pole were
the most informative because they provide the most accurate
estimate of MTs in a half spindle. Several hundred (356) cryo-
sections were imaged and analyzed to ensure that no struc-
tures were missed (Table S1). Portions of spindles were found
in 44 cryosections, organized into small clusters of parallel
MTs (Figure 2). None of the clusters had more than five MTs,
confirming the low numbers seen in the plastic sections.

The resolution of the cryosection tomograms was sufficient
to discern individual protofilaments (Figure 2; Figure 3; Table
S2). Although occasionally one or two long (>200 nm) MTs
were seen, the majority of the spindle MTs were shorter than
100 nm (15 of 24 not truncated by the cryosectioning), corre-
sponding to less than 12 (8 nm long) a-b tubulin dimers.
Some MTs were only w50 nm long (Figure 3, MTs 10, 19,
and 20), corresponding to just a few a-b tubulin dimers.
When the end structures were clear, MTs were seen to have
one conical and one open end (Figure 3, MTs 10, 19, and 26)
or two open ends (MTs 14 and 20). Whereas the conical caps
were likely the cone-shaped g-tubulin complex [19], the MTs
with two open ends may have been nucleated by some g-
tubulin-independent mechanism as has been observed in
other organisms [20, 21]. Because neither spindle pole bodies
nor centrosomes were seen, as has been the case in various
plant cells [22], it remains to be determined how O. tauri
spindle MTs organize at the poles.

Most of the MTs had fewer than 13 protofilaments (4 to 12)
and had C-shaped cross-sections. MTs with C-shaped
cross-sections have been found in the spindles of other organ-
isms [23–25], but the short C-shaped region (0.1–0.5 mm long)
was located at the plus ends of MTs, often near the middle of
the spindles. MTs with the fewest protofilaments—as few as
four (Figure 3, MT 8)—had flatter cross-sections. Side views
of these MTs often showed a slight curve along the protofila-
ment axis. We did not observe MT protofilaments in the highly
curved ‘‘ram’s horn’’ motif that has been reported for MTs
shrinking in vitro [26, 27]. While the structure of O. tauri MTs
was reminiscent of the nearly flat sheets seen at the plus
ends of MTs growing in vitro [26, 27], recent electron tomog-
raphy studies have shown thatMTs growing in vivo have flared
plus-end morphologies instead [28, 29]. Therefore, although
the MTs were likely undergoing rapid dynamics, we cannot
conclude whether the O. tauri spindle MTs were growing or
shrinking based on their morphology.

The Spindle Microtubules Seen Were Likely Functional
Mitotic Structures

Control experiments confirmed that spindle MTs were exclu-
sive to mitotic (H3P+) cells (Supplemental Results and
Discussion). To checkwhether theMG132 treatment was influ-
encing the appearance of the spindle MTs, causing them to
appear incomplete, we analyzed the structures of cytoplasmic
MTs in the same cells. Cytoplasmic MTs in the MG132-treated
cells appeared complete in tomographic slices perpendicular
to the MT axis and had the 25 nm-wide double-line motif in
tomographic slices parallel to the MT axis (Figure 3), just like
the cytoplasmic MTs seen in plunge-frozen interphase
O. tauri cells [13] and cells long after the propyzamide was
washed out. This proves that the tubulin in these cells was
able to form complete MTs. Cryotomograms of cells that
were high-pressure frozen between 10 and 20min after propy-
zamide washout and without MG132 treatment also showed
the same characteristics of low number (w4), short length
(<100 nm), and frequent lack of complete walls. Many of these
were in the midst of mitosis, because immunofluorescence
images showed that 50% (n = 252) of the cells were H3P+
before the high-pressure-freezing step and only 26% (n =
261) of the cells were H3P+ afterward. MG132 therefore does
not appear to influence the structure of spindle MTs.

O. tauri Has Less Than One Microtubule per Chromosome
Although it has been claimed in the past that certain unicellular
eukaryotes undergo mitosis with fewer MTs than chromo-
somes, uncertainties in the number of chromosomes and limi-
tations of traditional electron microscopy techniques to
preserve short MTs and small kinetochores has left consider-
able room for doubt (Supplemental Results and Discussion).
Using tomography of rapidly frozen cells, including cryosec-
tioned cells preserved in the frozen-hydrated state, we here
observed that mitotic O. tauri cells exhibited far fewer spindle
MTs (w10) than chromosomes [30]. The spindle MTs were ar-
ranged as a small cluster of approximately four short, incom-
plete MTs at each spindle pole and one or two long MTs ex-
tending into a spindle tunnel (Figure 4). Furthermore,
because (1) the spindle poles were so small (w200 nm dia-
meter), (2) the center-to-center MT spacing varied between
40 and 50 nm, and (3) there was no apparent ordered packing,
there simply was not enough room for many more MTs.
Because the difference between the number of chromosomes
and spindle MTs counted was so great and the total number of
partial and full spindles imaged was so large (13 partial and 4
full spindles in plastic sections; 64 partial spindles in cryosec-
tions), it is very unlikely that our survey would have missed
a full (21-MT) half-spindle, had it existed. We conclude that
O. tauri segregates its chromosomes with less than one MT
per chromosome.

Possible Mechanisms for O. tauri Chromosome
Segregation

Another class of photosynthetic plankton, the diatoms, report-
edly uses an actin/myosin-based spindle ‘‘matrix’’ to move its
chromosomes to the spindle poles and keep them there until
the end of mitosis [31] (Supplemental Results and Discussion).
Although actin-like filaments are routinely visible in cryoto-
mograms of small cells [32, 33], no such matrix was seen here
in O. tauri. O. tauri mitosis was also clearly MT dependent,
because it was arrested by propyzamide, an inhibitor of tubulin
polymerization.
Kinetochores were also not identified in the tomograms, but

two lines of evidence suggest that O. tauri chromosomes
possess them. First, all known MT-related mitotic arrests are
caused by the spindle checkpoint, which is generated by
kinetochores [34]. Because O. tauri mitosis was arrested by



Figure 2. O. tauri Spindle Microtubules Are Short and Mostly Incomplete

(A) Tomographic slices (20 nm thick) through cryotomograms of vitreously sectioned MG132-treated cells.

(B) Enlarged view of the spindle MT clusters boxed in (A). The right subpanels show longitudinal slices of the MTs indicated by the arrowheads, taken

through the center of the MT barrel (left cell) or along three protofilaments (right cell).

(C and D) Segmentations of the spindle MTs in (B), colored randomly for clarity. The apparent ‘‘holes’’ in the MT walls are likely artifacts of the low signal-to-

noise ratio.
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Figure 4. Organization of the O. tauri Spindle

Scale model of the O. tauri spindle in the context of the chromatin, shown

in longitudinal cross-section. A small bundle of incomplete MTs (green)

reside at each pole, and up to one long, incomplete MT extends deep into

the nucleus from each pole. Heterochromatin (blue) forms a torus-like

structure with a central channel that we call the spindle tunnel. Individual

chromosomes could not be resolved. The nuclear envelope (not shown)

has openings at both spindle poles.

Figure 3. Example Microtubules from Cryosectioned Cells

Tomographic slices (10 or 20 nm thick) through many MTs taken perpendic-

ular (upper subpanels) and parallel (lower subpanels) to theMT axis. MTs 14

and 26 are complete, with 13 protofilaments at one end (top subpanel) but

not the other (lower subpanels with black border). In contrast to cytoplasmic

MTs, which have long, complete walls, most of the intranuclear (spindle)

MTs are short and C-shaped along most of their length. MTs 10, 19, and

26 have one conical and one open end; MTs 14 and 20 have two open

ends. Some MTs are only w50 nm long (MTs 10, 19, and 20), which would

consist of just a few a-b tubulin dimers (8 nm long). O. tauri spindle MTs

are in general short with C-shaped profiles alongmost of their length, which

is in agreement with the short MTs observed in the plastic-sectioned cells.

See Table S2 for additional example MTs.
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propyzamide, it likely has a spindle checkpoint. Second,
homologs of many kinetochore genes are present in the
O. tauri genome, including Nuf2, Ndc80, CENP-C, Bub3,
Mad2, Mad3, Cdc20, Aurora B, Bub1, Mad1, Polo kinases,
and a CenH3 candidate [30]. We have now shown that
O. tauri at least has a functional Aurora B kinase, because
the mitotic cells have the H3P epitope, which is generated by
Aurora B in other eukaryotes [35]. O. tauri’s kinetochores
were probably too small to be recognized, perhaps like the
tiny Saccharomyces cerevisiae ‘‘point’’ kinetochores [36],
which have also not yet been observed by electron micro-
scopy [37].

How then does O. tauri segregate its 20 chromosome pairs
with so few kinetochore microtubules (kMTs)? At least two
possibilities should be considered. First, individual kMTs or
the entire kMT bundle might attach to a single chromosome
and move chromosomes one or a few at a time. Such a mech-
anism would require major adaptations, however, like teth-
ering segregated chromosomes to the spindle pole and then
resetting the spindle checkpoint. We are not aware of any
precedent for this and judge the required complexities
unlikely. In the second model, if the twenty nonhomologous
chromosomes were physically linked at metaphase, they
could be segregated together by a smaller number of kMTs.
The spindle checkpoint could be satisfied if each chromo-
some (with its own checkpoint-signaling complex) attached
to a common kinetochore, possibly akin to kinetochore
clustering in Schizosaccharomyces pombe and maize [38,
39] (Supplemental Results and Discussion). This model might
also explain chromosome segregation in Trypanosoma
brucei (w27 larger chromosomes and w8 kinetochores; see
Supplemental Results and Discussion) and other picoplankton
[40, 41].
Supplemental Information

Supplemental Information includes Supplemental Results and Discussion,

four figures, three tables, Supplemental Experimental Procedures, and

one movie and can be found with this article online at doi:10.1016/j.cub.

2011.08.021.
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Genome analysis of the smallest free-living eukaryote Ostreococcus

tauri unveils many unique features. Proc. Natl. Acad. Sci. USA 103,

11647–11652.

31. Falciatore, A., and Bowler, C. (2002). Revealing the molecular secrets of

marine diatoms. Annu. Rev. Plant Biol. 53, 109–130.

32. Komeili, A., Li, Z., Newman, D.K., and Jensen, G.J. (2006).

Magnetosomes are cell membrane invaginations organized by the

actin-like protein MamK. Science 311, 242–245.

33. Swulius, M.T., Chen, S., Jane Ding, H., Li, Z., Briegel, A., Pilhofer, M.,

Tocheva, E.I., Lybarger, S.R., Johnson, T.L., Sandkvist, M., and

Jensen, G.J. (2011). Long helical filaments are not seen encircling cells

in electron cryotomograms of rod-shaped bacteria. Biochem. Biophys.

Res. Commun. 407, 650–655.

34. Rieder, C.L., andMaiato, H. (2004). Stuck in division or passing through:

What happens when cells cannot satisfy the spindle assembly check-

point. Dev. Cell 7, 637–651.

35. Prigent, C., and Dimitrov, S. (2003). Phosphorylation of serine 10 in

histone H3, what for? J. Cell Sci. 116, 3677–3685.

36. Joglekar, A.P., Bouck, D.C., Molk, J.N., Bloom, K.S., and Salmon, E.D.

(2006). Molecular architecture of a kinetochore-microtubule attachment

site. Nat. Cell Biol. 8, 581–585.

37. Winey, M., Mamay, C.L., O’Toole, E.T., Mastronarde, D.N., Giddings,

T.H., Jr., McDonald, K.L., and McIntosh, J.R. (1995). Three-dimensional

ultrastructural analysis of the Saccharomyces cerevisiae mitotic

spindle. J. Cell Biol. 129, 1601–1615.

38. Appelgren, H., Kniola, B., and Ekwall, K. (2003). Distinct centromere

domain structures with separate functions demonstrated in live fission

yeast cells. J. Cell Sci. 116, 4035–4042.

39. Li, X., and Dawe, R.K. (2009). Fused sister kinetochores initiate the

reductional division in meiosis I. Nat. Cell Biol. 11, 1103–1108.

40. Matsuzaki, M., Misumi, O., Shin-I, T., Maruyama, S., Takahara, M.,

Miyagishima, S.Y., Mori, T., Nishida, K., Yagisawa, F., Nishida, K.,

et al. (2004). Genome sequence of the ultrasmall unicellular red alga

Cyanidioschyzon merolae 10D. Nature 428, 653–657.

41. Worden, A.Z., Lee, J.H., Mock, T., Rouzé, P., Simmons,M.P., Aerts, A.L.,
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