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Abstract
In oocytes of many organisms, meiotic spindles form in the absence
of centrosomes [1–5]. Such female meiotic spindles have a pointed appearance in metaphase with microtubules focused at acentrosomal spindle poles. At anaphase, the microtubules of acentrosomal spindles then
transition to an inter- chromosomal array, while the spindle poles disappear. This transition is currently not understood. Previous studies have
focused on this inter- chromosomal microtubule array and proposed a
pushing model to drive chromosome segregation [6, 7]. This model includes an end-on orientation of microtubules with chromosomes. Alternatively, chromosomes were thought to associate along bundles of microtubules [8, 9]. Starting with metaphase, this second model proposed a
pure lateral chromosome-to-microtubule association up to the final meiotic stages of anaphase. Here we applied large-scale electron tomography [10] of staged C. elegans oocytes in meiosis to analyze the orientation
of microtubules in respect to chromosomes. We show that microtubules at
metaphase I are primarily oriented laterally to the chromosomes and that
microtubules switch to an end-on orientation during progression through
anaphase. We further show that this switch in microtubule orientation
involves a kinesin-13 microtubule depolymerase, KLP-7, which removes
laterally associated microtubules around chromosomes. From this we conclude that both lateral and end-on modes of microtubule-to-chromosome
orientations are successively used in C. elegans oocytes to segregate meiotic chromosomes.

Results & discussion
The metaphase-to-anaphase transition is accompanied by a
change in the microtubule-to-chromosome orientation
To time the characteristic spindle reorganization during the first meiotic division in C. elegans, we applied live-cell imaging of oocytes expressing GFP::βtubulin and histone::mCherry to visualize microtubules and chromosomes,
respectively. Microtubules initially formed a pointed and elongated spindle
(Fig. 1A) [1, 11]. During the transition from metaphase to anaphase, microtubules gradually disappeared at the acentrosomal spindle poles and accumulated in the interzone between the separating chromosome pairs (Fig. 1B). In
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Figure 1: Spindle geometry and microtubule reorganization at the
metaphase-to-anaphase transition (A) Stills of a wild-type spindle in oocyte
meiosis I observed from metaphase to mid anaphase (top to bottom) by livecell imaging. Microtubules are labeled with GFP::β-tubulin (shown in magenta) and chromosomes with histone::mCherry (shown in green). The time
points relative to the start of image acquisition are indicated (lower, left corner). Scale bar, 1 µm. (B) Stills of a wild-type spindle in meiosis I from mid
to late anaphase (top to bottom) as observed by live-cell imaging. Scale bar,
1 µm. (C) Electron tomographic reconstruction of a spindle in metaphase I.
Top panel, 3D visualization of the whole spindle (microtubules are shown
in magenta, chromosomes in green). Mid panel, illustration of microtubules
that have one end-point within a distance of ≤ 250 nm from the surface of a
chromosome. Right panel, illustration of chromosome arrangement. The total
volume of the chromosome mass at each stage is indicated. Scale bar, 1 µm.
See also Suppl. Movie 1 (D) Similar to C, but electron tomography of a spindle
in early anaphase I. The majority of the microtubules is organized in between
the segregated chromosomes. Scale bar, 1 µm. See also Suppl. Movie 2 (E)
Similar to C and D, electron tomography of a spindle in mid anaphase I. Scale
bar, 1 µm. See also Suppl. Movie 3
this context, we applied serial-section electron tomography of staged oocytes
to reconstruct the fine structure of spindles at metaphase, and during early
and at mid-stage anaphase of the first meiotic division. Electron tomography
confirmed the bipolar, pointed appearance of metaphase spindles and the arrangement of chromosomes at the metaphase plate (Fig. 1C, left panel, Suppl.
Movie 1). We then examined all microtubules that resided within a distance of
250 nm from a chromosome surface to identify microtubules that could potentially be interacting with the chromosomes (Fig. 1C, mid panel). In C. elegans
mitotic cells, the holocentric kinetochore is contained within a similar distance of 250 nm, visible as a ribosome-free zone around the chromosomes [12,
13]. We could detect only very few microtubules that had on end within this
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zone (114 of 3812 microtubules). Such microtubules often made contact with
both chromosomes of a paired set. In addition, individual chromosomes were
clearly visible at this stage (Fig. 1C, right panel). In contrast to metaphase,
tomographic reconstructions of mid to late anaphase (Fig. 1D–E, left panels,
Suppl. Movie 2,3) revealed a high number of microtubules (4413 microtubules
of 7011 for early anaphase and 1303 microtubules of 3317 in mid anaphase)
that had at least one end within this 250 nm zone around the chromosomes.
Such microtubules were almost exclusively positioned between the segregated
chromosomes (Fig. 1D–E, mid panels). Moreover, individual meiotic chromosomes could not be detected at anaphase (Fig. 1D–E, right panels). The segregating chromosomes appeared as two separate masses, such that individual
chromosomes within each mass were no longer distinguishable. The volume
of the total chromosome mass also decreased from 0.42 µm3 in metaphase to
0.4 µm3 in early anaphase and 0.36 µm3 in mid anaphase (Fig. 1C–E, bottom
panels). In accordance with the decrease in chromosome volume, the spindle volume also decreased from 51.3 µm3 in metaphase to 17.8 µm3 in early
anaphase and 18.2 µm3 in mid anaphase (Suppl. Table 1).
We also noticed cylindrical regions within the spindle in early anaphase,
when chromosomes showed a segregation distance of about 2 µm. Such regions, as previously suggested by light microscopy [8, 11, 14], spanned the
distance between the segregating chromosomes (Fig. 2A, Suppl. Movie 4). In
accordance with Muscat et al., we refer to these microtubule-voids as interchromosomal spaces [8]. Cross-sections of reconstructed interzones clearly indicated six inter-chromosomal spaces at both metaphase and early anaphase
(Suppl. Fig. 1,2). By electron tomography, we could not detect microtubules in
these inter-chromosomal spaces. In mid and late anaphase, the inter- chromosomal spaces decreased in size, concomitantly with a decrease in the circumference of the entire spindle interzone. By late anaphase, inter- chromosomal
channels were not observed anymore (Fig. 2B; Suppl. Fig. 3). In addition, the
disappearance of these channels coincided with a reduction in the circumference of the spindle interzone during the course of anaphase (Fig. 2B).
Such channels have been proposed previously to serve as conduits for
chromosome movement during anaphase [8]. However, based on the limited
resolution of light microscopy used in previous studies, it has been difficult
to exclude the presence of microtubules within these channels. Based on electron tomography of anaphase I, we could clearly see that these channels are
not populated by de novo microtubule polymerization at any analyzed stage.
At this point we can only speculate about the protein composition of these
inter- chromosomal channels. Possibly, the channels could be an expansion
of the previously reported ring-shaped domain of proteins localizing between
the kinetochores of metaphase chromosomes [6] to a tube-like structure in
anaphase.
It remains to be determined how microtubules are nucleated and arranged
in between the segregating chromosomes/chromatids in female meiosis. One
possible mechanism to populate the inter-chromosomal space is by autocatalytic microtubule nucleation, as recently suggested [15]. According to this
model, new microtubules grow off laterally associated microtubules to ‘fill’ the
inter-chromosomal space with a population of end-on oriented microtubules.
In fact, based on our reconstructions we found that the average distance between microtubules is about 30 nm, possibly reflecting a microtubule-based
3

B Full
FullView
View

A

Cross-Section

Ics

Chr

Chr

Ics

C

Microtubules
within 250nm
Microtubuleswithin250nm

n =1036

Figure 2: Microtubule organization in metaphase and anaphase (A) Tomographic slice showing inter-chromosomal spaces in early anaphase I (Chr,
chromosomes; Ics, inter-chromosomal spaces). Scale bar, 1 µm. See also Suppl.
Movie 4. (B) 3D reconstructions (left) and corresponding cuts (right) through
the spindle midzones in meiosis I. Microtubule channels are clearly visible at
early anaphase but disappear in mid and late anaphase (right). Top panel,
early anaphase; mid panel, mid anaphase; lower panel, late anaphase. Scale
bar, 1 µm. See also Suppl. Figure 1–3 (C) Three-dimensional reconstruction of
microtubules localized with their lattice within a distance of ≤ 250 nm away
from the surface of the chromosomes in metaphase I. Scale bar, 1 µm.
nucleation mechanism. However, augmin, as reported for other systems [16,
17], has not been identified in C. elegans.
Next, we further investigated the arrangement of microtubules with respect to the chromosomes. Importantly, we were not able to detect ‘classic’
end-on attached kinetochore microtubules in metaphase with their putative
plus ends embedded in the ribosome-free zone. Instead, microtubules appeared to be arranged laterally along chromosomes in metaphase (Fig. 1B and
2C), a feature that was not obvious in tomographic reconstructions of spindles
at anaphase.
Because of an apparent difference in microtubule arrangement around
metaphase- versus anaphase chromosomes, we next sought to determine the
angle of orientation of microtubules to chromosomes. We hypothesized that
the microtubule reorganization at the metaphase-to-anaphase transition involves also a change in the microtubule-to-chromosome orientation. We identified all microtubules in our tomograms that were localized with either an
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end-point or their lateral surface within a distance of 250 nm around the chromosomes. In order to determine the interaction angle we measured the angle
between the approaching or passing microtubule (tangent t) and a second line
drawn perpendicular to the nearest point at the chromosome surface (normal n; Fig. 3A). Small angles between the normal to the chromosome surface
and the microtubule (tangent) indicated an end-on attachment of the microtubule to the chromosome, larger angles, a lateral attachment. Our analysis
showed that there were very few end-on microtubule-to-chromosome orientations in metaphase and that the vast majority of microtubules were positioned
laterally with respect to the chromosome surface (Fig. 3B). Similarly, the majority of microtubules were laterally oriented to the chromosomes through
early anaphase (Fig. 3B). With the transition to mid-anaphase, however, we observed an increase in end-on orientations of microtubules with chromosomes,
which persisted during late anaphase. As a result, our tomographic data indeed indicated a transition from a lateral to a primarily end- on mode of orientation with respect to the chromosome surface throughout the metaphase-toanaphase transition. In addition, we analyzed the orientation of microtubules
to chromosomes at separate surfaces, i.e., at the pole-facing and the interzonefacing surfaces of the chromosomes in anaphase (Fig. 3C–D). This spatial analysis showed that the inner chromosome surfaces at anaphase showed a high
number of lower angles and low number of high angles, indicating a preferred end-on orientation of the microtubules. From this we conclude that
the re-arrangement of microtubules is indeed accompanied by a change in the
orientation of microtubules to chromosomes and that the microtubules are
mainly localized between the segregating chromosomes.
We further set out to investigate the structural relationship between microtubule ends and the chromatin surface in our tomographic data. Interestingly,
our 3D reconstructions showed that microtubules penetrated into the chromatin mass. At anaphase, about 65–75% of the microtubules extended with an
average length of about 100 nm into the chromosomes (Suppl. Fig. 4). Microtubule were open and showed either a blunt or flared end conformation [18].
However, we were not able to visualize a specific structure linking the microtubules to the C. elegans kinetochore. This observation is in accord with
reconstructions of microtubules interacting with mitotic chromosomes [10].

KLP-7 microtubule depolymerase prevents lateral attachments
during anaphase
To further analyze the functional role of this transition from lateral to end-on
orientation, we focused on a depletion of a kinesin-13 microtubule depolymerase, KLP-7. This analysis was motivated by the previously reported role
of KLP-7 in regulating C. elegans oocyte meiosis [19, 20] and microtubule dynamics in early embryos [21, 22], as well as a role for kinesin-13 in promoting
lateral to end-on microtubule-to-chromosome associations in mammalian cells
[23]. We noticed that KLP-7-depleted oocytes showed an increase in chromosome segregation errors (Fig. 4A).
We sought to determine whether such defects in chromosome segregation correlated with a failure in switching from lateral to end-on orientation. For this, we analyzed the arrangement of microtubules in metaphase
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Figure 3: Analysis of microtubule-to-chromosome orientation (A) Schematic
drawing illustrating the modes of microtubule-to-chromosome orientation. A
chromosome is visualized in grey, a microtubule in green). The angle between the tangent (t) of the attaching or passing microtubule (within a distance of ≤ 250 nm to the surface of the chromosomes) and the normal (n) to
the chromosome surface is measured (insert). A low angle indicates an endon orientation (upper insert), a high angle a lateral orientation (lower panel).
(B) Plot showing the percentage of angles of microtubule-to-chromosome orientations in metaphase and anaphase of the first meiotic division (meiotic
stages according to color coding). See also Suppl. Figure 4 (C) Tomographic
reconstructions of an oocyte spindle in mid anaphase I. The chromosomes are
shown in halves. The halves facing the center of the spindle 22 are shown
in cyan and red, the halves facing the poles of the spindle are given in purple and green. Scale bar, 1 µm. (D) Plot showing the percentage of angles of
microtubule-to-chromosome orientation according to the respective surfaces
of the chromosomes (color coding according to the insert).
and anaphase in partial tomographic reconstructions after KLP-7 depletion
of oocytes (Fig. 4B). Analyzing comparable volumes, the 3D reconstructions
showed that the depletion of KLP-7 increased the number of microtubules
as well as total polymerized tubulin compared to wild type (Suppl. Table 1).
This is in agreement with previously published observations based on light
microscopy [19]. In addition, the average microtubule length was longer in
klp-7(RNAi) versus wild-type oocytes at metaphase.
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Importantly, we noticed a difference in the angle of microtubule-to- chromosome orientation during anaphase in klp-7(RNAi) versus wild-type oocytes.
In contrast to wild type, the fraction of microtubules laterally associated with
the chromosomes was increased in klp-7(RNAi) anaphase (Fig. 4C). In comparison to anaphase I spindles in wild type, we also observed that these microtubules were largely disordered in KLP-7-depleted oocytes. This indicated
that KLP-7 plays a role in preventing mis-oriented microtubules and lateral
contacts between chromosomes of a segregating group during anaphase.
A striking phenotype revealed by klp-7(RNAi) is the persistence of laterally associated microtubules during anaphase (Fig. 4C). We speculate that the
microtubule depolymerizing activity of KLP-7 in meiotic spindles is necessary to prevent or remove the laterally oriented microtubules around chromosomes. Failure to remove these microtubules would allow contact between
adjacent chromosomes within the same segregating group. Any forces exerted
by sliding or polymerization by this subset of microtubules could scatter the
chromosomes during anaphase and contribute to the inefficient chromosome
segregation observed via light microscopy (Suppl. Fig. 4) [19, 22]. Loss of KLP7 did not result in a substantial increase in the amount of inter- chromosomal
microtubules in anaphase, suggesting that KLP-7 does not limit microtubule
numbers between segregating chromosomes. However, it is possible that failing to depolymerize microtubules in other regions of the spindle could impact
the polymerization of inter-chromosomal microtubule indirectly, for example,
by altering the availability of free tubulin. Along this line, it has been suggested that loss of KLP-7 decreases microtubule polymerization rates in mitotic cells due to an increase in total astral microtubule number [21]. Apart
from KLP-7, the possible role the microtubule-severing enzyme katanin and
other factors in this removal of laterally associated microtubules needs to be
investigated [24, 25].
To conclude, we suggest that chromosomes are initially separated by a
motor-driven sliding mechanism [8, 9], which depends on chromosomes associating with the lateral surfaces of microtubules. The initial movement might
be caused by the action of dynein as proposed previously [8]. At later stages
of meiosis, however, depletion of dynein did not show a decrease in anaphase
velocity [7, 11]. Importantly, this initial segregation of chromosomes within
microtubule channels seems inconsistent with the previously proposed segregation mechanism solely based on microtubule pushing [6, 7]. Possibly,
microtubule pushing forces could be achieved by the nucleation of a cylinder
of microtubules surrounding the channels. However, we could not detect a
pattern of short microtubules surrounding the channels.
For the progression of anaphase, however, we propose a model, in which
a switch in the orientation of microtubules with respect to chromosomes from
lateral to end-on promotes a further elongation of the spindle that is driven by
sliding and polymerization of inter-chromosomal microtubules [6, 7]. Factors
that might influence the elongation and organization of these inter- chromosomal microtubules are CLASP (CLS-2) [7], ZYG-8 [11], MEL-28 [26] and possibly the microtubule-severing enzyme MEI-1/2 (katanin) [24, 25]. Failure to
remove lateral contacts could decrease the fidelity of chromosome segregation
by allowing sliding forces to contribute to chromosome scattering [19] and the
other chromosome segregation defects observed in anaphase.
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Figure 4: Microtubule orientation in KLP-7-depleted oocytes (A) Bar plot
illustrating the occurrence of chromosome bridges (black), lagging chromosomes (dark grey) and failed extrusions of polar bodies (light grey) in wildtype and klp-7 (RNAi) oocytes. (B) Tomographic reconstruction of a klp-7
(RNAi) spindle in metaphase and anaphase of meiosis I. Top left panel, microtubules are organized in a pointed spindle. Top right panel, illustration
of microtubules that have one end-point within a distance of ≤ 250 nm away
from the surface of the chromosomes. Bottom left panel, microtubules are
organized between the segregating chromosomes. Bottom right panel, only
microtubules that have one end-point within 250nm of the chromosomes are
shown. Microtubules are shown in red, chromosomes in blue. Scale bar, 1 µm.
(C) Plot showing the percentage of occurrence of microtubule-to-chromosome
orientations in a wild-type (yellow; corresponding to data as shown in Figure
3B) and a klp-7 (RNAi) spindle (brown) in anaphase I.

Experimental procedures
Worm strains gene silencing by RNAi
The C. elegans strain MAS91 (unc-119(ed3) III; ItIs37[pAA64; pie-1::mCherry::
HIS58] and SA250 [(tjIs54 [pie-1p::GFP::tbb-2 + pie-1p::2xmCherry::tbg-1 +
unc-119(+)]. tjIs57 [pie-1p::mCherry::his-48 + unc-119(+)] were used in this
study for live-cell imaging and correlative light microscopy and electron tomography. Worms were cultured and maintained at 16 ◦C as described [27].
Briefly, C. elegans worms were grown on NGM plates seeded with the OP50
E. coli strain. Worm strains were propagated and maintained by transferring ten L4 larvae on fresh seeded NGM plates every 3 to 4 days. RNAi
experiments were performed by feeding [28]. RNAi feeding was performed
on NGM plates containing 50 mg/ml ampicillin and 1 mM IPTG (Isopropyl
b-D-thiogalactopyranoside) and seeded with the HT115(DE3) bacterial strain
containing the KLP-7 target sequence. The feeding clone for klp-7 was obtained from the RNAi library [29]. L4 larvae were transferred to plates seeded
with bacteria producing dsRNA and grown for 24 h at 25 ◦C prior to analysis.
Oocytes for live-cell imaging were prepared in the following way. C. elegans young adults were picked into a 25 µl drop of minimal Edgar’s growth
medium (MEGM) on a high precision (0.17 mm) coverslip. MEGM is a special
embryonic cell medium, suitable for short-term culture of permeabilized embryos. Using a stereomicroscope, embryos were released by cutting a worm
in the gonadregion with two hypodermic needles [30].
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Sample preparation for electron microscopy
Samples for electron microscopy were prepared as published [30]. Briefly,
her- maphrodites were dissected in Minimal Edgar’s Growth Medium [31]
and embryos in early meiosis were selected and transferred to cellulose capillary tubes (Leica Microsystems, Vienna, Austria) with an inner diameter of
200 µm. The embryos were observed with a stereo microscope, transferred to
membrane carriers at appropriate stages and immediately cryo-immobilized
using an EMPACT2 high-pressure freezer (Leica Microsystems, Vienna, Austria) equipped with a rapid transfer system [32]. Freeze substitution was performed over 3 d at −90 ◦C in anhydrous acetone containing 1 % OsO 4 and
0.1 % uranyl acetate using an automatic freeze substitution machine (EM AFS,
Leica Microsystems, Vienna, Austria). Epon/Araldite infiltrated samples were
then embedded in a thin layer of resin and polymerized for 3 d at 60 ◦C. Embedded embryos were re-mounted on dummy blocks and serial semi-thick
(300 nm) sections were cut using an Ultracut UCT Microtome (Leica Microsystems, Vienna, Austria). Sections were collected on Formvar-coated copper slot
grids and post-stained with 2 % uranyl acetate in 70 % methanol followed by
Reynold’s lead citrate [33].

Electron tomography
For dual-axis electron tomography [34], 15 nm colloidal gold particles (SigmaAldrich) were attached to both sides of semi-thick sections to serve as fiducial
markers for subsequent image alignment. Series of tilted views were recorded
using a TECNAI F30 transmission electron microscope (FEI Company, Eindhoven, The Netherlands) operated at 300 kV. Images were captured every 1◦
over a ± 60◦ range at a pixel size of 2.3 nm using a Gatan US1000 2 K x 2 K
CCD camera. Using the IMOD software package, a montage of 2 x 1 [meiosis I: metaphase, anaphase (mid)] or 2 x 2 [meiosis I: anaphase (early] frames
was collected and combined for each serial section to cover the full volume
of the meiotic spindles [34, 35]. For image processing the tilted views were
aligned using the positions of the fiducials. Tomograms were computed for
each tilt axis using the R- weighted back-projection algorithm [36]. In order to
cover the entire volume of each spindle, we acquired tomograms of about 8–
12 consecutive sections per sample. In total, we recorded 3 wild-type spindles
in meiosis I. In addition, we acquired tomograms of klp-7(RNAi) spindles in
metaphase I (5 serial sections) and anaphase I spindle (7 sections).

Three-dimensional reconstruction and automatic segmentation
of microtubules
We used the IMOD software package (http://bio3d.colorado.edu/imod) for
the calculation of electron tomograms [35]. We applied the Amira software
package for the segmentation and automatic tracing of microtubules [37]. For
this, we used an extension to the filament editor of the Amira visualization
and data analysis software [10, 38, 39]. We also used the Amira software to
stitch the obtained 3D models in z to create full volumes of the recorded spindles [10, 40]. The automatic segmentation of the spindle microtubules was
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followed by a visual inspection of the traced microtubules within the tomograms. Correction of the individual microtubule tracings included: manual
tracing of undetected microtubules, connection of microtubules from section
to section and deletions of tracing artifacts (e.g. membranes of vesicles). Approximately 5 % of microtubules needed to be corrected [10].

Data analysis
Data analysis was performed using the Amira software package. In our analysis of spindle structure, the following errors were considered [10]. Briefly,
during the data preparation and the imaging process, the tomograms are
locally distorted. Furthermore, the exposure of the electron beam causes a
shrinking of the sample. During the reconstruction of the microtubules, however, the most important errors occur in the tracing and matching process.
In addition, the data is again distorted in all directions to align the tomograms. We assumed that this distortion primarily compensates the distortion
of the imaging process. For the tracing, the error was previously analyzed
for reconstructions of C. elegans centrosomes [38]. We assumed that the error
lies in the same range of 5–10 %. In addition, the traced microtubules were
manually verified. It is more difficult to estimate the error of the matching
algorithm [40], since it depends on the local density and properties of the microtubules. The quality of our analysis should be influenced only by minor
3D distortions.
To investigate if microtubules attach laterally or end-on, we measured the
angle between the tangent of the microtubule in the point closest to the chromosome and the normal of the closest point on the chromosome surface [41].
The closest point is a side product of the distance computation, as described
above. The normal at the point is given by the weighted mean of the three
vertex normals of the corresponding triangle using barycentric coordinates.
Furthermore, the vertex normals were computed using a weighted mean of
the normals of the adjacent triangles. Besides the optimization of the mesh,
described above, we applied a smoothing using a Gaussian Kernel, to focus
on the global shape of the chromosomes and to reduce the artifacts from the
manual segmentation. To compute the tangent in the endpoint we followed
the microtubule from the endpoint into the opposite direction for a certain
distance (200 mm). The tangent is then given by the vector from the current
position to the endpoint. This was performed to reduce the errors that were
produced by tracing artifacts or experimental distortions of the microtubules.
Finally, the angle between the tangent and the normal at the closest point was
measured. Note that we flipped the tangent if the two vectors pointed in opposite directions (ht, ni < 0) such that the angles were in the range [0, π/2]. In
addition, we manually subdivided chromosomes into inner and outer parts.
Each microtubule was then assigned to the part of the closest triangle. Afterwards we investigated the histograms of the angles for the microtubules of
different parts. The morphology of microtubule ends was analyzed by using
IMOD to extract and display selected regions of anaphase I spindles [35].
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contacts, Thomas Mueller-Reichert
(Mueller-reichert@tu-dresden.de) and Stefanie Redemann (sz5j@virginia.edu)
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Suppl. Figure 1: Microtubule arrangement along the spindle axis in
metaphase I (related to Figure 2) View of cross sections cut along the axis
of a metaphase spindle at 12 equidistant positions. The positions along the
spindle axis (z) are indicated. Microtubule cross sections are shown as blue
circles. A schematic drawing shows the position of the different z-positions
along the spindle axis.
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Suppl. Figure 2: Microtubule density along the spindle axis in early
anaphase I (related to Figure 2) View of cross sections cut along the axis
of a spindle in early anaphase at 10 equidistant positions. The positions along
the spindle axis (z) as well as the microtubule density at the respective position are indicated. Microtubules cross sections are shown as blue circles.
A scientific drawing shows the position of the different z-positions along the
spindle axis.

16

-0.5

0
x (µm)

-0.5

z=0.86 µm, 177.9 MT/µm2

0
x (µm)

-0.5

-0.5

0
x (µm)

y (µm)
-0.5

0
x (µm)

-0.5

z=1.38 µm, 190.2 MT/µm2

0

0

-0.5

0.5

0
x (µm)

-0.5

0.5

0
x (µm)

-0.5

z=1.72 µm, 126.3 MT/µm2

0.5

y (µm)

0.5

0
x (µm)

0.5

0.5

-0.5

0.5

z=1.55 µm, 171.4 MT/µm2

-0.5

0.5

0

-0.5

0
x (µm)

z=1.21 µm, 188.3 MT/µm2

-0.5

0.5

0

-0.5

0.5

0.5

0

0

z=1.03 µm, 179.5 MT/µm2

y (µm)

0.5

0.5

-0.5

0.5

z=0.69 µm, 179.5 MT/µm2

y (µm)

0

-0.5

0.5

y (µm)

0.5

y (µm)

0

y (µm)

z=0.52 µm, 176 MT/µm2

0.5

y (µm)

y (µm)

0.5

z=0.34 µm, 158.4 MT/µm2

y (µm)

z=0.17 µm, 127.5 MT/µm2

0

-0.5

0

-0.5

0.5

0
x (µm)

-0.5

0.5

0
x (µm)

z1

-0.5

z10

Suppl. Figure 3: Microtubule density along the spindle axis in mid
anaphase I (related to Figure 2) View of cross sections cut along the mid
anaphase spindle axis at 10 equidistant positions. The positions along the
spindle axis (z) are indicated. Microtubules cross sections are shown as blue
circles. A scientific drawing shows the position of the different z-positions
along the spindle axis.
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Suppl. Figure 4: Illustration of microtubule end morphology associated
with the chromosome surface (related to Figure 3) (A) Overview of early
anaphase I. The tomographic slice was extracted from a 300 nm-thick section.
Scale bar, 1 µm. (B) Zoom in into an area close to chromosomes in early
anaphase I. Same data set as shown in A. Scale bar, 1 µm. (C–E) Representative images of microtubule ends within 250 nm from the chromosomes in
early anaphase I. Scale bar, 100 nm. (F) Overview of mid anaphase I. Extracted tomographic slice from a 300 nm- thick section. Scale bar, 1 µm. (G)
Zoom in into an area close to chromosomes in mid anaphase I. Same data set
as shown in F. Scale bar, 1 µm. (H–J) Representative images of microtubule
ending within 250 nm from the chromosomes in mid anaphase I. Scale bar,
100 nm.
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Suppl. Table 1: Summary of quantitative analyses for all meiotic spindles
visualized for this study The table shows all quantitative measurements for
each wild-type and klp- 7(RNAi) data set.
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