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Abstract
Mitotic and meiotic spindles are microtubule-based structures to faithfully segregate chromosomes. Electron tomography is currently the method of choice to
analyze the three-dimensional architecture of both types of spindles. Over the
years, we have developed methods and software for automatic segmentation and
stitching of microtubules in serial sections for large-scale reconstructions. Threedimensional reconstruction of microtubules, however, is only the first step towards
biological insight. The second step is the analysis of the structural data to derive
measurable spindle properties. Here, we present a comprehensive set of techniques
to quantify spindle parameters. These techniques provide quantitative analyses of
specific microtubule classes and are applicable to a variety of tomographic reconstructions of spindles from different organisms.
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Introduction

Spindles are three-dimensional molecular machines that drive the faithful segregation
of chromosomes during cell division (for a review see: McIntosh[11]). These molecular machines are composed of highly dynamic microtubules, whose individual turnover
rate is significantly higher than the time course of cell division. Despite the strong evolutionary conservation of key components of mitotic spindles, there is a huge variability
in the assembly, arrangement, and mechanics of chromosome segregation (for a review
see: Helmke et al [7]). Similar to mitosis, also meiotic systems show variability in
spindle dynamics and organization.
In order to push our ultrastructural understanding of these microtubule-based spindles, it seems inevitable to have a clear picture of the 3D arrangement of microtubules composing both mitotic and meiotic spindles. This can be achieved by serialsection electron tomography, which allows large-scale reconstructions of microtubules
in spindles (Müller-Reichert et al. [12]; Müller-Reichert et al. [13]). In the following
manuscript, we describe the use of recently developed computational tools to quantitatively analyze the properties of microtubules within spindles. Most of the developed
tools were applied to the analysis of the first mitotic division in the early C. elegans embryo (Redemann, et al. [18]). Some analyses, however, were also developed to analyze
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Figure 1: Full reconstruction of a metaphase spindle in early embryonic mitosis of
C. elegans. The bipolar spindle apparatus is organized from two centrosomes. The
chromosomes (blue) are positioned in the middle of the spindle. Three classes of microtubules are shown: AMTs, KMTs and SMTs. The geometry of this microtubule
classification is shown in the insert.
meiotic divisions in the worm. For all of these computational tools, we give example
of their practical use.
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Rationale

Electron tomography of serial plastic sections together with tools for an automatic segmentation of microtubules and a stitching of consecutive serial sections allow the reconstruction of either mitotic or meiotic spindles of different organisms. The resulting
3D models provide an enormous amount of information. The extraction of data from
these models, however, is not a trivial task. Some parameters, like microtubule number
and length, can be easily obtained. Other spindle parameters, such as microtubulemicrotubule interactions and/or the possible formation of microtubule bundles, are far
more complex and require a set of prior definitions. Here, we introduce and describe
various attributes of microtubules in tomographic reconstructions and provide definitions and parameters for data analysis techniques that determine the attributes from
reconstructed 3D models. Our overall aim is to develop standardized procedures for
quantification of microtubules in spindles from various systems.

3

Methods

To start with, mitotic spindles consist of two centrosomes (or microtubule organizing
centers, MTOCs), the chromosomes positioned in between, and the microtubules arranged around these components. The chromosomes at metaphase are aligned on a
plane perpendicular to the long spindle axis. Microtubules are astrally aligned at both
centrosomes, thereby forming a bipolar spindle. The overall structure of the mitotic
spindle in the early C. elegans embryo is shown in Figure 1.
Using serial-section electron tomography, the different components of the spindles
can be reconstructed. The microtubules can be segmented with template matching and
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line tracing within a tomogram (Weber, et al. [21]). Afterwards, a stitching process connects microtubules over section boundaries of several tomograms (Weber, et al. [22]).
Finally, each microtubule is geometrically represented as a 3D piecewise linear curve
that connects a set of 3D points. For some analysis tasks, the microtubules are further
simplified to straight 3D lines from the starting point to the endpoint of the curve. The
chromosomes are usually manually segmented within the tomogram and represented
as volumetric voxel data or as a triangulated surface using marching cubes (Lorensen
& Cline [8]). The segmentation of a centrosome is difficult, as it is not a membranebound organelle and, therefore does not present a fixed boundary. However, one can
localize the pair of centrioles within the centrosome and use those as reference points
for the center of the centrosome.

3.1

Preprocessing

3.1.1

Data preparation

Depending on the technique of microtubule reconstruction, it can be useful to apply
some pre-processing before analyzing the spatial structure of a spindle. The distribution of the points that represent a microtubule can be irregular, for example due to technical details of the tracing algorithm. We can assume that the curvature of microtubules
is limited and resample the microtubules to a regular sampling that is sufficiently fine
to represent microtubules up to the assumed curvature limit. Resampling often reduces
the number of points per microtubule. Furthermore, most analysis techniques are numerically more stable, because the distance between two neighboring points is never
close to 0 after resampling.
Consider a single microtubule that consists of n points p1 , ..., pn . The goal is to
replace these points by m new points q1 , ..., qm that lie on the old microtubule with a
constant distance between qi and qi+1 , except for i = m − 1. For the resampling, we
start with q1 = p1 and place a sphere at q1 that has a radius of the desired constant sampling distance d. We then compute the first intersection point of the sphere along the
microtubule defined by p1 , ..., pn . Let i be the smallest index for which kq1 − pi k ≤ d
and kq1 − pi+1 k ≥ d. This means q2 lies on the line segment given by pi and pi+1 . The
new point q2 is then the first intersection point of the sphere and this line segment. Subsequently, new points are calculated by placing the sphere to the last computed point
q j and by considering the remaining parts of the edge pi , ..., pn . If the end of the microtubule is reached, pn is set as last sampling point. Furthermore, if the distance between
the last two sampling points is smaller than d/2, then the second to last sampling point
is removed.
In addition to the initially irregular sampling, microtubules can contain stair artifacts. These artifacts can appear during the stitching process of multiple serial sections. The main reasons for those stair artifacts are distortions of the sample during the
imaging process, difficulties in the detection of the correct section thickness and the
unknown gap size between two neighboring sections. Often, these artifacts are already
reduced by the resampling described above. For critical cases, it can be useful to apply
an additional smoothing step by applying, for example, a Gaussian filter. It is important
to be careful with the size and weighting of the filter to only smooth local deformations
but preserve the global shape of the microtubule.
Similar to the resampling of microtubules, it is useful to remesh the triangular surfaces of the chromosomes. Depending on the segmentation resolution, Marching Cubes
(Lorensen & Cline [8]) generates many triangles. In addition, the meshes can contain
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Figure 2: Density of microtubule endpoints along the stitching direction. This figure
illustrates the analysis of 30 consecutive sections. Each section is partitioned into four
equally sized sections to assess the stitching quality of stacked tomograms. (A) Endpoint density before stitching. (B) Endpoint density after automatic stitching. Only a
few sections (such as #8) require further manual investigation.
many skewed triangles. To tackle both problems, we can simplify and remesh the triangular surfaces. For the simplification one can remove short edges or merge vertices that
lie close to each other depending on quadric error metrics (Garland & Heckbert [5]).
Afterwards, a remeshing algorithm creates a regular mesh (Zilske et al. [23]).
3.1.2

Error Analysis

While we could verify the quality of the tracing using expert knowledge (Weber, et
al. [21]), this is more difficult for the stitching process, independently of whether this
is done completely automatic or semi-automatic. Errors in the stitching have a major
impact on the analysis of the absolute length and number of microtubules. However,
these analyzes are quite important, since they allow comparing major properties of
different spindles and cell division phases. To get an impression of the quality of the
stitching, we analyze the density of microtubule ends along the stitching direction,
usually the z-direction. If this density is significantly higher in the boundary regions of
the tomograms than in the inner parts, it may indicate a stitching problem. To analyze
the density, we partition each tomogram into four equally sized sections along the
z-direction. For each partition, we compute the endpoint density, where the inner two
parts are used as reference. Since the tomograms do not necessarily overlap completely
in x-y, we restrict the density computation to the volume that is overlapping in x-y. In
detail, this means the densities of the two upper parts are restricted to the overlap with
the tomogram above and the two bottom parts with the overlap of the tomogram below
(Figure 2, insert). The overlap in x-y between two tomograms is computed by creating
a single 2D slice of one tomogram in x-y with the same resolution. Then, we mark each
pixel of the slice that also lies in the other tomogram in x-y. The marked pixels are used
to compute the area of the overlap and finally to compute the density. Only endpoints
that lie in both tomograms are considered for the density computation. If we observe
a significant difference between the densities of the two inner parts, one reason could
be that the overlap in x-y between the three tomograms is small compared to the two
separated overlaps. An example of an endpoint density analysis, for a male meiotic
spindle in the C. elegans germline is depicted in Figure 2, where (A) is unstitched and
(B) is fully automatically stitched. After stitching, we can detect a few sections, for
example section no. 8, that require additional manual investigation.
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3.2

Definition of Microtubule Classes, Geometry Definition

We defined three classes of microtubules for mitotic spindles in the early C. elegans
embryo (Redemann et al. [18]). First, all microtubules that do not grow towards the
chromosomes are denoted as astral microtubules (AMTs). Second, all microtubules
ending in the ribosome-free area close to the chromosomes are considered as kinetochore microtubules (KMTs) (O’Toole et al. [17]). Third, the remaining microtubules
are denoted as spindle microtubules (SMTs). Note that it is difficult to clearly geometrically define the boundary between AMTs and SMTs. The following heuristics can be
used in addition to a manual classification for each microtubule.
One way to distinguish between AMTs and SMTs is to define a cone for each
half of the spindle. The tip of the cone is located in the centrosome center, given by
the position of the mother centriole, and its axis is equal to the axis that connects the
centrosomes. The angle of the cone is selected such that the chromosomes are tightly
surrounded by the cone. All microtubules that lie completely within this cone are
classified as SMTs. The remaining microtubules are marked as AMTs. Because the
cone is convex, it is sufficient to check if each point of a microtubule lies inside the
cone in order to determine if the complete microtubule lies inside.
It is assumed that KMTs are attached to the chromosomes. Therefore, the distance
between an end of a KMT and the surface of the chromosome should be rather small.
There are multiple ways to measure this distance based on the given data. One way is to
compute the distance of the end of a microtubule to the triangular mesh that represents
the chromosomes. This means the minimal distance of the endpoint to the triangles
of the mesh. The computation of the distance of a point to a triangle was described,
for example by Eberly [4]. With a user-defined threshold, one can define microtubules
with close endpoints as KMTs.
A full mitotic spindle with an automatic classification of the microtubules is given
in Figure 1. We used a cone angle of 35◦ for the SMTs and a maximal distance of
100 nm for KMTs to the chromosomes.

3.3

Orientation of Microtubules

One important quantification is the analysis of microtubule orientation with respect to
the centrosome or to the spindle axis. Because the overall curvature of the microtubules
is small, they can be approximated as straight lines that connect the starting points and
the endpoints of the microtubules.
3.3.1

Orientation to a Centrosome

To measure how astral a microtubule lies relative to the centrosome, the following angle
is computed. Let mi be the vector that connects the starting point and the endpoint of
the ith microtubule. Furthermore, let ci be the vector from the centrosome center to the
midpoint of mi . The angle between mi and ci measures how astral the microtubule is,
where 0◦ means astral and 90◦ is farthest away from astral. Note that mi is inverted
before measuring in case hmi , ci i < 0. Figure 3A shows histograms of the angles of the
AMTs for different microtubule length classes of one centrosome of a mitotic spindle
in C. elegans. The longer a microtubule, the smaller the angle and the more astral
is the microtubule to the centrosome. On the other hand, the orientations of smaller
microtubules tend to be more chaotic.
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Figure 3: Orientations of microtubules in tomographic data sets. (A) Orientation of
AMTs for the left centrosome as shown in the data set of Figure 1. Microtubules were
classified according to their length. (B) Orientation of SMTs and KMTs in the same
data set relative to the spindle axis.
3.3.2

Orientation to Spindle Axis

The orientation of a microtubule to the spindle axis is simply given by the angle between mi and the vector c that connects the centrosome centers. Again, mi is inverted
in case hmi , ci < 0. In Figure 3B we can see two histograms of the angles of SMTs
and KMTs to the spindle axis of a mitotic spindle in C. elegans. Both classes have a
maximum at 15◦ and a similar angular structure.

3.4

Length Distribution of Microtubules

Analyzing the length of microtubules is one of the most important steps in quantifying
spindle structure. The length of a microtubule is given by the sum of the lengths of its
linear segments. However, small errors in the stitching can produce large errors in the
absolute length of a microtubule. If, for example, one connection is missed during the
stitching between two sections, we get two microtubules with two lengths, both smaller
than the expected single microtubule.
Instead of just looking at the absolute lengths, it is often more interesting to analyze the length distribution for each microtubule class. In Figure 4A, we can see the
histograms of the lengths for the three microtubule classes of a mitotic spindle in the
early C. elegans embryo. While AMTs and SMTs have a similar length distribution
with many short and only a few long microtubules, the length distribution of KMTs is
almost uniform.
Furthermore, we can analyze the length distribution at different locations in the
spindle. For example, the length distributions along the spindle axis or around the
centrosome. For the analysis along the spindle axis, we partition the axis into equalsized pieces using planes orthogonal to the axis. Each plane defines a region for which
we want to analyze the length distribution. Each microtubule that intersects the plane
is also considered for the length distribution. The intersection of a microtubule and
a plane can be computed by analyzing the intersections of each line segment of the
microtubule with the plane. If a line segment intersects the plane, the microtubule is
considered for the length distribution. Figure 4B shows the length distributions for two
planes. The first lies close to the centrosome. The second lies close to the chromosomes.
For the analysis of the length distribution around the centrosome, we place spheres
at the centrosome with uniformly increasing radii. Each region is then defined by the
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Figure 4: Analysis of microtubule length distribution. (A) Length distribution of
AMTs, SMTs and KMTs. (B) Length distribution of microtubules that intersect planes
orthogonal to the spindle axis. Two planes (close to either the centrosome or the chromosomes oriented in the metaphase plate) are shown.
surface of a sphere and we consider all microtubules that intersect the sphere. Again,
the intersection of a microtubule with a sphere can be computed by analyzing the intersections of all line segments of the microtubule with the sphere.

3.5

Spatial Interactions of Microtubules

Interactions between microtubules are of high interest for the analysis of spindle function and stability. As an example, microtubule interaction could be caused by motor
proteins sliding microtubules along each other, by microtubule bundling proteins, or by
nucleation of microtubules on pre-existing microtubules. One way to detect potential
interactions is to measure the distance and the alignment of microtubules. It is assumed
that interacting microtubules are almost parallel at the interaction.
3.5.1

Distances between Microtubules in 2D

In the past, distance and neighborhood analyses between microtubules were measured
in 2D based on a planar cut of the spindle (McDonald et al. [10]; Mastronarde et al. [9]).
Transforming the distance analysis to 2D means that each microtubule becomes a single
point, the intersection point with the plane. In addition, the distances are given as 2D
distances between points. Note, that a single microtubule can create multiple points
if it intersects the plane multiple times. Usually, the planes are selected such that
most microtubules are almost orthogonal to the plane. For spindles, the planes can be
selected orthogonal to the spindle axis. In certain cases, the 2D domain is bounded by
a circle or a certain type of microtubule. The circular boundary is often given by the
3D cone that bounds the spindle microtubules.
The intersections of a mitotic spindle of C. elegans with four different planes along
the spindle axis and bounded by a cone with an opening angle of 25◦ is given in Figure 5. For each microtubule, the neighborhood density is computed depending on
different radii (Figure 5A). The average neighborhood density is plotted below (Figure 5B). For a radius between 200 nm and 500 nm, one can see a maximal density
for all planes. The effect is verified by the same analysis with randomly displaced
microtubules. On the other hand, fully random placed microtubules do not show this
maximum.
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Figure 5: Neighborhood density analysis of microtubules within different planes of
orthogonal orientation to the axis of the spindle. Only microtubules inside a cone
with an opening angle of 25◦ are considered. The axis of the cone is the spindle axis
and the apex lies at the left centrosome as indicated in the schematized spindle. (A)
Intersections of the microtubules with the indicated planes inside the cone. (B) Average
endpoint neighborhood density plotted against neighborhood radius.
3.5.2

Distances between Microtubules in 3D

Although the 2D distance and neighborhood analysis can be quite helpful, it is restricted to a 2D domain and requires that most microtubules are almost orthogonal to
this plane. From electron tomography, we get the full 3D shape of the microtubules
and, therefore, can perform distance and neighborhood analyses in 3D.
Let m be a microtubule consisting of n points p1 , ..., pn . The distance of a point p
to mi , is the minimal distance of p to all line segments pk , pk+1 , k = 1, ..., n − 1. To
compute this distance, p is orthogonally projected onto the line segment pk , pk+1 . This
is given by tk = hp − pk , pk+1 − pk i /(pk+1 − pk )2 . If tk is smaller 0 or larger 1 the
projected point lies outside the line segment. The closest distance of p, therefore, is
either the distance to pk or pk+1 or it is the distance to the point pk +tk (pk+1 − pk ). The
closest distance of a point to a microtubule can be used to measure, for example, the
distance to the centrosome, or to measure the distance of an endpoint of a microtubule
to another microtubule.
However, potential interactions between microtubules can lie at arbitrary positions
on the microtubules. For this reason, we need to analyze the distances between microtubules given as piece-wise linear curves. The closest distance between two microtubules mi and m j is the minimal distance between all pairs of line segments. In
detail, for each line segment of mi , the closest line segment of m j is detected and the
smallest distance of all segments of mi is the closest distance. The distance between
two line segments in 3D can be computed using, for example, the method described
by Eberly [3]. During the computation of the closest distances, the two closest points
on mi and m j are computed. This allows us to compute multiple positions where the
distance between two microtubules falls below a user-defined threshold.
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Figure 6: Interaction of microtubules within a spindle network. (A) Model of
microtubule-microtubule interaction illustrating the following parameters: d, distance
of a microtubule end to the center of a centrosome (yellow sphere); a, distance between
adjacent microtubules; α, angle between two given microtubules (upper panel). Model
taking the microtubule classification as shown in Figure 1 into account (lower, left
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are necessary to connect a KMT to the centrosome (lower, right panel). (B) Percentage
of minimal numbers of microtubule connections for KMTs to reach the centrosome. A
small percentage (not) shows no connection with other neighboring microtubules.
3.5.3

Parallelism

There are several ways to measure how parallel two microtubules are. The first and
simplest is to approximate each microtubule by a straight line through the endpoints.
Then, the angle between two such lines is an indicator for the parallelism of the microtubules. A threshold is applied to decide whether two microtubules are considered
parallel or not.
The second way to measure the parallelism is to approximate the local tangent
vectors of the microtubules at the closest points. One way to approximate the tangent
is to trace the microtubule a certain distance forward and backward and connect the
two points. Depending on the distortion of the microtubule and the tracing distance the
tangent can vary. Note that for large tracing distances the method approaches the result
of the first one.
A completely different way to measure the parallelism of two MT around a certain
position is to analyze the distance between the microtubules during forward and backward tracing. If this distance remains more or less constant over a certain length, the
microtubules are almost parallel.
3.5.4

Interactions

For the computation of potential interactions, we analyze each pair of microtubules
in the spindle. Let mi and m j be two microtubules. First, we compute all points on
mi , where the distance to m j falls below a user-defined threshold a that approximates
the maximal distance for microtubule interactions. Then we analyze the parallelism at
these positions using one of the methods, described above. Again, a threshold is used
for the maximal angle α or distance variance that is count as almost parallel. All these
potential interactions are then stored together with their properties (Figure 6).
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3.5.5

Network Analysis

Due to the interactions microtubules can form networks in which many microtubules
are connected to maintain the spindle structure. These networks could provide a functional stability of spindles and transmit forces along the spindle axis in order to segregate chromosomes.
In order to study properties of this network, a more abstract graph representation
G = (V, E) is used. In this representation, the vertices V represent all microtubules.
So each microtubule mi is a vertex in G, which means mi ∈ V . Furthermore, each
potential interaction between two microtubules is represented by an edge. In detail, if
mi and m j potentially interact, then (mi , m j ) ∈ E. This graph representation is shown
in Figure 6A.
With this graph, connected components can be detected and analyzed. To measure,
for example, how kinetochore microtubules are connected to the centrosome, we can
mark all microtubules that are directly connected to the centrosome using a distance
threshold d. These microtubules are connected by a dotted line in Figure 6A. Then, we
can count the minimal number of interactions that connect a kinetochore microtubule
to a marked centrosome microtubule. This number can be computed by using Dijkstras shortest path algorithm. After analyzing all kinetochore microtubules, we get an
overview of the connectivity in the spindle. The number of connections for all KMTs
of a mitotic spindle of C. elegans for the left and the right part of the spindle is shown
in Figure 6B. Almost 50% of the KMTs require only a single connection and almost
90% are connected to the centrosome by four or less connections.

3.6

Classification of Microtubule Ends

One important advantage of electron tomography is the possibility to rotate a structure
of interest in 3D, which allows us to investigate the end morphology of microtubules.
Microtubules have a distinct polarity given by the α/β -tubulin structure of the heterodimer, where the microtubule end with only α-tubulin is denoted as (−) end while
the β -tubulin end is denoted as (+) end. In principle, microtubules can elongate from
both ends. Growth, however, is significantly faster at the (+) end. Furthermore, microtubules are thought to be nucleated from or capped at the (−) end by γ-tubulin.
Such ends are often denoted as closed microtubule ends, while the others are denoted
as open ends. Closed ends are somehow stable, which means the microtubule neither
elongates nor shrinks at this end. On the other hand, open blunt ends can either indicate
slow microtubule elongation or shrinking. The resolution in electron tomograms from
samples embedded in plastic usually allows to distinguish between close and open ends
(O’Toole et al. [16, 17]). Depending on the quality of the tomogram, still a part of ends
cannot be classified by experts with certainty. Furthermore, some ends indicate microtubules that leave the tomogram and some ends lie between two serial sections, which
make a classification difficult or even impossible.
To allow experts to manually classify microtubule ends, we developed a tool that
allows a user to quickly step over the microtubule ends. For each end, multiple views
are generated that help to identify if the end is open or closed. To do so, we cut a
tight box around the microtubule end, where the main axis is equal to the tangent in the
end the second axis is orthogonal to the tangent and the z-axis. Finally, we show four
slices of this box through the main axis and uniformly rotated. In addition, the user can
interactively investigate an arbitrary slice within the box. After classifying the ends,
we determine the distribution of open and close ends and their spatial locations.
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Figure 7: Analysis of chromosome stretching along the spindle axis. This data illustrates the shape of five autosome pairs (blue/red) and the univalent X-chromosome
(green) in C. elegans male meiosis I for metaphase and anaphase (insert). The shape
of each chromosome is obvious by the full width half maximum (FWHM) of each
individual curve.

3.7

Analysis of Chromosome Shape

Depending on the type of spindle and the phase of cell division, the shape of the chromosomes changes. The chromosomes might appear stretched or compressed. The
shape of a chromosome as well as changes of the shape can be indicators for forces
acting on the chromosomes, i.e. a chromosome that is under extensive forces due to
microtubule pulling might appear stretched.
The idea is to measure the length of the chromosomes along the spindle axis and
their expansion orthogonal to the spindle axis. First, we compute the relevant viewing
region along the spindle axis. To do so, we orthogonally map all endpoints of the
spindle onto the axis. The two points farthest away from each other define the sampling
region for the analysis. Based on a user-defined step width the axis is sampled and at
each position, an orthogonal plane is placed. Then, the cut between the triangulated
surface of each chromosome is computed with this plane. Such a cut is either empty, or
it consists of one or multiple piecewise linear closed contours for the non-degenerated
case. The clockwise direction of the points on a contour describes whether the contour
belongs to the outer part of the chromosome or whether it is a hole inside the cut. The
surface area of the polygon described by these contours gives us the expansion of the
chromosome. The computation of the surface area of an arbitrary polygon that can
contain holes or multiple components can be done in different ways. One of the fastest
and most robust methods is to take an arbitrary point on an outer contour and sum up
the areas of the triangles created by this point and all line segments by the contours.
Note that the area needs to be negated if the outer part of the line segment is used for the
triangle, see also (Gelder [6]). Another approach is to first triangulate the polygon and
then sum up all the triangle areas (Narkhede & Manocha [15]; De Berg et al. [2]). The
expansion area along the spindle axis for autosomes and the univalent X-chromosome
of a spindle in metaphase and anaphase of the first meiotic division in C. elegans males
is given in Figure 7.
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Figure 8: Analysis of end-on vs. lateral attachment of microtubules to chromosomes.
The type of attachment is given by the direction of the microtubule and the surface of
the chromosome. (A) Predominant lateral attachment. (B) High incidence of end-on
attachments.

3.8

Lateral and End-on Attachment of Microtubules to the Chromosomes

To study the function of microtubules during chromosome segregation, it is important to analyze how microtubules attach the chromosomes. Microtubules are laterally
attached to chromosomes during the formation of the metaphase plate in mitosis. However, in order to properly segregate the chromosomes, the microtubules have to transition to an end-on connection to the chromosomes (Alexander & Rieder [1]; Shrestha &
Draviam [19]). Moreover, lateral contacts of microtubules to chromosomes were reported for female meiosis in C. elegans (Muscat et al. [14]).
One way to measure how lateral a microtubule attaches to the chromosome is to
measure the angle between the microtubule direction and the surface normal of the
chromosome. For this approach, we assume that the surface of the chromosomes is
rather smooth, such that all minor features are removed and only the overall shape is
preserved. As described above, this can be achieved by remeshing and smoothing the
surface. The direction of the microtubule can be approximated either locally by the
tangent in the endpoint or globally by the starting point and the endpoint of the microtubule, as described above. The normal vector in a point on a triangulated mesh
of the chromosomes can be approximated in the following way. First, the triangle in
which the point lies is computed. Second, the three vertex normals of the triangle are
computed. Each vertex normal is defined by a weighted average of the normals of the
adjacent triangles. Third, the normal in the point is the weighted average of the three
vertex normals using barycentric coordinates. The angle of the microtubule direction
and the normal in the closest point on the chromosome surface determines if the microtubule attaches the chromosome in a lateral manner. The closer this angle approaches
90◦ , the more lateral is the attachment. In Figure 8 we can see the histograms of the
attachment angles of two spindles. In (A) most microtubules attach lateral, while in
(B) many attachments are called end-on.

4

Instrumentation

We use the IMOD software package (http://bio3d.colorado.edu/imod) for the calculation of tomograms. The programs used for tomographic reconstruction are managed
by a graphical user interface, eTomo. We use an extension to the filament editor of the
visualization and data analysis software Amira (Stalling et al. [20]) to automatically
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trace, model and analyze microtubules in our tomograms.

5

Discussion and Outlook

Depending on the arrangement of microtubules in the spindle and the envisioned type
of analysis it is important to first investigate the requirements of the available methods
for a given dataset. In particular, does the data require some pre-processing for a specific kind of analysis? For example, it is difficult to approximate a local direction of
microtubules that show stair artifacts after a stitching of serial tomograms. However,
such artifacts are not very problematic for a length computation. In contrast, stitching
problems produce large errors for length analyses, but they are not so problematic for
an analysis of microtubule orientation. It is challenging to select the parameter values
in a way that a resampling or smoothing reduces the artifacts but do not change the
features that one wants to investigate.
Although our toolkit contains a number of different types of quantifications of spindle ultrastructure, there are still open questions that require further methods for the 3D
analysis of spindles. One important task is the analysis of microtubule bundles in 3D,
as previously done in 2D slices (Mastronarde et al. [9]). In addition, an automatic
classification of microtubule ends would allow biologists to efficiently investigate microtubule end-morphologies in large data sets, as microtubule ends are indicative of the
dynamic state of the polymer.
Recently, we have applied this large toolkit to the analysis of spindle structure
during the first mitotic division in the embryo of C. elegans. We have combined this
ultrastructural analysis with light microscopic experiments and mathematical modeling
(Redemann et al. [18]). Our long-term goal is to adapt our workflows to spindles of
other systems. Some of these workflows can be applied with minor parameter adaptations, such as the length distribution analysis, the orientation analysis, neighborhood
density analysis or the detection of potential interactions. However, some of the workflows are specifically designed for the structure of mitotic bipolar spindles, such as the
microtubule classification, the interaction network analysis or the chromosome analysis. To adapt these approaches to other microtubule structures requires a re-definition
of the geometric parameters. For example, an adjustment to spindle geometry will be
necessary when analyzing female meiotic spindles in C. elegans, which are not organized from centrosomes and do not show an astral arrangement of microtubules around
the spindle poles. Such changes in spindle geometry will certainly impact the classification of microtubules and thus the overall quantitative analysis.
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