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ABSTRACT

The spindle of the colonial diatom Fragilaria contains two distinct sets of spindle
microtubules (MTs): (¢) MTs comprising the central spindle, which is composed
of two half-spindles interdigitated to form a region of “overlap;” (b) MTs which
radiate laterally from the poles. The central spindles from 28 cells are recon-
structed by tracking each MT of the central spindle through consecutive serial
sections. Because the colonies of Fragilaria are flat ribbons of contiguous cells
(clones), it is possible, by using single ribbons of cells, to compare reconstructed
spindles at different mitotic stages with minimal intercellular variability. From
these reconstructions we have determined: (a) the changes in distribution of MTs
along the spindle during mitosis; (b) the change in the total number of MTs during
mitosis; {c) the length of each MT (measured by the number of sections each
traverses) at different mitotic stages; (d) the frequency of different classes of
MTs (i.e., free, continuous, etc.); (¢) the spatial arrangement of MTs from
opposite poles in the overlap; (f) the approximate number of MTs, separate from
the central spindle, which radiate from each spindle pole. From longitudinal
sections of the central spindle, the lengths of the whole spindle, half-spindle, and
overlap were measured from 80 cells at different mitotic stages. Numerous
sources of error may create inaccuracies in these measurements; these problems
are discussed.

The central spindle at prophase consists predominantly of continuotis MTs
(pole to pole). Between late prophase and prometaphase, spindle length in-
creases, and the spindle is transformed into two half-spindles (mainly polar MTs)
interdigitated to form the overlap. At late anaphase-telophase, the overlap
decreases concurrent with spindle elongation. Our interpretation is that the MTs
of the central spindle slide past one another at both late prophase and late ana-
phase. These changes in MT distribution have the effect of elongating the spindle
and are not involved in the poleward movement of the chromosomes. Some as-
pects of tracking spindle MTs, the interaction of MTs in the overlap, formation of
the prophase spindle, and our interpretation of rearrangements of MTs, are dis-
cussed.
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Central to understanding the mechanism(s) in-
volved in mitotic movements is an elucidation of
the changes in distribution of individual spindle
microtubules (MTs) which accompany mitosis.
While simple counts of MTs in selected sections
along the spindle at different stages of mitosis
have been completed for certain cells (2, 4, 5, 8§,
9, 14), precise data on the number of spindle
MTs, their length, positions of their ends, and the
spatial relationships of the various populations of
MTs (e. g., “continuous, free, kinetochore, and
polar” MTs) have not been forthcoming. Unrav-
eling such structural details in the spindles of most
mammalian and higher plant cells is immensely
difficult. The much smaller spindles in certain
fungi, however, have shown promise in yielding
this type of data (6, 7, 16).

The diatom spindle offers unique advantages
for such analyses. Its MTs are organized into two
distinct groups: (a) those essentially parallel MTs
which form a “central spindle” consisting of two
half-spindles whose MTs interdigitate in a precise
manner to form a central region of overlap; and
(b) those MTs which radiate laterally from (or
near) the spindle poles into the chromatin and
cytoplasm. The central spindle is eminently suita-
ble for precise reconstruction from serial sections.
Such reconstructions have already confirmed that
during later mitosis, the overlap decreases concur-
rent with spindle elongation, apparently due to
the sliding apart of the half-spindles (12). Pole-

ward movement of chromosomes occurs sepa-
rately from spindle elongation (separation of the
poles) and seems to be associated with lateral MTs
and a specific structure, the collar, which encircles
each half-spindle. At anaphase, each collar appar-
ently connects the leading edge of the chromo-
somes to the poles; typical kinetochore MTs have
not been identified (18, 20, 24). Thus several
mechanisms may be responsible for achieving
chromosomal separation (24).

In this paper, the central spindle of Fragilaria is
reconstructed from transverse serial sections (i. €.,
by tracking MTs) at all stages of mitosis. From
longitudinal sections, the length of the overlap,
half-spindles, and whole spindle are measured at
different mitotic stages. This colonial diatom is
especially suitable for such studies because: (a)
The colonies of Fragilaria (Figs. 1-3) are flat
ribbons of contiguous cells (clones), which remain
accurately aligned as they grow and divide. Thus,
not only may cells from different ribbons be
compared, but more importantly, using a single
ribbon of cells (initially identical in size), direct
comparisons of spindles at different stages of
mitosis can be made with confidence that cellular
variability will be minimal. (b ) The central spindie
contains relatively few MTs; consequently, not
only is the accuracy of tracking MTs enhanced,
but it involves less work, which permits recon-
struction of more spindles for a given amount of
effort. (c) Because the spindles are small, it is pos-
sible at late anaphase to reconstruct the popula-
tion of MTs that radiate laterally from the spindie
poles (MTs separate from the central spindle).

Figure 1

Scanning electron micrograph of a ribbon of cells. Individual cells are contiguous; they adhere

side-by-side and remain aligned as they grow and divide. x 1,500.

FiGURE 2 A ribbon of cells containing a metaphase (arrow), telophase (double arrow) and recently

cleaved cell. x 2,100.

Ficure 3 Light micrograph of a ribbon of cells (single arrow). The double arrow shows a ribbon viewed

from the side.

Ficure 4 The spindle is initiated outside the nucleus (n) when a striated structure (arrow) forms near
the MC which is situated above the nucleus. X 61,000.

FIGURE 5 A parallel array of MTs assembles and elongates between the polar complexes (pc). A small
vacuole (v) is invariably associated with each polar complex. X 59,000.

Ficure 6 The spindle continues to increase in length but numerous MTs (arrows) from the poles now
invaginate the surface of the nuclear envelope. Some of these MTs form pockets in the nuclear envelope,
which extend into the nucleus, usually parallel to the spindle. X 57,000.
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MATERIALS AND METHODS

Fragilaria (identified as Fragilaria capucina fo. meso-
lepta Rhb.) was collected from a local stream; cultured
material was fixed for electron microscopy as previously
described (24).

Terminology

The central spindle is the set of essentially parallel
MTs extending between the spindle poles; at metaphase,
it consists of two half-spindles which interdigitate at a
middle, “overlap” region. The microtubule center (MC),
a small dense organelle near the interphase nucleus, is
the focus of numerous MTs; it is intimately associated
with spindle formation. The polar complex is the struc-
ture at each spindle pole. The collar is a ring of
amorphous, coherent matrix which encircles certain
parts of the central spindle, and to which the chromo-
somes may attach at anaphase (20, 24).

We use the classification of McIntosh et al. (13) for
the different types of spindle MTs: continuous MTs run
from pole to pole; free MTs have both ends free in the
spindle (i. e., not attached at either pole); polar MTs
have one end at the pole and the other end free;
kinetochore MTs have one end at the kinetochore. MTs
with ends at both a kinetochore and a pole are by
definition kinetochore MTs.

Serial Section Analysis

The MTs of the central spindle have been recon-
structed from transverse serial sections. The figures
(Figs. 23-32) showing the end points of all the central
spindle MTs are generated as follows: the serial number
of each section in a series through a given spindle,
beginning at one pole and extending to the other, is set
out along the horizontal axis. Starting at one pole, each
MT profile in each section is identified and assigned a
position along the vertical axis. When this same MT is
positively identified in the adjacent section, its two
plotted points are then joined into a line which later is
extended to encompass all profiles of this MT along the
spindle (see reference 12 for details of MT tracking).
MTs present in only one section are displayed as a short
bar. Thus a graph is generated which shows in one-
dimensional form the end points of each MT and an
estimate of their relative lengths. Clearly these figures
do not show the spatial arrangement of MTs. The MTs
which constitute each half-spindle at prometaphase
through telophase are arranged according to length, with
the half-spindles set one on top of the other. These
diagrams are referred to as reconstructions, although the
data are not displayed in three-dimensional form as the
term might suggest. To limit cellular variability, several
spindles from a single ribbon (as in Figs. 1-3) were
reconstructed. Cells at different stages of mitosis rarely
lie conveniently side by side within a single ribbon;
consequently, we have cut up to 3,200 serial sections per
ribbon to obtain one spindle at each stage of mitosis.
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Usually a segment of a ribbon containing about 30 cells
was sectioned; these represent a clone derived from five
divisions.

An estimation of the length of individual MTs was
made by counting the number of sections an MT trav-
erses; this technique is subject to error, particularly if
the serial sections vary in thickness. Microdensitometric
measurements of serial sections, from a single grid,
typically indicate a variation in section thickness of up to
8% (14). This variation may increase when two sets of
sections, cut and stained separately, are compared.
Possible artifactual shrinkage of the cells, cellular varia-
tion, and errors in determining the precise ends of the
MTs (i. e., occasionally it is not clear if an MT ends in a
given section or the next) are other factors which create
uncertainty. Although we recognize the likelihood of
some errors, certain measurements obtained by this
method are still useful, particularly from rows of sections
cut in the same day from a single ribbon containing
different stages of mitosis (see Results).

Tracking longitudinal MT profiles is done similarly to
tracking transversely sectioned MTs; however, such lon-
gitudinal tracking is difficult and less accurate.

Measurements of the Spindle from
Longitudinal Sections

Each prophase spindle serially sectioned, and the
length of the longest MTs extending between the poles,
was measured. The spindles were sectioned in two
orientations; the spindle in Fig. 7 is sectioned at right
angles to the spindle in Fig. 9a. In Fig. 7, the poles are
tilted towards each other and the linear distance between
the two white arrows indicates the overall length of this
particular spindle. The length of the spindle in Fig. 9a is
similarly indicated; however, sectioned in this view, the
spindle is broader and the poles are more flattened.
Here it is necessary to select and do the measurement on
the particular serial section which contains the longest
MTs. At metaphase, the length of three distinct morpho-
logical regions of the central spindle was measured —the
overlap, average of the two half-spindles, and the whole
spindle. Fig. 13 illustrates where each of these measure-
ments is taken along any spindle. Our measurements of
the spindle from longitudinal sections are subjective
estimates since the MTs of each half-spindle are not
uniform in length; they do not end in the same plane in
the overlap or at the pole (Figs. 26 and 29). Our
measurements carefully but subjectively attempt to av-
erage out such differences; discrepancies between meas-
urements by different persons of the same spindle are
~0.06 um (1.5 mm or more variation in certain spin-
dles, measuring directly on the negatives). Procedural
problems such as shrinkage of cells during processing
and uneven expansion of sections may also create inac-
curacies in the measurements. Although we recognize
the possibility of such errors, certain results are signifi-
cant, particularly when spindles from individual ribbons
of cells (clones) are compared.
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RESULTS
Brief Description of Mitosis

The formation of the spindle in Fragilaria is
similar to other diatoms (19, 24) and is not
described in detail here. The spindle, initiated
outside the nucleus at prophase as a striated
structure, forms near the MC (Fig. 4, arrow). The
ill-defined ends of this structure become the polar
complexes and later (Figs. 5-7), a parallel set of
MTs assembles and elongates between them. The
spindle is a flattened band of MTs; cells sectioned
at right angle to these show its broadened aspects
(Figs. 8 and 9a). The ends of these MTs are
embedded in a dense layer (Fig. 8. arrows). As the
prophase spindle elongates, certain MTs begin to
invaginate the nuclear envelope (Figs. 6 and 7).
Similar MTs are observed in Fig. 9b, which is a
section taken from the same spindle shown in Fig.
9a. It is difficult to determine the end points of
these MTs; many clearly terminate at one pole
and extend past the other pole into an invagina-
tion in the nuclear envelope. Transverse sections
of prophase spindles are shown in Figs. 10-12. At
prometaphase, the nuclear envelope partially
breaks down as the spindle enters the nucleus. As
in other diatoms, most of the MTs of the central
spindle at late prophase apparently run from one
pole to the other (Fig. 94), but by prometaphase,
the spindle consists of the two interdigitated half-
spindles (Fig. 13). After the spindle enters the nu-
cleus, the chromatin aggregates around the over-
lap, apparently interacting with the MTs extend-
ing laterally from the poles. At metaphase (Fig.
14), the chromatin encircles the central spindle.
Numerous MTs which are not part of the central
spindle radiate into the chromatin; some appear to
end at its leading edge, others pass through the
chromatin into the cytoplasm, often overlapping
the similar MTs from the other pole. Kinetochores
and kinetochore MTs have not been identified.
Visible now on each half-spindle is the ring of
amorphous material (Figs. 14 and 15), earlier
named the collar (24). Each extends from the pole
over the surface of the central spindle to, and
sometimes touching, the chromatin. Early ana-
phase spindles were not encountered; this stage
undoubtedly passes rapidly. Those MTs, not part
of the central spindle and which earlier radiated
from the poles, are progressively moved radially
back past the poles during anaphase (Fig. 16).
The way the chromosomes attach to the spindle is
not clear. Each masss of chromatin partially en-
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velops its collar by late anaphase. The collar also
either moves polewards or else is transported
polewards by the moving chromatin (Fig. 16,
arrows). The arrangement of MTs in the central
spindle is altered during anaphase; unlike meta-
phase, they are now distinctly bowed outwards
near the poles (Fig. 16, small arrows), while the
overlap remains tightly constricted. The chromatin
moves past the polar complex (Fig. 16); this is
also observed in Fig. 17 (a cell sectioned at right
angles to that in Fig. 16). but some chromatin on
one side remains at the pole, perhaps obstructed
by the chloroplast. Transverse sections of meta-
phase and telophase spindles are shown in Figs.
18-22. Later, the polar complexes separate
slightly from the central spindle. The ingrowing
edge of the cleavage furrow soon bisects the
spindle, whose remnants disappear. Each polar
complex remains outside the reforming nuclear
envelope. Later, a new MC arises near or directly
from the polar complex. The new MC then moves
around its daughter nucleus to the surface of the
cleavage furrow to where the silicalemma is initi-
ated.

Analysis of the Spindle from
Transverse Sections

The central spindles of 28 cells (12 prophases,
1 prometaphase, 6 metaphases, 7 anaphases, and
2 telophases) have been reconstructed from serial
sections. Because many of these spindle recon-
structions for a given stage of mitosis are very
similar, only 10 representative reconstructions are
presented in this paper (Figs. 23-32). Above each
reconstruction is a distribution profile derived
from the total number of MTs in each section
along the same spindle. The position of chromatin
in each spindle is indicated on the reconstruction
by cross-hatching on the bottom of the diagram.
A comparison of these reconstructions at different
stages of mitosis reveals the changes in the distri-
bution of MTs in the central spindle. The validity
of inferences derived from such cell-to-cell com-
parisons are naturally affected by procedural
problems and cellular variability. To limit the
latter, entire ribbons of cells (clones) were serially
sectioned. Thus. of the 28 reconstructions. seven
are from one such ribbon, six and five are from
two others. The remaining 10 reconstructions are
usually derived from a single cell from other
ribbons.

CHANGES IN THE DISTRIBUTION OF MTS
IN THE CENTRAL SPINDLE DURING MITO-
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s1s: Longitudinal sections indicate that most of
the prophase spindle MTs extend from pole to
pole. The reconstructed spindles show variation in
MT length, especially during later prophase (Figs.
26 and 27). Most of this length variation results
from the polar complexes being tilted towards one
another (Fig. 7). For example, in Fig. 26, all but
seven MTs in this spindle are continuous because
one polar complex can be traced through sections
5-8 and the other through 12-14 (see section
entitled, Frequency of . . ., for further discussion).
Comparison of different prophase spindles shows
that these continuous MTs increase in length
(Figs. 23-27) and number (see section entitled,
Total number ...). Between late prophase and
prometaphase, the spindle is transformed into two
interdigitated half-spindles devoid of continuous
MTs and comprised mainly of polar MTs (com-
pare Figs. 27 and 28). This transition is rapid,
because intermediates undergoing this important
change have not been encountered in the nearly
85 prophase and metaphase cells examined. By
metaphase (Fig. 29), the ends of the MTs from
each half-spindle in the overlap are not coplanar,
because their MTs have slightly different lengths.
At prometaphase, metaphase, and early ana-
phase, the peak in the MT distribution curves
(Figs. 28-30) correspond in position to the over-
lap. During late anaphase (Fig. 31) this peak
declines, to be replaced by a central dip at telo-
phase (Fig. 32). The few MTs remaining in the
overlap are the longest in each half-spindle; thus
the overlap is reduced to their ends (Fig. 21).
TOTAL NUMBER OF MTS CONSTITUTING
THE CENTRAL SPINDLE DURING MITOSIS:
Table I shows the total number of MTs (i.e.. both

half-spindles) in the central spindles of 30 cells at
different stages of mitosis (included are two cells
incompletely tracked due to the loss of one to
three sections). The prophase spindles are divided
into three stages according to their length (as
measured in sections); the early prophase spindles
were either two or three sections long, the mid
prophase are four to seven sections long, and late
prophase are eight sections or longer. As the
prophase spindle elongates, its MTs proliferate
(Figs. 10-12). to a maximum of 86 in one spindle
(Fig. 12). When prophase spindles from the same
ribbon of cells are compared, the longer spindles
(as measured in sections) invariably contain a
larger number of MTs. At metaphase. the central
spindle contains between 46 and 50 MTs (depend-
ing upon the cell selected); at anaphase it contains
41-50; at telophase it contains 38-46. Within a
single ribbon of cells (clones) which contain at
least three spindles at either metaphase, anaphase,
or telophase, the number of MTs in the central
spindle is 44 * 6 in one ribbon (the cells shown in
Figs. 29, 30, and 32), 47 = 1, and 45 + 2, in two
others. Accordingly, the number of MTs constitut-
ing the half-spindles varies; the minimum ob-
served was 19, the maximum 26. Within any given
cell, the two half-spindles often, but not always,
contain identical numbers of MTs; the maximum
variation observed between them was two (in a
single spindle, one half-spindle had 23 MTs and
the other 21).

These data show that the number of central
spindle MTs rises during prophase to a peak value
of about 40% more than the number of MTs in
the central spindie after metaphase (see Discus-
sion).

FiGure 7 The spindle further elongates, and most of its MTs still appear to extend from pole to pole.
Some MTs (small dark arrows) extend past the polar complex and into the nucleus. The length of 51
prophase spindles was measured (see text). The spindle length is the linear distance between the longest
MTs (i.e., between the two white arrows-1.36 um); other prophase spindles were similarly measured. See

Fig. 9a. X 53,500.

Ficure 8 The forming prophase spindle sectioned at right angle to the cells in Figs. 4-7. The spindle is
broader in this view and is situated in a small indentation in the nucleus; numerous nuclear pores (np) are
visible. The MTs near each polar complex (pc) are embedded in a dense material (arrows). x 35,000.

FIGURE 9{a and b)

As in Fig. 8, except a later stage of prophase. These two micrographs are from a

series of serial sections. As sections proceed through the elongated spindle (Fig. 94) into the nucleus (Fig.
9b), MTs extend across the nucleus again indenting the nuclear envelope. Many of these clearly extend
past the polar complexes (which are out of the plane of the section). Such MTs are probably equivalent to
those seen in Fig. 7, small arrows. The prophase spindle length in this view (Fig. 9a) is defined as the
linear distance between the arrows (1.27 um). 9a = %X 51,500. 95 = » 38,000.
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FiGure 10 Early prophase spindle sectioned transversely. This micrograph is from the spindle recon-
structed in Fig. 23. This spindle is two sections long and in this section contains only 18 MTs. X 58,500.

Ficure 11 Mid-prophase sectioned transversely. The number of MTs increases. The MTs display areas
of square close packing. This micrograph is from the spindle reconstructed in Fig. 24. x 80,000.

FiGURe 12 Late prophase sectioned transversely. The number of MTs further increases. This section
contains 76 MTs including those marked with the arrow, which can be tracked using an electron
microscope equipped with a goniometer stage. This micrograph is from the spindle reconstructed in Fig.
27; there are 86 MTs in this spindle. X 91,000.
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INDIRECT LENGTH MEASUREMENTS OF
INDIVIDUAL MTS  CONSTITUTING THE
CENTRAL SPINDLE: We have determined the
length of individual MTs in these spindles by
counting the number of sections each MT trav-
erses. Fig. 33 shows the length of each MT of the
central spindle from the metaphase, anaphase,
and telophase spindles shown in Figs. 29, 30, and
32; these cells are clones. By plotting the MT
lengths (see caption to Fig. 33), a curve is gener-
ated from each central spindle. The three curves
thus created for the metaphase, anaphase, and
telophase cell are remarkably similar. If some of
their MTs had significantly changed in length
during mitosis, the curves could not have coin-
cided in this fashion. In a second ribbon contain-
ing three stages of mitosis, the telophase spindle
was more irregular, with several slightly shorter
MTs. When such curves (i.e., Fig. 33) are derived
instead from spindles from different ribbons, more
variation is encountered. Never could this varia-
tion be related to the stage reached in mitosis; the
variation between metaphase spindles is as great
as that between metaphase and telophase spin-
dles.

The data on the lengths of individual MTs can
also be used to estimate the size of the overlap
and the whole spindle. In three mitotic cells from
the same ribbon, the metaphase spindle (Fig. 29)
contains 46 MTs; 22 MTs from one half-spindle
overlap with the 22 MTs from the other half-
spindle and the maximum extent of overlap (sec-
tions 11-20) is 10 sections (the average length of
overlap is only 7.9 sections). In the anaphase
spindle (Fig. 30), the 23 MTs in one half-spindle
interdigitate with 25 from the other and the
maximum extent of overlap is 10 sections. By
telophase (Fig. 32), of the 19 MTs in each half-
spindle, seven from one half-spindle remain inter-
digitated with eight from the other, and the extent
of overlap is only three sections (sections 17-19).
The total spindle length of these three cells is
about 27, 29, and 34 sections respectively. These
numbers are obtained by averaging the end points
of all the individual MTs that terminate at the
pole, then measuring spindle length. Similar re-
sults were obtained from a second ribbon. The
decrease in overlap from metaphase to telophase
accompanies two morphological changes in the
distribution of MTs. First, the number of MTs in
the overlap decreases (Figs. 28-32, distribution
curves). Secondly, a few MTs at telophase still
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overlap with some from the opposite pole, but the
length of this overlapping region is smaller than at
metaphase.

FREQUENCY OF DIFFERENT TYPES OF
MTS IN THE CENTRAL SPINDLE: The per-
centage of polar, free, and continuous MTs in the
central spindle is given in Table II; kinetochore
MTs have not been identified (and possibly do not
exist in some diatoms [18, 20, 24]). At prophase
(Figs. 23-27), the spindle contains predominantly
continuous MTs; careful inspection confirms that
most shorter MTs run from pole to pole, their
shorter length apparently resulting from the polar
complexes being tilted toward one another. Even
at metaphase when each polar complex is flat, all
the MTs do not end in the same section (i.e., Fig.
29 —the MTs from one pole end in sections 1 and
2 and those from the other pole in 27 and 29).
Therefore, we would expect the prophase MTs to
display even more variation in length since the
poles are tilted. 91% of the prophase spindle MTs
have been confirmed as continuous. The remain-
ing 9% could not be definitely thus identified;
these MTs usually end within one section of the
pole and thus it is a subjective judgment as to
whether they actually touch the pole or not. Of
this 9%, we expect some to be free, others to be
continuous and polar. Not included in the num-
bers of prophase MTs are those which extend
behind the poles, away from the spindle (see Fig.
26; in Fig. 27 the nine MTs at the top of the
reconstruction extend behind the pole); only the
MTs between the poles are included in Table II.
After prophase. the central spindle contains pre-
dominantly polar MTs. Only one of the 16 spin-
dles examined after prophase contained continu-
ous MTs; this particular spindle contained a single
continuous MT (see Discussion). Free MTs are
present in small numbers, although some spindles
are devoid of them.

TRACKING MTS WHICH ARE NOT PART
OF THE CENTRAL SPINDLE: Separate from
the central spindle is a group of MTs which extend
laterally from each pole. At metaphase (Fig. 14),
these run past the collar towards the chromatin.
At late anaphase and telophase, they become
nearly perpendicular to the central spindle (Fig.
22). Because these MTs are essentially longitudi-
nal during later mitosis, they can be tracked
through serial sections. Fig. 34 is such a recon-
struction from six serial sections. In four different
spindles, the number of these MTs at each pole
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greater than ~0.6 um in length is 29 = 5.

SPATIAL ARRANGEMENT OF MTS IN THE
CENTRAL SPINDLE: The MTs of all the early-
and mid-prophase spindles display regions of
square packing (Figs. 10-11). The MTs of the late
prophase spindle contain some small areas of
square- and others of hexagonal-packed MTs (Fig.
12); the majority of MTs have an arrangement in
between square- and hexagonal-packing (see Dis-
cussion, Figs. 36 and 37. Figs. 35a-f are tracings
of MTs from six consecutive serial sections of the
metaphase central spindle reconstructed in Fig.
29; this series starts in the overlap at section 15
(Fig. 29) and proceeds through the section 20,
which cuts through one half-spindle. The filled
circles denote the MTs from one pole, while the
empty circles show those from the other. Two im-
portant facts emerge about the overlap (Fig. 35a):
(a) MTs from one pole tend to be surrounded by
those from the other pole, and (b) the MTs show
a tendency toward square packing on the left,
and hexagonal packing on the right, with a more
variable region in between. The preferential pack-
ing of MTs from opposite poles in the overlap
shown in Fig. 35a is characteristic of all 16
spindles examined after metaphase. (A statistical
analysis of MT packing in Diatoma is in prepara-
tion by McDonald, Edwards, and Mclntosh.)

As the sections move from the overlap towards
one pole (Figs. 35b-f), MTs from one half-spin-
dle drop out until those remaining after Fig. 35f
belong solely to the other half-spindle. The ar-
rangement of MTs in the overlap therefore influ-
ences their arrangement just outside the overlap,
and at metaphase this arrangement also remains
fairly constant along the length of the half-spindle
(compare Figs. 18 and 19). In contrast, by ana-
phase and telophase, the MTs nearer the pole
have usually aggregated, sometimes into two
groups (Fig. 20).

Measurements of the Spindle from
Longitudinal Sections

Measurements were made from 51 prophase,
14 metaphase, 5 anaphase, and 9 telophase spin-
dles. The length of the shortest prophase spindie
observed is 0.18 um; the longest is 1.36 um. The
lengths of the remaining 49 prophase spindles
measured are evenly distributed within this range.
The data indicate that the prophase spindle in-
creases in length up to at least 1.36 um. Between
prophase and prometaphase, the central spindle is
transformed into two interdigitated half-spindles
(compare Figs. 9a and 13 with Figs. 27 and 28).
Accompanying this change is an increase in total
spindle length; the longest prophase spindle re-
corded was 1.36 um, while the shortest prometa-
phase is 2.41 um. We have sectioned nearly 85
prophase and metaphase cells (some were not
used for technical reasons) for this paper and have
not encountered intermediates in spindle length.
Between prometaphase and telophase, the length
of three distinct morphological regions of the
central spindle are measured —the overlap, aver-
age of the two half-spindles, and the whole spin-
dle. Different cells at the same stage of mitosis
exhibit considerable variation in spindle length
and half-spindle length (Table III); consequently,
it is not possible to accurately assess changes in
their length. The overlap at telophase is consist-
ently smaller than at metaphase. Table IV shows
two groups of metaphase, anaphase, and telo-
phase spindles which are clones. Here, the overlap
decreases from metaphase to telophase, while the
spindle length increases; the length of the half-
spindles does not vary significantly.

DISCUSSION

Various characteristics of the diatom spindle make
it useful for studying the mechanism(s) of mitosis,

FiUre 13 Prometaphase. The spindle now consists of two interdigitated half spindles. Numerous MTs
not part of the central spindle radiate from the poles towards the chromatin, which begins to aggregate
around the overlap (o) of the central spindle. The length of the half-spindles, whole spindle, and overlap
was measured (see Results). These parameters of the spindle are as follows: overlap length is the linear
distance between B and C (~0.69 um); whole-spindle length is the linear distance between A and D
(2.62 um); the half-spindles are the distances between A and C (1.64 um) for one half-spindle, and

between B and D (1.64 um) for the other. X 39,000.

FIGURE 14 Metaphase. The chromatin encircles the central spindle. Two regions of amorphous material
named “collars™ (arrows) encircle the central spindle near each pole. % 34,500.

FiIGURE 15 A micrograph of a section through the “collar,” which is the ring of amorphous material
which surrounds the central spindle near each pole. x 65,000.
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FiGure 16 Late anaphase. The chromatin moves to the pole at early anaphase; then some of the
chromatin (¢) moves behind the polar complexes. The MTs of the central spindle are bowed outwards
(small arrows) near the poles. The collar is evident near the poles (large arrows). X 38,000.

Figure 17 Late anaphase sectioned at right angle to the cell in Fig. 16. Numerous MTs radiate laterally
into the chromatin. In this view, some of the chromatin is behind the polar complex, but other chromatin

(c) may be prevented from moving thus, possibly because it is blocked by the chloroplast. The cleavage
furrow (arrow) will soon bisect the cell. X 38,000.



because precise structural data from these spindles
can be obtained. Fragilaria offers a small spindle
that can be characterized with precision without
backbreaking effort. For this paper nearly 80
spindles were analyzed in longitudinal sections
(many more were not included because of techni-
cal problems such as both poles not present in one
section), and 28 spindles were reconstructed from
transverse serial sections. The arrangement of the
cells into ribbons permits direct comparison of
different mitotic stages from cells that are clones
and nearly identical in size. Such comparisons
allow confidence that the changes in the distribu-
tion of spindle MTs during mitosis do not merely
result from cellular variation. We believe that this
is the first time such information has been availa-
ble from any mitotic system. Mitosis in Fragilaria
appears representative of other diatoms thus far
examined, although numerous minor differences
in cell division are apparent between the different
diatoms examined (18). The collar, recently dis-
covered in Surirella (24) and most conspicuous in
Pinnularia (19, 20), is clearly evident in Fragi-
laria, although we still cannot specify its functional
or structural significance. The bowing out of MTs
of the central spindle at the poles (Fig. 16) is
similar to that observed in Diatoma (reference 17,
Fig. 21) and Pinnularia (19, 20), and it may be
caused by compressional forces generated during
chromosomal movement to the poles. Movement
of chromatin past the poles at telophase (see
discussion in reference 24) and movement of the
reformed MC to the completed cleavage furrow
after cytokinesis is characteristic also of other
diatoms. We feel that the results of this paper can
be applied with some confidence to other diatoms,
although minor anomalies between Fragilaria and
other diatom spindles do exist.

General Comments on Tracking
Spindle MTs

Certain technical problems make tracking MTs
inherently subject to error. Even in the central
spindle of this diatom, whose MTs are parallel
and easy to track, the end points of some MTs are
uncertain. Often, perhaps due to compression of
the block face during sectioning, MTs do not line
up in perfect register from one section to the next.
Thus, human judgment is needed in assessing the
optimum correlation of the MTs through sections.
Other factors which also contribute to tracking
errors include: (a ) Occasionally one MT will start
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sufficiently near the end point of another so that
tracking these two MTs mistakenly indicates a
single, continuous MT; (b) Obliquely sectioned
MTs are especially difficult to track. Even using a
goniometer stage when photographing the pre-
dominantly parallel MTs of the central spindle, it
is occasionally not possible to tilt the section such
that each MT projects a circular profile; (c)
Because MTs generally do not lie straight between
their end points, there are real positional changes
between MT profiles along the length of the
spindle.

Despite these difficulties, we are absolutely
confident of the assigned end point of each MT in
at least 75% of the central spindles of Fragilaria
that we have tracked.

Clearly, some cells have spindles more amena-
ble than others for tracking MTs. For example, in
the fungus Uromyces, a selected section through a
metaphase half-spindle contains 108 MTs (7); in
another fungus, Thraustotheca, this number is 41
(6); in yeast it is 21 (16), and in Fragilaria it is 21.
In contrast, sections through the metaphase half-
spindle of cultured human cells (HeLa) may con-
tain ~2,400 (x20%) MTs (14), and those of
higher plant cells (e.g., Haemanthus), ~1,700
MTs (8). Besides the enormity of the task of
tracking MTs in these latter spindles, we believe
that as the density of MTs within a spindle in-
creases, so does the likelihood of tracking errors.
For example, tracking over 1,000 MTs that con-
verge towards the pericentriolar material is a
formidable task not encountered in those smaller
spindles that contain broad poles.

Funding priorities notwithstanding, we feel that
the smaller spindles of the fungi, algae, and certain
protozoa are more suitable using present tech-
niques for MT tracking analysis than mammalian
or higher-plant spindles.

The Prophase Spindle

The prophase central spindle consists predomi-
nantly of continuous MTs which increase in length
as prophase progresses (Fig. 384, and A,). In
contrast, the metaphase central spindle consists of
two interdigitated half-spindles comprised mainly
of polar MTs which overlap ~one-third of their
length. The important question thus arises: does
the prophase spindle consist of two interdigitated
half-spindles which overlap their entire length?
This, of course, would not be detectable from
morphological observations since all the MTs sim-

749



750 Tue JournaL ofF CeLL BioLoGYy - VOLUME 79, 1978



o
- >

FIGURE 22 A micrograph of a section taken near the pole from the anaphase spindle similar to Fig. 16.
Numerous MTs (arrows) radiate laterally from the pole and are nearly perpendicular to the central
spindle. In a similar cell, these lateral MTs have been tracked through consecutive serial sections (see Fig.

34). x 70,000.

ply run from pole to pole. Also of interest is how
the prophase spindle increases in length by addi-
tion of MT subunits. This problem has been
briefly discussed (24), but without accompanying
diagrams it is difficult to conceptualize the subtle-
ties involved.

Several in vitro studies of MT polymerization
indicate that MTs have an intrinsic polarity and a
favored end of assembly and disassembly (10). If
such properties are characteristic of the spindle
MTs in diatoms, we can envisage different types

of diatom prophase spindles. First, assume that
MTs nucleate (grow either at the distal or the
proximal end) from one pole only. If all the MTs
nucleating from the same pole are of the same
polarity, then this spindle would contain MTs of
one polarity (Fig. 38 B;—arrows assign an arbi-
trary polarity). Such a spindle could elongate by
adding subunits preferentially to either end (Fig.
38B,), or at an equal rate at both ends. Second,
MTs could nucleate from both poles and again if
MTs of only one polarity nucleate from one pole,

Ficures 18 and 19 Two micrographs through the metaphase spindle reconstructed in Fig. 29. The
chromatin encircles the overlap region of the central spindle. The MTs in the overlap (Fig. 19) show
evidence of both square and hexagonal packing. Near the pole (Fig. 18), the MTs of each half-spindle are
arranged so that there are numerous spaces between them which correspond to the position of the MTs

from the opposite pole in the overlap. X 106,500.

Ficures 20 and 21

Two micrographs through the telophase spindle reconstructed in Fig. 32. In contrast

with metaphase, only a few MTs are now still overlapping (Fig. 21). The MT marked by the arrow is not
included in the reconstruction (Fig. 32) because it is not part of the central spindle. The MTs of each half-
spindle are grouped into two distinct bundles (Fig. 20). x 108,000.
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Ficures 23-32 The groups of longitudinal lines in these figures are reconstructions of the central
spindle at different stages of mitosis; each line represents an individual MT; collectively those lines show
the end points of all the MTs in the central spindle (see text for detailed description). The serial number of
each section through a given spindle, beginning at one pole and extending to the other, is set out along the
horizontal axis. Each MT is identified and tracked through these serial sections, generating the horizontal
lines which are arranged according to their length along the vertical axis. These diagrams do not show the
spatial arrangement of MTs in the central spindle. For each prometaphase through telophase spindle, the
reconstructions of its half spindles are displayed one on top of the other, i.e., all the MTs from one half-
spindle are on the bottom of the diagram with those from the other above them. Above each
reconstruction is the distribution of the total number of MTs in each section along the same spindle. The
position of the chromatin during later stages of mitosis is indicated by the cross-hatching.

Figure 23 Early prophase spindle which is two sections long. Section 1 contains 25 MTs; 9 of these did
not extend to section 2.

Ficures 24 and 25 Early- and mid-prophase spindles which show successive stages in spindle develop-
ment.

Ficures 26 and 27 Late prophase spindles. The number and length of the MTs increases. Most of the
MTs are continuous; variation in their length results from the polar complexes being tilted. For example in
Fig. 26, parts of the polar complexes are contained in sections 5-8 and 12-14. Some MTs in Figs. 26 and
27 (the nine MTs at the top of the spindle in Fig. 27) extend past the pole away from the central spindle.
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Ficure 28 Prometaphase. The central spindle is composed of two interdigitated half-spindles containing
no continuous MTs. The peak in the distribution profile corresponds to the overlap. The short MTs in
sections 1-4 and 21-26 are located around the periphery of the central spindle.
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Ficure 29 Metaphase. The chromatin encircles the central spindle which now contains fewer MTs than

at late prophase and prometaphase.

this spindle would be composed of two sets of
oppositely polarized MTs (Fig. 38C,). To in-
crease the spindle length, the MTs may add at an
equal rate at both ends, or predominantly at either
the distal or proximal end (proximal growth is
shown in Fig. 38,C,). Such favored end growth
would clearly necessitate a rearrangement (i.e.,
sliding) of MTs so as to keep all MTs running
from pole to pole (24). Third, it is possible, but
unlikely, that MTs of different polarities are nu-
cleated from the same pole; in this case rearrange-
ments of MTs (similar to Fig. 38 Cy) would still be
necessary to accornmodate spindle growth.

We favor the second proposition, that the spin-
dle is two sets of overlapping, oppositely polarized
MTs (Fig. 38C,). There is still no indication of

754

how the prophase spindle elongates. MT assembly
alone could provide the force which separates the
poles (i.e., equal growth at each end of the MTs);
alternatively, sliding of MTs with concomitant po-
lymerization could produce it.

Certain fungal spindles also appear to possess
continuous MTs at prophase (11). Such continu-
ous MTs are observed during later mitosis in other
fungi where they appear to contribute to spindle
elongation (3, 16, 22). Thus, the conceptual prob-
lem of understanding the elongation of the pro-
phase spindle in Fragilaria is remarkably similar
to that of elongation in anaphase spindles of fungi
which contain continuous MTs. Perhaps, in cer-
tain fungi, growth of continuous MTs is responsi-
bie for elongating the spindle during all of mitosis,
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FiGUrRe 30 Anaphase. The chromatin has separated but the structure of the central spindle remains

similar to metaphase.

whereas in Fragilaria this process occurs only
during prophase. The existence of such continuous
MTs in higher plants and animals appears un-
likely. However, this simple elongation described
here may represent the most primitive type of
spindle elongation, and may provide a useful
system for the study of polymerization/depolym-
erization of MTs, and MT/MT interaction in
production of force.

Rearrangement of MTs between Late
Prophase and Prometaphase: Formation of
the Two Half-Spindles

Between late prophase (Figs. 9a and 27) and
prometaphase (Figs. 13 and 28), there are three
major changes in the structure of the central
spindle: (a) Its MTs at prophase are predomi-
nantly continuous, but by prometaphase it consists

TripeIT ET AL.
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of two interdigitated half-spindles comprised
mainly of polar MTs and devoid of continuous
MTs; (b) There is a rapid increase in the total
spindle length; (¢) The prophase (and prometa-
phase) spindle contains nearly 40% more MTs
than the two half-spindles at metaphase and there-
after.

Our interpretation of these somewhat puzzling
morphological changes is as follows: We suspect
that the prophase spindle is two overlapping half-
spindles which could then rapidly slide apart at
late prophase, thereby reducing the overlap to the
value observed at prometaphase while increasing
the spindle length (Fig. 39). For example, the
longest prophase spindle measured is 1.36 um in
length. If two sets of MTs in a spindle of this
length slide apart but retain the portion of overlap
observed at prometaphase (0.69 um in the earliest
prometaphase observed), then the corresponding
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Ficures 31 and 32 Late anaphase and telophase. The peak in the distribution profile declines (Fig. 31)
and by late telophase (Fig. 32) there is a dip in the distribution curve; thus only a few MTs remain
interdigitated in the overlap.



increased spindle length would be 2.03 um. The
measured spindle length of this prometaphase
spindle is 2.62 um. However, another prophase
spindle (not included since both poles were not in
the same section) had a length estimated at 1.47
wum, which is closer to the length of prometaphase
half-spindles. Thus, if this prophase spindle slides
as we have suggested above, each half-spindle
may continue to elongate slightly after sliding

TaBLE |

Number of MTs in the Central Spindle at Different
Mitotic Stages

Number of
spindles ana- Number of MTs in the central
Stages of mitosis lyzed spindle
Early prophase* 5 10, 16, 27, 28, 33
Mid-prophase 4 41,43,44,45
Late prophase 3 57,61, 86
Prometaphase 1 77
Metaphase 6 46,47,47,47,48, 50
Anaphase 8 41, 43, 45, 46, 46, 48,
48, 50

Telophase 3 38, 46, 46

* Stages of prophase are defined by spindle length (sce
Results, section entitled, Total Number . . .).
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(i.e., by MT polymerization). Alternatively, the
half-spindles may attain their full length before
sliding, a stage we did not encounter and may
have missed.

TasLe 11
Frequency of Different Types of MTs in the Central
Spindle
Number
of spin-
Stage of mito- dles ana- Continu-~ Polar Free
sis lyzed ous MTs MTs MTs
Prophase 12 91*
Prometaphase 1 0 92 8%
Metaphase 6 0 99.5 0.5
Anaphase 7 0.06  99.6 0.34
Telophase 2 0 96 4

* 91% of the prophase MTs are confirmed as continu-
ous; the remaining 9% could not be positively identi-
fied for technical reasons (see Results, section entitled,
Frequency of .. ).

1 One continuous MT was identified in one spindle (see
Discussion, section entitled, Continuous and Free
MTs).

§ This prometaphase cell is shown in Fig. 28; the five
MTs ending in section 22 are counted as free MTs.
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Ficure 33 This graph shows the length of each MT of the central spindle of a metaphase, anaphase,
and telophase spindle. The data for these three curves came from the spindles shown in Figs. 29, 30, and
32. Each curve is generated as follows: each MT from the spindle is arranged along the abscissa starting
with the shortest and proceeding to the longest. The length of each MT (as determined by the number of
sections it transverses) is plotted on the ordinate. For example, the metaphase spindle contains 46 MTs;
MT no. 1 is two sections long, while MT no. 2 is three sections long, MT no. 3 is 11 sections long, and
MTs nos. 4 and § are 12 sections long. The curves correspond closely indicating that the individual MTs in
these spindles did not undergo changes in length during spindle elongation.
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FiIGURE 34 This drawing is a reconstruction (from six
serial sections) of the MTs which radiate laterally from
the spindle pole at late anaphase (see Fig. 22). Filled
circles show the position of the central spindle MTs.

More complex explanations involving polymer-
ization and depolymerization of MTs may also
account for the changes in the spindle at late
prophase, but appear less likely. Again, we as-
sume that the prophase spindle is two overlapping
half-spindles. At late prophase, disassembly of
MTs could reduce the length of the overlapping
portion of the half-spindles to the value observed
at prometaphase (from 1.36 to 0.69 um). Then
the spindle could resume MT assembly such that
the two half-spindles would be formed; starting
with prometaphase overlap length, half the MTs
could grow towards one pole and the remaining
MTs grow towards the other. However, we have
not observed any stages (such as prometaphase
overlap length with the half-spindles just begin-
ning to form) which suggest that this occurs.
Alternatively, at late prophase, disassembly of
half of the MTs from each pole could reduce the
length of the overlapping portion of the half-
spindles (from 1.36 to 0.69 um), while the re-
maining MTs could increase in length by assembly
(from 1.36 to 2.62 pm). In this case, the rate of
MT assembly must occur at roughly twice the rate
of disassembly, which somehow must be stopped
when the appropriate overlap is formed.

The reduction in the number of MTs in the
central spindle after prophase could be explained
by assuming that some (but not all) of the MTs
which radiated laterally from each pole at meta-
phase were, in fact, initially part of the prophase
central spindle. During late prophase and prome-
taphase, some of the peripheral central spindle
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FIGURE 35(a-f) These drawings are tracings of the
MTs of the central spindle, taken from six consecutive
serial sections in the metaphase spindle reconstructed in
Fig. 29. The drawings show the spatial arrangement of
MTs from opposite poles. Empty circles denote MTs
from one pole while filled circles show those from the
opposite pole. In the overlap (Fig. 35a4) MTs are sur-
rounded by those from the opposite pole. As the sections
move progressively closer to the pole (Figs. 35b-f), MTs
from one half-spindle drop out until those remaining are
solely from the other half-spindle.

FiGure 36 This diagram is generated by drawing lines
through the rows of MTs from opposite poles in Fig.
35a. This procedure clarifies the irregularities in the
packing of MTs in the overlap, while the MTs are
neither perfectly square (Fig. 374) or hexagonally (Fig.
37¢) packed. Instead, a pattern of squares and rhom-
boids is generated.

FicURE 37(a—) This diagram shows how square pack-
ing may be converted to hexagonal packing by displacing
each row of MTs a certain distance sideways with respect
to the next row (Figs. 37a, b and ¢; see Discussion).
Filled circles denote MTs from one pole, and empty
circles show those from the opposite pole. In square
packing (Fig. 37a), each MT is surrounded by four MTs
from the opposite pole; in hexagonal packing each MT is
surrounded by two from the same pole and four from
the opposite (Fig. 37c). Intermediate arrangements,
which are neither perfectly square nor hexagonal, we
call rhomboidal (Fig. 37b).

MTs could keep one end attached to the poie

while they fan out radially, forming these lateral
MTs. This assumption is strengthened by the fact
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TaBLE III

Length of the Overilap, Half Spindle, and Whole
Spindle at Different Mitotic Stages*

Average of
Whole the two half-
Stage of mito- spindle spindle Overlap
sis Cell no. length lengths length
pm
Metaphase 1% 2.52 1.63 0.76
2 2.48 1.62 0.72
3% 2.62 1.68 0.76
4 2.66 1.72 0.75
5§ 2.62 1.64 0.69
6 2.61 1.64 0.67
7 2.50 1.54 0.67
8§ 2.41 1.50 0.57
9 2.64 1.63 0.64
10 2.55 1.56 0.61
11 2.52 1.54 0.59
12 2.64 1.61 0.61
13 2.76 1.68 0.59
14 2.53 1.50 0.55
Anaphase 1 2.64 1.58 0.56
2 2.75 1.64 0.56
3 2.70 1.59 0.47
4 2.73 1.60 0.47
5 2.80 1.61 0.44
6 2.83 1.63 0.42
7 2.83 1.63 0.42
8 2.80 1.61 0.42
9 2.75 1.58 0.39
Telophase 1 2.83 1.58 0.36
2 2.72 1.52 0.31
3 2.75 1.53 0.31
4 2.75 1.50 0.28
5 2.76 1.52 0.28

* See text for discussion of accuracy of these measure-
ments.

t The cells are arranged in this manner: The percent of
the spindle length occupied by overlap is calculated.
The spindle with the highest percent of overlap is listed
first (cell 1) and the rest in descending order.

§ Prometaphase spindle.

that there are ~29 MTs radiating laterally from
each pole (Fig. 34), which appear as the number
of MTs of the central spindle decreases by ~40,
or 20 per pole (i.e., 86 MTs in the late prophase
spindle vs. ~47 at metaphase). Other explana-
tions are possible; for example, a number of MTs
in the central spindle could depolymerize and
concurrently another set could assemble at the
poles. If MTs do “peel off” the central spindle
during prometaphase, this might be observable.
As the spindle begins sinking into the nucleus,
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certain MTs which are sufficiently close to the
central spindle to have been part of it earlier
invaginate the nuclear envelope; these may have
peeled off the central spindle (Fig. 6).

Once the two half-spindles are formed at pro-
metaphase, they do not appear to change signifi-
cantly in length. In other larger diatoms, based
upon observations from a limited number of
cells, the half-spindles appear to increase in
length during the later stages of mitosis, possibly
contributing to spindle elongation (12, 17, 24).
However, only observations on living cells may
conclusively determine if the half-spindles in
these larger diatoms increase in length.

Continuous and Free MTs

The existence of the small percentage of MTs
that run from pole to pole in the central spindle

TaBLE IV

Length of Overlap, Half-Spindle and Whole Spindle
at Different Mitotic Stages Derived from a Ribbon of
Cells (Clones)

Average of
Ribbon Whole the two half-
no. Stage of mitosis spindle spindles Overlap
pm
1 Metaphase 2.48 1.62 0.72
Metaphase 2.64 1.63 0.64
Anaphase 2.83 1.63 0.42
Telophase 2.83 1.58 0.36
2 Metaphase 2.52 1.54 0.59
Anaphase 2.70 1.59 0.47
Telophase 2.76 1.52 0.28
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FicURe 38 This figure illustrates how the prophase
spindle may increase in length. A, shows a typical spindle
at early prophase (e.g., Fig. 8) and A, at late prophase
(Fig. 9a). The manner the spindle increases in length by
addition of MT subunits (X)) is shown in By, B,, C,, Cy;
see discussion for a detailed explanation.
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Ficure 39 This diagram shows the structural changes
which occur in the central spindle between prophase and
telophase. Each line represents a single MT; for simplic-
ity each spindle has only six MTs. These spindles are
drawn roughly to scale representing the latest prophase,
the earliest prometaphase and latest telophase spindles
observed.

at metaphase is suggested by Manton et al. (9),
on the basis of MT counts derived from trans-
verse sections of the spindle of the centric diatom
Lithodesmium. Tracking of MTs in transverse
sections of the spindle of Diatoma (12) again
indicates the existence of a few continuous MTs
during metaphase and anaphase but none at
telophase. These puzzling results raise the possi-
bility that the continuous MTs are an important
subpopulation whose function and reason for
disappearance at telophase are obscure. One
could conclude that in Diatoma, these continuous
MTs elongate during anaphase (so that they still
run from pole to pole) but then break by telo-
phase. In Fragilaria, spindle MTs can be more
accurately tracked than in Diatoma since the
spindle is shorter and contains fewer MTs. In
Fragilaria, there are no continuous MTs between
prometaphase and telophase in 15 spindles, and
one in a single metaphase spindle. This latter
exception we believe to be the result of tracking
error. Similarly, in Diatoma the continuous MTs
may also be illusory, resulting in tracking errors
(a fortuitous juxtaposition of the end of one
polar MT with the beginning of another from
the opposite half-spindle, such that these two
MTs appear to register over one or two sections;
the resulting track would indicate the existence
of a continuous MT). Because continuous MTs
are not consistently observed in Fragilaria after
prophase, we conclude that they do not consti-
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tute a significant component of this central spin-
dle, nor are they necessary for spindle function
during later mitosis. Likewise, free MTs are
present in the central spindle of both Diatoma
and Fragilaria. Some of these, but definitely not
all, could be ascribed to tracking errors. Because
nine of these 16 spindles that we tracked (after
metaphase) contained no free MTs, we conclude
that they also are not a functional component of
the central spindle of Fragilaria. The possibility
that certain MTs are lost during preparation
cannot be excluded.

Rearrangement of MTs at
Anaphase-Telophase

At late anaphase, the length of overlap de-
creases and the spindle length increases; the
easiest way to explain these changes in Diatoma
(12) and Fragilaria is to postulate that the MTs
of the half-spindles slide past one another (Fig.
39). If such sliding occurs, the decrease in the
length of the overlap should equal the increase in
spindle length, if the half-spindles are the same
length. In Fragilaria, the lengths of the overlap
and the half-spindles were measured. However,
these measurements are not precise for the fol-
lowing reasons: (a) The overlap as measured
from longitudinal sections is not precisely defined
since the MTs of each half-spindle vary in length
and thus do not end at the same point in the
overlap: only a subjective measurement of the
overlap is possible; () From transverse serial
sections, the average overlap can be determined
more precisely from reconstructed spindles, but
variation in section thickness may create inaccur-
acies when determining its length in microns.

Therefore, a comparison of the decrease in
overlap length with the increase in spindle length
must be made with caution. From reconstructed
spindles derived from the same ribbon (clones),
the spindle increases in length about seven sec-
tions between metaphase and telophase while the
decrease in the maximum extent of overlap is also
about seven sections (see Results). In longitudinal
sections of spindles from two ribbons of cells, the
decrease in overlap from metaphase to telophase
is 0.36 um in one, and 0.31 um in the other
ribbon, while the spindle length increases by 0.35
and 0.24 um respectively. There are discrepancies
in the data when comparing the longitudinally sec-
tioned spindles with the transversely sectioned
spindles. For example, if we assume a section
thickness of 80 nm, then the spindle length at
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metaphase is calculated to be 2.16 um (see section
entitled, Indirect Length...), 0.32 um shorter
than the measured values from longitudinal sec-
tions in ribbon 1, Table IV. Similarly, the telo-
phase spindle is 0.11 wm shorter. Part of this dif-
ference could result from variation in section
thickness. The decrease in overlap (seven sections
at 80 nm per section) would be equivalent to 0.56
pm; in longitudinal sections, the largest decrease
(within the same ribbon of cells) was only 0.36
wm. We wish to emphasize that there are various
intermediates of metaphase and telophase, and
thus a comparison of one longitudinally sectioned
telophase with another reconstructed telophase
may be inaccurate. For example, the maximum
extent of overlap in the telophase spindle (Fig. 32)
is three sections or 0.24 um (80 nm per section).
Thus if the telophase spindle in Table IV (ribbon
1) reduced its overlap to 0.24 um, then the de-
crease in overlap from metaphase to telophase
would equal 0.48 um, which is close to the value
calculated from transverse sections.

Therefore, the data on length of the overlap
and whole spindle suggest, but do not definitely
determine, whether the half-spindles slide apart,
or whether at metaphase, anaphase, and telo-
phase the MTs of each half-spindle depolymerize
at their free ends (overlap) concurrently with
polymerization at the poles. The sliding proposi-
tion is supported by the observation that the
lengths of individual MTs that constitute the half-
spindle are about the same at metaphase, ana-
phase, and telophase in a single ribbon of cells
(Fig. 33). At metaphase, the shortest and longest
MTs appear randomly intermingled in the over-
lap. By telophase and the maximum extent of
spindle elongation, only the longest MTs in each
half-spindle remain in the shortened overlap
(Fig. 21). This observation suggests that MTs
slide past one another as far as possible —to the
limit of the overlap that can remain using the
longest MTs. Furthermore, as the shorter MTs
move out of the overlap, the longer ones appear
to close in together (“‘zip” —reference 1).

The MTs in each half-spindle of Fragilaria
closer to the pole also undergo an accompanying
rearrangement at telophase, as they tend to
clump (zip), often into two distinct groups. Sim-
ilar rearrangement of MTs appears at telophase
in the much larger spindle of Pinnularia (20),
when numerous small clusters of MTs (5-20)
arise in each half-spindle, which now often de-
velops a pronounced twist. Thus, quite active
structural changes (e.g., in the packing of MTs)
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in each half-spindle probably accompany spindle
elongation.

Interaction of MTs in the Overlap

While various different patterns of MT packing
are known (see reference 25), reports of close
packing in spindle MTs are rare. Heat-shocked
kinetochore MTs of Haemanthus form hexago-
nally packed MT bundles (21). Such systems
generally contain MTs which are presumably of
the same polarity (derived from one organizing
center which nucleates MTs of all one polarity).
In contrast, diatom spindles contain two close-
packed interacting sets of MTs which are from
opposite poles and presumably are of opposite
polarity. Thus, the diatom spindle can display
the packing arrangement given by MTs of the
same (in the half-spindles) or different (in the
overlap) polarities.

The prophase spindle of Melosira comprises a
remarkably regular arrangement of square-
packed MTs. This packing has further signifi-
cance, because one MT from one pole is usually
surrounded by four from the opposite pole (23).
In the overlap of other diatoms, such as Surirella
(24), and Pinnularia (19, 20), the MTs are not
so regularly arrayed, but domains of square
packing are clearly present. In Fragilaria, the
square and hexagonal packing of MTs is not
perfect, but tracking confirms that the interdigi-
tation of MTs in the overlap, which are square
packed, is equivalent to Melosira; in hexagonally
packed domains, each MT is surrounded by six
others, but again this arrangement has additional
significance because each MT is surrounded by
two from the same pole and four from the
opposite. (Theoretically, it is not possible to
surround the central MT alternately by three
MTs from each pole and then to propagate such
an arrangement indefinitely in two dimensions.)

The overlap of Fragilaria always displays irreg-
ularities in the pattern of MTs which do not
precisely conform to either square or hexagonal
packing. To help clarify the nature of these
irregularities (as in Fig. 35a), we traced lines
through rows of MTs from opposite poles. In
square packing (as in Melosira), this procedure
obviously gives rise to a square grid (Fig. 37a),
but in the overlap of Fragilaria a pattern of
squares and rhomboids is generated (Fig. 36,
derived from Fig. 354). Such a pattern shows
varying degrees of translation between the rows
of MTs so that they are neither in perfect square
or hexagonal packing. All these intermediate
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arrangements between square (Fig. 37a4) and
hexagonal (Fig. 37c¢) we call ‘“rhomboidal”
packing (Fig. 37b), and Fig. 37a-c shows how
perfect square and hexagonal packing arrange-
ments are thus interconvertible via rhomboidal
intermediates. Such displacement may explain
the irregularities in the packing of the overlap in
diatoms. Rhomboidal packing is also character-
istic of the MTs in the axostyle of the protozoan
Saccinobaculus  (15) where curvature of the
axostyle causes its constituent rows of MTs to
change their packing from hexagonal through
rhomboidal to square. In conclusion, tracking
the MTs in the spindle of Fragilaria has demon-
strated what may be a fundamental characteristic
of the diatom spindle generally; namely, the
nature of the nonrandom interdigitation of two
sets from opposite spindle poles and presumably
of opposite polarity. Furthermore, if square
packing is converted through rhomboidal to hex-
agonal packing (as in Fig. 37a— ), each MT from
one pole in all cases can theoretically remain
bridged to four from the opposite pole. There-
fore, hexagonal, rhomboidal, and square packing
may all be functionally equivalent, even though
hexagonal packing may be thermodynamically
more stable.

Mechanism of Spindle Elongation in
Fragilaria: Conclusions

Elongation (separation of the poles) of the
central spindle in Fragilaria proceeds in two
stages. First, the early prophase spindle, which
contains predominantly pole-to-pole MTs, elon-
gates. During this stage, there is no observable
redistribution of spindle MTs as the spindle
elongates (they remain pole-to-pole). The two
most likely means of achieving this elongation
are: (a) polymerization of MTs and (b ) polym-
erization concomitant with sliding of MTs. Sec-
ond, at late prophase and late anaphase there are
redistributions of MTs in the central spindle
concurrent with spindle elongation; these
changes are not involved in chromosomal move-
ment to the poles, which occurs separately. The
most likely means of achieving these latter two
redistributions (late prophase and late anaphase)
of spindle MTs are: (a) polymerization and
depolymerization of MTs and (b ) sliding of MTs,
i.e., sliding apart of the half-spindles. We favor
the sliding proposition, in part because the tran-
sition from late prophase to prometaphase would
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be especially difficult to envisage as occurring by
polymerization-depolymerization. If such sliding
occurs, it may be passive, or it may be active
sliding generated by mechanochemical mecha-
nisms operative in the overlap. The latter could
be accomplished by packing of MTs from oppo-
site poles in the overlap sufficiently close to
permit cross-bridging (and sliding) between MTs
from opposite poles. What stops the presumed
sliding at prometaphase and restarts it at ana-
phase is not known. However, arrest of prome-
taphase sliding could result from attachment of
unseparated paired chromatids to opposite spin-
dle poles (or collars), thereby limiting the extent
of sliding and separation of the poles at this
stage. Later, after the chromosomes separate at
anaphase, the half-spindles could resume sliding
apart.

Anaphase spindle elongation has generally
been considered a process generated specifically
to further separate the daughter chromosomes at
anaphase. However, this may be a limited view
of spindle elongation. The possibility that pro-
phase and anaphase spindle elongation is a con-
tinuous process interrupted by chromosome at-
tachment to the spindle may profitably be ap-
plied to other mitotic cells. The control mecha-
nisms necessary in such a model of spindle elon-
gation are reduced in complexity, perhaps being
effected solely by chromosome splitting, which
has previously been shown to occur independ-
ently of pole-directed forces.

In this and previous work on the diatom spin-
dle, we have consistently favored the idea that
MT sliding in part generates spindle elongation.
Other, more complicated explanations which fit
our data cannot be ruled out. Of course, mor-
phological evidence alone cannot prove that slid-
ing occurs in vivo.
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