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Abstract

The shape of mitotic prophase chromosomes has been studied in root tip nuclei by confocal microscopy and 3D-

image analysis. Crepis capillaris chromosome no. 1 was used as a test object. Chromosome conformation was

studied in early, mid- and in late prophase. In mid- and late prophase, individual chromosomes could be

distinguished on the basis of their length. Early prophase chromosomes could not be distinguished as individuals.

The central axes of prophase chromosomes were traced with an automated computer procedure and then

represented as a string of 3D coordinates. This representation facilitated measurement along the chromosome

axis of shape parameters such as curvature (amount of bending), torsion (helical winding) and torsion sign

(helical handedness). Stretches of early prophase chromosomes showed full helical turns, which could be left- or

right-handed. In the later prophase stages curvature and torsion were statistically analysed. Our data on 40 mid-

prophase chromosomes no. 1 show that they are still highly curved, but full helical turns were no longer found.

Instead, an overall meandering pattern was observed. In late prophase, one central loop persisted, ¯anked by two

preferential regions of high curvature.

Introduction

Chromatin occurs at various levels of compaction

during the cell cycle. Only at the nucleosome level is

the structure known at atomic dimensions (Luger et

al. 1997). With respect to higher levels of organisa-

tion, little is known, though several models have been

proposed to account for chromatin folding into mito-

tic chromosomes (DuPraw 1966, Sedat & Manuelidis

1977, Agard & Sedat 1983, Earnshaw 1988, Belmont

et al. 1989, Manuelidis 1990, Manuelidis & Chen

1990, Marshall et al. 1996). Apart from very global

features, there is also hardly any knowledge about the

dynamics of the 3D-folding patterns of chromosomes

during condensation from prophase to metaphase.

In a conceptual and methodological pioneering

study, the folding patterns of interphase polytene

chromosomes in Drosophila melanogaster have been

studied (Hochstrasser & Sedat 1987). In the present

study the results of analysis of the folding pattern of

the much smaller prophase chromosomes of Crepis

capillaris are presented. C. capillaris was chosen

because of its small number of chromosomes and

because the chromosomes can be recognized by their

length in mitotic cells (2n � 6; cf. Oud et al. 1989

and references therein). To study the dynamics of
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contraction, prophase nuclei were divided into three

subclasses: early, mid and late prophase. The axes of

whole mid and late prophase chromosomes as well as

parts of early chromosomes were traced with the aid

a semi-automatic procedure (Houtsmuller et al.

1993). Chromosome no. 1, the longest, has been

analysed in mid and in late prophase. As 3D-shape

parameters, curvature (amount of bending) and tor-

sion (helical winding) were measured as a function of

the chromosomes' medial axes. Distinct structural

features could be observed during the progression of

prophase towards metaphase.

Materials and methods

Chromosome preparation

Roots were taken from C. capillaris plants grown for

4 weeks in a greenhouse. After harvesting, the roots

were immediately ®xed in modi®ed Carnoy for at

least 30 min. Root tips of approximately 5±10 mm

length were rinsed in water, then hydrolysed for

5 min in 1 N HCl at 608C and stained for 1 h in the

Feulgen solution. The cells were then macerated in

45% (v/v) acetic acid and thereafter placed between

two coverslips; care was taken to avoid squashing the

root tissue.

3D chromosome images

3D images of prophase nuclei of C. capillaris root

tips were obtained by confocal microscopy (for tech-

nical details, see Brakenhoff et al. 1990). To excite

the Feulgen ¯uorescence, the 530.9-nm line of a

krypton ion laser was used in combination with a

580-nm dichroic mirror and a 580-nm blocking ®lter.

The prophase nuclei studied were scanned in a vari-

able number of optical sections. Each section con-

sisted of 256 3 256 pixels of 100 3 100 nm each.

The distance between the optical sections was

400 nm. The ¯uorescence intensity data were stored

as integers with a value between 0 and 255 in an

eight-bit memory array as a function of the position

in the preparation.

Analysis of 3D-coordinate strings

To obtain 3D-coordinate strings of chromosomes,

their medial axes were traced in the 3D image with

the aid of a semi-automatic computer algorithm

(Houtsmuller et al. 1993). In this procedure, the user

interactively indicates with a 3D cursor the beginning

and end of a chromosome. After that, a path-tracing

algorithm automatically steps along the chromosomal

axis with equidistant steps. The points thus encoun-

tered are stored as a string of 3D coordinates (Houts-

muller et al. 1993).

The analysis of 3D-coordinate strings takes place

in three steps. First, the tracing result is visually

compared with the original image by interactive

rotation, and second, the typical 3D shape para-

meters, curvature (amount of bending) and torsion

(helical winding), are mathematically determined

(see below). Statistical analysis of the curvature and

torsion patterns is carried out to test the signi®cance

of observed general features.

Mathematical shape analysis

To estimate the shape of the chromosomes' medial

axes, two line shape parameters, curvature and tor-

sion, were extracted from the 3D-coordinate strings

(Worring et al. 1994). For this purpose, approximat-

ing splines were ®tted through each point along the

coordinate string (Woltring 1986). Splines are analy-

tical curves and therefore allow curvature and torsion

measurement. The position along the chromosome

axes of local curvature maxima and torsion-sign

alternations (i.e. the changing of the torsion sign,

where positive torsion re¯ects right-handed helical

winding and negative torsion left-handed winding)

were taken as descriptors of the chromosomal folding

pattern.

Results

C. capillaris was chosen for the 3D shape analysis

of prophase chromosomes because it has few chro-

mosomes (2n � 6), and because the individual

homologous pairs can be distinguished on the basis

of their length from mid prophase to late anaphase

(cf. Oud et al. 1989 and references therein). To

gain insight into the dynamic process of chromo-

some condensation, the prophase nuclei were sub-

divided into three stages: early, mid and late

prophase. Early prophase (Figure 1a) has been

de®ned as the stage at which individual chromo-

somes are not visually distinguishable over their full
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length. Nuclei were classi®ed as mid prophase

(Figure 1b) when ®ve or six of the chromosomes

were distinguishable after interactive reconstruction

with the aid of the `homing cursor' procedure (see

below). A prophase was de®ned as late (Figure 1c)

when all six chromosomes were distinguishable by

visual inspection of stereo images. Because we

wished to choose one particular chromosome for

3D analysis, we have focused our analysis on

chromosome no. 1.

Figure 1. Stereo images (mounted for parallel viewing) of three typical examples of Crepis capillaris nuclei in the prophase substages. (a)

early; (b) mid and (c), late prophase. Bar � 5 ìm.

C. capillaris 3D-chromosome shape 245



Visualization of prophase chromosomes

The 3D prophase images were studied with the aid of

the visualization method used in the homing cursor

program (Houtsmuller et al. 1993). In this program,

three projections of the confocal data set are dis-

played simultaneously: a front view is displayed in a

central box (XY projection); a top (XZ projection)

and a side view (YZ projection) are displayed in the

other boxes (Figure 2a). A mouse-controlled cursor

(�) is placed in the 3D image and is displayed in all

three views. In each box, the cursor can be moved

and the cursors in the other boxes move accordingly.

In addition, the user can choose in each box whether

one optical slice (with a ®xed Z coordinate in the XY

projection, a ®xed Y coordinate in the XZ projection

and a ®xed X coordinate in the YZ projection [XZ

and YZ projections]), or a maximum image of the

whole data set (Figure 2a), is displayed. The position

of the cursor in the front view (XY projection)

determines the Y coordinate of the slice displayed in

the XZ projection as well as the X coordinate of the

slice displayed in the YZ projection. In the same way

the position of the cursor in the other two boxes

determines the Z coordinate of the slice displayed in

the XY projection. Moving the cursor, the user can

`travel' through the image, obtaining insight into the

local features of the image. Tracing a chromosome

results in a string of X, Y and Z coordinates. Such a

string of coordinates not only reduces the vast

amount of data containing a 3D image but also

enables a mathematical description and comparison

of prophase chromosomes (see below).

In Figure 2b, a reconstruction of the traced

chromosome no. 1 of Figure 2a is presented. In this

example, the traced chromosome has been copied to

an empty image. The new image was then displayed

by the SFP algorithm (simulated ¯uorescence pro-

cess; van der Voort et al. 1989). Note that the

thickness of the chromosome is arbitrary.

3D-shape parameters

Curvature and torsion are parameters that are well

suited to describe the 3D shape of a curve (Worring

et al. 1994). Therefore, the positions of local curva-

ture maxima and of an alteration of helical handed-

ness (torsion zero crossing or torsion ¯ip) along the

chromosome axes were used as descriptors of

chromosome shape. In each of the de®ned substages

of prophase described above, these parameters were

used to compare individual chromosomes.

As an example, the curvature pattern and the curve

representation of a mid-prophase chromosome are

shown in Figure 3. The three-box view (Figure 3a)

shows the 3D-coordinate representation displayed by

the on-line curve analysis program (Woltring 1986,

Worring et al. 1994). The square markers on the three

projections of the curve indicate the local curvature

maxima.

With respect to torsion and torsion sign, it is

important to realise that any curve that is not in a

plane has positive or negative torsion. That is, it is

always a (partly) right- or (partly) left-handed helix.

Therefore, the pieces of chromosome bounded by

two torsion alternations were tested for being a full

helical turn. A curve was de®ned to be a full helical

turn when the total angular deviation of the projec-

tion of that curve on a plane perpendicular to the line

through the curve boundaries was at least 3608.

Early prophase analysis

In early prophase, individual chromosomes could not

be identi®ed, either by stereo imaging or by recon-

struction with the cursor program. However, stretches

of chromosome strands could be traced and the

torsion sign (whether left (ÿ) or right (�)) could be

determined. Two chromosome stretches with a full

left- and right-handed helical turn are shown in

Figure 4a,b. To aid spatial appreciation, the tracings

have been displayed with the SFP-algorithm (cf. van

der Voort et al. 1989). The thickness of coiled

stretches was roughly of the order of 500 nm. In

Figure 1a, a typical coiled stretch has been indicated

by an arrow. No consecutive full helical turns were

found in an early prophase chromosome and we

could not judge whether left- and right-handed turns

occur in one and the same chromosome.

Mid prophase analysis

Typical reconstructed images of mid-prophase chro-

mosomes are shown in Figure 4c. In this ®gure, one

pair of chromosomes no. 1 is depicted according to

their original spatial relationship in the cell. On

average, these chromosomes had a length of

14.1 � 4.0 ìm. For statistical analysis, 40 mid-pro-

phase chromosomes no. 1 were analysed by estimat-

ing the curvature and torsion along the central axes.
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Figure 2. The interactive program including the automated tracing cursor. (a) Three projections of a confocal data set displayed in the

boxes XY (lower left), XZ (top) and YZ (right). In the XY box a maximum image of the confocal stack is displayed. In the XZ and YZ

boxes two cross-sections at the cursor position are displayed. With the 3D cursor displayed in each box, the user interactively indicates a

starting position and direction, for instance at a chromosome telomere. After that, the cursor automatically traces the central axis of the

chromosome until it is stopped by the user or reaches a user-de®ned stop position. During tracing, equidistant points along the axis are

recorded as 3D Cartesian co-ordinates. Note that the recorded points have subvoxel accuracy. In the left image, the cursor has traced the

chromosome. (b) To facilitate direct visual inspection of the tracing result, the traced chromosome is copied from the image to the lower

box marked `traced' where it is displayed with the SFP (simulated ¯uorescence process) algorithm.
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The local maxima of curvature along each chromo-

some axis were determined. A frequency histogram

of the 99 maxima of 40 mid-prophase chromosomes

no. 1 is shown in Figure 5a. It can be seen that the

distribution pattern of the maxima is rather uni-

form.

The torsion alternations along the axes of mid-

prophase chromosome no. 1 were also determined

and the frequency of their occurrence in ten regions

along the chromosome axes was tested by comparing

the found distribution with a random distribution. In

this case, a uniform distribution of torsion alterna-

tions along the axis has been taken as a random

distribution. At the 5% signi®cance level, the alterna-

tion appeared to be uniformly distributed (data not

shown). It also appeared that between torsion alterna-

tions the mid-prophase strands did not satisfy the

de®ned conditions for a full helical turn.

Figure 3. Schematic representation of the interactive curve analysis program. (a) A spline ®tted to a 3D co-ordinate string obtained from a

prophase chromosome is displayed in three views (see Figure 2). (b) A graph of the curvature (amount of bending) along the curve

(chromosome axis) is displayed. Each local curvature maximum that is greater than a certain threshold (dotted horizontal line) is marked

with a dark square corresponding to the dark squares in the curve display. The grey square marked S is the starting position of the tracing.
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Late prophase analysis

A reconstructed late-prophase chromosome is shown

in Figure 4d. On average, late-prophase chromo-

somes had a length of 9.5 � 2.1 ìm. These chromo-

somes are not only shorter than mid-prophase ones

(Figure 4c; 14.1 � 4.0 ìm), but they also contain

fewer bends. The local curvature maxima were deter-

mined in 40 late-prophase chromosomes no. 1. From

each of the 40 chromosomes, the two highest curva-

ture maxima were taken and plotted in a histogram

divided into twelve categories representing twelve

successive regions along the chromosome central

axis (Figure 5b). In contrast to the situation in mid

prophase, here the KS test (Kolmogorov 1933) re-

vealed the presence of a preferential region of high

curvature at roughly one third of the chromosome

axis (n � 80; dmax � 0.13; c � 0.12) indicating that,

in the transition from mid to late prophase, the last

remaining bends have a de®ned position.

Discussion

The division of prophase into substages enabled us to

establish some features of the dynamics of chromo-

Figure 4. SFP images of reconstructions of two early prophase stretches (a, b) and two pairs of homologous chromosomes of mid (c) and

late prophase (d). A left- and right-handed helix of an early prophase stretch are shown in (a) and (b), respectively. A meandering pattern

with multiple regions of considerable bending in mid prophase (c) and a remaining loop with two regions of considerable bending in late

prophase (d) can be seen as general features, respectively. The thickness of the reconstructed chromosomes is arbitrary. Note the difference

in the scale bars and also note that the early prophase reconstructions refer only to short stretches of a chromosome.
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some contraction from early to late prophase. In the

mid and late prophase substages, a variety of shapes

was observed in chromosome no. 1. Yet, as has

appeared from the visual representation and from the

subsequent statistical comparison, there were global

tendencies with respect to the 3D folding. It should

be noted that our analysis bears on the spatial course

of the geometric chromosomal axis and that chromo-

somal thickness or surface texture (see Sumner 1990)

have not been taken into account. In early prophase

nuclei, threads of variable thickness do occur (in

contrast to mid and late prophase). The thicker

strands might be the result of chromosome compac-

tion towards mid prophase. The early prophase

chromosome examples shown in Figure 4a,b refer to

short chromosome stretches with a thickness of the

order of 500 nm. Our methodology does not allow us

to judge whether the partly helical stretches represent

sister chromatid pairs or temporarily separated sister

chromatids.

Mid prophase

At this stage of mitosis, individual chromosomes

could be recognized on the basis of their length.

Therefore, a statistical comparison of curvature and

torsion along 40 chromosomes no. 1 has been carried

out. Curvature maxima appeared to occur along the

whole length of the chromosome, in contrast to the

situation of late prophase. It should, however, be

Figure 5. Curvature maxima in mid and late prophase chromosomes. Forty chromosomes no. 1 were represented as strings of 3D co-

ordinates. The curvature was calculated along the axes. (a) Frequency histogram of curvature local maxima along the mid-prophase

chromosome axis. (b) Frequency histogram of curvature local maxima along the late-prophase chromosome axis.
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emphasized that we could not distinguish between

the two telomeres. Thus, a speci®c curvature feature

in one half of the chromosome would have been

obscured.

Alternations of helical handedness were observed,

though the regions bounded by the torsion alternation

points did not satisfy the de®nition of a full helical

turn (see Results). We believe this to be due, at least

in part, to the large nucleolus in C. capillaris (see

Mintijn et al. 1999). Presumably, chromosomes are

forced to reside in a relatively thin spherical shell,

bounded by the nuclear envelope and the nucleolus.

Thus full helical turns seem not to be possible,

resulting in a meander-like chromosomal bending

pattern with torsion alternations occurring at the

points where the meander turns. This is schematically

depicted in Figure 6a.

Late prophase

In late prophase, chromosome no. 1 often displays

one remaining central loop. Statistical analysis of

local bending maxima along the chromosome axis

supports the idea that late-prophase chromosomes

have preferential regions of high bending (Figures 5b

& 6b). These preferential regions occur at positions

about one third and two thirds along the chromo-

some. Because these features seem so dominant, the

fact that we cannot distinguish between the two

telomeres does not appear to be a serious handicap

here. The occurrence of high degrees of bending at

®xed chromosomal positions is compatible with the

results of a 3D time-lapse study of Drosophila mela-

nogaster embryonic nuclei (Hiraoka et al. 1989).

These authors showed that both chromosome decon-

densation in telophase and condensation in the subse-

quent prophase take place at the same focal points at

the nuclear membrane. More recently, evidence has

been presented for Drosophila that speci®c chromo-

some loci interact with the nuclear envelope during

interphase (Marshall et al. 1996). One could spec-

ulate that such focal points represent points of con-

siderable bending as seen here in late prophase.

Transition between prophase shapes

Models of chromatin/chromosome compaction gen-

erally assume a successive `superposition' of folding

patterns (see for instance Manuelides 1990), i.e. each

level of compaction is maintained when going to a

higher level. A general feature appears to be the

folding of a nucleosome strand into the so-called 30-

nm ®bre. Confusion exists about the arrangement of

nucleosomes within the 30-nm ®bre. However, recent

electron cryomicroscopic images strongly suggest the

occurrence of a 3D-zigzag folding pattern (Bednar et

al. 1998). One could speculate that the local left- and

right-handed helices detectable in early prophase

chromosomes represent coiled 30-nm ®bres. Subse-

quent levels of folding could ultimately lead to late-

prophase chromosomes. Although the late-prophase

Figure 6. Tentative model for the position of mid- and late-

prophase chromosomes in the nucleus. (a) The alternations of

helical handedness in mid prophase are well explained when it is

considered that the basically 2D meander is forced to reside in a

spherical shell, i.e. the volume bounded by the large nucleolus

and the nuclear membrane. (b) In late prophase, two preferential

positions of high curvature that appeared from the data (Figure 5)

might represent the last attachment points of the chromosome to

the nuclear membrane.
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chromosomes are clearly shorter than the mid-pro-

phase chromosomes (see above), visual inspection of

the confocal images (see Figure 1) shows that they

become hardly any thicker. If so, the transition from

mid to late prophase seems to be the result of tighter

chromatin packing, rather than addition of an extra

level of coiling. After immunostaining of topoisome-

rase II in histone H1-depleted metaphase chromo-

somes, the sister chromatid pairs showed helical

winding of opposite handedness (Boy de la Tour &

Laemmli 1988). Perhaps our mid- and late-prophase

chromosomes contain two tightly intertwined helices

which become dissolved upon entering metaphase.

Our data refer to one particular chromosome (with

the exception of early prophase) and one can ask the

question whether they also apply to other C. capil-

laris chromosomes. It appears likely that the features

described for early and mid prophase do so. In the

case of the late-prophase chromosome, we found a

reproducible shape. The centromeric region in

chromosome no. 1 is about one quarter of the

chromosome length from the nearest telomere (Oud

et al. 1989). This indicates that one of the regions of

considerable bending, about one third and two thirds

along the chromosome axis, is not related to the

position of the centromere. Thus, the possibility

should be considered that physical rather than chemi-

cal factors are involved in shaping a late-prophase

chromosome.
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