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Abstract. Chromosomes from ten human male fibroblast metaphases were completely reconstructed from electron micrographs of serially sectioned material. Chromosome centromere positions were determined by finding the three-dimensional coordinates of the centromere mid​point. The data set showed the identity of nine chromo​some types (chromosomes 1,2,3,6,9, 16, 17, 18 and the Y chromosome) preserved as they are positioned in vivo. The results indicate that there is (1) no significant associ​ation of the homologous chromosomes examined, (2) a significant tendency for a central location of the Y chro​mosome and of chromosome 1 8, (3) a significant ten​dency for a peripheral location of chromosome 6, (4) no significant tendency for homologous chromosomes to re​organize as metaphase advances and (5) no significant differential condensation across the metaphase plate. Therefore, the only organization pattern observed for the centromeres of the homologous chromosomes studied is some sorting by size across the metaphase plate. These re​sults may be typical of dividing cell types. Different chro​mosome arrangements are found in some non-dividing cell types (e.g. mammalian brain cells). The different dis​tributions of chromosomes in different cell types can be considered as forms of "nuclear differentiation". It is pos​tulated that nuclear differentiation may be related to cell differentiation.

Introduction

The association of homologous chromosomes is a regular feature of the first meiotic division. Even after meiosis, the centromeres can be non-randomly distributed within the nucleus, arranging themselves in a pairwise associa​tion of non-homologous chromosomes (Haaf et al. 1 990).

* Present address: Queen Mary and Westfield College, Mile End Road, London EI 4NS, UK

** Present address: Histologisch-Embryologisches Institut der Uni​

'_rsitat, Schwarzspanierstrasse 17, A-I090 Wien, Austria Correspondence to: A. R. Leitch

Some interesting data suggest that differentiated cell types have specific patterns of chromosome position and that nuclear organization is related to specific aspects of bio​logical activity. Nuclei of functionally different brain cell types (Manuelidis and Borden 1 988) show characteristic repositioning of chromosomes at interphase. Arnoldus et al. (1989) have also demonstrated in human brain tissue, that the pairing of chromosome 1 is a cell-type phenome​non. Human brain cells with different activities (Borden and Manuelidis 1988) or tumour cells at different stages of the cell cycle (Haaf and Schmid 1 989) exhibit reposi​tioning of chromosomes. This suggests that the spatial arrangements of chromosomes is correlated with cell ac​tivity. Thus, cell differentiation and activity are related, perhaps causally, to the arrangement of chromosomes within the nucleus.

However, the organization of chromosomes in somatic human cells at division (see Avivi and Feldman 1 980; Comings 1980; Wollenberg et al. 1 982; Vogel and Kruger

1983) is unclear and much data are contradictory. This is because (l) data have been taken from spread chromo​somes and thus three-dimensional information has been lost; (2) mitotic inhibitors, which are sometimes used to accumulate metaphases, may perturb normal chromosome position (Rohlf et al. 1 980) and (3) metaphases can be se​lected for "quality".

This study addresses the conflict in the literature and aims to determine the chromosomal organization that oc​curs in dividing material. Human fibroblast metaphase cells, which were not treated with mitotic inhibitors, were recontructed from electron micrographs of serial sections such that the positions of the centromeres of homologous chromosomes could be determined as they occurred in vivo. Thus, we avoided all the potential artefacts intro​duced by spreading. We have not used "chromosome painting" and the multiple labelling techniques that are now able to identify around twelve chromosome types (Dauwerse et al. 1 992) or twenty sequences (Lengauer et al. 1993) simultaneously, because these labelling strate​gies have been applied to spread nuclei. Reconstruction techniques using in situ hybridization have identified a few chromosome types in each of many cells examined (see
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Manuelidis 1984; Manuelidis and Borden 1988; Amoldus et al. 1989, 1991; Ferguson and Ward 1992), and not the three-dimensional positions and identities of the nine chromosomes as reported here.

Materials and methods

Cultured fetal lung fibroblasts were fixed in 5% glutaraldehyde in 0.1 M phosphate buffer (pH 6.8) for ] h at room temperature, post​fixed in ] % osmium tetroxide in the same phosphate buffer for I h, dehydrated through an ethanol series, embedded in Spurr's resin, serially sectioned and stained for electron microscopy. The cells had a normal 46 XY karyotype; ten cells at division had previously been reconstructed from the serial sections (Heslop-Harrison et al. ] 989). All chromosomes could be assigned to their relevant group and a few chromosome types could be individually identified (I, 2, 3,6,9, 16, 17, 18 and Y; Hes]op-Harrison et al. ] 989). Centromere coordinates of all chromosomes in the ten cells were determined using the methods of Mosgoller et al. (1991). Full coordinate posi​tions of centromeres and chromosome volumes are available on IBM PC compatible disks or in printed form from the authors or the John Innes Centre library.

The three dimensional coordinates were ana lysed using Genstat programs and a principal component analysis was applied to the centromere positions. The axes were rotated to give a maximum variance in centromere position along a new X axis, and the other two principal component axes at right angles gave a minimum variance along the new Z axis (Heslop-Harrison et al. ] 988; Mos​goller et al. 1991).

In the present work, the overall distribution of the chromosomes within the cell are unknown and are possibly very complex. There​fore, the statistical tests that are described here follow Mosgoller et al. (1991) and are non-parametric randomization methods. Ran​domization methods are particularly useful because they do not base analyses on a theoretical distribution. Instead, they recon​struct the distribution that a statistic would have if a particular null hypothesis (Ho) were true by taking numerous samples from the original data (Manly] 991). This permits tests of the deviation of the observed statistic from its expectation under Ho. The tests are described at the appropriate point in the text or tables.

Results

Ultrastructure (_f the chromosomes

Figure 1 shows an electron micrograph of a single O.l-_ section through a human fibroblast cell at metaphase. The chromosomes were uniformly stained and, in all but one cell, the chromatids were tightly appressed. In this cell, the chromatids around the centromeres of some of the chromosomes had started to separate before the cell was fixed (probably at the first stage of anaphase; see Heslop​Harrison et al. 1989). The edge of the chromosomes in section often appeared crenated, which probably reflected the folding of the interphase fibre into the metaphase chromosome during prophase. The centromeres of all the chromosomes tended to be central to the cell and were arranged in each cell within an ellipsoidal "mitotic fig​ure".

By measuring the volume of each chromosome arm separated by the centromere, the chromosome size and centromere index (short arm volume divided by total chromosome volume) was determined. This enabled all

Fig.I. Transmission electron micrograph of a section through a mitotic human male fibroblast (cell code 372) showing the elec​tron-dense chromatin in the lighter grey cytoplasm. Reconstruc​tions from all sections through the cell enabled the chromosomes to be identified to a specific chromosome type or group. The dif​fuse subcentromeric region (arrow) of chromosome 9 shows vari​able condensation of the chromatin. Scale bar = ] !lJl1

	Table 1. a The number of occasions (Q), out of 100, on which the

	centromeres of two random chromosomes are closer to the cen-

	troid than two homologous chromosome centromeres. The dis-

	tances compared are the mean of the distances between the cen-

	troid and two centromeres of random identity or between the cen-

	troid and two homologous chromosome centromeres. Low values

	of Q indicate that the centromeres of the homologous chromo-

	somes are close to the centroid. Note that chromosome 6 is signif-

	icant]y further from the centroid than random, whereas chromo-

	some 18 is significantly closer. P is the probability of the same or

	a more extreme value of the Ko]mogorov-Smirnov statistic for a

	uniform distribution
	
	
	
	
	
	
	

	Nucleus
	I
	2
	3
	6
	9
	16
	17
	18

	042
	36
	94
	99
	75
	72
	75
	37
	27

	365
	53
	69
	94
	82
	37
	77
	57
	9

	369
	65
	69
	92
	96
	92
	41
	16
	]7

	370
	73
	12
	19
	99
	78
	44
	48
	16

	37]
	96
	44
	83
	80
	57
	53
	61
	16

	372
	85
	28
	92
	73
	71
	50
	I
	45

	381
	78
	90
	66
	96
	75
	2
	40
	28

	382
	69
	48
	7]
	92
	90
	]9
	5
	11

	384
	42
	62
	67
	90
	70
	90
	89
	22

	385
	95
	94
	59
	10
	31
	62
	20
	54

	Mean
	69
	61
	74
	79
	67
	51
	37
	24

	Significance
	n.s.
	n.s.
	n.s.
	**
	n.s.
	n.s.
	n.s.
	**

	n.s., not significant; **, P < 0.01
	
	
	
	
	


chromosomes to be assigned to their group. The analysis also enabled chromosomes 1, 2, 3, 6, 16, 17, 18 and Y to be individually identified (Heslop-Harrison et al. 1989). In addition, one chromosome type, chromosome 9, had a unique identifying ultrastructural feature, the diffuse sub​centromeric region (dsr) (Fig. 1). The dsr included frag​

	{able 1. b The number of occasions, <1>, out of a hundred, on which

	the distance of two randomly chosen centromeres are closer to-

	gether than the distance between the centromeres of two homo-

	logues. Low values of <I> indicate that the centromeres of the par-

	ticular homologues are close in that cell
	
	
	
	

	Nucleus
	I
	2
	3
	6
	9
	16
	17
	18

	042
	23
	96
	92
	16
	14
	54
	54
	43

	365
	23
	3
	95
	4
	53
	87
	64
	29

	369
	38
	4
	94
	96
	92
	72
	24
	9

	370
	41
	34
	50
	14
	86
	85
	12
	41

	371
	22
	48
	88
	24
	85
	70
	34
	17

	372
	3
	30
	96
	30
	37
	46
	43
	75

	381
	83
	8
	27
	67
	98
	21
	50
	6

	382
	53
	25
	73
	56
	5
	65
	25
	54

	384
	21
	73
	84
	90
	22
	95
	97
	65

	385
	100
	91
	37
	29
	35
	10
	63
	22

	Mean
	41
	41
	74
	43
	53
	61
	47
	36

	Significance
	n.s.
	n.s.
	n.s.
	n.s.
	n.s.
	n.s.
	n.s.
	n.s.

	n.s., not significant
	
	
	
	
	
	
	

	Table 2. Ranked order of distance of the Y chromosome cen-

	tromere from the centroid of all centromeres compared with all

	other centromere-centroid distances. A small number (out of 46)

	indicates that the Y chromosome is near the centroid. The Kol-

	mogorov-Smirnov statistic for a uniform distribution (KS = 4) sug-

	gests that the Y chromosome is significantly central P < 0.05
	

	Nucleus
	042 365 369 370 371 372 381 382 384 385

	Ranked
	
	
	
	
	
	
	
	
	
	

	order
	2
	15
	39
	6
	7
	38
	15
	33
	14
	3


ments of condensed chromatin within more diffuse chro​matin. This region probably represents the chromosome 9 subcentromeric constitutive heterochromatin that is la​belled by Giemsa 11 banding (Heslop-Harrison et al. 1989).

	Table 3. Absolute volumes for both homo-
	Chromosome
	Cell code
	
	
	
	
	
	
	
	

	logues of each identified chromosome. The
	
	
	
	
	
	
	
	
	
	

	upper of the two homologues is the more
	number
	042
	365
	369
	370
	371
	372
	381
	382
	384
	385

	peripheral homologue. The total volume of
	I
	3.93
	3.81
	3.71
	3.94
	
	
	3.92
	4.52
	3.4J
	

	all chromosomes is also included
	
	
	
	
	
	4.44
	3.55
	
	
	
	3.28

	
	I
	3.49
	3.85
	3.69
	4.13
	4.20
	3.95
	4.41
	4.67
	3.74
	3.19

	
	2
	3.59
	3.74
	3.82
	3.86
	4.36
	4.08
	3.93
	3.69
	3.37
	3.05

	
	2
	3.38
	3.16
	3.76
	3.82
	4.17
	4.22
	3.90
	3.55
	3.34
	3.18

	
	3
	2.77
	2.93
	2.85
	3.17
	3.53
	3.00
	3.65
	3.55
	2.70
	2.29

	
	3
	3.15
	3.05
	2.85
	3.07
	3.71
	3.26
	3.14
	3.42
	2.76
	2.31

	
	6
	2.59
	2.57
	2.34
	2.78
	2.99
	2.88
	2.91
	3.22
	2.37
	2.18

	
	6
	2.64
	2.45
	2.45
	2.73
	2.98
	2.74
	2.78
	2.95
	2.34
	2.15

	
	9
	2.31
	2.16
	1.75
	1.94
	2.50
	2.27
	2.61
	2.43
	1.80
	1.81

	
	9
	2.00
	2.04
	2.28
	2.04
	2.54
	2.15
	2.51
	2.22
	1.84
	1.84

	
	16
	1.20
	1.24
	1.33
	1.29
	1.57
	1.58
	1.46
	1.48
	1.18
	1.11

	
	16
	1.19
	1.44
	1.21
	1.47
	1.72
	1.60
	1.54
	1.74
	1.19
	1.04

	
	17
	1.33
	1.06
	1.26
	1.25
	1.60
	1.37
	1.33
	1.40
	1.10
	1.15

	
	17
	1.31
	1.31
	1.24
	1.37
	1.59
	1.28
	1.45
	1.33
	1.20
	1.13

	
	18
	1.26
	1.30
	1.10
	1.17
	1.50
	1.39
	1.35
	1.50
	1.16
	0.91

	
	18
	1.24
	1.31
	1.09
	1.36
	1.47
	1.51
	1.24
	1.38
	0.97
	1.04

	
	Y
	0.91
	0.97
	0.96
	1.00
	1.21
	1.23
	0.96
	1.24
	0.87
	0.86

	
	Total chro-
	
	
	
	
	
	
	
	
	
	

	.
	mosome
	
	
	
	
	
	
	
	
	
	

	
	volume (11m3)
	87.8
	87.0
	85.5
	94.4
	104.5
	98.5
	99.2
	100.5
	83.4
	75.6
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Distributions of homologous chromosomes

The relative proximity of the centromeres of homologues of chromosomes 1,2,3,6,9, 16, 17 and 18 in each cell to the centroid (i.e. centroid of the coordinates of all 46 cen​tromeres) was compared with random centromere dis​tances to determine the relative "peripherality" of the chromosome pairs (Table.la). Chromosome 6 is signifi​cantly further from the centroid than random, whereas chromosome 18 is significantly closer.

In addition, the relative proximity of the centromeres of the homologues to each other was compared with random centromere pairwise distances to determine the degree of homologue association in the cells (Table 1 b). There was no tendency for the centromeres of any of the homologous chromosome pairs to be associated.

Distribution of the Y chromosome

A Kolmogorov-Smimov test for a uniform distribution was carried out to analyse the distribution of distances of the Y chromosome centromere from the centroid of each mitotic figure. The distribution of the Y chromosome is signifi​cantly different from a random distribution (P < 0.05, Table 2) and indicates a tendency for a central location.

Correlation between homologue size and position in the nucleus

To test whether there was a gradient in condensation across the metaphase plate of the fibroblast cells, we com​pared the size of each of the homologous chromosomes (Table 3) with the distance of the centromere from the metaphase centroid. There was no significant tendency for any of the eight pairs of homologous chromosomes (Table 4) to show changes in volume (and hence condensation state) that were related to chromosome peripherality within the mitotic figure.

	278
	
	
	
	
	
	
	
	
	
	
	
	

	Table 4. A test of the tendency for periph-
	Nucleus
	042
	365
	369
	370
	371
	372
	381
	382
	384
	385
	Sum

	erally located chromosomes to have a dif-
	
	
	
	
	
	
	
	
	
	
	
	

	ferent condensation state to the more cen-
	I
	+
	-
	+
	
	+
	
	
	
	
	+
	-2

	trally located homologues in each of the ten
	2
	+
	+
	+
	+
	+
	
	+
	+
	+
	
	+6

	fibroblast cells. A "plus" sign denotes that
	3
	
	
	=
	+
	
	
	+
	+
	
	
	-3

	the outermost homologue (as determined by
	
	
	
	
	
	
	
	
	
	
	
	

	the distance of the centromere from the
	6
	
	+
	
	+
	+
	+
	+
	+
	+
	+
	+6

	centroid of the mitotic figure) is the larger
	9
	+
	+
	
	
	
	+
	+
	+
	
	
	0

	chromosome; a "minus" indicates the oppo-
	16
	+
	
	+
	
	
	
	
	
	-
	+
	--4

	site
	17
	
	
	
	
	
	+
	
	+
	
	+
	+2

	
	
	+
	
	+
	
	+
	
	
	
	
	
	

	
	18
	+
	
	+
	
	+
	
	+
	+
	+
	
	+2

	
	Sum
	+4
	-2
	+3
	-2
	+2
	-2
	+2
	+4
	-2
	0
	+7


Table 5. A comparison of the ranked flatness of the metaphase plates from Heslop-Harrison et al. (1989), i.e. mitotic advance, and the ranked peripherality of homologous chromosomes (0 from Table la) or the ranked association of homologous chromosomes «I> from Table Ib) using Spearman's rank coefficient (rho) to find the probability of a more extreme value of rho occurring by chance (Conover 1980). No significant correlation was found between the flatness of the mitotic plate and the peripherality or association of any pairs of homologous chromosome centromeres (P is not sig​nificant at P < 0.05 in any case)

	Homologous
	Peripherality
	Association

	chromosomes
	of chromosome
	of chromosome

	
	centromeres (0)
	centromeres «I»

	
	rho
	rho

	I
	-0.62
	0.04

	2
	0.32
	0.16

	3
	0.3
	0.14

	6
	0.18
	--0.25

	9
	0.13
	0.09

	16
	0.37
	0.43

	17
	0.31
	0.02

	18
	-0.16
	-0.14


Correlation between association of homologues and the flatness of the metaphase plate

To test whether there was any redistribution of the cen​tromeres of homologous chromosomes as metaphase ad​vanced, the distribution of homologues in each of the ten cells was correlated with the advancement of mitosis. The Z axis variance of the mitotic figure is a measure of the flatness of the metaphase plate (Heslop-Harrison et al. 1989). By assuming that the mitotic figure flattens as metaphase advances, we can use the Z axis variance as a measure of metaphase advancement (Mosgoller et al. 1991). We ranked the Z axis variance of each cell and compared this to the rank of homologue peripherality (from Table la) and homologue association (from Table Ib) in each cell using Spearman's rho test. From this, we were able to test for any redistribution of homologous

chromosomes. There was no significant redistribution of homologous chromosomes towards pairing, peripherality or dispersal associated with the flatness of the metaphase

plate and hence the advancement of metaphase (Table 5).

Correlation between the size of the dsr and its position in the nucleus

The size (volume) of the dsr was highly variable both within and between cells (Table 6). We tested whether (1) the dsr volume was related to the peripherality within the nucleus and (2) the mean dsr volume within the cell was correlated with the advancement of mitosis using Spear​man's rho as described above. We found no significant tendency for the volume and hence condensation of the dsr to vary across the metaphase plate (analysis not shown). In addition, no significant correlation (Spear​man's rank coefficient, rho = 0.19) was found between the mean volume of the dsr in each cell and the flatness of the metaphase plate (advancement of metaphase).

Discussion

Organization of chromosomes

The significant tendency for a distal location of chromo​some 6 (P < 0.01) from the centroid and the centralloca​tion (P < 0.01) of chromosome 18 may reflect chromo​some size-sorting occurring at metaphases in these cells. Popp et al. (1990) have also shown that chromosome 18 is significantly closer to the centre in two- and three-dimen​sional reconstruction analyses of another dividing cell type, viz. cultured amniotic cells. Mosgoller et al. (1991) have examined the distribution of centromeres of the chromosome groups A-G during division and have found that the distance of centromeres from the centre of the mi​totic figure is correlated with chromosome size; small chromosomes tend to be central in all the metaphases. However, the significant peripheral distribution of group A chromosomes taken as a whole (Mosgoller et al. 1991) is not reflected in the distribution of the individual homol​ogous chromosome pairs 1, 2, and 3 that we have exam​

	Table 6. The volumes (1lIl13) of the diffuse
	Cell code
	042
	365
	369
	370
	371
	372
	381
	382
	384
	385

	subcentromeric regions of chromosome 9
	
	
	
	
	
	
	
	
	
	
	

	',. taken in each of the ten cells
	Smaller dsr
	0.93
	2.02
	3.31
	3.05
	2.18
	3.57
	0.88
	1.12
	2.83
	0.99

	
	Larger dsr
	4.12
	5.53
	4.98
	4.74
	4.85
	6.3
	3.83
	3.31
	4.27
	3.16


Jned in this paper. In addition, no significant redistribution of the centromeres of homologous chromosomes is ob​served as metaphase advances.

The significant tendency for a central location of the Y chromosome within the mitotic figure may also reflect size-sorting. A central location of the Y chromosome is consistent with the data of T. Cremer (personal communi​cation) who has found a significant central location (P < 0.01) in two-dimensional projections of human amniotic interphase nuclei and of Manuelidis and Borden (1988) who found a central location in all but 2% of human neu​rons reconstructed from image-processed optical sections.

Absence of association of homologous chromosomes

Differentiated non-dividing cells can exhibit some homologous chromosome association that is different from the arrangement of chromosomes shown here. Arnoldus et al. (1991) have conducted a series of in situ hybridization ex​periments on spread differentiated interphase nuclei from human cerebral tissue using a panel of nine satellite DNA probes specific for the centromeric regions of chromosomes 1,6,7, 10, 11, 17, 18, X and Y. They have found somatic association of chromosome 17 centromeres in ap​proximately 50% of nuclei. Previously, Arnoldus et al. (1989) had shown somatic association of chromosome 1 centromeres in the nuclei of cerebellar cells. Manuelidis and Borden (1988) have demonstrated different patterns of interphase chromosome organization in nuclei of neu​rons and glia using alphoid probes specific for regions of chromosomes 1, 9 and Y. In three-dimensional recon​structions of light micrographs, they have been able to show that chromosome organization is specific in some differentiated cell types. Borden and Manuelidis (1988) have also found "a dramatic repositioning of the X chro​mosome in neurons of both male and female" taken from electrophysiologically defined (epileptic) seizure foci, compared with normal cortical neurons.

The data presented here demonstrate that there is no as​sociation of the centromeres of homologous chromo​somes 1, 2, 3, 6, 9, 16, 17 and 18 in dividing fibroblast nu​clei. A lack of association of homologues may be a fea​ture of mitotic cells, because Heslop-Harrison et al. (1988), using the same reconstruction techniques as those reported here, found no somatic association of the cen​tromeres of homologous chromosomes in dividing meris​

tematic cells of grass species.

Organization of chromosomes at metaphase

compared with interphase

Leitch et al. (1991) showed that the rye and barley genomes in root tip cells of barley x rye hybrid plants were spatially separated in cells at interphase and in mito​sis. In human fibroblast cell cultures, Emmerich et al. (1989) examined the positions of chromosomes 1 and 15 in interphase nuclei spreads by in situ hybridization. They found no evidence of chromosome pairing, in agreement with the data presented here for the centromeres of eight , pairs of homologous chromosomes at metaphase. They also found that chromosome 15 was significantly more central than chromosome 1. These data agree with the sor​
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ing of chromosomes by size in fibroblasts. Chromosomes

entering mitosis congress onto the metaphase plate where there appears to be no substantial repositioning of chro​

mosomes beyond a tendency towards increased size-sort​

ing as metaphase advances (Mosgoller et al. 1991). Move​

ment of centromeres in relation to the nuclear envelope

can occur during interphase of the cell cycle. Ferguson

and Ward (1992) have shown that centromeric sequences

in phytohaemagglutinin-stimulated T-lymphocyte nuclei

assume a more central nuclear location during the transi​

tion of nuclei from G 1 to G2 in the cell cycle.

Condensation state of chromosomes across the nucleus

In cereal interphase nuclei of dividing cell types, the chromosomes are arranged in a Rabl (1885) configuration and there is often a gradient across the nucleus in the region that is filled by condensed chromatin from 50% near the centro​meric pole to only 15% at the telomeric pole (see Heslop​ Harrison et al 1993). At metaphase in Secale cereale (rye), Bennett (1984) showed a significant tendency for the pe​ripherally located homologue of chromosomes lR and 5R to be less condensed (and hence to have a larger volume) than their centrally located homologue. He suggested that pe​ripheral chromosomes had engaged in greater or more pro​longed transcriptional activity in the previous interphasethan had the more condensed centrally located ones.
At interphase, human fibroblast nuclei possess con​densed chromatin at the nuclear periphery and against the nuclear envelope, and only a few condensed sites within the nucleus. The peripheral condensed sites most proba​bly represent DNA sequences that are not expressed(Manuelidis 1984) and that are constitutive or facultative heterochromatin (see Henikoff et al. 1993). We have de​termined whether there is a gradient in chromosome con​densation from the centre to the periphery of the mitotic figure, as in rye (Bennett 1984) or as is reflected by the in​terphase nucleus gradient, by examining the relative posi​tion of the centromere of the larger, less condensed homo​logue in relation to the position of the centromere of the smaller, more condensed homologue for each of the pairs
1, 2, 3, 6, 9, 16, 17 and 18 (Table 4). In addition, we have tested whether there is a change in the condensation state of the dsr in relation to the peripherality of the centromere of chromosome 9 on the mitotic figure. No such trends are evident. In contrast to the findings of Bennett (1984), there is no significant tendency for changes in chromatin condensation across the mitotic figure.

Nuclear differentiation

These results taken together with those of Mosgoller et al.

(1991) show that the major factor influencing the position

of chromosomes in fibroblast nuclei is chromosome size.

Acrocentric chromosomes (D and G groups) also tend to be

central and clustered (Mosgoller et al. 1991), which proba​

bly reflects associations in the nucleoli at the previous in​

terphase. The fibroblast nuclei exhibit no significant asso​

ciation of the centromeres of homologous chromosomes.

As previously described, this pattern of chromosome

arrangement is contrary to results from other workers who

have examined other differentiated human cell types.
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Different cell types have different localizations of chro​mosomes and hence it is useful to consider nucleus reor​ganization as a form of differentiation, viz. "nuclear dif​ferentiation". Nuclear differentiation and chromosome repositioning presumably occur from a basic pattern found in undifferentiated dividing cell types. A few non​dividing human cell types (e.g. from human cerebellum; Arnoldus et al. 1989) have been examined and shown to have some association of homologous chromosomes. Re​constructions of metaphase cells in plant root tip meris​tems, which are considered to be undifferentiated cell types, show no association of homologous chromosomes at metaphase (Heslop-Harrison et al. 1988) or interphase (Heslop-Harrison et al. 1990). The cultured fibroblast cells described here are mitotically active and also reveal no association of the homologous chromosomes investi​gated. An absence of somatic pairing of homologous chromosomes has previously been reported in interphase nuclei of several dividing cell types (i.e. amniotic cells, Popp et al. 1990; fibroblasts, Emmerich et al. 1989; lym​phocytes, Ferguson and Ward 1992). A pattern of non-as​sociation of homologous chromosomes may therefore be a feature of dividing cell types, whereas some association may be found in non-dividing cell types. The reorganiza​tion of chromosomes in different cell types may be related to either or both of the following: (1) the frequency of di​vision or (2) the process of cell differentiation (nuclear differentiation may even precede cell differentiation). To understand more fully the range of nuclear organization and the way is which chromosomes are reorganized in as​sociation with cell differentiation, studies are required us​ing a range of cell types, particularly of cells that are thought to represent different differentiation stages in a terminal cell lineage.

Acknowledgements. We thank BP, Venture Research International and the AFRC for enabling us to carry out this work, and the Osterreichische Fonds zur Forderung der wissenschaftlichen For​schung for support through grant No. P 7820 MED. We are grate​ful to Dr. Ann Chandley for supplying us with the fixed cells.

References

Arnoldus EPJ, Peters ACB, Bots GTAM, Raap AK, Van der Ploeg M (1989) Somatic pairing of chromosome I centromeres in in​terphase nuclei of human cerebellum. Hum Genet 83 : 231-234

Arnoldus EPJ, Noordermeyer lA, Peters ACB, Raap AK, Van der Ploeg M (1991) Interphase cytogenetics reveals somatic pair​ing of chromosome 17 centromeres in normal human brain tis​sue, but no trisomy 7 or sex chromosome loss. Cytogenet Cell Genet 56: 214-216


A vi vi L, Feldmann M (1980) Arrangement of chromosomes in the


interphase nucleus of plants. Hum Genet 55: 28 1-295


Bennett MD (1984) Nuclear architecture and its manipulation. In:


Gustafson JP (ed) Gene manipulation in plant improvement.


Plenum, New York, pp 469-502


Borden J, Manuelidis L (1988) Movement of the X chromosome in


epilepsy. Science 242: 1687-1691


Comings DE (1980) Arrangement of chromatin in the nucleus.


Hum Genet 53: 131-143


Conover WJ (1980) Practical nonparametric statistics, 2nd edn.


Wiley, New York

, ,. Dauwerse JG, Wiegant J, Raap AK, Breuning MH, Ommen GJB


van (1992) Multiple colors by fluorescence in situ hybridiza​

tion using ratio-labeled DNA probes create a molecular kar_ ,

otype. Hum Mol Genet I : 593-598

Emmerich P, Loos P, Jauch A, Hopman AHN, Wiegant J, Higgins MJ, White BN, Ploeg M van der, Cremer C, Cremer T (1989) Double in situ hybridization in combination with digital image analysis: a new approach to study interphase chromosome to​mography. Exp Cell Res 181: 126-140

Ferguson M, Ward DC (1992) Cell cycle dependent chromosomal movement in pre-mitotic human T-Iymphocyte nuclei. Chro​mosoma 101 : 557-565

Haaf T, Schmid M (1989) Centromeric association and non-ran​dom distribution of centromeres in human tumour cells. Hum Genet 81: 137-143

Haaf T, Grunenberg H, Schmid M (1990) Paired arrangement of nonhomologous centromeres during spermiogenesis. Exp Cell Res 187: 157-161

Henikoff S, Loughney K; Dreesen TD (1993) The enigma of dom​inant position effect variegation in Drosophila. In: Heslop​Harrison JS (Pat), Flavell RB (eds) The chromosome. Bios, Oxford, pp 193-206

Heslop-Harrison JS, Smith JB, Bennett MD (1988) The absence of the somatic association of centromeres of homologous chro​mosomes in grass mitotic metaphases. Chromosoma 96: 119-131

Heslop-Harrison JS, Leitch AR, Schwarzacher T, Smith JB, Atkin​son MD, Bennett MD (1989) The volumes and morphology of human chromosomes in mitotic reconstructions. Hum Genet 84:27-34

Heslop-Harrison JS, Leitch AR, Schwarzacher T, Anamthawat​Jonsson K (1990) Detection and characterization of IB/IR translocations in hexaploid wheat. Heredity 65: 385-392

Heslop-Harrison JS, Leitch AR, Schwarzacher T (1993) The phys​ical organization of interphase nuclei. In: Heslop-Harrison JS (Pat), Flavell RB (eds) The chromosome. Bios, Oxford, pp 221-232

Leitch AR, Schwarzacher T, Mosgoller W, Bennett MD, Heslop​Harrison JS (1991) Parental genomes are separated throughout the cell cycle in a plant hybrid. Chromosoma lOl :206-213

Lengauer C, Speicher MR, Popp S, Jauch A, Taniwaki M, Nagaraja R, Reithman HC, Donis-Keller H, D'Urso M, Schlessinger D, Cremer T (1993) Chromosomal bar codes pro​duced by multicolor fluorescence in situ hybridization with multiple Y AC clones and whole chromosome painting probes. Hum Mol Genet 2:505-512

Manly BFJ (1991) Randomization and Monte Carlo methods in bi​


ology. Chapman and Hall, London, pp 281


Manuelidis L (1984) Different central nervous system cell types


display distinct and nonrandom arrangements of satellite DNA


sequences. Proc Natl Acad Sci USA 81: 3123-3127

Manuelidis L, Borden J (1988) Reproducible compartmentaliza​tion of individual chromosome domains in human CNS cells revealed by in situ hybridization and three-dimensional recon​struction. Chromosoma 96:397-410

Mosgoller W, Leitch AR, Brown JKM, Heslop-Harrison JS (1991) Chromosome arrangements in human fibroblasts at mitosis. Hum Genet 88: 27-33

Popp S, Scholl HP, Loos P, Jauch A, Stelzer E, Cremer C, Cremer T (1990) Distribution of chromosome 18 and X centric hete​rochromatin in the interphase nucleus of cultured human cells. Exp Cell Res 189: 1-12

Rabl C (1885) Uber Zelltheilung. Morphol JahrbllO:214-330

Rohlf FJ, Rodman TC, Flehinger BJ (1980) The use of nonmetric

multidimensional scaling for the analysis of chromosomal as​sociation. Comput Biomed Res 13: 19-35

Vogel F, Kruger J (1983) Is there a general relationship between estimated chromosome distances in interphase and location of genes with related functions? Hum Genet 63: 362-368

Wollenberg C, Kiefaber MP, Zang KD (1982) Quantitative studies on the arrangement of human metaphase chromosomes. IX. Arrangement of chromosomes with and without spindle appa​ratus. Hum Genet 62:310-315

