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Abstract. This paper studies the process and features of
chromosome construction in mitotic prophase cells of
Allium cepa. The results showed that a prominent re-
organization of chromatin occurred during G, — early
prophase. The 250-400 nm thick compact chromatin
threads in G, nuclei began to disorganize into about 30,
100 and 220 nm chromatin fibres which constituted the
loosely orgamized chromosome outlines in early pro-
phase before chromosome condensation. In middle pro-
phase, chromosome condensation was characterized by
the formation of many condensed regions (aggregates of
chromatin), which increased in size (1-1.5 wm) when
prophase proceeded. Meanwhile, the chromatin threads
that constituted and connected the condensed regions
became increasingly thicker {120-250 nm). In late pro-
phase adjacent condensed regions fused to form cylin-
der-shaped chromosomes. Based on these observations,
we come to the conclusion that the construction of pro-
phase chromosomes is a two-step process, that is, the
reorganization and condensation of chromatin. In addi-
tion, we report the study of silver-stained, DNA- and hi-
stone-depleted prophase chromosomes, describe mor-
phological features of the non-histone protein (NHP)
residue in early, middle and late prophase chromo-
somes, and discuss the roles of NHPs in chromosome
construction. '

Introduction

One important event that takes place in mitotic prophase
nuclei is the organization of chromatin into chromo-
somes. Our knowledge about the mechanisms of this
process remain incomplete thus far (Bostock and Sum-
ner 1978; Brachel 1985; Alberts et al. 1989). Some bio-
chemical studies have shown that phosphorylation of
histones H1 and H3 may be associated with the conden-
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sation of chromosomes (Bradbury et al. 1974; Gurley et
al. 1974a; Inglis et al. 1976; Matsumoto ct al. 1980).
Other investigations have demonstrated that cellular
Ca?+ and Mg?+ are essential for the transition of cells
from G2 into prophase (Rao and Johnson 1971; Henry
etal, 1980; Matsui etal. 1982). Based on data from
studies of chromosomal scaffold proteins, a number of
workers have suggested that the self-assembly of scaf-
fold proteins may participate in the process of prophase
chromosome condensation (Farnshaw and T.aemmli
1983). Experiments with yeasts have also revealed that
Topoisomerase Il (Topo II), a major component of the
chromosomal scaffold, is involved in prophase chromo-
some condensation (Uemura et al. 1987; Hayles and
Nurse 1989).

Although descriptions and discussions of the mor-
phology of the condensation of prophase chromatin into
chromosomes can be found in the literature, a full under-
standing of the details of this process has not been estab-
lished (Sorsa 1973; Golomb and Bahr 1974; Lafontaine
and Lord 1974; Yunis and Bahr 1979; Nagl 1982; Mul-
linger and Johnson 1983; Sumner 1991). In this commu-
nication, w¢ report the discovery that in cells of Allium
cepa rool lp meristem, the chromatin undergoes a prom-
inent reorganization before it condenses into chromo-
somes when the cells proceed from G2 to mitotic pro-
phase. The process and [eatures of this reorganization
and condensation are described, and the possible roles
played by the non-histone proteins (NHP) in this process
are explored.

Materials and methods

The material used in this study was the root tip meristem of A.
cepa.

Segments of root tips, 0.5-1.0 mm long, were excised and then
fixed in 2.5% glutaraldehyde in 0.2 M phosphate buffer. pH 7.0
for 12 h. The spceimens were washed with the phosphate bulTer,
and postfixed in 2% osmium tetroxide in the same buffer for 2 h.
After a thorough wash the specimens were deliydrated in an etha-
nol/acetone series and embedded in Epon §12. Sections were cut
on an LKB-5 ultratome at a thickness of around 70 nm. After



staining with urany! acetate and lead citrate the sections were
viewed with an Hitachi 600B transmission electron microscope
(TEM).

To label DNA, roots were immersed in a solution of [*H]thy-
midine (20 uCi/mi) for 5 min, washed in distilled water and then
incubated in water at 20° C for 15 min before fixation. The la-
belled specimens were then fixed, dehydrated, embedded, sec-
tioned and stained conventionally. The EM autoradiographic sec-
tions were mounted on grids and then covered with a carbon layer
about 5 nm in thickness. HW-4 emulsion was applied to the see-
tions using the loop method. The specimens were exposed at 4° C
for 6() days and developed with D-19b developer.

To evaluate the role of NHPs in prophase chromesome con-
densation, root tips of A. cepa were fixed in methanol:acetic acid
(3:1) for 30 min, water washed and treated with a mixture of 2.5%
hydrolytic enzymes containing cellulase and pectinase (1:1) at
259 C for 45 h to dissolve the cell wall, and then squashed on
glass slides. The squashed preparations were immersed in 0.2 N
H,S0, at 21°C for over 4 h o remeve chromosomal histones.
After a therough wash in distilled water the specimens were treal-
ed with 100 pg/ml DNase solution (in 0.01 M Tris-HC] containing
' mM MgCl,, pH 7.1} at 37° C for 1-1.5 h to digest DNA, washed
and air-dried. The slides were then incubated in 2xSS8C solution
before being subjecied o the silver nitrate staining procedure as
described by Howell and Black (1980). (1x8SC is 0.15 M NaCl,
0.015 M sodium citrate.) Some of the slides were treated with
trypsin prior to incubation in 2x8SC. The silver-stained samples
were [irst examined under the light microscope, and the selected
samples were further processed for EM observations using the
method previously deseribed (Zhao ct al. 1991).

Results
ldentification of nuclei at different stages of interphase

In order to identify the nuclei at early prophase, we first
studied the morphological features of interphase nuclei.
By using a combination of morphological characters
in the TEM and the technique of EM autoradiography,
other authors have heen able to identify the nuclei of
GI1-, S- and G2-phase in plant cells (Lafontaine and
Lord 1974; De la Torre et al. 1975; Nagl 1982). Similar
criteria were emploved in this study to distingnish cells
at different stages of interphase in A. cepg root tip meri-
stem. Figure 1A shows a typical G1 cell characterized
by the newly formed cell plate between the two daughier
cell nucler (arrow), The nuclei were elliptical with large
nucleoli. The condensed chromatin clumps were com-
pact and irregular in shape. An S-phase nucleus (Fig. 1B)
was bigger in size than the G-1 nuclei, and was more or
less irregular with some invaginations at the surface
(Fig. 1B, arrows). In addition, the chromatin clumps
looked less compact than in G1 nuclei. Granular and fil-
amentous cliromatin clumps were seen in scctions of nu-
clei, and thin chromatin fibres ol ca. 130 nm in diameter
arranged in a loose helical fashion could occasionally he
found (Fig. 1B, holiow arrows). Elecuron microscopic
autoradiography of [PH]thymidine-labelled cells demon-
strated the sites of active DNA synthesis in S nuclei. A
G2 nucleus was near spherical in shape and smooth at
the surface (Fig. 1C), and was remarkably bigger than
G1 nuclei. The condensed chromatin was beconung
dispersed showing a configuration of thick, compact
threads 250400 nm in diameter.
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Chromatin reovganization in G2 — prophase nuclei

The size of the nucleus continued to increase when the
cell entered prophase while the appearance of the nucleo-
lus remained unchanged (Fig. 2A, B). Fibrillar centres
(FC) and dense fibrillar components (DFC) were detected
in nucleoli. A striking feature of the early prophase nu-
clei was that the previously evenly distributed 250400
nm condensed chromatin threads had reorganized into
numerous morphological units composed of loose chro-
matin fibres, and these units represented the earliest
established outlines for the construction of mitotic chro-
mosomes (Fig. 2B, C, part of the chromosome outline is
indicated by bars). The diameters of these units were
1—1.2 um. The chromatin fibres that comprised the units
varied greatly in thickness, and as revealed in Fig. 2C,
roughly three classes of chromaiin fibres can be grouped
with thicknesses of 31+3.4 nm (arrowheads), 106+22.4
nm (hollow arrows) and 220424.0 nm (arrows), respec-
tively (Table 1). Since these chromatin fibres were appar-
ently thinner than G2 chromatin fibres, il seemed that the
process of chromatin re-organization in G2 — prophase
nuclei included the looscning of G2 chromatin threads, as
well as their regathering into chromosome units.

Condensaiion of prophase chromosomes

After chromatin reorganization the earlicst chromosome
outlines could be distinguished in nuclei, however, the
chromatin fibres were still loosely organized at this
stage. Chromosome condensation occurred when pro-
phase proceeded. Figure 3A shows a nucleus at the be-
ginning of condensafion, from which it can be seen that
the electron density of chromatin had apparently in-
creased. Each chromosome consisted of many con-
densed regions (hollow arrows) and chromatin threads of
around 100 nm connecting them (arrows). The con-
denscd regions were about 1-1.2 wm thick, made of two
classes of chromatin fibres of around 122%153 nm
(small arrowheads) and 244+19.5 nm (big arrowheads),
respectively (Table 1). The two nucleoli in Fig. 3A still
contained many FCs and DFCs. In nuclei at a later stage
(Fig. 3B) the area of condensed regions became bigger
and more compact, with diameters ranging from 1.2-1.5
wm. The connecting chromatin threads were 200-250 nm
thick, and the 100 nm fibres were hard to detect at this
time. The lengths of condensed regions also increased
remarkably (double hollow arrows) which was probably
a result of the merging of adjacent regions. At this stage,
electren transparent areas of variahle sizes could be scen
within the condensed chromosome regions, which we
termed the chromatin-free compartments (CFC) (Hao et
al. 1988; Xing and Hao 1989). Meanwhile, the number
of FCs and DFCs in nucleoli began to decrcase. The
cells in Fig. 3A and B were regarded as middle prophase
cells in order to distinguish them from the early pro-
phase cells shown in Fig. 2.

In late prophase cells (Fig. 4A), the number of FCs
and DFCs in nucleoli decreased further. The connecling
chromaiin threads between condensed regions were
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Fig. 1A—C. Electron micrographs of interphase (G1, § and G2)
oot tip ccls of Allium cepa prepared by a conventional
procedurc. A Two GT-phase cells. Note the newly formed cell
plate (salid arrow). The daughter nuclei are elliptical in shape
with large nucleoli. B An S-phase cell. The solid arrow indicates
the uneven surface of the nucleus. The condensed chromatin
clumps are less compact than those of the G1 nuclei, and many
granular and filamentous chromatin elements are detectable in
sections of the nucleus. The hoflow arrow indicates the 150 nm
chromatin threads arranged in a loose helical manner. C A G2-
phase cell. The nucleus is bigger than the GI pucleus, and is
smooth at the surface. The condensed chromatin in the form of
thick threads 250-400 nm in diameter can be seen. Bar represents
2um

sparsely detectable (arrow), and chromosomes were
formed by fusion of the condensed regions. The diame-
ter of the chromosomes was 1.25-1.5 Lm, and the con-
stituent chromatin fibres were 257+50.1 nm. In some
places the chromatin fibres ran roughly perpendicular to
the long axis of the chromosome (hollow arrow). At a la-
ter stage (Iig. 4B), the chromosomes condensed lurther
and the diameter of chromosomes increased to ca. 1.5
wm. The chromatin threads within the chromosomes
were basely detectable, except at some peripheral re-
gions where parallel 250-300 nm chromatin threads per-
pendicular to the long axis of the chromosome were oe-
casionally discernible.

Non-histone proteins in prophase chromosomes

Treatment of the squashed preparations of root tip cells
with 0.2 N H,50, followed by DNase digestion result-
ed in the successive in sitn depletion of histones and
DNA, giving rise to chromosome “ghosts” composed
mainly of NHPs, which can be visualized after silver
{AgNQO,) staining. These chromosome ghosts are use-
ful in studying the roles of non-histones in morphologi-
cal changes of prophasc chromosomes. Digestion of
silver-stained prophase chromosomes with trypsin re-
sulted in the disruption of the structures indicating that
they were composed of NHPs. Figure 5 shows histone-
and DNA-depleted, silver-stained preparations vicwed
in the TEM. Figure 5A is an early prophase nucleus
showing the 600 nm non-histone filaments in the chro-
moscmal scaffold at this early stage of chromosome
construction. These scaffold filaments seemed to be
made of two thinner filaments of 250 nm (arrowheads).
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Fig. 2A-C. Early prophase cells of A. cepa root tip meristern un- 220 nm in diameter. The Aollow arrows show chromatin threads
der transmission electron microscopy (TEM), showing the chro- of about 100 nm in diameter, and the arrowheads indicate (he
matin undergoing a reorganization process. The basic chromo- 25-30 nm chromatin fibres. N nucleolus. Bars in A and B repres-
some outlines are visible at some places {defined by the bars in B ent 2 Lm; bar in € represents 1 pum

and C). The solid arrows in C indicate chromatin threads of about



Fig. 3A, B. Transmission clectron micrographs of prophase cells. rowheads indicaie the 250 and 120 nm chromatin threads in con-

A The cell at the beginning of middle prophase. The electran den- densed regions, respectively. B The cell at the end of middle pro-
sity of chromatin has increased. The bar detines the outline of a phase. The condensed regions and the connecting threads are indi-
condensing chromosome region. The hollow arrows indicate the cated by the hollow and solid arrows, respectively. The double
condensed regions, and the sofid arrows show the chromatin hollow arrows show the place where the two adjacent condensed

threads connecting the condensed regions. The iarge and small ar- regions have fused. ¥, nucleolus. Bar represents 1 pum
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Fig. 4A, B. Transmission electron micrographs of laic prophasc be arranged perpendicular to the long axis of chromosome
cells. A Chromosomes formed by [usion of condensed regions. thollow arrow). The solid arrows in B indicate the parallel
Thick chromalin threads belween two regions can still occasional- 250-300 nm threads perpendicnlar to the chromosome. Bar repre-

1y be observed (selid arrow). Somc chromatin threads arc scen to sents 2 [im
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Table 1. Chromatin fibres constituting prophase chromosomes of

A. cepa

No.of nuclet  No. of chromatin - Diameter

observed fibres observed of chramatin [ibres

{nm, mcantSD))
Early 4 56 31+3.4
prophase 39 106+22.4
50 220+24.0

Middle 2 24 122£15.3
prophase 34 244419.5
Late 2 23 257+50.1
prophase

Figure 5B shows a middle prophase nucleus in which
the non-histone scaffold filaments were 0.7-1.0 um
thick. In some regions the filaments were scen to con-
sist of two thinner filaments (hollow arrows). Mean-
while, condensed regions of 1.5 um in diameter could
clearly be observed (arrows). Figure 5C represents a
late prophase nucleus showing further condensation of
non-histonc scaffolds which looked similar in appear-
ance to the chromosomes of the same stage. The scaf-
folds were also seen to comprise two halves at some
places; they may be equivalent to the non-histone scaf-
folds in the two chromatids. The silver-stained NHP
particles were densely packed in chromosomes. A care-
ful examination showed that these particles were ar-
rayed into either longitudinal or transverse filaments
(arrowheads).

Discussion

Morphological characteristics of
prophase chromatin reorganization and condensation

Observations were made on the process of construction
of chromosomes from chromatin during prophase. Some
workers have reported that in human and animal pro-
phase cells, the chromatin condenses into a series of ag-
gregates of chromatin, which later fuse to form a uni-
form cylindrical chromosome (Sorsa 1973; Golomb and
Batr 1974; Yunis and Bahe 1979; Mullinger and John-
son 1983; Sumner 1991). In this report, we describe [or

>

Fig, SA-C. Squashed preparations of root tip cells. The speci-
mens were treated with 0.2 N H,SQ, and DNase to remove hi-
stones and DNA In situ, before they were stained with AgNQO;
and viewed in the TEM. A shows an early prophase nucleus. The
600 nm non-histone scaffold filaments seem to be composed of
two 250 nm fibres {arrowheads). The solid arrows in B indicate
the non-histone proteins (NHP) in condensed regicons, and the hol-
low arrow shows the NHP filamentous structure which is also
made of two thinner fibres. C shows a late prophase nucleus, The
NHP of chromosomes has condensed further giving outlines simi-
lar o the morphology of chromosomes of the same stages. The
chromosomes scem fo comprise two halves (arrows) equivalent to
the NHP in the two chromatids. Arrowheads pinpaoint the silver-
stained NHP particles arranged in longitudinal and transverse fila-
ments. Bar represents 2 jim




the first time the process of chromatin reorganization
during G2 — early prophase. This process occurred prior
to chromosome condensation, and had two distinet fea-
tures. Firstly, during this stage, the 250-400 nm thick
chromatin threads began to decondense resulting in the
visualization of chromatin fibres of about 30, 100 and
220 nm. The second feature was thatl the chromatin un-
derwent a rearrangement to give the outline of chromo-
somes. It scemed that chromatin reorganization was the
earliest morphalogical event in chromosome construc-
tion and was followed by chromosome condensation.
The process of chromosome condensation in plant cells
described in this paper was similar to that of human and
animal cells previously reported by other investigators,
that is, the chromatin fibres first formed many con-
densed regions or aggregales of chromatin libres. As
prophase developed, both the condensed regions and
the connecting chromatin threads gradually increased in
size, and [used 1o form chromosomes at late prophase. 1t
appears that these features are common to eukaryotes.

Based on the observations in this study, we conclude
that the process ol chromosome construction in prophase
comprises two steps, i.e. the reorganization of chroma-
tin, and the condensation of chromosomes,

Relationship between NHP
and prophase chromatin reorganization

There is evidence that a scaffold or corc composed of
NHPs exists in chromosomes (Adolph et al. 1977, Paul-
son and Laemmli 1977, Laemmli et al. 1978; Howell
and Hsu 1979; Lewis and Laemmli 1982; Earnshaw and
Laemmli 1984; Zhao et al. 1991). Bekers et al. (1981)
have proposed that certain structural components of the
nuclear matrix may turn into chromosomal scaffolds
during prophase. Earnshaw and Laemmli (1983) postu-
lated that the condensation of prophase chromosomes
was mediated by the self-assembly of scaffold proteins.
More recently, Newport and Spann (1987) discovered
that inhibitors of Topo IT, which is a major component of
the chromosomal scaffold, depressed chromosome con-
densation, implying that Topo 11 may be involved in
chromosome condensation. Experiments of mutated
Topo 11 genes in a yeast strain also provided evidence for
the participation of Topo LI in chromosome condensation
(Uemura et al. 1987). NHPs are abundant in human and
mammalian chromosomes — the NHP content may he
three to four times as much as the DNA conient (see
Bostock and Sumner 1978). The chromosomal scaffold
proteins account for only a small portion of the total
chromosomal NHP, because most NHP is extracted dur-
ing sample preparation (Paulson and Laemmli 1977). So
far, the distribution and morphological characteristics of
NHPs in chromosomes are unclear and there has been no
report on the morphological changes of NHPs during the
construclion of prophase chromosomes.

Qur study revealed that the NHPs in early prophase
nuclei of A. cepa formed fibres that measured about
000 nm in diameter and comprised two thinner fibres
(each about 250 nm in diameter). This doubleness of
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NHY? fibres could also be found in the thicker, more con-
densed fibres in middle and late prophase nuclei (Fig. 5).
Thearetically a prophase chromosome or a metaphase
chromosome is composed of two chromatids. However,
the two chromatids are very difficult to distinguish at
prophase and they are usually discernible only at meta-
phase. To our surprise, NHP fibres in DNA- and histone-
depleted nuclei of early, middle and late prophase were
“doubled” fibres. This phenomenon is clearly noticeable
although its significance needs further investigation.

Furthermore, our observations indicated that the
configuration of chromatin in middle prophase nuclei
showed distincl, condensed regions which also appeared
in the configuration of NHPs of the same stage. The
NHP configuration at late prophasc is almost the same as
that ol late prophase chromosomes.

The results of our study make clear that during the
process of prophasc the configuration of the NHPs grad-
vally showed the morphology ol chromosomes. We sug-
gest, therefore, that the construction of prophase chro-
mosomcs may be related to dynamic changes in NHPs,
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