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ABSTRACT

The morphology of cell nuclei in callus obtained from root-tip meristems of Allium fistulosum L. (Monocotyle-
doneae, Alliaceae) was analysed. The most interesting phenomena observed in long-term callus culture were the
different mechanisms of cell polyploidization, enlargement of telomeric segments of heterochromatin, and exten-
sive chromatin elimination, associated with instability of nuclei size and DNA content.

Protruding heterochromatin ,,spikes” were observed on the surface of some di- and polyploid nuclei. The pre-
sence of these spikes was connected with the formation of small heterochromatic micronuclei frequently found in
the cytoplasm. It is suggested that these micronuclei are produced by direct elimination of heterochromatin from

the interphase nuclei.

Polyploid cells accumulated with each successive cell collection. The ploidy level attained by highly polyploid
cells was 15C-220C. The shape of the nuclei and heterochromatin distribution suggest that polyploid nuclei in A.
fistulosum tissue culture are produced by endoreduplication and by restitution cycles.

KEY WORDS: Allium, tissue culture, heterochromatin, elimination, telomere, polyploidization, mi-

cronuclei.

INTRODUCTION

Genetic alterations in calli can be examined in many ways.
Changes in chromosome number and nuclear DNA amount
are analysed more often than abnormalities in the structure
of chromosomes and interphase nuclei. Cytophotometry,
densitometry and chromosome counting have generally re-
vealed increased production of polyploid and aneuploid
cells in cultured plant tissues. In some long-cultured calli
almost all of the diploid cells are eliminated and replaced
by polyploid cells (Bayliss 1980; Golczyk 1994). It has be-
en suggested, however, that in some plant cultures opposite
mechanisms operate, which decrease chromosome number
and cell ploidy level (Nuti Ronchi 1991; Madej and Kuta
2001). Chromosome and DNA stability during in vitro cul-
ture is rather exceptionally observed, mainly in some non-
polysomatic plants, but even in such plants the chromoso-
mal stability is not permanent. For example, in callus of
monosomatic plant, Crepis capillaris the chromosomal sta-
bility is limited to about one year of culture and then poly-
ploid cells appear successively (Maluszynska 1997).

Here we report observations of nuclear morphology in
tissue culture of Allium fistulosum, with special reference
to heterochromatin amounts and distributions. In long-term

callus culture of this species a tendency to cell polyploidi-
zation and chromatin elimination was observed. Micronuc-
lei were detected in the cytoplasm of many di- and poly-
ploid cells and many nuclei exhibited peripheral structures
(Joachimiak et al. 1993) similar to the spikes found in
Dendrobium and Scilla (Nagl 1983; Deumling and Cler-
mont 1989).

MATERIAL AND METHODS

Seeds of Allium fistulosum cv. ‘Motokura’ were provided
by Dr. Akio Kojima (Tohoku University, Japan).

Callus obtained from root tips of germinating seedlings
served as the material for study. The methods of callus in-
duction and culture were the same as described previously
(Joachimiak et al. 1993, 1995). For cytogenetic analysis
the samples were collected and fixed in acetic alcohol (1:3)
every four months. Pieces of callus were rinsed and squa-
shes or spreads were made.

The relative amounts of nuclear DNA (in arbitrary units)
were estimated densitometrically. Preparations were Feul-
gen-stained with pararosaniline (Sigma) according to the
procedure described by Bennett et al. (1998). Standards for



12 NUCLEAR MORPHOLOGY IN TISSUE CULTURE

2C and 4C levels were obtained from telophases and pro-
phases from meristem root tips of A. fistulosum cv. ‘Moto-
kura’. The morphology of nuclei and chromosomes and the
heterochromatin and DNA amounts were analysed with the
Lucia G system (Laboratory Imaging Ltd.). Microscopic
images were transferred to the system via a videocamera.
In each of six collections about 3000 cells were screened to
establish the heterochromatin distribution and frequency of
micronuclei, and at least 1000 nuclei were analysed densi-
tometrically.

Cytological methods

The material was rinsed a few times in distilled water,
hydrolyzed in 1N HCI at 60°C for 11 min, and stained in
pararosaniline according to the Feulgen method (FM). For
C-banding (CB), pieces of callus were rinsed several times
in distilled water and squashes or spreads were made. Cell
squashes obtained by the dry-ice method or slides with cell
spreads (Geber and Schweizer, 1988) were kept in the open
air to dry for 1-7 days and stained by the method described
by Schwarzacher et al. (1980). The preparations were made
permanent and are kept in the Department of Plant Cytolo-
gy and Embryology, Jagiellonian University, Cracow.

Fluorescent staining was done using a 0.5% aequeous so-
lution of Acridine Orange (AO) or buffered (pH 7) 33258
Hoechst (H) solution (0.2 mg/ml) diluted from an aequeous
stock solution. Stained preparations were rinsed in tap wa-
ter (AO) or neutral phosphate buffer (H), dried in the open
air and sealed in 5 mM phosphate buffer (Na,HPO, +
NaH,PO,) with 1 mM EDTA, pH 7.

RESULTS

All 16 chromosomes of A. fistulosum have solid C-posi-
tive blocks at the telomeres (Fig. 1a). In the majority of C-
banded nuclei there were 16-20 large heterochromatic seg-
ments, corresponding in size to the large blocks in the
chromosomes (Fig. 1b). However, the number 32 of telo-
meric heterochromatin blocks in the diploid chromosome
complement was about twice the average number of large
blocks in the nuclei. The reduction of the number of telo-
meric segments may indicate telomere fusion during inter-
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phase, conditioned by the similar molecular structure of re-
petitive telomeric sequences or the spatial ordering of chro-
mosomes during interphase (Fussell 1984; Noguchi and
Fukui 1995). Such telomeric fusions have been observed in
cell nuclei of A. cepa (Fussell 1975, 1977; Barnes et al.
1985; Joachimiak 1987).

In the initial Allium fistulosum cultures, all the cell nuclei
were similar in shape and size to the nuclei of the meri-
stem. Their average surface area was about 100 pm?2, with
a minimum size of 61 mm? (telophase nuclei) and a maxi-
mum size of 224 pm? (early prophase nuclei). The obse-
rved metaphases at this stage all had a diploid (2n = 16)
chromosome number. In the second collection the average
size of nuclei slightly decreased (88 pm?), probably as a re-
sult of chromatin elimination from diploid nuclei. Indeed,
about 1.5% of the cells possessed 1-2 very small micronuc-
lei at this stage, and a small number of cells had larger mi-
cronuclei resulting from rarely observed mitotic elimina-
tion of intact chromosomes (Figs 2, 3). Additionally a ten-
dency to cell polyploidization was evidenced, and a few
metaphases with the tetraploid number of chromosomes
were observed. Some late-prophase nuclei reached over
1000 pm?2, which suggests that they represented higher plo-
idy levels. More large polyploid cells were observed at each
successive collection. After two years of culture, cells with
giant nuclei were observed in the callus (Fig. 4). The DNA
levels (determined densitometrically) attained by these lar-
ge cells were 15C-220C (Fig. 13). Some polyploid nuclei
were irregular in shape, indicative of mitotic disturbances
(Fig. 5). High-polyploid cells were not dispersed randomly
among di- and tetraploid cells, but accumulated in clearly
visible clusters (Fig. 5). Sporadically, some high-polyploid
cells may have entered and perhaps even completed mitosis,
as is suggested by the high-polyploid prophases and meta-
phases observed in the analysed material (Fig. 6).

The frequency of cells with micronuclei in further collec-
tions slowly increased and reached about 4%. In the majo-
rity of these cells, 1-2 micronuclei were observed, but in
some polyploid cells the number of micronuclei was higher
— up to 14. Differences in the sizes of micronuclei within
one cell were also seen.

In respect to heterochromatin distribution, two types of
highly polyploid nuclei occurred in C-banded material. In
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Fig. 1. C-banding in root-tips of Allium fistulosum; a — diploid chromosome complement, b — diploid nucleus. Bar = 10 pm.
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Figs 2-12. Allium fistulosum tissue culture, Fig. 2. Cell with micronuclei (H), Fig. 3. Chromosome elimination at anaphase (AO), Fig. 4. High-polyploid
(32C) nucleus (FM), Fig. 5. Cluster of cells with polyploid nuclei (FM), Fig. 6. High-polyploid metaphase plate (FM), Figs 7, 8. Polyploid nuclei with dif-
ferent numbers and sizes of heterochromatic segments (CB), Figs 9-11. Nuclei with heterochromatic spikes (CB), Fig. 12. Heterochromatic micronuclei
(CB). Bar = 20 pm.
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the first type (Fig. 7) many (up to 500) relatively small he-
terochromatin segments were scored, similar in size to the
telomeric bands of chromosomes and nuclei in the initial
cell collection. The second type of polyploid nuclei (Fig. 8)
exhibited a limited number of larger heterochromatin seg-
ments after C-banding. In the majority of cases the number
of these segments (i.e., the number of telomeric segments
in diploid nuclei) was 16-32. The distributions of hetero-
chromatin suggest that the two types of polyploid nuclei
observed in the callus are of different origin. The nuclei
with a large number of small heterochromatin segments
probably are produced by restitution, and the nuclei of the
second type by endopolyploidization.

The most interesting phenomenon in the analysed mate-
rial was the occurrence of clearly visible heterochromatin
spikes on the surface of some diploid and polyploid nuclei
(Figs 9-11). Small micronuclei appeared in the cytoplasm
of many cells after these spikes disappeared. These micro-
nuclei were often heterochromatic (Fig. 12) and probably
were produced by elimination of heterochromatic spikes
from the nuclei.

In mitotic chromosomes the heterochromatic termini were
not substantially shortened. Almost all altered and unaltered
chromosomes in the calli showed typical heterochromatin
blocks at the telomeres (Joachimiak et al. 1995). Thus, the
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elimination of heterochromatin from nuclei seems not to be
correlated with a corresponding quantitative elimination of
telomeric heterochromatin from chromosomes.

DISCUSSION

During in vitro culture, plant tissues undergo distinct
structural and functional changes. Some observed genetic
alterations probably have an adaptative value for cells and
tissues exposed to experimental conditions. However, the
function of particular agents in the induction of these alte-
rations in calli is not well recognized. In long-term in vitro
culture only particular cell lines well adapted to the experi-
mental conditions are selected and are capable of effective
reproduction. Such lines display more vitality and prolife-
rative efficiency than many others occurring in the original
explant or produced by various mutations.

After two years of culture the callus remains in a nonsta-
bilized state, and is composed of cells with different levels
of ploidy, but diploid and tetraploid cells are still represen-
ted in relatively high numbers. Some high-polyploid cells
may also reenter proliferation; thus, polyploid prophases
and metaphases were observed. As Nuti Ronchi (1991)
suggested, the reentry of the proliferating pool by high-po-
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Fig. 13. Allium fistulosum tissue culture — distribution of nuclear DNA content in 6 cell collections. Frequency of high-polyploid (more than 15C) nuclei in
each collection is presented in Tables I-VI (C — C-values, N — number of nuclei); NHP — number of detected high- polyploid nuclei, max — maximum nuc-

lear DNA content.
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lyploid cells may reduce ploidy levels and produce highly
heterogenous cell populations in cultures. Indeed, A. fistu-
losum cultures consist of cells with different DNA content
(Fig. 13), and nuclei sizes. The alterations in nuclear mor-
phology described here were accompanied by numerous ty-
pes of chromosome aberrations, among which the mega-
chromosomes were especially interesting (Joachimiak et al.
1993). The essential role of telomeric heterochromatin in
chromosome rearrangements and the mechanisms giving
rise to aberrant chromosome types in A. fistulosum were
described previously (Joachimiak et al. 1995).

Cell polyploidization in plant tissue culture has been de-
scribed in many experimental systems, but in the majority
of cases the observed ploidy levels are not very high (Bay-
liss 1980). The maximum nuclear DNA levels detected in
another Allium tissue culture were 16C-64C, but the frequ-
ency of these high-polyploid nuclei was rather low (Allium
sativum — Dolezel and Novak 1985). Similar to the high
ploidy levels observed here were those reported by Nagl
(1993) for cultured cells of Phaseolus coccineus treated
with K-252a, an inhibitor of protein kinase activity. The
treatment resulted in continuous reduplication cycles, and
some cell nuclei reached extremely high ploidy levels, up
to 2048C. As has been observed in Allium fistulosum,
even within one callus two different ways may be respon-
sible for cell polyploidization. Some cell nuclei undergo
endoreduplication; others reach polyploidy by restitution
cycles. The apparent lack of nuclei with a great number of
enlarged heterochromatin segments suggests that endore-
duplication is possible in tissue culture of A. fistulosum
only in cells that did not undergo inhibited divisions pre-
viously.

Heterochromatin elimination or accumulation are other
phenomena related to the nuclear changes observed in calli.
Heterochromatin elimination in Allium fistulosum was pro-
bably connected with the formation of heterochromatic spi-
kes on the surface of the nuclei, as in Dendrobium (Nagl
1983) and Scilla (Deumling and Clermont 1989). Such di-
rect heterochromatin elimination from cell nuclei, although
extremely rare in plants, is more frequently observed du-
ring ontogenesis of some animals (,,chromatin diminu-
tion”) (Tobler et al. 1972; Beermann 1977; Goday and
Pimpinelli 1986; Esteban et al. 1995; Kubota et al. 1997;
Goto et al. 1998). In this type of elimination, the relative
heterochromatin amount decreases in the karyotype of so-
me somatic cell lines (or in the vegetative macronucleus of
ciliates: Smothers et al. 1997). Preferential elimination of
chromatin into micronuclei was also observed in some
experiments with human cells, treated by chemicals indu-
cing undercondensation of heterochromatin (Tommerup
1984, Guttenbach and Schmid 1994).

The formed micronuclei must have been eliminated, as
their gradual accumulation during culture was not eviden-
ced. Since the elimination of heterochromatin was continu-
ously observed during culture, reduction of the heterochro-
matin amount in chromosomes and nuclei was expected.
The relatively low frequency of nuclei and chromosomes
with reduced amounts of heterochromatin (Joachimiak et
al. 1995) suggests at least two possibilities: (1) cells with
reduced amounts of heterochromatin are not efficient gro-
wers and cannot continously proliferate in culture, or (2)
heterochromatin elimination is balanced by heterochroma-
tin amplification. Observations of nuclei with extended C-
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positive segments (Fig. 11) probably composed of telome-
ric heterochromatin support the second possibility.

If the telomeric heterochromatin segments observed in
Allium fistulosum occupy the chromosome termini (in Al-
lium sect. Cepa characteristic telomeric plant repeats TT-
TAGGG are absent and are replaced by highly repetitive
heterochromatic sequences: Fuchs et al. 1995; Pich et al.
19964, b; Pich and Schubert 1998; Stevenson et al. 1999),
the observed alterations in telomeric heterochromatin may
be the result of damage to the mechanisms responsible for
limiting the growth of these sequences. The mechanism of
telomere elongation in A. fistulosum is not recognized, but
it has been suggested (Pich and Schubert 1998) that the re-
plication-mediated shortening of chromosome ends in this
species could be compensated by recombination or conver-
sion, as in dipteran insects (Biessmann and Mason 1997;
Mikhailovsky et al. 1999, for review).

The activation of the mechanism of heterochromatic ter-
mini elongation in Allium tissue culture is probably respon-
sible for ,,chromosome healing” (addition of new telomeric
heterochromatin to broken chromosome arms). In successi-
ve cell collections from the long-cultured A. fistulosum cal-
li the frequency of unusually short ,,minichromosomes” in-
creased (Joachimiak et al. 1995). The minichromosomes
are equipped with telomeric heterochromatin at the ends of
both arms; most probably these heterochromatic termini
were produced de novo by adding heterochromatin to the
short centric fragments produced frequently in culture by
chromosome breakage. Tsujimoto et al. (1997, 1999) found
similar healing of broken chromosome ends in vivo in
wheat.

The somaclonal variation arising from explants cultured
in vitro has found applications in plant breeding, and it is
suggested that under these conditions variant regenerated
plants occur at frequencies much higher than those obtai-
ned under more common mutagenic treatments (Karp
1991). From this point of view the mechanisms responsible
for heterochromatin variability in calli are of special inte-
rest, because of the role of this chromosome fraction in in-
ducing chromosome alterations (Joachimiak et al., 1995;
Fluminhan et al. 1996, for review), in its influence on the
embryogenic response (Fluminhan and Aguiar-Perecin
1998), and in affecting variation and agronomic traits in re-
generated plants (Kaltsikes and Bebeli 1992; Bebeli and
Kaltsikes 1994; Bebeli et al. 1993).
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MORFOLOGIA JADER, POLIPLOIDALNOSC I ELIMINACJA CHROMATYNY
W KULTURACH TKANKOWYCH ALLIUM FISTULOSUM L.

STRESZCZENIE

Analizowano morfologi¢ jader komérkowych w komérkach kalusa wyprowadzonego z merystemu korzenio-
wego Allium fistulosum L. Najbardziej interesujacymi zjawiskami stwierdzonymi w diugoterminowej hodowli
tego kalusa byty: r6zne mechanizmy poliploidyzacji komoérek, amplifikacja telomerycznej heterochromatyny, eli-
minacja chromatyny bezposrednio z jader komdérkowych i wysoka niestabilnos¢ jader komdrkowych, zaréwno
pod wzgledem wzglednej zawartoSci DNA jak i ksztattu.

W obrebie niektorych jader obserwowano wystajace heterochromatynowe ,,wyrostki”. Obecnos¢ tych struktur
miata zwigzek z eliminacja heterochromatyny i formowaniem mikrojader obserwowanych czesto w cytoplazmie
komorek kalusa.

Liczba poliploidalnych komérek wzrastata z wiekiem hodowli. Niektére z nich zawieraty jadra o wyjatkowo
wysokim stopniu ploidalnosci (15-220 n). Ksztatt poliploidalnych jader oraz liczba i dystrybucja segmentéw hete-
rochromatynowych w ich obrgbie sugeruja, ze powstaty one albo na drodze reduplikacji, albo restytucji.

SLOWA KLUCZOWE: Allium, kultura tkankowa, heterochromatyna, eliminacja, telomer, poliploidy-
zacja, mikrojadra.
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