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Summary. Mitotic dynamics and the kinetics of  mass in- 
duction of micronuclei after treatment of  Nicotiana 
plumbaginifolia cell suspensions with the spindle toxin 
amiprophos-methyl (APM) are reported. The addition 
of APM to suspension cells resulted in the accumulation 
of a large number of metaphases. The course of mitosis 
was strikingly different from normal. Metaphase chro- 
mosomes showed neither centromere division nor sepa- 
ration of chromatids. Single chromosomes and groups 
of 2 or more chromosomes were scattered over the cyto- 
plasm. After 5-6 h of  APM treatment, chromosomes de- 
condensed and formed micronuclei. When treatment 
duration was increased, the frequency of cells with 
micronuclei as well as those showing lobed micronuclei 
increased. Similarly, with an increase in APM concen- 
tration the frequency of cells with micronuclei in- 
creased. After removal of APM, chromosome grouping 
disappeared, cells showing lobed micronuclei further in- 
creased and mitoses with doubled chromosome num- 
bers appeared in the next cell division. Cytological ob- 
servations and DNA measurements revealed that sev- 
eral sub-diploid micronuclei containing 1 or a few chro- 
mosomes can be obtained, and that flow cytometry can 
detect and sort out these micronuclei. The applications 
of micronuclei for genetic manipulation of specific chro- 
mosomes and gene mapping are indicated. 
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Introduction 

Cellular manipulation of specific chromosomes and 
chromosomal segments in mammals has proven to be 

valuable in the study of the regulation of gene expres- 
sion, fine structural mapping of chromosomes, molecu- 
lar characterization and construction of genomic librar- 
ies (Me Bride and Peterson 1980; Davies etal. 1981; 
Lebo 1982; Fournier 1982). Many interspecific somatic 
cell hybrids eliminate, in time, chromosomes from one 
of the parents. This preferential chromosome loss has 
allowed the assignment of genes to particular chromo- 
somes (Kao 1983). However, long periods of culture and 
recloning are often necessary before an accurate as- 
signment can be made. A more direct approach to the 
production of cell lines possessing a limited amount of 
genetic material of  another species would be to intro- 
duce only a single donor chromosome into the recipient 
cells. Microcell hybridization is the only technique by 
which the transfer of  single, intact chromosomes has 
been achieved in mammals (Fournier 1982). Microcell 
hybridization is distinct conceptionally and operation- 
ally from traditional somatic hybridization, in that only 
a fraction of the donor genome is introduced into the re- 
cipient partner at the time of fusion. 

Ever since the discovery of the phenomenon that 
colchicine or colcemid can induce a high frequency of 
micronuclei in mammalian cell cultures, several investi- 
gators have isolated micronuclei by applying enuclea- 
tion procedures to micronucleate cells (Levan 1954; 
Phillips and Phillips 1969; Ege and Ringertz 1974; 
Fournier and Ruddle 1977; Ege et al. 1977; Sekiguchi 
etal. 1978). By subsequent fusion of microcells, i.e., 
micronuclei surrounded by a thin layer of cytoplasm 
and plasma membrane, with recipient partners, karyo- 
typically simple hybrid clones were constructed which 
contained only 1 or a few introduced donor chromo- 
somes (Fournier 1982). Since the transferred genetic 
material can often be identified using cytogenefic tests, 
microcells have been proven to be useful not only for 
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Fig. 1 a-l. Microphotographs on the sequence of mitotic events leading to the formation of micronuclei after treatment of cell sus- 
pensions of N. plumbaginifolia with APM, and recovery of cells after removal of APM. a Scattering of metaphase chromosomes 
("exploded metaphases"), b, e Groups of 2, 3 or more chromosomes (note single chromosomes), d Decondensation of single and 
grouped chromosomes, e, f Micronuclei in different phases, g-i Lobed micronuclei, j-!  Post C-mitotic ceils after removal of APM 
by washing and subsequent culture (note multipolar metaphases) 

gene mapping, but also for studying the chromosomal 
sites of  integration of  foreign D N A  (Fournier et al. 
1979; Smiley et al. 1978). Microcell fusion can be used 
to create panels o f  monochromosomal hybrids in which 
single, specific chromosomes are maintained by direct 
selective pressure (Fournier and Ruddle 1977; Fournier 
and Frelinger 1982). Microcell hybrid clones made up 
of  such a monochromosomal  hybrid panel have been 
shown to display simple, stable and homogeneous 
karyotypes. The genes complementing recessive, con- 

ditional-lethal mutations, or genes that confer dominant  
drug resistance phenotypes, have been mapped. 

Such a microcell system in plants has not become 
available because the mitotic arresting- and chromo- 
some-breaking agents induced micronuclei only rarely, 
at a frequency insufficient for fusion purposes (Levan 
1938, 1940, 1954; Hesemann and Fayed 1982; Marshall 
and Bianchi 1983; De Marco et al. 1986). 

Some chemicals, such as griseofulvin, which affects spin- 
dle, can cause segregation of chromosomes into irregular 
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groups resulting in micronuclei of varying size in cell suspen- 
sions ofMedicago sativa (Lo Schiavo et al. 1980); 4-epoxyethyl- 
1, 2-epoxy-cyclohexane (VCH-diepoxide) produces micronu- 
clei as a consequence of chromosome breakage in root-tip 
meristems of Vicia faba and A llium cepa (Nuti Ronchi et al. 
1986a, b). Moreover, the mass isolation of individual recta- 
phase chromosomes for sorting by flow cytometry, or transfer 
into recipient protoplasts, is greatly hindered by the stickiness 
of chromosomes that often occurs after treatment with spindle 
toxins (Malmberg and Griesbach 1980; Szabados et al. 1981; 
De Laat and Blaas 1984). Recently, we observed that an or- 
ganophosphorous herbicide amiprophos-methyl (APM) can 
cause scattering of metaphase chromosomes and induce 
micronuclei at high frequency in plant cells (Verhoeven et al. 
1986, 1987; De Laat et al. 1987). Amiprophos-methyl belongs 
to the class of phosphoric amide herbicides considered anti- 
microtubule drugs, because of the disappearance of microtu- 
bules after their application and the disruption of the microtu- 
bule-dependent process (Morejohn and Fosket 1984). It has 

been shown that APM directly poisons microtubule dynamics 
in plant cells. 

This article presents data  on the dynamic  changes o f  
chromosomes (condensat ion,  decondensat ion)  and the 
kinetics of  mass induct ion of  micronuclei  after APM 
treatment  of  cell suspensions of  Nicotiana plumbagini- 

folia. 

Materials and methods 

Genotype, cell culture and APM treatment 

Nicotiana plumbaginifolia cell suspensions resistant to kanamy- 
cine were derived from the "Doba" cell line, kindly supplied 
by Dr. R. Shields, Unilever Res. Lab., Colworth Home, Sham- 
brook, Bedford, UK. These cell suspensions were cultured in 
the dark at 28 ~ in "Doba" medium (Barfield et al. 1985) on a 
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gyratory shaker (120 rpm). For sustained division activity, sub- 
culturing was carried out at 3-day intervals. 

Amiprophos-methyl was obtained from Bayer Nederland 
B.V., Divisie Agrochemie, Arnhem, The Netherlands (trade 
name Tokunol M; O-methyl-O-O 4-methyl-6-nitrophenyl- 
N-isopropyl-phosphoro thioamidate) (Aya etal. 1975; Kier- 
mayer and Fedtke 1977). A stock solution of APM in DMSO 
(20 mg/ml) was prepared and the treatments at concentrations 
(in medium) ranging from 3.6 o.M to 36 ~tM were given to ac- 
tively growing log phase cell suspensions 1 day after subcultur- 
ing. 

Cytology 

The samples of control and APM-treated cell suspensions were 
fixed in ethanol/acetic acid (3 : 1 v/v) for 24 h and examined 
for mitotic division, chromosome behavior and micronucleus 
formation in Feulgen-stained preparations (Sree Ramulu et al. 
1985). The mitotic index was expressed as the percentage of 
nuclei undergoing mitosis among the total number of nuclei 
scored in a sample. The number of cells analysed per sample 
ranged from 600-1,000. Mitotic arrest and metaphase blocking 
observed after APM treatment were designated as C-mitosis 
and C-metaphase, respectively in accordance with the general 
terminology proposed by Levan (1954). For a description of 
various terms, i.e., "scattered or exploded metaphases, star 
metaphases and reductional grouping of chromosomes," 
reference is also made to Levan (1954). 

Flow cytometry 

For flow cytometric analysis of nuclei and micronuclei, cell 
samples were fixed for 24 h in buffer solution as described by 
Blumenthal et al. (1979) with some modification as adopted 
previously for potato cells (Sree Ramulu and Dijkhuis 1986). 
The cell suspensions were submerged in the buffer for some 
time, dried with blotting paper and chopped with a sharp razor 
blade in a petridish. Afterwards, 1.0-1.5 ml buffer solution 
(pH 7) was added. All these operations were carried out on ice. 
The cell materials were pressed by glass rod through an 88 ~xn 
nylon filter and then through a 15 Ixrn nylon filter, centrifuged 
for 1 min at 1,000rpm, pellet resuspended in 0.5 ml buffer, 
stained with 5 Itl ethidium bromide (5 mg/ml) and then 25 01 
Triton X-100 (20%) was added. The measurements of nuclear 
DNA content were made with a Fluorescence Activated Cell 
Sorter (FACS)-IV (Becton Dickinson, Sunnyvale, USA) equipped 
with a Spectra Physics argon ion laser, model no. 164-05, 
operated at 0.3 W/488 nm with a LP-620 filter in the emission 
beam. The DNA C-values corresponding to G1 and G2 nuclear 
phases of the cells were checked using control plants as report- 
ed previously (Sree Ramulu and Dijkhuis 1986). The contri- 
bution of cellular and nuclear debris in the flow histograms 
was removed by an interactive computer analysis (Van der Lin- 
den 1980). The micronuclei were sorted on the basis of fluores- 
cent intensity resulting from ethidium bromide staining. 

D NA cytophotometry 

Feulgen microdensitometry was used to determine the relative 
DNA content of the sorted fractions of micronuclei. The sam- 
ples were fixed in absolute alcohol/glacial acetic acid (3 : 1 v/v) 
for 24 h. Staining and slide preparations were carried out as re- 
ported earlier (Sree Ramulu et al. 1984). Hydrolysis of nuclei 
spread and dried on a millipore filter (membrane filter 
SCWP 02500), was carried out in 5 N HC1 at room temperature 
for 55 min; the nuclei were stained with Schiffs reagent. After 3 
washes in SO2 water for 5 min each, the slides were dehydrated 
and mounted in Canada balsam. Absorption values for the 

Feulgen-stained nuclei were measured with a Leitz MPV com- 
pact microscope photometer at the wave length of 548 nm, and 
scanned using a Hewlett Packard-85 computer. These values 
were transformed to C-values by using the DNA content of nu- 
clei isolated from leaf cells of control plants as a standard (Sree 
Ramulu et al. 1984). 

Results 

Mitotic arrest, chromosome grouping 
and micronucleation 

The cell suspensions of N. plumbaginifolia were treated 
with APM at concentrations ranging from 3.6 to 36 IxM 
in the medium for various periods. Characteristic modi- 
fications of mitosis were encountered from 1-2 h after 
initiation of APM treatment. The chromosomes lost 
their regular arrangement  on the spindle, and in some 
cells they gathered into a single group in the center of 
the cell. Ball metaphases with all chromosomes in the 
center of the cell were also observed. Several cells 
showed scattering of the chromosomes over the cyto- 
plasm (Fig. 1 a). In these scattered C-metaphases ("ex- 
ploded metaphases"), the chromosomes were arranged 
in characteristic groups of 2, 3 or more chromosomes 
("reductional grouping"), including separated single 
chromosomes (Fig. 1 b, c). In some cells, several groups 
of almost radially arranged chromosomes were found: 
within each group all chromosomes turned their cen- 
tromeres inwards towards one point; in a few cases all 
the chromosomes of one cell were arranged in a star- 
like shape. In other cells, chromosome groups were ar- 
ranged in a wide ring or in a line. Mitosis after APM 
treatment was devoid of anaphase; metaphase chromo- 
somes entered directly into restitution telophase without 
division of the centromeres and without separation of 
chromatids. In the scattered C-mitoses, the transition 
"metaphase-telophase" could be followed with all its 
characteristic changes. In some cases, single metaphase 
chromosomes decondensed, developing nuclear mem- 
brane and forming telophase-like micronuclei. In other 
cases, 2 or more chromosomes grouped together to form 
micronuclei (Fig. 1 d). Two examples of cells containing 
several micronuclei in different phases are presented in 
Figs. 1 e, f. 

With an increase in the concentration of APM from 
3.6 to 18 ~tM, there was an increase in mitotic index and 
in the frequency of cells showing chromosome groups 
and micronuclei (Fig. 2). As the duration of treatment 
increased, mitotic index dropped, but the percentage of 
cells with chromosome groups and micronuclei in- 
creased. 

Figure 3 presents more detailed data on the time 
course of the induction of micronuclei in relation to 
other mitotic events in cell suspensions treated with 
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Fig. 2. Mitotic index (MI) and the percentage of cells showing 
chromosome-groups and micronuclei after treatment with vari- 
ous concentrations of APM for different periods. The control 
suspension cells of N. plumbaginifolia showed no chromosome- 
groups or micronuclei (MI ranged from 1.5-5.0) 

36 ~tM APM. Up to 9 h, mitotic index, C-metaphases  
and cells showing chromosome groups increased with 
incubation time. Afterwards all these decreased,  except 
the C-metaphases,  the frequency of  which d ropped  only 
after 18 h. When the dura t ion  of  APM treatment  in- 
creased from 3 h to 26 h, the relative percentage o f  cells 
showing 6 - 9  chromosome groups increased, whereas 
those with 2 or 3 -5  chromosome groups decreased 
(Fig. 4). With a further increase in the incubat ion per iod 
(33-48 h), the cells containing 2 chromosome groups in- 
creased and those with > 9 groups disappeared.  

Each of  these groups contained a various number  o f  
chromosomes. The data  presented in Table 1 show that  
the relative percentage of  groups containing 1, 4 and 
> 4 chromosomes was higher  than those with 2 or 3 
chromosomes after t reatment  with APM for various 
periods. 

Micronuclei  were formed from about  5 -6  h and on- 
ward, and the frequency of  cells with micronuclei  
gradually increased with a corresponding decrease in 
mitotic index. The max imum frequency of  cells with 
micronuclei  was about  28% at 48 h after APM trea tment  
(36 IxM) (Fig. 3). With prolonged incubat ion o f  cells in 
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Fig. 3. Time course of induction of micronuclei in relation to 
other mitotic events after treatment of cell suspensions of 
N. plumbaginifolia with APM (36 t~M). In this, as in Fig. 7, 
C-Metaphases: Blocked metaphase cells with well-spread or 
partially clumped chromosomes arranged in "a single group"; 
Chromosome-groups: Metaphase cells showing separate groups 
of chromosomes; Micronuclei: Cells showing separate 
micronuclei; Fused nuclei: Cells with lobed micronuclei 

Table 1. Percentage of groups that contained various number 
of chromosomes after treatment of cell suspensions of N. plum- 
baginifolia with APM for various periods 

Duration of No. of Relative percentage of 
APM (36 ~tM) chromosome- groups showing various no. 
treatment groups of chromosomes 

analysed" No. of chromosomes per 
group 

1 2 3 4 and 
above 

3-9 h 139 (38) 50.6 2.0 3.7 43.7 
18 h 50 (10) 60.0 8.0 4.0 28.0 
26 h 113 (16) 69.1 4.4 5.3 21.2 
33-48 h 27 (5) 37.2 7.4 7.2 48.2 

The number of cells that showed chromosome-groups are 
given in parentheses 

the presence of  APM, under  certain condit ions > 70% of  
the cells showed micronucleat ion (data  not  given). 

The number  of  micronuclei  per  cell general ly var ied 
from 2-13.  In a few cells, > 20 micronuclei  were also 
observed. The propor t ion  o f  cells containing 2, or > 9 
micronuclei  decreased with an increase in the dura t ion 
of  APM treatment  (Fig. 5). On the other  hand,  the per-  
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Fig. 5. Relative percentage of multinucleate cells showing vari- 
ous numbers of micronuclei (i.e., number of micronuclei/ 
multinucleate cell) after treatment of cell suspensions of 
N. plumbaginifolia with APM (36 IxM) for various periods 
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tetraploid (4x=40), octoploid (8x=80) and higher 
ploid (16x = 160) cells after treatment of cell suspen- 
sions of N. plumbaginifolia with APM (36 ~tM) for 
various periods, after washing out APM and sub- 
culturing. Chromosome numbers generally varied 
by 2 for diploid (inclusive of hypodiploid) and 4 for 
tetraploid (inclusive of hypotetraploid) cells and > 5 
for octoploid or higher-ploid cells 
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centage of cells showing 3-5 micronuclei increased and 
those with 6-9 remained unchanged. 

Lobed nuclei resulting from fusion of two or more 
micronuclei were observed from 9 h onward (Fig. 1 g-i). 
When the duration of APM treatment increased, the 
proportion of cells showing lobed nuclei also increased 
(Fig. 3). 

Recovery after C-mitosis 

The control cell suspensions contained predominantly 
tetraploid cells and some diploid and octoploid cells 
(Fig. 6). The analysis of chromosome numbers after 
various periods of APM treatment (36 ~tM) revealed 
that the cells underwent one or more divisions with a 
consequent doubling or quadrupling of the chromo- 
some complement. The proportion of octoploid cells 
gradually increased with a corresponding decrease of 
diploid and tetraploid cells. When APM was removed 
by washing, the frequency of octoploid and higher ploid 
cells further increased. Thus, about 65% of the cells 
underwent doubling or quadrupling of the chromosome 
number (Fig. 6). It was further observed that after re- 
moving APM and subculturing for 50 h, chromosome 
grouping almost completely disappeared and C-meta- 
phases and cells with micronuclei gradually decreased 
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Fig. 8. Flow cytometric analysis of relative DNA contents of 
nuclei isolated from control and APM (36 ~tM: 22 h, 48 h) 
treated cell suspensions of N. plumbaginifolia 

(Fig. 7). In contrast, the frequency of cells showing 
lobed nuclei greatly increased. Mitotic index was simi- 
lar to that of the control. Several cells showed normal 
bipolar mitoses, and some multipolar mitoses. 
Figure l j - I  show some examples of multinucleate cells 
progressed into post C-mitotic stages. 
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sorted by flow cytometry. The position of 2C (G1) DNA con- 
tent of control nuclei isolated from leaves of diploid 
(2n = 2x = 20) plants of N. plumbaginifolia is indicated by arrow 

DNA content o f  micronuclei 

Flow cytometry was used not only to monitor mass in- 
duction of micronuclei after APM treatment, but also to 
sort and characterize micronuclei containing 1 or a few 
chromosomes. Figure 8 shows the flow DNA histograms 
of the control and APM (36 ~tM) treated cell suspen- 
sions. The control cell suspensions consisted of nuclei 
with 4C and 8C DNA contents. Chromosome counts in 
metaphases of control squash preparations revealed the 
presence of predominantly hypotetraploid to tetraploid 
cells (2n=4x--36-40) .  Therefore, the nuclei with 4C 
and 8C DNA values correspond to G1 and G2 nuclear 
phases of the hypotetraploid to tetraploid cells. 

After APM treatment, sub-diploid (< 2C) micronu- 
clei were produced, which increased in frequency with 
increased duration of APM treatment. In addition, the 
proportion of nuclei showing 8C DNA content also in- 
creased, and nuclei containing 16C DNA content ap- 
peared, due to chromosome doubling of cells (Fig. 8; 
APM 48 h). Figure 9 gives data on Feulgen micro- 
densitometric measurements of DNA contents of the 
two fractions (fraction-a and -b) of sub-diploid 
micronuclei sorted by flow cytometry. Eighty micronu- 
clei each from fraction-a and -b were individually mea- 
sured for DNA content and compared with 80 control 
nuclei isolated from leaves of  diploid (2n=2x=20)  
N. plumbaginifolia plant. The results suggest that the 
smaller micronuclei (fraction-b) contain 1-2 chromo- 
somes, as can be seen from the position of the peak rela- 
tive to the 2C value, i.e., G1 nuclei of the diploid control 

plant. Fraction-a showed a broader distribution of 
micronuclei with a peak around 2-4  chromosomes. 

Discussion 

The results obtained in the present study show that 
APM is a highly efficient mitotic arresting agent which 
leads to the accumulation of a large number of meta- 
phases and to the formation of high frequency of 
micronuclei. So far, mass induction of micronuclei 
by spindle toxins or chromosome-breaking agents 
has not been reported in plant cells. Amiprophos- 
methyl has been discovered as early as 1975 (Aya 
et al. 1975). Since then, this phosphoric amide herbicide 
has been investigated in several experiments in vitro 
and in vivo dealing with physiological or biochemical 
aspects and on microtubule polymerization (Morejohn 
and Fosket 1984), but not on the induction of micronu- 
clei. 

When compared with colchicine-blocked metaphase 
cells, which mainly showed chromosome clumping, 
APM treatment resulted in well-scattered chromosomes, 
allowing the isolation of single chromosomes (Ver- 
hoeven et al. 1987). The isolation of a large number of 
individual metaphase chromosomes is of considerable 
importance for genetic manipulation of specific chro- 
mosomes by means of flow cytometric sorting, karyo- 
typing and genome cloning (Me Bride and Peterson 
1980; Davies et al. 1981; Lebo 1982). 

Strikingly, the course of mitosis after APM treatment 
was different from that of normal mitosis or C-mitosis 
induced by colchicine in most plants. In normal mitosis, 
the daughter chromosomes separate during anaphase 
and become surrounded by nuclear membranes, either 
initially as a group or as single chromosomes. This is 
followed by decondensation of the chromosomes to 
form the interphase nuclei. Colchicine inactivates the 
spindle leading to disturbed chromatid distribution in 
anaphase, delayed centromere division and the forma- 
tion of restitution nuclei (Levan 1954). 

In contrast, after APM t rea tment  two additional 
features were observed. First, the chromosomes showed 
no centromere division or chromatid separation. Sec- 
ond, single chromosomes as well as grouped chromo- 
somes remained scattered and decondensed, developed 
nuclear membranes and formed micronuclei. These 
features occurred irrespective of the APM concentration 
or the plant species (Sree Ramulu et al., unpublished re- 
sults). The change of metaphase chromosomes into 
micronuclei after APM treatment was accompanied by 
structural and functional changes in chromosomes re- 
sembling the progression of a telophase nucleus in the 
normal cell cycle. This process has been previously re- 
ported in mammalian cells treated with colchicine or 
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colcemid (Levan 1954; Obara et al. 1974), but is rare in 
plants (Levan 1954). 

In cell suspensions of  Medicago sativa griseofulvin 
affects spindle, induces metaphase arrest and poly- 
ploidization. After separation of  the chromatids (during 
the recovery period), chromosomes segregate into ir- 
regular groups resulting in micronuclei of  varying size 
(Lo Schiavo et al. 1980). The occurrence o f  spontaneous 
spindle abnormalities in a cell suspension line o f  Dau- 
cus carota also seems to result in metaphase arrest, 
chromosome scattering and multinucleate condition 
(Nuti Ronchi, personal communication). 

In colcemid treated Chinese hamster cells, lowering 
of  Ca 2§ promoted "telophasing", i.e., the formation of  
the nuclear membrane around the chromosomes and 
increased frequency of  micronuclei (Matsui et al. 1982). 
Several studies emphasize the importance of  cellular 
Ca 2 + in cell cycle progression, spindle functioning and 
in the reformation of  nuclear membrane.  From previous 
investigations on the effects o f  APM, it is known that 
the chemical can deregulate Ca 2§ level and can inhibit 
Ca 2 + uptake by mitochondria, the function of  which is 
important for maintaining a normal spatial relationship 
of  the nuclear membrane to the chromatin (for review, 
see Matsui et al. 1982). Therefore, it is likely that the ef- 
fects of  APM on cellular Ca 2§ play a role in the forma- 
tion of  micronuclei. 

Recovery of  cells from the "APM-metaphase block" 
can be seen as concentration decreases below the C-mi- 
totic threshold with prolonged incubation. After wash- 
ing out APM and subculturing, recovery was more pro- 
nounced. Many multinucleate cells showed lobed 
micronuclei. The lobed condition might be due to in- 
complete separation o f  chromosome groups, i.e., groups 
which were not aggregated together at the time of  nu- 
clear membrane formation or when passing into the 
resting stage. Alternatively, it is also possible that two or 
more micronuclei fuse together to form lobed nuclei. 
Light microscopic observations suggest that lobed nu- 
clei often result from nuclear fusion. Previously, some 
authors working on the induction o f  micronuclei by 
colcemid in mammalian  cells have reported fusion 
and vital functioning of  micronuclei, and contin- 
ued proliferation of  micronucleate cells (Brues and 
Jackson 1937; Klein etal.  1952; Levan 1954; Stub- 
blefield 1964; Phillips and Phillips 1969; Ege etal .  
1977). As the cells did not undergo centromere division, 
chromatid separation or anaphase movement  in the 
present study, the chromosome number  doubled in the 
next cell division and they continued to grow normally. 

Cytological observations and DNA measurements 
showed that several subdiploid micronuclei containing 
1 or a few chromosomes can be obtained after APM 
treatment. These micronuclei can be detected and sort- 
ed in extremely large numbers by flow cytometry. This 

opens the way to fusion and generation of  microcell 
hybrids suitable for genetic manipulation o f  specific 
chromosomes and gene mapping in plants. 
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