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STELLINGEN

1
Het feit dat het karyotype van een cybride niet te onderscheiden is van de kerndonor sluit
de aanwezigheid van delen van het nucleaire genoom van de organeldonor niet uit.
(Ichikawa et al., 1987) Theor. Appi. Genet. 74: 746-752.

2
Yoor detectie van donor DNA in de recipient na asymmetrische fusie van bestraalde donor-
protoplasien met onbestraalde acceptor-protoplasten verdient in-situ hybridisatie met
soortspecificke, repeterende probes de voorkeur boven dot-blot hybridisaties.
(Imamura et al., 1987) Theor. Appl. Genet. 74: 445-450.

3
Oryzaline is de metafase remmer bij uitstek voor het isoleren van metafase chromosomen
uit plantecellen, (Dit proefschrift).

4
Om het chromosoom aantal van planten te verdubbelen, kan beter van oryzaline gebruik
gemaakt worden dan van colchicine. (Dit proefschrift).

5
De door Hertel waargenomen effecten van oryzaline en trifluralin worden verkeerd
geinterpreteerd.
(Herte!l et al., 1981) FEBS Letters 127: 37-39.

6
Intacte organellen kunnen rechtstreeks vanuit een donor-cel of -protoplast naar een
recipiénte plantecel worden overgedragen via microinjectie. (Dit proefschrift).

7
De specifieke drie-dimensionale organisatie van chromosomen in de interfase kern van
verschillende neurale celtypen is een aanwijzing voor een algemeen regulerende functie
van de drie-dimensionale structuur bij de genexpressie.

{Manuetidis and Borden, 1988) Chromosoma 96; 397-410,

3
Het veelvuldig voorkomen van soortspecificke, repeterende DNA sequenties, wijst op een
belangrijke functie van deze sequenties bij de soortbepaling.

9
Het feit dat de nog niet uitgestorven diepzee Coelacanth Latimeria chalumnae zijn
kwastvinnen niet gebruikt om te lopen, is van ondergeschikt belang in de diskussie over een
mogelijke verwantschap van kwastvinnigen met land-vertebraten.
(Forey, 1988) Nature 336: 727-732,
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10
De meest waardevolle DNA-sequenties in genetisch gemanipuleerde planten zullen
voorlopig de "copyright-sequenties” zijn, die gebruikt zullen gaan worden om genenpiraterij
tegen te gaan door genetisch gemanipuleerde planten te beschermen tegen illegaal
kopiéren,

1
Introductie van met microprocessors uitgeruste meetapparatuur, waarvan de basis
principes en de toegepaste gegevensverwerking niet bekend zijn bij de gebruikers, verhoogt
het risiko op "Desk-top Research", waarbij de resultaten op onverantwoorde wijze verwerkt
worden,

12
Het geringe succes van "Artificial Intelligence” is vaak te wijten aan onderschatting van de
eigen intelligentie door de (potentiéle) gebruiker,

13
Het feit dat de meeste sportieve auto’s zijn voorzien van opklapbare koplampen, wekt ten
onrechte de indruk dat de wetten van de aérodynamica in het donker niet gelden.

14
De succesvolle introductie van de vele "light food" artikelen is een onverteerbare zaak in
een wereld, waar minstens 75% van de bevolking honger lijdt.

Stellingen, behorende bij het proefschrift " Induction and characterization of micronuclei
in plant cells: perspectives for micronucleus-mediated chromosome trz!nsfer", .
door Harrie A. Verhoeven. Wageningen, 13 juni 1989




The cover shows a three dimensional reconstruction of a micronucleated suspension cell
of N.plumbaginifolia, visualized by confocal laser scanning microscopy after vital staining
with Acridin Orange.

The investigations were partly supported by funds from the CEC "Biotechnology Action
Programme”, contract BAP 0083-N1.



Contents

Voorwoord
Chapter 1: General Introduction
Chapter 2: Efficient induction by amiprophos-methyl and flow-cytometric
sorting of micronuclei in Nicotiana plumbaginifolia.
Planta (1987) 172: 473-478.
Chapter 3: Mitotic dynamics of micronuclei induced by amiprophos-methyl
and prospects for chromosome-mediated gene transfer in plants.
Theor. Appl. Genet. (1988) 75: 575-584.
Chapter 4: Comparison of the effects of various spindle toxins on metaphase
arrest and on formation of micronuclei in cell suspension cultures of Nicotiana
plumbaginifolia
Chapter 5: Improved accumulation of mitotic and micronucleated suspension
cells of Nicotiana plumbaginifolia by amiprophos-methyl after pretreatment
with DNA-synthesis inhibitors.

Chapter 6: Isolation and characterization of microprotoplasts from
APM-treated suspension cells of Nicotiana plumbaginifolia.

Chapter 7: Direct cell to cell transfer of organelles by microinjection:
methodology and first results.

Chapter 8: Summary and conlusions
Samenvatting

Curriculum vitae

15

27

45

61

79

93
105
113
117



VOORWOORD

Voor U ligt het tastbare resultaat van ruim vier jaar onderzoek, waaraan talloze mensen
eenbijdrage geleverd hebben. Dit is dan ook de geschikte plaats om iedereen te bedanken,
die op enige wijze betrokken is geweest bij dit onderzoek. Zonder iemand te kort te willen
doen, wil ik hier een aantal personen met name noemen, die van bijzondere betekenis zijn
geweest,

Allereerst mijn ouders, voor de mogelijkheden die zij geboden hebben om te gaanstuderen.

Mijn vriendin Jenny, en haar ouders, die geen moment getwijfeld hebben aan het welslagen
van deze onderneming.

Dr. Ir. Ad de Laat, die mij de schone kunsten van het chromosoom onderzoek heeft
bijgebracht.

Dr. Lous van Vloten-Doting, die met haar niet aflatende belangstelling een essentiele
bijdrage heeft geleverd bij het afronden van dit onderzoek.

Dr. Willem Stickema, voor het stimuleren en in het rechte spoor houden van mijn
experimenten,

Jan Blaas, die met zijn onmetelijke geduld de meest onwaarschijnlijke microinjectie
experimenten tot een goed einde wist te brengen,

Dr. Kamisetti Sree Ramulu, voor aile bijdragen op het gebied van de cytologie.

Paul Dijkhuis, voor zijn onverstoorbare hulp bij het eindeloze tellen van de talloze
cytologische preparaten.

Dr. Ir. Henry van der Valk, voor de zeer plezierige samenwerking bij onze gezamelijke
experimenten.

Yvonne Néllen, die altijd klaar stond om the zorgen dat er enorme hoeveelheden cellenen
media beschikbaar waren.

Wil ten Broeke en Henk Elbers, voor hun bijdrage op het gebied van de flowcytometrie.
Alle niet met name genoemde medewerkers van het Ital, en uiteraard speciaal de
medewerkers van project 125, die allen wel op één of andere wijze een steentje bijgedragen
hebben.

Speciale dank ben ik verder nog verschuldigd aan Drs. Wilbert Bouts en Marjo Bouts, voor
alle steun en hulp bij het tot stand komen van dit boekje.



Als laatste wil ik besluiten met het danken van mijn beide promotoren, Prof. Dr. Bram de
Groot, en Prof. Dr. Ab van Kammen, die mij telkens weer aan het werk wisten te krijgen
met hun terechte kritische opmerkingen.

Maart 1989,




CHAPTER 1

GENERAL INTRODUCTION



CHAPTER 1

GENERAL INTRODUCTION

QOutline

The aim of this study is to investigate the induction, characterization, isolation, and transfer
of micronuclei in plant cells and to evaluate the possible application of micronuclei and
microprotoplasts for transfer of chromosomes.

Chapter one is an overview of the current knowledge on organelle transfer in both
mammalian and plant cells,

Chapter two deals with the induction and characterization of micronuclei in plant cell
suspension cultures by the herbicide amiprophos-methyt (APM).

The effects of APM on mitotic divisions of several sources of plant material, and their effects
on chromosome numbers and cellutar DNA content are presented in chapier three.

To obtain more information on the mechanism which is involved in the formation of
micronuclei, the effects of various spindle toxins on metaphase arrest and micronucleus
formation are compared (chapter four).

The influence of cell cycle manipulation by DNA-synthesis inhibition on the mitotic index
and the formation of micronuclei is the subject of chapter five.

Chapter six describes the isolation and characterization of microprotoplasts from
micronucleated suspension cells.

The possibilities for organelle transfer by microinjection are presented in chapter seven.

The results and conclusions are summarized in chapter eight.



PARTIAL GENOME TRANSFER

Introduction

In this chapter an overview is given of the
current state of both animal and plant cell
biology with respect to partial genome
transfer. The aim of this study is the
development of methods for partial genome
transfer in plants by other means than
transfer of cloned genes. The application of
molecular techniques for the isolation,
cloning and transfer of identified single
genes is not considered within the scope of
this thesis.

Partial genome transfer can be
accomplished by somatic cell hybridization,
by microcell-mediated chromosome
transfer, by chromosome-mediated gene
transfer and by DNA-mediated gene
transfer. The complexity of the genetic
information is an important factor in
deciding which transfer system will be used.
In somatic hybridization and
microcell-mediated chromosome transfer,
where isolated protoplasts (plant cells from
which the cell wall has been removed by
enzymatic digestion of the celluloses and
pectins) with intact plasmamembranes
function as carrier, fusion will be applied.
For transfer of chromosomes or DNA
fragments, microinjection, chemically
induced uptake, or electroporation can be
used. In this overview, the differences
between the carrier-systems of genetic
information will be discussed, along with the
techniques available for achieving transfer.

Somatic cell hybridization.

By somatic hybridization, induced either by
chemical treatments, or by electrofusion,
two complete genomes, including the
cytoplasmic organeiles, are joined in the
fusion product. The chromosome number of
the resulting somatic hybrid will be the sum
of the chromosome numbers of the two
parent cells, and the organelles from both
parents will be present, During the first
divisions of the fusion product, the
compaosition of the cells with regard to
chromosome compaosition, mitochondria
and eventually plastids will be determined,
and remain stable for the next cell
generations. In some cases, when the two
genomes are closely related, the original
fusion product can persist with minor
changes, as is the case in Solanum tuberosum
(+) Solanum phureja fusions (Pijnacker et
al., 1989), Selanum brevidens (+)
S.tuberosum fusions (Austin et al.,, 1985).
The plants, regenerated from these fusion
products, were fertile, notwithstanding the
fact that in several fusion products, one
chromosome {e.g. chromosome 2 from
S.phureja, carrying the NOR region) was
eliminated. When the two species are more
distantly related, unilateral elimination will
occur. In this case the chromosomes from
one of the fusion partners will be eliminated
preferentially (the "segregant” set), whereas
the chromosomes from the other partner
will all be retained (the "retained" set,
Graves, 1984), as is the case with the human
chromosomes in somatic rodent-man
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fusions (Weiss and Green, 1967, Ruddle and
Creagan, 1975). In the case of fusions
between S.tuberosum (+) Nicotiana
plumbaginifolia, no preferential loss of
chromosomes from either species was
observed in regenerated plants (de Vries,
1987). Although the mechanism of
chromosome elimination is still obscure, a
correlation with the direction of
chromosome elimination and the ploidy
level of the partner genomes was found in a
series of mouse-hamster hybrids. Only when
the ratio of the mouse:hamster genomes was
below i, the hamster chromosome set could
be retained completely, and the mouse
chromosomes were eliminated (Graves,
1984). A similar observation has been made
recently with somatic hybrids between
diploid N.plumbaginifolia and dihaploid
S.tuberosum (Gilissen et al., 1989). Two
types of hybrids were found, one with excess
N.plumbaginifolia chromosomes and with an
incomplete set of potato chromosomes; and
the other type with excess S.tuberosum

chromosomes and few N.plumbaginifolia
chromosomes (Fig. 1).

Recent cytological work on the sexual
hybrids between Hordeum vulgare and Zea
mays has shown, that there is a preferential
spatial arrangement of two incompatible
genomes, which predicts which of the two
genomes will be eliminated (Bennett, 1987;
1988). The genes on the chromosomes in the
periphery of the interphase nucleus are
expressed, but they appear to be more
sensitive to chromosome elimination.
Species specific chromosome arrangement
is also observed in somatic hybrids between
Atropa belladonna and Nicotiana chinensis
(Gleba et al., 1983), and could be eliminated
only by repeated treatments with colchicine.
In this case, no correlation was noted
between chromosome orientation and
unidirectional chromosome elimination. A
similar phenomenocn is observed in
Hordeum X Secale hybrids
{Schwarzacher-Robinson et al., 1987). A



genetically controlled spatial relationship
appears to exist between the centromeres in
normal metaphase plates (Heslop-Harrison
and Bennett, 1983).

Chromosome elimination of one of the
partners can be directed and stimulated by
gamma-irradiation. In this way, the
chromosomes of the donor will be
fragmented, and according to cytological
observations, only fragments with functional
centromeres are maintained stably during
mitosis, while all other fragments appear to
be lost. In most cases, only a few additional
fragments and even intact-looking
chromosomes were observed in the fusion
product (Bates, 1987; Gleba et al., 1988).
Alternatively, fragments from the irradiated
genome incorporate into the recipient
genome as has been demonstrated by
hybridizarion with species-specific highly
repetitive DNA-probes (Imamura et al.,
1987, Piastuch and Bates, 1988).

The karyotypical analysis of the obtained
hybrids is complicated, and often
impossible, due to chromosome
eliminations, rearrangements, deletions and
insertions. It has been shown by in-situ
hybridization with species-specific, highly
repetitive DNA-probes, combined with
fluorescent labelling, that large
chromosome fragments of the heavily
irradiated N.plumbaginifolia donor have
been integrated into the N.tabacum
acceptor genome {(Piastuch and Bates,
1988). In this case, the metaphase plate did
1ot show any significant aberrations in the
karyotype of N.tabacum.

Beside the nuclear genes, also transfer of
cytoplasmic organelles is accomplished by
somatic hybridization (reviewed in Galun
and Aviv, 1986). Organelles from the two
parents are sorted out in most fusion
products during the first divisions after
fusion, and chimaeric tissues will be
obtained (reviewed in Fluhr, 1983).
Although recombination between the two
parental mitochondria has been proposed as

an explanation of the occurrence of new
RFLP bands in some recovered fusion
products (Chetrit et al., 198%), recent work
has demonstrated that interspecific
mitochondrial recombination is a rare event
{Kemble, 1988). A possible explanation for
the new bands in the mitochondrial RFLP
patterns is recombination within the
mitochondrial circular genome. This is
facilitated by the large numbers of copies of
the genome present in one mitochondrion
(Morgan and Maliga, 1987). Mitochendrial
recombination is also observed after
prolonged in-vitro culture (Shirzadegan et
al., 1989). Transfer of spontaneously
occurring mitochondrial plasmids is
proposed as an alternative, explaining the
new RFLP bands (Kemble, 1988).

For chloroplasts, sorting out is observed in
most cases after somatic hybridization. In
some rare cases, both parental chloroplasts
coexist for a longer time, giving rise to
mosaic chimaeric tissues when they sort out
at a later time (Fluhr et al., 1983; reviewed
in Fluhr, 1983). The occurrence of such
mosaics in sexnal crossings of Oenothera
indicates that two different chloroplasts can
persist during many divisions, Alternatively,
transfer of Chlamydomonas chloroplasts
into Daucus protoplasts by fusion (Fowke et
al., 1979) has shown that in case of excessive
incompatibility between organelles and
nuclear genes, the introduced chloroplasts
degenerate.

Specific transfer of organelles can be
obtained by heavy irradiation of the donor
species, resulting in a complete
fragmentation of the nuclear genome, while
only introducing a relatively small number of
fragmented organellar genomes (Menczel et
al.,, 1982; Menczel, 1984). Although this
procedure seems to be a straighforward way
for organelle transfer, and is widely used as
such (Aviv et al.,, 1980; Sidorov et al., 1981;
Aviv et al,, 1984; Aviv and Galun, 1986;
Glimelius and Bonnett, 1986; Ichikawa et al.,
1987; Barsby et al,, 1987, Menczel et al,
1987), it has the disadvantage of introducing
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Fig. 2. Schematic diagram,
showing the basic steps in
microcell fusion
expetiments. Chromosomes
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spindle toxin (APM in this
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Multinucleate protoplasts
are isolated from the treated
suspension cells, and they are
subjected to centrifugation in
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cytochalasin-B, and
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Subprotoplasts containing
micronuclei are isolated, and
fused to  recipient
protoplasts. The
microprotoplast hybrids are
selected and regencrated.
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nuclear fragments as well (see discussion
earlier in this chapter). The use of cytoplasts,
which are enucleated cells or protoplasts, as
organelle donor avoids this risk (Wallin et
al, 1979; Lorz et al, 1981; Maliga et al,,
1982). However, cytoplast preparations are
often contaminated with miniprotoplasts
(evacuolated protoplasts), introducing the
need for selection of the desired fusion
products afterwards.

Microcell hybrid

Microcell-mediated chromosome transfer.

The number of transferred chromosomes
can be limited by using microcells as donor
in fusion experiments (Fig. 2). Microcells
are prepared by prolonged exposure to
metaphase inhibitors, such as colchicine or
Colchemid, or by treating mitotic cells with
cytochalasin-B (Fournier, 1981). The



metaphase chromosomes become scattered
throughout the cell, and decondensate
individually or in small groups. A nuclear
envelope is formed around the
decondensating chromosomes, resulting
into micronuclei, with varying numbers of
chromosomes per nucleus. By
centrifugation of micronucleated cells,
microcells can be isolated, with interphase
micronucle! containing a subset of the
chromosomes. By fusion with recipient cells,
karyologically simple hybrids can be
constructed, in which the donor
chomosomes are maintained mitotically
stable (Lugo and Fournier, 1986). When a
suitable recipient is used, with a deficiency,
which can be complemented by a gene,
located on the desired donor chromosome,
gene mapping becomes possible. In this way,
considerable progress has been made in the
localization of genes on human
chromosomes by fusion with rodent
recipient lines (Dhar et al., 1984; Saxon et
al., 1985; Lugo and Fournier, 1986} .

Sofar, no such system was available for plant
cells, due to the lack of micronuclei-inducing
agents, since both colchicine and Colchemid
did not induce a significant number of
micronuclei in plant cells.

Chromosome-mediated gene transfer
(CMGT).

When isolated metaphase chromosomes are
transferred to a recipient cell by chemically
induced uptake, fragments of the
chromosomes become incorporated into the
recipient genome (Klobuicher and Ruddle,
1981). In this way, chromosome-specific
inserts can be obtained, which still show a
more or less syntenic arrangement, i.e.
linked genes are found in a linked position
in most of the inserts. This opens up the
opportunity to select for transformants,
expressing a complemented deficiency, in
which also linked genes are present. By this
procedure, non-selectable properties could

be mapped onto specific chromosomes (de
Jonge et al., 1985; Sukoyan et al., 1984). The
disadvantage of this approach lies in the fact
that linkage is not necessarily preserved
during chromosome fragmentation and
incorporation. In the case, where two
independent fragments are cointegrated, a
misleading linkage will be the result,
whereas In case of intra-fragmental
deletions, linkage will not be detected at all.
Nevertheless, CMGT has advanced the
mapping of the human genome
considerably, especially in those cases where
important genes were localized in the
immediate vicinity of selectable genes
(Klobutcher and Ruddle, 1981; Sukovan et
al.,, 1984; de Jonge et al., 1985; Porteous,
1987). Even though this technique has
proved to be of great value for gene mapping
in animal cell lines, it has been almost
neglected in somatic plant genetics. Sofar,
few cases have been reported, in which
isolated metaphase chromosomes have been
used as donor material {Griesbach et al.,
1982; Griesbach, 1987; de Laat and Blaas,
1987, Dudits, 1988). In the first case, lily
chromosomes were introduced into
recipient protoplasts by PEG-induced
uptake, without any selectable marker, and
divisions were never observed. Both
Griesbach and De Laat employed
microinjection as means to introduce the
donor chromosomes into the recipient cells.
Only Griesbach reported on the resulting
putative hybrid lines obtained in this way,
and showed that although no cytological
evidence for the successfull transfer could be
obtained, the hybrids expressed genes of the
flavonoid biosynthesis pathway, not
previously present in the recipient cells of
Petunia hybrida. Dudits reported on the
transfer of isolated chromosomes from a
metothrexate resistant carrot cell line into
protoplasts of Triticum monococcum, which
transterred the resistance, but no carrot
chromosomes could be retrieved in most
metothrexate resistant colonies, except for
one colony, which contained one additional
carrot chromoscme.
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Abstract

Amiprophos-methyl (APM) is a potential
herbicide which acts at the level of
microtubules, By exposure of suspension
cells of Nicotiana plumbaginifolia to this
agent,a high degree of metaphase arrest was
observed and single as well as groups of
chromosomes were scattered throughout
the cell, offering good prospects for
application in cytology and chromosome
isolation. After prolonged exposure to
APM, the chromosomes decondensed and
micronuclei were formed. Based on their
DNA content, the micronuclei were sorted
by flow cytometry. Prospects for application
of isolated micronuclei for partial genormne
transfer and gene mapping are discussed.

Key words: Amiprophos-methyl Flow
cytometry micronucleus {(formation,
sorting) Microtubule poison Nicotiana
plumbaginifolia.

Intreduction

Both for cytological research and for
chromosome isclation in plants, stickiness of
chromosomes due to metaphase arrest by
spindle toxins is a major problem. In
particular, the isolation of individual
chromosomes for sorting by flow cytometry
{De Laat and Blaas, 1984) and limited

*Present address: Koninklijk Kweekbedrijf en
Zaadhandel D.J. van der Have B.V,, P.O. Box 1, 4410
AA Rilland, The Netherlands.

genome transfer by transplantation of
metaphase chromosomes (Malmberg and
Griesbach, 1980; Szabados et al,, 1981; De
Laat and Blaas, 1987) are largely hindered
by the tight association of chromosomes.
Micronuclei can be a promising alternative
for limited genome transfer by either
transplantation of isolated micronuclei
containing one or a few chromosomes, or via
fusion of microcells with recipient
protoplasts. The occurrence of
micronucleate cells in mammalian cell
cultures after incubation with colchicine or
Colcemid is known for several years (Phillips
and Phillips, 1969; Ege and Ringertz 1974,
Fournier and Ruddle, 1977; Sekiguchi et al.,
1978). Several investigators have isolated a
small subset of the total genome by applying
enucleation procedures to micronucleate
cells which resulted in mierocells containing
varying number of chromosomes (Ege et al,,
1977; McBride and Peterson, 1980;
Fournier, 1981), By subsequent microcell
fusions with recipient cells, the transfer of a
limited number of chromecsomes was
achieved. Amiprophos-methyl (APM)
belongs to the class of phosphoric amide
herbicides which are considered anti-
microtubule drugs in plant cells because of
the disappearance of microtubules and of
the disruption of microtubule-dependent
processes (Sumida and Ueda, 1976;
Kiermayer and Fedtke, 1977; Robinson and
Herzog, 1977; Quader et al., 1978; Koop and
Kiermayer, 1980). Recently, it has been
shown that APM is a specific drug which
directly poisons microtubule dynamics in
plant cells (Morejohn and Fosket 1984). We
have observed that APM treatment of cell
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suspensions of Nicotiana plumbaginifolia
resulted in well scattered metaphase
chromosomes allowing the isolation of
single chromosomes {Verhoeven et al,,
1986; 1987). In this paper we describe the
mass induction of micronuclei by prolonged
APM treatment, and a procedure for the
isolation of micronuclei from multinucleate
cells and sorting them by flow cytometry
based on DNA content,

Materials and methods

Plant material and culture conditions.

Suspension cells of Nicotiana plumba-
ginifolia ("Doba" line, kindly supplied by Dr.
R. Shields, Sittingbourne) were cultured in
the dark at 28°C in "Doba” medium (Barfield
et al,, 1985) on a gyratory shaker (120 rpm).
For sustained division activity, sub-culturing
was carried out at 3 day-intervals, A fresh
solution of amiprophos-methyl (trade name
Tokunol M™; O-methyl-O-O- (4-methyl-
6-nitrophenyl}-N-isopropyl-phosphoro
thioamidate) (Aya et al.,, 1975; Kiermayer
and Fedtke, 1977) obtained from Bayer
Nederland B.V., Divisie Agrochemie, was
prepared in acetone (20 mg/ml)
immediately before use. The chemical
solution was applied to cell suspensions one
day after subculture. Mitotic index and the
number of micronucleate cells were
determined by staining the cell samples of
suspension cultures directly with orcein
dissolved in lactic acid-propionic acid (1:1)
(Eriksson, 1966), or in Feulgen after fixing
in absolute alcohol: glacial acetic acid (3:1
v/v) for 24 h (Sree Ramulu et al,, 1985). The
mitotic index was expressed as the
percentage of nuclei undergoing mitosis in
the total numtber of nuclei scored in a
sample. The number of cells analysed for
mitotic index and for scoring multinucleate
cellsranged from 300 to 600 per sample. The
relative growth rate of cell suspensions
treated with APM was determined
according to Gilissen et al. (1983). The

treated cell suspensions were washed
repeatedly (4 times) with cultore medium
and the packed cell volume was determined
at 1-7 days after inoculation.

Protoplast isolation and culture.

Suspension cells treated with APM were
washed with culture medium and incubated
in 5% Driselase (Kyowa Hakko Kogyo Co.,
Tokyo, Japan) and 0.5% Pectolyase Y-23
(Seishin Pharmaceutical Co., Tokyo, Japan)
in 0.4 M mannitol for 2 h at 28°C on a
gyratory shaker (30 rpm). Afterwards,
protoplasts were isolated by centrifugation
at 60 g for 5 min. Purification was carried out
as described by repeated washing in 0.4 M
mannitol and subsequent floatation on (.4 M
sucrose (De Laat and Blaas, 1987).
Prm‘?plasts were cultured at a density of
5x10” protoplasts/ml in "protoplast culture
medium 3" used by Kao et al. (1974)
containing 0.4 M glucose and 0.8% agarose.
After 6 days of culture at 28°C in the dark the
plating efficiency (percentage of divided
protoplasts) was calculated.

Isolation, flow cytometric analysis and
sorting of nuclei and micronuclei.

Nuclei and micronuclei for analysis and
sorting were isolated by the methods
previously developed for the isolation of
plant metaphase chromosomes (De Laat
and Blaas, 1984). For the isolation of
multinucleate protoplasts, APM was added
to the enzyme and washing solutions as
described in the preceding section. Purified
protoplasts were incubated for 5 min on ice,
in chromosome isolation buffer (Malmberg
and Griesbach, 1980), ruptured by the
addition of 0.05% Triton-X-100 and
repeated passage through a 25 G epidermal
needle. Cellular debris was removed by
passage through a 80 #m nylon filter. For
flow cytometric analysis, the nuclei were
stained with the DNA-specific dye ethidium
bromide (final concentration 10t xg/ml). The
measurements of nuclear DNA content
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Fig. 1. Mitotic index (MI) and the percentage of micr:

onucleate cells in cell suspensions of N. plumbaginifolia

treated with APM for various periods. -3—3¢——X : Ml in control cell suspensions; [ -F--F--F3 : MI
in APM treated cell suspensions; - - : Micronucleate cells after APM treatment. Micronucleate

celis were absent in the control.

were made with a Fluorescence Activated
Cell Sorter (FACS)-IV (Becton Dickinson,
Sunnyvale, U.S.A.} equipped with a Spectra
Physics argon ion laser, model 164-05
operated at (0.3 W/488 nm with an LP-620
filter in the emission beam. The DNA
C-values corresponding to G1 and G2
nuclear phases of the cells were checked as
reported previously (Sree Ramulu and
Dijkhuis, 1986). The contribution of eellular
and nuclear debris in the flow histograms
was removed by an interactive computer
analysis (van der Linden, 1980). The nuclei
were sorted on the basis of DNA content.
The sorted nuclei were concentrated on (1,2
#m nucleopore poly-carbonate filters and
stained with 4,6-diamidino-2-phenylindole
(DAPI) or Hoechst 33342 (20 pg/mi) for
microphotography.

Results

Effect of APM on mitotic index and
formation of micronuclei.

The frequency of micronucleated cellsin cell
suspensions of N. plumbaginifolia depended
on the concentration of APM, lower
concentrations (3-18 xM) resulting in less
than 10% micronucleate cells and the higher
concentration (36 M) about 27%. We
analysed the time course of micronucleation
in relation to the mitotic index after
treatment with the higher concentration of
36 «M since the induction of large number
of micronuclei is necessary for efficient
flow-cytometric analysis and sorting. The
results presented in Fig. 1 show that in the
control, the mitotic index, which was 3.0 at
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Fig. 2 A-D. Microphotographsillustrating the formation of micronuclei after APM treatment of cell SUSPENSIONS
in N. plumbaginifolia, A: Metaphase ccll showing scattered chromosomes. B: Metaphase chromosome
groups.C: Decondensed chromosomes. D: Micronucleated cell.

Percentage of micronucieated cells

2 3 4 5 6 7 8 9 10 1t 12 13 =13
Number of micronuclei/cell

Fig. 3. Frequency distribution of the number of micronuclei in micronucleate cells after treatment of N.
plumbaginifolia cell suspensions with 18 4M APM during 48 h.

20




fl

4c ac

Fig. 4 A-C, Flow cytometric analysis of relative DNA
contents of nuclei isolated from control (A) and APM
treated cell suspensions (B) of N. plumbaginifolia.
Subtraction of Fig. A from B gives C, which shows
micronuclei and a high frequency of 8C nuclei. In Fig.
4B, A-D refer to the sorting windows used for the
separation of eatire population of sub-diploid (< 2C)
micronuclei (A), and the three different fractions of
sub-diploid micronuclei, i.¢. the smallest micro-nuclei
(B), intermediate micronuclei (C) and the largest
micronuclei (D).

the start of the experiment, increased to 5.0
at 17 h and thereafter decreased graduatly to
1.2 at 50 h. In the presence of APM, the
mitotic index increased significantly within
two to four hours, reached a maximum of
13.2 at 17 b and afterwards decreased to 2.0
at 50 h. Micronucleate cells were formed
during APM treatment from 6 h onwards.
Whereas the mitotic index dropped after
approximately 20 h, the frequency of
micromcleate cells rised to 27% after 43 b,
Examples of microphotographs are
presented in Fig. 2, illustrating the effects of
APM on mitosis and the formation of
micronuclei. Fig, 2A shows the scattering of
mitotic chromosomes throughout the
cytoplasm. Single as well as groups of
chromosomes decondensed (Fig. 2B, C) and
subsequently, micronuclei were formed
(Fig. 2D). The number of micronuclei per
cellvaried from 2 to as many as 30 depending
on the chromosome mimber of a cell after
treatment with 18 4M or 36 4M APM. Figure
3 presents an example of the frequency
distribution of the number of micronuclei
per micronucleate cell after treatment with
18 «M APM for 48 h.

Effect of APM on cell growth and plating
efficiency of protoplasts.

The effect of APM was analysed after
treatments with various concentrations
ranging from 1-18 #M for 16-24 h. The
results on the relative growth rate of treated
cell suspensions showed that it did not differ
significantly from that of the control (data
not given). Also, the plating efficiency of
protoplasts was not affected by APM, except
at higher concentration where it decreased
slightly.

Flow cytometric analysis and sorting of
ricronucler.

Nuclei were isolated from the purified
protoplasts prepared from cell suspensions
treated with APM (36 4M, 48 h), stained with
ethidium bromide and analysed by
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Fig. 5 A-C. Photographs of sub-diploid micranuclei fractions sorted by flowcytometry. A: Smallest micronuclei.

B: Intermediate micronuclei. C: Largest micronuclei.

flowcytometry. The results on DNA
histograms show that the untreated cell
suspensions consisted of 4C and 8C nuclei
(Fig. 4A). Chromosome counts in
metaphases revealed the presence of
predominantly tetraploid (2n = 4x = 40)
cells, including some cells hypotetraploid for
1-4 chromosomes. Thus, the nuclei with 4C
and 8C correspond to Gl and G2 nuclear
phases of the tetraploid cells, respectively.
Flow cytometric analysis of nuclei derived
from APM treated cells showed that the
frequency of 8C nuclei had increased
considerably (Fig. 4B). This apparently
resulted from the doubling of 4C cells.
Moreover, as APM treatment induced about
22% multinucleate cells, a large number of
nuclei with varying DNA contents were
found (Fig. 4C). As the subdiploid (< 2C)
population of micromuclei is relevant for
partial genome transfer, three categories of

such micronuclei with DNA contents
ranging from approximately 0.1C to 2C were
sorted. These differed in size, as seenin UV
light microscopy (see microphotographs in
Figs. 5A-C).

Discussion

The results obtained show that APM is an
efficient chemical for high metaphase arrest
and for mass production of micronuclei in
cell suspensions of N. plumbaginifolia. The
metaphase cells showed grouping of
chromosomes, followed by decondensation
leading to the formation of micronuclei. As
APM is a drug which specifically poisons
microtubule dynamics in plant cells by
inhibiting microtubule polymerization
{(Morejohn and Fosket, 1984), spindle
disturbances can lead to irregular
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chromosome movement, orientation and
grouping of chromosomes (Sree Ramulu et
al., 1987). The frequency of micronucleation
seems to depend upon the type of cell
suspensions treated with APM. The fast
dividing cell suspensions of N
plumbagmifolia responded with a high
frequency of multinucleate cells as
compared to the relatively slow-growing cell
suspensions of Haplopappus gracilis, Daucus
carota and Solanum tuberosum (data not
given). With regard to the other effects of
APM, the data showed that APM treatments
showed no appreciable reduction in cell
growth or plating efficiency of protoplasts,
Thus, because of low toxicity, APM
treatments are compatible with genetic
manipulation approaches. Moreover, the
recent observations on the mitotic dynamics
of micronuclei induced after treatinent with
APM (36 xM, 48 h) in cell suspensions of N.
plumbaginifolia revealed that after removal
of APM by repeated washing and subculture,
cells recovered showing normal functioning
of spindle and continuity of mitotic cycles
(Sree Ramulu et al., 1987). As demon-
strated, flow cytometric sorting can be used
to collect large numbers of micronuclei
containing one or a few chromosomes. Prior
to using micronuclei for gene transfer, it is
necessary to remove the DNA intercalator
ethidium bromide from the stained
micronuclei. To a large extent, this is
achieved through dilution (20-fold) with the
sheath flnid of the flow system added to the
micronuclei suspension during flow sorting.
Alternatively, a vital stain, such as Hoechst
33258 can be used for flow sorting of
micronuclei. Various methods, such as
microinjection or fusion-like uptake
{Malmberg and Griesbach, 1980; Szabados
et al., 1981; De Laat and Blaas, 1987;
Verhoeven and Blaas, 1987) and micro-cell
fusion (Fournier and Ruddle, 1977;
Fournier et al., 1979) can be used to transfer
the desirable genes. In all these methods,
availability of markers (phenotypic,
genetic/cytological) is a prerequisite for
selection and identification of the

transferred genetic material. Both the
induction of micronuclei and the flow
sorting of sub-diploid micronuclei in plant
systems, as demonstrated in N
plumbaginifolia, open the way for the
development of microcell hybrids which
constitute valuable tools for partial genome
transfer and gene mapping (Ege and
Ringertz ,1974; Ege et al,, 1977; Fournier,
1982).
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CHAPTER 3

MITOTIC DYNAMICS OF MICRONUCLEI INDUCED BY
AMIPROPHOS-METHYL AND PROSPECTS FOR
CHROMOSOME-MEDIATED GENE TRANSFER IN PLANTS.

K. Sree Ramulu, H.A. Verhoeven, P. Dijkhuis.
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Summary

Mitotic dynamics and the kinetics of mass
induction 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
chromosomes showed neither centromere
division nor separation of chromatids. Single
chromosomes and groups of two or mare
chromosomes were scattered over the
cytoplasm. After five to six hours of APM
treatment, chromosomes decondensed and
formed micronuclei. With increasing
treatment duration, the frequency of cells
with micronuclei as well as those showing
lobed micronuclei increased. Similarly, with
an increase in APM concentration the
frequency of cells with micronuctei
increased. After removal of APM,
chromosome grouping disappeared, cells
showing lobed micronuclei further
increased and mitoses with doubled
chromosome numbers appeared in the next
cell division.

Cytological observations and DNA
measurements revealed that several
sub-diploid micronuclei containing one or a
few chromosomes can be obtained and that
flow cytometry can detect and sort out these
micronuclei. The applications of
micronuclei for genetic manipulation of

specific chromosomes and gene mapping are
indicated.

Key words: Amiprophos-methyl; mass
induction; micronuclei; intact specific
chromosomes; gene transfer.

Introduction

Cellular manipulation of specific
chromosomes and chromesomal segments
in mammals has proven ta be valuable in the
study of the regulation of gene expression,
fine structural mapping of chromosomes,
molecular characterization and construction
of genomic libraries (Mc Bride and
Peterson, 1980; Davies et al., 1981; Lebo,
1982; Fournier, 1982). Many interspecific
somatic cell hybrids eliminate chromosomes
from omne of the parents during culture. This
preferential chromosome loss has allowed
the assignment of genes to particular
chromosomes (Kao, 1983). However, long
periods of culture and recloning are often
necessary before an accurate assignment 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 introduce 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). Microceil
hybridization is conceptionally and
operationally distinct from traditional
somatic hybridization, in that only a fraction
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of the donor genome is introduced into the
recipient partner at the time of fusion. Ever
since the discovery of the phenomenon that
colchicine or Colcemnid can induce a high
frequency of micronuclei in mammalian cell
cultures, several investigators have isolated
micronuclei by applying enucleation
procedures to micronucleate cells, In this
way, microcells are formed, containing
micronuclei, and surrounded by a thin layer
of cytoplasm and a plasma membrane
(Levan, 1954; Phillips and Phillips, 1969;
Ege and Ringertz, 1974; Fournier and
Ruddle, 1977; Ege et al., 1977; Sekiguchi et
al., 1978). By subsequent fusion of
microcells with recipient partners,
karyotypically simple hybrid clones were
constructed which contained onty one or a
few introduced donor ¢hromosomes
(Fournier, 1982). Since the transferred
genetic material can often be identified
cytogenetically, microcelis have been
proven to be useful not only for gene
mapping, but also for studying the
chromosomal sites of integration of foreign
DNA (Fournier et al.,, 1979; Smiley et al,,
1978). Microcell fusion can be used to create
panels of 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,
conditional-lethal mutations or genes that
confer dominant drug resistance phenotypes
have been mapped,

In plants such a microcell system has not
been available so far, because the mitotic
arresting- and chromosome breaking agents
induced micronuclei only rarely, the
frequency of which is 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

spindle can cause segregation of
chromosomes into irregular groups resulting
in micronuclei of varying size in cell
suspensions of Medicago sativa (Lo Schiavo
et al, 1980) and 4-epoxyethyl-1,2-epoxy-
cyclohexane {VCH-diepoxide) produces
micronuclei as a consequence of
chromosome breakage in root-tip
meristems of Vicia faba and Allium cepa
(Nuti Ronchi et al., 1986 a; b). Moreover, the
mass isolation of individual metaphase
chromosomes for sorting by flow cytomeiry
or transfer into recipient protoplasts, is
greatly hindered by stickyness of
chromoscomes 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 organophosphorous
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 which are considered
antimicrotubule drugs, because of the
disappearance of microtubules after their
application, and of the disruption of
microtubule-dependent processes
{Morejohn and Fosket, 1984). It has been
shown that APM directly disturbs
microtubule dynamics in plant cells.

This article presents data on the dynamic
changes of chromosomes (condensation,
decondensation) and the kinetics of mass
induction of micronuclei after APM
treatment of cell suspensions of Nicotiana
plumbaginifolia.

Materials and methods

Genotype, cell culture and APM treatment

Nicotiana plumbaginifolia cell suspensions
resistant to kanamycine were derived from
the "Doba" cell line, kindly supplied by Dr.
R. Shields, Unilever Res. lab., Colworth
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