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Abstract

Many plant species indigenous to South Africa have ornamental, medicinal and
horticultural value. Polyploidization is one technique that has been used to

artificially produce superior genotypes, particularly in horticultural species.

In the current investigation two antimitotic substances, colchicine at
concentrations of 0.1% and 0.01% and oryzalin at concentrations of 0.01% and
0.001%, were used in an attempt to polyploidize microshoots of Dorotheanthus
bellidiformis (Burm.f.) N.E.Br and Mondia whiteii (Hook.f.) in vitro. Microshoots
of D. bellidiformis and M. whiteii obtained from nodal cuttings of in vitro
germinated seedlings were maintained for 48 hours in liquid medium containing
the antimitotic substances and thereafter cultured on sucrose-supplemented MS
medium. The treated microshoots were evaluated for elongation, necrosis,
contamination and phenolic exudation. Best results were observed in M. whiteii
microshoots treated with antimitotic substances and transferred on to solid
sucrose-supplemented MS medium containing 0.2% activated charcoal for 4
weeks. Leaves from the surviving treated plants were excised and used for flow
cytometric analyses to evaluate changes in chromosome number. Shoots of M.
whiteii treated with 0.01% colchicine showed no changes in chromosome
number, while the higher concentration used produced polyploids and
mixaploids. However, oryzalin at 0.01% concentrations produced a
comparatively higher number of microshoots that were polyploids and
mixaploids. Shoots of M. whiteii that have altered chromosome number have
been transferred onto multiplication medium, for future evaluation of changes in
phenotypic characteristics.

The germination response of seeds of D. bellidiformis was evaluated in the
presence of oryzalin (0.01% and 0.001%) and colchicine (0.1% and 0.01%).
Poor germination was observed in seeds germinated in the presence of 0.01%
oryzalin. Upon transfer of the germinated seedlings treated with antimitotic

substances onto sucrose-supplemented MS medium, subsequent growth and



development was restricted. Shoot and root development was different for the
seedlings germinated in the presence of the two antimitotic substances. Shoot
elongation and root development was vigorous in seedlings geminated in the
presence of 0.01 colchicine and stunted development was observed in
seedlings germinated in 0.1% colchicine. On the other hand restricted rootind
was observed in seedlings germinated in the presence of oryzalin, and the
shoots lacked pigmentation. Meristematic cells excised from the shoot tips of
the treated seedlings showed several ultrastructural changes including
abnormal mitochondrial development, endomembrane formation and

vacuolation.

It was concluded that oryzalin and colchicine influence ulitrastructure in plant
cells differently. Practical constraints associated with plant tissue culture also
influence the rate of in vitro polyploidization. Since different plant species
require different conditions for optimal growth, it was also noted that no unique
polyploidization treatment can be used for a wide range of plant species,

individual species require different growth conditions.
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CHAPTER ONE
INTRODUCTION AND LITERATURE REVIEW

1.1 INTRODUCTION

1.1.1 Indigenous plants

South Africa has an abundant plant species diversity and relatively few of these
species are utilized commercially (Coetzee et al., 1999), however there is a need
to increase levels of production and marketing of indigenous crop (Okole, 2004).
Due to the diverse range of indigenous plants in South Africa, a great potential
exists for commercialization (Hannweg, 2004; Okole, 2004). Commercialization
of indigenous plants will create employment opportunities for the rural and peri-
urban unemployed people of Southern Africa, but at the same time protect over-
exploitation from wild populations, maintaining a gene pool, and offer marketing
opportunities (Allemann ef al., 2004). Currently most of these indigenous plants
are utilized for their medicinal, pharmaceutical and ornamental properties, as
feed, for traditional medicines, cosmetics, flavourants and ornamental purposes
(Okole, 2004). There are over 21 000 known South African plants of which 5000
— 10 000 species have horticultural potential. Many South African plants have
been introduced to the horticultural market world-wide, however, South Africa
has still much more to offer (van Jaarsveld, 1996). There are many plants that
have been overexploited (Fennell and van Staden, 2004; Nigro et al., 2004), but
in terms of horticultural and medicinal potential, only a few plant species have
been exploited (van Staden, 1998). An introduction of several other indigenous

species to the international market will be economically beneficial for South
Africa.



1.1.2 Utilization of indigenous plants

A few species are used as edible food material. The leaves and roots of edible
plants have a high nutritional value and can play an important role in the
prevention of malnutrition in rural areas (Allemann et al., 2004, van Rensburg et
al., 2004). Some cultivated species such as melons and cowpeas are considered
important sources of leafy vegetable, there are several other leafy plant species
that have the potential for cultivation (van Rensburg, 2004) and a few species
that are considered important edible food material have been commercialized.
Indigenous beverage types such as rooibos (Aspalathus linearis) and honeybush
tea (Cyclopia spp.) have developed as an agricultural industry with export
potential (Coetzee et al., 1999).

A great diversity of floral wealth exists within the Cape (Fennell and van Staden,
2004) particularly with regard to bulbs, rhizomes and corms and from this floral
wealth that exists within the Cape, European explorers have in the past, collected
plant material from which a range of horticultural products were developed over
the centuries. Plant species such as Gladiolus and Freesia, originally from South
Africa, were successfully introduced into the international cut flower industry
(Coetzee et al.,, 1999). Previously the cut flower industry in the Western Cape
was primarily supported by indigenous flowers harvested from its natural habitat.
Currently the industry relies on the cultivation of many species. However if
cultivation of these indigenous species is not successful, South Africa could fose
its floricultural industry to a highly competitive international market (Coetzee et
al., 1999).

A large part of the South African population relies on medicinal plants for their
primary health care needs and cultural purposes (Grace et al., 2003; Mander,
1999; Cunningham, 1989) and South African traditional medicinal practices have
relied on indigenous plants throughout history (Nigro et al., 2004). Traditional
medicine is still critical to the primary healthcare needs of rural and semi-urban



livelihood in Southern Africa. Over 700 plant species are actively traded for
traditional medicinal uses based on indigenous plants that are generally
harvested from the wild (Okole, 2004). An increase in the population needing
medicinal plant material has led to severe pressure on the natural resources and
significant over-exploitation (Grace et al., 2003; Fennell, 2004; Nigro et al., 2004,
Okole; 2004). There are many medicinal plants that also have potential as future
horticultural and ornamental plants (de Lange et al, 1989). Amongst these is
Mondia whiteii (Hook.f.) Skeels, a highly prized, and consequently over-exploited
Zulu medicinal plant that is destructively harvested for its roots (McCartan and
Crouch, 1998). Mondia whiteii is a high climbing vine endemic to the African
coastal forests and is distinguished by its strongly aromatic, pleasantly scented
rootstock that has a sweet agreeable taste. This species is one of the two
focused on in the current work. The aromatic roots are used for both their
medicinal and food spice attributes (Koorbanally et al., 2000). Medicinally, the
root tissue is reported to relieve stomach-ache, flatulence, abdominal pains,
constipation and even bilharzhia. Chemically, rootstocks of Mondia whiteii
contain ester glycosides with 2-deoxy sugars, small amounts of saponin, a
yellow-coloured liquid, and a brown-coloured fixed oil (Koorbanally et al., 2000).
The plant stocks and their harvesting have previously not been appropriately
managed with little cultivation taking place (McCartan and Crouch, 1998).

While South Africa offers many plant species that are particularly beneficial for
medicinal purposes, the floral wealth that exists within the region affords a
selection of species that are aesthetically appealing horticulturally, and for
outdoor as well as indoor gardening purposes (van Jaarsveld, 1996). One
species considered particularly useful for gardening and landscape purposes, the
second focus of the present work, is the endemic Dorotheathus bellidiformis
(Burm.f.) N.E.Br, commonly known as the ice-plant (Burgoyne, 2004).
Dorotheanthus bellidiformis is a succulent shrub that can be easily distinguished
by its brightly coloured flowers, occurring predominantly on sand dunes in the

Cape. Despite having aesthetic appeal, this, and other such species have been



used as household remedies for various purposes over the centuries (Pappe,
1847). The expressed juices of the succulent leaves of D. bellidiformis have been
reported to have antiseptic properties, have long been used for dysentery as a
mild diuretic (Pappe, 1847).

Since indigenous plant collectors largely rely on species found in their natural
habitats, serious over-exploitation of indigenous plants destined for the herbal
trade occurs (de Lange et al, 1989), resulting in a depletion of the natural
resources. A combination of high demand, and lack of any meaningful resource
management, has resulted in a decline in the supply of numerous indigenous
medicinal plants (Mander, 1999). Demands for indigenous plants are rapidly
increasing such that natural populations can no longer accommodate these
demands (Mander, 1999). Legislation and law enforcement are not practical
solutions to the problem of over-exploitation. In order for indigenous plants to
sustain the primary health care needs of South Africa, it is necessary for these
wild stocks to be supplemented by cuitivation. Large-scale cultivation and the
production of superior genotypes could greatly ameliorate this problem.
Commercial propagation of such plant species will be of great economic benefit
to the country (McCartan and van Staden, 1999), reducing the pressure on
natural populations and allowing for the continuous availability of plants for
traditional healing (van Staden, 1998). An economically viable and lawful trade
could thus be initiated and the use of indigenous plants having horticultural,
pharmaceutical and timber value could be promoted. However, a large number of
the indigenous plant species have only marginal commercial potential as a result
of loss of genetic diversity, therefore to realize the full potential of our genetic

resources requires long-term breeding programmes (Hannweg, 2004).



1.1.3 Crop improvement

Various methods have been established for the propagation of certain indigenous
plants. However, there are still numerous other species that can be cultivated
commercially if appropriate scientific procedures are employed for propagation.
Controlled selection and propagation from natural populations has resulted in the
current progress of superior horticultural crop species (Abbot and Atkin, 1987;
Simmonds and Smartt, 1999). Genetic variation and the selection of superior
genotypes from wild populations of plant species have been the essence of plant
cultivation practices over the centuries (Lindsey and Jones, 1989). While genetic
variation within a plant population is necessary to isolate individuals for
cultivation (Simmonds and Smartt, 1999), the isolation of superior genotypes
from natural sources is difficult because of the rapid reduction in genetic
variability that has occurred in natural populations. As a result, crop improvement
strategies have to be employed to introduce genetic variability artificially in

species that are commercially important or have potential for commercialization.

According to Simmonds and Smartt (1999), the genetics of crop plant species
has been a vital constituent of plant breeding programmes throughout history
although propagation methods can be implemented to increase the supply of
plants, because of the reduction in the genetic variation within the populations,
the isolation of superior genotypes for commercial purposes is practically
impossible. Thus significant genetic manipulation of plants needs to be carried
out to develop new varieties from which selection for commercial purposes can
take place (Simmonds and Smartt, 1999).

The primary aim of the breeder is to improve plants by bringing about favourable
combinations of genes (Broertjes and van Harten, 1988). The genetic variation
within a population of a particular plant species is controlled by differences in the
kind, structure and amount of genetic variation, the source of these sudden

genetic changes is referred to as mutations (Broertjes and van Harten, 1988).



Improvement of plant species for commercial purposes has progressed from
collection, selection and cultivation of wild plants to more scientifically based
plant breeding techniques that can accelerate the production and release of new
and better plant varieties (Abbot and Atkin, 1987 and Lindsey and Jones, 1989).
The use of mutation breeding and tissue culture techniques are advances that
have been particularly useful in crop improvement programmes for plant species
which are propagated vegetatively (Abbot and Atkin, 1989; Lindsey and Jones,
1989). A mutational change that has been particularly useful in several
horticultural plant species has been a change in chromosome number, most
importantly, an increase in chromosome number from the ‘conventional’ diploid,
to a polyploid status (Cohen and Yao, 1996; Vainéla, 2000; Vainola, 2001; Shao
et al., 2003; Thao et al., 2003 and Eeckhuant et al., 2004). Most early published
literature concerning mutational breeding seemed to have excluded changes in
ploidy level as a technique of mutational breeding (Broertjes and van Harten,
1988). Practically however, the outcome of changes in ploidy status is important
in creating genetic variation and therefore is considered a method of induced

mutations by Broertjes and van Harten (1988).
1.2 LITERATURE REVIEW
1.2.1 Polyploidy

Increase in the chromosome number from the common diploid number is referred
to as polyploidy (Broertjes and van Harten, 1988; Lee and Chen, 2001) and, is a
feature of angiosperm evolution (Soltis and Soltis, 1995: Jiang et al., 1998;
Nelson and Elison, 1999; Husband, 1999; Martinez-Perez et al., 2000: Otto and
Whitton, 2000). Eighty percent of the worlds’ angiosperms are polyploids (Song
and Osborn, 1994; Song et al,, 1995; Soltis and Soltis, 2000). Polyploidy has
been considered one of the key features that has allowed angiosperms to
colonize various habitats successfully (Soltis and Soltis, 2000; Ha et al., 1999; Li

et al, 1996 and Soltis and Soltis, 1995) and is also considered the means by



which certain species have evolved particularly high chromosome numbers.
According to Soltis and Soltis (1995), polyploids are traditionally viewed as
possessing fundamentally different characteristics than diploids (Soltis and Soltis,
1995), while differences between natural polyploids and synthetic polyploids

were reported to be insignificant (Ozkan et al., 2001).

Examples of natural polyploids include some of the world’s most economically
important plants such as wheat, soybean, potatoes, sugarcane and cotton (Hilu,
1993; Song et al,, 1995 and Wendel, 2000). The use of tetraploid Gossypium
(cotton) varieties in breeding programmes has been highly profitable, offering
superior quality relative to some diploid varieties (Jiang, 1998). Although natural
polyploids have gained tremendous success as agricultural crops, a number of
induced polyploid cultivars have been incorporated successfully, e.g. in active
citrus breeding programmes (Soost, 1987; Wu and Mooney, 2002). The genus,
Lilium, is an important horticultural crop with numerous commercially grown
cultivars in production worldwide; however, continuous research is being carried
out to introduce potentially new induced polyploid cultivars commercially
(Broertjes and van Harten, 1988 and van Tuyl et al., 1992).

1.2.1.1 Changes associated with increased ploidy level

Although many changes have been reported with an increase in ploidy level,
there are no universal patterns associated with such change (Levin, 1983 and
Lee and Chen, 2001). However, a few patterns that are commonly encountered
with an alteration of ploidy level include: changes in the genetic system; changes
in cell size (Levin, 1983); and a loss of fertility (Lyrene and Perry, 1982). There
are many aspects of the genetic system of polyploids that have contributed to
their success (Levin, 1983; Husband, 1999 and Soltis and Soltis, 2000). An
increase in chromosome number causes epigenetic gene inactivation (Scheid et
al., 1996; Comai, 2000; Lee and Chen, 2001), creating differences in gene
expression patterns (Scheid et al., 1996). The frequency of such changes is



faster than that of mutations and is transferred from one cell to its progeny in a
mode similar to the transfer of genes that have undergone mutations (Scheid et
al., 1996). Epigenetic changes can effect many genes simultaneously, or only a
specific gene (Comai, 2000 and Lee and Chen, 2001). The genetic re-
organization a polyploid population undergoes creates possibilities for alleles
favoured in the diploid background to be replaced by those favoured in the

polyploid background (Levin, 1983).

The immediate effect of an increase in chromosome number in plants is an
increase in cell size (Byrne et al., 1981 and Levin, 1983). This alters the
geometric relationship between the nucleus and the rest of the cell, which in turn
is thought to affect the metabolic rate and growth rate, processes that are
dependent on this relationship (Levin, 1983). An alteration of cell geometry and
an increase in chromosome number results in a breakdown of balanced systems
of gene interactions (Levin, 1983; Sotis and Soltis, 1999; Comai, 2000). Changes
in cell geometry result in changes in the ratio of the area of the nuclear
membrane to chromatin volume. More chromatin is in contact with the nuclear
membrane and a greater proportion of chromatin is in condensed regions along
the nuclear membrane. Lowering the ratio of the nuclear membrane to chromatin
volume and changes in the chromatin-membrane relationship can alter gene
expression and regulation. The pattern of telomere association during interphase
is also altered during polyploidization (Vega and Feldman, 1998 and Martinez-
Perez et al., 2000), which also alters gene expression (Ashley and Wagenaar,
1974, Fussel, 1975 and Avivi and Feldman, 1980). Changes in surface area-to-
volume ratio of cells through nuclear enlargement has been reported to have
cascading physiological and morphological effect as membrane sites become
limiting and cellular concentrations change (Levin, 1983). Changes in cell size

also results in changes in the size of plant organs such as flowers (Eeckhaunt et
al., 2004)



The percentage of DNA coding for ribosomal RNA varies widely within species.
Cullis and Davies (1974) found an absence of differential amplification of the
RNA cistron with different ploidal levels in investigations of n, 2n, 3n, 4n and 6n
Datura innoxia. Similarly Ingle et al. (1976) working with 2n, 3n and 4n varieties
of Hyacinthis orientalis showed that the RNA content was the same in all. The
product level remained constant even when nucleolar organizing regions were
varied through polyploidy. This showed that RNA content is not regulated by
specific gene dosage. However, Tal (1977) showed that polyploidization usually
increases enzyme activity per mg protein. Polyploidization does not affect all
enzymes in the same way, therefore leading to new favourable or altered

negative balances in metabolic regulation.

Polyploidy can affect the structure of some enzymes (Levin, 1983). Two reasons
for this change include sequence elimination, which occurs very early during
polyploidization and homologous recombination (Song and Osborn, 1994).
Homologous recombination occurs between repeated regions; this destabilizes
the genome by producing deletions and chromosome rearrangements. Closely-
related species that differ in ploidy level often differ in life-history and, in some

cases morphology (Thompson et al., 1997).

Polyploidization has an effect on the regulatory influence of plant growth
regulators (PGRs). Diploids have been shown to have higher PGR levels than
polyploids. In many species carbon dioxide exchange rate changes as ploidy
levels change, as was shown in studies by Byrne et al. (1981) working with
Festuca arundinacea, where higher CO, exchange rate was expressed as ploidy
level increased. Polyploidization can alter the secondary biochemistry of a plant
in a qualitative manner. Tissue specificity of secondary compounds is altered
with changes in ploidal levels. Differences in longevity have been found between
diploid and tetraploid plants and a shift from annual to perennial habit can also
occur. Reduced growth may accornpany polyploidization. However, comparative

studies of colchicine-induced polyploid plants showed that tetraploid plants grew



more vigorously than diploids (Gao ef al., 1996). Net photosynthetic rates were
reported to be higher in tetraploid perennial ryegrass genotypes than in the
diploid genotypes (Rathnam and Chollet, 1980 and Schapendonk et al., 1990). Li
et al. (1996) showed that polyploid Betula papyrifera genotypes are more tolerant
to water deficit than their diploid relatives. Polyploid clones were shown to
express vigorous juvenile growth making them more suitable for short rotations at
dense spacing relative to diploid clones (Borzon et al., 1994). Autotetraploid
plants of a cultivated tomato variety were reported to have a higher water content
than the diploid counterpart (Tal and Gardi, 1976). The net gas exchange rate
observed in autotetraploid citrus was reduced compared with its diploid relatives
(Romero-Aranda et al., 1997). Herbage growth and carbohydrate metabolism
reported in tetraploid alfalfa genotypes was greater than in the diploid genotypes
(Volnec, 1988).

Polyploidization alters floral mechanism and life cycle, hence altering the
relationship between flowers and their pollinators, and Cohen and Yao (1996)
reported that pollen grains from polyploid Zanthedeschia cultivars were larger
than those from diploid plants. Growth of tetraploid embryos and endosperm
tissue is faster than in diploids. Larger seed sizes have been recorded for
tetraploid species, making tetraploid seedlings more vigorous and rapid-growing
than the diploid counterparts. Schifino and Moreas-Fernandes (1987) showed
that field production of seeds was high in induced polyploid Trifolium

riogranadense.

Some studies have shown that some polyploids are more resistant to pathogens,
insects and nematodes than closely related diploids, and polyploidy can therefore
be considered a means by which plant species can create a barrier to biological
attack (Burdon and Marshall, 1981; Thompson et al., 1997). Some polyploids are
more tolerant to drought than their diploid counterparts (Sivolapov and
Blagodarvo, 1994). A comparative study of Betula papyrifera of different ploidal
levels by Li et al. (1996) showed that the polyploid population had higher water

10



use efficiency than the diploid population, and could survive higher periods of
water deficits. This was accounted for by differences in leaf morphology, leaf
anatomy, water relations, gas exchange and growth characteristics. Wachira and
Ng'etich (1999) showed that differences in ploidy level effect the dry matter
productivity of tea (Camellia sinensis). Differences in growth rate in different
ploidy levels of perennial ryegrass (Lolium perenne) were reported by
Schapendonk et al. (1990). Polyploidy offers resistance to harsh climatic
conditions, but the response direction varies between species. It is also thought
that polyploidy influences the temperature optima for various physiological

processes (Levin, 1983).

Induced polyploidy has been shown to be most useful in producing genetic
bridges in agronomic and floricultural crop (Hancock, 1997). Griesbach (1985)
reported that induced polyploidy can play an important role in the improvement of
Phalaenopsis orchids. Differences were recorded in fruit and plant morphology of
induced polyploids of strawberry by Predieri et al. (1989). A synthetic tetraploid
Eustomia grandiflorum (“Blue poppy”) had thicker stems and reduced height in
comparison to diploid plants (Griesbach and Bhat, 1990). These characteristics
were horticulturally favoured since the stems were able to support the flowers for
longer without bending. Induced tetraploid azaleas showed a general increase in
size and firmness of flowers (Pryor and Franzier, 1968). Cytological
investigations by Schifino and Moreas-Fernandes (1987) of polyploid Trifolium
riogranadense an important forage crop, showed that the polyploid variety had
good prospects for utilization and breeding.

Apart from an increase in cell size, a universal and undesirable effect of
increasing chromosome number, is a decrease in fertility (Levin, 1983). The
presence of additional chromosomes possessing a similar structure can create a
disruption of chromosome pairing during mitoses, resulting in the production of
non viable, less functional gametes thereby leading to infertility (Martinez-Perez

et al, 2000). In order to produce viable gametes, polyploids must “behave

11



effectively” as diploids during meiosis. Crops that are most amenable to
polyploidization should have a low chromosome number, be harvested primarily
for their vegetative parts and be cross-pollinating (Thompson et al., 1997). The
perennial habit and vegetative reproduction have bearing on polyploid success
(Thompson et al., 1997).

Polyploid breeding is most feasible for crops that are grown primarily for their
vegetative parts. These crops benefit from one universal consequence of
polyploidy i.e. larger plant parts (Lyrene and Perry, 1982). A broad genetic base,
including polyploidy is essential for any breeding programme. According to
Hancock (1997), inadequate variation in the original breeding population has
undoubtedly contributed to the failure of several polyploid breeding programmes.
Artificially induced polyploids suffer meiotic irregularities, and aithough this is not
a problem for flower, root and leaf crops, such reduced fertility can affect seed
production and fruit development, which is adverse for crops that are primarily
grown for their seeds and fruits. Other problems associated with induced
polyploidy include inappropriate changes in nuclear architecture, slowed
development rates and poor adaptation (Bennett, 1972; Levin, 1983).

Fertility and seed yield in most medicinal plants is not as important as that in crop
plants, because in most cases, leaf, stem and root parts are used for medicinal
purposes (Gao et al, 1996). However, the content of medicinally active
compounds in those various plant organs is very important. For these reasons
various investigations have been carried out to evaluate the effectiveness of
polyploidization on yield and production of secondary metabolites in medicinal
plants (Chavdej and Becker, 1984; Gao et al, 1996). Gao et al. (1996)
investigated the effects of induced polyploidy on Salvia miltiorrhiza, a traditional
Chinese medicinal plant. The roots are used as an important drug to cure
cardiovascular disease. Although all tetraploid plants produced were semisterile,
higher contents of the effective compounds were obtained in roots of the
tetraploid plant (Gao ef al., 1996).

12



The intention of breeding induced polyploids is to capitalize on the direct
consequences of polyploidization i.e. larger cells and plant parts. Polyploidy has
been used as a breeding tool in horticulture for obtaining new ornamental
characteristics (Shao et al, 2003). In addition to these direct uses, induced
polyploidy may be used to facilitate genetic transfer between taxa thus serving as
an agent of introgression. It is apparent that different types of crop respond
differently to induced polyploidy. Original ploidy level, genome structure, mode of
reproduction, perenniality and plant part for which the crop is grown all have
bearing on the breeding success or failure. The plant breeder must match the
characteristics of the plant to the specific application of induced polyploidy that
maximizes the opportunity for success (Soost, 1987). Breeders should carefully
weigh the relative merits of polyploid breeding against other breeding techniques
and commit resources to the programme that offers the greatest potential
(Awoleya et al, 1996; Hancock, 1997). Often methods comprising both
conventional, and polyploid breeding methods are appropriate (Awoleya et al.,
1996).

Polyploids are generally stockier than the diploids they are derived from, because
they have larger cells. Leaves are thicker, larger and greener. Roots, flowers and
seeds also show an increase in size (Griesbach, 1990; Gao et al., 1996;
Takamura and Miyajima, 1996; Vainola, 2000, Vainol4, 2001; Shao et al., 2003).
Although these are the properties most commonly associated with changes in
ploidy level, polyploids can also differ in vigour compared with their diploid
parents. Different genotypes within a species respond differently to induced
polyploidy (Predieri et al., 1989). The performance of a genotype as a diploid is a
poor indication of its performance after it has been converted into a polyploid. In
order to identify a superior genotype at the polyploid level, a large number of
genotypes need to be converted to polyploids and new breeding programmes
need to be initiated with the polyploids (Awoleya et al., 1996). In order to induce
polyploidy in a large number of genotypes it is important to use seed-derived
material for polyploid induction treatments.
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1.2.1.2 Methods to induce polyploidy in plants

Polyploidy can be obtained using unreduced gametes (Griesbach, 1985),
environmental shock treatment, somatic chromosome doubling through tissue
culture of various explants (Chauvin et al., 2003) or treating plant material with
chemicals that disrupt normal chromosomal division. Polyploids were also
reported to be produced from variant nucellar seedlings from several citrus
cultivars (Soost, 1987). Several chemicals can induce polyploidy. The most
frequently used chemical has been colchicine (Griesbach, 1985; Hancock, 1997).
This alkaloid is extracted from seeds or corms of the Autumn crocus (Colchicum
autumnale) (Hancock; 1997). Colcemid, a synthetic equivalent, has also been
used. Colchicine was used to induce chromosomal doubling during the 1900s
(Hancock, 1997). It binds to tubulin (a hetrodimer of microtubules) 'and prevents
the assembly of these hetrodimers into microtubule (Artvinli, 1987). Survival of
the treated plant material depends on the concentration of the antimitotic
substance used and the genotype that is being polyploidized (Prediefi et al.,
1989).

The assembly of microtubules is essential for spindle formation during cell
division (Dawe, 1998; Gunning and Hardham, 1982; Pickett-Heaps, 1974) and
are implicated in several motility-related processes during the mitotic cycle and
differentiation, including chromosome migration, and afford the tracks for vesicle
fransport and the transport and orientation of cellulose microfibril deposition in
the developing cell wall (Gunning and Hardham, 1982). Since, microtubules are
associated with separation of chromosomes to different regions of the cell,
blocking the binding sites of microtubles ultimately results in the inhibition of
spindle formation at the point of separation of the daughter chromosomes to
opposite poles of the cell. This results in a polyploid cell forming. Colchicine is
effective when applied to germinating seeds (Sanders and Hull, 1970), young
seedlings (Schifino and Moraes-Fernandes, 1987), roots (Taira et al., 1991) or to

growing points such as shoots or buds (Lyrene and Perry, 1982).
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The method of colchicine application plays a role in the frequency of polyploidy
production. Several methods of colchicine application have been evaluated.
These include: immersion of whole plants, cuttings or organs such as roots in a
solution of colchicine (Taira et al., 1991; Schifino and Moraes-Fernandes, 1987,
van Tuyl et al., 1992), application of the solution to the meristematic region with a
syringe or medicine dropper (North, 1976; Barett, 1974) or with cotton-wool
soaked in a colchicine solution, and applying the solution to the growing region
with a fine brush. However in most published literature, it was shown that the
most effective method used, was shown to be the immersion of plant tissue into a
solution of the antimitotic agent for several hours, followed by several rinses with

distilled water.

Although immersion of plant material in a solution of colchicine in vivo can
produce high frequencies of polyploids relative to other methods of application,
some investigators have shown that in vitro colchicine treatment produce
polyploids with higher efficiency (Cohen and Yao, 1996). Success is achieved
because in vitro produced shoots are far easier to manipulate than greenhouse-
maintained plants. The meristems of in vitro shoots are composed of a lower
number of cells than those of in vivo plants and therefore the chances of

obtaining non-chimeral mutants will be greater (Predieri et al., 1989).
1.2.1.3 Advantages of in vitro treatment with antimitotic substances

Gao et al. (1996) highlighted several advantages of inducing polyploidy in vitro.

A large number of plants can be treated effectively and accurately in tissue
culture by adding colchicine to prepared media. Determining chromosome
number in tissues of polyploid plants produced in vitro is more convenient and
effective in comparison to field-grown pilants. In vitro polyploidization was
reported to increase efficiency and decrease occurrence of chimeras than in vivo
polyploidization. Selected polyploid plant material can be rapidly regenerated via

tissue culture. It is easier to use different methods to polyploidize plants with
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colchicine in vitro. Plant material can be cultured on a solid medium containing
an antimitotic substance for a length of time and thereafter cultured on medium
free of colchicine (Cohen and Yao, 1996; Lyrene and Perry, 1982) or the material
can be immersed in liquid medium containing a antimitotic substance (Lyrene
and Perry, 1982), rinsed several times with sterile distilled water and cultured on
medium lacking the antimitotic substance. Lyrene and Perry (1982) showed that
higher frequency of polyploid individuals can be achieved when plant material is
treated with colchicine in a liguid medium than in a solid medium. Once
polyploidy is identified following treatment, rapid in vitro multiplication of the

polyploid tissue is possible (Lyrene and Perry, 1982).

Various explant cultures can be treated with colchicine under in vitro conditions.
These include: whole seedlings, plant organs such as bulbs or corms (Griesbach,
1989), cuttings (Lyrene and Perry, 1982; Awoleye ef al., 1996), somatic embryos
(Kato, 1989), cell suspension cultures (Hienz and Mee, 1970; Chavadej and
Becker, 1984, Dolezel et al., 1989), callus cultures (Hassawi and Liang, 1997) or
in vitro propagated shoots (Priederie ef. al., 1989; Cohen and Yao, 1996). As a
general rule, the choice of explant depends on the species to be polyploidized,
and the most favourable means of in vitro propagation. There is extensive
published literature featuring the effectiveness of in vitro polyploidization

treatments and the implications of the choice of explant used (Table 1.1).
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Table 1.1: Some successful in vitro polyploidization studies carried out on plant species

particularly important for their horticultural and medicinal properties.

Species

Explant

Reference

Punica granatum
(Pomegranate)
Solanum spp

Miscanthus sinensis

Spathiphyllum wallisii Regel
Zanthedeschia cultivars
Solanum tuberosum
Solanum circaeifolium
Medicago sativa
Medicago varia

Salvia miltiorrihizia Bge
Rhododendron simssi
Allium cepa L.

Vaccinium ashei Reade
Vaccinium alliotti Chapm
Camellia japonica L.
Sacharum officinarum L
Citrus

Valeriana wallichi DC
Alocasia

Fragaria x ananassa Duch

Actinidia

Shoots propagated in vitro

Apical buds

In vitro plantlets, in vitro
shoots

Callus

Somatic embryos
Shoot cultures

Shoot nodes

Cell suspension cultures

Bud cultures
Seedlings
In vitro propagated plantlets

In vitro shoots

Somatic embryos

Cell suspension cultures
Somatic embryogenic callus
Cell cultures

Shoot tips

In vitro shoots

Stem segments, seeds,

seedlings and petioles

Shao et al., 2003

Chauvin et al., 2003
Peterson et al., 2003

Eeckhaunt et al., 2004
Cohen and Yao, 1996
Demaine and Simpson, 1999

Dolezel et al., 1989

Goa et al., 1996
Eeckhaunt et al., 2002
Geoffriau et al., 1997
Lyrene and Perry, 1982

Kato, 1989

Heinz and Mee, 1970

Wu and Mooney, 2002
Chavadej and Becker, 1984
Thao et al., 2003

Predieri et al., 1989

Fraser et al., 1992

1.2.1.4 Factors influencing in vitro polyploidization

There are various factors that affect in vitro polyploidization (Sanders and Hull,
1970; Schifino and Moraes-Fernandes, 1987; Taira et al.,, 1991), one being the

pH of the colchicine solution used, which has been reported to have an effect on

induced polyploidy (Neubauer and Thomas,

1966; Taira et al,

1991).

Environmental conditions under which the treated plants are maintained
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influence the frequency of polyploid formation, and higher polypioid frequency
has been reported to occur under controlled growth conditions where
temperature and light are regulated (Taira ef al., 1991). This is also a possible
explanation for the high success rate of in vitro chromosome doubling that has
been reported in several investigations e.g. in those reported by Predieri et al.
(1989) or Cohen and Yao (1996) Polyploid formation is also genotypically
dependent (Peterson et al., 2003). Several reports have shown that different
cultivars and varieties respond differently to colchicine treatment (Barret, 1974,
Predieri et al. 1989; Hassawi and Liang, 1991 and Talukdar and Sen, 1997).

Mutational changes that arise after chromosome doubling have been shown to
be heritable (Hassan et al, 1991). Since a significant factor influencing
successful polyploidization treatment is the colchicine concentration used, many
investigations have examined the effect of colchicine concentration on
polyploidization in vitro and in vivo. Duration of colchicine treatment, together
with colchicine concentration, has been reported to be significant factors in the
efficiency of polyploidy formation. In a lily breeding programme, treatment with a
0.05 ~ 0.1% colchicine solution was reported to be most effective in inducing
polyploidy, while a 0.2% colchicine solution was reported to be most effective in
polyploidization of orchids (Griesbach, 1985). In vitro treatment with colchicine for
24 — 48 hours has been most effective in several investigations (Lyrene and
Perry, 1982; Dolezel et al., 1989; Hassawi and Liang, 1991; Awoleye et al., 1996;
Geoffriau et al., 1997).

Colchicine, has in the past, provided a tool for key discoveries on the dynamics
of chromosomal inheritance and evolutionary relationships of many crop taxa
(Gunning and Hardham, 1982; Hancock, 1997 and Eckardt, 2001), its direct
horticultural importance in respect to induced polyploidy has been limited outside
the floricutural industry (Hancock, 1997). Colchicine is carcinogenic and binds
with high affinity to tubulin in mammalian cells, inducing metaphase arrest in

animal cells at 10”'M concentrations (Morejohn et al., 1987). It has also produced
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undesirable mutagenic activity in plants (van Tuyl et al., 1992; Thao et al., 2003).
Sensitivity of higher plant cells to colchicine is less than that of animals by one to
three orders of magnitude, therefore the concentrations necessary for metaphase
arrest in plant cells are significantly higher, which is attributed to the lower
binding affinity of colchicine to plant tubulin (Morejohn and Fosket, 1984;
Morejohn et al., 1987). Therefore high concentrations, that are often toxic to
humans and other animals, are used to induce polyploidy in plants (Morejohn et
al., 1987). Responses of plants to colchicine vary, and where present, may occur
at concentrations so high as to bring about non-specific effects. As with other
chemically-induced perturbations, colchicine can affect different catagories of

plant microtubule activity differentially even within the same cell (Levin, 1983).

Other mitotic inhibitors that are effective at much lower concentrations than
colchicine have therefore been evaluated to induce chromosome doubling in
plants. One such chemical is oryzalin (3,5-dinitro-N*, N-dipropylsulphanilamide),
a dinitroaniline herbicide (Morejohn ef al., 1987). Dinitroanalines comprise a large
class of herbicides that causes gross morphological changes in plants,
particularly in regions of high meristematic activity. Oryzalin was reported to
mimic the symptoms of colchicine but are active at 1000-fold lower concentration
and was found to associate strongly with plant cell membranes. Oryzalin has
been shown to bind to plant tubulin with greater affinity than colchicine
(Verhoeven et al., 1990). Histological studies of dinitroanaline-treated roots have
shown that cell division and mitosis are disrupted after brief exposure, and cells
in the meristematic regions become swollen. Effected cells contain a polyploid
chromosome number and do not form cell plates following nuclear division.
These gross changes in morphology and cytological features are similar to the

effects of exposure to colchicine (Morejohn et al., 1987; Verhoeven et al., 1990;
Peterson et al., 2003).

The chemical structure of oryzalin and colchicine are remarkably different from
each other (Figure 1.1). Morejohn et al. (1987) provide evidence that oryzalin
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directly inhibits the dynamics of microtubule assembly and disassembly in higher
plants. Several investigators have shown that considerably lower concentrations
of oryzalin, relative to colchicine concentrations, are adequate to induce
chromosome doubling in plants. Geoffriau et al. (1997) showed that 50 uM
oryzalin and 2.5 mM colchicine induced polyploidy in gynogenic clones of onion
(Allium cepa). Although colchicine and oryzalin were both found to affect plant
regeneration, better plant quality was found to occur with oryzalin (50 uM). van
Tuyl et al. (1992) reported that in vitro treatment of Nerine and Lillium with
concentrations varying from 0.001% - 0.01% appeared to be less inhibiting for
regeneration and resulted in a higher number of polyploid plants surviving than

treatments with colchicine, where a tenfold higher concentration was necessary.
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Figure 1.1: Structure of antimitotic compounds: A — oryzalin; B- colchicine
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While in vitro polyploidization is considered a far superior and convenient method
of inducing polyploidy than conventional methods that have been previously used
(Cohen and Yao, 1996; Wu and Mooney, 2002; Shao et al.,, 2003). While the
technology of in vitro plant tissue culture provides favourable opportunities for a
plant breeder to manipulate chromosome number in vitro, plant tissue culture
encompasses a range of techniques that are necessary to understand so that
successful culture of plant material in vifro is possible. Practical constraints
associated with in vitro plant culture systems (Murashige, 1977) need to be
identified and minimized when inducing polyploidy in vitro, as these constraints
will ultimately restrict the survival and response of plant material to in vitro

antimitotic treatments.

1.2.2 In vitro plant tissue culture

1.2.2.1 In vitro plant propagation

Plant tissue culture can be defined as a laboratory procedure that facilitates the
growing of “sterile” plant cells or tissues separate from the mother plant on
artificial media under controlled conditions in small culture vessels in which all
the nutrients necessary for growth are provided (Wetherell, 1982; Torres, 1989;
George, 1993 and Leifert and Waites, 1990). The possibility of maintaining
metabolically active plant cells under in vitro conditions has offered scientists an
important method that has permitted the study of plant metabolism, genetics,
morphogenesis and plant physiology, plant tissue culture has also been
important for the genetic manipulation of plants (for example polyploidization)
(Murashige, 1977), the elimination of plant pathogens, the preservation of
important plant species in limited space (Engelmann, 1997) and in the
multiplication of plant tissues in vitro (Leifert and Waites, 1990).

Techniques of plant tissue, cell an organ culture have become well established in

research laboratories worldwide (George, 1993). Various procedures for the
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tissue culture of a range of plant species have been developed (Refer to Table
1.2) for the generation and screening of desirable variants, cellular cloning and
rapid propagation of genotypes (Murashige, 1977 and George, 1993), induction
of haploid tissue from anther and pollen cultures (Murashige, 1977), extending
the range of genetic variability through induced mutations and somatic clones
(Broerties and van Harten, 1988 and Lindsey and Jones, 1989), and the
formation of isolated callus and cell cultures for studies on the effects of
nutrients, vitamins and plant growth regulators (Murashige and Skoog, 1962) on
cell growth and differentiation (Murashige and Skoog, 1962). Plant tissue culture
has also become particularly useful for the propagation of superior plant
genotypes commercially (Torres, 1989; Hartman et al., 1997), since appropriate
conditions can be achieved to permit the development of individual piants from a
small piece of the mother plant that is genotypically identical to the parent plant.
Plant tissue that has been genetically altered can also be manipulated in vitro to

facilitate the perpetuation of genetically altered plants.
1.2.2.2 Plant propagation

Propagation refers to the controlled muitiplication of plants from seeds or organs
i.e. either sexually or asexually (George, 1993; Hartman et al., 1997). Sexual
reproduction involves the development of an embryo that is contained within a
seed that has been obtained from the union of gametes (Hartman et al., 1997),
therefore the resultant seedlings will be genetically diverse, representing new
combinations of genes (George, 1993). Seeds are often produced in large
numbers and easily distributed therefore plants regenerated from them are
individually inexpensive, while seeds of many species can be stored for long
periods without loss of vigour or viability. However, for many agricultural and
horticultural purposes, it is desirable to cultivate clones which are genetically
identical (George, 1993). Vegetative propagation is the only means to achieve
this, thereby perpetuating genotypes and multiplying plants displaying unique
and desirable characteristics.
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Asexual reproduction (vegetative reproduction) involves an increase in plant
number through somatic cell division and differentiation, thus ensuring that the
unique characteristics identified in the parent are passed to the new plants
(Sirnmonds and Smartt, 1999). An important aim of such techniques is to multiply
superior genotypes in sufficient quantities (Gamborg and Shyluk, 1981). Many
plant species can be easily propagated vegetatively from cuttings (George,
1993).

Traditional methods for vegetative propagation involve the use of rooted cuttings
(Gamborg and Shyluk, 1981), while for bulb species, techniques including stem
scaling, basal and bulb cuttings are used (McCartan and van Staden, 1999).
Rooted cuttings can produce a single plant which can provide material for future
cuttings, several years later. However many plants propagated by rooted cuttings
are characterised by a rapid loss in rooting efficiency with increasing age of the
parent plant (Gamborg and Shyluk, 1981). In contrast, even the most limited in
vitro shoot culture system used today can produce several axillary buds and thus
axillary shoots that can in turn produce additional shoots (Hartman et al., 1997).
Subsequent rooting produces many individual plants, so alleviating the problem
of the lack of seeds, poor seed germination and slow vegetative multiplication.
Thus micropropagation has been chosen as a preferred means of multiplication
of several indigenous plants (de Lange ef al., 1989). The rapid multiplication
rates achieved through plant propagation by tissue culture is an advantage, and
thus /n vitro propagation is considered an invaluable tool to rapidly produce large

quantities of uniform plants with superior characteristics (Gamborg and Shyluk,
1981).

While asexual multiplication of plants using tissue culture techniques can be
achieved by the multiplication of shoots from axillary buds (Torres, 1989: George,
1993), other means include the formation of adventitious shoots or adventitious
somatic embryos directly on pieces of explants, or indirectly by the proliferation of

cells within the explant leading to semi-organised callus tissue (George, 1993).
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Somatic embryogenesis results in the formation of a bipolar embryo through
steps that are apparently similar to zygotic embryo formation (Hartman et al.,
1997).

While the application of plant tissue culture offers a variety of opportunities for
commercial and research laboratories, the basic principles of procedures are
consistent across all borders and these principles need to be well understood
before any tissue culture procedures are carried out (Torres, 1989). There are
basically four stages associated with micropropagation in order for the procedure
to be used for commercial propagation, namely sterilization and establishment of
explants in culture, shoot multiplication, root formation and acclimatization
(Wetherell, 1982; Torres, 1989; George, 1993; Hartman ef al, 1997). The
requirements for each stage vary according to the source material and
propagation method, thus these stages may not always fit neatly into

compartments (Torres, 1989; George, 1993).
1.2.2.3 Aspects of in vitro plant tissue

A plant tissue culture is initiated from a small piece of a plant (parent plant),
known as the explant (George, 1993). The part of the plant from which the
explant is obtained depends on the kind of culture to be initiated, the purpose of
the culture and the plant species to be used (Gamborg and Shyluk, 1981;
Wetherall, 1982; Torres, 1989). The choice of explant used has important
consequences on the success or failure of tissue culture (George, 1993). Source
plants obtained from the field, or even greenhouse, are seldom free of
contaminants, which must be eliminated from explants taken for tissue culture.
Nevertheless numerous contaminants cause problems in plant tissue culture,
and these include viruses, bacteria, yeasts, fungi, mites and thrips (Leifert and
Waites, 1990; Hol and van der Linde, 1992; George, 1993; Leifert and Cassells,
2001; Thomas, 2004). The media on which the explants are grown provide ideal

conditions for the growth of the micro-organisms (Thomas, 2004), which compete
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adversely with plant material growing in vifro (Kunneman and Faaij-Groenen,
1988) and, if pathogenic destroy the explant. It is thus necessary for plant
cultures to be established and maintained in aseptic conditions and the control of
internally-borne pathogens is also vital. Therefore the initial procedures to
establish an in vitro plant culture require the removal of all culturable fungal and
bacterial contaminants (Niedz and Bausher, 2002) and it is also necessary to
sterilize tools used for dissection as well as the vessels and media in which the
cultures are grown (Wetherell, 1982; George, 1993; Torres, 1989). Sterilization
includes the use of chemicals that are toxic to micro-organisms but non-toxic to
plant material, including antibiotics and fungicides, alcohols, mercuric chloride,
and oxidizing biocides such as halogen compounds or hydrogen peroxide (Reed
and Tanprasert, 1995; Niedz and Bausher, 2002). One of the most common
sterilants used in plant tissue culture is chlorine in the organic form of calcium or
sodium hypochlorite (Niedz and Bausher, 2002). The halogen compound sodium
hypochlorite, which is readily available commercially as household bleach under
various trade names, is probably the most commonly used sterilant (Hartman et
al.,, 1997). A primary disinfectant is ethyl alcohol, which can be used prior to
treatment with bleach (Niedz and Bausher, 2002; Torres, 1989).

Bleach is diluted with sterile distilled water before being used. A few drops of a
surfactant or detergent are added to the bleach solution to improve surface
contact with the explant (Torres, 1989). The effectiveness of a bleach treatment
is a time-dosage response (Wetherell, 1982; George, 1993; Hartman ef al.,
1997), increasing with both time and concentration, but damage to the living
tissue also increases, therefore a compromise has to be developed through
vigorous testing for each explant-type to be disinfected (Wetherell, 1982). After a
predetermined immersion time in the disinfecting solution, the solution is
decanted and the explant is rinsed at least three times with sterile distilled water
(Wetherell, 1982; Torres, 1989).
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Once the explant is sterilized it is placed on sterile nutrient medium (Torres,
1989; George, 1993). Plant material can grow in vitro only if it is supplied with a
specialized medium (Torres, 1989; Gamborg and Shyluk, 1981; George, 1993).

An important factor that governs the growth and morphogenesis of plant tissues
in culture is the composition of the culture medium. A medium commonly
consists of a solution of salts supplying the major and minor elements necessary
for growth of whole plants together with various vitamins, amino acids and a
carbon-rich energy source which is usually in the form of sucrose (Murashige and
Skoog, 1962; Gamborg amd Shyluk, 1981; Torres, 1989; George, 1993). Plant
material can be cultured in liquid medium or on partially solidified medium
(Torres, 1989 and George, 1993). Media which are partially solidified incorporate
a gelling agent, usually agar. Semi-solid media are used for explant
establishment, for routine culture of callus or plant organs in micropropagation

and long-term maintenance of plant cultures (Torres, 1989).

The disinfected explant is cultured aseptically ‘in a medium that will confirm its
freedom from micro-organisms, as well as allowing it to initiate growth (Wetherell,
1982; George, 1993). Any explants or media showing contamination is
discarded. The establishment of explants usually requires about 4-6 weeks to
complete in order to produce plants ready to transplant to multiplication medium
(Wetherell, 1982; Torres, 1989).

Once an explant is established within culture it is transferred onto a multiplication
medium (George, 1993 and Hartman et al., 1997). The main objective at this
stage is the proliferation to produce outgrowths that, when separated, are
capable of giving rise to intact plants. This can be accomplished either by the
promotion of stem tip growth and stimulation of axillary branching, or by inducing
adventitious shoot buds either directly or through prior callus formation (Torres,
1989; George, 1993).
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The structure is separated and subcultured onto new medium every 4-8 weeks.
An important aspect of this stage is the maintenance of a high ratio of cytokinins
to auxins which promotes shoot growth (Wetherall, 1982). However, nutrients,
plant growth regulators and environmental factors all strongly influence shoot
multiplication, and extensive testing is necessary to identify optimum conditions
for efficient multiplication (George, 1993). Individual plant species and clones
require different combinations and concentrations of nutrients, carbohydrates and
plant growth regulators in order to be successfully propagated in vitro (Gamborg
and Shyluk, 1981) and the type of muitiplication medium used depends on the
species or cultivar (Torres, 1989; Wetherall, 1989; George, 1993). The basal
medium used during this procedure is similar to that used in the establishment
phase; however, an increase in cytokinin and mineral supplement concentrations
is supplied (Hartman et al., 1997). Different species vary in their requirements for
cytokinin and basal salts. Exact protocols for individual species thus have to be

empirically determined through experimentation (Table 1.2).

The numbers of micro-shoots produced differs for individual explants, depending
on the species and conditions under which cultures are maintained. Multiplication
can be repeated several times by subculturing the explant onto fresh medium
(George, 1993; Hartman et al., 1997). This allows for an increase in the supply of
material to a predetermined level for rooting and transplanting and any other in
vifro manipulation. However, micro-shoots often deteriorate over time, lose
leaves, fail to grow or lose their potential to regenerate, therefore it is appropriate
to culture micro-shoots onto multiplication medium for a maximum of three
subcultures (Hartman et al., 1997).

The final stage of culture involves the formation of root and shoot systems that
are strong enough to withstand the transition from in vitro conditions to those of
independent growth in soil (Wetherell, 1982; Torres, 1989: George, 1993;
Hartman et al, 1997). The development of root systems in in vitro produced

mico-shoots is an important process for the transfer of plantlets produced under
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tissue culture conditions to those of independent growth conditions. Rooting can
take place under in vitro or ex vitro growth conditions (George, 1993; Hartman et
al., 1997). During in vitro rooting the individual micro-shoots are transferred on to
growth medium in which there is a change in the growth regulator concentration
(Torres, 1989; George, 1993; Hartman et al, 1997), by reducing the
concentration of cytokinin and increasing the concentration of auxin. The
concentration of the basal salts is also cut to half that present in the multiplication

medium.

Considerable effort and research is necessary to identify the essential
requirements of individual plant species in order to achieve success of in vitro
propagation. Many methods have been developed to propagate several
indigenous plants successfully under in vitro conditions (Table 1.2)
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Table 1.2: Micropropagation protocols established for some indigenous plants with horticultural

and medicinal properties.

Plant species

Explant

Reference

Mondia whiteii

Tulbaghia simmleri
Tulbaghia violoceae
Hypoxis spp.

Mesembryanthemum
crystallinum

Lachenalia

Bowiea volubilis

Hyacinthaceae

Babiana spp.

Crinum vanabile

Scilla kraussii

Scilla dracomontana

Scilla natalensis

Aloe polyphylla

Ensete venticosum
Harpagophytum procumbens
Podocarpus henkelil

Podocarpus elongatus

Cussonia paniculata

Single node explants derived
from in vitro cultured
seedlings

Culture of bulb explants

Direct and indirect plantlet
regeneration from corms
Somatic embryogenesis with
hypocotyl explants

leaf explants

Proliferation of axillary
shoots, initiation of
adventitious shoots,
Induction of somatic embryos

Culture of root, hypocotyl and
leaf explants from in vitro
germinated seedlings.
Twin-scale explants

Primary bulb explants

Shoot explants of in vitro
grown plants

Zygotic embryos of stored
seeds

Single node segments and
shoot tips

Apical regions of seedlings

In vitro germinated seedlings

McCartan and Crouch, 1998

Zschocke and van Staden,
2000

Appleton and van Staden,
1995

Cushman et al., 2000

Niederwieser and Vceler,
1990
Hannweg et al., 1996

McCartan and van Staden,
1999
McAlister et al., 1998

Fennell, et al., 2001
McCartan and van Staden,
2002.

McCartan and van Staden,
1998.

Chukwujekwu et al., 2002

Diro and van Staden, 2003
Shushu, 2001

Kowalski and van Staden,
2001

Tetyana and van Staden,
2001
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1.2.2.4 Practical constraints of plant tissue culture systems

While it is possible to manipulate plant cells in tissue culture systems, the
success of in vitro genetic manipulation will be limited if the practical constraints
associated with plant tissue culture systems are not minimized. Several problems
are encountered with in vitro plant tissue culture (Murashige, 1977), these
include: hyperhydricity also known as vitrification (Rugini et al., 1987; Kevers et
al., 2004), exudation of phenolics or internal browning (George, 1993; Hartman et
al., 1997), the appearance of contamination due to the presence of internal
pathogens (Kunneman and Faaij-Groenen, 1988; Reed and Tanprasert, 1995)

and shoot tip necrosis (Hartman ef al., 1997).

Hyperhydricity is characterized by the turgid appearance of in vitro shoots, which
appear translucent and watery at their surface; hyperhydricity eventually results
in cultures that deteriorate and fail to proliferate (DeBergh et al., 1992; Hartman
et al., 1997). Poor rooting is encountered from hyperhydric shoots as they also
do not survive the acclimatization step (Kevers et al., 2004). Hyperhydricity is
considered a physiological response resulting from the simultaneous stress
factors of the in vitro culture medium, in addition to the high relative humidity in
the culture vessel, and the accumulation of specific gases in the confined space
(Kevers et al., 2004). Jones et al. (1993) showed that hyperhydric in vitro
cultured shoots of Eucalyptus saligina had abnormal, often discontinuous
development of the epidermis and the cuticle. They also observed leaves that
appeared thicker, and were characterized by poor differentiation between the
palisade cells and spongy mesophyll. When the chlorophyll content and gross
photosynthetic rate were determined, both were significantly lower than that of
field-grown and normal cultured material (Jones et al., 1993). Hyperhydricity is
more frequently encountered in plants grown in liquid media or media with a low
agar concentration, high humidity and high ammonium concentrations (Hartman
et al., 1997). A solution to this problem includes the addition of antihyperhydric

agents to the culture medium (Hartman et al., 1997). For example, McCartan and
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Crouch (1998) showed that hyperhydricity was avoided in M. whiteii explants that
were cultured on medium containing 0.2% activated charcoal while hyperhydricity

was observed in shoots cultured on medium that lacked activated charcoal.

In vitro contamination by filamentous fungi, bacteria or yeasts is a critical problem
in commercial and research laboratories (Kunneman and Faaij-Groenen, 1988;
Reed and Tanprasert, 1995; Leifert and Cassells, 2001; Niedz and Bausher,
2002; Thomas, 2004). The source of contaminated cultures is difficult to identify,
however this can stem from explants, laboratory environments, operators, mites
and thrips, or ineffective sterilization techniques (Kunneman and Faaij-Groenen,
1988; Reed and Tanprasert, 1995; Leifert and Cassells, 2001). Contamination
observed during the early stages of culture is often related to the bacterial and
fungal status of the source plant (Kunneman and Faaij-Groenen, 1988). It is
critical that every procedure of the plant tissue culture process is considered in
order to prevent contamination. These procedures include handling of the stock
plants, type and handling of the explants, media preparation, subculturing,
incubation and storage of sterile cultures (Torres, 1989; George, 1993).
Contamination that is detected during subculture can be due to inoculum that has
gone unnoticed during the initial culture of the explant (Kunneman and Faaij-
Groenen, 1988) or as a result of infection during transfer, originating from other
contaminated cultures or the inefficient application of sterile techniques
(Kunneman and Faaij-Groenen, 1988; Torres, 1989). The control of
contamination involves the detection at an early stage and prevention of its
spread through the cultures. Eliminating internal contaminants is difficult (Reed
and Tanprasert, 1995; Leifet and Cassells, 2001). In some instances
contamination can not be detected early because some contaminants mimic
plant activities and therefore cannot be recognized as microbial in origin, for
examples findings reported by Leifert and Waites (1990).

Explants of some species often turn black or brown within a few days after
culture initiation (Torres, 1989; George, 1993; Hartman et al., 1997). This results
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in the inhibition of growth and usually death of the tissue (Torres, 1989).
Browning is found to occur most frequently in those plant species that contain
high levels of tannins or other hydroexophenols (Torres, 1989). Older tissues are
generally more susceptible to browning than younger (Hartman et al., 1997). The
necrosis that does occur is a result of the action of copper-containing oxidase
enzymes which are released due to the wounding that takes place during

excision and sterilization of the explant (George, 1993; Hartman et al., 1997).

There are several methods that can be employed to prevent browning of tissue,
including removing the phenolic compounds produced (George, 1993; Hartman
et al., 1997), modifying the redox potential, inactivating the phenolase enzyme or
reducing the phenolase activity (Torres, 1989). The most practical method of

reducing browning has been the removal of phenolic substances (Torres, 1989).

There are several procedures that can be implemented to remove phenolic
substances from a plant tissue culture system. The explant can be transferred
frequently to fresh medium during the first 2-4 weeks of culture in order to reduce
the build up of phenolic compounds, the frequency of transfer depending on the
quantity of phenolic compounds synthesized by the species (Hartman et al.,
1997). The transfer of tissues can be facilitated by culturing them on liquid
instead of solid medium, allowing the liquid medium containing the phenolics to
be decanted and fresh medium to be added to the explant: this allows for
minimum disturbance of the explant (Torres, 1989). When phenolics are bound to
substances such as activated charcoal, they do not inhibit plant tissue culture
growth. Concentrations of 0.5-0.05g.I" of activated charcoal are generally added
to the culture medium (Hartman et al., 1997). Tissue browning can also be
reduced by adjusting the redox potential with reducing agents or antioxidants
(Torres, 1989). Tissues that are prone to browning can be dipped into a sterile

solution of antioxidants such as ascorbic acid or citric acid immediately after
excision (Torres, 1989).
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Although various procedures can be implemented to ensure survival and
successful regeneration of plant material in vitro, for those that have been
subjected to induced mutations (such as in vitro polyploidization), screening
procedures have to be implemented in order to establish if the mutation has been
successfully induced. A number of screening procedures have been established
to determine if polyploidization techniques have been successful in changing the

ploidy status of a plant.
1.2.3 Ploidy analysis

Following in vitro polyploidization treatments with antimitotic agents it is
necessary to determine if the treatment was successful. Success of the treatment
depends on the frequency of induced polyploid plants that are produced and the
rate of survival following treatment. Various techniques have been adopted to
determine ploidy status. Macroscopic or microscopic screening for diagnostic
features were used in early polyploidization investigations (Barret, 1974).
Microscopical techniques have also been employed to count the number of

chromosomes in treated cells (Gao et al., 1996).

Cohen and Yao (1996) showed that rapid and non-destructive screening of
populations of polyploids can be obtained using stomatal length measurements,
and chromosomal counts can also be carried out on root tips. An advantage of
using stomatal size to determine ploidy level is that it can be applied to emerging
leaves, and this has been shown especially important for plants that are growing
in the field (North, 1976). However, according to Awoleya et al. (1996) these
techniques of identification are too laborious and ambiguous and may lead to
mis-identification of mixaploid plants as solid polyploids, with subsequent
instability during vegetative reproduction. Reliable estimates of nuclear DNA
contents of different plant organs can be performed on isolated nuclei by using
flow cytometry (Awoleya ef al, 1996). Only small amounts of tissue are

necessary for analysis (Dolezel, 1997), and chromosomal stability in polyploid
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material can be identified at very early stages from in vitro plantlets with minimal
destructive harvesting (Awoleya et al, 1996 and Dolezel, 1997). Several
investigators have reported the efficiency of flow cytometry to evaluate changes
in ploidy level after in vitro polyploidization treatment (Dolezel, 1997; Shao et al.,
2003 and Eeckhaunt et al., 2004).

Flow cytometry is a technique that involves the analysis of the optical properties
of particles in flow (Dolezel, 1997). Flow cytometry was originally developed for
rapid counting and analysis of blood cells; however, with the development of new
fluorescent probes, it is now a useful tool in many biological areas. Flow
cytometry analysis to determine ploidy level in plants is usually carried out using
nuclei isolated from young leaf tissue (Dolezel, 1997). Analysis of the relative
DNA content yields a histogram showing a dominant peak corresponding to
nuclei at the G; phase of the cell cycle. In order to estimate ploidy level, the
position of the G; peak is compared with that of a reference plant of known
ploidy. Flow cytometry assays used to determine ploidy status offer several
important advantages over conventional chromosome counting (Dolezel, 1997).
Sample preparation is easy, and therefore it is a convenient method; rapid
analysis is possible therefore allowing several samples to be analysed over a
shorter period of time; and there is no particular need to isolate meristematic
tissue for analysis as flow cytometry does not depend on dividing cells. Samples
can be prepared from a few milligrams of plant tissue, flow cytometry can be
used to detect mixaploidy (Awoleya et al., 1996).
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1.2.4 Induced polyploidy in indigenous plant species

A consirable number of indigenous species have been polyploidized (Table 1.3).
To achieve this, however, the inherent problems must be overcome as described
by e.g. Niederwieser (2004) for Lachenalia spp.. One of the major constraints for
successful commercialization of Lachenalia, an indigenous flower bulb species,
has been slow propagation rates (Niederwieser, 2004) and several procedures
have been implemented to overcome this, and technical advances have allowed
for in vitro polyploidization to be applied on a routine basis to shorten the time
required to develop new cultivars and to maintain the propagation scheme
(Niederwieser, 2004). The techniques reported by that author include several
reviews of in vitro polyploidization procedures carried out previously on

Lachenalia spp.

At the Agricultural Research Council ~ Institute for Tropical and Subtropical
Research (ARC-ITSR) in Nelspruit, many indigenous plant species have been
polyploidized (Table 1.3) Hannweg and Vos (pers. comm. *). Explants used were
nodal cuttings of in vitro germinated seedlings that were immersed for 24-48 hrs
in liquid MS medium containing 0.01%, 0.05%, 0.1%, 0.5%, 1% or 5%
colchcicine (w:v). The explants were recultured on MS medium containing 3%
sucrose (w:v) and 0.3% Gelrite (w:v), and were maintained under reduced
ventilation and high humidity conditions by sealing the culture tubes with
Parafilm. The treated explants were evaluated six weeks later for changes in
ploidy level using a flow cytometer. Treated explants that were tested positive for
an increased ploidy level were transferred to a multiplication medium (MS
medium supplemented with 30g.I" sucrose and 1mg.I" benzylaminopurine).
Those treated explants that showed no change in polyploidy were re-routed into
the antimitotic treatment stage and subsequently tested.

" Hannweg, K.F. and Vos, J.LE. ARC-ITSR Private bag X 11208, Nelspruit 1300
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Table 1.3: A list of indigenous plant species that have been polypolidized at the ARC-ITSR with different concentrations

(%) of colchicine Hannweg and Vos (pers. comm.).

% Colchicine

0.5 1.0 5.0

o

Plant species 0.01 0.05

Vigna unguiculata
Solanum retroflexum
Thymus vulgans

Salvia aurea

Carpobrotus deliciousus
Omithogalum suaveolens
Bauhinia galpinii

Albuca clanwilliams gloriae
Plectranthus fruitcosus
Coccinia quinqueloba
Citrullus lanatus
Romulea hallii

Mondia whiteii
Crocosmia aurea
Cucumis zeyhen
Dierama medium
Anthericum transvaalense
Phygelius capensis
Crofalaria capensis
Tranacetum vulgare
Eleusine coracana
Tephrosia rhodesica
Ocimum basilicum
Drimiopsis maculate
Dierama reynoldsii
Fagopyrum esculentum
Tetradenia riparia
Physalis peruviana
Sisymbrium thellungii
Sutherlandia spp.
Geranium incanum
Geranium puichrum
Ceratotheca triloba
Tephrosia candida
Indigofera hedyanthe
Harpagophytum procumbens v
Plectrantus spicatus
Hermannia athaeoides
Psoralea pinnata
Sanseiveira hyacinthoides
Dierama pendulum
Tulbaghia simmertii
Pavonia columella
Indigofera filifolia
Barleria repens
Tecomaria capensis
Plantago lanceolata
Rumex acetosa

Ruta graveolens
Echinacea purpurea
Dodonae angustifolia
Sutherlandia frutescens
Sutherlandia speciosa v

< < < < < < < L <L 2L L L L L L L L
dl dld d dd 2 2l L L2l 2l 2 2222 2 L L L 2L L 2 2 2 22 2|

< 2 2 <
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1.3 AIMS OF THE CURRENT INVESTIGATION

Many South African plant species have the potential for commercialization.
However, a reduced distribution of naturally occurring resources has limited the
isolation and cultivation of superior genotypes of several such potentially useful
species, Hannweg and Vos (pers. comm.). In order to initiate successful
cultivation of indigenous plant species, it is desirable that crop improvement
strategies be employed. A convenient method that has been particularly useful
with a spectrum of horticultural plant species is polyploidization or chromosomal
doubling resulting from colchicine application, as described above.
Polyploidization resulting from colchicine application has been a useful tool for
crop improvement, especially when used in conjunction with in vitro plant tissue
culture (Table 1.1).

At the ARC-ITSC in Nelspruit, successful in vitro chromosome doubling has been
achieved with a number of indigenous plant species (Table 1.3). While
successful polyploids have been produced in a number of indigenous plant
species, only a limited number of genotypes of some species have been
identified as polyploids and low survival rate of treated plant material have been
common problems encountered when treating potential horticultural plants with
colchcine, Hannweg and Vos (pers. comm.). The high concentrations of the
antimitotic substance, colchicine, generally used to induce polyploidy are
phytotoxic and carcinogenic. Another antimitotic substance that has been
identified to induce polyploidy in plants is oryzalin. Oryzalin has been reported to
induce similar responses in plants as that of colchicine but at a much lower

concentration. The structures of colchicine and oryzalin are shown in Figure 1.1.

Although there are a number of reports highlighting the advantage of using
oryzalin in place of colchicine to induce polyploidy in vitro, there is still uncertainty
of the exact effects of the two antimitotic substances on cell ultrastructure.

Therefore a comparison was made of the cell ultrastructure of plants that were
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treated with colchicine and oryzalin in the present study. The present study
focused on the efficiency of the two antimitotic substances in inducing poyploidy
in two indigenous plant species with medicinal and horticultural properties

(Mondia whiteii and Dorotheathus bellidiformis).

While in vitro polyploidization is considered the best method of inducing
polyploidy, various practical constraints associated with plant tissue culture
systems (see above) limit the survival of plant material that is treated with
antimitotic substances, and hence limit the success of in vitro polyploidization
treatments. To achieve maximum survival of explants treated with antimitotic
substances it is critical that problems such as contamination, phenolics
exudation, hyperhydricity and necrosis are reduced. It was therefore necessary in
the present study to optimise the growth conditions of the treated plant material
of the two species, prior to establishing which antimitotic substance was most

efficient to induce polyploidy.
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CHAPTER TWO
MATERIALS AND METHODS

2.1 EXPERIMENTAL APPROACH

To determine the effect of antimitotic substances on cellular structure,
Dorotheanthus bellidiformis (Burm.f.) N.E.Br seeds were germinated in vitro in
the presence of colchicine and oryzalin, and changes in ultrastructure and
morphology were thereafter evaluated by light and electron microscopy. To
determine the polyploidization efficiency of antimitotic substances, micro-shoots
of Mondia whiteii (Hook.f.) Skeels and D. bellidiformis were treated with different
concentrations of the antimitotic substances in vitro and then cultured under
several different culture conditions, after which flow cytometry was used to

evaluate the extent of polyploidization.
2.2 MATERIALS
2.2.1 Plant material

All plant material initially used was derived from seeds. D. bellidiformis (Figure
2.1a) seeds were purchased from McDonald Seeds, Pietermaritzburg and
seeds of M. whiteii (Figure 2.1b) were purchased from Silverhill Seeds, Cape
Town. The seeds were stored over silica gel in glass jars at room temperature
and were sterilized prior to in vitro manipulation.
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Figure 2.1: Seeds of (a) D. bellidiformis and (b) M. whiteii (x0.6).

2.3 EXPERIMENTAL METHODS
2.3.1 Sterilization

Seeds were initially immersed in 70% ethanol (v:v) for +2 minutes. Floating
debri and other particles were removed. The seeds were surface sterilized in a
1% solution of sodium hypochlorite (NaOCI) (w:v) containing a drop of Tween
20 for 0, 2, 4, 6 and 8 min, prior to thorough rinsing in three successive washes
of sterile distilled water. The seeds were thereafter transferred aseptically onto
Murashige and Skoog (1962) (MS) medium supplemented with 3% sucrose
(w:v), and solidified with 0.3% Gelrite (w:v). The pH of the medium was adjusted

to 5.7+0.02 prior to autoclaving.

The cultures were incubated at a 16 h/8 h photoperiod of 24°C day/ 21°C night
for 14 days. Light was provided at a 37 umol.m?.s™ Photosynthetic Photon Flux
Density (PPFD) provided by Biolux tubes (Osram L58W) (lateral and overhead
lighting). The number of seeds that germinated, the number of seeds showing
contamination and those that failed to germinate was recorded. Four replicates

of each treatment were carried out and ten seeds were used for each replicate.
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The sterilization conditions at which optimal germination occurred was used in

future investigations.

Statistical analysis was carried out using the statistical programme SPSS, the
data was subjected to a one-way ANOVA. When the ANOVA indicated
statistical significance, a Duncan’s multiple comparison test was used to

distinguish differences amongst means between treatments.

2.3.2 Germination of D. bellidiformis in the presence of antimitotic

substances

Seeds were sterilized and placed on sterile filter paper moistened with
autoclaved distilled water, 0.1% or 0.01% colchicine (w:v) and 0.01% and
0.001% oryzalin (w:v). The Petri dishes (6 90.00 mm) were sealed with Parafilm
and cultured for 14 days at a 16 h/8 h photoperiod of 24°C day / 21°C night and
37 umol.m?.s” PPFD.

Germination was recorded as initial radicle emergence over 14 days at which
point the germinated seedlings were transferred to MS medium. Ten replicates
of each treatment were carried out and 20 seeds were used for each replicate.
0.05 g.mI"" and 0.01 g.mlI"" stock solutions of colchicine and oryzalin respectively
were made up using sterile distiled water and a few drops of dimethyl
sulphoxide (DMSOQO) (Sanders and Hull, 1970). The stock solutions of the
antimitotic substances were added to distilled water prior to autoclaving.

Statistical analysis was conducted using the statistical programme SPSS and
the data was subjected to a one-way ANOVA. When the ANOVA indicated
statistical significance, a Duncan’s multiple comparison test was used to

distinguish differences amongst means between treatments.
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2.3.3 Post-treatment handling of seedlings

After 14 days in the presence of antimitotic substances, germinated seedlings
were transferred to MS medium containing 3% sucrose (w:v), 0.3% Gelrite (w:v)
at pH 5.7+0.02 in Petri dishes (6 90.00 mm) for 2 weeks at a 16 h / 8 h
photoperiod of 27°C day/ 21°C night and PPFD of 66 pmol.m?.s™". The pattern
of growth of treated seedlings was recorded using a Sony F.D. Movica digital

camera.

Apical and root meristems were excised from treated seedlings 14 days after
treatment. The excised tissue was fixed in 2.5% glutaraldehyde buffered at pH
7.2 with 0.1 M phosphate buffer containing 1% caffeine for at least 24 h and
post fixed in 0.5% aqueous osmium tetroxide for an hour. The material was
dehydrated with 25%, 50%, 75% and 100% acetone (v:v). The dehydrated
samples were placed in 1:1 100% acetone and resin (Spurr, 1969) for 4 h,
placed in resin (Spurr, 1969) for 24 h and thereafter embedded in fresh resin
and polymerised at 80°C for 8 h. Five replicates of each sample were prepared

for microscopy.

The embedded plant material was sectioned using an LKB ultramicrotome.
Sections viewed for light microscopy were 1 um thick and stained with 1%
toluidine blue. Sections viewed for transmission electron microscopy cut at
100+0.15 nm, and double stained with aqueous 2.5% uranyl acetate solution for
10 min followed by lead citrate (Reynolds, 1963) for 10 min. A maximum of 5
sections were viewed on each grid. The sections were viewed and

photographed on Kodak film using a Jeol 1010 transmission electron
microscope.

A qualitative analysis was carried out at a descriptive level of the micrographs
obtained from TEM, and particular attention was paid to organelle development,

vacuolation and any possible abnormalities indicative of cell damage.
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2.4 IN VITRO POLYPLOIDIZATION
2.4.1 Explant preparation

Sterilized D. bellidiformis and M. whiteii seeds were germinated on MS medium
containing 3% sucrose (w:v) and 0.3% Gelrite (w.v) at pH 5.7+0.02. Seeds were
germinated individually in culture tubes sealed with Parafilm containing 10 mi of
medium. Seedlings were maintained for six weeks on the MS medium until they

were 5+£0.5 cm in length.

At least 3 nodal cuttings (1.5 cm) were made from the seedlings and transferred
onto MS medium supplemented with 3% sucrose (w:v); 0.3% Gelrite (w:v) and 1
mg.I"" benzyl aminopurine (BAP) at a pH of 5.74£0.2 and maintained at a 16 h/ 8
h photoperiod of 24°C day / 21°C night at PPFD of 37 umol.m?s™. Three
subcultures onto fresh multiplication medium after six week intervals were
necessary to obtain sufficient number of micro-shoots of 0.5 — 1 cm lengths for

the manipulations that followed.

1 mg.ml' stock solution of BAP (Sigma, U.S.A) was used to prepare the
multiplication medium. This was made by dissolving 1 g of BAP in 1 M NaOH
and thereafter made up to a volume of 100 ml with sterile distilled water. The
stock solution was stored in an amber glass bottle in the refrigerator, and was

removed from the refrigerator at least an hour before being used to prepare
media.

2.4.2 Antimitotic treatment of in vitro micro-shoots

In vitro produced micro-shoots (0.5 cm) were excised from individual clonal
cultures of D. bellidiformis (Figure 2.2a) and M. whitei (Figure 2.2b) and
immersed in 1.5 ml of liquid MS medium supplemented with 3% sucrose (w:v),
at a pH of 7.00+0.02 (Figure 2.2c). The liquid medium was further
supplemented with 0.1% or 0.01% colchicine (w:v) and 0.01% or 0.001%
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oryzalin (w:v) and dispensed into 2 ml cryo-tubes. These cultures were
maintained in the liquid medium for 48 h at a16 h/ 8 h photoperiod of 24°C day /
21°C night at PPFD of 37 pmol.m?.s™.

Explants were thereafter thoroughly rinsed individually with 3 successive
washes of sterile distilled water, and transferred onto an elongation medium.
Micro-shoots subjected to control treatments were treated in the same manner
but were cultured in liquid medium without any antimitotic substances. Five
experimental treatments were carried out using 20 replicates for each

treatment.

Figure 2.2: Clonal explants of (a) D. bellidiformis and (b) M. whiteii treated with

antimitotic substances in liquid MS medium in (c) 2 mi cryotubes (@ 1 cm) (x0.75).
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2.4.3 In vitro culture of treated micro-shoots

The rinsed micro-shoots were individually transferred to 5 ml of elongation
medium in 20 ml culture tubes. Optimum micro-shoot elongation was assessed

after the following procedures:

a. Initially micro-shoots of D. bellidiformis and M. whiteii explants were
transferred onto MS medium supplemented with 3% sucrose (w:v), 0.3%
Gelrite (w:v) at a pH of 5.7+0.02. Individual culture tubes were sealed

with Parafilm and maintained for 6 weeks.

b. Micro-shoots were maintained for 6 weeks on 5 ml of MS medium
supplemented with 3% sucrose (w:.v), 0.3% Gelrite (w:v) at a pH of
5.71+0.02 but were cultured in tubes with caps but were not sealed with
Parafilm.

C. Treated micro-shoots were cultured for four and six weeks on MS
medium supplemented with 3% sucrose (w:v), 0.3% Gelrite (w:v), 0.2%
activated charcoal (w:v) at pH 5.7+0.02.

d. All treated micro-shoots of M. whiteii were cultured at a 16 h / 8 h
photoperiod of 24°C day/ 21°C night and PPFD of 37 pumol.m?2s™.
Treated micro-shoots of D. bellidiformis were cultured at 16 h / 8 h
photoperiod of 27°C day/ 21°C night and PPFD of

66 pmol.m?.s™.

Treated micro-shoots were evaluated at the end of the culture period for
hyperhydricity, phenolics exudation, survival, contamination and overall growth
response to the treatments. Elongated micro-shoots produced under conditions

where optimum growth was observed, were evaluated for changes in ploidy
level.
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2.5 PLOIDY ANALYSIS

Leaf samples (Figure 2.3a) were excised with a sharp razor blade from treated
micro-shoots after culture on an appropriate elongation medium. The excised
samples were placed in 2 mi of sterile distilled water in Eppendorf tubes (Figure
2.3b), sealed with Parafilm, and transferred to the Agricultural Research
Council- Institute for Tropical and Subtropical Crop at Nelspruit for ploidy

analysis.

¥

Figure 2.3: Leaf samples from treated micro-shoots (a) were transferred for flow

cytometry analysis in Eppendorf tubes (b) containing 2 ml of sterile distilied water (x0.85).

Flow cytometry was used to determine the changes in ploidy level of treated
micro-shoots using a Partec, PA Ploidy Analyser. Leaves were first chopped
with a sharp razor blade in a 55 mm plastic Petri dish containing 400 ul of
nucleus extraction buffer. The sarnple was then filtered through a 50 pum
Celltrics disposable filter into plastic cuvettes and 1.6 ml of 4’,6’-diamidino-2-
phenylindol (DAPI) staining solution was added. The change in ploidy level was
measured with a flow cytometer. The principles of this method have been

presented above (p 34).
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CHAPTER THREE
RESULTS

3.1 RESPONSE OF SEEDS TO STERILIZATION TREATMENTS

An important aspect of in vitro manipulation of plant material is the removal of
contaminants. In the current study, explants (seeds) were surface sterilized
with a commonly used sterilizing agent (NaOCI) for various lengths of time (0,
2, 4, 6 and 8 min) and screened for a period of 2 weeks on a solid sucrose-
supplemented MS medium for the presence of contaminants and germination.
Once an optimum period for sterilization was determined for D. bellidiformis,

the same sterilization conditions were used for M. whiteii seeds.

Immersion of D. bellidiformis seeds in 1% NaOCI (w:v) for different lengths of
time showed differences in the germination response when the seeds were
subsequently cultured in vitro on MS medium (Table 3.1). Low germination
(10%) was recorded for seeds that were cultured directly onto sucrose-
supplemented MS medium after only a 2 min immersion in 70% ethanol, and
contamination was also high (87%). The germination of the seeds increased
as the duration of immersion in 1% NaOCI| was increased. A relatively high
germination (75%) was recorded for seeds immersed in 1% NaOCI (w:v) for
8min.

An inverse relationship was observed for seeds lost to contamination with
increasing the length of time immersed in 1% NaOCIl. There were no
significant differences observed for seeds that failed to germinate when
immersed in 1% NaOCI for 0 - 8 min. The mean percentage of seeds failing
to germinate was relatively low in comparison with seeds that germinated
under all treatment regimes. Seeds lost to contamination, and seeds failing to
germinate together, were lowest for seeds treated with 1% NaOC]I for 8 min in
comparison with treating seeds with 1% NaOCI| for shorter periods.
Contamination recorded for seeds immersed for 8 min in 1% NaOC! was

relatively low (15%). Increasing the sterilization period to 10 and 12 min
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inhibited germination completely. Mondia whiteii seeds were immersed for 8
min in 1% NaOCI followed by 3 successive washes with sterile distilled water
showed 100% germination. Nodal cuttings of uncontaminated seedlings were
placed on multiplication medium (sucrose-supplemented MS medium
containing 1mg.I"" BAP) in order to generate an adequate supply of in vitro
micro-shoots for subsequent in vitro polyploidization studies.

An initial 2 min immersion in 70% ethanol followed by 8 min in 1% NaOCI and
thereafter followed by 3 successive washes with sterile distilled water was
used for future sterilization of both D. bellidiformis and M. whiteii seeds when

in vitro manipulation of these two species was carried out.

Table 3.1: Sterilization and germination responses of D. bellidiformis seeds to 1% sodium
hypochlorite for varying periods of time after 14 days. The sterilized seeds were cultured on
full strength MS medium supplemented with 3% sucrose (w:v) and 0.3% Gelrite at a pH of
5.710.02 and a 16 h day /8 h night photoperiod of 24°C day / 21°C night and PPFD of 37
pmol.m?2s™.

" Treatment duration ‘Germination Contamination No germination
(min) (%) (%) (%)
0 10+5.8° 88+7.5% 3+2.5°
2 25+10.4% 73+11.1% 3+2.5°
4 55+19.4% 43+18.9™ 3+2.5°
6 63+11.1% 3548.7% 3+2.5°
8 75+15.6° 15+11.9° 8+4.8°

?Mean éébaration within columns by Duncans’ mulfiple range tééf, P <0.05. Values represent -

means and standard error of means of four replicates of 20 seeds each.
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3.2 RESPONSES OF D. BELLIDIFORMIS SEEDS TO ANTIMITOTIC
SUBSTANCES

3.2.1 Germination response

Mondia whiteii seeds were used exclusively to derive an adequate stock of in
vitro micro-shoots for in vitro manipulation of chromosome number.
Dorotheanthus bellidiformis seeds were used to derive stocks of in vitro micro-
shoots for in vitro chromosome studies, as well as to determine the effect of
the antimitotic substances (oyzalin and colchicine) on a highly metabolic
process (germination) and evaluate the subsequent alteration of cell
ultrastructure. Seeds of D. bellidiformis were first sterilized (2 min in 70%
ethanol, 8 min in 1% NaOCI followed by three successive rinses in sterile
distilled water) and germinated in vitro in the presence of 0.1% or 0.01%
colchicine and 0.01% or 0.001% oryzalin. Percentage germination was
recorded daily from day 3, at which time initial signs of germination were
observed, with the protrusion of the radicle and swelling of the seed coat. A
significant difference in germination rate was observed for seeds germinated
in the presence of 0.01% oryzalin compared with controls (Table 3.2). There
was no significant difference observed between seeds germinated at 0.1%
and 0.01% colchicine, 0.001% oryzalin and control treatments (Table 3.2).
The percentage germination increased steadily for D. bellidiformis cultured in
vitro in the presence of 0.1% and 0.01% colchicine, 0.01% and 0.001%
oryzalin over the 14 days observed (Table 3.2).

The initial germination recorded for seeds of the control treatments, 0.1% and
0.01% colchicine (w:v) and 0.001% oryzalin (w:v) was rapid by day three, but
thereafter was followed by a slower progressive increase in percentage
germination (Table 3.2). A low percentage germination (10%) was recorded at
0.01% oryzalin initially, which gradually increased to 44% by day 14.

The general trend for all treatment conditions appeared to be a rapid
germination during the first three days followed by a slow, steady increase in

germination thereafter. Culturing of seeds in the presence of 0.01% oryzalin
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reduced the final germination rate observed by nearly half, suggesting that the

treatment was phytotoxic.

Differences in morphology after 14 days (Figure 3.1) were observed on initial
transfer of germinated seedlings to the sucrose-supplemented MS medium
(Figure 3.1). No observable differences were observed in appearance of
seedlings germinated under control conditions (Figure 3.1b) and those in the
presence of 0.01% colchicine (image of 0.01% treated seedling not presented
a it does not vary much in appearance from seedlings treated as controls).
Seedlings germinated at the two colchicine concentrations were markedly
different: root development in seedlings germinated at 0.01% colchicine was
vigorous and shoot elongation was shown, which was similar to that observed
in control seedlings (Figure 3.1b) whereas stunting was evident at 0.1%

colchicine (Figure 3.1a).

Root development in seedlings geminated in the presence of colchicine
(Figures 3.1a), and control germinated seedlings (Figure 3.1b) were different
from rooting observed in seedlings germinated in the presence of oryzalin at
both concentrations tested (Figure 3.1c-d). Oryzalin treated seedlings were
markedly stunted in development and differed morphologically from control
seedlings, and those germinated in the presence of colchicine. Seedlings
germinated at 0.01% and 0.001% oryzalin (Figure 3.1c) lacked pigmentation,
and appeared translucent. Restricted root development was observed in
oryzalin treated seedlings (Figures 3.1c and d). Limited shoot development

was observed in seedlings that were treated with 0.01% oryzalin (Figures
3.1c).
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Figure 3.1: Morphological appearance of seedlings germinated in the presence of antimitotic substances
for 14 days: a — 0.1% colchicine; b — control; ¢ - 0.01% oryzalin and d — 0.001% oryzalin.
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Table 3.2: In vitro percentage germination of D. bellidiformis seeds initially subjected to an 8 min sterilization regime and thereafter

cultured on sterile filter paper moistened with: distilled water or 0.1% colchicine, 0.01% colchicine, 0.01% oryzalin or 0.001% oryzalin

under a 16 h day / 8 h night photoperiod of 24°C day / 21°C night and PPFD of 37 umol.m?2.s™.

Treatments

Control

0.1% colchcine

0.01% colchicine

0.01% oryzaiin

0.001% oryzalin

3 4
se1z 623"
42+4°  66+3°
48+6™ 566"
10£4°  1845°
33+5°  4247°

66+3°  73+3%

7114°

5816

17+5°

42+7°

Germination (%) at day

6 7 8 9 10 11 12
75+3%  78+3° 78+3%  78%3™  7943% 79+3%
7414 7614 764° 7614° 7614 774%™ 77+4%
7245% 7645  78+5° 78+5°  78+5™  81+5° 80+5
3348°  3518° 398" 39+8°  40+8°  40+8° 40+8°
668" 6218 6£3:8° 638"  63+8° 6248 62+8°

13

80+3°

77+4°

82+4°

41+8°

66+8"

80+3°

78+4°

82+4°

44+8°

67+7°

*Mean separation within vertical columns by Duncans’ muitiple range test, P <0.05. Values represent means and standard

error of means of 10 replicates of 25 seeds each.
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3.2.2 Morphological and ultrastructural responses

Although the initial germination responses for the controls, and seeds cultured
in the presence of 0.1% and 0.01% colchicine and at 0.001% oryazalin initially
appeared similar, differences (Figures 3.3-3.7) became evident after

transferring the treated seedlings onto sucrose-supplemented MS medium.

Seedlings from control treatments (Figures 3.3a-c) showed vigorous root growth
when transferred to the sucrose-supplemented MS medium. By day 6 of culture
(Figure 3.3b), rapid elongation of micro-shoots was evident, and root
development was extensive with numerous root hairs. At the termination of the

culture period on day 14, a dense mass of plantlets, with extensively elongated

shoots and vigorous primary roots and root hairs were observed (Figure 3.3c).

Figure 3.3: Progressive growth and
| development of D. bellidiformis seedlings after
germination on sterile moistened filter paper.
Seedlings were transferred from germination
conditions after 14 days onto MS medium
supplemented with 3% sucrose (w:v), 0.3%
Gelrite (w:v) at pH 5.7+0.02 and a 16 h day / 8 h
night photoperiod of 24°C day/21°C night at
PPFD of 37 pmol.m?s” up to 14 days: a —
immediately after treatment ; b — 6 days after

removal from treatment; ¢ — 14 days after
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Plantlet growth was slow in seedlings treated with 0.1% colchicine (Figure 3.4)
and although rooting was evident, it was far less extensive than the controls.
Photosynthesis was presumably occurring in these seedlings, as their leaves
were dark green. Cotyledonary greening appeared unaffected by the treatment
and at the termination of culture on day 14, unlike control seedlings, shoot

elongation was reduced and root development was not as vigorous (Figure 3.4c

compared with Figure 3.3c).

Figure 3.4: Progressive development of D.
bellidiformis seedlings after germination on sterile
filter paper moistened with 0.1% colchicine (w:v).
Seedlings were transferred from germination
conditions after 14 days onto MS medium
supplemented with 3% sucrose (w:v), 0.3% Gelrite
(w:v) at pH 5.7+0.02 and a 16 h day / 8 h night
photoperiod of 24°C day/21°C night at PPFD of 37
pmol.m?s™ up to 14 days: a — immediately after

removal from germination treatment, b — 6 days

after removal from treatment, ¢ — 14 days after
removal from treatment.
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Although seedlings removed from 0.01% colchicine were initially similar to
seedlings from control conditions, growth patterns observed for seedlings
germinated at 0.01% colchicine changed as development proceeded (Figure
3.5). Inhibition of shoot development was still evident 6 days after transferring
the seedlings to the MS medium (Figure 3.5b) compared with those of control
treatments (Figure 3.3b), however, inhibition of shoot elongation was much less
for seedlings germinated at 0.01% colchicine than that which was evident for
seedlings of the same age germinated at 0.1% colchicine (Figure 3.4b).
Hypocotyl growth was evident 14 days after transferring seedlings onto MS
medium (Figure 3.5¢), but cotyledonary development appeared stunted (Figure

3.5¢) and this could be compared with cotyledonary development of control

seedlings of the same age (Figure 3.3c).

Figure 3.5: Progressive development of D.
bellidiformis seedlings after germination on sterile
filter paper moistened with 0.01% colchicine.
Seedlings were transferred from germination
conditions after 14 days onto MS medium
supplemented with 3% sucrose (w:v), 0.3%
Gelrite (w:v) at pH 5.740.02 and a 16 h day / 8 h
night photoperiod of 24°C day/ 21°C night at
PPFD of 37 umol.m?®s™ up to 14 days: a -

immediately after removal from germination

treatment; b — 6 days later; ¢ — 14 days after
removal from treatment.
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Growth patterns observed in seedlings germinated in the presence of oryzalin
(Figure 3.6 and Figure 3.7) were remarkably different from the growth patterns
observed in controls (Figure 3.3) and those germinated in the presence of
colchicine (Figure 3.4 and Figure 3.5). The inhibitory effect of 0.01% oryzalin on
seedling growth and development (Figure 3.6) was striking in relation to

colchicine treatments and water controls.

An inhibition in root development was observed when seedlings were initially
transferred onto a sucrose-supplemented MS medium after a 14 day treatment
with 0.01% oryzalin (Figure 3.6a) compared with controls (Figure 3.3a). While
most seedlings treated with 0.01% oryzalin showed no shoot elongation after
they were transferred onto MS medium (Figure 3.6c) compared with that in
seedlings from control treatments (Figure 3.3b), retarded elongation was
observed in the few seedlings that did show signs of development (Figure 3.6c).
At the end of the culture period only a few seedlings developed further, and
primary root development (Figure 3.6c) was still slow and no root hair
development was observed compared with control seedlings (Figure 3.3c) at
the same developmental stage. Only a limited number of seedlings treated with

0.01% oryzalin were green (Figure 3.6c) suggesting reduced photosynthetic
activity.
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Figure 3.6: Progressive development of D.

bellidiformis seedlings after germination on
sterile filter paper moistened with 0.01%
oryzalin. Seedlings were transferred from
germination conditions after 14 days onto MS
medium supplemented with 3% sucrose (w:v),
0.3% Gelrite (w:v) at pH 5.710.02 and a 16 h
day / 8 h night photoperiod of 24°C day/21°C
night at PPFD of 37 umol.m?s™ up to 14 days:
a — immediately after removal from germination
treatment; b — 6 days later; ¢ — 14 days after

removal from treatment.

Seedlings isolated after a treatment with 0.001% oryzalin (Figure 3.7) appeared

less severely inhibited than those treated with 0.01% oryzalin (Figure 3.6).

Growth of seedlings that were treated with 0.001% oryzalin and thereafter

transferred onto a sucrose-supplemented MS medium were inhibited, but not as

markedly as that observed for 0.01% oryzalin treated seedlings (Figure 3.6)

Although root development was restricted following removal of the seedlings

from the treatment, some hypocotyl elongation was evident (Figure 3.7a).

Although shoot development was evident 6 days after transferring the treated

seedlings to the sucrose-supplemented MS medium (Figure 3.7b), it was still
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relatively slow when compared to control seedlings of the same age (Figure

3.3b). Thereafter, shoot growth proceeded slowly and steadily (Figure 3.7c).

Root development was restricted (Figure 3.7c) compared with seedlings from

the control treatments (Figure 3.3b), but was evident 14 days after transferring

the seedlings onto the sucrose-supplemented MS medium (Figure 3.7c).

60

Figure 3.7: Progressive development of D.
bellidiformis seedlings after germination on sterile
filter paper moistened with 0.001% oryzalin.
Seedlings were transferred from germination
conditions after 14 days onto MS medium
supplemented with 3% sucrose (w:v), 0.3%
Gelrite (w:v) at pH 5.7£0.02 and a 16 h day / 8 h
night photoperiod of 24°C day/ 21°C night at
PPFD of 37 umol.m?s™ for up to 14 days: a —
immediately after removal from germination
treatment, b — 6 days later; ¢ — 14 day after
removal from treatment.



In view of the marked differences in growth and development of seedlings of D.
bellidiformis in the presence of colchicine and oryzalin, light and electron-
microscopy was used to characterize some of the tissue and cellular changes
brought about by the different antimitotic treatments. Microscopical examination
was made on the shoot and root apex of the germinated seedlings because of
the known properties of interference of antimitotic compounds with microtubules
and cell division. The cellular arrangement of meristematic cells from root apex
isolated from seedlings germinated in the presence of 0.1 and 0.01% colchicine
was similar to meristematic cells from the root tip of the control seedlings
(Figure 3.8a), in contrast to seedlings from the control treatments, seedlings
germinated in the presence of oryzalin was associated with an abnormal cellular
arrangement in the root tip (Figure 3.8b). Light microscopy was used to
establish the cellular arrangement in the root tip of seedlings germinated in the
presence of oryzalin. The light microscopy analysis of the root sections from
seedlings germinated in the presence of oryzalin indicates that tissue
abnormalities underlies the abnormal root development observed when grown
on sucrose-supplemented MS media (Figure 3.6 and 3.7). Due to the fine
nature of the roots, and problems associated with orientation, sectioning and
accurate identification of the meristematic region of the root, further studies
were directed exclusively to the shoot tip region where orientation and the
meristematic cell region were more readily identifiable. Meristematic cells
isolated from the root apex of D. bellidiformis seedlings were difficult to identify,
this was attributed to the extensive vacuolation and collapse observed. In
contrast to meristematic cells from the root apex, cells isolated from the shoot
apex of the same seedlings showed that there were differences in ultrastructure

of cells isolated from the seedlings under the different experimental treatments
considered.

There also appeared to be differences between the development of cells from
shoot tip isolated from control seedlings that were germinated in the absence of
antimitotic substances (Figure 3.9a), and in the presence of 0.1% colchicine

(Figure 3.9b), 0.01% colchicine (Figure 3.9¢) and oryzalin (Figure 3.9d). The
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ultrastructure of cells from the shoot tip of the control seedlings (Figure 3.9a)
had cytomatrix-rich regions, and sparse vacuolation. Shoot meristem cells
isolated from seedlings germinated at 0.1% colchicine (Figure 3.9b) had many
vacuolar inclusions, and the cytomatrix appeared fragmented. Cells isolated
from the shoot meristematic region of seedlings germinated in the presence of
0.01% colchicine (Figure 3.9c) showed some cells that were highly vacuolated
with a limited cytomatrix evident. Other cells appeared vacuolated but
numerous starch grains were observed. Cells isolated from the shoot
meristematic region of seedlings germinated in the presence of 0.01% and
0.001% oryzalin demonstrated a different morphology to colichicine treatments
(Figure 3.9b and c) and the water controls (Figure 3.9a). A sparse cytomatrix
was observed with evidence of vacuolation and extensive starch grain
deposition in seedlings germinated in the presence of 0.01% colchicine (Figure
3.9¢).

The shoot tip cells of the control D. bellidiformis seedlings were characterized
by the appearance of large nuclei with prominent nucleoli. A sparse distribution
of endoplasmic reticulum existed across the cytomatrix (Figure 3.10a and b).
Mitochondria had limited membrane development and the plastids present in
the cytomatrix had limited development of thylakoid stacking (Figure 3.10b and
c). Dispersal of vacuoles was evident in the cytomatrix and vacuoles with

occasional membraneous inclusions were also observed (Figure 3.10b).

The meristematic cells of the shoot apex isolated from seedlings germinated in
the presence of 0.1% colchicine showed an ultrastructral condition indicative of
a loss of cellular activity (Figures 3.11a-3.11¢) accompanied by extensive
vacuolation (Figure 3.11a), which restricted the cytomatrix to a narrow
peripheral band (Figure 3.11a). Vacuolar engulfment of the cytomatrix was also
observed (Figure 3.11a). An abnormal and irregular development of
chloroplasts (Figure 3.11a) and mitochondria (Figure 3.11b) was seen. In

contrast to meristematic cells isolated from shoot tip of seedlings germinated in
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the presence of 0.1% colchicine, the ultrastructural condition of meristematic
cells of the shoot tip of seedlings germinated in the presence of 0.01%
colchicine appeared to show signs of enhanced intracellular activity (Figure
3.12a-c). The cytomatrix was restricted to a broad peripheral band by a large
central vacuole (Figure 3.12a). There appeared to be an increase in starch
grain volume compared with shoot meristematic cells isolated from seedlings
germinated in the absence of antimitotic substances (Figure 3.12b). The
nucleus was displaced towards the periphery of the cell showed the presence of
some degree of hetrochromatin (Figure 3.12a). Development of organelles was
observed, particularly mitochondria (Figure 3.12b). In addition, the inner
membranes of plastids had developed well defined granal and stromal lameliae,
typical of functional chloroplasts (Figure 3.12a). The chloroplasts also showed
extensive starch deposition causing the compression of the inner lamellae
towards the outer membrane of the organelle. Vacuoles with evidence of
membranous inclusions were observed, as well as vacuoles with occasional

inclusions of tannin-like bodies (Figure 3.12c).

The meristematic cells isolated from shoot tip of seedlings germinated in the
presence of 0.01% oryzalin showed an ultrastructural condition indicative of
deterioration (Figures 3.13a-c). The cytomatrix was restricted to a narrow
peripheral band. In vacuolated cells, extensive cytomatrix inclusions were also
observed within the vacuoles (Figure 3.13b), and a large number of tannin-like
bodies inclusions were evident within the vacuoles (Figure 3.13c). The
meristem cells were characterized by irregular wavy cell walls (Figure 3.13a),
and the presence of somewhat oval nuclei (Figure 3.13a). Some mitochondria
appeared lobed, and most showed electron-dense regions. Nuclei with
prominent nucleoli were observed (Figure 3.13a) Abnormalities in the

chloroplasts (Figure 3.13c) and internally undifferentiated mitochondria (Figure
3.13a) were evident.
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In contrast to seedlings germinated at 0.01% oryzalin, seedlings germinated in
the presence of 0.001% oryzalin showed a less disturbed ultrastructural
appearance (Figures 3.14a-c). The ultrastructure of shoot meristematic cells
showed evidence of enhanced meristematic activity, typified by well-defined
endomembranous systems such as Golgi bodies and ER, distributed
extensively throughout the cytomatrix (Figure 3.14a). The cytomatrix was typical
of meristematic cells. Undifferentiated plastids, in addition to developing
mitochondria, were observed (Figure 3.14b) Chloroplasts with starch deposits
were evident (Fig. 3.14b). Occasional vacuoles with membranous inclusions
were observed (Fig. 3.14c). The nucleoli were prominent, a typical feature in

meristematic cells (Figure 3.14b).
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i AL THARY 3

Fig;lrer3.8: Typical cellular arra

seedlings: (a) control root tip, and (b) seedlings germinated in the presence of oryzalin , m —

meristematic region [x25].

Figure 3.9: Cellular arrangement of shoot meristematic cells of D. bellidiformis from
seedlings germinated in the presence of antimitotic substances: (a) control; (b) 0.1%
colchicine; (c) 0.01% colchicine; (d) oryzalin, m — meristem region [x50].
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Figure 3.10a-c: The ultrastructure of meristematic cells from the shoot tip region
of D. Bellidiformis seedlings germinated in the presence of sterile distilled water.
Meristematic cells of the shoot tip were characterized by nuclei that diplayed a
prominent nucleoli (Figure 3.10a [x5000]). These cells were also characterized
by developing chloroplasts and mitochondria (Figure 3.10c [x12000]). Vacuoles
also exhibited a smaller number of membranous inclusions (Figure 3.10b
[x12000]). An endomembrane system was evident, and endoplasmic reticulum

.

was observed as short profiles (Figure 3.10c)

N, Nucleus; Nu, Nucleolus; C, chloroplast; Er, endoplasmic reticulum; m, mitochondrion; v,
vacuole; e, membranous inclusions
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Figure 3.11a-c: The ultrastructure of meristematic cells from the shoot tip of D.
bellidiformis seedlings germinated in the presence of 0.1% colchicine. Meristematic cells
of the shoot tip were characterized by extensive vacuolation that restricted the cytomatrix
to a narrow peripheral band (Figure 3.11a [x3000]). Cytomatrix engulfment by vacuoles
was also observed (Figure 3.11a). Irregular chloroplast development was observed and
limited starch deposition was evident (Figure 3.11a). Vacuoles also exhibited membranous
inclusions (Figure 3.11a). Mitochondria showed limited internal membranes (Figure 3.11b

[x60 000]). Vacuoles showed extensive tannin-like body inclusions (Figure 3.11¢ [x3000])

C, chloroplast; cm, cytomatrix; m, mitochondrion; v, vacuole; e, membranous inclusions; t,
tannin-like bodies
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Figure 3.12a-c: The ultrastructure of meristematic cells from the shoot tip region of D.
bellidiformis seedlings germinated in the presence of 0.01% colchicine. Meristematic cells of
the shoot tip were characterized by a large degree of vacuolation and nuclei that displayed
some hetrochromatin (Figure 3.12a [x4000]). These cells were also characterized by
extensive starch deposition within the chloroplast (Figures 3.12a and 3.12b[x8000]).
Undifferentiated mitochondria were evident (Figure 3.12b). Vacuoles also exhibited
occasional inclusions of tannin-like bodies and membranous inclusions (Figure 3.12c
[x4000])

N, Nucleus; C, chloroplast; m, mitochondrion; v, vacuole; cw, cell wall: s, starch deposition;

€, membranous inclusions; t, tannin-like bodies
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Figure 3.13a-c: The ultrastructure of meristematic cells from

bellidiformis seedlings germinated in the presence of 0.01% oryzalin. Meristematic
cells of the shoot tip were characterized by a large degree of vacuolation (Figure
3.13b [x2500]) and nuclei that displayed prominent nucleoli (Figure 3.13a [x4000]).
Vacuoles also had a large degree of inclusions of tannin-like bodies (Figure 3.13c
[x4000]), membranous and cytomatrix inclusions (Figure 3.13b [x4000]). Chloroplasts
exhibited abnormal internal membrane formation (Figure 3.13c), internal membrane
formation within mitochondria were also irregular (Figure 3.13a)’

N, Nucieus; Nu, Nucleolus; C, chloroplast; m, mitochondrion; v, vacuole e, membranous
inclusions; t, tannin-like body
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Figure 3.14a-c: The ultrastructure of meristematic cells from the shoot tip region of D.

bellidiformis seedlings germinated in the presence of 0.001% oryzalin. Endoplasmic
reticulum and Golgi bodies were evident in the meristematic cells of the shoot tip (Figure
3.14a [x15000]). Nuclei displayed prominent nucleoli (Figure 3.14b [x15000]). There was
some degree of starch deposition within the chloroplast (Figure 3.14b). Mitochondria with
well-developed cristae were evident (Figure 3.14a). Vacuoles were observed (Figure
3.14b), and exhibited occasional membranous inclusions (Figure 3.14c [x40000]).

Undifferentiated plastids were also evident (Figure 3.14c)

Nu, nucleolus; Er, endoplasmic reticulum; g, Golgi body; m, mitochondrion; v, vacuole; e,
membranous inclusions; p, plastids
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3.3 RESPONSE TO IN VITRO POLYPLOIDIZATION TREATMENT
AND SUBSEQUENT /N VITRO REGENERATION

Micro-shoots of D. bellidiformis and M. whiteii were cultured for 48 h in a liquid
sucrose-supplemented MS medium containing antimitotic substances and
thereafter cultured for several weeks on a solid sucrose-supplemented MS
medium without any antimitotic substances. A number of practical constraints
associated with in vitro plant culture systems limited the successful regeneration
of treated explants. There are various problems encountered during the
manipulation of plant material in tissue culture. In the present study several of
the problems that limit successful regeneration of plant tissue culture were
encountered, these included hyperhydricity, phenolics exudation viewed on the
top of the medium, necrosis and contamination, and was observed in both D.
bellidiformis (Figure 3.15b — e) and M. whiteii (Figure 3.16 b — e). These limiting
factors were identified and various procedures were implemented to reduce the

effect of these problems on regeneration of in vitro polyploidized plant material.

In a preliminary investigation it was observed that D. bellidiformis micro-shoots
(Figure 3.15a) grew best at a 16 h day/8 h night photoperiod at 27°C /21°C,
respectively and PPFD of 66 umol.m2.s™ while M. whiteii micro-shoots (Figure
3.16a) grew best at a 16 h day/8 h night photoperiod of 24°C /21°C, respectively
and PPFD of 37 umol.m?s™. These parameters were therefore used in the

current investigation when micro-shoots of these species were cultured in vitro.
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Figure 3.15: Representative responses of D.
bellidiformis micro-shoots after treatment in vitro
for 48hrs in a liquid sucrose-supplemented MS
medium containing antimitotic substances and
grown thereafter for 4-6 weeks in a solid,
sucrose-supplemented MS medium without any
antimitotic substances added. Responses of
micro-shoots  were:  (a) elongation; (b)
hyperhydricity; (c) phenolic exudation; (d)
necrosis and (e) contamination.
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Figure 3.16: Representative responses of M.
whiteii micro-shoots after treatment in vitro for

48 h in a lquid, sucrose-supplemented MS
medium containing antimitotic substances and
grown thereafter for 4-6 weeks on a solid,
sucrose-supplemented MS medium for several
weeks without any antimitotic substances added.
Responses of micro-shoots were: (a) elongation;
(b) hyperhydricity; (c) phenolic exudation; (d)
necrosis and (e) contamination.



In the initial attempt to culture the treated micro-shoots, the explants treated
with the antimitotic substances were cultured on a solid sucrose-supplemented
MS medium under high relative humidity using a technique practiced at the
ARC lab in Nelspruit, which involves sealing the culture tubes with parafilm

(Hannweg and Vos, pers. comm.).

Micro-shoots of D. bellidiformis that were treated with antimitotic substances for
48 h and subsequently cultured on solid sucrose-supplemented MS medium for
6 weeks under high humidity conditions showed elongation of micro-shoots in
all treatments with the two antimitotic substances at the two concentrations
tested (Table 3.3). Although elongation was evident, a large number of micro-
shoots were lost to contamination under all treatment conditions. Necrosis was
observed in many micro-shoots that were treated as controls. Only two
treatments showed signs of phenolic exudation: micro-shoots that were initially
treated with 0.01% colchicine or 0.001% oryzalin (Table 3.3). There was no
hyperhydricity observed in control micro-shoots or even in those that were
initially treated with 0.001% oryzalin. In some instances it was evident that
although elongation was observed, necrosis, contamination, hyperhydricity and

phenolics exudation were evident in the micro-shoots as well (Table 3.3).
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Table 3.3: Categories of responses of D. bellidiformis micro-shoots after six weeks of cuiture on

MS medium supplemented with 3% sucrose and 0.3% Gelrite at a pH of 5.7+0.02.

Treatment Elongation Hyperhydricity Phenolic Necrosis Contamination
(%) (%) Exudation (%) (%)
(%)
Control 30 0 0 95 75
0.1% 35 25 0 0 65
Colchicine
0.01% 40 15 5 0 70
Colchicine
0.01% 20 0 0 20 80
Oryzalin
0.001% 40 15 10 0 65
Oryzalin

Micro-shoots were previously treated with a 48h immersion in liquid MS medium supplemented
with 3% sucrose at a pH of 7.00+0.02, containing 0.1% or 0.01% colchicine and 0.01% or
0.001% oryzalin and at a 16 h day/8 h night photoperiod at 27°C /21°C, respectively and PPFD
of 66 pmo|.m'2.s'1. Treated micro-shoots were contained in culture tubes sealed with Parafiim.

Values represent mean of 20 replicates for each treatment.

Micro-shoots of M. whiteii treated with the two different antimitotic compounds
at two different concentrations, responded differently when they were
transferred on to sucrose-supplemented MS medium at a pH of 5.7+0.02, these
cultures were also maintained at high humidity and reduced ventilation by
sealing the caps to the culture tubes with Parafilm. After 6 weeks elongation
was observed for all experimental treatments (Table 3.4). Hyperhydricity,
phenolics exudation, necrosis and contamination were also evident in all
treatments. Contamination was observed for M. whiteii explants in all
experimental conditions, and was comparable to contamination recorded for D.
bellidiformis cultured under similar conditions. Although necrosis was observed
for all experimental treatments, a comparatively higher number of micro-shoots

initially treated with 0.1% colchicine were lost to necrosis (70%).
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Table 3.4: Categories of responses of M. whiteii micro-shoots after six weeks of culture on MS

medium supplemented with 3% sucrose and 0.3% Gelrite at a pH of 5.7+0.02.

Treatment Elongation Hyperydricity Phenolic Necrosis  Contamination
(%) (%) Exudation (%) (%)
(%)
Control 55 15 20 25 20
0.1% 30 30 15 70 5
Colchicine
0.01% 75 15 15 35 10
Colchicine
0.01% 60 5 10 40 5
Oryzalin
0.001% 55 5 30 45 10
Oryzalin

The micro-shoots were previously treated with a 48 h immersion in liqguid MS medium
supplemented with 3% sucrose at a pH of 7.00+0.02, containing 0.1% or 0.01% colchicine and
0.01% or 0.001% oryzalin and at a 16 h day/8 h night photoperiod at 24°C /21°C, respectively
and PPFD of 37 umol.m™.s™. Treated micro-shoots were contained in culture tubes sealed with

Parafilm. Values represent the mean of 20 replicates for each treatment.

Contamination, hyperhydricity, necrosis and phenolics exudation reduced the
chances of survival of micro-shoots of both D. bellidiformis and M. whiteii
treated with antimitotic substances. Therefore, in an attempt to reduce the effect
of all these phenomena during plant tissue culture, it was necessary to reduce
the humidity and increase the ventilation within the culture tubes, which was

achieved by not sealing the caps with parafilm.

Elongation was evident for a greater or lesser percentage of micro-shoots of D.
bellidiformis initially treated with 0.1% or 0.01% colchicines, and 0.01% or
0.001% oryzalin and thereafter cultured for 6 weeks on solid sucrose-
supplemented MS medium, at a reduced humidity (Table 3.5). Although many
micro-shoots were lost to contamination, no phenolics exudation, hyperhydricity
and necrosis was evident (Table 3.5), compared with micro-shoots that were
cultured at a higher humidity (Table 3.3). Only 10% of the micro-shoots initially

treated for 48 h with 0.1% colchicine were lost to contamination, while a 60%

76



loss was observed for controls (Table 3.5). Although phenolics exudation,
hyperhydricity and necrosis appeared to be completely eliminated, the rest of
the micro-shoots were lost to contamination. This loss was relatively higher in
comparison with D. bellidiformis micro-shoots treated with the same antimitotic
substances and cultured on the same medium but at a higher relative humidity
(Table 3.3).

Table 3.5: Categories of response of D. beflidiformis micro-shoots after six weeks of culture on

MS medium supplemented with 3% sucrose (w:v) and 0.3% Gelrite at a pH of 5.7+0.02.

Treatment Elongation Hyperhydricity Phenolic Necrosis Contamination
(%) (%) Exudation (%) (%)
(%)
Control 40 0 0 0 60
0.1% 90 0 0 0 10
Colchicine
0.01% 75 0 0 0 25
Colchicine
0.01% 45 0 0 0 55
Oryzalin
0.001% 65 0 0 0 35
Oryzalin

Micro-shoots were previously treated with a 48 h immersion in liquid MS medium supplemented
with 3% sucrose (w:v) at a pH of 7.00£0.02, containing 0.1% or 0.01% colchicine (w:v) and
0.01% or 0.001% oryzalin (w:v) and at a 16 h day/8 h night photoperiod at 27°C /21°C,

respectively and PPFD of 66 pmol.m'2.s'1. Values represent the mean of 20 replicates for each
treatment.

The results of the experimental treatment reported in Table 3.6 represent the
categories of responses of M. whiteii micro-shoots treated with colchicine or
oryzalin 48hs and thereafter transferred onto a solid sucrose-supplemented MS
medium. The micro-shoots were maintained for 6 weeks under a 16 h day/ 8 h

night photoperiod at 24°C/21°C, respectively and PPFD at 37 umol.m2s™. In
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this instance the humidity in the individual culture tubes were reduced by not

sealing the culture tubes with Parafilm.

Elongation was observed in micro-shoots from all antimitotic treatments, and
contamination and necrosis were evident in all cases (Table 3.6). In contrast to
results obtained when the culture tubes were sealed with Parafilm (Table 3.4),
hyperhydricity (10%) was observed only in micro-shoots treated with 0.001%
oryzalin (Table 3.6). Phenolics exudation was evident in micro-shoots from all
treatments except in those micro-shoots initially treated with 0.01% colchicine.
Necrosis and contamination was evident for all treatment conditions (Table 3.6),

this was also observed in the micro-shoots that were maintained at a high
humidity (Table 3.4).

Table 3.6: Categories of responses of M. whiteii micro-shoots after six weeks of culture on MS

medium supplemented with 3% sucrose and 0.3% Gelrite at a pH of 5.7+0.02.

Treatment Elongation Hyperhydricity Phenoiic Necrosis  Contamination
(%) (%) Exudation (%) (%)
(%)
Control 65 0 35 30 20
0.1% 30 0 15 45 15
Colchicine
0.01% 60 0 0 10 20
Colchicine
0.01% 20 0 20 35 15
Oryzalin
0.001% 30 10 10 20 10
Oryzalin

The micro-shoots were previously treated with a 48 h immersion in liquid MS medium
supplemented with 3% sucrose at a pH of 7.00+0.02, containing 0.1% or 0.01% colchicine and
0.01% or 0.001% oryzalin and at 16 h day/ 8 h night photoperiod of 24°C/21°C, respectively and
PPFD at 37 umol.m?.s™. Values represent the mean of 20 replicates for each treatment.
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In an attempt to reduce phenolics exudation and necrosis on treated micro-
micro-shoots, they were transferred onto sucrose-supplemented MS medium,
incorporating 0.2% activated charcoal. Micro-shoots of D. bellidiformis treated
for 48 h with antimitotic substances and thereafter cultured on a sucrose-
supplemented solid MS medium containing 0.2% activated charcoal for a

reduced culture period of four weeks, showed poor growth (data not presented)

In contrast to results obtained with D. bellidiformis, micro-shoots of M. whiteii
treated for 48 h with antimitotic substances and then cultured on solid sucrose-
supplemented MS medium containing activated charcoal, elongation was
evident in many micro-shoot, while fewer micro-shoots showed phenolics
exudation, contamination and necrosis (Table 3.7). All micro-shoots of M. whiteii
initially treated for 48 h with 0.001% oryzalin showed evidence of elongation, as
did 90% of the control micro-shoots and micro-shoots treated with 0.01%
colchicine and 0.01% oryzalin. Elongation was also evident in 80% of the micro-
shoots that were initially treated with 0.1% colchicine. However, by the end of
the six week culture period, 30% of the micro-shoots were lost to necrosis.
Necrosis also became evident in those micro-shoots that showed some initial
growth.

Although all the micro-shoots treated initially with 0.001% oryzalin showed
evidence elongation, there was also evidence of hyperhydricity (5%) and
phenolics exudation (25%) in some of the micro-shoots. While 10% of the
control treated micro-shoots and 5% of the micro-shoots treated initially with
0.1% colchicine and 0.01% oryzalin were lost to contamination, 10% of the
micro-shoots treated with 0.1% or 0.01% colchicine, while 5% of the micro-
shoots initially treated with 0.01% or 0.001% oryzalin showed signs of
hyperhydricity (Table 3.7).
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Table 3.7: Categories of responses of M. whiteii micro-shoots after 6 weeks of culture on MS
medium supplemented with 3% sucrose, 0.2% activated charcoal and 0.3% Gelrite at a pH of

5.7+£0.02.

Treatment Elongation Hyperhydricity Phenolic Necrosis Contamination
(%) (%) Exudation (%) (%)
(%)
Control 90 0 0 5 10
0.1% 80 10 0 30 5
Colchicine
0.01% 90 10 5 10 0
Colchicine
0.01% 90 5 10 5 5
Oryzalin
0.001% 100 5 25 0 0
Oryzalin

The micro-shoots were previously treated with a 48 h immersion in liquid MS supplemented
with 3% sucrose at a pH of 7.00+0.02, containing 0.1% or 0.01% colchicine and 0.01% or
0.001% oryzalin and at a 16 h day/8 h night photoperiod of 24°C/21°C, respectively and PPFD

at 37 pmol.m'z.s'1. Values represent the mean of 20 replicates for each treatment.

In another attempt to reduce the effect of hyperhydricity on growth, micro-
shoots of M. whiteii treated for 48 h in sucrose-supplemented MS medium
containing antimitotic substances were cultured on solid sucrose-supplemented
MS medium containing activated charcoal for a culture period reduced from 6
weeks to four weeks (Table 3.8). All control micro-shoots showed evidence of
elongation as did 100% of the micro-shoots cultured initially in the presence of
0.01% colchicine (Table 3.8). There was no evidence of necrosis in any of the
treatments. Contamination was observed only in oryzalin-treated micro-shoots.
The number of explants showing hyperhydricity was low and evident only in
control micro-shoots and those treated with 0.01% oryzalin (Table. 3.8).
Exudation of phenolics was evident in micro-shoots from all experimental

treatments except those that were initially treated with 0.01% colchicine.

80



Table 3.8: Categories of responses of M. whiteii micro-shoots after four weeks of culture on MS

medium supplemented with 3% sucrose (w:v), 0.2% activated charcoal (w:v) and 0.3% Gelrite

at a pH of 5.7+0.02.

Treatment Elongation Hyperhydricity Phenolic Necrosis  Contamination
(%) (%) Exudation (%) (%)
(%)
Control 100 5 5 0 0
0.1% 65 0 45 0 0
Colchicine
0.01% 100 0 0 0 0
Colchicine
0.01% 85 5 15 0 10
Oryzalin
0.001% 70 0 5 0 35
Oryzalin

The micro-shoots were previously treated with a 48 h immersion in liquid MS supplemented with
3% sucrose (w:v) at a pH of 7.00+0.02, containing 0.1% or 0.01% colchicine (w:v) and 0.01% or
0.001% oryzalin (w:v) and at a 16 h day/8 h night photoperiod of 24°C/21°C, respectively and

PPFD at 37 pmol.m"".s'1. Values represent the mean of 20 replicates for each treatment.

3.4 PLOIDY ANALYSIS

As a result of pure survival of D. bellidiformis micro-shoots in culture following
treatment with antimitotic substances (Tables 3.3 and 3.5) there were an
insufficient number of plantlets that survived the elongation step. Therefore leaf
samples from treated micro-shoots of D. bellidiforrmis were not available for
assessment of the ploidy status of treated micro-shoots of D. bellidiformis.
However, Mondia whiteii micro-shoots survived best in culture for four weeks on
a sucrose-supplemented MS medium containing activated charcoal from all
elongation treatments considered (Table 3.7). Therefore sufficient plantlets

were available of this species to asses its ploidy status.
The ploidy status was assessed by flow cytometry on leaves of M. whiteii micro-

shoots initially treated by a 48 h immersion in liquid sucrose-supplemented MS

at a pH of 7.00+£0.02, containing 0.1% or 0.01% colchicine and 0.01% or
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0.001% oryzalin. The treated explants were thereafter cultured for four weeks
on solid sucrose-supplemented MS containing 0.2% activated charcoal at a pH
of 5.7+0.02 and at a 16 h day/8 h night photoperiod at 24°C/21°C, respectively
and a PPFD of 37 umol.m?.s™. Only micro-shoots initially treated with 0.01%
oryzalin were identified as polyploids (Table 3.9), while all those treated initially
with 0.001% oryzalin remained as diploids. Mixaploids were also identified in
explants treated with 0.01% oryzalin, 0.1% and 0.01% colchicine (Table 3.9).

Table 3.9: Ploidy level of leaves of M. whiteii from micro-shoots after treatment with the

antimitotic substances, oryzalin and colchicine in liquid sucrose-supplemented MS medium.

Treatment % % %
Diploids (2n) Polyploids (3n) Mixaploid

0.1% colchicine 95 0 5

0.01% colchicine 90 0 10

0.01% oryzalin 70 10 20

0.001% oryzalin 100 0 0

Prior to ploidy analysis micro-shoots were cultured on MS medium supplemented with 3%
sucrose, 0.2% activated charcoal and 0.3% Gelrite at a pH of 5.7+0.02 for four weeks at a 16 h

day/ 8 h night photoperiod of 24°C/21°C, respectively and PPFD at 37 pmol.m'z.s'1.
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CHAPTER FOUR
DISCUSSION

4.1 ESTABLISHING A STERILIZATION TREATMENT

A principal objective of plant tissue culture is to produce plants that are
completely free of contaminants. In micropropagation laboratories, stock plants
from which explants are derived, are maintained under sterile conditions and
disease free and routine sterilization procedures are implemented when the
explant is transferred to in vitro conditions (Leifert and Cassells, 2001; Hartman
et al., 1997 and Torres, 1989). The status of explants obtained from plants of
wild populations is unknown and therefore the sterilization procedures applied
to these explants has to play a significant role in eliminating the persistent
unnoticed contaminants. Surface sterilization of explants used for in vitro plant
tissue culture is an important procedure to successfully achieve “healthy”
disease free plant tissue cultures. Several sterilization procedures have been
developed by a number of research and commercial laboratories. However this
is in contrast to investigations that have reported persistent losses even though

sterilization of the explants is routinely carried out (Leifert and Waites, 1990).

In the present study D. bellidiformis seeds purchased from McDonald Seeds
and M. whiteii seeds purchased from Silverhill Seeds were used as initial
starting material for the investigations that were carried out. The source of and
the contamination status of the seeds were therefore unknown. Since explants
used in the present investigation were seeds, it was assumed that the presence
of a seed coat would have prevent the entry of any endogenous contaminants,

therefore only a routine surface sterilization procedure was used to disinfect the
outer surface of the seeds.

An attempt was made to surface sterilize the seed explants of D. bellidiformis
and M. whiteii with a 1% NaOCI solution containing a drop of Tween 20. When
this treatment was applied for 8min on D. bellidiformis, 75% of the seeds that

germinated were free of any surface contamination (Table 3.1), however when
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this treatment was applied for 8 min on M. whiteii, all the seeds germinated and
showed no signs of surface contamination. Nodal cuttings were made of
uncontaminated seedlings of both D. bellidiformis and M. whiteii and transferred
onto multiplication medium. Enough in vitro shoots were derived from these
explants for in vitro polyploidization experiments. Although these explants did
not show any visible contamination when they were transferred onto the
mulitiplication medium, contamination was evident in the micro-shoots after they
were treated with antimitotic substances in a liquid sucrose supplemented MS
medium for 48-hrs and thereafter transferred onto semi-solid sucrose

supplemented MS medium.

Possible reasons for the persistence of contamination even though the surface
of the seeds were disinfected include: poor sterile techniques applied when the
micro-shoots were subcultured onto fresh media, or the presence of
endogenous contaminants. If endogenous contaminants were present, attempts

to disinfect the seeds only was inadequate to eliminate surface contaminants.

4.2 ATTEMPTS TO DETERMINE RESPONSES OF PLANT CELLS TO
ANTIMITOTIC SUBSTANCES

The most frequently used method to efficiently induce polyploidy in several
commercial plant species has been the in vitro treatment of plant material with
antimitotic  substances, particularly colchicine (Hancock, 1997). The
concentration of colchicine necessary to induce polyploidy in plants is high and
often the concentrations that are most efficient induce several phytotoxic
responses. These responses include low fertility, failure to regenerate and
extensive cell death. Another antimitotic substance, oryzalin has been
considered to induce polyploidy in several plant species (Morejohn et al., 1987).
This antimitotic substance is favoured as it is less toxic to humans while it binds
more efficiently with plant tubulin than does colchicine (Verhoeven et al., 1990
and Morejohn et al., 1987). Concentrations of oryzalin necessary to induce
polyploidy in plants have been shown to be significantly lower than
concentrations of colchicine necessary to induce polyploidy (Geoffriau et al.,
1997; Morejohn et al., 1987 and van Tuyl et al., 1992).
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While ample evidence is available on the efficiency of these two compounds as
polyploidization agents (Cohen and Yao, 1996, van Tuyl et al., 1992), very little
has been reported on the implications of these antimitotic compounds on
growth, development and ultrastructure. Limited evidence is also available on
the germination response of seeds to treatment with antimitotic substances.
However, the morphological responses of plants following treatment with
antimitotic substances and the characteristics of increased polyploidy have
been well documented (van Tuyl et al, 1992; Awoleye et al., 1996 and
Hancock, 1997).

4.2.1 Establishing the germination response to antimitotic substances

In the present study, attempts were made to establish the germination response
of D. bellidiformis to treatment with two antimitotic substances (oryzalin and
colchcicine). Results showed that germination of seeds in vitro were moderately
affected by the treatments with 0.1% and 0.01% colchicine (Table 3.2), while a
notable reduction in the germination response of seeds in the presence of the
highest oryzalin concentration (0.01%) was observed. Although results have
shown that germination in the presence of 0.1% and 0.01% colchicine and
0.001% oryzalin were relatively unaffected (Table 3.2), evidence of the
morphological affects of the antimitotic substances only became apparent once
the germinated seedlings were transferred to a sucrose supplemented MS
medium. Most experiments using colchicine and oryzalin to induce polyploidy in
plants have primarily focused on the efficiency of these compounds as agents
to induce polyploidy (Wu and Mooney, 2002; Peterson et al., 2003; Shao et al.,
2003 and Eeckhaut et al., 2004).

it has been proposed previously that oryzalin at relatively lower concentrations
is capable of producing similar responses in the meristematic cells treated with
colchicine at much higher concentrations (Morejohn et al., 1987). The results of
the present study failed to support this observation, since differences in growth
and development were observed in D. bellidiformis seedlings germinated in the
presence of colchicine and oryzalin (Figure 3.1). While D. bellidiformis seedlings
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that were treated with oryzalin were characterised by short, slow-growing roots
that lacked root hairs (Figures 3.6 and 3.7), colchicine-treated seedlings were
characterised by fast growing root systems that developed root hairs on the

primary roots, and also showed shoot elongation (Figures 3.4 and 3.5).

4.2.2 Establishing the effects of antimitotic substances on cell

ultrastructure

Most investigations concerning the effects of colchicine and oryzalin on plant
development have focused primarily on the efficiency of these compounds to
induce polyploidy (Vainola, 2000; Peterson et al., 2003 and Shao et al., 2003),
however, very little has been reported on the ultrastructural responses of plant

cells to these antimitotic substances.

Microtubules are not only implicated in cell division but with various other
physiological processes within the cell, microtubules are also an important
component of the cytoskeleton (Gunning and Hardham, 1982 and Pickett-
Heapes, 1974). As a consequence a block in microtubule activity will have a
“cascading effect” on general cellular activity, and possibly lead to other, non-
nuclear effects. A more detailed knowledge of the ultrastructural reponses to
these antimitotic compounds is imperative, as it will allow for a more refined
identification of concentrations of antimitotic compounds allowing successfully
polyploidized organisms to reach maturity without inducing additional damaging

changes to cellular activity.

In the current study, light-microscopy and transmission electron-microscopy
have been used in an attempt to outline some of the ultrastructural responses of
plant cells to treatments with colchicine and oryzalin. Light microscopy and
observations on root meristematic tissue from oryzalin-treated seedlings
showed severe meristematic tissue deterioration, cellular collapse and necrosis
(Figure 3.8b). van Tuyl et al. (1992) reported that the oryzalin concentrations
between 0.001% and 0.01% were less inhibiting to plant regeneration in
experiments to induce polyploidy in Nerine and Lillium, but 0.01% and 0.001%

concentration of oryzalin was also used in the present study. It is also important
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to note that oryzalin, a dinitroanaline, is used as a herbicide (van Tuyi et al,,
1992), and it is therefore not surprising that it was responsible for the retarded
root growth of the seedlings in the present investigation. The reduced root
growth observed for oryzalin-treated seedlings (Figures 3.6and 3.7) and, the
light microscopy observations of the root meristematic cells (Figure 3.8b),
supports evidence previously proposed that oryzalin binds more readily with
plant tubulin than does colchicine at the same concentration. The marked
differences in growth and development observed in shoots treated with 0.01%
oryzalin (Figure 3.6¢) and colchicine (Figure 3.5c) also support evidence from
previous studies of the different responses of plant cells to the two different
antimitotic substances. The resuits from the present study failed to support the
evidence of the regeneration potential observed by van Tuyl et al. (1992) after
treatment with 0.01% oryzalin (Figure 3.6), suggesting that the concentration is

more inhibitory to growth and regeneration in D. bellidiformis.

A study of the ultrastructure of meristematic cells from shoot tips of seedlings
treated with the two different antimitotic substances, at the two different
concentrations tested, revealed distinct differences. Abnormal development was
observed in the mitochondria in meristematic cells from the shoot tip of
seedlings germinated at 0.1% colchicine (Figure 3.11c) and 0.01% oryzalin
(Figure 3.13a). Reports on colchicine induced polyploidy have shown that an
increase in cell and organelle size to be a characteristic feature of induced
polyploidy (Levin, 1983; Hassan et al, 1991; Cohen and Yao, 1996 and
Hancock, 1997). In the present study, screening for polyploidization of the
treated seedlings was not carried out but there was clear evidence of the effects
on organelle development, particularly with the mitochondria and chloroplasts
(Figures 3.11, 3.12, 3.13 and 3.14). A feature of the cells isolated from treated
seedlings, is the presence of apparent tannin-like bodies (Figures 3.12c and
3.13c), this possibly being indicative of a stress-induced response, by growth
inhibition. Another unusual feature of the cell ultrastructure observed particularly
with cells from shoot tips of seedlings treated with 0.1% colchicine, is the
abnormal deterioration of the cytomatrix (Figure 3.11a), this could possibly be
due to the action of the antimitotic substances on the microtubles of the
cytoskeletal network (Gunning and Hardham, 1982 and Pickett-Heape, 1974).
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This also suggests that if microtubules are the constituents of the cytoskeletal
network and antimitotic substances are involved in inihibiting non-nuclear
microtubules, then it is possible that this could account for the failure of a
number of species to regenerate following in vitro treatment with colchicine (van
Tuyl et al., 1992 and Vainéla, 2000).

Evidence has been presented that mitochondrial and chloroplast division is
controlled by a protein known as dynamin (Bleazard et al., 1999 and
Osteryoung et al., 2000). Dynamin is also required for endocytosis, forming a
collar on the outer surface of budding vesicles that acts to pinch the vesicles of
the cell membrane (Hinshaw and Schmid, 1995 and McNevin et al., 2000).
Dynamin is reported to form rings and spirals resembling those formed by
tubulin (Erikson, 2000). Mutations in the genes encoding for dynamin have been
responsible for morphological abnormalities in the mitochondrion as defective
severing of the outer, but not the inner membrane (Bleazard et al,, 1999).
Electron microscopy of the cells treated with antimitotic agents in the current
investigation have been consistent with results of the inhibition of mitochondrial
fission previously reported by Bleazard ef al. (1999). The involvement of
dynamin in mitochondria and chloroplast division (Bleazard et al., 1999;
Osteryoung et al., 2000) and the various ultrastructural changes accompanying
treatment with antimitotic substances, provides scope for further detailed

studies on organelle responses to antimitotic substances.

4.3 RESPONSES OF MICRO-SHOOTS TREATED WITH ANTIMITOTIC
SUBSTANCES TO CULTURE CONDITIONS

Extensive work has been carried out on the in vitro polyploidization of several
indigenous plant species as part of the efforts at the Agricultural Research
Council to commercialize indigenous plants (Refer to Table 1.2, Chapter 1).
While their investigations have considered the effect of the antimitotic
substance used as an important aspect of in vitro polyploidization, evidence of
the effect on subsequent in vitro growth of the treated plant material has been

limited. There are various problems encountered when plants are regenerated

88



in vitro (Murashige, 1977, Linsey and Jones, 1989; Torres, 1989 and George,
1993). Factors that effect in vitro plant regeneration will ultimately effect the
survival of prospective polyploids when in vitro polyploidization experiments are
carried out. In the present study problems encountered with the in vifro
regeneration included the onset of contamination, hyperhydricity, phenolic
exudation and necrosis. Attempts were therefore made to reduce these

responses.

The presence of internal pathogens in an explant may only become evident
after several weeks of in vitro culture (Liefert and Waites, 1990), particularly
when the explant is transferred onto different culture media (Hartman et al.,
1997). In the current investigation, D. bellidiformis micro-shoots and M. whiteii
micro-shoots were derived from nodal cuttings of seedlings germinated in vitro
on a solid sucrose-supplemented MS medium. Explants were transferred to a
solid sucrose-supplemented MS medium containing 1mg.I"" BAP for six weeks.
The micro-shoots derived from the multiplication stage were then immersed in a
liquid sucrose supplemented MS medium containing antimitotic substances for
48-hrs, rinsed and then transferred onto a solid sucrose supplemented MS
medium. At this stage a large number of micro-shoots of both D. bellidiformis
and M. whiteii were lost to contamination (Tables 3.3 and 3.4). The persistence
of contamination suggests that the surface sterilization procedure used to
sterilize the seeds was inefficient at removing endogenous contaminants. More
effective sterilization procedures should be implemented in the future to remove

these contaminants.

The relatively high humidity in culture tubes has also been shown to promote
contamination of explants cultured in vitro. Initially the treated micro-shoots
were transferred into culture tubes that were closed with a cap and then sealed
with Parafilm to increase the humidity in the culture vessel as described by
Hannweg and Vos (2001, pera comm.). A large number of both D. bellidiformis
(Table 3.3) and M. whiteii (Table 3.4) micro-shoots also showed
hyperhydricity,phenolic exudation and necrosis. In an attempt to protect plant
tissue cultures from infection and dessication (Jackson et al., 1991), poor

aeration often accompanies this preventative measure (Jackson et al., 1991:
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Zobayed et al., 1999; Fal et al., 2002 and Zobayed et al., 2002). Sealed culture
vessels facilitate the accumulation of ethylene and inhibits growth (Zobayed et
al., 1999). Therefore attempts to reduce this effect on the treated micro-shoots,
the ventilation within the culture vessels was increased by not sealing the caps
to the culture tubes with Parafilm. Although micro-shoots of D. bellidiformis
showed no sign of necrosis, phenolic exudation and hyperhydricity (Table 3.5),
the micro-shoots that did not show elongation were lost to contamination (Table
3.5). This also further suggests that the surface sterilization procedure applied
was inefficient at removing endogenous contaminants in the seeds of D.

bellidiformis.

Various studies have shown that hyperhydricity is a problem that effects plant
regeneration in vitro (Letouze and Daguin, 1987; Rugini et al., 1987; Jones et
al., 1993 and Kevers et al., 2004). According to Kevers et al. (2004),
hyperhydricity can be defined as a stress-induced change in physiological state
which results from growth and culture conditions and stress factors under in
vitro culture conditions that include: wounding and infiltration with soft culture
medium, generally of a high ionic strength, rich in nitrogen and growth
regulators in a special balance. In addition the explant is confined to a humid
and gaseous environment which further contributes to stress. Pan and van
Staden (1998) highlighted the use of activated charcoal in in vitro plant
propagation to reduce the effect of culture conditions on numerous stress
responses including phenolic exudation and hyperhydricity. McCartan and
Crouch (1998) showed that hyperhydricity was reduced in Mondia whiteii micro-
shoots that were cultured in the presence of 0.2% activated charcoal after a 4 to
6 week culture period. The addition of activated charcoal to a culture medium
was also shown to reduce phenolic exudation from the explant (van Waes, 1987
and Torres 1989). In the current investigation the addition of 0.2% activated
charcoal was only successful in eliminating the effect of hyperhydricity in M.
whiteii micro-shoots cultured for four weeks on a solid sucrose-supplemented
MS medium. The incorporation of activated charcoal in the D. bellidiformis
medium was an ineffective protocol as the explants were lost to contamination
or became necrotic. Hartman et al. (1997) and Torres (1989) suggest that in

order to prevent the accumulation of gaseous and phenolic compounds,
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reducing the time between subcultures is important. Therefore M. whiteii micro-
shoots were transferred onto sucrose-supplemented MS medium containg 0.2%
activated charcoal for four weeks (Table 3.8). While this eliminated necrosis, it

also reduced hypehydricity and phenolic exudation.

Necrosis that was observed in both species could have been the effect of the

48 hr treatment with antimitotic substances based on the results from
ultratructural studies on meristematic cells of shoot tips from seedlings of D.
bellidiformis germinated in their presence. Another factor that could also be
considered important in the response of the micro-shoots was the transfer of the
explants from a liquid medium with a pH of 7 to a solid medium with a pH of 5.7.
The shift in pH could have had a negative effect on the growth response of the
micro-shoots. Although previous investigations have reported on the efficiency
of immersing plant material in a liquid solution of an antimitotic substance to
induce polyploidy (Lyrene and Perry, 1982), in the current investigation the
method of inducing polyploids by immersing the plant material into a liquid
medium with a high sucrose content containing an antimitotic substance was
inefficient in producing a large number of polyploid individuals, the immersion
method needs to be re-investigated. It is also evident from the different
responses of the two species to the in vitro polyploidization conditions, that

different species respond differently to the same polyplidization treatment.
4.4 DETERMINING POLYPLOID STATUS OF TREATED EXPLANTS

Flow cytometry was used to determine the ploidy status of treated M. whiteii
micro-shoots. A number of reports have shown the efficiency of flow cytometry
to determine ploidy status of plant cells (Eeckhuant et al., 2004: Hannweg,
2004; Dolezel, 1997; Cohen and Yao; 1996: Awoleya et al., 1996). In the
present study the ploidy status was only determined for leaf samples of M.
whiteii micro-shoots that were treated with antimitotic substances. From the flow
cytometry analysis it was evident that changes in ploidy level occurred in micro-
shoots that were initially treated with 0.01% oryzalin, while mixaploids were

identified in micro-shoots initially treated with 0.1% colchicine and 0.01%
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oryzalin. While van Tuyl et al. (1992) showed that successful regeneration and
polyploidization was efficiently carried out in Nerine and Lilium in vitro, only 10%
polyploidy was achieved in M. whiteii micro-shoots treated with 0.01% oryzalin
and 0.001% oryzalin was not successful in inducing polyploidy in M. whiteii

shoots.

Hannweg and Vos (2001, pers comm.) showed that 0.01% colchicine treatment
was efficient in inducing polyploidy in several indigenous plant species (Table
1.3). However, in the current investigation, 10% of the M. whiteii micro-shoots
treated were mixaploids following treatment with 0.01% colchicine. In the
present study, micro-shoots derived from nodal cuttings from in vitro germinated
seedlings were treated with antimitotic substances. Hannweg and Vos (2001,
pers comm.) treated M. whiteii with colchicine by immersing nodal cuttings of in
vitro germinated seedlings to induce polyploidy, while Cohen and Yao (1996)
showed that successful polyploids of Zanthedeschia could be obtained from
immersing micro-shoots into a solution of antimitotic substances. While the use
of micro-shoots for in vitro polyploidization was successful for Zanthedeschia
(Cohen and Yao, 1996) it was not successful in the current investigations with

D. bellidiformis and M. whiteii, showing a species-specific response.

While Dolezel and Binarvo (1989) and Geoffriau et al. (1997) were able to
successfully induce polyploidy with a 24-48hr immersion in a solution of
antimitotic substance, in the current investigation only a limited number of
plantiets were polyploid following a 48hr treatment with colchicine and oryzalin.
Therefore there is scope for further investigations on the efficiency of polyploidy

based on the response of plant material to antimitotic substances over time.
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CONCLUSION AND FUTURE RECOMMENDATION

In the present study the initial surface sterilization treatment tested was
inefficient in removing endogenous contaminants, since contamination persisted
during later culture. Therefore it is necessary to consider more efficient
sterilization procedures than the one used in the present investigation. The
impact of antimitotic substances on germination was determined. The
ultrastructural response of D. bellidiformis to antimitotic treatments was
evaluated. It was evident that plant cells respond differently to oryzalin and

colchicine even at the same concentrations.

This study also aimed at inducing polyploidy individuals from M. whiteii and D.
bellidiformis micro-shoots, however the practical constraints that limit in vitro
plant tissue culture including contamination, exudation of phenolics, necrosis
and hyperhydricty were found to limit the regeneration of treated micro-shoots
and future studies to eliminate or reduce this problem is important. Mixaploid,
triploid and diploid individuals were easily identified using flow cytometry and
small leaf samples of treated individuals. Polyploidy individuals were only
obtained from micro-shoots of M. whiteii, these individuals are currently being
hardened-off and field trials will be set up with these individuals to identify
superior genotypes.

While in vitro polyploidization techniques have offered a much easier method of
manipulating plant chromosome number, several constraints associated with in
vitro plant tissue culture should be considered in order to achieve high survival
rate of ‘mutated’ individuals.
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