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Preface

Since the publication of this book, in 1983, several new and exciting
developments have taken place in the field of Plant Tissue Culture, and
it now forms a major component of what is popularly called Plant Bio-
technology. Many of the important crop plants which were then regarded
as recalcitrant are now amenable to regeneration from cultured proto-
plasts, cells, and calli, enabling subjection of these crops to improvement
by biotechnological methods of cell manipulation. Embryogenic cultures
can be established for most of the important crop plants, including many
hardwood and softwood tree species.

During the last decade the emphasis of research in tissue culture has
been on its industrial and agricultural applications. Chief among the
proven applications of plant tissue culture are the routine use of andro-
genesis in plant breeding programmes (Chapter 7), development of new
varieties through somaclonal and gametoclonal variant selection (Chap-
ter 9), production of industrial compounds (Chapter 17), regeneration of
transgenic plants from genetically manipulated cells (Chapter 15), clonal
propagation of horticultural and forest species (Chapter 16), and conser-
vation of germplasm of crop plants and endangered species (Chapter 18).

In the process of translating the laboratory protocols into commercial
protocols several problems were identified and research was focused on
finding solutions thereof. Until the early 1980s, for example, most of the
contributions on somatic embryogenesis concerned the differentiation of
structures that resembled embryos but when the protocols were critically
examined for application to commercial plant propagation it was soon
realized that the somatic embryos showed an extremely low degree of
germination owing to their physiological and biochemical immaturity.
This necessitated introduction of an additional stage of embryo matura-
tion to ensure an acceptably high rate of conversion of somatic embryos
into plantlets. Concurrently, mass production of somatic embryos in
bioreactors has been studied and synthetic seed technology has been de-
veloped to facilitate their mechanized field planting. Fermentor technol-
ogy has also been developed for large scale plant cell culture (Chapter 4)
required in industrial production of secondary plant products.

These developments and the gratifying world-wide response the earlier
edition of this book received, provided the impetus to update it under the
earlier title. All the chapters in the first edition have been thoroughly
revised without disturbing the original character. Two new chapters, one
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on ‘Production of Industrial Compounds’ (Chapter 17) and another on
‘Genetic Engineering’ (Chapter 14), have been added. The chapter on
‘Cytogenetic Studies’ has been revised with emphasis on applied aspects
and retitled as ‘Variant Selection’ (Chapter 9).

When the revision of the book was contemplated, I did not realize the
magnitude of the task. The proliferation of literature has been such that
each chapter or, in some instances, even a section of it can be and indeed
has been developed as a book. The last decade has witnessed movement
of many tissue culture scientists from public sector institutions to private
commercial laboratories which are making notable contributions. How-
ever, due to this shift from the ‘open research system’ of universities and
government institutes to the ‘closely guarded research system’ of indus-
try, the scientific information often remains unknown until the process
and/or the product are patented.

I hope that our earnest endeavour will have a greater reception by
students, teachers and plant scientists interested in both theoretical and
applied aspects of plant tissue culture.

I am indebted to my co-author, Dr M.K. Razdan, for his help and co-
operation in completing the manuscript. I am highly obliged to Dr Arlette
Reynaerte for valuable suggestions on the manuscript of Chapter 14. I
am grateful to several of my colleagues and students, particularly Profes-
sor S.P. Bhatnagar, Dr W. Marubashi, Mr A.P. Raste, Dr P.K. Dantu,
Himani Pande, Pradeep Kumar, Ashwani Kumar, Dennis Thomas,
Deepali Saxena and Sushma Arora for their help in various ways. I
thank Mr S.K. Das, Mr J.P. Narayan and Mr Manwar Singh for their
constant cooperation in photography and preparation of the illustrations
and the manuscript, respectively.

The task of completing this book could not have been accomplished

without the patience and understanding of my wife, Shaku. I lovingly
dedicate this book to her.

Sant Saran Bhojwani
Delhi, India
February 29, 1996
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Chapter 1

Introductory History

One of the most important biological events in the life cycle of an or-
ganism is fertilization, which involves the fusion of two gametes of oppo-
site sex or strain resulting in the formation of a zygote. From this single-
celled zygote originates the entire multicellular and multiorganed body of
a higher organism; may it be a flowering plant or a human body. In a
flowering plant, for example, structures as morphologically and func-
tionally diverse as underground roots, green photosynthesizing leaves,
and beautiful flowers all arise from the single-celled zygote through mil-
lions of mitoses. The latter process is a type of cell division characterized
by identical products. Theoretically, therefore, all the cells in a plant
body, whether residing in the flowers, conducting tissues or root tips,
should have received the same genetic material as originally present in
the zygote. All this would then suggest that there must be some other
factor(s) superimposed on the genetic characteristics of cells which bring
about this vast variation expressed by the genetically identical cells. The
process involved in the manifestation of these variations is called differ-
entiation. The morphological differentiation is actually preceded by cer-
tain cellular and subcellular changes. A pertinent question that arises at
this stage is: whether the cellular changes underlying differentiation of
various types of cells are permanent and, consequently, irreversible, or
whether it is merely a social feature in which a cell undergoes an adap-
tive change to suit the functional need of the organism in general and the
organ in particular. The fact that during the normal life cycle of a plant a
cell which has differentiated into a palisade cell dies as a palisade cell
and an epidermal cell does not revert to meristemic state may suggest
that the events leading to differentiation are of a permanent nature.
However, the classic experiments of Vochting on polarity in cuttings,
carried out in 1878, suggest otherwise. He observed that all cells along
the stem length are capable of forming roots as well as shoots, but their
destiny is decided by their relative position in the cutting. The best way
to answer this question and understand more about the inter-relation-
ship between different cells of an organ and different organs of an organ-
ism would, however, be to remove them from the influence of their neigh-
bouring cells and tissues and grow them in isolation on nutrient media.
To put it in the words of the great German botanist Gottlieb Haberlandt
(1854~1945), now aptly regarded as the father of plant tissue culture, “To
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my knowledge, no systematically organized attempts to culture isolated
vegetative cells from higher plants in simple nutrient solutions have been
made. Yet the results of such culture experiments should give some in-
teresting insight to the properties and potentialities which the cell as an
elementary organism possesses. Moreover, it would provide information
about the inter-relationships and complementary influences to which
cells within a multicellular whole organism are exposed’. Haberlandt was
the first person to culture isolated, fully differentiated cells as early as
1898 and the above lines are cited from the English translation of his
classic paper presented in 1902 in which he described the results of his
pioneering experiments (Krikorian and Berquam, 1969).

For his experiments Haberlandt (1902} chose single isolated cells from
leaves. He used tissue of Lamium purpureum and Eichhornia crassipes,
the epidermis of Ornithogalum and epidermal hairs of Pulmonaria mol-
lissima. He grew them on Knop’s (1865) salt solution with sucrose, and
observed obvious growth in the palisade cells. In the first place/ they re-
mained alive for up to 1-month. They grew in size from an initial
length/width of 50 #m/27 um to up to 180 um/62 um, changed shape,
thickening of cell walls occurred, and starch appeared in the chloroplasts
which initially lacked it. However, none of the cells divided. Some of the
reasons for this failure were that he was handling highly differentiated
cells and the present-day growth hormones, necessary for inducing divi-
sion in mature cells, were not available to him. Charles Darwin once re-
marked ‘I am a firm believer that without speculation there is no good or
original research’. Despite the failure to achieve his goal, Haberlandt
made several predictions in his paper of 1902. With the passage of time
most of these ideas were confirmed experimentally, proving Haberlandt’s
broad vision and foresight. It was unfortunate that Haberlandt did not
test his postulates experimentally or else several discoveries could have
been made much earlier. Instead, he devoted his time to ‘sensory physio-
logical investigations’. .

It would be worthwhile mentioning here some of the postulates of
Haberlandt (1902). Despite the fact that he could not demonstrate the
ability of mature cells to divide, he was clear in his mind that in the in-
tact plant body the growth of a cell simply stops after acquiring the fea-
tures required to meet the need of the whole organism. To this effect he
states: “This happens not because the cells lose their potential capacity
for further growth, but because a stimulus is released from the whole or-
ganism or from particular parts of it’. “The isolated cell is capable then of
resuming uninterrupted growth’. Haberlandt had also perceived the con-
cept of growth hormones, which he called ‘growth enzymes’, and felt these
are released from one type of cells and stimulate growth and devel-
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opment in other cells. Based on the cbservations of Winkler (1901) that
pollen tubes stimulate growth in ovules and ovary, Haberlandt suggested
‘... it would be worthwhile to culture together in hanging drops vegeta-
tive cells and pollen tubes; perhaps the latter would induce the former to
divide’. He continues, ‘One could also add to the nutrient solutions used
an extract from vegetative apices or else culture the cells from vegetative
apices. One might also consider utilization of embryo sac fluids’. Haber-
landt finally states ‘Without permitting myself to pose further questions,
I believe, in conclusion, that I am not making too bold a prediction if I
point to the possibility that, in this way, one should successfully cultivate
artificial embryos from vegetative cells. In any case, the technique of cul-
tivating isolated plant cells in nutrient solutions permits the investiga-
tion of important problems from a new experimental approach.’

From the time Haberlandt presented his paper in 1902 until about
1934 hardly any progress was made in the field of plant tissue culture as
conceived by Haberlandt. In 1904, however, Hannig had initiated a new
line of investigation which later developed into an important applied area
of in vitro techniques. Hannig excised nearly mature embryos of some
crucifers (Raphanus sativus, R. landra, R. candatus, Cochlearia danica)
and successfully grew them to maturity on mineral salts and sugar solu-
tion. He also tested, although unsuccessfully, the embryo sac fluid to
support the growth of excised embryos. Proving one of the predictions of
Haberlandt true, in 1941 Van Overbeek and co-workers demonstrated for
the first time the stimulatory effect of coconut milk (embryo sac fluid) on
embryo development and callus formation in Datura (Van Overbeek et
al., 1941). Actually, this work proved a turning point in the field of em-
bryo culture, for it enabled the culture of young embryos which failed to
grow on a mixture of mineral salts, vitamins, amino acids and sugar.
Subsequent detailed work by Raghavan and Torrey (1963), Norstog
(1965) and others led to the development of synthetic media for the cul-
ture of younger embryos (see Raghavan, 1976a). However, until recently
only post-globular embryos could be cultured ex-ovulo. Younger embryos
either did not survive or exhibited callusing. Recently, Liu et al. (1993a)
described a double layer culture system and a complex nutrient medium
which supported embryogenic development of excised early globular
(35 um) embryos of Brassica juncea. Even more spectacular is the devel-
opment of germinable embryos from naked ‘zygote’ formed by in vitro fu-
sion of male and female gametes (Kranz and Lorz, 1993).

Fairly early in the history of embryo culture, Laibach (1925, 1929) dem-
onstrated the practical application of embryo culture in the field of plant
breeding. He isolated embryos from non-viable seeds of the cross Linum
perenne X L. austriacum and reared them to maturity on a nutri-
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ent medium. He also provided special impetus for further work in the
area by stating, ‘In any case, I deem it advisable to be cautious in declar-
ing combination between higher plants to be inviable after fertilization
has taken place and after they have begun to develop. Experiments to
bring the aborted seed to development should always be undertaken if it
is desirable for theoretical or practical reasons. The experiments will not
always be successful, but many a result might be obtained by studying
the conditions of ripeness of the embryo and by finding out the right time
for the preparing out of the seed.” It should be mentioned here that to
date several hybrids have been reared through embryo culture which
would otherwise have failed due to embryo abortion (see Raghavan,
1976a).

As mentioned earlier, for a considerable time after Haberlandt’s classic
paper, work continued on organized structures. Pioneering work on root
culture appeared during this period. In 1922, working independently,
Robbins (USA) and Kotte (a student of Haberlandt in Germany) reported
some success with growing isolated root tips. Further work by Robbins
and Maneval (1924) enabled them to improve root growth, but the first
successful report of continuously growing cultures of tomato root tips was
made by White in 1934. Initially White used a medium containing inor-
ganic salts, yeast extract and sucrose, but later yeast extract was re-
placed by three B-vitamins, namely pyridoxine, thiamine and nicotinic
acid (White, 1937). On this synthétic medium, which has proved to be one
of the basic media for a variety of cell and tissue cultures, White main-
tained some of the root cultures initiated in 1934 until shortly before his
death in 1968. During 1939-1950 extensive work on root culture was un-
dertaken by Street and his students to understand the role of vitamins in
plant growth and shoot-root relationship.

The two important discoveries made in the mid-1930s which gave a
big push to the development of plant tissue culture technique were: (a)
identification of auxin as a natural growth regulator, and (b) recognition
of the importance of B-vitamins in plant growth. In 1934, Gautheret had
cultured cambium cells of some tree species (Salix capraea, Populus
nigra) on Knop’s solution containing glucose and cysteine hydrochloride
and recorded that they proliferated for a few months. The addition of
B-vitamins and IAA considerably enhanced the growth of Salix cambium.
However, the first continuously growing tissue cultures from carrot
root cambium were established by Gautheret in 1939. In the same year
White (1939a) reported the establishment of similar cultures from tu-
mour tissue of the hybrid Nicotiana glauca X N. langsdorffii. Gautheret
and White, together with Nobecourt, who had independently reported
the establishment of continuously growing cultures of carrot in the
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same year, are credited for laying the foundation for further work in the
field of plant tissue culture. The methods and media now used are, in
principle, modifications of those established by the three pioneers in
1939. Although continuously growing cultures could be established in
1939, the tissues used by all the three workers included meristematic
cells.

The induction of divisions in isolated mature and differentiated cells
had to wait the discovery of another growth regulator. Skoog (1944) and
Skoog and Tsui (1951) had demonstrated that in tobacco pith tissue cul-
tures the addition of adenine and high levels of phosphate increased cal-
lus growth and bud formation even in the presence of IAA which other-
wise acted as bud-inhibitor. However, the division of cells occurred only if
vascular tissue was present; pith cells alone did not show any division
(Jablonski and Skoog, 1954). Actually, the importance of the association
of vascular tissue for inducing cell divisions in mature parenchyma cells
of potato tuber was demonstrated by Haberlandt as early as 1913. In
their search to replace the need for vascular tissue, Jablonski and Skoog
tested several plant extracts by either adding them to the nutrient me-
dium or injecting them into the tissue. One of the substances most effec-
tive in this respect was yeast extract (YE), which had enabled White
(1934) to establish the first continuously growing root cultures. However,
for cell division the active component of YE was not B-vitamins, but



9

something with properties common to purine. Based on this observation,
when DNA was tested in place of YE it proved to be an enormously richer
source of activity than any other substance tested before for cell division
in pith tissue. Initially the activity was noticed in old samples of DNA,
but it could also be produced by autoclaving weakly acid slurries of
freshly isolated DNA (Miller et al., 1955b). Miller et al. (1955a) separated
the first known cytokinin from the DNA of herring sperm and named it
kinetin. At present, many synthetic as well as natural compounds with
kinetin-like activity are known. The availability of these substances, col-
lectively called cytokinins, has made it possible to induce divisions in
cells of highly mature and differentiated tissue, such as mesophyll and
endosperm from dried seeds.

At this stage, the dream of Haberlandt was realized only partially, for
he foresaw the possibility of cultivating isolated single cells. Only small
pieces of tissue could be grown in cultures. Further progress in this re-
spect was made by Muir (1953). He demonstrated that by transferring
callus tissues of Tagetes erecta and Nicotiana tabacum to liquid medium
and agitating the cultures on a shaking machine it was possible to break
the tissue into single cells and small cell aggregates. Muir et al. (1954)
also succeeded in mechanically picking single cells from these shake cul-
tures (suspension cultures) as well as soft callus tissues, and making
them divide by placing them individually on separate filter papers rest-
ing on the top of a well-established callus culture. Apparently the callus
tissue, which was separated from the cell only by thin filter paper, sup-
plied the necessary factor(s) for cell division. This nurse culture method
was very similar to the untested idea of Haberlandt wherein he sug-
gested growing single cells along with pollen tubes so that the former
may receive cell division stimulus from the latter. In 1960 Jones et al.
designed a microculture method for growing single cells in hanging drops
in a conditioned medium (medium in which tissue has been grown for
some time). The advantage of this technique was that it allowed continu-
ous observation of the cultured cells. Using this technique but replacing
the conditioned medium by a fresh medium, enriched with coconut milk,
Vasil and Hildebrandt (1965) raised whole plants starting from single
cells of tobacco. An important biological technique of cloning large num-
ber of single cells of higher plants was, however, developed in 1960 by
Bergmann. He filtered the suspension cultures of Nicotiana tabacum and
Phaseolus vulgaris and obtained a population containing about 90% free
cells. These were incorporated into a 1 mm layer of solidified medium
containing 0.6% agar. In this experiment some of the single cells divided
and formed visible colonies. This technique is now widely used for cloning
cells, and in protoplast culture experiments.
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The free cells thus far cultured successfully were derived from actively
growing tissues in cultures. It was indeed the work of Kohlenbach in
1966 that came closest to Haberlandt’s experimental material and objec-
tives. Kohlenbach successfully cultured mature mesophyll cells from Ma-
cleaya cordata. The tissue obtained from these cells subsequently differ-
entiated somatic embryos.

In 1957, Skoog and Miller put forth the concept of hormonal control of
organ formation (Fig. 5.6). In this classic paper, they showed that the dif-
ferentiation of roots and shoots in tobacco pith tissue cultures was a
function of the auxin-cytokinin ratio, and that organ differentiation could
be regulated by changing the relative concentrations of the two sub-
stances in the medium; high concentrations of auxin promoted rooting,
whereas high levels of cytokinin supported shoot formation. At equal con-
centrations of auxin and cytokinin the tissue tended to grow in an unor-
ganized fashion. This concept of hormonal regulation of organogenesis is
now applicable to a large number of plant species. However, the exoge-
nous requirement of growth regulators for a particular type of morpho-
genesis varies, depending on the endogenous levels of these substances in
the tissue in question.

The differentiation of whole plants in tissue cultures may occur via
shoot and root differentiation or, alternatively, the cells may undergo
embryogenic development to give rise to bipolar embryos, referred to as
‘somatic embryos’ in this book to distinguish them from zygotic embryos.
The first reports of somatic embryo formation from carrot tissue ap-
peared in 1958-1959 by Reinert (Germany) and Steward (USA). To date,
numerous plant species have been reported to form somatic embryos. In
some plants, like carrot and buttercup, embryos can be obtained from vir-
tually any part of the plant body.

Until the mid-1970s hormonal manipulation in the culture medium
remained the main approach to achieve plant regeneration from cultured
cells and it proved very successful with many species. However, some
very important crop plants, such as cereals and legumes, did not respond
favourably to this strategy and were, therefore, declared recalcitrant
(Bhojwani et al., 1977a). In 4972 Saunders and Bingham reported that
different cultlvars of alfalfa vayied considerably in their regeneration po-
tential under a culture regime. More detailed studies by Bingham and
his associates (Bingham et al., 1975; Reisch and Bingham, 1980) demon-
strated that regeneration in tissue cultures is a genetically controlled
phenomenon. Genotypic variation has been since observed in several
plant species; it occurs between varieties and, in outbreeding crops,
within varieties. The success in obtaining regeneration in tissue cultures
of forage legumes has been mainly due to a shift in the emphasis from
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medium selection to genotype selection. Similar success with cereals be-
came possible only after the physiological state of the explant was recog-
nized as another important factor affecting regeneration. In this group of
plants the regeneration potential is largely restricted to immature em-
bryos (Green and Phillips, 1975; Vasil and Vasil, 1980). Vasil and his as-
sociates, at the University of Florida, demonstrated that embryogenic
cultures of most cereals can be established using immature embryos as
the explant, and such cultures are suitable for protoplast isolation and
culture as well as genetic manipulation of these plants (Vasil and Vasil,
1986; Vasil, 1988; Vasil et al., 1992). Immature embryos have also proved
to be an ideal explant to raise embryogenic cultures of numerous other
herbaceous and woody species, including Gymnosperms.
Establishment of suspension cultures of plant cells in liquid medium,
similar to microbes, in the mid-1950s prompted scientists to apply this
- system for the production of natural plant products as an alternative to
whole plant. The first attempt for the industrial production of secondary
metabolites in vitro was made during 1950-1960 by the Pfizer Company
(see Gautheret, 1985) and the first patent was obtained in 1956 by
Routien and Nickell. However, not much progress in this area was made
for many years. Apparently, the industrial production of secondary me-
tabolites required large scale culture of cells. In 1959, Tulecke and
Nickell published the first report of plant cell culture in a 134 1 reactor.
Noguchi et al. (1977) used 20 000 1 reactor for the culture of tobacco cells.
Since plant cells are different from microbes in many respects the reac-
tors traditionally used in microbiology had to be modified to suit plant
cell culture. Several different kinds of bioreactors have been designed for
large scale cultivation of plant cells (see Chapters 4 and 17). The technol-
ogy for mass culture of plant cells is now available but slow growth of
plant cells, genetic instability of cultured cells, intracellular accumula-
tion of secondary products and organ-specific synthesis of secondary
products are some of the problems making tissue culture production of
industrial compounds uneconomical. Despite these problems in several
cases cell cultures have been shown to produce certain metabolites in
quantities equal to (first reported by Kaul and Staba, 1967) or many fold
greater than (first reported by Zenk, 1978) the parent plant. In 1979,
Brodelius et al. developed the technique of immobilization of plant cells
so that the biomass could be utilized for longer periods, besides its other
advantages. Culture of ‘hairy roots’, produced by transformation with
Agrobacterium rhizogenes, has been shown to be a more efficient system
than cell cultures for the production of compounds which are normally
synthesized in roots of intact plants. The first tissue culture product to be
commercialized, by Mitsui Petrochemical Co. of Japan, is Shikonin from
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cell cultures of Lithospermum erythrorhizon (Curtin, 1983). In 1988, an-
other Japanese company (Nitto Denko) started marketing ginseng cell
mass produced in culture (Misawa, 1994).

Differentiation of plants from callus cultures has been suggested as a po-
tential method for rapid propagation of selected plant species because hun-
dreds and thousands of plants can be raised from a small amount of tissue
and in a continuous process. But this method suffers from one serious
drawback that cells in long-term cultures are genetically unstable. A more
important technique, which was later to become a viable horticultural
practice, was developed by Ball in 1946. He successfully raised transplant-
able whole plants of Lupinus and Tropaeolum by culturing their shoot tips
with a couple of leaf primordia. However, the demonstration of the practi-
cal usefulness of this important technique must be credited to Morel who,
with Martin (Morel and Martin, 1952), for the first time recovered virus-
free Dahlia plants from infected individuals by excising and culturing their
shoot tips in vitro. The basis of this approach is that even in a virus-
infected plant the cells of the shoot tip are either free of virus or carry a
negligible amount of the pathogen. This technique of shoot tip culture,
alone or in combination with chemotherapy or thermotherapy, has since
then been widely used with a variety of plant species of horticultural and
agronomic importance and has become a standard practice to raise virus-
free plants from infected stocks (see Chapter 15).

While applying the technique of shoot-tip culture for raising virus-free
individuals of an orchid, Morel (1960) also realized the potential of this
method for the rapid propagation of these plants. The technique allowed
the production of an estimated 4 million genetically identical plants from
a single bud in a period of 1 year. Until this time orchid propagation was
done by seeds. A serious problem inherent in this method is the appear-
ance of a great variation in the progeny. Seeing a tremendous advantage
in the technique, the commercial orchidologists soon adopted this novel
technique as a standard method for propagation. This contribution of
Morel not only revolutionized the orchid industry, but also gave impetus
to the utilization of shoot-bud culture for rapid cloning of other plant
species.

Murashige was instrumental in giving the techniques of in vitro cul-
ture a status of a viable practical approach to propagation of horticul-
tural species. He worked extensively for the popularization of the tech-
nique by developing standard methods for in vitro propagation of several
species ranging from ferns, to foliage, flower and fruit plants. Indeed,
Murashige’s name became intimately associated with the technique. In-
cidentally, the principle of the technique being used for in vitro propaga-
tion of most flowering plants is very different from that used for orchids.
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It is based on another important finding made in 1958 by Wickson and
Thimann. They showed that the growth of axillary buds, which remain
dormant in the presence of terminal buds, can be initiated by the exoge-
nous application of cytokinins. The implication of this is that one could
induce the release of lateral buds on a growing shoot with an intact ter-
minal bud by growing the shoot in a medium containing cytokinin. This
would release buds from apical dominance not only on the initial stem
segment, but also those on the lateral branches developed from it in cul-
tures, giving rise to a bushy witch’s broom-like structure with numerous
shoots. Individual branches from this cluster can be made to repeat the
process of shoot multiplication to build up innumerable shoots in a rather
short period. Routinely, a portion of the total shoots may be rooted in an-
other medium to get full plantlets ready for transfer to soil through care-
ful handling.

Axillary bud proliferation is widely practised for in vitro propagation of
plants because it ensures maximum genetic uniformity of the resulting
plants but from economic considerations this method is not very attrac-
tive as it is slow and labour intensive. Therefore, attention is being given
to developing somatic embryogenic systems for mass propagation of
plants as it offers the possibility of rapid multiplication in automated
bioreactors, with low inputs. Since the first attempt of Backs-Husemann
and Reinert (1970) to scale-up somatic embryogenesis in carrot using a
20 1 carboy, different types of bioreactors have been tested (see Chapter
6). For poinsettia embryo production, Preil (1991) used a round bottom 21
hioreactor in which stirring was achieved by vibrating plates and bubble-
free O, was supplied through a silicon tubing which was inserted as a
spiral of 140 cm total tube length. For mechanical planting of somatic
embryos in the field the concept of synthetic seeds has been proposed.
Currently, two types of synthetic seeds, viz. desiccated and hydrated, are
being developed in which somatic embryos are individually encapsulated
in suitable compounds (see Chapter 6).

Regeneration of plants from carrot cells frozen at the temperature (-
196°C) of liquid nitrogen was first reported by Nag and Street in 1973.
Seibert (1976) demonstrated that even shoot tips of carnation survived
exposure to the super-low temperature of liquid nitrogen. This and sub-
sequent success with freeze preservation of cells, shoot tips and embryos
gave birth to a new applied area of tissue culture, called germplasm stor-
age (Chapter 18). Cultured shoots/plantlets can also be stored at 4°C for
1-3 years. These methods are being applied at several laboratories to es-
tablish in vitro repository of valuable germplasm.

The spontaneous occurrence of variation in tissue cultures with regard
to the ploidy, morphology, pigmentation and growth rates had been ob-
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served for quite some time. Changes to auxin habituation was reported
by Gautheret (1955). However, for long these variations were ignored as
mere abnormalities. The first formal report of morphological variation
induced in tissue cultures was published from the Hawaiin Sugar
Planter’s Association Experimental Station. Heinz and Mee (1971) re-
ported variation in sugarcane hybrids regenerated from cell cultures. The
agronomic importance of such variability was immediately recognized
and the regenerants were screened for useful variation. During the next
few years, Saccharum clones with resistance to various fungal and viral
diseases as well as variation in yield, growth habit and sugar content
were isolated (Krishnamurthi and Tlaskal, 1974; Heinz et al., 1977). In
the following 5-6 years useful variants of crops, such as geranium
(Skirvin and Janick, 1976a,b) and potato (Shepard et al., 1980), were ob-
tained from tissue culture derived plants. However, it was the article by
Larkin and Scowcroft (1981) which drew the attention of tissue culturists
and plant breeders to tissue culture as a novel source of useful genetic
variation. They proposed the term ‘somaclonal variation’ for the variation
detected in plants regenerated from any form of culture and termed the
regenerated plants as somaclones. Evans et al. (1984a) introduced the
term ‘gametoclones’ for the plants regenerated from gametic cells. During
the past decade scientists have examined their tissue cultures and the
plants regenerated from them more critically and confirmed that tissue
culture can serve as a novel source of variation suitable for crop im-
provement. Several somaclones and gametoclones have already been re-
leased as new improved cultivars (see Chapter 9).

By the early 1960s, methods of in vitro culture were reasonably well
developed and the emphasis was shifting towards applied aspects of the
technique. Around this time the Botany School at the University of Delhi,
led by P. Maheshwari, became actively engaged with in vitro culture of
reproductive organs of flowering plants (see Maheshwari and Rangas-
wamy, 1963). Prompted by her success with ‘intra-ovarian pollination’
(Kanta, 1960), Kanta developed the technique of ‘test-tube fertilization’
(Kanta et al., 1962). In essence, it involves culturing excised ovules and
pollen grains together on the same medium; the pollen germinates and
fertilizes the ovules. In theory, this technique could be applied to over-
come any sexual incompatibility for which reaction occurs in the stigma
and/or style. Using this approach, Zenkteler and co-workers (Zenkteler,
1967, 1970; Zenkteler et al., 1975) developed interspecific (Melandrium
album x M. rubrum) and intergeneric (M. album X Silene schafta) hy-
brids unknown in nature. Similarly, self-incompatibility in Petunia axil-
laris could be overcome following this method. Therefore, for almost a
decade this simple technique to overcome sexual incompatibility barriers
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remained overshadowed by more sophisticated techniques of somatic hy-
bridization and genetic engineering which were gaining popularity with
the scientists during this period. A renewed interest in the technique of in
vitro pollination occurred in the mid-1980s, when a number of laboratories
used this technique to produced some rare hybrids (see Chapter 10). A
major breakthrough in this area was made at the beginning of 1990s when
Kranz et al. (1990) reported electrofusion of isolated male and female gam-
etes of maize and, 3 years later (Kranz and Lorz, 1993), plant regeneration
from the fusion product. The naked ‘zygote’ formed embryo and eventually
fertile plants (see Chapter 10). This is the first and so far the only demon-
stration of in vitro fertilization in higher plants.

The role of haploids in breeding and genetics of higher plants had been
emphasized for a considerable time but the restricted availability of such
individuals, with the gametic number of chromosomes (half of that pres-
ent in body cells), did not allow their full exploitation. In 1966, Guha and
Maheshwari demonstrated the possibility of raising large numbers of an-
drogenic haploid plantlets from pollen grains of Datura innoxiwa by cultur-
ing immature anthers. Later work by Bourgin and Nitsch (1967) con-
firmed the totipotency of pollen grains. They raised full haploid plants of
tobacco. By the use of this technique, several promising new varieties of
tobacco, rice and wheat have been introduced.

In 1970, Kameya and Hinata reported callus formation in isolated
pollen cultures of Brassica sp. A couple of years later C. Nitsch and her
associates, at the CNRS, France, succeeded in raising haploid plants
from isolated microspore cultures of Nicotiana and Datura (Nitsch and
Norreel, 1973; Nitsch, 1974). Initially, a nurse tissue was used to culture
isolated microspores (Pelletier and Durran, 1972; Sharp et al., 1972) but
soon it was possible to culture them on synthetic media. With the refine-
ment of culture techniques and media it has become possible to raise an-
drogenic plants by isolated microspore culture on synthetic media for a
large number of species. So far pollen plants have been obtained by an-
_ ther/pollen culture for over 134 species and the techniques are being used
in plant breeding programmes (see Chapter 7). Isolated microspore cul-
ture of B. napus has emerged as a model system to study cellular basis of
androgenesis (see Chapter 7).

Although the number of haploid cells in an ovule are very limited, it is
possible to produce parthenogenetic or apogamous haploids by unfertil-
ized ovary/ovule culture. It was first reported in barley by San Noeum
(1976). To date gynogenetic haploids have been reported for about 19
species (see Chapter 7).

Although the isolation of protoplasts (Klercker, 1892) and their fusion
(Kuster, 1909) were reported almost 100 years ago it was to the credit of
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Cocking (1960) whose work introduced the concept of enzymatic isolation
of plant protoplasts. He had used culture filtrate of the fungus Myrothe-
cium verrucaria, but in 1968 cellulase and macerozyme became commer-
cially available and isolation of large quantities of viable protoplasts by
enzymatic degradation of cell wall soon became a routine technique (see
Chapter 12). By 1970 it was demonstrated that isolated protoplasts are
capable of regenerating a new wall (Pojnar et al., 1967) and the reconsti-
tuted cell is capable of sustained divisions (Kao et al., 1970a; Nagata and
Takebe, 1970). In 1971 the totipotency of isolated protoplasts was dem-
onstrated (Nagata and Takebe, 1971; Takebe et al., 1971). At almost the
same time, Cocking’s group at the University of Nottingham achieved
fusion of isolated protoplasts using NaNO; (Power et al., 1970). These
two observations, totipotency of protoplasts and induced fusion of proto-
plasts, gave birth to a new field of plant tissue culture, viz. somatic hy-
bridization. This was one of the most active areas of research from 1970
to the mid-1980s because of its potential application in crop improvement
by genetic manipulation of somatic cells. During this period, more effi-
cient methods of protoplast fusion, using as high pH-high Ca*? (Keller
and Melchers, 1973), polyethylene glycol (Wallin et al., 1974; Kao et al.,
1974) and electrofusion (Zimmermann and Vienka, 1982), and improved
culture methods and media were developed. Also, regeneration of plants
from protoplasts of a large number of species was achieved.

The first somatic hybrids between Nicotianae glauca and N. langsdorffii
was produced in 1972 by Carlson and his co-workers. However, these two
species could be crossed sexually. In 1978, Melchers et al. produced an
intergeneric hybrid between sexually incompatible parents, potato and
tomato, but the somatic hybrid was sexually sterile. It was soon realized
that although somatic hybrids could be produced between highly unre-
lated parents but such wide hybrids would not be agronomically useful.
The technique of protoplast fusion is now being used to produce asym-
metric hybrids, wherein only a part of the nuclear genome of the donor
parent is transferred to the recipient parent. A novel application of pro-
toplast fusion is in the production of cybrids with novel nuclear-
cytoplasmic combinations. This technique has already been utilized to
transfer male sterility inter- and intra-specifically (see Chapter 13).

The property of isolated protoplasts to take-up organelles and macro-
molecules prompted several scientists to employ this system for genetic
transformation of plants by feeding them with purified DNA but it did
not meet with much success (Bhojwani and Razdan, 1983). The field of
genetic engineering, which refers to insertion of selected gene(s) for ge-
netic modification of plants, became reality with the development of
Agrobacterium tumefaciens based vectors. Smith and Townsend (1907)
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had shown that this gram negative soil bacteria causes crown gall dis-
ease in some plants. Based on his observation that crown gall tissue dis-
played the tumorigenic character for autonomous growth on salt-sugar
medium, even in the absence of the bacterium, Braun (1947) suggested
that probably during infection the bacterium introduces a tumour-
inducing principle in the plant genome. Transfer of bacterial genetic ma-
terial into the crown gall cells was also proposed by Morel (1971) based
on his observation that the crown gall cells acquired the new trait for the
synthesis of opines, some novel amino acids. The elusive DNA was iden-
tified as a large plasmid (Ti-plasmid) found only in a virulent strain of
the A. tumefaciens (Zaenen et al., 1974). The utility of the bacteria as a
gene transfer system in plants was first recognized when Chilton et al.
(1977) demonstrated that the crown galls were actually produced as a
result of the transfer and integration of genes from the bacteria into the
genome of plants. Barton et al. (1983) demonstrated that heterologous
DNA inserted into the T-DNA of Ti-plasmid could be transferred to
plants along with the existing T-DNA genes. With refinement of the A.
tumefaciens system in the early 1980s, research to produce genetically
engineered plant varieties blossomed. Efficient plant transformation vec-
tors were constructed by removing the phytohormone biosynthesis genes
from the T-DNA region and thereby eliminating the ability of the bacte-
ria to induce aberrant cell proliferation (Fraley et al., 1985). The first
transgenic tobacco plants expressing engineered foreign genes were pro-
duced with the aid of A. tumefaciens (Horsch et al., 1984). Since then de-
rivatives of this bacteria have proved to be an efficient and highly ver-
satile vehicle for the introduction of genes into plants and plant cells.
Most of the transgenic plants produced to date were created through the
use of this system. However, this transformation system is species-
specific; it does not work with most monocotyledons which include the
major cereals. Therefore, during the last decade the arsenal of the trans-
formation system has been expanded to include free DNA delivery tech-
niques, such as electroporation, particle gun and microinjection, which
are not species limited and can be used with cells, tissues and organized
structures. Of these, particle gun, also called microprojectile bombard-
ment or biolistic, is the most promising DNA delivery system for plants.
In 1986, the first plants were genetically engineered for a useful agro-
nomic trait (Abel et al., 1986). During the last decade, the list of geneti-
cally improved varieties produced by this molecular breeding method has
considerably enlarged (see Chapter 14).

These, in brief, are some of the milestones in the development of the
techniques of plant tissue culture. Like any other area of science, it
started as an academic exercise to answer some questions related to
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plant growth and development, but proved to be of immense practical
value, as an aid to plant propagation, raising and maintenance of high
health-status plants, germplasm storage, and a valuable adjunct to the
conventional methods of plant improvement.



Chapter 2

Laboratory Requirements And General
Techniques

2.1. INTRODUCTION

The size of a tissue culture set-up and the extent to which it is
equipped are governed by the nature of the project undertaken and the
funds available. However, a standard tissue-culture laboratory should
provide facilities for: (a) washing and storage of glassware, plasticware
and other labwares, (b) preparation, sterilization and storage of nutrient
media, (¢) aseptic manipulation of plant material, (d) maintenance of cul-
tures under controlled conditions of temperature, light and, if possible,
humidity, (e) observation of cultures, and (f) acclimatization of in vitro
developed plants. For research work at least two separate laboratories or
rooms should be available; one for glassware washing and storage, and
media preparation (media room), and a second (growth/culture room) to
store cultures. The culture room should contain a culture observation
table provided with binoculars and an adequate light source. Depending
on the local conditions, the sterile transfer cabinets may be housed in the
culture room, in a quiet corner of an ordinary research laboratory, or a
specially designed transfer room. A separate balance room may be shared
with other laboratories. For a commercial set-up, a more elaborate set-up
is required.

For other reviews on the subject, see De Fossard (1976), Biond1 and
Thorpe (1981), Bridgen and Bartok (1987), Pierik (1987), Torres (1989)
and Mageau (1991).

2.2. REQUIREMENTS
2.2.1, Structures and utilities

Very often, a research or commercial laboratory is required to be set up
in already existing structures; few can construct facilities from the
ground up. In either case certain basic guidelines should be followed. If a
new laboratory is being constructed, its location should preferably be
away from the city or otherwise adequate precautions should be taken to
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protect the facility from heavy pollution and vehicular vibrations. Care
should also be taken to locate it away from fields where combines or
threshers are used in order to cut down contamination spurts during the
harvest season. Preferably, the facility should be protected from any on-
slaught of heavy winds and rain which are carriers of spores, mites and
thrips. The growth room and the transfer room should be adequately in-
sulated to conserve energy. This has been achieved in some cases by
trapping air between a double wall construction. During a hot season,
advantage could be had by venting the air between the two walls.

A tissue culture facility requires large quantities of good quality water
and provision for waste water disposal. This aspect requires special con-
sideration where public water and sewer facilities are not available. Dis-
posal of any waste is also governed by local municipal codes for health
and the environment.

A generator back up should be provided, at least to the transfer room,
growth room and other essential equipment to prevent shut-down of
transfer hoods during the operation and an abrupt change in tempera-
ture in the growth room due to power failures, which could happen even
where a reliable source of electricity is available.

The organization for a commercial tissue culture set-up has been de-
scribed, with diagrams, by several authors (Torres, 1989; Mageau, 1991).
These should be treated as guidelines because the size and design of a
facility would be governed by the shape and size of the land available and
the proposed capacity of the company.

A single level structure, providing easy access to various work areas, is
preferable to facilitate the frequent movement of materials between ar-
eas. The layout of the rooms, their pass-through windows, doors and
hallways must allow a work flow pattern that maintains maximum
cleanliness and promotes minimal backtracking. A clearcut demarcation
of the unclean (washing room, medium preparation room, autoclaving
room, general store, offices) and clean area (transfer room(s) and growth
room(s)) should be made. Entry into the clean area should be restricted
and generally through a passage where the workers must take-off shoes,
wash hands and feet, change outer clothes, and wear headgear and slip-
pers provided inside. Commercial laboratories should, as a rule, maintain
a positive air pressure, if not in the whole building, at least in the clean
area. These precautions are mandatory to deter the introduction of micro-
organisms into the culture vessels. Movement of material in (sterilized
medium, instruments, water, etc.) and out (glassware and other things
for washing and sterilization, tissue culture produced plants for harden-

ing, etc.) of the clean areas through double door hatches should help in
maintaining higher asepsis in the clean area.
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2.2.2. Media room

The washing area in the media room should be provided with brushes
of various sizes and shapes, a washing machine (if possible), a large sink
(preferably lead-lined to resist acids and alkalis) and running hot and
cold water. It should also have steel or plastic buckets to soak the lab-
ware to be washed, ovens or a hot-air cabinet to dry the washed labware
and a dust-proof cupboard to store them. When the preparation of the
medium and washing of the labware are done in the same room, as in
many research laboratories, a temporary partition can be erected be-
tween the two areas to guard against the danger of soap solution
splashing into the medium and any other interference in the two activi-
ties. If this is not possible, the washing time should be so arranged that it
does not overlap with media preparation. An industrial dishwasher may
be useful for a commercial set-up.

A good supply of water is a must for media preparation and final
washing of glassware. Since tap water cannot be used for preparing me-
dium, provision must be made to purify water. De-ionized water may be
used for teaching laboratories but for research and commercial purposes,
water distillation apparatus, a reverse osmosis unit or milli-Q water pu-
rification systems need to be installed. For a research laboratory, a glass
distillation unit with a handling capacity of 1.5-2 1 h-! of water should be
sufficient. For commercial houses, a Milli-Q purification system
(Millipore Co., USA), which can provide 90 1 h~1 of purified water, free of
organic impurities, lonic contaminants, colloids, pyrogens, and traces of
particles and micro-organism, may be used. Proper storage tanks should
be installed to store purified water. For further details on water purifica-
tion and storage refer to Gabler et al. (1983) and Callaghan (1988).

The usual facilities required for the preparation of culture medium
include: (a) benches at a height suitable to work while standing, (b) a
deep freeze for storing the stock solutions, enzyme solutions, coconut
milk, etc., (¢) a refrigerator to store various chemicals, plant materials,
short-term storage of stock solutions, ete. {d) plastic carboys for storing
distilled water, (e) weighing balance(s), (f) a hot plate-cum-magnetic stir-
rer for dissolving chemicals, (g) a pH meter, (h) an aspirator or vacuum
pump to facilitate filter-sterilization, (i) a steamer for melting agar, and
(j) an autoclave or a domestic pressure cooker for media sterilization. Of
these items, a refrigerator and deep freeze may be kept in a corridor or
another laboratory close to the media room. Use of weighing balances in
the media room should be avoided. Alternatively, a small weighing
chamber may be provided in a comparatively dry corner of the media
room.
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2.2.3. Culture vessels

Different types of vessels have been used to culture plant materials.
While in some cases the choice of culture vials is dictated by the nature of
the experiment, in others it has been guided mainly by the convenience
and preference of the worker. For standard tissue and organ culture
work, glass test tubes have been widely employed. Wide-mouth glass
bottles of different sizes and sometimes even milk bottles have been used,
especially for micropropagation. In tissue culture work only borosilicate
or Pyrex glassware should be used. Soda glass may be toxic to some tis-
sues, especially with repeated use (De Fossard, 1976).

In many laboratories the glass culture vials and other labware re-
quired for media preparation have been largely replaced by suitable
plasticware. Some of the plastics are autoclavable. A wide range of pre-
sterilized, disposable culture vials (made of clear plastic), especially de-
signed for protoplast, cell, tissue and organ culture work are now avail-
able in the market under different brands. These are becoming increas-
ingly popular with those who can afford them.

Disposable plastic culture vials (petri-dishes, jars, bottles, various cell
culture plates) and screw-cap glass bottles are supplied with suitable clo-
sures. For culture tubes and flasks, traditionally cotton plugs, sometimes
wrapped in cheese-cloth, have been used. However, if the use of such
stoppers is found time consuming and inconvenient, a wide choice of al-
ternative closures exists. A number of plastic (polypropylene) and metal-
lic (aluminium and stainless steel) cap closures are available. Transpar-
ent, autoclavable, polypropylene caps with a membrane built into the top,
produced by KimKaps (Kimble, Division of Ownes, IL), are claimed to be
very effective in preventing moisture loss from tubes. Local availability
and cost influence the selection of a culture tube closure. However, it 1s
important to ensure that the closure does not inhibit the growth of the
cultured plant materials.

With a better understanding of the role a culture vessel plays in the
growth and developmental behaviour of plant tissues enclosed in them
has resulted in the development of culture vessels made of different syn-
thetic materials. It is possible to buy vessels made of polypropylene
which transmits about 65% light and those made of polycarbonate which
transmits almost 100% light. Gas permeable fluorocarbonate vessels
have been used in experiments with plant materials sensitive to gaseous
build up within the culture vials (Kozai, 1991a). Osmotek Ltd., Israel,
has introduced repeatedly autoclavable, polypropylene ‘liferafts’, pro-
vided with interfacial membrane and floats to culture plant materials in
liquid medium without submerging them. The membrane is treated with
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a surfactant to make it hydrophilic. The surfactant is removed during
cleaning, and must be reapplied prior to the next use. These rafts are
available in different sizes to fit culture tubes, magenta boxes and round
jars. Osmotek Ltd. is also producing vented polypropylene lids which en-
sures better gas exchange in plant tissue cultures, thereby reducing the
hyperhydration problem. The vent is covered with a membrane with
0.3 um pores.

2.2.4. Growth room

The room for incubating cultures is maintained at a controlled tem-
perature. Usually air-conditioners and heaters, attached to a tempera-
ture controller, are used to maintain the temperature around 25 +2°C.
For higher or lower temperature treatments, special incubators with
built-in fluorescent lights can be used. These may be installed even out-
side the culture room, in the corridor or in any other laboratory. How-
ever, when kept in the corridor, precautions must be taken to avoid the
risk of people tampering with the adjustment knobs. In commercial com-
panies which have more than one growth room, it may be possible to
maintain different growth conditions in different rooms. Since cleanliness
is paramount in this area, enough care should be taken to prevent any
direct contact with the outside. The paint on the walls and the flooring
should be able to withstand repeated cleaning. Desirably, the junction of
the walls should be rounded rather than angular to prevent cob webs.

Cultures are generally grown in diffuse light (less than 1 klx). Some
provision should also be made for maintaining cultures under higher
light intensities (5-10 klx), and total darkness. Diurnal control of illumi-
nation of the lamps (fluorescent tubes) can be achieved by using auto-
matic time-clocks.

If the relative humidity in the culture room falls below 50%, provision
to increase humidity should be made to prevent the medium from drying
rapidly. With very high humidity, cotton plugs become damp and the
chances of contamination of cultures increase.

The culture room should be provided with specially designed shelves to
store cultures (see Figs. 2.1 and 2.2). While some laboratories have
shelves on the wall along the sides of the room, others have them fitted
onto angular iron frames (culture racks) placed conveniently in the room.
The culture racks may be provided with wheels for more efficient utiliza-
tion of space. The shelves can be made of glass or rigid wire mesh. Each
shelf is provided with a separate set of fluorescent tubes. Insulation be-
tween the lamps and the shelf above ensures a more even temperature
around the cultures. To prevent a build-up of hot air in the shelves due to
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Fig 2 1. Diagram of a shelving umt especially designed for storing cultures C, control panel, F,
fan, L, hight source

the lamps, ventilation of the individual shelves can be provided by fitting
a small fan at one end of the shelf and blowing air through a plastic pipe
running the length of shelf. Holes are drilled on the sides of the pipe at
appropriate distances to allow even air flow along the length of the pipe.
Another point to consider is the heat generated by the ballast of the fluo-
rescent tubes. This could be obviated by mounting all the ballast on a
panel outside the room and having flexible wiring. Alternatively, elec-
tronic ballast may be used, which are expensive initially but will save on
the wiring. They are also energy efficient and do not heat up much.
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Fig 22 Illuminated shelves of culture racks with culture jars held 1n plastic trays (courtesy of Dr
Vibha Dhawan, TERI, New Delhi)

While flasks, jars and petri-dishes can be placed directly on the shelf
or trays of suitable sizes, culture tubes require some sort of support. Me-
tallic wire racks, each with a holding capacity of 20 or 24 tubes, are suit-
able for this purpose. In commercial companies, the handling of culture
jars can also be made convenient by using autoclavable plastic/
metallic trays (Fig. 2.2). On one face of the culture tube racks and trays,
there should be a label giving details of the experimental or production
details (e.g. name of the plant, explant, medium, date of culture, name of
operator).

The culture room should also have a shaking machine, either of the
horizontal type or the rotatory type if cell suspensions are grown. Shak-
ers with temperature and light controls are also available.

It is desirable to have emergency power points attached to a generator,
to maintain both light and temperature in the culture room, and also to
eliminate the risk of suspension cultures dying due to stoppage of the
shakers in the event of a major power breakdown at the mains. Such a
catastrophe may ruin important experiments. Some temperature-
sensitive strains of tissues may even die.
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2.2.5. Greenhouse

In order to grow the mother plants and to acclimatize in vitro produced
plants, the tissue culture laboratory should invariably have a green
house/glass house/plastic house attached to it. The sophistication of this
facility will depend on the funds available. However, minimum facilities
for maintaining high humidity by fogging, misting or a fan and pad sys-
tem, reduced light, cooling system for summers and heating system for
winters must be provided. It would be desirable to have a potting room
adjacent to this facility.

2.3. TECHNIQUES

This section deals with techniques other than media preparation
which is discussed in Chapter 3. Techniques specific to various other ar-

eas of cell, tissue and organ culture have been described in the respective
chapters.

2.3.1. Glassware and plasticware washing

Detergents especially designed for washing laboratory glassware and
plasticware are available. After soaking in detergent solution for a suit-
able period (preferably overnight) the apparatus is thoroughly rinsed
first in tap water and then in distilled water. If the glassware used has
dried agar sticking to the sides of the tubes or jars, it would be better to
melt it by autoclaving at low temperature. To recycle glassware that had
contaminated tissues or media, it is extremely important to autoclave
them without opening the closure so that all the microbial contaminants
are destroyed. Even the disposable culture vials should be autoclaved
prior to discarding them, in order to minimize the spread of bacteria and
fungi in the laboratory. The washed apparatus is placed in wire baskets
or trays to allow maximum drainage and dried in an oven or hot-air cabi-
net at about 75°C and stored in a dust-proof cupboard. Half of one or
more shelves in the oven or hot-air cabinet may be lined with filter paper
on which instruments and more fragile and small objects (e.g. filter hold-

ers, sieves, etc.) can be laid out. Glassware washing can also be done us-
ing domestic or industrial dishwashers.

2.3.2. Sterilization

Plant tissue culture media, which is rich in sucrose and other organic
nutrients, support the growth of many micro-organisms (like bacteria
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and fungi). On reaching the medium these microbes generally grow much
faster than the cultured tissue and finally kill it. The contaminants may
also give out metabolic wastes which are toxic to plant tissues. It is,
therefore, absolutely essential to maintain a completely aseptic environ-
ment inside the culture vessels. For this, two obvious general precautions
are: (1) not to share the plant tissue culture working area with microbi-
ologists and pathologists, and (2) to remove contaminated cultures from
the culture area as soon as detected.

There are several possible sources of contamination of the medium: (a)
the culture vessel, (b) the medium itself, (¢) the explant, (d) the environ-
ment of the transfer area, (e) instruments used to handle plant material
during inoculation and subculture, (f) the environment of the culture
room, and (g) the operator. In the following few pages some measures
taken to guard the cultures against contamination from any of these
sources are discussed. The reader should refer to the excellent reviews by
Cassells (1991), Leifert and Waites (1990), and Leifert et al. (1994) for a
detailed exposition on contamination in cultures.

(i) Medium. The microbial contaminants are normally present in the
medium right from the start. To destroy them, the mouth of the culture
vial containing the medium is properly closed with a suitable bacteria-
proof closure and the vial is autoclaved (steam heating under pressure)
at 1.06 kg cm2 (121°C) for 15-40 min from the time the medium reaches
the required temperature. If an autoclave is not available, a domestic
pressure cooker may be used. Sterilization depends on the temperature
and not directly on the pressure. The exposure time varies with the vol-
ume of the liquid to be sterilized (see Table 2.1). Monnier (1976) reported
that heating at 120°C decreased the nutritive value of the culture me-
dium for young Capsella embryos. Best results were obtained when the
medium was autoclaved at 100°C for 20 min. Care must be taken while
cooling the solution. A rapid loss of pressure, exceeding the rate of re-
duction in temperature will make the liquid boil vigorously. The pressure
gauge of the autoclave should be at zero (temperature not higher than
50°C) before the autoclave is opened.

It has been observed that 2-5% of media are contaminated during
manual pouring after autoclaving (Leifert et al., 1994). Moreover, certain
Bacillus species have been shown to survive even after autoclaving of the
medium at 110-120°C for 20 min. It is, therefore, advisable to store the
medium for about 7 days before use.

Some of the plant growth regulators (e.g. GAj, zeatin, ABA) urea, cer-
tain vitamins, pantothenic acid, antibiotics, colchicine, plant extracts and
enzymes used in tissue culture are thermolabile. These compounds
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TABLE 2.1

Minimum time necessary for steam sterilization of media as suggested by Biond1 and
Thorpe (1981)

Volume/container Minimum sterilization
(ml) time at 121°C (min)
20-50 15
75 20
250-500 25
1000 30
1500 35
2000 40

should not be autoclaved. When using such a compound the whole me-
dium minus the heat-labile compound is autoclaved in a flask and kept in
the sterilized hood to cool down. The solution of the thermolabile com-
pound is sterilized by membrane filtration and added to the autoclaved
medium when the latter has cooled to around 40°C in the case of a semi-
solid medium (just before the setting of agar) or to room temperature
when using a liquid medium. For filter sterilization of the solutions, bac-
teria-proof filter membranes of pore size 0.45 um or less are used. The
membranes are fitted into filter holders of appropriate size and auto-
claved after wrapping in aluminium foil, or enclosed in screwcap glass
jars of a convenient size. Sterilization temperature for filters is critical; it
should not exceed 121°C. A graduated syringe (need not be sterilized)
carrying the liquid is fixed to one end of the sterilized filter assembly (see
Fig. 2.3) and the solution is gradually pushed through the membrane
present in the middle of the assembly. The sterilized solution dripping
out from the other end of the assembly is added to the medium or col-
lected in a sterilized jar and added to the medium using a sterilized,
graduated pipette. Large filter assemblies are also available for filter
sterilization. The solution to be filter-sterilized should first be clarified by
passing through a No. 3 porosity sintered glass filter. This facilitates fil-
ter-sterilization by reducing the plugging of membrane filter pores.

(i1) Glassware and plasticware. Glass culture vials are mostly sterilized
together with the medium. For pre-sterilized nutrient medium the glass-
ware (culture vessels and other labware) may be sterilized by autoclaving
or dry-heating in an oven at 160-180°C for 3 h (De Fossard, 1976). Dis-
advantages of dry-heat sterilization are poor circulation and slow pene-
tration. Therefore, proper loading of the oven is essential. The glassware
is allowed to cool before removal from the oven. If removed before suffi-
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Fig 2.3. ‘Swinnex’ Millipore filter assembly for sterilizing small volumes of liquids. The needle 1s
not always required.

cient cooling has taken place, cool air from the exterior may be sucked
into the oven, exposing the load to bacterial contamination and the risk
of eracking.

Certain types of plastic labware can also be heat sterilized. Polypro-
pylene, polymethylpentene, polyallomer, Tfzel ETFE and Teflon FEP
may be repeatedly autoclaved at 121°C (Biondi and Thorpe, 1981). Of
these, only Teflon FEP may be dry-heat sterilized. Polycarbonate shows
some loss of mechanical strength with repeated autoclaving, and sterili-
zation cycles for it should be limited to 20 min. A large variety of pre-
sterilized culture vessels are also available which could be directly used
to pour autoclaved media.

(iii) Instruments. The instruments used for aseptic manipulations, such
as forceps, scalpels, needles, and spatula, are normally sterilized by dip-
ping in 95% ethanol followed by flaming and cooling. This is done at the
start of the transfer work and several times during the operation. De Fos-
sard (1976) has suggested the use of 70% alcohol because 95% and 100%
alcohol can harbour bacterial spores without killing them. However, for
flame sterilization of instruments 95% alcohol has been found entirely sat-
isfactory. The alcohol should be regularly changed as Bacillus circulans
strains persist in alcohol for more than a week (Leifert and Waites, 1990).

Effective sterilization of instruments can be achieved by flaming in a
Bunsen burner. However, the heat liberated by a Bunsen burner is
enormous, and the air currents generated could increase incidence of con-
tamination during sub-culture. In recent times the glass bead sterilizer
(steripot) and infra-red sterilizer have become available for sterilizing the
instruments. In the glass bead sterilizer (Fig. 2.4) a high watt element
heats up the glass beads contained in a brass crucible at the centre of the
box. The temperature of the beads is raised to 250°C in 15-20 min. Ster-
ilization of instruments is effected by pushing them into the beads for 5-
7 s. A regulator maintains the temperature at 250°C by a 15 s cut off and
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Fig. 24 Glass bead sterilizers (courtesy of Mrs Nanda Prasad, Dent-eq, Bangalore)

an indicator light or a dial thermometer indicates the temperature. Glass
beads need to be replaced when they turn black. The infrared sterilizer
has a cavity where temperature rises to almost 700°C. Here sterilization
is effected by a 2—-5 s exposure at this temperature. Being well insulated,
these sterilizers do not spill out large quantities of heat. These instru-

ments are also safe compared to a Bunsen burner which could cause heat
burns and may also be a fire hazard.

(iv) Plant material. Surfaces of plant parts carry a wide range of mi-
crobial contaminants. To avoid this source of infection the tissue must be
thoroughly surface sterilized before planting it on the nutrient medium,;
tissues with systemic fungal or bacterial infection are usually discarded
in tissue culture studies.

To disinfect plant tissues various sterilizing agents have been used
(see Table 2.2). Hypochlorite solutions (sodium or calcium) have proved to
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TABLE 2 2

Effectiveness of some surface sterilizing agents?®

Stenlizing Concentration Duration Effectiveness
agent used (%) (min)

Caleium hypochlorite 9-10 5-30 Very good
Sodium hypochlorite 2b 5-30 Very good
Hydrogen peroxide 10-12 5-15 Good
Bromine water 1-2 2-10 Very good
Silver nitrate 1 5-30 Good
Mercuric chlonde 01-1 2-10 Satisfactory
Antibiotics 4-50 mg 1! 30-60 Fairly good

aAfter Yeoman and Macleod (1977).
b920% (v/v) of a commercial solution

be effective in most cases. For example, 0.3-0.6% sodium hypochlorite
treatment for 15-30 min will decontaminate most tissues. It is important
to realize that a surface sterilant is also toxic to the plant tissue. There-
fore, the concentration of the sterilizing agent and the duration of treat-
ment should be chosen to minimize tissue death.

Ethyl and isopropyl alcohol have also been used to surface sterilize
some plant tissues (methanol should never be used). After rinsing in
ethanol for a few seconds the material is either left exposed in the sterile
hood until the alcohol evaporates (Kao and Michayluk, 1980) or, if fairly
hardy, flamed (Bhojwani, 1980a).

In general, if the explant is fairly hard and large enough to be easily
handled, the inoculum can be directly treated with the disinfectant. For
example, in the culture of mature seeds, mature endosperm of euphor-
biaceous plants or nodal explants, whole seeds, decoated seeds or stem
pieces, respectively, are surface sterilized. However, when immature
ovules, embryos or endosperm are to be cultured, the customary method
is to surface sterilize the ovary or the ovule, as the case may be, and dis-
sect out the explant under aseptic conditions so that the soft tissues of
the inoculum are protected from the toxic effects of the sterilizing agent.
Similarly, for raising cultures of delicate shoot apices and pollen grains,
shoot buds or flower buds, respectively, are surface sterilized and the
explant excised aseptically. Such explants are usually free of microbial
contaminants. A 30 s rinse of the plant material in 70% ethanol before
treatment with the sterilant or the addition of a few drops of surfactant,
such as Triton-X and Tween-80, to the sterilization solution enhances its
efficiency. A careful dissection of shoot apices may give high frequency of
healthy cultures even without a surface sterilization treatment (Quak,
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1977). However, dissection of wet material should be avoided. After sur-
face sterilization treatment (not applicable when using alcohol), the plant
material must be rinsed three or four times in sterile, distilled water to
remove all traces of the sterilizing agent.

Treating wheat seeds in a 1% (v/v) solution of cetavion (Cetrimide, ICA)
for 2 min before hypochlorite treatment was found very effective in reduc-
ing bacterial contamination of cultures (Bhojwani and Hayward, 1977). In
cases where the explant carries a heavy load of micro-organisms on its sur-
face it may pay to wash it in running tap water for an hour or more. Often
aseptic seedlings are raised through seed culture and their various parts
(roots, stem pieces, leaves, etc.) are utilized for initiating cultures.

Antibiotics and antifungal compounds have been used by several
workers to control explant contamination. Arbitrary use of antibiotics
might not yield any useful results as the majority of the bacteria infect-
ing plant materials are gram-negative, which are less sensitive to the
commonly used antibiotics (Leifert et al., 1994). The mode of action and
effectivity of the antimicrobial agents should be fully understood before
use (Table 2.3). Micro-organisms can be accurately identified by fatty
acid profile, pattern of carbon compound utilization, and nucleic acid
studies (Buckley et al.,, 1995). However, if these procedures are found ex-
pensive the classical method of using liquid medium or an enriched agar
medium may be employed. Reed et al. (1995) reported that streptomycin
at 1000 g I! for a period of 10 days was effective against endophytic bac-
teria and less phytotoxic to mentha spp. than gentamicin, neomycin and
rifampicin. However, antibiotics have been shown to restrict rooting,
general growth and multiplication in plant cultures (Leifert et al., 1994).
Antifungals, such as binomyl has been shown to reduce fungal infection
when used with mercuric chloride (Mederos and Lopez, 1991)

Interestingly, Attree and Scheffield (1986) found that it was physically
possible to separate micro-organisms from plant cells and protoplasts by
using a sucrose gradient centrifugation. This could be combined with di-
lute hypochlorite and/or antibiotic treatment of cells before or after cen-
trifugation (Bradley, 1988; Finner et al., 1991).

(v) Transfer area. Finally, it is very essential that all precautions are
taken to prevent the entry into the culture vial of any contaminant when
its mouth is opened either for subculture or for planting fresh tissues
(inoculation). To achieve this, all transfer operations are carried out un-
der strictly aseptic conditions.

In most laboratories laminar air-flow cabinets (see Fig. 2.5), which are
available in various shapes and sizes are used for aseptic manipulation.



TABLE 2.3

Mode of action of some antimicrobial agents?

Antimicrobal Mode of action Comments
compound
Amunoglycosides Bactericidal
Streptomycin
Kanamycin Inhibit protein synthesis
Neomycin by interaction with 30S
Gentamicin 508 ribosomes
Tobramycin
Amikacin
Spectinomycin (an aminocyclhitol)
Quinolones Bactericidal
Nalidixic acid
Ofloxacin Interfere with DNA
Norfloxacin replication by inhibition
Enoxacin of DNA gyrase
Ciprofloxacin
p-Lactams Bactenicidal
Peniciliin
Ampicilhin
Carbenicillin
Cephradine
Cephamandole Inhibit bacterial cell
Cefuroxime wall synthesis
Ceftazadime
Sublactam (sulphone)
Imipenem (carbapenem)
Aztreonam (monobactam)
Tetracyclines Inhibit protein synthesis Bactenostatic
by acting on 30S ribosome
Trimethoprim and Inhibit synthesis of Bacteriostatic
suplhanamides tetrahydrofolate (at
different sites)
Chloramphenicol Inhibit protein synthesis Bacteriostatic
by acting on 50S ribosome
Macrolides and lincosamides Bacternostatic
Erythromycin Inhibit protein synthesis
Lincomycin by acting on 50S nbosome
Glycopeptides
Vancomycin Interferes with bacterial Bactericidal

TABLE 2.3 (continued)

cell wall synthesis

for Gram +ves only
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Antimicrobial Mode of action Comments
compound
Polymuxins Bactericidal
Polymixin B Attach to cell membrane and for Gram —ves
Polymixin E modify ion flux, resulting esp Pseudomonas
n cell lysis (Proteus resistant)
Rifampicin Interferes with mRNA Resistance
formation by binding to emerges
RNA polymerase readily

aAfter Falkiner (1990) According to the author, the agents which act specifically on
bacterial cell walls would be more suitable to control infection 1n plant tissue cul-
tures.

Work can be started within 10-15 min of switching on the air flow, and
one can work uninterrupted for long hours.

Essentially, a laminar air-flow cabinet has a small motor to blow air
which first passes through a coarse filter, where it loses large particles,
and subsequently through a fine filter. The latter, known as the ‘high ef-
ficiency particulate air (HEPA) filter, removes particles larger than
0.3 um, and the ultraclean air (free of fungal and bacterial contaminants)
flows through the working area. The velocity of the air coming out of the
fine filter is about 27 + 3 m min-! which is adequate for preventing the
contamination of the working area by the worker sitting in front of it. All
contaminants such as hairs, salts, flakes, etc., are blown away by the ul-
traclean air flow, and a completely aseptic environment is maintained in
the working area as long as the cabinet is kept on. The flow of air does
not in any way hamper the use of a spirit lamp or a Bunsen burner.

In temperate countries, air-flow cabinets are used in ordinary labora-
tories. However, in tropical and sub-tropical countries, where atmos-
pheric dust is very high, it would be better to house the cabinet in a cul-
ture room fitted with double doors in order to prolong the effective life of
the filters. Under no circumstances should the hood be kept opposite a
door or a window which is frequently used.

Maximum chances of cultures getting infected occur when the culture
vials are opened during initiation of fresh cultures or subculture of es-
tablished cultures. Therefore, most of the commercial tissue culture com-
panies have a separate ‘transfer room’ in the clean area and maximum
cleanliness and least air turbulence is maintained in this room. The
movement of people in this area should be restricted. In this room the
walls should be made smooth so that dust does not settle. The walls can
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Fig 25 Laminar air-flow cabinets in use (A) Courtesy of Dr Vibha Dhawan, TERI, New Delhi,
(B) courtesy of South Pacific Orchids Ltd., New Zealand

be painted with high gloss and water tolerant paint to withstand re-
peated cleaning. A one-piece floor covering of linoleum extending a few
centimetres up the walls is easier to clean. The transfer hoods, light and
air-conditioners in the transfer room should be connected to an emer-

gency source of power.
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APPENDIX 2.1

The sequence of steps commonly involved in aseptic culture of plant
tissues' is as follows:

(a)

(b)

(¢)
(d)

(e)

®

Pieces of plant material are collected in a screw-cap bottle and a
dilute solution of the disinfectant, containing a small amount of a
suitable surfactant, is poured onto them. The liquid should be
enough to fully immerse the material. After putting on the clo-
sure, the bottle is taken to the aseptic transfer hood. During the
sterilization period the bottle is shaken two to three times.

After sterilization treatment, the cap of the bottle is removed and
the liquid poured out. An adequate quantity of sterilized, distilled
water is poured onto the material and the cap replaced. After
shaking a few times, the water is discarded. Such washings with
sterile distilled water are repeated three to four times.

The material is then transferred to a pre-sterilized petri-dish.
While the plant material is being treated for disinfection the in-
struments required are sterilized by dipping them in 95% ethanol
and flaming, and allowed to cool. It may be necessary to sterilize
the instruments each time after handling tissue.

Suitable explants are prepared from the surface sterilized mate-
rial using sterilized instruments (scalpels, needles, cork-borer,
forceps, dissecting microscope, etc.).

Closure of the culture vial is removed, the inoculum transferred
onto the medium, the neck of the vial flamed (in the case of glass
vials only), and the closure replaced in quick succession.

1 f'rom step (b) onwards all the operations are performed under aseptic conditions.
Precise methods for raising aseptic cultures of various plant tissues and organs are
described at appropriate places in subsequent chapters.
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APPENDIX 2.11

A list of apparatus required for tissue culture work.

1.

®

10.

11.

12.
13.

14.
15.
16.
17.

18.

19.
20.
21.

22.

23.
24.
25.
26.

flasks (100 ml, 250 ml, 500 ml,
1L5D;
volumetric flasks (500 ml, 11,21, 3 1);

measuring cylinders (25 ml, 50 ml, 100 ml, glassware or

plasticware
500 ml, 11); . for media
graduated pipettes (1 ml, 2 ml, 5 mi, 10 ml); preparation

Pasteur pipettes and teats for them;

culture vials (culture tubes, screw-cap bot-
tles of various sizes, petri-dishes, nipple
flasks, etc.) with suitable closure;

plastic or steel buckets, to soak labware for washing;

hot-air cabinet, to dry washed labware;

oven, to dry washed labware, and dry-heat sterilization of glass-
ware;

wire-mesh baskets, to autoclave media in small vials and for
drying labware;

water distillation unit, demineralization unit, Milli Q unit or re-
verse osmosis unit for water purification;

plastic carboys (101 and 20 1), to store high quality water;
balances, one to weigh small quantities and the other to weigh
comparatively larger quantities;

hot plate-cum-magnetic stirrer, to dissolve chemicals;

exhaust pump, to facilitate filter sterilization;

plastic bottles of different sizes, to store and deep-freeze solutions;
refrigerator, to store chemicals, stock solutions of media, plant
materials, ete.;

deep freeze, to store stock solutions of media for longer periods,
certain enzymes, coconut milk, etc.;

steamer or microwave oven to dissolve agar and melt media,

pH meter, to adjust pH of media and solutions;

autoclave or domestic pressure cooker, for steam sterilization of
media and apparatus;

heat-regulated hot plate or gas stove for steam sterilization in
domestic pressure cooker;

filter membranes and their holders, to filter sterilize solutions;
hypodermic syringes, for filter sterilization of solution;

medium dispenser, to pour medium,;

trolley with suitable trays, to transport cultures, media and appa-
ratus;
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27.
28.

29.
30.
31.

32.
33.
34.
35.
36.

37.

laminar air-flow cabinet, for aseptic manipulations;

spirit lamp, burner, glass bead sterilizer or infra-red sterilizer to
sterilize instruments;

atomizer, to spray spirit in the inoculation chamber;

screw-cap bottles, to sterilize plant material;

instrument stand, to keep sterilized instruments during aseptic
manipulations;

large forceps with blunt ends, for inoculation and subcultures;
forceps with fine tips, to peel leaves;

fine needles, for dissections;

stereoscopic microscope with cool light, for dissection of small ex-
plants;

table-top centrifuge, to clean protoplast and isolated microspore
preparations, etc.;

incubator shaker, for liquid cultures.
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Chapter 3

Tissue Culture Media

3.1. INTRODUCTION

Nutritional requirements for optimal growth of a tissue in vitro may
vary with the species. Even tissues from different parts of a plant may
have different requirements for satisfactory growth (Murashige and
Skoog, 1962). As such, no single medium can be suggested as being en-
tirely satisfactory for all types of plant tissues and organs. When starting
with a new system, it is essential to work out a medium that will fulfil
the specific requirements of that tissue. During the past 25 years, the
need to culture diverse tissues and organs has led to the development of
several recipes (Table 3.1).

Some of the earliest plant tissue culture media, e.g. root culture me-
dium of White (1943) and callus culture medium of Gautheret (1939),
were developed from nutrient solutions previously used for whole plant
culture. White evolved the medium from Uspenski and Uspenskaia’s
medium (1925) for algae, and Gautheret’s medium is based on Knop's
(1865) salt solution. All subsequent media formulations are based on
White’s and Gautheret’s media.

While some calli (carrot tissue, blackberry tissue, most tumour tissues)
may grow on simple media containing only inorganic salts and a utiliz-
able sugar, for most others it is essential to supplement the medium
with vitamins, amino acids and growth substances in different qualita-
tive and quantitative combinations. Often, complex nutritive mixtures
have been added to plant tissue culture media. A medium containing
only ‘chemically-defined’ compounds is referred to as a ‘synthetic me-
dium’.

In tissue culture literature the concentrations of inorganic and organic
constituents of the medium are generally expressed in mass values
(mg I"! and ppm are synonymous but only mg I-! is now acceptable). This
has been followed in Table 3.1. However, the International Association

1Even in a synthetic medium one knows only what has been added. Breakdown of
certain compounds (sucrose, vitamins) during autoclaving and interaction between

various ingredients may occur during preparation, thus changing the final composi-
tion of the medium.
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TABLE 31

Composition of some plant tissue culture media?

Constituents Media (amount in mg 1™1)
White’sc Heller'sd MSe  ERf  Bg# Nitsch’sh NT!

Inorganic
NH/NO; - - 1650 1200 - 720 825
KNOg 80 - 1900 1900 25275 950 950
CaCly:2Ho0 - 75 440 440 150 - 220
Ca012 - - - - - 166 -
MgSO0,7TH,0 750 250 370 370 2465 185 1233
KH,PO, - ~ 170 340 - 68 680
(NH4)2804 - - — - 134 — -
Ca(NO3)2~4H20 300 - — — et - -
NaNO;, - 600 - - - - -
NasSO, 200 - - - - - -
NaH,P045-H,0 19 125 - - 150 - -
KCl 65 750 - - - - -
KI 0.75 0.01 0 83 - 075 - 0.83
H3BO, 1.5 1 6.2 0.63 3 10 62
MnS044H,0 5 01 223 223 - 25 22.3
MnSO4-Hy0 - - - - 10 - —
ZnS04-TH,0 3 1 86 - 2 10 —
ZnS044H,0 - - - - - - 86
ZnNay-EDTA - - - 15 - - -
NasMoO,4:2H,0 - - 0.25 0025 0.25 025 0 25
MoO; 0 001 - - - - - -
CuS045H,0 001 003 0025 0.0025 0025 0025 0025
CoCly-6H,0 - - 0.025 00025 0025 - -
COSO4'7H2O - - - - - — 003
AlCl; - 003 - - - - -
NiCly-6Ho0O - 003 - - - - -
FeCls-6H,0 - 1 - — - _ _
Feo(S0y)4 25 - - - - - -
FeSO4-TH,O - - 278 27.8 - 278 27.8
Na,EDTA-2H,0 - - 37.3 37.3 - 373 37.3
Sequestrene 330Fe — - — — 28 - —

Organic
Inositol - - 100 - 100 100 100
Nicotinic acid 0.05 - 0.5 0.5 1 5 -
Pyridoxine-HCI 001 - 05 05 1 05 -
Thiamine-HCl 0.01 -~ 0.1 0.5 10 0.5 1
Glycine 3 - 2 2 - 2 —
Folic acid - - — - - 0.5 _
Biotin - -

0.05
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TABLE 3.1 (continued)

Constituents Media (amount 1n mg 171

White’s¢  Hellersd MSe ERf Bs® Nitsch’sh  NT!

Sucrose 2% - 3% 4% 2% 2% 1%
D-Mannitol - - - - - - 12 7%

aGrowth regulators and complex nutrient mixtures described by various authors are
not 1included here The compositions of several media recommended for specific tissue
and organ are given in relevant chapters

bConcentrations of mannitol and sucrose are expressed 1n percentage.

¢White (1963)

dHeller (1953).

eMurashige and Skoog (1962)

fEriksson (1965).

EGamborg et al (1968).

hNitsch (1969)

!Nagata and Takebe (1971).

for Plant Physiology has recommended the use of mole values. Mole is an
abbreviation for gram molecular weight which is the formula weight of a
substance in grams. The formula weight of a substance is equal to the
sum of the weights of the atoms in the formula of a substance. One litre
of solution containing 1 mole of a substance is said to be 1 Molar (1 M) or
a 1 mol 1! solution of the substance (1 mol 1! = 1000 or 103 mmol
11 = 1 000 000 or 10% umol 11). According to the recommendations of the
International Association for Plant Physiology, mmol -1 should be used
for expressing the concentration of macronutrients and organic nutrients
and umol 1! for micronutrients, hormones, vitamins and other organic
constituents in the plant tissue culture medium. One of the reasons for
using mole values is that the number of molecules per mole is constant
for all compounds.

When preparing medium according to a published recipe the original
mole values can be used irrespective of the number of water molecules in
the sample of the salt. This cannot be done when the concentrations are
expressed in mass values.

3.2. MEDIA CONSTITUENTS
3.2.1. Inorganic nutrients

Mineral elements are very important in the life of a plant. For exam-
ple, magnesium is a part of chlorophyll molecules, calcium is a constitu-
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ent of the cell wall, and nitrogen is an important part of amino acids, vi-
tamins, proteins and nucleic acids. Similarly, iron, zinc and molybdenum
are parts of certain enzymes. Besides C, H, and O, 12 elements are
known to be essential for plant growth: nitrogen, phosphorus, sulphur,
calcium, potassium, magnesium, iron, manganese, copper, zinc, boron
and molybdenum. Of these, the first six elements are required in com-
paratively large quantities and are, therefore, termed macro- or major
elements. The other six elements are necessary in only small amounts
and are called micro- or minor elements. According to the recommenda-
tions of the International Association for Plant Physiology the elements
required by plants in concentrations greater than 0.5 mmol 1! are re-
ferred to as macroelements and those in concentrations less than
0.5 mmol 1! are microelements (De Fossard, 1976). Essentially, the 15
elements found important for whole plant growth have also proved neces-
sary for tissue cultures. A survey of Tables 3.1 and 3.2 shows that the
chief difference in the composition of various commonly used tissue cul-
ture media lies in the quantity of various salts and ions, respectively.
Qualitatively, the inorganic nutrients required for various plant tissues
appear to be fairly constant.

When mineral salts are dissolved in water they undergo dissociation
and ionization. The active factor in the medium is the ions of different
types rather than the compounds. One type of ion may be contributed by
more than one salt. For example, in Murashige and Skoog’s (1962) me-
dium (MS) NOj; ions are contributed by NH;NO; as well as KNO,, and
K* ions are contributed by KNOz and KH,PO,. Therefore, a useful com-
parison between the two media can be made by looking into total concen-
trations of different types of ions in them. ‘Balance sheets’ of ions for the
seven media given in Table 3.1 are presented in Table 3.2.

White’s medium, one of the earliest plant tissue culture media, in-
cludes all the necessary nutrients and is widely used for root culture. Ex-
perience of various investigators has, however, revealed that quantita-
tively the inorganic nutrients in this medium are inadequate for good
callus growth (Murashige and Skoog, 1962). This deficiency was over-
come by enriching the medium with complex mixtures like yeast extract,
casein hydrolysate, coconut milk, amino acids, etc. (Reinert and White,
1956; Risser and White, 1964). With the objective of evolving suitable
synthetic media, later investigators have effectively replaced the nutri-
tive mixtures by increasing the concentrations of the various inorganic
nutrients, particularly potassium and nitrogen. Most plant tissue culture
media that are now being widely used (Tables 3.1 and 3.2) are richer in
mineral salts (ions) compared to White’s medium. Aluminium and nickel
used by Heller (1953) could not be demonstrated as essential and, there-
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TABLE 3 2

Balance sheet of 10ns for the media included 1n Table 3 1

Ions Units Media?

\/ White's Heller’s ‘ D\’I} ER Bs*  Nitsch’s NT

o K/

NOg 3 3.33 705 3941 33179 2500 1840 19 69
NH4 -~ - 20 62 15 00 200 900 10 30
Total N 3.33 705 60 03 48 79 2703 2740 29 99
P S 0138 090 125 2 50 108 050 5 00
K mM 166 10 05 20 05 2129 25.00 990 14 39
Ca 127 051 2 99 2 99 102 149 150
Mg ) 304 101 150 1.50 100 075 5.00
Cl N 0 87 11.08 598 5.98 204 2.99 3.00
Fe 12 50 370 10000 100.00 50 10 10000  100.00
S 4502 00 101350 173000 1610.00 207990 996 80 5236.50
Na 2958 00 796600 20200 237.20 108900 202.00 202.00
B 24 20 16 00 10000 10 00 48 50 161.80 100.00
Mn 22 40 040 100 00 10 060 5920 112.00 100.00
Zn' 10 40 340 30 00 37 30 700 3470 36.83
Cu uM 004 010 010 001 010 010 0.10
Mo 0 007 - 100 01 100 100 1.00
Co - - 010 001 010 - 010
I 4 50 006 500 - 4 50 - 500
Al - 020 - - - - -

N1 — 010 - - - - -

aFor references, see Table 3 1

fore, were dropped by subsequent workers. The indispensability of so-
dium, chloride and iodide has also not been established.

A detailed study of inorganic nutrients of plant tissue cultures was
made by Heller (1953). He gave special emphasis to iron and nitrogen. In
the original White’s medium (1943), iron was added in the form of
Fe,(S0,)3, but Street and co-workers replaced it with FeCl, for root cul-
tures because the former contained Mn and some other metallic ions a$s
impurities (Street and Henshaw, 1966). However, FeCl, also did not
prove to be an entirely satisfactory source of iron. In this form iron is
available to the tissues at and around a pH of 5.2. It is known that in root
cultures, within a week of inoculation, the pH of the medium drifts from
the initial value of 4.9-5.0 to 5.8-6.0, and roots start showing iron-
deficiency symptoms. To overcome this problem, in most media, iron is
now used as Fe-EDTA. In this form iron remains available up to a pH of
7.6-8.0. Incidentally, unlike roots, callus cultures can utilize FeCl, up to
a pH of 6.0 by secreting natural chelates which bind with iron (Heller,
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1953). Fe:EDTA may be prepared by using FeSO,7H;0 and Na,- EDTA
as described in Table 3.6, or it may be possible to buy NaFe-EDTA.

(1) Macroelements. Nitrogen is one of the main elements contributing to
the growth of plants in vitro and in vivo. It is a constituent of the amino
acids, proteins, certain hormones and chlorophyll. The source of nitrogen
in vitro could be either organic or inorganic. An indirect effect of nitrogen
on tissue growth is through its influence on the pH of the medium
(Dougall, 1980; Congard et al., 1986). The form of nitrogen, as NH,* or
NOj-, has a dramatic influence on the morphogenic response of plant tis-
sues in vitro (see Section 6.3.4). Development of anthocyanin in vitro has
been attributed to deficiency of NO5~ ions (Heller, 1965).

Phosphorus is vital for cell division as well as in storage and transfer
of energy in plants. Its role in photosynthesis is also important. Kozai et
al. (1991) reported that in autotrophic cultures of strawberry, uptake of
PO,* is much greater than that of other minerals. Too little phosphorus
causes plants to be abnormal and sickly.

Potassium is necessary for normal cell division, for synthesis of pro-
teins, chlorophyll, and for nitrate reduction. The level of K* in vitro is
rarely a problem but certain species are sensitive to high levels. Ander-
son (1975) showed that Rhododendron shoots grew better, without
browning, when K+ level was reduced.

Sulphur is present in some proteins. It is quite often present as an im-
purity in agar (Pochet et al., 1991).

Calcium as calcium pectate is an integral part of the walls of plant
cells and helps maintain integrity of the membrane. High levels of cal-
cium have been shown to promote callose deposition thereby inhibiting
cell extension (Eklund and Eliasson, 1990). Atkinson (1991) found that
stomata were more open in plants grown in the presence of high Ca?*.
Cytoplasmic Ca?* is also involved in the regulation of hormone responses
and mediates in responses to environmental factors such as temperature
and light (Williams, 1995). Calcium could be having a pre-emptive role in
morphogenesis (Hush et al., 1991). Calcium is not very mobile in plants.
As aresult, it is the new growth that suffers when there is a calcium de-
ficiency either absolutely or because of poor mobility. The leaf tips and
growing points tend to die back under such conditions.

Magnesium is a component of chlorophyll and a co-factor for many en-

zyme reactions. Magnesium uptake is not usually limited, except at low
pH.

(ii) Microelements. The majority of the micro-elements are required in
trace quantities and quite often may get carried into the medium as im-
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purities in other ingredients. They may also get carried-over with the
explant or tissues and support growth for several weeks without showing
any deficiency symptoms. This and the interaction amongst the micro-
elements makes the study of individual elements slightly complicated.
The microelements are essential as catalysts for many biochemical reac-
tions. Microelement deficiency symptoms include reduced lignification
(Cu, Fe), rosetting (Zn, Mn), leaf chlorosis (Fe, Zn, Mn) and shoot tip ne-
crosis (B). Certain elements, such as Co and Ni, can inhibit ethylene syn-
thesis.

The availability of ions becomes critical sometimes because of the
solubility problems. Dalton et al. (1983) suggested that an imbalance be-
tween Fe and EDTA can cause precipitation and make 45% of Fe, 20% of
Zn and 13% of original PO,3- in MS medium unavailable within 2 days of
media preparation. Interpretation of Fe status is complicated by the in-
teractions between Fe and Mn or Zn. Excess Mn can lead to Fe deficiency
while excess Fe or EDTA can reduce Zn uptake (Williams, 1995).

3.2.2. Organic nutrients

Most cultured plant cells are capable of synthesizing all essential vi-
tamins but, apparently, in sub-optimal quantities (Czosnowski, 1952;
Paris, 1955, 1958). To achieve the best growth of the tissue it is often es-
sential to supplement the medium with one or more vitamins and amino
acids. Various standard media show wide differences in their composition
with respect to vitamins and amino acids (see Table 3.1).

(1) Vitamins. Animals require minor quantities of vitamins as neces-
sary ancillary food factors which they get from extraneous sources.
Plants, on the other hand, can produce their requirements of vitamins.
However, plant cell cultures need to be supplemented with certain vita-
mins. The most widely used vitamins are thiamine (vitamin B,), niacin
(vitamin Bj), pyridoxine (vitamin Bg), and myo-inositol (a member of the
vitamin B complex). Certain other vitamins which find specific uses in
cell cultures are pantothenic acid, vitamin C, vitamin D and vitamin E.

The widely used Murashige and Skoog’s (1962) medium lists four vi-
tamins as necessary for tobacco callus growth. However, in a subsequent
study, Linsmaier and Skoog (1965) removed niacin and pyridoxine but
retained myo-inositol and increased the quantity of thiamine to 4 mg I-%.
Several later modifications of MS medium use only myo-inositol and
thiamine.

Myo-inositol or meso-inositol is a natural constituent of plants and as
phosphatidyl-inositol could be a crucial factor in the functioning of mem-
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branes (Jung et al., 1972; Harran and Dickinson, 1978). In plants inositol
as inositol phosphate may be acting as a second messenger to the pri-
mary action of auxins. It probably has a role as a carrier and in storage of
TAA as IAA-myo-inositol ester. In plant tissue cultures myo-inositol could
be a crucial precursor in the biosynthetic pathways leading to the forma-
tion of pectin and hemicelluloses needed in the cell wall synthesis
(Loewus et al., 1962; Verma and Dougall, 1979) and may have a role in
the uptake and utilization of ions (Wood and Braun, 1961).

Thiamine is involved in the direct biosynthesis of certain amino acids
and is an essential co-factor in carbohydrate metabolism. Certain plant
cultures appear to be self-sufficient for thiamine but most cultures do
benefit by minute quantities of it, with the requirement increasing with
consecutive passages. Thiamine could be having a synergistic interaction
with cytokinins (Digby and Skoog, 1966).

Vitamin E is used as an anti-oxidant while vitamin C is useful to pre-
vent blackening during explant isolation. Vitamin D has a growth regula-
tory effect on plant tissue cultures. Riboflavin has been found to inhibit

callus formation and improve growth and quality of shoots (Drew and
Smith, 1986).

(i1) Amino acids. There is little substantive evidence for the necessity
or role of amino acids in plant tissue cultures. Even the often used gly-
cine has little benefit in the sustained growth of tobacco callus
(Linsmaier and Skoog, 1965) and may even be inhibitory at higher levels.
Amino acids may be directly utilized by the plant cells or may serve as a
nitrogen source. However, an organic source of nitrogen is preferred only
when an inorganic source is lacking or exhausted (Williams, 1995). Cys-
teine has been included in media as an antioxidant to control the oxida-
tion of phenolics and prevent blackening of tissue. The in vitro produced

shoots of dwarf apple rootstocks formed more roots in the presence of ar-
ginine (Orlikowska, 1992).

(iii) Undefined supplements. Numerous complex nutritive mixtures of
undefined composition, like casein hydrolysate (CH), coconut milk (CM),
corn milk, malt extract (ME), tomato juice (TJ), and yeast extract (YE),
have also been used to promote the growth of certain calli and organs.
However, the use of these natural extracts should be avoided as far as
possible. Different samples of these substances, especially the fruit ex-
tracts, may affect the reproducibility of results because the quality and
quantity of the growth-promoting constituents in these extracts often
vary with the age of the tissue and the variety of the donor organism.
Moreover, it should be possible to effectively replace these substances by
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a single amino acid. For example, for maize endosperm callus Straus
(1960) could substitute yeast extract and tomato juice by L-asparagine
alone. Similarly, Risser and White (1964) demonstrated that L-glutamine
could replace a mixture of 18 amino acids earlier used by Reinert and
White (1956) for tissue cultures of Picea glauca.

(iv) Carbon source. Haberlandt (1902) attempted to culture green
mesophyll cells probably with the idea that green cells would have sim-
pler nutritive requirements but this did not prove to be true. We now
know that, as a rule, tissues which are initially green gradually lose their
green pigments in cultures and depend on an external source of carbon.
Even those tissues which acquire pigments through sudden changes or
under special conditions during culture period are not autotrophs for car-
bon. Fully organized, green shoots in cultures also show better growth
and proliferation with the addition of a suitable carbon source in the
medium. Thus, it is essential to add a utilizable source of carbon to the
culture medium.

The most commonly used carbon source is sucrose, at a concentration
of 2-5%. Glucose and fructose are also known to support good growth of
some tissues. Ball (1953, 1955) observed that autoclaved sucrose was bet-
ter than filter-sterilized sucrose for the growth of Sequoia callus. Auto-
claving seems to bring about hydrolysis of sucrose into more efficiently
utilizable sugars, such as fructose and glucose. Bretzloff (1954) found
that in a fungal medium sucrose breakdown during autoclaving was de-
pendent on pH, with no hydrolysis occurring on setting the pH to 6.0.

In general, excised dicotyledonous roots grow best with sucrose
whereas those of monocots do best with dextrose (glucose). Tissue cul-
tures of Malus pumila (var. McIntosh) grow as well with sorbitol as with
sucrose or glucose (Chong and Taper, 1972). Some other forms of carbon
that plant tissues are known to utilize include maltose, galactose, man-
nose, and lactose (Gautheret, 1959). Tissue cultures of Sequoia (Ball,
1955) and maize endosperm (Straus and LaRue, 1954) can even metabo-
lize starch as the sole carbon source.

Kozai (1991b) suggested that sucrose could either be reduced or com-
pletely eliminated from medium if autotrophic conditions of high CO, and
light intensity could be maintained. However, despite such autotrophic
conditions sucrose might become a limiting factor in the growth of certain
cultures (Debergh et al., 1992a).

Sucrose in the medium is necessary for various metabolic activities. It
is required for differentiation of xylem and phloem elements in cultured
cells (Aloni, 1980). Sugars also represent the major osmotic component of
the medium. Brown et al. (1979) replaced a third of sucrose in tobacco
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callus medium with mannitol without effecting callus growth. Mannitol is
an osmotic agent and is not taken into the plant cells or metabolized be-
cause of its molecular size.

3.2.3. Growth hormones

In addition to the nutrients, it is generally necessary to add one or
more growth substances, such as auxins, cytokinins, and gibberellins, to
support good growth of tissues and organs. However, the requirement for
these substances varies considerably with the tissue, and it is believed
that it depends on their endogenous levels.

The growth regulators are required in very minute quantities (umol 1!
values). There are many synthetic substances having growth regulatory
activity, with differences in activity and species specificity. It often re-
quires testing of various types, concentrations and mixtures of growth

substances during the development of a tissue culture protocol for a new
plant species.

(i) Auxins. In nature, the hormones of this group are involved with
elongation of stem and internodes, tropism, apical dominance, abscission,
rooting, etc. In tissue cultures auxins have been used for cell division and
root differentiation. The auxins commonly used in tissue culture are: in-
dole-3-acetic acid (IAA), indole-3-butyric acid (IBA), naphthalene acetic
acid (NAA), naphthoxyacetic acid (NOA), para-chlorophenoxyacetic acid
(p-CPA), dichlorophenoxyacetic acid (2,4-D), and trichlorophenoxyacetic
acid (2,4,5-T). Of these, IBA and TAA are widely used for rooting and, in
interaction with a cytokinin, for shoot proliferation. 2,4-D and 2,4,5-T are
very effective for the induction and growth of callus. 2,4-D is also an im-
portant factor for the induction of somatic embryogenesis. Auxins are
usually dissolved 1n either ethanol or dilute NaOH.

(ii) Cytokinins. These hormones are concerned with cell division, modi-
fication of apical dominance, shoot differentiation, etc. In tissue culture
media, cytokinins are incorporated mainly for cell division and differen-
tiation of adventitious shoots from callus and organs. These compounds
are also used for shoot proliferation by the release of axillary buds from
apical dominance. More commonly used cytokinins are: benzylamino pu-
rine (BAP), isopentenyl-adenine (2-ip), furfurylamino purine (kinetin),
thidiazuron (TDZ) and zeatin. Compared to the other cytokinins, thidia-
zuron 1s generally used at very low concentrations (0.1-5 ug I-1). Cytoki-

nins are generally dissolved in dilute HCl or NaOH. For thidiazuron,
DMSO may be used as the solvent.
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(iii) Gibberellins. There are over 20 known gibberellins. Of these, gen-
erally, GA; is used. Compared to auxins and cytokinins, gibberellins are
used very rarely. They are reported to stimulate normal development of
plantlets from in vitro formed adventive embryos. GA; 1s readily soluble
in cold water up to 1000 mg 1-1.

(iv) Ethylene. All kinds of plant tissue cultures produce ethylene, and
the rate of production increases under stress conditions. In cultures,
ethylene is also produced abiologically when the organic constituents of
the medium are subjected to heat, oxidation, sunlight or ionizing radia-
tion (Matthys et al., 1995).

Pure ethylene or chemical compounds which release ethylene during
their decomposition, such as 2-chloroethylphosphonic acid (marketed un-
der the trade names Ethrel, Ethaphon, Floridimex, Camposan), can be
applied to study the effect of this gaseous growth regulator on plant tis-
sue cultures. Ethylene exerts various morphogenic influences on cultured
tissues but its effects are not clear cut (Matthys et al., 1995). It may be
promotory or inhibitory for the same process in different systems. For
example, it promoted somatic embryogenesis in maize (Vain et al.,
1989a,b) but the same process was inhibited in Hevea brasiliensis
(Auboiron et al., 1990).

(v) Others. Abscisic acid is most often required for normal growth and
development of somatic embryos and only in its presence do they closely
resemble zygotic embryos (Ammirato, 1988). It 1s also known to promote
morphogenesis in Begonia cultures.

More recently, there has been some interest in the application of
growth retardants, such as paclobutrazol, during the acclimatization
stage of micropropagation to reduce hyperhydricity and regulate leaf
growth and function in relation to control of water stress (Smith and
Krikorian, 1990a; Ziv, 1992). Ancymidol has been used to inhibit leaf
formation and promote shoot formation in gladiolus (Ziv, 1989; Ziv and
Ariel, 1991).

3.2.4. Gelling agents

In static cultures if liquid medium is used the tissue would get sub-
merged and die due to lack of oxygen. A gelling agent is generally used to
circumvent this problem. The most desirable property of a gelling agent
is that it should withstand sterilization by autoclaving, and the medium
should be liquid when hot but form a semisolid gel when cool. Plant tis-
sues have been shown to do better when cultured on a semi-solid support



50
TABLE 3.3

The concentration of minerals (ug g-1) in a range of gelling agents?

Minerals Gelling agents

Merck Bacto- Phyta- TC- BiTek Gelrite

agarlb agar? agar? agar? agar® gellan®
Na 1200 7194 1244 596 10949 6800
S 5900 - - - 7120 220
K 2000 317 86 24 885 28000
Ca 110 1997 2097 2542 90 4900
P 1300 42 331 51 1005 2100
Mg 62 1002 635 478 110 1530
Fe 31 83 226 25 26 280
Al 77 6.2 75 16 — 185
B 23 109 57 80 34 14
Mn 06 03 46 22 05 53
Zn 1.5 6.6 4.5 57 22 19
Cu 03 08 08 02 0.1 29

Source of the gelling agent 1, Merck, Germany, 2, Difco Laboratories, USA, 3,
GIBCO, USA, 4, K C Buologicals, USA, 5, ?; 6, Kelco, USA.
by 6, after Scherer et al (1988); 24, after Singha et al (1985), 5, after Wilhams (1993)

than otherwise. Most of the gelling agents (agar, agarose, gelrite) used in
plant tissue culture media are biological products. Being natural prod-
ucts and subjected to varying degrees of processing and purification the
composition of these gelling agents varies with the brand and the batch,
particularly their mineral composition (Table 3.3).

(1) Agar. This most commonly used gelling agent is obtained from red
algae, especially Gelidium amansu It is a complex mixture of related
polysaccharides built up from the sugar, galactose. These include the
neutral polymer fraction, agarose, which gives strength to the gel and the
highly charged anionic polysaccharides agaropectins which give agar its
viscosity (Araki and Arai, 1967). The agar quality and purity vary from
batch to batch as it depends a lot on the culture conditions of the algae
and the varying degrees of processing and purification. The proportion of
agarose to total polysaccharides, which can vary from 50 to 90%, influ-
ences the gel strength (Adrian and Assoumani, 1983). Firmness of the gel
produced by a given concentration of agar varies according to the brand
and the pH during autoclaving. Agar is partly hydrolyzed if it is auto-

claved in an acidic medium. Agar is used at varying concentrations from
0.8 to 1%.
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(ii) Agarose. Agarose consists of §-D(1-3) galactopyranose and 3,6-
anhydro-a-1.(1-4) galatopyranose linked into polymer chains of 20-160
monosaccharide units. Agarose is obtained by purifying agar to remove
agaropectins with its sulphate side groups. As the process is tedious, the
cost of agarose is much higher than agar. It is only used where high gel

strength is required, such as in single cell or protoplast cultures. Agarose
is adequate at 0.4%.

(iii) Gelrite. Gelrite (Kelco Division, Merck & Co.) or Phytagel (Sigma
Chemical Co.), a gellan gum, is a linear polysaccharide produced by the
bacterium Pseudomonas elodea. It comprises of linked K-glucuronate,
rhamnose and cellobiose molecules (Kang et al., 1982). The commercial
product contains significant quantities of K, Na, Ca and Mg (Scherer et
al., 1988) but it is said to be free of organic impurities found in agar.
Gelrite requires a minimum level of cations in the solution for gelling.
Unlike agar, which requires heating, gelrite can be readily prepared in
cold solution. To prevent clumping it should be added to rapidly stirring
culture medium at room temperature.

Gelrite is a good alternative to agar not only because of its low cost
per litre of medium (0.1-0.2% is sufficient) but also for the many advan-
tages it offers. Gelrite sets as a clear gel which assists easy observation of
cultures and their possible contamination. Unlike agar, the gel strength
of gelrite is unaffected over a wide range of pH (Bonga and Von Aderkas,
1992). Various plant species have shown as good results on gelrite as
on agar, and sometimes gelrite proved to be better. However, certain
plants show hyperhydricity on gelrite, apparently due to more freely
available water (Debergh, 1983). This problem could be rectified by mix-
ing small quantities of agar with gelrite (Pasqualetto et al., 1986). Kyte
(1987} has recommended the use of a mixture of gelrite and agar in a ra-
tio of 3:1.

3.2.5. pH

The pH of the medium is usually adjusted between 5.0 and 6.0 before
sterilization. However, Straus and LaRue (1954) observed that the
growth of maize endosperm callus on a fresh weight basis was best at pH
7.0 and on a dry weight basis pH 6.1 proved optimal. In general, a pH
higher than 6.0 gives a fairly hard medium and a pH below 5.0 does not
allow satisfactory gelling of the agar.

The pH of the medium changes at various stages of preparation and
culture. pH of the medium set after the addition of the gelling agent
shows a remarkable drop on autoclaving. The pH of the medium further
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changes once plant tissue is placed on it. The plant tissue and the me-
dium interact to adjust the pH to an equilibrium irrespective of the ini-
tial pH adjusted (Skirvin et al., 1986; Williams et al., 1990). The ratio of
NH,* and NOjy ions in the medium also influences the pH. When NH,* is
predominantly taken up the medium gets acidified due to liberation of H*
ions, while uptake of NOj~ ions increases pH due to liberation of OH- 10ns
(Dougall, 1980; Congard et al., 1986). Such pH changes then influence
the availability of various mineral ions in the medium and their uptake
by the plant tissue.

3.3. MEDIA SELECTION

There is no one ideal approach to formulate a suitable medium for a
new system. A convenient approach could be to select three media from
the available recipes, that represent high, medium and low salt media
and combine them factorially with different levels of plant growth regula-
tors suitable for the desired response. For shoot proliferation or adventi-
tious shoot bud differentiation a commonly used auxin (NAA) and cytok-
inin (BAP) may be used, each at five concentrations (0, 0.5, 2.5, 5,
10 mol 1-1). All possible combinations of the five concentrations of the
two substances would lead to an experiment with 25 treatments (Table
3.4) with each basal medium. Select the best of the 75 treatments
and test some of the available auxins and cytokinins at that concentra-
tion. While varying cytokinins, keep the auxin constant and vice versa.
Test a range of sucrose concentrations (2-6%) to decide its optimal level.
However, there are limitless opportunities to further improve the se-
lected medium by manipulating its nutrient salts and plant growth
regulators.

De Fossard et al. (1974) have described a ‘broad spectrum experiment’
to select a suitable medium for an untested system. In this approach all
the components of the medium are divided into four broad categories: (a)
minerals, (b) auxins, (c) cytokinins, and (d) organic nutrients (sucrose,
amino acids, inositol, etc.). For each group of substances three concen-
trations are chosen: low (L), medium (M), and high (H) (see Table 3.5).
Trying various combinations of the four categories of substances at three
different concentrations leads to an experiment with 81 treatments. The
best of the 81 treatments is denoted by a four-letter code. For example,
the treatment with medium salts, low auxin, medium cytokinin, and high
organic nutrients would be represented as MLMH. Having reached this

stage it would be desirable to test different auxins and cytokinins to find
the best types.



TABLE 3 4

NAA BAP (uM)

(uM)

0 05 25 5 10

0 1 2 3 4 5
0.5 6 7 8 9 10
2.5 11 12 13 14 15
5 16 17 18 19 20

10 21 22 23 24 25

3.4. MEDIA PREPARATION

The most simple method of preparing media today is to use commer-
cially available dry powdered media, containing inorganic salts, vita-
mins, and amino acids. The powder is dissolved in purified water (10%
less than the final volume of the medium), and after adding sugar, agar,
and other desired supplements, the final volume is made up with purified
water. The pH is adjusted, and the medium autoclaved. Several standard
plant tissue culture media and a range of complete mixes (together with
agar) for micropropagation of specific plant species are now available as
dry powder. The powdered media may be useful for routine purposes,
such as micropropagation of plant species for which composition of the
medium required is well established. In such cases the use of a powdered
medium should save time. However, in experimental work where it is
necessary to make major qualitative and quantitative changes in the or-
ganic and/or inorganic constituents of the medium, or where powdered
media are erther not available or considered expensive, there are two
possible ways of preparing medium. One method is to weigh and dissolve
the required quantities of the ingredients separately and mix them before
the preparation of the medium. A more convenient and popular method,
however, is to prepare a series of concentrated stock solutions. For ex-
ample, to prepare Murashige and Skoog’s basal medium, four different
stock solutions may be prepared (Table 3.6): (a) major salts (20X concen-
trated); (b) minor salts (200X concentrated); (¢) iron (200X concentrated),
and (d) organic nutrients except sucrose (200x concentrated). For the
preparation of stock solutions (a)-(d) each component should be sepa-
rately dissolved to the last particle and then mixed with the others.
Separate stock solutions are prepared for each growth regulator by dis-
solving it in a minimal quantity of the appropriate solvent (if insoluble in
water; see Section 3.2.3) and making up the final volume with purified
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TABLE 3 5

Constituents and concentrations of minerals, auxin, cytokinin, and organic nutrients
of the broad spectrum experiment of De Fossard et al. (1974)

Constituents Concentration range (mM)
Low Medium High

Muinerals
NH/NO4 5 10 20
KNO4 - 10 20
KI'IQPO4 01 - -
NaH2P04 — 1 2
KC1 1.9 - -
CaCl, 1 2 3
MgSO, 0.5 15 3
H3BO; 001 0.05 015
MnSOy 0.01 005 0.1
ZnS0y 0001 002 004
CuS0, 0 00001 0.0001 0 0015
NasMoO, 0 00001 0 0001 0 001
CoCly 0.0001 0 0005 0 001
KI 0.0005 0.0025 0 005
FeSOy 001 005 01
Nag-EDTA 0031 005 01
Auxin 0 0001 0001 001
Cytokinin 00001 0001 001

Organtc nutrients
Inositol 01 03 06
Nicotinic acid 0004 002 004
Pyridoxine-HCl 0 0006 0 003 0 006
Thiamine-HCl 0 0001 0002 004
Biotin 0 00004 0 0002 0001
Folic acid 0.0005 0001 0 002
D-Ca-pantothenate 0.0002 0001 0 005
Riboflavin 0 0001 0001 001
Ascorbie acid 0 0001 0001 001
Choline chlonde 0.0001 0001 001
L-Cysteine-HCl 001 0.06 0.12
Glycine 0 0005 0 005 005
Sucrose 6 60 120

water. Depending on the levels of growth regulators used, their stock so-
lutions may be prepared at the strength of 1 mmol 1-! or 10 mmol 1-1. All
the stock solutions are stored in proper plastic or glass bottles under re-
frigeration. The iron stock must be stored in an amber-coloured bottle.
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TABLE 3.6
Stock solutions for Murashige and Skoog’s medium (MS)?2

Constituents Amount (mg 1™1)
Stock solution I
NH/NO; 33000
KNO;4 38000
CaCly-2H,0 8800
MgSO0,-7TH,0O 7400
KHoPO, 3400
Stock solution I1
KI 166
H3BO; 1240
MnSO44H,0 4460
ZnSO4-7HQO 1720
Na2M004-2H20 50
CuS0,4-5H,0 5
COCI2'6H20 5
Stock solution I1IP
FeS047H,0 5560
Na,EDTA-2H,0 7460
Stock solution IV
Inositol 20000
Nicotinic acid 100
Pyridoxine-HCl 100
Thiamine-HCI 20
Glycine 400

4To prepare 1 | of medium, take 50 ml of stock I, 5 ml of stock 11, 5 ml of stock III, and
5 ml of stock IV

bMssolve FeS047HoO and Nay,EDTA-2H,O separately in 450 ml distilled water by
heating and constant stirring Mix the two solutions, adjust the pH to 55, and add
distilled water to make up the final volume to 1 1.

For storing coconut milk (liquid endosperm) the water collected from
fruits is boiled to deproteinize it, filtered, and stored in plastic bottles in
a deep freeze at —20°C. As a rule, before using the stocks the bottles must
be shaken gently and if any of the solutions show a suspension of a pre-
cipitate or a biological contaminant they should be immediately dis-
carded.

For preparing stock solutions and media, glass, distilled or purified
water and chemicals of high purity (AnalaR grade) should be used.
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The sequence of steps involved in preparing a medium is as follows:

(a)

(b)

(e)
(d)

(e)

(H

(g

(h)

Required quantities of agar and sucrose are weighed and dis-
solved in water, about 3/4 the final volume of the medium, by
heating them in a water bath or an autoclave at low pressure.
This step is not necessary for a liquid medium because sucrose
would dissolve even in lukewarm water.

Appropriate quantities of the various stock solutions, including
growth regulators and other special supplements are added. Some
workers feel that it is better to add vitamins and auxins after
autoclaving. If there is a special reason to do so the substance
may be sterilized by filtering their solutions (adjusted to the de-
sired pH) through microfilters? of pore size 0.22-0.45um (see
Section 2.3.2).

The final volume of the medium is made up with purified water.
After mixing well, the pH of the medium is adjusted using 0.1 N
NaOH and 0.1 N HCL

The medium is poured into the desired culture vessels. About
15 ml of the medium is dispensed in a 25 X 150 mm culture tube,
and about 50 ml in a 150-ml flask. If during steps (b)~(e) the me-
dium starts to gel, the flask containing the medium should be
heated in a water bath or microwave oven and poured only when
it is in a uniformly liquid state.

Mouth of the culture vessels are closed with non-absorbent cotton
wrapped in cheese-cloth (such closures exclude microbial contamu-
nants but allow free gas exchange), or any other suitable closure.
The culture vessels containing medium are transferred to appro-
priate baskets, covered with aluminium foil to check wetting of
plugs during autoclaving, and sterilized by autoclaving at 120°C
(1.06 kg cm™2) for 15 min. If pre-sterilized, unautoclavable, plastic
culture vials (petri-plates or jars) are being used the medium may
be autoclaved in 250 or 500 ml flasks with suitable closures (large
flasks are inconvenient for pouring) or narrow-mouthed bottles.
The medium is allowed to cool to around 60°C before pouring into
the vials under aseptic conditions.

The medium is allowed to cool at room temperature and is stored
at 4°C. When preparing a solid medium in culture tubes it is de-
sirable to make slants by keeping the tubes tilted during cooling.
Such slants provide a larger surface area for tissue growth. It is
also easier to photograph cultures grown on such slants.

ZFilter assemblies of various sizes and filter membranes of various porosity are
manufactured by Millipore Intertech Inc., P.O. Box 255, Bedford, MA 01730, USA.



MEDIA SUMMARY
NO. COMPOSITION VYOLUME PURPOSE DATE"
PREPARED BY"
STOCK
CONSTITUENTS TYPE COONC AMOUNT ADDED
Macro 20 x
Minerals Micro 200 x
tron 200 x
Organics 200 x
Sugar
1mmol 1
Auxin
10mmol 1™
1 mmol ™'
Cytokinin
10 mmot 1™
Other
Agar
H R d
Container pr Tequire
pH Original
pH Adjusted

Fig 31 A reterence sheet used for media preparation
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Recent studies have shown that a correct nutrient balance in the cul-
ture medium may be a prerequisite for any response of explants to plant
growth regulators, and optimization of inorganic nutrients may reduce or
eliminate the use of plant growth regulators (Preece, 1995). The number
of adventitious buds differentiated from leaf explants of Juinperus oxyce-
drus was doubled by using SH (Schenk and Hildebrandt, 1972) medium
instead of MS medium (Gomez and Segura, 1994). Whereas on MS me-
dium optimum response was obtained in the presence of BAP and NAA,
on SH medium it did not require NAA. Likewise, on full strength MS
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medium the number of olive petiole explants that formed adventitious
shoots was twice as many as on half strength MS medium and the
amount of thidiazuron required in full MS medium was one quarter of
that required with 1/2 MS (Mencuccini and Rugini, 1993). The best in
vitro rooting of Leucopogon obtectus microshoots occurred on a agar-
water medium devoid of an auxin but on media with increasing concen-
tration of MS salts a requirement for auxin also increased (Bunn et al.,
1989). Thus, it may be possible to reduce the use of plant growth regula-
tors which sometime cause undesirable effects, such as callusing, vitrifi-
cation and poor quality roots, by optimization of nutrient salts in the
medium.

Street (1977a) remarked ‘More false trials have been laid by mistakes
in media preparation than by any other fault of technique’. To minimize
human error all the steps listed above should be followed very carefully.
The ingredients of the medium should be listed on paper and, after add-
ing a component, it should be cancelled on the sheet. A reference sheet
routinely used in some laboratories is depicted in Fig. 3.1. All the tubes,
jars, flasks and petri-plates containing the medium should be clearly
marked in such a manner that they can be identified even after autoclav-
ing and long storage under light.
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Molecular weights of the compounds commonly used in tissue culture media

Compound Chemical Molecular
formula weight
Macronutrients
Ammonium nitrate NH/NO4 80 04
Ammonium sulphate (NH4);SO0, 132 15
Calcium chlonde CaCly:2-Hs0 147 02
Calcium nitrate Ca(NO3)o-4H0 236 16
Magnesium sulphate MgS04-TH,0 246 47
Potassium chloride KC1 74 55
Potassium nitrate KNO;4 101 11
Potassium dihydrogen ortho-phosphate KH,PO,4 136.09
Sodium dihydrogen ortho-phosphate NaH,P0,-2H,0 156 01
Micronutrients
Bornc acid H3BOg4 61 83
Cobalt chlonde CoCly-6H,0 237.93
Cupric sulphate CuS04-5H,0 249 68
Manganese sulphate MnSO44H,0 223 01
Potassium 10dide KI 166 01
Sodium molybdate NaysMoO42Hs0 241 95
Zinc sulphate ZnS04TH50 287 54
Sodium EDTA Nay, EDTA-2H,0 372 25
(CloH14N208N82°2H20)
Ferrous sulphate FeSO4-7TH,0 278.03
Ferric-sodium EDTA FeNa-EDTA
(C1oH 9 FeNyNaOg) 367.07
Sugars and sugar alcohols
Fructose CgH 1206 180 15
Glucose CGHI‘ZOG 180 15
Mannitol C6H14OG 182 17
Sorbitol CSH14OG 182 17
Sucrose C12H22011 342 31
Vitamuins and amino acids
Ascorbic acid (vitamin C) CgHgOg 176 12
Biotin (vitamin H) CIOH16N2O3S 244 31
Calcium pantothenate (Ca salt of (CgH6INO5)9Ca 476 53
vitamin Bg)
Cyanocobalamine (vitamin Byg) Cg3HggCoN14014P 1357 64
L-Cysteine-HCl C3H/NO,S-HCl 157 63
Folic acid (vitamin B, vitamin M) C19H19N7Og 441.40
Inositol C6H12OG 180 16
Nicotinic acid or niacin (vitamin Bg) CeHsNOg 123 11
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APPENDIX 3.1 (continued)

Compound Chemical Molecular
formula weight
Pyridoxine HCl (vitamin Bg) CgH,1NO4-HC1 205 64
Thiamine HCI (vitamin B;) C19H17CIN4OS-HCl 33729
Glycine CoHENO, 7507
L-Glutamine C5H10N203 146 15
Glutathione C19H17N306S 307 33
Hormones
Auxins
p-Chlorophenoxyacetic acid (p-CPA) CgH;03Cl 186 59
3,6-Dichloro-o-anisic acid (Dicamba) CgH¢Cl,04 22104
2,4-Dichlorophenoxyacetic acid (2,4-D) CgHg03Cl, 22104
Indole-3-acetic acid (IAA) C1oHgNO, 17518
3-Indolebutyric acid (IBA) C1oH3NO, 203 23
2-Methyl-4-chlorophenoxyacetic acid CgHgCl0g 200.62
(MCPA)
a-Naphthaleneacetic acid (NAA) C12H1909 186 20
pB-Naphthoxyacetic acid (NOA) C1oH1004 202 20
4-Amino-3,5,6-Trichloropicolinic acid CegH3ClaN,0q 241 46
(Picloram)
2,4,5-Trichlorophenoxyacetic acid (2,4,5-T) CgH,Cl304 255 49
Cytokinins
Adenine (Ad) CsHgN5 3H,0 189 13
Adenine sulphate (AdSO,) (CsHsN5)p . HoSO42H,0 404.37
6-Benzyladenine or 6-benzylamino purine  C;9H {1 N5 225 20
(BA or BAP)
6-y,y-Dimethylallylamino purine or C10H13N5 203 3
N-1sopentenylamino purine (2-1p)
6-Furfurylamino purine (kinetin) CyoHgN5O 215.21
6-(Benzylamino)-9-(2-tetrahydropyranyl)-  Cy7H;gNzO 309 40
9H-purine (SD8339)
n-Phenyl-N-1,2, 3- thiadiazol-5-urea CyHgN,0S 2202
(thidiazuron)
6-(4-Hydroxy-3methylbut-2-enylamino)-
purine (zeatin) C19H13N50 219 20
Gibberellins
Gibberellic acid (GA3) C19Hg004 346 37
Other compounds
Abscisic acid C15Hag04 264.31

2’-Isopropyl-4’-(trimethylammonium
chloride)-5’methylphenyl piperidine
carboxylate (Amo 1618)
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APPENDIX 3.1 (continued)
Compound Chemical Molecular
formula weight
a-Cyclopropyl-a-4-methoxyphenyl Cq15H16No09 256 3
(ancymidol)
B-Chloroethyltrimethyl ammonium CsHq3CILN 158 07
chloride (CCC)
Colchicine 022H25N06 399 43
N-Dimethylaminosuccinamic acid C15HgoCINZO 293 80
(paclobutrazol)
Phloroglucinol CgHgO3 126 11
1,4-Diaminobutane, tetramethylene- C4H 9N 2HCI 1611
diamine (putrescine dihydrochloride)
N-(3-Aminopropyl)-1,4-butanediamine C;HygNjg 145 2
(spermidine)
N,N'-(Bis 3-aminopropyl)-1,4-butane- CioHogNy 2023
diamine (spermine)
2,3,5-Tn-iodobenzoic acid (TIBA) C7H3150, 499.81
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APPENDIX 3.11

Atomic weights

Name Symbol Atomic weight
Aluminium Al 26.98
Boron B 10.82
Calcium Ca 40.08
Carbon C 12 011
Chlorine Cl 35 457
Cobalt Co 58 94
Copper Cu 63 54
Hydrogen H 1008
Iodine I 126 91
Iron Fe 55.85
Magnesium Mg 24 32
Manganese Mn 54.94
Molybdenum Mo 95 95
Nickel N1 58.71
Nitrogen N 14 008
Oxygen O 16 00
Phosphorus P 30 975
Potassium K 39 10
Sodium Na 22 991
Sulphur S 32 066
Zinc Z 65 38
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Chapter 4

Cell Culture

4.1. INTRODUCTION

At the turn of the 19th century Haberlandt (1902) made pioneering at-
tempts to isolate and culture single cells from the leaves of flowering
plants. He had envisaged that such a system would provide an excellent
opportunity for investigating the properties and potential of plant cells
and also to understand the interrelationships and complementary influ-
ences of cells in multicellular organisms (see Krikorian and Berquam,
1969). Although Haberlandt failed to achieve the division of free cells for
various reasons (see Chapter 1), his detailed paper of 1902 stimulated
several workers to pursue this line of investigation. To date the progress
in this field has been so spectacular that it is possible not only to culture
free cells but also to induce divisions in a cell cultured in complete isola-
tion and to raise whole plant from it.

Plant physiologists and plant biochemists have recognized the merits
of a single cell system over intact organs and whole plants for studying
cell metabolism and the effects of various substances on cellular re-
sponses. The free cell system permits quick administration and with-
drawal of diverse chemicals and radioactive substances (Gnanam and
Kulandaivelu, 1969; Edwards and Black, 1971; Harada et al., 1972). The
cloning of single cells permits crop improvement through the extension of
the techniques of microbial genetics to higher plants. Large scale culti-
vation of plant cells in vitro provides a viable alternative for the produc-
tion of vast arrays of commercially important phytochemicals (Chapter
17).

4.2, ISOLATION OF SINGLE CELLS
4.2.1. From intact plant organs

(i) Mechanical method. Leaf tissue is the most suitable material for the
isolation of single cells. Ball and Joshi (1965), Joshi and Noggle (1967),
and Joshi and Ball (1968) isolated cells from mature leaves of Arachis
hypogaea by first tearing across the leaf to expose the mesophyll cells,
followed by scraping of the cells with a fine scalpel. The isolated cells
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were directly placed into liquid medium (for composition see Table 4.2).
Many of the free cells were viable and underwent sustained divisions in
culture. This is the first report demonstrating that free cells capable of
dividing in artificial medium can be isolated from intact plant organs.
However, these workers were unable to isolate viable cells from the
leaves of most other plants they tested.

Gentle grinding of the leaves followed by cleaning the cells by filtration
and centrifugation is now widely used for the isolation of mesophyll cells.
Gnanam and Kulandaivelu (1969) isolated mesophyll cells active in pho-
tosynthesis and respiration from mature leaves of several species. The
procedure involved mild grinding of 10 g leaves in 40 ml of the grinding
medium (20 umol sucrose, 10 umol MgCl,, 20 umol Tris—HC]I buffer, pH
7.8) with a mortar and pestle. After filtering the homogenate through two
layers of fine muslin cloth the released cells were washed by low cen-
trifugation in the grinding medium. Besides dicots, many monocots, in-
cluding grasses (unidentified), yielded intact mesophyll cells by this pro-
cedure. Edwards and Black (1971) used a similar method to isolate me-
tabolically active mesophyll cells and bundle sheath cells from crabgrass
(Digitaria sanguinalis), and mesophyll cells of spinach.

Rossini (1969, 1972) described a method for the large-scale mechanical
isolation of free parenchymatous cells from the leaves of Calystegia se-
pium, This method was later used successfully with Asparagus officinalis
and Ipomoea hederifolia by Harada et al. (1972). The details of the proce-
dure followed by these workers are given in Appendix 4.1.

Mechanical isolation of cells has at least two distinct advantages over
the enzymatic method: (a) it eliminates the exposure of cells to the harm-
ful effect(s) of enzymes, and (b) in this method the cells need not be plas-
molyzed which is often desirable in physiological and biochemical stud-
1es. Schwenk (1980) isolated viable cells from soybean cotyledons in ster-
ile distilled water. In several cases the mechanically isolated cells have
been reported to divide and form callus (Ball and Joshi; 1965; Kohlen-
bach, 1966; Rossini, 1972; Schwenk, 1980).

Although Gnanam and Kulandaivelu (1969) were able to isolate cells
from the leaves of several species, the mechanical method of cell isolation
is not universally applicable. Mesophyll cells could be successfully iso-
lated by this method only in such cases where the parenchymatous tissue

was loosely arranged, having few points of cell to cell contact (Rossini,
1972).

(i) Enzymatic method. Enzymatic isolation of single cells has been
practised for quite some time by plant physiologists and biochemists
(Chayen, 1952; Zaitlin, 1959; Sato, 1968). A procedure for the large-scale
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isolation of metabolically active mesophyll cells of tobacco by pectinase
treatment was first reported by Takebe et al. (1968) and later extended
by Otsuki and Takebe (1969) to 18 other herbaceous species. For the de-
tails of their method, see Appendix 4.11.

Takebe et al. (1968) demonstrated that the presence of potassium dex-
trane sulphate in the maceration mixture improved the yield of free cells.
The enzyme macerozyme used to isolate cells not only degrades the mid-
dle lamella but also weakens the cell wall. It is, therefore, essential that
in the enzymatic method of cell isolation the cells are provided with os-
motic protection. Tobacco protoplasts collapsed within the cell wall when
mannitol was used at a concentration below 0.3 M (Takebe et al., 1968).

A special feature of enzymatic isolation of cells is that in some cases it
has been possible to obtain pure preparations of spongy parenchyma and
palisade parenchyma (Takebe et al., 1968). However, some plant species,
especially Hordeum vulgare, Triticum vulgare and Zea mays, have
proved difficult materials for cell isolation through the enzymatic meth-
ods (Zaitlin, 1959; Otsuki and Takebe, 1969). According to Evans and
Cocking (1975) the mesophyll cells in these cereals appear elongated with
a number of constrictions. Within the leaf these cells may form an inter-
locking structure preventing their isolation.

Rubos (1985) described a method to isolate viable single cells from zy-
gotic embryos of cabbage, carrot and lettuce. The excised embryos were
treated with 1% macerozyme, at 32°C, for 2 h, on a shaker (50 rev min-1).
The treated embryos were forced through a 5 mi hypodermic syringe sev-
eral times to release single cells from the confines of the surrounding cu-
ticular layer.

4.2.2. From cultured tissues

Traditionally, the single cell systems used in basic and applied re-
search are isolated from cultured tissues because this approach is con-
venient and widely applicable. Cultures are initiated by simply placing
freshly cut sections from surface-sterilized plant organs on a nutrient
medium containing suitable hormones; generally auxins and cytokinins
are used. On such a medium the explant exhibits callusing which usually
starts at the cut ends and gradually extends over the entire surface of the
tissue. The callus is separated from the parent explant and transferred to
a fresh medium of the same composition to build up a reasonable amount
of tissue. Repeated subculture on the agar medium may also improve the
friability of the tissue which is highly desirable for raising a fine cell sus-
pension in liquid medium (Wilson and Street, 1975; Noguchi et al., 1977).
Wilson and Street (1975) observed that when freshly isolated callus of
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Hevea brasiliensis was transferred to a liquid medium and agitated, it
broke up into small pieces but all efforts to raise a fine suspension of cells
from it failed. They transferred the callus pieces grown in liquid medium
back to the agar medium. After 2 months a very friable callus was formed
which on transfer to the liquid medium gave a fine suspension.

To obtain free cells, pieces of undifferentiated and friable calli are
transferred to liquid medium in flasks or some other suitable vial and the
medium is continuously agitated by a suitable device. Such cultures are
called ‘suspension cultures’. Agitation of the medium serves at least two
functions. First, it exerts a mild pressure on cell aggregates, breaking
them into smaller clumps and single cells and, secondly, agitation main-
tains uniform distribution of cells and cell clumps in the medium. Move-
ment of the medium also provides gaseous exchange between the culture
medium and culture air.

4.3. SUSPENSION CULTURES

4.3.1. General techniques

Basically there are two types of suspension cultures: batch cultures
and continuous cultures.

(1) Batch cultures. These are used for initiating single cell cultures.
Cell suspensions are grown in 100-250 ml flasks each containing 20—
75 ml of culture medium. The cultures are continuously propagated by
routinely taking a small aliquot of the suspension and transferring it to a
fresh medium (ca. 5x dilution).

During the incubation period the biomass of the suspension cultures
increases due to cell division and cell enlargement. This continues for a
limited period after which the growth stops due to the exhaustion of some
factors or the accumulation of certain toxic metabolites in the culture
medium. If at this stage a small aliquot of the cell suspension, with uni-
formly dispersed cells and cell aggregates, is transferred to a fresh me-
dium of the same composition (subculture), the cell growth is revived.
The biomass growth in batch cultures follows a fixed pattern as shown in
Fig. 4.1. Initially, the culture passes through a lag phase, followed by a
brief exponential growth phase during which active cell divisions occur.
After three to four cell generations the growth declines and finally the
culture enters the stationary phase. The duration of the lag phase would
largely depend on the growth phase of the stock culture at the time of
subculture and the size of the inoculum (Stuart and Street, 1969). Cul-
tures can be maintained continuously in exponential phase by frequent
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Fig 4 1 Model curve relating cell number per unit volume of culture to time in a batch-grown cell
suspension culture Growth phases are labelled (after Wilson et al , 1971)

(every 2-3 days) subculture of the suspensions. Prolonged maintenance
of cultures in the stationary phase may result in extensive death and ly-
sis of cells. It is, therefore, critical that suspensions are subcultured soon
after they have reached their maximum dry-weight yield (Street, 1977b).
Addition of conditioned medium (in which cell cultures have been grown
before) reduces the lag phase dramatically (Bergmann, 1977). Cell dou-
bling time in suspension cultures varies with the tissue: Nicotiana taba-
cum, 48 h; Acer pseudoplatanus, 40 h; Rosa sp. 36 h; Haplopappus
gractlis, 22 h (Butcher and Ingram, 1976).

For subculture of the suspension cultures a pipette or syringe with an
orifice fine enough to allow single cells and small aggregates (2—4 cells) to
pass through, but excluding larger cell clumps, is used. At the time of
subculture the flask is allowed to stand for a few seconds to allow the
large colonies to settle down, and suspension is taken from the upper
part of the culture. Regular practice of this procedure should allow the
build-up of a fine suspension.

The texture of a callus is genetically controlled and often it may be dif-
ficult to obtain a good dispersion of cells under any conditions. Generally,
however, it has been possible to improve the tissue dissociation by ma-
nipulating the media composition and subculture routine. Addition of
2,4-D (Negrutiu and Jacobs, 1977), small amounts of hydrolytic enzymes
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such as cellulase and pectinase (Street, 1977b), or substances like yeast
extract (Noguchi et al., 1977), had a promotory effect on cell dispersion.
Negrutiu and Jacobs (1977) reported that maximum dissociation of cells
was achieved by permanently maintaining the cultures in the late log
phase by adding fresh medium every other day in a proportion that the
biomass/medium volume was kept at 2. To obtain a fine suspension cul-
ture it is of prime importance that, as far as possible, a friable callus is
used initially. As mentioned earlier, friability of the callus tissue often
increases if it is maintained on a semi-solid medium for 2-3 passages.
However, it must be borne in mind that even the finest cell suspensions
carry cell aggregates and no suspension culture is comprised exclusively
of free cells.

Owing to certain inherent drawbacks of the system, batch cultures are
not ideal for studies of cell growth and metabolism (Fowler, 1977; Street,
1977b; Wilson, 1980). Batch cultures are characterized by a constant
change in the pattern of cell growth and metabolism, and the composition
of the nutrient medium. In these cultures the exponential growth with a
constancy of cell doubling time may be achieved for a short time but there
is no period of steady-state growth in which the relative cell concentra-
tions of metabolites and enzymes are constant (Wilson, 1980). To a cer-
tain extent these problems are overcome by continuous cultures.

(i1) Continuous cultures. A number of culture vessels have been de-
signed to grow large-scale cultures under steady state for long periods by
adding fresh medium and draining out the used medium (Street, 1977b).
Continuous cultures may be of the close type or the open type. In the
former, the addition of fresh medium is balanced by outflow of the old
medium. The cells from the outflowing medium are separated mechani-
cally and added back to the culture. Thus, in ‘close continuous cultures’
cell biomass continues to increase as the growth proceeds. In contrast, in
the ‘open continuous cultures’ the inflow of the medium is accompanied
by a balancing harvest of an equal volume of the culture (medium and
cells). The rate of inflow of medium and culture harvest are so adjusted
that the cultures are maintained at a constant, submaximal growth rate
indefinitely (Fowler, 1977; Street, 1977b). Two major types of open con-
tinuous culture have been used: chemostat and turbidostat. In chemostat
cultures, a steady state of cell growth is maintained by a constant inflow
of the fresh medium in which the concentration of a chosen nutrient
(nitrogen, phosphorus or glucose) has been adjusted so as to be growth-
limiting. In such a medium all constituents other than the growth-
limiting nutrient are present at concentrations higher than that required
to maintain the desired rate of cell growth. The level of the growth-
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TABLE 41

Culture medium for suspension cultures of tobacco?

Constituents Amounts (mg 1-1)
Inorganic salts As 1in MS medium
Thiamine-HCl 10
Pyridoxine-HCl 10
Nicotinic acid 5
myo-Inositol 100

_LCasein hydrolysate 1000

" 24D 2
Kinetin 01
Sucrose 30000
pH 57

4After Reynolds and Murashige (1979)

limiting factor is so adjusted that any increase or decrease in it is re-
flected by corresponding increase or decrease in the growth rate of cells.
In turbidostat cultures, the input of fresh medium is intermittent, con-
trolled by an increase in the turbidity of the culture from cell growth. A
preselected biomass density is maintained by the wash-out of cells.

Chemostat cultures offer the possibility of maintaining a steady-state
of cell growth and metabolism, and to determine the effect of individual
growth-limiting nutrients on cell growth. However, despite the clear-cut
advantages, continuous cultures are not used widely for large scale plant
cell culture, probably because these cultures require a lot of attention,
and the equipment is not generally available (Wilson, 1980).

4.3.2. Culture medium for suspensions

The medium used for raising fast growing friable callus should gen-
erally prove suitable for initiating suspension cultures of that species
provided, of course, agar is omitted from it. Manipulation of the auxin/
cytokinin ratio to achieve better cell dispersion is desirable. For tobacco,
increasing the concentration of 2,4-D from 0.3 mg 1! to 2 mg 1-! and sup-
plementing the callus medium with additional vitamins and casein hy-
drolysate (see Table 4.1) have been recommended (Reynolds and Mu-
rashige, 1979).

In actively growing suspension cultures the inorganic phosphate is
rapidly utilized and, consequently, it soon becomes a limiting factor
(Eriksson, 1965; Noguchi et al., 1977). Noguchi et al. (1977) have demon-
strated that in tobacco suspension cultures maintained in a medium with
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standard MS salts the phosphate concentration declines to almost zero
within 3 days of the initiation of culture. When the phosphate concentra-
tion in the medium was raised three times the original level, it was com-
pletely utilized by the cells within 5 days. Bs and ER media given in Ta-
ble 3.1 were developed for suspension cultures of higher plants. These
and other synthetic media are normally suitable only if the initial popu-
lation density is around 5 X 104 cells ml-! or higher. With a lower cell
density the medium needs to be enriched with various other components
(see Section 4.4.2).

4.3.3. Agitation of the medium

To achieve movement of the culture medium in suspension cuitures
various types of set-up have been used. Muir (1953), who for the first
time demonstrated that cells of tobacco and Tagetes erecta can be cul-
tured in suspension cultures, used an orbital platform shaker. This is
still the most popular method of growing batch suspension cultures. The
platform of the shaker is fitted with clips of appropriate size for holding
the flasks. Often the clips are interchangeable to permit the use of flasks
of different sizes. An orbital shaker with a variable speed of 30-150 rev.
min~! is satisfactory (speed above 150 rev. min~' is unsuitable; Street,
1977b) with stroke in the range of 2—3 cm orbital motion.

4.3.4. Synchronization

A synchronous culture is one in which the majority of cells proceed
through each cell cycle phase (G,, S, Gy and M) simultaneously. The de-
gree of synchrony is expressed as percentage synchrony.

For studying cell cycle and cell metabolism in suspension cultures it is
advantageous to use synchronous or partially synchronous cultures,
which exhibit amplification of each event of the cell cycle as compared to
non-synchronous cultures (King, 1980). Since cell suspension cultures are
normally asynchronous, considerable efforts have been made to achieve a
reasonable synchrony. Synchronization of asynchronous cultures is char-
acterized by sequential alternation in frequency distribution of different
cell cycle events. It has been emphasized by King and Street (1977) and
King (1980) that the degree of synchrony should not be determined solely
by mitotic index; it should be based on a number of parameters deter-
mined independently, e.g. (a) the percentage of cells at a specific point in
the cycle at one moment in time, (b) the percentage of cells passing a
specific point in the cycle during a brief specific period, and (c) the per-
centage of total time required for all the cells to pass a specific point in
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the cycle. The methods used to achieve synchronization of cell suspen-
sions fall under two categories: starvation and inhibition.

(1) Starvation. In this method cells are first arrested in the G, or Gy
phase of the cell cycle by starving them of a nutrient or hormonal factor
required for cell division. After a period of starvation when the limiting
factor is supplied into the medium the stationary cells enter division syn-
chronously.

Up to 80-90% of the cells in the explants of tuber tissue of Helianthus
tuberosus excised in low intensity green light and cultured in the dark on
a nutrient medium containing 2,4-D divided synchronously (Mitchell,
1967; Yeoman and Evans, 1967; Davidson and Yeoman, 1974; Fraser and
Loening, 1974; Aitchison et al., 1977). Suspension cultures of Acer pseu-
doplatanus from the stationary phase entered synchronous division when
they were inoculated into fresh medium at low density (Street, 1968). The
cells in the stationary phase are locked up in the G, phase of the cell
cycle (Bayliss and Gould, 1974; King and Street, 1977), which is probably
due to the depletion of nitrate ions in the medium (King, 1977). In large-
scale cell cultures of A. pseudoplatanus a high level of cell synchrony
was maintained over five cell cycles, as revealed by the step-wise increase
in cell number at each successive cytokinesis. Komamine et al. (1978)
achieved synchrony in Vinca rosea cultures by starving them of
phosphate for 4 days and then transferring to phosphate-containing me-
dium.

Growth hormone starvation of cells has been used to synchronize cell
cultures of Nicotiana tabacum var. Wisconsin 38 (cytokinin; Jouanneau,
1971; Peaud-Lenoel and Jouanneau, 1971) and Daucus carota (auxin;
Nishi et al., 1977).

(ii) Inhibition. Inhibitors of DNA synthesis, such as 5-aminouracil
(Eriksson, 1966; Mattingley, 1966; Kovacs and Van’'t Hof, 1970; Butenko
et al., 1974), FUdR (Blaschke et al., 1978; Cress et al., 1978), hydroxy-
urea and thymidine (Eriksson, 1966), have been used to synchronize cell
cultures. When cells are treated with these chemicals the cell cycle pro-
ceeds only up to the G; phase and the cells are collected at the G/S
boundary. Removal of the inhibitor is followed by synchronous division of
cells. In this method cell synchrony is limited to only one cell cycle (King,
1980). Periodic flushing of chemostat cultures of Glycine max with nitro-
gen (Clowes, 1976) or ethylene (Constabel et al., 1977) are also reported
to induce cell synchrony. However, in all these cases the only evidence of
synchrony produced was fluctuation in the mitotic index which is not en-
tirely satisfactory (see King, 1980).
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4.3.5. Assessment of growth in suspension cultures

Growth in plant cell suspension cultures is commonly measured by cell
counting, determination of total cell volume (packed cell volume, PCV),
and fresh and dry-weight increase of cells and cell colonies.

(1) Cell counting. Since suspension cultures invariably carry cell colo-
nies of various sizes it is difficult to make a reliable counting of cell num-
bers by taking samples directly from the flask. The accuracy of cell
counting may be improved if the cells and cell aggregates are first dis-
persed by treating them with chromic acid (5-8%) or pectinase (0.25%).
The method followed by Street and co-workers (Street, 1977b) to count
sycamore cells is as follows: add 1 volume of culture to 2 volumes of 8%
chromic trioxide and heat to 70°C for 2—-15 min (the duration is deter-
mined by the growth of the culture). Cool the mixture and shake vigor-
ously for 10 min before counting the cells in a haemocytometer.

(11) Packed cell volume (PCV). To determine PCV transfer a known vol-
ume of uniformly dispersed suspension to a 15-ml graduated centrifuge
tube and spin at 200 Xg for 5 min. PCV is expressed as ml pellet ml-! cul-
ture.

(iii) Cell fresh weight (FW). This can be determined by collecting cells
on a pre-weighed (in wet condition) circular filter of nylon fabric sup-
ported in a Hartley funnel, washing the cells with water to remove the
medium, draining under vacuum, and reweighing.

(iv) Cell dry weight (DW). Follow as above using a pre-weighed dry
nylon filter and after collecting the cells on the filter dry them for 12 h at
60°C and reweigh. Cell weight is expressed as per culture or per 108 cells.

(v) Non-invasive methods. All four methods described above require
withdrawal of culture samples. Recently two non-invasive methods to
characterize growth in batch cultures have been described.

Schripsema et al. (1990) observed a direct correlation between loss of
weight of the contents of a culture vessel and the curve representing dis-
similation of sugar into CO,. The dissimilation curve clearly shows the
different growth phases, viz. lag phase, exponential phase and stationary
phase. Therefore, by periodic weighing of a culture flask, provided with a
stable closure (e.g. Silicosen T-type plugs) for accurate correlation of wa-

ter loss, a dissimilation curve can be prepared and the growth character-
ized.
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In the method suggested by Blom et al. (1992), the culture flask, fitted
with a ruler, is tilted at an angle of 30° or 60° (same each time) for 5 min
and the height of the sediment recorded. The change in the height of the
sediment with the age of the culture would represent the change in fresh
weight of the cells as there is a direct correlation between the two pa-
rameters. M'

4.3.6. Assessment of viability of cultured cells

(i) Phase contrast microscopy. Microscopic assessment of cell viability
is based on cytoplasmic streaming and the presence of a healthy nucleus
(Negrutiu and Jacobs, 1977). While the phase contrast microscopy gives a
better picture of these feature, it is often not difficult to observe them un-
der bright field microscopy.

(ii) Reduction of tetrazolium salts. In this test the respiratory efficiency
of cells is measured by reduction of 2,3,5-triphenyltetrazolium chloride
(TTC) to the red dye formazan. Formazan can be extracted and measured
spectrophotometrically. Although this method allows quantification of
observations, it alone may not always give a reliable picture of the cell
viability (Withers, 1980).

(ii1) Fluorescein diacetate (FDA) method. This technique offers a quick
visual assessment of percentage viability of cells. Stock solution of
FDA at a concentration of 0.5% is prepared in acetone and stored at
0°C. To test viability it is added to the cell or protoplast suspension (for
protoplasts, an appropriate osmotic stabilizer is added to the FDA solu-
tion) at a final concentration of 0.01%. After about 5 min incubation
the cells are examined, using a mercury vapour lamp with a suitable
excitation filter and suppression filter. FDA 1s non-fluorescing and non-
polar, and freely permeates across the plasma membrane. Inside the
living cell it is cleaved by esterase activity, releasing the fluorescent
polar portion fluorescein. Since fluorescein is not freely permeable
across the plasma membrane, it accumulates mainly in the cytoplasm
of intact cells, but in dead and broken cells it is lost. When illuminated
with UV light it gives green fluorescence (Widholm, 1972; Larkin,
1976).

e
s

’w;) Evan’s blue staining. The stain can be used complementary to

A. When the cells are treated with a dilute (0.025%) solution of Evan’s
blue the damaged cells take up the stain but the intact and viable cells
exclude it and, thus, remain unstained.
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4.4. CULTURE OF SINGLE CELLS

In his pioneering attempt to culture mechanically isolated mesophyll
cells, Haberlandt (1902) was successful in maintaining the cells alive for
about 10 days. During this period cell swelling and wall thickening oc-
curred but the cells failed to divide. Schmucker (1929) reported that me-
chanically isolated cells from the leaves of Macleaya cordata divided re-
peatedly in filter-sterilized sap of the same leaves. Kohlenbach (1959,
1965) confirmed the ability of these cells to undergo sustained divisions.
Since then steady progress has been made in this field of research.

Ball and Joshi (1965) used time-lapse photomicrography and studied
the development of an individual mesophyll cell of peanut in liquid me-
dium. They noted that after 3-5 days in culture the leaf cell increased in
size such that it no longer resembled a palisade cell. Accumulation of
plastids around the nucleus (systrophy) preceded actual cell division. Ac-
cording to these authors only palisade cells divided, whereas the spongy
parenchyma cells died. Later, Jullien (1970) demonstrated that spongy
cells of peanut are also capable of dividing provided the isolation of the
cells has been carried out properly. Similarly, Rossini (1972), who made
cinematographic studies of the cultures of mesophyll cells of Calystegia,
observed that both palisade and spongy parenchyma cells undergo divi-
sion (see Fig. 4.2). Under optimum conditions 60% of these cells divided.

However, the division of spongy cells occurs shghtly later than that of
palisade cells.

4.4.1. Techniques of single cell culture

The most popular technique of single cell culture is Bergmann’s cell
plating technique (Bergmann, 1960; see Fig. 4.3). Free cells are sus-
pended in a liquid medium at a density twice the finally desired plating
cell density. Melted agar (0.6-1%)-containing medium of otherwise the
same composition as the liquid medium is cooled and maintained at 35°C
in a water bath. Equal volumes of the two media are mixed and rapidly
spread out in petri dishes in such a manner that the cells are evenly dis-
tributed and fixed in a thin layer (ca. 1 mm thick) of the medium after it
has cooled and solidified. The dishes are sealed with parafilm. Suspen-
sion cultures which carry cell aggregates in addition to free cells should
be filtered through a sieve which would allow only single cells and small
cell aggregates to pass through. The large cell aggregates are discarded
and only the fine suspension is plated. The plates may be observed under
an inverted microscope and single cells marked on the outside of the
plate by a fine marker to ensure the isolation of pure single cell clones.
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Fig 4 2 Time-lapse pictures of divisions in an 1solated palisade (A—H} and a spongy cell (1]} of
Calvstegia seprum A\l Cells on the day of inoculation B-H 1,2,3,4.,5,6 and 7 days after inocula-
tuon J On the fifth day of inoculation (after Rossim, 1972)

The culture plates are incubated in the dark at 25°C. It has been a com-
mon experience that frequent inspection of plates under the microscope
light during the incubation period adversely affects the development of
the colonies (Street, 1977b). In such cases it would be advisable to keep
the observations to a bare minimum.

Free single cells can also be plated in a thin layer of liquid medium as
commonly practised for protoplast culture (see Chapter 12). Cells isolated
directly from plant organs have been frequently cultured in a liquid me-
dium (Ball and Joshi, 1965; Kohlenbach, 1965; Rossini, 1969). A disad-
vantage in using a liquid medium is that the follow-up of an individual
cell and its derivatives is extremely difficult because the cells are not in a
fixed position.

If the plating cell density is determined at the time of culturing and a
known volume of suspension is transferred to each plate it should be
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Fig 43 Diagrammatic summary of steps involved in Bergmann’s techmique of cell plating (after
Konar, 1966)

possible to make a quantitative assessment of plating efficiency using the
formula:

No. colonies / plate at the end of the experiment

Plating efficiency =
& Y No. of cell units intially / plate

x 100

When cells are plated at an initial population density of 1 x 104 or
1 x 105 cells ml-!, either in agar or in liquid medium, the mixing of colo-
nies derived from neighbouring cells frequently occurs at a fairly early
stage, much before they can be successfully diluted. This complicates the
isolation of pure cell clones. The problem can be minimized if the effective
plating cell density can be reduced or individual cells can be cultured in
complete isolation. However, as in suspension cultures, under normal
conditions there is a plating density optimum for each species, and cells
fail to divide below a critical cell density. To grow single cells at low den-
sities or individually, special requirements need to be fulfilled. Various
methods have been described to grow individual cells.

(i) The filter paper raft-nurse technique. This method was developed by
Muir et al. (1954) to culture single cells from suspension cultures and fri-
able calli of tobacco and marigold. It involves cultivating individual cells
on top of an actively growing callus separated by a piece of filter paper
(see Fig. 4.4). In practice, individual cells are isolated from suspension
cultures or a friable callus with the aid of a micropipette or microspatula.
Several days before cell isolation, sterile 8 X 8 mm squares of filter paper
are placed aseptically on top of the established callus of the same or dif-
ferent species. The filter paper is wetted by liquid and nutrients from the
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Fig 4 4 Nurse-tissue technique to raise single cell clones (A) A single cell from callus placed on
filter paper lying on the top of a large callus (nurse tissue) (B) The cell has divided and formed a
small tissue (C) The ussue of single-cell orsgin has grown into a big callus after transfer trom the
filter paper to the medium directly (after Muir et al , 1958)

nurse tissue piece. The isolated single cell is placed on the wet filter pa-
per raft. Cell transfer should be rapid in order to avoid excessive drying
of the cell and the raft. After a macroscopic colony develops from the cell
it is transferred to agar medium for further growth and maintenance of
the cell clone.

An isolated cell which generally fails to divide when plated directly on
the medium used for callus cultures is able to divide under the nursing
effect of the callus. Apparently, the callus supplies the cell with not only
the nutrients from the culture medium but something more that is criti-
cal for cell division. The cell division factor(s) can diffuse through the fil-
ter paper. The effect of callus tissue in stimulating the division of isolated
cells can also be demonstrated by putting two callus pieces on an agar
plate and seeding single cells around them. In such cultures cells close to
the calli divide first. The beneficial effect of conditioned medium in single
cell culture at low density is yet another evidence of the release of me-
tabolites by growing tissues which are essential for cell division (see Sec-
tion 4.4.2).

The feeder layer technique for low density cell plating used by some
workers (Raveh et al., 1973; Vardi, 1978; Cella and Galun, 1980) is also
based on the same principle as the raft-nurse technique (see Chapter 12).

(ii) The microchamber technique. This method was developed by Jones
et al. (1960). They replaced the nurse tissue by a conditioned medium
and grew single cells in a microchamber (see Fig. 4.5). In this method a
drop of the medium carrying a single cell is isolated from suspension cul-
tures, placed on a sterile microscope slide and ringed with sterile mineral
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Fig 45 Diagrammatic summary of the steps involved m the microchamber techmique of cell
cloming (after Jones et al , 1960)

oil. A drop of oil is placed on either side of the culture drop and a cover-
glass placed on each drop. A third coverglass is then placed on the cul-
ture drop bridging the two coverglasses and forming a microchamber to
enclose the single cell aseptically within the mineral oil. The oil prevents
water loss from the chamber but permits gaseous exchange. The whole
microchamber slide is placed in a petri-dish and incubated. When the cell
colony becomes sufficiently large the coverglass is removed and the tissue
is transferred to fresh liquid or semi-solid medium.

The microchamber technique permits regular observation of the
growing and dividing cell. Vasil and Hildebrandt (1965) used the micro-
chamber methed and demonstrated that a complete flowering plant can
be raised starting from an isolated single cell (see Fig. 4.6). Unlike Jones
et al. (1960), they used a fresh medium containing mineral salts, sucrose,
vitamins, Ca-pantothenate and coconut milk to culture a single cell.

(iii} Microdrop method. This method has been especially useful for cul-

turing individual protoplasts but there is no reason why it cannot be

equally effective for single cell culture (for details of this technique see
Chapter 12).

4.4.2. Factors affecting single cell culture

The composition of the medium and the initial plating cell density are
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Fig 4 6 Development of a tobacco plant from a single cell A callus 15 raised from a small piece of
tissue excised from the pith (A) By transferring 1t to a liquid medium and shaking the culture
flasks (B) the callus 1s dissociated mnto single cells A cell (C) 15 mechanically removed from the
flask and placed 1n a drop of culture medium 1n micro-chamber (D) A small tussue (E) denived
from the cell through repeated divisions 1s then transferred to a semi-sohd medium where it grows
into a large callus (F), and evenwally differentiates plants (G.H) When transferred to soil (1.J)
these plants grow to matunity, flower and set sceds (from the work of Vasil and Hildebrandt, 1965)

critical for single cell culture. These two factors are interdependent.
When cells are plated at a high density (5 x 10* or 1 X 10% cells ml-1) a
purely synthetic medium with a composition similar to that used for sus-
pension cultures or callus cultures is generally satisfactory. The compo-
sition of three media employed for the culture of isolated mesophyll cells
is given in Table 4.2.

The culture requirements of cells become increasingly complex as the
plating cell density is decreased. This population effect on cell division
can be effectively replaced by the addition to the minimal medium of un-
defined factors such as coconut milk, casein hydrolysate and yeast ex-
tract. Efforts have been made to develop synthetic culture medium for
cells plated at low density. Convolvulus cells plated at low density re-
quired a cytokinin and amino acids that were not necessary for the callus
culture of that species (Earle and Torrey, 1965a). Similarly, for sycamore
cells plated at low density it was necessary to add a cytokinin, gibberellic
acid and amino acids to the medium that was otherwise satisfactory for
callus cultures of that plant (Stuart and Street, 1971). Kao and Michay
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TABLE 4 2

Composition of media recommended for the culture of isolated mesophyll cells®

Constituents Amounts (mg171)
Rossim1 Josh1 and Kohlenbach
(1972) Ball (1968) (1984)

KNOj3 950 - 950
KC1 - 750 -
NH4NO3 725 - 720
NaNOj4 - 600 ~
MgS047H,0 187 250 185
CacCly 169 - -
CaClgy:6Ho0O - 112 166
KH,oPO, 69 - 68
NaH2PO4-2HQO - 141 -
NH,CI - 535 -
MnSO044H,0 125 -~ 25
MnCly-4HoO - 0.036 -
H3BO;3 5 0 056 10
ZnS0,4-4H,0 5 - 10
chlg — 0.15 -
NaMoO4-2H,0 0125 0025 025
CUSO4'5H20 00125 - 0025
CuCly-2H,0 - 0 054 -
COCIZ — 0 02 -
FeS04-7TH,0 139 - 27 85
FECI3'6H20 - 05 -
Na-EDTA 186 - 3725
Disodium salt of ethylene - 08 -

dinitrilotetraacetic acid
Adenine — - 20 25
Glutamine - - 14 7
Glycine 2 - 2
Nicotinic acid 5 - 5
Pyridoxine-HCI 05 - 05
Thiamine-HCl 05 - 05
Biotin 0.05 - 005
Folic acid 05 - 05
Casein hydrolysate - 400 -

(acid hydrolysate, acid

and vitamin free)
myo-Inositol 100 - 100
BAP 01 - —
Kinetin - 01 1
2,4-D 1 1 1
Sucrose 10000 20000 10000
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TABLE 4 2 (continued)

Constituents Amounts (mg 171)
Rossini Joshi and Kohlenbach
(1972) Ball (1968) (1984)

pH 50 ? 55

‘Rossim (1972), for Calystegia sepium, Joshi and Ball (1968), for Arachis hypogaea,
Kohlenbach (1984), for Macleaya cordata, Zinnia elegans, etc

luk (1975) developed a rich but synthetic medium containing mineral
salts, sucrose, glucose, a mixture of 14 vitamins, glutamine, alanine, glu-
tamic acid and cysteine, a mixture of six nucleic acid bases, and a mix-
ture of four organic acids of the TCA cycle, which supported division in
cell cultures of Vicia hajastana at a density as low as 25-50 cells ml-1.
With the addition of casamino acids (250 mg 1!) and coconut milk
(20 ml 1-1) in place of the amino acids and nucleic acid bases in the above
medium the effective plating cell density could be further reduced to 1—
2 cells ml-l. On a similar medium (for composition see Table 12.3) it was
possible to culture individual protoplasts in separate dishes (each dish
contained 4 ml of the medium). However, this medium proved ineffective
for low density (80 or 800 protoplasts ml-!) protoplast culture of Solanum
tuberosum and S. cardiophyllum. Hunt and Helgeson (1989) succeeded in
cultivating isolated single cells of these two species on a modified KM8p
medium, in which sodium pyruvate, citric acid, malic acid and fumaric
acid were omitted, the phosphate level was raised from 1 2 to 1.5 mM and
0.2% bovine serum albumin was added.

The cell density effect on cell division has been explained on the basis
that cells synthesize certain compounds necessary for their division. The
endogenous concentration of these compounds should reach a threshold
value before a cell can embark on division. The cells continue to lose their
metabolites into the medium until an equilibrium is reached between the
cell and the medium. As a result, at high cell density the equilibrium is
attained much earlier than at low density, and hence the lag phase is
longer under the latter condition. Below a critical cell density the equi-
librium is never reached and cells fail to divide. However, a conditioned
medium which is rich in the essential metabolites is able to support divi-
sions at a fairly low cell density. The inability to culture individual cells
in a purely synthetic medium is due to our lack of adequate knowledge
about the exact nature of the factor(s) responsible for cell division. A de-
tailed analysis of conditioned medium should give some clues in this di-
rection. Preliminary studies suggest that the conditioning factor/s are
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TABLE4 3

Comparison of the characteristics of microbial and plant cells

Characteristics Typical Typical

microbial cell plant cell
Size (um long) 2-10 50-100
Doubling time 1h 2—6 days
Growth pattern Single cell, pellets, mycelia Clumps
Fermentation time 2-10 days 2—-3 weeks
Oxygen requirement 1-3 mmol g~ h-! 10-100 mmol g™! h!
Shear sensitivity Insensitive Sensitive
Water content (%) Approx. 80 >90
Regulatory mechanism Complex Highly complex
Genetic makeup Stable May be highly variable
Product accumulation Often extracellular Mostly intracellular

After Panda et al (1989) and Scragg (1991)

molecules which are stable at 25°C, non-volatile, acid and alkali tolerant
and very polar with high molecular weight (700-1200 kDa), such as oli-
gosaccharides and theiwr derivatives (Bellincampi and Morpurgo, 1987,
Birnberg et al., 1988; Schroder et al., 1989).

4.5. PLANT CELL REACTORS

Mass culture of plant cells in vitro has been proposed as a viable alter-
native for the production of vast arrays of high value, low volume phyto-
chemicals (see Chapter 17). Therefore, during the past two decades con-
siderable work has been done to design bioreactors for plant cell culture
(Panda et al., 1989; Bisaria and Panda, 1991, Taticek et al., 1991; Scragg,
1991, 1994). A bioreactor is a glass or steel vessel in which organisms are
cultured. Ideally, bioreactors are fitted with probes to monitor the pH,
temperature and dissolved oxygen in the culture and have provisions to
sample the cultures, add fresh medium, adjust pH, air supply, mixing of
cultures and controlling the temperature, without endangering the asep-
tic nature of the culture. It, thus, allows closer control and monitoring of
culture conditions than is possible using shake cultures.

Although the basic requirements for suspension cultures of plant cells
are similar to those of submerged microbial cultures, the fermentors used
for microbial cell cultures are not suitable for plant cell cultures because

of striking differences in the nature and growth pattern of the two types
of cells (Table 4.3).
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Efficient mixing of plant cells cultured on large scale is extremely im-
portant to provide uniform physiological conditions inside the culture
vessel. Mixing promotes better growth by enhancing the transfer of nu-
trients from liquid and gaseous phases to the cells and by break-off and
dispersion of air bubbles for effective oxygenation. Although, plant cells
have higher tensile strength in comparison to microbial cells, their large
size, rigid cellulosic wall and extensive vacuole make them sensitive to
the shear stress restricting the use of high agitation for efficient mixing.
Plant cells are, therefore, often grown in modified stirred-tank bioreac-
tors at very low agitation speeds. Air-lift reactors may provide even bet-
ter and uniform environmental conditions at low shear.

All plant cells are aerobic and require continuous supply of oxygen.
However, plant cells require less oxygen (1-3 mmol O, g h™1) than mi-
cro-organisms (10-100 mmol O, g-! h-1) because of their slow metabolism.
In some cases, high oxygen concentration is even toxic to the metabolic
activities of cells. Air is normally sparged or blown in at the base of the
bioreactor.

Plant cells in suspension culture tend to form aggregates of 2-200
cells. During the late exponential phase of growth, cells become more
sticky because of increased excretion of polysaccharides into the culture
vessel. This leads to the adhesion of plant cells to the reactor wall, probes
and stirring device and the formation of larger aggregates. Mixing is af-
fected, as the aggregates tend to sediment or stick to the reactor surface,
forming extensive wall growth. Large aggregates also create rheological
problems by creating dead zones in the culture vessel and can block the
opening and pipe lines of the reactor. Cell aggregation adversely affects
the operation of the probes used to monitor culture conditions during
growth and product formation. Diffusion-limited biochemical reactions
may occur in large aggregates when nutrients can no longer penetrate to
the aggregate’s central core. In spite of these effects, certain degrees of
cell aggregation (cell-cell contact) and cell differentiation seem to be es-
sential for secondary metabolite production. Hence, controlled aggrega-
tion of plant cells is of interest from the process engineering point of
view.

4.5.1. Selection of a bioreactor

The suitability of a particular bioreactor for plant cell cultivation could
be evaluated by considering the following factors:
1. capacity of oxygen supply and intensity of air bubble dispersion in
broth;
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2. intensity of hydrodynamic stresses generated inside the reactor
and their effect on the plant cell system,;

3. adequacy of mixing of culture broth at high cell concentration;

4. ability to control temperature, pH, and nutrient concentration
inside the reactor;

5. ability to control aggregate size (which may be helpful for increas-
ing product formation);

6. ease of scale-up;

7. simplicity of aseptic operation for long durations.

4.5.2. Bioreactor designs

The large scale cultivation of plant cell suspension started in 1959
with NASA sponsored research on the possibility of using the cultures to
supply food during space flight (Tulecke and Nickell, 1959, 1960). The
vessels first used were large carboys and bottles which were either rolled
or bubbled to give good mixing. These make-shift bioreactors were soon
replaced by stainless steel bioreactors that are fitted with a motor and
agitator. An air-lift bioreactor was introduced for plant cell culture in the

TABLE 4 4

The range of cell lines grown 1n bioreactors of different designs and capacities since
1959

Bioreactor Capacity Cell lines cultured Period

system 0]

Sparged carboy 3-10 Ginkgo, Lolium, Mentha, 1959-1975
Zea mays, Hyoscyamus niger

Bubble-column 1 8-1500 Glycine max 1971-1975
Nicotiana tabacum

Stirred-tank 2-15500 N. tabacum, G. max, 1971-
Petroselinum, Morinda present

citrifolia, Spinancia oleracea,
Phaseolus vulgaris, Cudrania
tricuspidata, Catharanthus roseus,
Helianthus annuus, Coleus blume:
Awr-hift 7-100 M. citrifolia 1977
C. roseus, Theobroma, present
C tricuspidata, Berberis
wilsoneae, H. annuus, Cinchona
ledgeriana
Rotating-drum C. roseus 1983

After Scragg (1991).
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TABLE 4.5

Comparison of reactor performance for plant cells

Reactor type  Oxygen Hydro- Mixing Scale-up Limitations
transfer dynamic
stress
Stirred-tank  High Highly Completely Difficult Cell death,
(ST) destructive  umform contamination
due to moving
parts
ST-low agita- Medium Low Reasonably Difficult Insufficient
tion and uniform mixing at very
modified high cell
impeller densities
Bubble- Medium Low Non-uniform  Easy Dead zones,
column settling of cells
due to poor
mixing
Aar-lift High Low Uniform Easy Dead zones at
high cell
densities
Rotating-drum High Low Uniform Difficult Non-uniform

mixing at very
large scale

After Panda et al. (1989).

mid-1970s. Some of the bioreactors used for plant cell culture and their
merits and demerits are listed in Tables 4.4 and 4.5.

Mostly the large scale plant cell cultures have been run as batch sys-
tems (Scragg, 1991) Up to 10-1 bioreactors may be sterilized by autoclav-
ing. In the case of larger reactors, the vessels are steam sterilized (2-3
exposures of 2 h each). Autoclaved or filter-sterilized medium is added to
the vessel. Cultures are initiated with an inoculum ratio of about 1:10.
Generally, the pH of the plant cell culture 1s not controlled. It is initially
adjusted between 5 and 6. It often drops soon after inoculation to 4.5,
rising slowly to 5-6 or above as growth proceeds. Temperature of the cul-
ture is generally maintained between 25° and 35°C. Growth optimum for
Catharanthus roseus is 35°C (Scragg, 1991).

The major types of bioreactors currently in use for suspension culture
of plant cells are stirred-tank, bubble column, air-lift, and rotating-drum
reactors (Fig. 4.7).

(1) Stirred-tank reactor. The stirred-tank reactor (Fig. 4.7A), in which
air is dispersed by mechanical agitation, represents the classical bioreac-
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Fig 47 Configuration of reactors used for plant cell cultivation (A) Stirred-tank reactor, (B)

bubble-column reactor, (C) air-lift reactor with draft-tube, (D) air-lift reactor with outer loop, (E)
rotating-drum reactor

tor for aerobic fermentations. Its behaviour has been well studied in a
number of biological systems. Temperature, pH, amount of dissolved oxy-
gen, and nutrient concentration can be controlled better within this reac-
tor than any other reactor.

A major drawback of the stirred-tank reactor is the shearing stress
generated by its stirring device to which plant cells may be sensitive. De-
spite this, most existing laboratory and commercial bioreactors are of the
stirred-tank design which have been suitably modified for plant cell cul-
ture, such as: (1) the impeller speed is reduced to 50-150 rev. min-' and
In some cases the turbine impeller is replaced by a marine screen or
paddle; (2) removal of baffles, pH probe and other probes not required;
and (3) the sample ports are enlarged to about 1 cm to reduce blockage
caused by cell aggregates. The two largest reactors (75 000 and 5000 1)
used to date for plant cell culture are stirred-tank type (Scragg, 1994).
For the first industrial plant cell culture process, in which shikonin was
produced from Lithospermum erythrorhizon, stirred-tank reactors of 200 1
and 500 1 capacities were used (see Fig. 17.2; Tabata and Fujita, 1985).
Cells of Catharanthus roseus have been grown in stirred-tank reactors by
Wagner and Vogelmann (1977), Kurz et al. (1981), Pareilleux and Vinas
(1983), Ducos and Pareilleux (1986) and Drapeau et al. (1986). Except for
Wagner and Vogelmann, all others reported favourable results in terms
of growth and product formation. It is interesting to note that some re-
cent studies have revealed that many plant cell cultures are remarkably
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tolerant to shear levels (1000 rps, shear rate 167 s7!') once thought to be
lethal (Scragg, 1994).
Some other disadvantages of stirred-tank reactors are their high en-

ergy requirements and complexity of construction and the fact that they
are difficult to scale up.

(i1) Bubble-column reactor. The bubble-column reactor (Fig. 4.7B) is
one of the simplest types of gas-liquid bioreactors used for aerobic fer-
mentation. It consists of a cylindrical vessel aerated at the bottom. In
such a system the gas is dispersed pneumatically through a deep pool of
liquid by means of nozzles or perforated plates. A 1.5 kl bubble-column
reactor has been used for the cultivation of N. tabacum, but insufficient
mixing at such a scale reduced the specific growth rate of the cells.

Some of the merits of bubble-column reactor are: (i) it facilitates sterile
operation because of the absence of moving parts and the fact that non-
sealing parts are required, (ii) it provides high mass and heat transfer
areas without the input of mechanical energy and may, thus, be suitable
for shear-sensitive systems such as plant and animal cell culture, and
(iii) the scale-up is relatively easy, and the reactor requires minimum
maintenance.

The disadvantages of the bubble-column reactor are the undefined
fluid flow pattern inside the reactor and its non-uniform mixing. Data on
gas holdup and mass transfer characteristics for non-Newtonian fermen-
tation are scanty.

(iii) Air-lift reactor. In air-lift reactor, as its name implies, compressed
air is used for aeration and mixing of the contents of the reactor vessel.
Its operation is based on the draught tube principle. Air sparged into the
base of the reactor lowers the density of the medium which rises up the
draft tube pulling fresh medium in at the base and, therefore, a flow is
achieved. Schematic diagrams of the draught tube (inner loop and outer
loop) air-lift vessels are given in Fig. 4.7C,D. A more uniform flow pattern
is achieved in the air-lift reactor compared with the bubble column reac-
tor, where a random flow pattern exists.

Air-lift reactors up to 1001 capacity have been used extensively by
Fowler and his co-workers for cultivation of C. roseus cells. The cells of
Berberis wilsoneae, Cinchona ledgeriana, Cudrania tricuspidata, Dio-
scorea deltoidea, Digitalis lanata, Morinda citrifolia, Tripterygium wil-
dordii and, recently, L. erythrorhizon have also been cultured in air-lift
reactors. In all cases, the reactor configuration gave favourable results in
terms of biomass and product formation. Vienne and Marison (1986) have



88

reported successful continuous culture of C. roseus cells in an air-lift re-
actor.

The air-lift reactor is one of the most suitable bioreactor types for cul-
tivation of plant cells on a large scale. It provides reasonable mixing and
oxygen transfer at low shear, and less contamination occurs because
there are no moving parts and no intrusion of impeller shaft. The operat-
ing cost, compared to the stirred-tank reactor, is low because of its simple
design and it does not require power input for the stirrer. Despite these
advantages air-lift reactors have not been used as extensively as stirred-
tank reactors.

The disadvantages of air-lift reactors are the development of dead
zones inside the reactor and insufficient mixing at high cell densities.
Moreover, little information is available on the engineering analysis of
the reactor behaviour in complex systems such as the plant cell cultures.

(iv) Rotating-drum reactor. The rotating-drum reactor consists of a
horizontally rotating-drum on rollers connected to a motor (Fig. 4.7E).
The rotating motion of the drum facilitates good mixing and aeration
without imposing a high shear stress on the cultured cells. Baffles in the
inner wall of the drum help to increase oxygen supply. This type of reac-
tor has the capacity to promote high oxygen transfer to cells at high den-
sity. It has been used to grow cultures of C. roseus and L. erythrorhizon
up to 1000 ] in volume.

In a comparative study of the performance of rotating-drum and
stirred-tank reactors for the cultivation of Vinca rosea the former was
found to be superior on the basis of increased oxygen transfer at high cell
densities (Tanaka et al., 1983). The rotating-drum reactor facilitates bet-
ter growth and imparts less hydrodynamic stress. In the stirred-tank re-
actor growth rate was low at low agitation speed because of insufficient
oxygen supply, while at high agitation speed the cells died. Hence, for
cultivation of cells at high densities, the rotating-drum reactor was pre-
ferred. The rotating-drum reactor has also been shown to be superior to
air-lift and modified stirred-tank reactors for the cultivation of L.
erythrorhizon (Tanaka, 1987).

The major disadvantage of this reactor type is the restriction in scale-
up.

(v) Immobilized plant cell reactors. Immobilization of plant cells into a
suitable carrier and cultivation of the immobilized cells in different types
of reactors has been developed as an alternative to free cell culture sys-
tems for the production of industrial phytochemicals (see Chapter 17).
Entrapment in natural (alginate, agar, agarose, carrageenan) or Syn-
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Fig 48 Configuration of some reactors used to culture immobilized plant cells (A) Packed-bed
reactor, (B) fluidized-bed reactor, (C) polyurethane draft tube reactor

thetic (polyacrylamide) polymers, adhesion to reticulate polyurethane
foam, and confinement behind semi-permeable membranes have been
employed to immobilize plant cells.

Alginate has been the most popular polymer used to immobilize plant
cells. Cell suspension in 4% sodium alginate solution is allowed to fall as
2 mm drops in a beaker containing 0.2 M solution of CaCl,. Ca-alginate is
formed by ion exchange reaction and the drops harden as beads within
20-30 min. Alginate entrapped cells can be cultured in packed-bed (Fig.
4.8A), fluidized-bed (Fig. 4.8B) or air-lift bioreactors (Fig. 4.7C).

Polyurethane foam has been used to immobilize a range of cell lines.
The cells are immobilized in these matrices by flowing cells and medium
through the foam or by adding sterile foam to growing cultures. The foam
can be cut into various shapes. Polyurethane entrapped cells have been
cultured in both packed and fluidized beds as cubes, shaped into draft
tube (Fig. 4.8C) or threaded as strips on stainless steel rods.

Membrane reactors (e.g. hollow-fibre units and flat membrane reac-
tors), in which cells are separated from the growth medium by mem-
brane, are particularly suitable for fragile cells which can be entrapped
more readily on membrane and allow better control over cell density. The
environment in a membrane reactor is more homogeneous; pressure drop
and fluid dynamics are more easily controlled and are relatively inde-
pendent of the scale of operation. In a hollow-fibre reactor (Fig. 4.9) cells
are introduced into the shell side of the hollow-fibre cartridge and the
medium is circulated through the fibre lumen and aerated using a sepa-
rate reservoir. Since the cells do not stick to the fibre membrane the reac-
tors may retain their mechanical integrity for a longer period of time and
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Fig 49 (A) Hollow-fibre reactor for immobilized cell culture, (B) the portion marked 1n (A) en-
larged to show the details of the reactor and the flow of nutrients and products across the mem-

brane and the porous support of the hollow-fibre cartnidge (adapted trom Prenosil and Pederson,
1983)

may be reusable. When cells are no longer productive, when an experi-
ment is over, or when a new cell-product combination is desired, it is po-
tentially possible to flush out the old cells and refill the device with the
new cells.

In flat-plate membrane reactor systems (Fig. 4.10), with one side flow
and two side flow, the cells are loaded manually into the membrane cell
layer and direct sampling can be achieved through a removal cap plate.
Substrate enters the cell layer by diffusion or pressure driven flow and is
converted into product which diffuses into the cell-free compartment.
Multimembrane reactors have also been proposed for immobilized plant
cell cultures. The main advantage of this reactor is that the desired me-

tabolites are produced and selectively separated from the reactant simul-
taneously.

4.6. APPLICATIONS OF CELL CULTURE

4.6.1. Mutant selection

The occurrence of a high degree of spontaneous variability in cell cul-
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tures and its exploitation in mutant selection in relation to crop im-
provement is discussed in Chapter 9. The frequency of certain pheno-
types could be increased several fold by treating the cells with mutagens
(Sung, 1976; Muller and Grafe, 1978; Miller and Hughes, 1980).

One of the major drawbacks of mutation breeding in higher plants is
the formation of chimeras following the mutagenic treatment of multi-
cellular organisms. In this regard cell culture methods of mutant selec-
tion are more efficient. Millions of potential plants can be handled in a

minimal space; 100 ml of rapidly growing suspension cultures of tobacco
contain over 1 x 107 cells.
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Fig 4 10 Membrane reactor systems for immobilized plant cell culture. (A) Flat plate membrane
reactor with one side flow of nutrients; (B) flat plate membrane reactor with two side flow of nutri-

ents: (C) multimembrane reactor system. (A,B) are adapted from Shuler et al (1984) and (C) from
Shuler et al (1986).
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4.6.2. Industrial uses

Since the early 1950s many researchers have investigated the produc-
tion of useful compounds by plant tissue cultures, and remarkable tech-
nological advances have been made to culture plant cells in large bioreac-
tors for the commercial production of plant metabolites (see Chapter 17)

4.6.3. Induction of polyploidy

Doubling of chromosome number is frequently required to overcome
the problem of sterility associated with hybrids of unrelated plants. In
the genus Saccharum a large number of genetically sterile hybrids that
exist could well be utilized in the breeding programmes if their fertility
can be restored through doubling of their chromosome number (Heinz
and Mee, 1970). Attempts using seeds and vegetative cuttings failed to
accomplish this objective. Heinz and Mee (1970) demonstrated that a
large number of polyploid plants of sugarcane could be produced through
the use of cell cultures. They regenerated over 1000 plants from cell sus-
pension cultures of a complex Saccharum species hybrid treated with
50 mg 17! colchicine for 4 days. Cytological investigations revealed that
about 48% of these plants were with uniformly doubled chromosome
number. In this regard cell cultures should prove useful with other crop
plants also.

Duplication of chromosomes in cell cultures also occurs spontaneously
(Murashige and Nakano, 1966). This is one of the methods recommended

for raising homozygous diploids from pollen-derived haploids (see Chap-
ter 7).

4.7. CONCLUDING REMARKS

The methods of cell and callus culture are reasonably well developed.
It is now possible to establish such cultures from most plant tissues. Sev-
eral methods to culture plant cells in large bioreactors and at low plating
densities or in complete isolation, under defined conditions, have been
described (see also Chapter 12).

Potential applications of cell culture in mutant selection and the pro-

duction of natural plant products are discussed in Chapters 9 and 17, re-
spectively.
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APPENDIX 4.1

Protocol for mechanical isolation of mesophyll cells from the leaves of
Calystegia sepium (after Rossini, 1972):;

(a)

(b)
(c)

(d)

(e)

(f)

Surface sterilize the leaves by rapid immersion in 95% ethanol
followed by rinsing for 15 min in filter-sterilized 7% solution of
calcium hypochlorite. Wash in sterile distilled water.

Cut the leaves into small pieces (less than 1 cm?).

Homogenize 1.5 g of leaf material with 10 m! of culture medium
(for composition see Table 4.2) in a Potter-Elvehjem glass ho-
mogenizer tube.

Filter the homogenate through two sterile metal filters, the upper
and lower filters with mesh diameters of 61 and 38 um, respec-
tively.

Fine debris can be removed by slow-speed centrifugation of the fil-
trate which would sediment the free cells. Remove the super-
natant and suspend the cells in a volume of the medium sufficient
to achieve the required cell density.

Plate the cells in a thin layer of agar medium or liquid medium.
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APPENDIX 4.1I

Protocol for enzymatic isolation of mesophyll cells from tobacco leaves
(after Takebe et al., 1968, as modified by Evans and Cocking, 1975):

(a)

(b)

(c)
(d)

(e)
69)

(g)

(h)

Take fully expanded leaves from 60-80-day-old plants and surface
sterilize them by immersion in 70% ethanol for 30 s followed by
rinsing for 30 min in 3% sodium hypochlorite solution containing
0.05% Teepol or cetavion.

Wash the leaves with sterile distilled water and peel off the lower
epidermis with the aid of sterile fine jeweller’s forceps.

Excise peeled areas as 4 cm? pieces with a sterile scalpel blade.
Transfer 2g of peeled leaf pieces to 100 ml Erlenmeyer flasks con-
taining 20 ml filter sterilized enzyme solution containing 0.5%
macerozyme, 0.8% mannitol, and 1% potassium dextran sulphate
(MW source dextrin 560, sulphur content 17.3%; Meito Sangyo Co.
Ltd., Japan).

Infiltrate the enzyme into the leaf tissue by briefly evacuating the
flasks with a vacuum pump.

Incubate the flasks at 25°C for 2 h on a reciprocating shaker with
a stroke of 4-5 ¢m at the rate of 120 cycles min'.

Change enzyme solution after the first 30 min. The enzyme solu-
tion after the second 30 min should contain largely spongy paren-
chyma cells, and those after the third and the fourth 30 min peri-
ods should contain predominantly palisade cells.

Wash the cells twice with culture medium and culture.
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Chapter 5

Cellular Totipotency

5.1. INTRODUCTION

Unlike animals, where differentiation is generally irreversible, in
plants even highly mature and differentiated cells retain the ability to
regress to a meristematic state as long as they have an intact membrane
system and a viable nucleus. Sieve tube elements and xylem elements
whose nuclei have started to disintegrate, or fibres with cell walls thicker
than 2 um (mature tracheids have 7 um thick walls) would, obviously, not
divide any more. According to Gautheret (1966) the degree of regression a
cell can undergo would depend on the cytological and physiological state
it has reached in situ (see Table 5.1).

When non-dividing, quiescent cells fr