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An Introduction to Plant-Cell Culture
Pointers to Success

Robert D. Hall

1. Introduction

With the continued expansion of in vitro technologies, plant-cell culture has
become the general title for a very broad subject. Although in the beginning it
was possible to culture plant cells either as established organs, such as roots, or
as disorganized masses, it is now possible to culture plant cells 1n a variety of
ways: individually (as single cells in microculture systems); collectively (as
calluses or suspensions, on Petri dishes, in Erlenmeyer flasks, or in large-scale
fermenters); or as organized units, whether this is shoots, roots, ovules, flow-
ers, fruits, and so forth. In the case of Arabidopsis, it is even possible to culture
complete plants for generations from seed germination to seed set without hav-
ing to revert to an in vivo phase.

In its most general definition, plant-cell culture covers all aspects of the
cultivation and maintenance of plant material in vitro. The cultures produced
are being put to an ever-increasing variety of uses. Initially, cultures were used
exclusively as experimental tools for fundamental studies on plant cell divi-
sion, growth, differentiation, physiology, and biochemistry (1). Such systems
were seen as ways to reduce the degree of complexity associated with whole
plants, providing additional exogenous control over endogenous processes, to
enable more reliable conclusions to be made through simpler experimental
designs. However, more recently, this technology has been increasingly
exploited in a more applied context, and successes in a number of areas have
resulted both in a major expansion in the number of people making use of these
techniques and also 1n an enhancement of the degree of sophistication asso-
ciated with in vitro technology. Techniques for micropropagation and the

From Methods in Molecular Biology, Vol 111 Plant Cell Culture Protocols
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2 Hall

production of disease-free plant stocks have been defined and refined to such
an extent that they have become standard practice for a range of (usually veg-
etatively propagated) horticultural and ornamental crop plants, such as ger-
beras, lilies, strawberries, ferns, and so on, thus creating what is now a
multimillion dollar industry.

Nevertheless, the discipline within this technology that will eventually have
the greatest impact on both fundamental and applied plant science is that of
genetic modification of plant cells. Although this methodology is effectively
still only in its infancy, 1t is now already possible, using a range of different
techniques, to modify genetically virtually every plant species that has been
tested so far, albeit with widely divergent degrees of efficiency (2) Without
doubt, this technology provides us with the most powerful single tool with
which to study all aspects of plant-cell physiology, metabolism, and develop-
ment by allowing the molecular dissection of individual components of the
(sub)cellular organization of plants. In addition, the application of genetic
modification techniques has already enabled us to produce crop plants with
altered phenotypes, concerning e.g., herbicide resistance, insect resistance, and
yield parameters (2). Many additional applications are at the experimental/pre-
commercial stage.

In simple terms, plant-cell culture can be considered to involve three phases:
first, the isolation of the plant (tissue) from 1its usual environment; second, the
use of aseptic techmiques to obtain clean material free of the usual bacterial,
fungal, viral, and even algal contaminants, and third, the culture and mainte-
nance of this material 1n vitro 1n a strictly controlled physical and chemical
environment. The components of this environment are then in the hands of the
researcher, who gains a considerable degree of external control over the subse-
quent fate of the plant matenal concerned. An extra, fourth phase may also be
considered where recovery of whole plants for rooting and transfer to soil is
the ultimate goal.

The success of this technology 1s to a great extent, dependent on abiding by
a number of fundamental rules and following a number of basic protocols. For
those who have no experience at all with in vitro technology, 1t is strongly
recommended, prior to initiating a first research project, that some basic knowl-
edge be gained by visiting a working lab, preferably one doing similar work to
that which is planned. This will not only save time, but also will help to avoid
many of the pitfalls that could arise. Researchers can then also make direct
contact with an experienced scientist who may later act as mentor. To proceed,
a straightforward, well-tested protocol can be used to become acquainted with
the manipulations required to achieve a particular goal. Then, having gotten
this protocol to work, the researcher can begin with the modifications needed to
achieve the original goal. The aim of the rest of this chapter 1s to act as a refer-
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ence giving some basic guidelines concerning how to initiate a research pro-
gram based on in vitro technology for plant tissues. The remaining chapters
in this book will then describe individual protocols for specific techniques
in detail.

2. Materials
2.1. Plant Material

Probably the worst thing that any researcher can do when embarking on a
new in vitro technique is to use material that is suboptimal. This not only means
using the wrong species/variety/genotype, but also using the right material, but
which has been grown under substandard conditions. Thus, choosing in vivo-
grown material from plants that are diseased or too old, or have not been main-
tained in an active growth phase during their entire life should be avoided.
With suboptimal material, problems can be encountered in obtaining sterile
cultures, excessive variability in in vitro response can result, and at worst, a
complete failure of the experiment may occur. For most applications, explants
from very young plants will respond best. For this reason, 1n vitro germinated
seedlings are a frequently favored choice. Seed is often also much more readily
sterilized than softer plant tissues. This, therefore, maximizes the likelihood of
obtaining explants that are not only healthy, but are also guaranteed to be free
of undesirable contaminants. However, species producing small seed can give
rise to problems in obtaining sufficient experimental material. Furthermore,
seed from outbreeders can also be genetically heterogenous, entailing an unde-
sired variation in in vitro response that otherwise might be avoided by using
explants from a single, larger greenhouse-grown individual.

For specific applications, precise growth conditions may be essential, par-
ticularly with regard to the period directly before the plants are to be used.
Similarly, even when plants are healthy and at the desired stage for use, it is
often the case that only a specific part of these plants will give the best explants,
e.g., a particular internode, the youngest fully expanded leaf, flower buds
within a certain size range, and so forth. A good search of the literature and
paying close attention to the recommendations of experienced researchers are
always to be strongly recommended.

2.2. Equipment

A plant-cell culture laboratory does not differ greatly from most other botan-
ical laboratories in terms of layout or equipment. However, the requirement for
sterility dominates. Plant cell cultures require rich media, but are relatively
slow-growing. This places them in great danger of being lost, within days,
through the accidental introduction of contaminating microorganisms. Plant-
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cell cultures also quickly exhaust their nutrient source, and therefore, sterile
transfer to fresh media is a weekly to monthly requirement.

A cell-culture laboratory should be kept tidy, and dust-free with clean work-
ing surfaces. Some type of sterile culture transfer facility is essential. A lami-
nar flow cabinet is preferable but a UV-sterilized transfer room or glove box,
both of which are used solely for this purpose, and which are UV 1rradiated at
all times when not 1n use, can also be employed effectively. Such facilities,
when used for plant material, should never be used by colleagues for work on
other organisms, such as yeast or Escherichia coli. It should also be held as a
general rule that everything going into the sterile working area should already
be sterile or, in the case of instruments, should be sterilized immediately on
entry. This means also that 1n vivo grown plant material should only enter the
transfer area after it has been submerged 1n the sterilizing solution.

The other equally important piece of equipment is the autoclave which is
needed to sterilize glassware, media, and so forth. This should be of a size
sufficient to cope with daily requirements. However, very large autoclaves
should be avoided unless they are specifically designed for rapid heating and
cooling before and after the high-pressure period to avoid long delays and also
to prevent media being severely “cooked” as well as being autoclaved.

Although specialized techniques have specific equipment requirements
(noted in the relevant chapters), in addition to the sterile transfer and autoclav-
ing facilities, the following are generally needed to perform basic cell-culture
procedures:

1. Tissue-culture-grade chemicals with appropriate storage space at room tempera-
ture, 4°C and —20°C.,

2. Weighing and media preparation facilities: Balances to measure accurately mg to
kg quantities should be available.

3 Arange of sterilization facilities In addition to the autoclave, a hot-air sterilizing
oven is useful. Sterile filters (0.22-um) are required for sterilizing heat-labile
compounds. If large volumes of sterile liquids are required, a peristaltic or
vacuum pump 18 also to be strongly recommended

4 A source of (double) distilled water.

5 Stirring facilities that allow a number of different media to be made simulta-
neously

6. A reliable pH meter with solutions of HCl and KOH (0.01, 0 1, 1.0, and 10 M) to
adjust the pH accurately

7. Culture vessels either of (preferably borosilicate) glass or disposable plastic,
tubes, Erlenmeyer flasks, jars, and so on.

8 Plastic disposables, e.g. Petri dishes (9, 6, 3 cm), filter units, syringes, and so
forth, as well as plastic bottles of various sizes for freezing media and stock
solutions for long-term storage
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9. Sealants, e.g., aluminium foil, Parafilm/Nescofilm, clingfilm/Saranwrap.
10. Basic glassware (measuring cylinders, volumetric flasks), dissection instruments,
hot plate/stirrer, gas, water, and electricity supply, microscopes, and so forth.
11. Microwave: Although not essential, the ability to make solidified media in “bulk”
and remelt it for pouring when required not only saves time, but also avoids the
risk of undesired condensation building up in culture vessels (especially Petri
dishes) on prolonged storage.

2.3. Washing Facilities

The importance of cleaning glassware in a tissue-culture laboratory should
never be underestimated. Furthermore, incorrect rinsing is equally as bad as
incorrect washing. Traces of detergent or old media can cause devastation the
next time the glassware is used. If not to be washed immediately, all glassware
should be rinsed directly after use and should not be allowed to dry out. There-
fore, keep a small amount of water in each vessel until it is cleaned. Certain
media components (e.g., phytohormones), which are only poorly soluble in
water when dried onto the inside of a flask, may not be removed by the normal
washing procedures, but can redissolve the next time the vessel is autoclaved
and contaminate the medium. For this reason, flasks used to make or store
concentrated stocks of medium components should not be used for any other
purpose.

New automatic washing machines can be programmed to wash at tempera-
tures approaching 100°C, rinse extensively with warm and then cold water,
and finally demineralized water before even blow-drying! However, if such
equipment is not available, washing by hand is equally as good, if a little time-
consuming. In this case, glassware should be soaked overnight in a strong deter-
gent before being thoroughly scrubbed with a suitable bottle brush and then
rinsed two to three times under running tap water and finally at least once with
demineralized water. All glassware should then be dried upside down before
being stored in a dust-free cupboard until required. It is generally recommended
that glassware be thoroughly washed in an acid bath on a regular basis.

2.4. Media

There is a small number of standard culture media that are widely used with
or without additional organic and inorganic supplements (see Appendix; 3-7).
However, next to these, there is an almost unending list of media that have
been reported to be appropriate for specific purposes (8). Protoplast culture
media, for example, can have a wide variation in composition, reflective of the
often critical conditions required by these highly sensitive and fully exposed
cells. However, even these are to a large extent derived from one of the stan-
dard recipes. Plant-culture media generally consist of several inorganic salts, a
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(small) number of organic supplements (e.g., vitamins, phytohormones), and a
carbon source. In addition to these standard components, the specific needs of
particular species or tissues, or the precise conditions required to initiate a
desired 1n vitro response dictate which additional supplements are required.
Today, with the wealth of knowledge concerning a very divergent list of plant
species that has been built up over the last 20 years and that 1s readily available
n the literature, the choice of medium with which to begin for a particular
plant should be made only after referring to previous publications on the same
or related species.

It can be seen, from the standard media recipes listed in the Appendix, that
the micro- and macroelements and organic supplements can vary considerably.
The species to be used will generally determine which medium to choose and,
of course, the aim of the experiment (e.g., callus production, plant regenera-
tion, somatic embryogenesis, anther culture, and so on) will determine which
additional supplements are required. This is especially so for the phytohor-
mones, which can play an extremely important role in determing the response
of plant cells/tissues in vitro. Indeed, in many cases, 1t 1s only the number,
concentration, type, and balance of the phytohormones used that distinguishes
one experimental design from another. Of the macrocomponents, the source of
nitrogen (N) is often considered to be of particular influence. Most media have
N in the form of both nitrate and ammonua, but the ratio of one to the other can
vary enormously to the extremes that one of the two sources 1s absent. Alterna-
tively, both sources can be omitted and replaced by organic N sources in the
form of amino acids, as 1n the case of AA medium (9). Although many media
are composed as a fine balance to promote and maintain cell growth 1n vitro,
temporary divergence from using the usual media components 1s often
employed to direct growth and morphogenesis 1n particular directions. For
example, by limiting or removing the N or phosphate source, secondary meta-
bolite production can be stimulated, and through the qualitative and quantita-
tive mampulation of the sugar supplement, organogenesis or embryogenesis
may be induced.

Briefly, the importance of the different media components can be given as
follows:

1 Inorganics
a Macronutrients. Ca, K, Mg, N, P, and S are included 1n anion and/or cation
form and are generally present at mM concentrations All are essential for
sustained growth in vitro
b. Micronutrients: B, Co, Cu, Fe, I, Mo, Mn and Zn are generally included at uM
concentrations N1 and Al may also be included, but the miniscule amounts
required are possibly already present as contaminants in, e.g., agar.
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2. Organics

a. Vitamins: Generally, thiamine (vitamin B,), pyridoxine (vitamin Bg), nico-
tinic acid (vitamin B, ) and myoinositol are included, but only thiamine is
considered to be essential. The others have growth-enhancing properties. The
concentrations of each can vary significantly between the different media
compositions (see Appendix).

b. Amino acids: Some cultured plant cells can synthesize all amino acids, none
are considered essential. However, some media do contain certain amino acids
for their growth-enhancing properties, e.g., glycine in MS media (3). How-
ever, high concentrations of certain amino acids can prove toxic. Crude amino
acid preparations (e.g., casamino acids; 10) can also be used (¢.g., for proto-
plast culture), but their undefined nature makes them less popular.

c. Carbon source: Generally, most plant-cell cultures are nonautotrophic and are
therefore entirely dependent on an external source of carbon. In most cases,
this is sucrose, but occasionally glucose (e.g., for cotton cultures) or maltose
(e.g , for anther culture) is preferred.

d. Phytohormones: The most commonly used phytohormones for plant-cell cul-
ture are the auxins and cytokinins. However, for specific applications with
certain species, abscisic acid or gibberellic acid may be also used. Auxins
induce/stimulate cell division in explants and can also stimulate root forma-
tion. Both natural (indole-3-acetic acid, IAA) and synthetic (e.g., indole-3-
butyric acid, IBA; 1-naphthalene acetic acid, NAA; 2,4-dichlorophenoxyacetic
acid, 2,4-D; p-chlorophenoxyacetic acid, pCPA) forms are used.

Although the synthetic forms are relatively stable, [AA is considered to be
rapidly inactivated by certain environmental factors (e g., light). In addition,
auxin-like compounds, such as Dicamba and Picloram, can be used to the
same effect. Cytokinins play an influential role in cell division, regeneration,
and phytomorphogenesis, and are believed to be involved in tRNA and pro-
tein synthesis. Although the natural form, Zeatin (or Zeatin riboside) 1s avail-
able commercially and 1s widely used for certain applications, the synthetic
cytokinins (benzyladenine, BA, or 6-benzylaminopurine, BAP; kinetin, K;
and 1sopentyl adenine, 2-iP) are more generally used. Other compounds, such
as Thidiazuron and phenylurea derivatives, also have cytokinin activity with
the former, for example, gaining increasing popularity for woody species.
Gibberellin (usually GA,) is occasionally used to stimulate shoot elongation
in cultures that contain meristems or stunted plantlets. Abscisic acid (ABA) is
sporadically used, but its mode of action is unclear. In some cases, it is used
for 1ts inhibitory and, in some cases, for its stimulatory effect on cell-culture
growth and development.

Altering the qualitative and quantitative balance of the phytohormones
included in a culture medium, and especially n relation to the auxin/cyto-
kinin balance 1s one of the most powerful tools available to the researcher to
direct in vitro response. In many cases, making the correct choice, right from
culture 1nitiation, is all-determining.
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e. Others' In the past, a wide range of relatively indefinable supplements have
been used for plant-cell culture ranging from protein hydrolysates to yeast
extracts, fruit (e.g., banana) extracts, potato extracts, and coconut milk. How-
ever, the use of such components, through their unknown composition com-
bined with our improved knowledge of cellular requirements tn vitro, together
with the increasing availability of components, such as zeatin, 1s now greatly
reduced. Coconut mulk, however, 1s still widely used for protoplast culture
and is now commercially available.

3 Antibiotics: Both synthetic and naturally occurring antibiotics can be used for plant-
cell culture. These play an essential role, for example, 1n eliminating Agrobacterium
species after cocultivation in transformation experiments or n providing selection
pressure for stably transformed cells However, for standard practices, the use of
antibiotics 1s usually avoided, since these can have unknown physiological effects
on cell development. Low levels are nevertheless often used in the more risky/
expensive large-scale operations, e g., in fermenters and in micropropagation
programs.

4 Gelling agent' It 1s becoming increasingly evident that not only the concentra-
tion, but also the type of agent used to make solid media influences the in vitro
response of cultured plant tissue Both natural products extracted from seaweeds
(e g, agar, agarose, and alginate) and their more recently emerged substitutes
(e.g., Gelrite, Phytagel), obtained from microbial fermentation, can be used. Each
has 1ts advantages and disadvantages, and the choice is usually determined by the
species and the application Agars and agaroses generally produce gels that are
stable for prolonged periods and are considered not to bind media components
excessively. Products with various degrees of purity are available, and low-gel-
ling temperature types can even enable the embedding of sensitive cells, such as
protoplasts, On the other hand, Gelrite/phytagel produces a rigid gel at much
lower concentrations than agar or agarose. They are also almost transparent,
which makes 1t easier, e.g , to identify contamination at an early stage These gels
do, however, tend to liquify in long-term cultures owing to pH changes or the
depletion of salts necessary for crosslinking. Higher concentrations of antibiotics
(e g., kanamycin) may also be required in Phytagel/Gelrite solidified media in
comparison to those solidified with agar/agarose

In most countries, the most commonly used media are now commercially
available (e.g., from Sigma, Duchefa) at competitive prices, saving a lot of time
and effort. Furthermore, when the exploratory work is completed and a specific
modified medium has been designed for use, some companies (e.g., Duchefa,
Haarlem, The Netherlands) will even make this medium to order.

2.5. Culture Facilities

It 1s to be strongly recommended that plant-cell cultures be incubated under
strictly controlled and defined environmental conditions. Although certain cul-
tures (e.g., shoot cultures) will have a set of optimum conditions for growth,
they may continue to survive and grow under other, suboptimal conditions.



Introduction to Plant-Cell Culture 9

Other cultures, however, e.g., protoplast or microspore cultures require very
precise treatments. Deviations from this, by 1-2° in temperature can mean com-
plete experimental failure. Facilities are therefore required that allow good and
reliable regulation of light quality and intensity, photoperiod, temperature (accu-
racy to +1°C), air circulation, and in certain countries, humidity. The space
available should also be sufficient to allow the execution of experiments under
uniform conditions. The choice of facility is often difficult. Several small
incubators give flexibility, but generally increase variability in culture condi-
tions and can also prove expensive. A large walk-in growth room in which
can be placed not only shelves, but also rotary shakers, bioreactors, and so
on, reduces flexibility, but is generally more economical. The extra equip-
ment then no longer needs expensive stand-alone, controlled environment
units. However, the failure (through an electrical fault, power cut, and so
forth) of such a large growth room could be disastrous, and therefore, safety
features should always be included, so that technical personnel can immedi-
ately be warned, 24 h/d, when the environmental conditions seriously deviate
from the chosen settings.

In incubators without lighting, obtaining uniform conditions is realtively
easy. However, when light is introduced into a culture room, variation almost
inevitably arises. Not every culture vessel can be placed at an equal distance
from the light source. Limited space also often necessitates piling Petri dishes
two or three deep. Furthermore, even with the best air circulation, local tem-
perature differences at culture/shelf level can be significant. Although little
can be done about this, it is certainly important to be aware of these mnequali-
ties. Consequently, it is recommended to carry out related experiments in the
same place in the culture room if at all possible. The most uniform provision of
light in a culture room is through fluorescent tubes placed above the shelves.
However, since space usually has to be used efficiently, shelves are usually
stacked above each other. This often results in significant localized increases
in temperature on the upper shelves. This is not only undesirable, but also can
result in the frequently occurring problem of Petri dish condensation. This
can be so extreme that the explants end up sitting 1n a pool of liquid, which can
prove highly detrimental to culture development/survival. Insulating materials
placed above the hights or channeled air flows along shelves can help to some
extent, but the latter may increase the risk of contamination. The problem is
immediately solved if the lights are placed vertically on the walls behind the
shelving, but this entails the disadvantage of a significant variation in light
intensity across each shelf, The importance of these different factors to the
plant material to be used and the nature of the work to be done determines
which type of facility should be chosen and how it should be organized.
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3. Methods
3.1. Sterilization of Equipment

1 Transfer facilities: On installation, transfer areas (lamiar flow cabinets, inocula-
tion rooms, glove boxes) should be thoroughly decontaminated using a suitable
disinfectant and, then, 1f the material allows, 70% ethanol (Note: any object made
of perspex should never be exposed, however brief, to alcohol, since 1t will
become brittle and crazed). New flow cabinets should be left running overmight
to clean the filters thoroughly before being brought into circulation Once 1n use,
it should become standard practice for every user to spray down the transfer area
with 70% alcohol both before and after use Furthermore, for transfer rooms and
glove boxes, which are sterilized by UV light, an exposure of at least 15 min
between each user 1s required to ensure complete decontamination.

2 Glassware Before sterilizing open glassware (e g., beakers, Erlenmeyer flasks,
and so on), these should be capped with a double layer of aluminum foul to ensure
that sterility 1s maintained after treatment Glassware with screw caps should
always have these loosened half a turn before treatment to prevent high pressures
building up, which can lead to the vessel exploding. Glassware can routinely be
autoclaved at 121°C at a pressure of 15 psi1 for 15 min Alternatively, dry heat can
be used at 160°C for 3 h The latter should, however, be avoided when plastic
caps are used (e g., for closing culture tubes), since these cannot withstand the
prolonged high temperatures Dry heat sterilization 1s also to be recommended
for glassware destined for use with protoplast media The osmolality of these
media 1s often very critical, and even small amounts of condensation, which can
result from autoclaving, can prove detrimental

3 Instruments: We routinely flame the lower parts of instruments (e g., scalpels,
forceps, and so on) i the laminar flow cabinet directly before use These are then
always allowed to cool before bringing 1nto contact with plant tissue. Between
manipulations, the instruments are stored with their working surfaces submerged
mn 70% ethanol 1n a glass vessel (e g., a 100-mL measuring cylinder or beaker)
kept 1n the transfer area for this purpose. The alcohol 1s replaced at least once a
day. Instruments and other metal objects can also be sterilized using dry heat
after first wrapping them 1n alumnum fo1l or heavy brown paper. Autoclaving 1s
to be avoided, since the combination of elevated temperatures and steam quickly
leads to corrosion

4 Heat-labile components. Certain plastics (e g., PVC, polystyrene) and other
materials may not tolerate the high temperatures generally required for steril-
1zation If 1t 1s not known what material a component 1s made of or 1f 1t 1s
unclear whether a known material is autoclavable, 1t 1s always unwise to
gamble Check with a single item first :f possible Otherwise, use the alterna-
tive of a chemical method (e g., immersion for several minutes in 70% ethanol
or 1n one of the solutions listed below for plant material) or UV radiation How-
ever, the latter 1s only surtable if the UV rays can penetrate to all surfaces of the
object concerned



Introduction to Plant-Cell Culture 11

3.2. Sterilization of Complete Media and Media Components

1. Autoclaving: The easiest and most widely used method to sterilize culture media
is to autoclave for 1520 min at 121°C and a pressure of 15 psi. However, this is
only possible if all the components in the medium are heat-stable. Longer times
are to be avoided to prevent the risk of chemical modification/decomposition.
For certain components, e.g., when glucose is used instead of sucrose, a lower
temperature (110°C) is often recommended to avoid caramelization of the carbon
source. The autoclaving time should be measured from the moment that the
desired pressure is reached and not from the moment that the autoclave 1s
switched on. To avoid excessively long periods before maximum pressure 1s
reached, 1t is advisable never to overload the autoclave nor to autoclave large
volumes 1n single flasks. Dividing the medium over a number of smaller flasks
(preferably 500-mL flasks and only if absolutely necessary, 1000-mL flasks)
increases the surface area/volume ratio and, therefore, allows the medium to heat
through quicker. This reduces the time needed to reach the desired steam pres-
sure. For this reason also, larger volumes need longer autoclaving times (e.g., 30 min
are recommended for volumes of 1000 mL and 40 min for 2000-mL vol). After
autoclaving, the pressure should be allowed to fall relatively slowly to avoid the
media from boiling over in the flasks. In this regard, flasks should never be filled
to more than 90% of their total volume

2. Filter sterilization: Media containing heat-labile components should either be fil-
ter-sterilized in their entirety, or the heat-labile components should be dissolved
separately and added after autoclaving the other components. In the latter case,
care must be taken to ensure that:

The pH of the solution to be filter-sterilized is the same as that of the
desired final pH of the medium.

All components are fully dissolved before filtering.

The temperature of the autoclaved fraction is as low as possible before
adding the filter-sterilized components, i.e., room temperature for liquid
media, 50°C for agar-based and 40°C for agarose-based media.

If one or more of the components is poorly soluble, thus requiring a sig-
nificant volume to fully dissolve, the volume of the autoclaved components
should be reduced accordingly in order to end up with the desired final vol-
ume and concentration of all components. For example, it is standard practice
when requiring solidified versions of heat-labile media to make a double-
concentrated medium stock for mixing with an equal volume of double-con-
centrated agar/agarose stock in water, after the latter has been autoclaved and
allowed to cool to the required temperature.

Solutions for protoplast isolation and culture media should routinely be
filter-sterilized. Autoclaving can result 1n a reduced pH, an altered osmolal-
ity, and undesirable chemical modifications, all of which can prove detrimen-
tal to these very sensitive cells For filtration, various filters are now
commercially available for filtering different types and volumes of media.
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The usual pore size 1 0.22 um, which 1s approprate for excluding microbial
contaminants while allowing the medium to flow through relatively easily
Care should be taken to chose the right membrane type to use as certain solu-
tions, e.g , those containing proteins, DNA, or alcohol have special require-
ments. To this end, the manufacturer’s recommendations should always be
followed Disposable filter units available from a wide range of sources are
the ideal choice, but a cheaper alternative 1s to buy autoclavable filter units,
which can be used with a wide range of membrane 1nserts. The solution to be
sterilized 1s placed in a syringe that 1s connected to the sterile filter unit in the
sterile transfer area. The solution 1s then forced through by hand and collected
in an appropriate presterilized vessel Since the pressures needed can some-
times be quite high, a syringe/filter combination with a Luer-Lok system or a
spring clamp is to be recommended. For large volumes (>500 mL) peristaltic
or vacuum pump-based systems will save a lot of energy and frustration

3.3. Sterilization of Plant Material

1

Choice of explant' The first critical step in mitiating a new cell culture 1s the
obtainment of plant tissue free of all contaminating microorgamsms. For some
species and explant types, this 1s exteremly easy, whereas for others, 1t can be a
desperately frustrating experience. The ease with which plant matenal can be
sterilized 1s directly related to the way the plants providing the explants have
been grown Diseased plants or plants that have been attacked by biting or suck-
ing insects are likely to be contaminated both externally and internally, and 1t
may prove impossible to obtain microbe-free material without the continued/
prolonged use of antibiotics Seed 1s a favored choice, but even here, weather
conditions before and during seed harvest can also prove to be greatly mfluential
to the subsequent success of sterilization.
Choice of treatment: For material that is endogenously “clean,” the usual proce-
dure 1s to apply an exogenous chemical treatment for a spectfied period. Differ-
ent sterilants are available for use at a range of different concentrations, and the
choice of protocol 1s usually determined by the nature of the explant and the
extent of external contamination A wetting agent 1s usually included (e.g, a
drop of household detergent or Tween) to improve contact with the sterilant,
since the ease of wetting can be critical Very hairy or heavily waxed tissues can
prove difficult to sterilize successfully. Ideally, a treatment should be chosen that
is as mild as possible while still guaranteeing decontamination. For this reason,
seed is often the material of choice, since these generally survive stronger steril-
1zation procedures better than softer tissues, such as leaves or stems

A standard procedure is, for example, treatment with 70% ethanol for 3060
s followed by a 15-min immerston 1n sodium hypochlorite (1% available chlo-
rine). This 1s then followed by three washes 1n sterile water to remove the ste-
rilant, which can prove to be toxic to the explants if it is carried over into
culture. Variations to this involve the use of different times of exposure to the
sterilant, different concentrations of hypochlorite, or the use of one of the alter-
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Table 1

13

A Summary of the Most Commonly Used Sterilants
for Decontaminating Plant Material

Sterilant Typical concentrations ~ Comments

Ethanol 70% 70% has better wetting
properties than 96%

Sodium hypochlorite? 0.5-5% free chlorine Most widely used

Calctum hypochlorite  1-10% saturated solution  Frequently used, prepare fresh

Hydrogen peroxide 1.0-10% Prepare fresh

Mercuric chloride 0.1-1.0% Very toxic, requires special
handling and waste disposal

Silver nitrate 1% Requires special waste disposal

Bromine water 0.5-2% Shorter exposure times

Combinations

(<10 min) recommended

Ethanol 1s usually used as a
short pretreatment in combi-
nation with one of the others;
hydrogen peroxide or mercuric
chloride is sometimes used
sequentially with sodium hypo-
chlorite or calcium hypochlorite
for particularly difficult material

“Household bleach (e.g., Domestos, Clorox) 1s often used Chose one that does not include a
thickening agent, and observe the stock concentration closely, because this varies among batches/

brands/countries.

native sterilants. The most widely used compounds and concentrations are listed

in Table 1.

When working with material for the first time, the best approach is to choose
seed or young, healthy plants and perform a small sterilization experiment where
the hypochlorite concentration is varied (e.g., 0.5-5% available chlorine) along
with the exposure time (e.g., 5-30 min). The mildest conditions that give 100%
sterile explants should then be used for all subsequent work.

3.4. Preparation of Media

Plant-culture media are made either from commercially available powders
or self-made concentrated stock solutions. All should be prepared using puri-
fied water that is de-ionized and distilled or the equivalent thereof, so that all
pyrogens, organics, salts, and microorganisms have been removed. Commer-
cial media only need to be dissolved in an appropriate volume of water, and
after the additional supplements have been added the pH is adjusted to the
required value using HC1 or KOH. For solid media, a gelling agent is required,
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and this can be added either before or after the pH 1s adjusted. No clear guide-
line can be given concerming which is better, but it is important to be consis-
tent. However, the presence of gelling agents will slowly decrease the efficiency
of the pH electrode, which then requires more frequent cleaning in HCI,

If a particular medium 1s not commercially available or if the relative con-
centrations of individual medrum components are to be changed, the most eco-
nomical option is to make stock solutions for repeated use. Generally, separate
stocks of the different groups of components are made with the macronutrients
being prepared as a x10 or x20 stock, the micronutrients and organics as a
100x stock, and the phytohormones as x1000 stocks. These stocks are stored
separately in the freezer in suitable aliquots. As a general rule, individual stock
components should first be fully dissolved separately before adding to the main
solution. This reduces the likelithood of precipitation. It 1s also best to dissolve
the morganic N components first. If precipation does occur, check that the pH
1s close to 5.5, and try changing the order in which the components are added.
Owing to their very low concentrations, micronutrient stocks are usually pre-
pared from individual stock solutions, which are diluted and mixed to give the
desired concentrations. These individual stocks may be stored frozen for many
months without detrimental effects. However, as with all stored stock solu-
tions, when a precipitate appears, the solution must be discarded and a new one
prepared.

Phytohormones are, 1n general, poorly soluble 1n water, and 1000x stocks
should be made by first dissolving in 1-5 mL of an appropriate solvent before
making up to the final volume with distilled water and adjusting the pH to
approx 5.5. HCI (0.1 N), NaOH (0.1 M), or ethanol can be used as solvent.
Although most synthetic phytohormones can usually be autoclaved together
with the rest of the medium, the naturally occurring forms (e.g., IAA, GA,
ABA, Zeatin) are generally filter-sterilized.

Prepared media stocks can usually be stored frozen for up to 6 mon without
precipitation or reduced growth responses. Phytohormone stocks can similarly
be stored frozen, but stocks for daily use can also be stored in the refrigerator.
However, these should be replaced monthly. Prepared media in Petrt dishes
and jars should be used within 2—3 wk of storage at room temperature. Storage
at 4°C is to be avoided, since this leads to excessive condensation inside the
vessels.

3.5. Preparation of Explants and Subculture Techniques

Explants vary considerably in terms of size and shape in relation to the type
of material and the aim of the experiment. Very small explants may not survive
except on rich media or on medium that has been “conditioned” (i.e., pre-
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exposed in some way to growing cultures). Initially grouping small explants
can help. For culture initiation, new explants are prepared under aseptic condi-
tions from presterilized material. The outside edges are usually removed, since
these are likely to have been damaged by the sterilant. The tissue is cut into
pieces using a sharp (new) scalpel blade to give relatively uniform explants of
an appropriate size (dimensions usually <1 cm). The cut surfaces are important
for nutrient uptake and for stimulating callus growth. Petr1 dishes or sterilized
ceramic tiles make suitable cutting surfaces. On preparation, explants should
be transferred to culture medium as quickly as possible to avoid desiccation.
The orientation on the medium, in relation to orientation in the original plant,
may be important (in relation to polar phytohormone transport, for example).
In this regard, literature guidance should be sought, or otherwise all possibli-
ties should be tested in an initial experiment to determine the best choice for a
particular application. Once a culture has been established, regular transfer of
all or part of the plant material to fresh medium is necessary. Before doing so,
all cultures should be checked for sterility, and all contaminated cultures dis-
carded. This is especially important for recently initiated cultures. A sharp scal-
pel blade should be used to remove that part that is to be transferred, since a
clean cut results in the least damage and gives the best growth response. The
amount of material to be transferred is determined entirely by the growth rate
of the culture concerned with the general rule being that the faster the growth,
the less material needs to be transferred. Growth rate usually also determines
the subculture interval. Rapidly growing suspensions, for example, may need
subculture every 4-7 d, whereas callus cultures may survive quite happily with
transfers only every 1-2 mon.

For established cultures, the risk of loss through contamination is of course
greatest during subculture. Consequently, it is recommended always to keep a
number of old cultures after each transfer, until 1t can be confirmed that the
new cultures are sterile or, alternatively, transfers should be staggered so
that not all cultures of a particular type are transferred at the same time. In this
way, disastrous losses can be avoided.

3.6. Precautions and Hints to Success

The following list represents a series of hints, precautions, and recommen-
dations that should help in avoiding some of the common pitfalls.

1. Make culture medium several days before it is required If the autoclave has been
faulty, contamination will become evident before subculturing has taken place.

2. When preparing solid media, allow the temperature to fall to at least 50°C
before pouring in order to prevent excessive condensation forming in the dishes
and jars.
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When 1mitiating new cultures, always begin with healthy plant material

When preparing culture media, stocks, and so forth, follow a strict routine regard-
ing the way components are added, the order of addition, and so on, to avoid the
risk of precipitation.

When making media and stock solutions, work with checklists, and tick off each
component as 1t 1s added. This is particularly important when making stocks that
are to be stored and used for a long time. A fault when making the stock can mean
months of problems.

To maintain maximum sterility 1n a culture lab, always autoclave contaminated
cultures before discarding Never try to “rescue” cultures infected with a fungus
that is already sporulating.

The waste bin 1s a frequent source of contamination i a lab. Clean 1t out, and
sterilize 1t with ethanol regularly

When autoclaving media in bottles with screw caps always loosen these before-
hand, since this will avoid both the risk of the bottles exploding and also the
creation of a vacuum after cooling, which can be so strong that 1t becomes impos-
sible for the cap to be removed

When remelting solidified media 1n a microwave, always loosen the cap and
ensure that there 1s sufficient air space to avoid the medium boiling out of the
flask as 1t melts.

Before using a new type of pen or marker, make sure that the ink 1s not hight-
sensitive (1f to be used for labeling cultures to be grown in the light for long
periods) and that 1t does not disappear on autoclaving

When adding filter-sterilized (1 e., heat-labile) supplements to autoclaved medium,
always allow the latter to cool to approx 10°C above gelling tempetrature, and
then, after thorough mixing, pour the medium immediately mto plates/jars to
ensure that 1t cools as rapidly as possible

When adding filter-sterilized supplements to autoclaved medrum, adjyust the pH
of the solution to that of the medium before filtration Thus 1s particularly impor-
tant with, for example, hormone stocks that are dissolved 1n HC1 or KOH/NaOH
solutions.

If forced to use suboptimal culture conditions that result in considerable conden-
sation within culture vessels, allow the medium to solidify as a slope by placing
the dishes/jars at a slight (10°) angle. This allows the condensation to collect at
the lowest point, thus keeping the explants high and dry.

When wishing to cut up tiny explants, e.g , meristems or embryos, even a stan-
dard scalpel blade 1s often not fine enough. Use the sharpened point of a syringe
needle, or alternatively, cut up pieces of a double-edged razor blade with an old
pair of scissors and fix them 1n an appropriate holder. Replace these regularly
When using alcohol to store sterilized mstruments between manipulations 1n a
laminar flow cabinet, make sure that the vessel used has an even, flat top with no
chips or pouring lips (as with beakers). Accidentally setting the alcohol alight
(a not infrequent occurrence) can then immediately be remedied by placing any
flat surface on top of the vessel, immediately starving the flame of oxygen.
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Since work in many tissue-culture labs is often now a combination of cell biol-
ogy and molecular biology techniques, it is recommended to use separate glass-
ware for each type of work. This avoids the risk of suboptimal washing practices
resulting in the contamination of culture media with trace amounts of toxic com-
pounds, such as SDS or ethidium bromide.

Even the richest labs often use cheap glassware (jam pots, honey pots, baby food
jars) for mass culture purposes. These vessels are usually made of soda glass
rather than the recommended borosilicate (Pyrex-type) glass. In such cases, 1t has
been recommended (11) that these vessels be discarded after 1 yr of use or, alter-
natively, be coated with dichloro-silane for longer usage.

New glassware should always be thoroughly washed before using for the first
time. Street (1) even recommends autoclaving new flasks filled with distilled
water twice before bringing them to circulation.

Since good suspension cultures often take a long time to produce, keep a number
of flasks on a second shaker, if space/expense allows, to avoid complete loss
through motor failure. Backup cultures on solid medium are also to be recom-
mended.

When transferring cultures to a new medium to test, e.g , growth rate/regeneration
response, bear in mind that nutrient carryover can be significant. This 1s espe-
cially true for synthetic hormones, such as 2,4-D. Consequently, when making
assessments of a new medium, subculture the tissues at least twice beforehand
Medium pH significantly influences nutrient availability and culture response.
Consequently, for certain applications, it should be borne in mind that the pH
generally decreases 0.2—0.5 U on autoclaving. Furthermore, the stiffness of solid
media is also pH-dependent. If a low pH is desired, higher agar concentrations
may be required to give the same gel strength and vice versa.
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Callus Initiation, Maintenance,
and Shoot Induction in Rice

Nigel W. Blackhall, Joan P. Jotham,
Kasimalal Azhakanandam, J. Brian Power,
Kenneth C. Lowe, Edward C. Cocking, and Michael R. Davey

1. Introduction

Embryogenic suspension cultures provide the most widely employed source
of totipotent cells for protoplast isolation in rice (Oryza sativa L.), since meso-
phyll-derived protoplasts of this important cereal rarely undergo sustained
mitotic division leading to the production of tissues capable of plant regenera-
tion. Cells from embryogenic suspensions provide an alternative to immature
zygotic embryos for biolistic-mediated production of fertile transgenic rice
plants (1) and are also amenable to transformation procedures employing
agrobacteria (2). Currently, protocols are available for regenerating fertile
plants from cell suspension-derived protoplasts of the three major subgroups
of rice varieties, namely japonica (3), javanica (4) and indica (5) rices.

Previous reports have stated that genotype and explant source are important
parameters in determining the success of plant regeneration from cultured tis-
sues of rice (6—10). In japonica rices, callus cultures can be produced relatively
easily from almost any part of the plant, including roots, shoots, leaves, leaf-
base meristems, mature and immature embryos, young inflorescences, pollen
grains, ovaries, scutella, and endosperm. Such tissues can be induced to regen-
erate plants (11). Conversely, indica rices are more recalcitrant in culture
(12,13). In the procedures described in this chapter, scutella from mature seeds
are used as the source of callus for both indica and japonica rices.

The establishment and maintenance of embryogenic cell suspensions is gen-
erally difficult, with morphogenic competence of suspensions usually declin-
ing with successive subculture over prolonged periods (14). However,

From. Methods in Molecular Biology, Vol 111 Plant Cell Culture Protocols
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following the development of reproducible protocols for cryopreservation of
rice cell suspensions (715,16), it has been possible to devise strategies to over-
come difficulties associated with the loss of totipotency and the requirement to
reinitiate periodically new cultures capable of plant regeneration. Samples of
the cell suspensions should be cryopreserved as soon as possible after initia-
tion. The cultures should be resurrected from frozen stocks immediately 1f there
are mdications of loss of embryogenic potential of the suspensions. Loss of
totipotency can occur at any time in the development and maintenance of cell
suspensions. However, it arises most frequently 9—12 mon after initiation of
the suspension cultures.

Frequently, 1t has been noted that the initiation and growth of embryogenic
callus require media containing auxin {specifically 2,4-dichlorophenoxyacetic
acid 2,4-D), whereas for the development of embryos 1nto plants, auxins should
be omutted from the culture medium. The regeneration of rice plants has been
found to be enhanced by media lacking auxin, but supplemented with reduced
concentrations of cytokinins, such as 6-benzylaminopurine (BAP) or kinetin
(17,18).

Micropropagation provides a means of rapidly multiplying material of both
cultivated and wild nices, as well as genetically modified plants (e.g.,
transgenics, somatic hybrids, and cybrids) The ability to multiply plants 1n
vitro 1s especially important for wild rices (Oryza species other than O. sativa),
for which only limited supplies of seed may be available. Indeed, wild rices are
an important genetic resource, since they possess resistances to biotic and abi-
otic stresses. These Oryzae can also be used to generate alloplasmic lines for
the development of novel cytoplasmic male sterility systems.

2. Materials

2.1. Initiation of Embryogenic Callus
from Mature Seed Scutella

1. Seeds of O sativa cvs. Taipei 309 and Pusa Basmati 1 (obtained from the Inter-
national Rice Research Institute [IRRI], Los Bafios, Philippines)

2 “Domestos” bleach (Lever Industrial Ltd., Runcorn, UK) or any commercially
available bleach solution containing approx 5% available chlorine.

3. Sterile punfied water: water purified by distillation, reverse osmosts, or 1on-
exchange chromatography, which has been autoclaved (121°C, 20 min, saturated
steam pressure)

4 MS basal medium: based on the formulation of Murashige and Skoog (19) This
medium can be purchased in powdered form lacking growth regulators (Sigma,
Poole, UK), to which 30 g/L sucrose is added The medium is semisolidified by
the addition of 8 g/l SeaKem LE agarose (FMC BioProducts, Vallensbaek
Strand, Denmark), pH 5.8 (see Table 1) Autoclave,
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Table 1
Formulation of Media—Macronutrients,
Micronutrients, Vitamins, and Other Supplements

Concentration, mg/L

Component MS LS2.5 AA2 R2
Macronutrients

CaCl, 332.2 332.2 332.2 147.0

KH,PO, 170.0 170.0 170.0 1700

MgSO, 180.7 180.7 180.7 120.4

KCl1 2940.0

KNO, 1900.0 1900 0 4040.0

NaH,PO42H,0 312.0

(NH,4),S0, 330.0
Micronutrients

KI 0.83 0.83 0.83

H;BO, 6.20 620 6.20 500 00

MnSO, 16.90 16.90 1992 447.00

NaMoQ,-2H,0 0.25 0.25 0.25 50.00

ZnSO47TH,0 8.60 8.60 8.60 500.00

CuS0O45H,0 0.025 0.025 0.025 50.00

CoCl,-6H,0 0.025 0.025 0.025

FeSO, 7TH,O 27.85 27.85 27.85

Na,EDTA 37.25 37.25 37.25

NaFeEDTA 2.5
Vitamins

Myo-inositol 100.0 100.0 1000

Nicotinic acid 0.5 05

Pyridoxine HCI 0.5 0.1

Thiamine HCl 0.1 1.0 0.5 1.0

Glycine 2.0 75.0

L-Glutamine 877.0

L-Aspartic acid 266.0

L-Arginine 228.0

L-Proline 560.0
Other supplements

2 ,4-Dichlorophenoxyacetic acid 25 2.0 20

Gibberellic acid 0.1

Kinetin 0.2

Sucrose 30000 30000 20000

Maltose 30000

pH 5.8 5.8 58 5.8

Sterilization Autoclave  Autoclave Filter  Autoclave
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1.S2.5 medium based on the formulation of Linsmaier and Skoog (26) supple-
mented with 2 5 mg/L 2,4-D and semisolidified by the addition of 8 g/L. SeaKem
LE agarose, pH 5 8 (see Table 1) Autoclave

Nescofilm. Bando Chemical Ind. Ltd , Kobe, Japan

Micropropagation of Cultivated and Wild Rices

Seeds of O sativa cvs. Taipel 309 and Pusa Basmat1 |, Oryza australiensis and
Oryza granulata (obtained from IRRI).

“Domestos” bleach: as in Subheading 2.1,, item 2.

Sterile purified water: as in Subheading 2.1., item 3.

MS basal medium: as in Subheading 2.1., item 4.

Autoclavable culture vessels, e g., 175-mL capacity screw-capped “Powder-
Round” glass jars (Beatson Clark and Co Ltd , Rotherham, UK)
Micropropagation medium MS medium (as in Subheading 2.1., item 4) with
2 0 mg/L BAP and 50 g/L sucrose, semusolidified by the addition of 8 g/L
SeaKem LE agarose, pH 5.8 Autoclave

Glazed white ceramic tiles (15 x 15 ¢cm), wrapped 1n aluminum foil and autoclaved

Initiation of Embryogenic Callus from Leaf Bases

of Micropropagated Plants

1.
2

2.4.

1

LS2.5 medium: as in Subheading 2.1., item 5.
Nescofilm: as in Subheading 2.1., item 6.

Shoot Regeneration from Callus

Differentiation medium MS medium (as mn Subheading 2.1., item 4.) supple-
mented with 2 0 mg/L. BAP and 30 g/L sucrose, semisolidified by the addition of
8 g/L SeaKem LE agarose, pH 5 8 Autoclave

Nescofilm* as in Subheading 2.1., item 6.

Rooting medium: MS medium (as 1n Subheading 2.1., item 4.), supplemented
with 1.5 mg/L a-naphthaleneacetic acid (NAA) and 30 g/L sucrose, semi-
solidified by the addition of 8 g/L. SeaKem LE agarose, pH 5 8 Autoclave
Maxicrop liquid fertilizer solution Maxicrop Plus Sequestered Iron, Maxicrop
Garden Products, Gr. Shelford, Cambridge, UK

Initiation compost a 121 (v v) mixture of M3 soil-less compost (Fisons plc ,
Ipswich, UK) and Perlite (Silvaperl Ltd., Gamsborough, UK)

Maintenance compost. a6 1 1 (v'v) mixture of M3 soil-less compost, John Innes
No 3 compost (J Bentley Ltd , Barton-on-Humber, UK) and Perlite

2.5. Initiation of Embryogenic Suspensions

1.

2

AA2 medium: modified AA medium (21) supplemented with 2 mg/L 2,4-D, pH 5.8
(see Table 1). Filter-sterilize.

R2 medium: modified R2 medium (22) supplemented with 1 mg/L 2,4-D and
30 g/L maltose, pH 5.8 (see Table 1). Autoclave (see Note 1).
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3. Disposable sterile plastic 10-mL pipets with a wide orifice (e.g., Sterilin 47110;
Bibby Sterilin, Stone, UK), or 10-mL glass serological pipets (e.g., Sterilin 7079-10N)
with the ends removed to produce a wider orifice.

3. Methods
3.1. Initiation of Embryogenic Callus from Mature Seed Scutella
of Cultivated Rices

1. Dehusk 100 seeds each of O sativa cvs. Taipei 309 and Pusa Basmati 1.

2. Surface-sterilize the seeds by immersion in a 30% (v/v) solution of “Domestos”
bleach for | h at room temperature.

3. Remove the “Domestos™ solution using five rinses with sterile purified water.

4. Germinate the seeds by laying on the surface of 20-mL aliquots of MS basal
medium in 9-cm diameter Petri dishes (9 seeds/dish) Seal the dishes with
Nescofilm and incubate in the dark at 28 + 1°C.

5. After 14 d, remove the coleoptiles and radicles, and transfer the explants to
20-mL aliquots of LS2.5 medium in 9-cm diameter Petri dishes (9 explants/dish).
Seal the dishes with Nescofilm, and incubate as in Subheading 3.1, step 4.

6. Subculture every 1428 d (see Note 2) by selecting the most embryogenic callus,

i.e., tissue with a dry, friable appearance, and transferring 1-5 calli (each approx
5 mm in diameter) to 20-mL vol of LS2.5 medium n 9-cm diameter Petri dishes.

3.2. Micropropagation of Wild Rices

1.

2.
3.

Dehusk 10 seeds each of O australiensis and O. granulata (the number of seeds
can be varied depending on supply).

Surface-sterilize the seeds and germinate as in Subheading 3.1., steps 2-4.
Subculture the seedlings after 14 d. Aseptically remove the seedlings and place
onto the surface of a sterile white tile. Trim the roots to their base using a scalpel,
and trim the leaves of the shoots to a length of 2 cm

Transfer the shoot bases to screw-capped glass jars each containing 50-mL
aliquots of micropropagation medium (see Subheading 2.2., step 6.). Inmerse
the bases of the shoots 5 mm below the surface of the medium.

Subculture the shoots every 28 d. At each subculture, use forceps and a scalpel to
separate the multiple shoots (tillers), which develop from each explant. Select
healthy micropropagules (tillers), and trim the roots and stems as in Step 3. Trans-
fer to micropropagation medium as in Step 4.

3.3. Initiation of Embryogenic Callus from Leaf Bases
of Micropropagated Shoots

1.

2.

Use separate micropropagules of O. australiensis and O. granulata plants
obtained as in Subheading 3.2., steps 3—-5. Each micropropagule has hard white
tissue at its base. This tissue 1s embryogenic and is used for callus initiation,
Excise the tissue, and cut into 4-mm? sections; culture the latter on 20-mL aliquots
of LS2.5 medium in 9-cm diameter Petri dishes (eight tissue sections/dish).
Seal the Petri dishes with Nescofilm, and incubate in the dark at 28 & 1°C.
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Fig. 1. Callus initiation from explants of O. australiensis (A) and O. granulata (B)
after culture of the explants for 62 and 84 d, respectively (bars = 1 cm). Embryogenic
callus of O. australiensis (C) and friable callus of O. granulata (D), both suitable for
the initiation of cell suspensions (bars = 0.5 cm).

3. After 28 d, inspect the dishes for callus production by the explants. Select yel-
low-colored, rapidly dividing calli composed of small cell clusters, excise the
tissue from the parent explants, and transfer the tissues to LS2.5 medium every
28 d (8 tissues/dish; see Note 3, Fig. 1A-D).

3.4. Shoot Regeneration from Callus

1. Transfer individual pieces of callus, obtained either from mature seed scutella or
from leaf bases as in Subheading 3.3., step 1., to 9-cm diameter Petri dishes
each containing 20-mL aliquots of differentiation medium (12 calli/dish, each
approx 3 mm in diameter, Fig. 2A). Seal the dishes with Nescofilm and incubate
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Fig. 2. Stages in plant regeneration from mature seed scutellum-derived callus
of the indica rice cv. Pusa Basmati 1. (A) Embryogenic callus 28 d after sub-cul-
ture on LS2.5 medium (bar = 0.5 mm). (B,C) Stages in shoot regeneration, 15 d
after transfer of callus to differentiation medium in the dark (B), and 30 d after
transfer to the light (C) (bars = 0.5 cm). (D) Rooted shoots ready for transfer to compost
(bar = 1 cm).
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at 27 £ 2°C in the dark for 14 d, followed by transfer to the light (16-h photope-
riod, 55 pmol/s/m?, Daylight fluorescent tubes). Examine every 7 d for the regen-
eration of shoots and roots.

When shoots appear, transfer each shoot, together with a 3-mm diameter prece of
the adjacent parental callus, to rooting medium (18 shoots/dish; Fig. 2B,C; see
Note 4). Seal the dishes with Nescofilm, and incubate at 27 + 2°C in the light as
1n Subheading 3.4., step 1.

Transfer rooted shoots to initiation compost (see Subheading 2.4.5.) in 7.5-cm
diameter plastic plant pots (Fig. 2D). Cover the regenerated plants with 20 x 20 cm
clear polythene bags (see Note 5). Maintain the potted plants in a glasshouse
under natural daylight with maximum day and night temperatures of 28 + 2°C
and 24 + 2°C, respectively.

After 3 d, make five incisions with a pin into the top of the bags.

Four d later, remove, with scissors, one corner of each bag.

After a further 4 d, remove the other corner of each bag.

Every 2 d, cut off the top 1 cm of each bag, until the topmost leaves of the potted
plants are exposed. Remove each bag.

Spray the plants daily with a 0.1% (v/v) aqueous solution of Maxicrop

Transfer plants producing tillers and roots showing healthy, vigorous growth to
15-cm diameter pots containing maintenance compost.

3.5. Initiation of Embryogenic Suspensions

I

When sufficient dry, friable, callus has been obtained (approx 5 wk for cultivated
rices and up to 24 wk for wild rices, depending on the growth rate of the callus),
initiate cell suspension cultures by transferring 1.5 g fresh weight of embryo-
genic callus (see Notes 6 and 7) to a 75-mL Erlenmeyer flask containing 18 mL
of either AA2 medium (for O. sativa cv. Taipei 309 and O granulata [see Note 8])
or R2 medium (for O. sativa cv. Pusa Basmati 1 and O. australiensis). Incubate at
28 1+ 2°C 1n the dark on a horizontal rotary shaker (120 rpm, 4-cm throw).
Subculture the suspensions every 3—4 d. Allow the cells to settle, remove 50% of
the supernatant, and replace with an equal or slightly greater volume of medium.
Gradually increase the volume of medium and the size of flasks 1n accordance
with the rate of growth of the suspension cultures.

After 12—15 wk, there should be sufficient quantity of small clusters of cells (see
Note 9) to transfer 1 mL packed cell volume (PCV; see Note 10) of the small
clusters to produce a “pipetable” suspension (see Note 9). This “pipetable” cul-
ture is subcultured at 7-d intervals by transferring 1 mL PCV, together with 9 mL
of spent medium, to a 250-mL capacity Erlenmeyer flask containing 42 mL of
new medium (see Note 11). Maintain the “stock” culture for a further 2 wk until
the new “pipetable” suspension has become established Repeat this procedure 1f
the “pipetable” culture fails to become established

The growth characteristics of established cultures are determined by daily mea-
suring the settled cell volume (SCV). Decant the cell suspension into a graduated
centrifuge tube, allow to sediment under gravity (10 min), and note the SCV
from the graduations (see Note 12)
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4. Notes

1.

2,

10.

11.

R2 medium should be autoclaved at 116°C for 30 min, since sterilization at 121°C
for 20 min causes excessive caramelization.

Regular subculture of scutellum-derived callus will produce fast-growing, globu-
lar tissues. Fourteen days are the optimal time between transfers, but the tissues
can be left for 28 d before subculture.

Transfer of leaf base-derived calli to fresh LS2.5 medium every 28 d is impor-
tant, since compact embryogenic callus becomes more globular with time in cul-
ture and, therefore, more suitable for the initiation of finely divided cell
suspensions.

More than 30% of the shoots regenerated from some callus cultures may be
albmo. In such cases, the callus should be discarded, and new cultures initiated
from seed. The regeneration of albinos appears to be cultivar specific. For
example, it occurs in the japonica rice cv. Taipei 309, but not in the indica cv.
Pusa Basmati 1.

Place polythene bags over the potted plants, and secure the bags by placing the
pots inside other 7.5-cm pots. The bags are required to maintain high humidity
around the plants and to reduce transpiration. The humidtty 1s reduced gradually
by opening the bags as the plants become acclimatized.

In the case of O. granulata, approx 2% of the stem bases produce fast-growing,
fine yellow callus suitable for the initiation of cell suspension cultures. Transfer
of this callus to new semisolidified medium results in rapid tissue proliferation,
enabling initiation of cell suspensions after 8—12 wk of culture of the callus on
semisolid medium.

For O. australiensis, approx 90% of the stem bases produce embryogenic callus.
Initially, the cell suspension cultures of O. australiensis consist of large clusters
of callus (each in excess of 2 mm diameter), but after 8-12 wk of subculture, the
majority of the cell clusters are <1 mm in diameter.

Maintenance of cell suspensions of O. granulata is difficult because of the
extreme viscosity of the cultuares. It is necessary to shake the Erlenmeyer flasks
vigorously immediately before subculture and to pay particular attention to the
volume of cells (see Note 9) used for inoculation into new medium.

When a cell suspension is first initiated, the mnitial or “stock™ suspension consists
of large cell clusters. As these clusters grow, they release smaller clumps of cells
into the liquid medium. For experimental use, a “pipetable” culture is initiated
from the small cell clusters. The “stock” culture is discarded once a “‘pipetable”
culture has been established.

PCV is measured by drawing a suspension of cells into a sterile 10-mL pipet (see
Subheading 2.5., item 3.) The medium is expelled while holding the pipet tip
against the bottom of the flask. The cells will be retained in the tip of the pipet,
allowing the medium to escape. The PCV may be adjusted to 1 mL by drawing
more suspension into the pipet or by releasing packed cells from the prpet tip.
The maintenance of cell suspension cultures requires careful attention to the sub-
culture procedure. Regular subculture, usually at 7-d intervals and use of the
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correct moculation volume (1 mL PCV) are vital in maintaining totipotency. An
excess of inoculum causes exhaustion of the nutrients early in the subculture
cycle, resulting 1n necrosis within the centers of the cell clusters Conversely, 1f
too small an mnoculum 1s transferred, the growth rate of the cells is reduced con-
siderably, since the cells fail to reach the mimmum inoculation density

The doubling time of cultures varies, but 1s generally 2—4 d
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Callus Initiation, Maintenance,
and Shoot Induction in Potato

Monitoring of Spontaneous Genetic
Variability In Vitro and In Vivo

Rosario F. Curry and Alan C. Cassells

1. Introduction

Potato tissue culture has been widely researched both from the perspectives
of mass clonal propagation, e.g., in potato seed certification schemes, and of
genetic manipulation (1,2). Potato micropropagation is central to most potato
certification schemes (3), and genetic engineering has resulted in the release
and sale to consumers in North America of transformed “Russet Burbank” pota-
toes (NatureMark Potatoes, Boise, ID).

Early potato tissue-culture studies showed that the genome was unstable in
callus formation and subculture, and gave rise to high-frequency spontaneous
mutations (“somaclonal variation™) in adventitiously regenerated plants (4).
Various workers have sought to exploit somaclonal variation in potato
improvement, but with limited success owing to the high level of useless vari-
ability produced, typical of mutation breeding, including polyploids, aneup-
loids, and unstable maturation mutants (5). This problem of unwanted
background variability is of concern to those involved tn potato genetic trans-
formation (6).

Here, direct and indirect adventitious pathways for potato regeneration are
described (7). The use of flow cytometry is described for the detection of vari-
ability (8) in explants used to initiate cultures, and in the callus and adventi-
tious shoots derived. This application of flow cytometry to monitor genetic
drift is based on the high-frequency occurrence of polyploidy in potato tissues
in vivo (9) and in callus and adventitious regenerants in vitro (10). Flow

From Methods in Molecular Biology, Vol 111 Plant Cell Culture Protocols
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Table 1
Constituents of Potato Cuiture Media?

Callus imitiation  Greening ~ Shoot induction  Potato nodal

Compound Ml M2 M3 medium
MS medium Full strength Full strength  Full strength Half strength
Myo-mositol 100 _ 100

Casen hydrolysate — — 1000

Sucrose 30g 10g 3g 15¢g
Glucose — 10g _

Agar 7g 10g 10g 60g
Mannitol - 40 g 36g

NAA 5 0.2 _

IAA - 01 01

t - Zeatin — — 05

Kinetin — — 05 01

6 - BAP — 05 —

GA; - 02 — 02
MES — — 1.0g

pH 58 57 57 58

“The medium (MS) used 1s that of Murashige and Skoog (27) (see Appendix) Concentrations
expressed as mg/L, unless otherwise stated

cytometry also has potential application in selection against polyploids and
aneuploids in genetic transformation and mutation breeding studies. Image
analysis can be used to measure variability in the adventitious regenerant popu-
lations (11) using the “standard deviation assay” of De Klerk (12), which 1s
based on the principle that random mutation in a population will increase char-
acter variability, e.g., variability in leaf shape, that 1s, in characters that are
controlled by minor genes. Image analysis can also be used to differentiate
some nonmorphological mutants from the control population, but in this case,
owing to large environment-genotype interaction 1n potato, large clonal popu-
lations are required for sampling (13)

2. Materials

1. 140-mL polyvinylchloride food-grade tubs (see Note 1) sealed with “Parafilm
M?” (see Note 2) containing 45 mL of potato nodal medium (see Table 1); 9-cm
Petr1 dishes (see Note 3) containing 25 mL of callus mitiation medium, callus
greening medium, or shoot induction medium, as appropriate (media composi-
tions are given in Table 1)

2. Potato plants for explants: these should be grown from certified virus-free seed
tubers 1n the glasshouse 1n insect-proof cages to exclude aphid virus vectors
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These cages can be made from wooden frames covered with muslin, Alterna-
tively, the plants can be grown in plastic bags with msect-proof vents (Sunbags:
Sigma Chemical Co., Poole, Dorset, UK). To introduce these plants from the
glasshouse into culture in the growth room, nodes (1-1.5 cm in length) are
excised, surface-sterilized and used as explants.

3. 80% (v/v) aqueous ethanol, 10% (v/v) commercial bleach (Domestos—active
ingredient 0.5% sodium hypochlorite; Lever Industrial Ltd., Ireland), sterile dis-
tilled water.

4. Potato microplants in culture are used as source explants for callus (see Note 4)

5. A suitably equipped laboratory for plant tissue culture to include autoclaving
facilities; instruments and instrument-sterilizing equipment, and a transfer (lami-
nar flow) cabinet (see Note 5).

6. Suitable plant tissue-culture growth conditions include: a temperature maintained
at 22 * 3°C; a 16-h photoperiod of 35-50 umol/m?/s, provided by “white” 65/80 W
liteguard flourescent bulbs (Osram Ltd., UK).

7. Flow cytometer (see Note 6).

8. Mungbean and parsley seeds as internal standards for flow cytometry.

9 Buffer for extraction of nuclei. It consists of 15 mM Tris (hydroxymethyl
aminomethane), 2 mM Na,EDTA, 0.5 mM spermine, 80 mM KCl, 20 mM NaCl,
15 mM mercaptoethanol, and 0.1% (v/v) Triton X-100, pH 7.5 (17).

10. 4', 6-diamidino-2-phenylindole (DAPI) stain- The solution of DAPI consists of
20 mg DAPU/1 mL of water. Ten milliliters of DAPI solution are added to 10 mL
citrate buffer in a small flask with closure. The citrate buffer 1s prepared by add-
ing Na,HPO, to citric acid until a pH of 4.0 is reached (ca. 6:5 ratio). The DAPI
mixture 1s covered with foil and stored in the refrigerator when not in use.

11. Glass Petri dishes

12. Razor blades.

13. Image analysis system (see Notes 8 and 9).

3. Methods
3.1. Callus Initiation from In Vivo Material

I. Internode and petiole explants are taken from the mid region of plants, 18-25 cm
in height, growing in the glasshouse.

2. Surface-sterilize explants in 80% (v/v) aqueous ethanol for 30 s followed by
immersion for 15 min in 10% (v/v) commercial bleach. Rinse in sterile distilled
water five times.

3. Trim back 3—5 mm from cut ends of sterilized material to remove damaged matenal.

4. Cut explant longitudinally before placing both halves, and cut surface down on
callus initiation medium (M1) ( see Table 1).

3.2. Callus Initiation from In Vitro Material

. Choose healthy vigorous internode explants (see Note 10) from 6-wk-old in vitro

plantlets. Internodes should be 1.0-2 0 cm in length (7).

. Place internodes on M1 (see Table 1; Note 11).
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3.3. Maintenance of Callus

1 Maintain callus under growth room conditions (see Subheading 2., item 6).

2 Subculture every 4-5 wk onto fresh M1, by transferring single pieces of callus
approx 1 cm in diameter.

3. Only subculture viable, healthy call (see Note 12).

3.4. Induction of Shoots

1 Transfer callus from M1 onto greening medium (M2) for 4 wk (see Table 1,
Note 13).

2. Once callus has greened, transfer to shoot induction medium (M3) (see Table 1)

When shoots begin to grow, excise and transfer to potato nodal medum (see

Table 1; Note 14) (14,15).

4. Seal tubs with parafilm (see Note 2), and maintain under growth room condi-
tions

5. When shoots have developed 56 nodes (approx 4 wk in the growth room) remove
from contaimner Wash off agar attached to roots with warm unsterile water (see
Note 15)

6 Fill an unsterile plug tray with a mixture of vermiculite and potting compost (1-1
ratio) (see Note 16). Place one plantlet in each plug, and firm the compost at the
crown, Mist gently with tepid water Place a translucent plastic cover over the
tray to keep the relative humidity high. Weaning is carried out for 3 wk in the
glasshouse.

7. Muist the plantlets twice daily, and open air vents 1n the covers one-third of the
way each week. Remove the covers after 3 wk

3.5. DNA Quantitation by Flow Cytometry

3.5.1. Preparation of Nuclei Suspension Samples
for DNA Measurement

W

1 Mungbean and parsley seeds are surface-sterilized, immersed 1n sterile distilled
water for 24 h, and germinated on 2.2 g/L. Murashige and Skoog basal medium
containing 15 g/L sucrose and 8 g/L agar, pH 5.8, in the growth room.

2 Remove young leaf tissue (see Notes 17 and 18) from the internal standard and
10 mg of fresh tissue from test sample to be analyzed, and place on a clean Petri
dish (see Note 19)

3 Chop standard and sample with approx 200 clean strikes of a sharp blade 1n
0.4 mL of 1ce-cold nuclei extraction buffer (see Notes 20 and 21) (22). Leave for
10-20 mn,

4 Add 2.0 mL of DAPI stain mixture (see Note 7)

5. Falter through a nylon mesh of 40 um 1nto a sample tube

3.5.2. Use of Flow Cytometer

1. Turn on machine, and allow lamp to stabilize for 30 min before beginning DNA
measurements
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w

7.

8.
9.
10.

It

Check that parameter settings are correct (see Notes 22 and 23).

Place the sample tube in the sample holder.

Adjust the gain and lower limits until all peaks are apparent on the x-axis (see
Note 23).

Clear the sample measurement thus far once the flow rate stabilizes (see Note
24). All measurements taken after this point will be taken as the result for
that sample.

Do not allow the volume of sample to decrease to the point where the electrode
taking measurements emerges from the sample. If this occurs, the sample data
are cleared automatically.

Ensure Data Pool Application for Cytometry (DPAC) software is set to receive
information from the flow cytometer (see Note 25).

Cease measurement, and transfer data to computer software.

The next sample can now be analyzed.

After all measurements are taken, clean the flow cuvet (see Note 26).

Switch off the flow cytometer, computer, printer, and UV lamp.

3.5.3. Use of DPAC Software

1.
2.
3.

4.
5.

Analyze data on the software once the information has been transferred and stored
on disk (see Subheading 3.5.4.).

Name the sample.

Analyze peaks. Try to align the reference line with the internal standard
peak. This helps 1n the comparison of sample nuclei with internal standard
nuclei.

If software does not identify all peaks, there is a facility to select peaks.

Print out graphs.

3.5.4. Interpretation of Resuilts

L.

2.

Examine DNA histograms. Ideally graphs should be clear with sharp peaks and
low coefficients of variation (see Note 27).

Decide which peaks represent the fluorescence of internal standard nuclei. This
can be done by referring to the peak number and index values printed underneath
the graph (see Fig. 1., Notes 28 and 29). It may be necessary to calculate the
DNA content of the internal standard peak to verify this (see Note 30).

Check if a second peak of the standard, the 4C amount, 1s also represented 1n the
histogram.

The remaining peak(s) represents the fluorescence of potato sample nuclei (see
Fig. 1., Notes 31 and 32).

To estimate the nuclear DNA content, calculate the ratio of the mode of the target
nuclei to internal standard nuclei. Multiply this by the nuclear DNA content m
picograms of the standard. The result is the amount of DNA (pg) in that peak (see
Note 30).

Analyze DNA content in picograms of each peak to determine if polyploid nucle:
are present (see Notes 33 and 34).
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(Vigna radiata) and callus tissue of S tuberosum (see Note 32)

3.6. Image Analysis of Leaf Shape
3.6.1. Sampling of Plant Population

1. Plants should be grown in the glasshouse in randomized blocks with at least
50 rephicates for each treatment, under uniform environmental conditions. Plants
should be clearly coded/labeled

2. Termunal leaflets are taken from each plant in the batch and coded with respect to
the batch (see Note 35)

3. Harvested leaflets should be placed 1n labeled plastic bags to avoid desiccation
during processing

3 6.2. Image Analysis

1. Turn on the lightbox, focus the camera, and set a midrange aperture of approxi-
mately F-8

2 Open the system menu and chick on “set defaults ” Set the parameter you want to
measure, e g., leaf shape factor, and press “enter ”
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3.

6.

7

Calibrate the equipment (see Note 36) by selecting the “analysis menu” and “cali-
brate;” place a ruler in the measuring frame, and click the mouse cursor on the
scale at the two ends. Key in the measured length, and enter the minimum object
size. Enter units of measurement, e.g., cm.

Place a sample leaflet on a hightbox, and the raise or lower the video camera, such
that the leaflet fits within the camera frame.

. Click on the “image menu” and select “acquire image.” Place a sample leaflet on

the lightbox, and set the threshold. Adjust the controls until the image 1s fully
thresholded with no extra light or dark highlighting outside the object Press “en-
ter” to acquire the image. Check the image has been acquired by placing your
hand underneath the camera. If the image has been grabbed, the leaflet image
will remain on the monitor when the camera is blocked.

Select “object” from the “analysis menu.” Press “enter,” and “save;” label the
image.

Press appropriate key to show shape factor values (see Note 37)

3.6.3. Analysis and Interpretation of Image Data

1

2.

Enter the individual data points from above 1n a statistical software spread sheet
Calculate the standard deviations for the control and test populations. The smaller
the SD, the less the variability in the character chosen, 1.e., 1n the respective popu-
lation (see Note 38) (12).

4. Notes

1.

All plantlets are grown and maintained in 140 mL clear sterile polyvinylchloride
tubs (cat. no. 150c, Wilsanco Plastics Ltd., Killyman Road, Industrial Estate,
Dungannon, Co. Tyrone DT7 16LN, Northern Ireland).

Each tub is sealed with “Parafilm M” (American Can Co. ,CT). Parafilm has high
gas and vapor barrier properties, and can prevent contamination from entering
the culture vessel. There is enough gaseous exchange through the walls of the
container to prevent ethylene buildup or oxygen deficiency inside the vessel.
Each dish is wrapped n clear PVC “clingfilm wrap.” This acts as a barrier to
contaminants, yet allows gaseous exchange (76).

Potato microplants are produced and maintained in vitro via nodal subculture. In
sterile conditions, nodes are excised from microplants and placed on potato nodal
medium. Subculturing takes place every 5-7 wk

All media, glassware, and instruments are sterilized at 110 kPa for 15 min. It
is necessary to filter-sterilize certain hormones into sterilized media, since
autoclaving them with other media components may result in loss of activity
(see Table 2). Subculturing is performed under sterile conditions in a laminar
flow cabinet (cat. no. KD2S, Brassaire, John Bass Ltd., Hampshire, UK).
Instruments are sterilized for 15-20 s at 250°C in a bead sterilizer placed 1n
the flow cabinet.

In this study, the flow cytometer used is a Partec CA-III (Partec GmbH, Otto-
Hahn-StraBe 32, D-48161, Munster, Germany).
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Table 2

Plant Growth Regulators: Preparation and Storage of Stock Solutions

Growth

regulators NAA IAA Zeatin Kinetin BAP GA,

Mol. wt 186.2 175.2 219.2 215.2 2253 346 4
solvent 1 NNaOH ETOH/ 1NNaOH 1 NNaOH 1 NNaOH ETOH

1 NNaOH

Diluent Water Water Water Water Water Water

Liquid 2-8°C <0°C <°C <0°C 2-8°C 2-8°C
storage

Sterilization A A/F A/F A/F A/F A/F

NAA, l-naphthalene acetic acid, IAA, indole-3-acetic acid, BAP, benzyladenine; GA,, gibber-
ellic acid

A, Autoclavable with other media components.

F, Filter-sterilize

A/F, Autoclavable, but may suffer some loss of activity

7. The fluorescent dye DAPI has been demonstrated 1n the past to give reproducible
results in staining released nuclei, although some argue that the use of base
preference fluorochromes, such as DAPI, can lead to errors in calculations It 1s
slow-fading and has greater specificity for double-stranded DNA, making 1t
unnecessary to pretreat the sample with RNase. Other stains vsed frequently
mclude propidium 10dide (intercalating dye), Mithramycin (fluorescent antibi-
otic); Hoechst dyes (A-T specific stains) (18).

8. The image analysis system described here is the DIAS system (Delta-T Instru-
ments, Cambridge, UK)

9 Any basic statistical software pack will be able to provide values for the
standard deviations of population means, e.g., Prism (GraphPad Software,
San Diego, CA)

10. In vitro plantlets should be bacterial-indexed routinely to ensure the health status
of the material (19)

11. When internode explants are first placed on M1 (callus initiation medium), 1t
may take up to 8 wk before significant callus forms at cut ends. After the first
subculture, callus will grow rapidly and can be subcultured every 4 wk.

12. If callus turns brown or a translucent-gray color, this means 1t has senesced. Do
not subculture senesced callus. It is important to wrap plates n clingfilm wrap
and not parafilm, so ethylene emitted from the cultures will not build up nside
the Petri plate. Thus callus is maintained n a less stressful environment, thereby
decreasing the incidence of senescence.

13 The “greening” stage 1s a necessary step mn shoot induction. It will be observed
that callus continuously subcultured on M1 is mostly friable. However, after 4 wk
on greening medium, callus changes its texture to a hard, crusty mass.
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14.

15.

16.

17.

18.

18.

20.

21.

22,

23.

24,

25.

26.

It can take up to 6 wk for shoots to be induced. Once one shoot is removed from
a callus, many more shoots will be produced within days. Therefore, it is impor-
tant to excise the first shoot as soon as it appears.

It is important to wash agar off roots to prevent fungal contamination in the glass-
house.

Vermiculite has water-retention properties that prevents the compost from dry-
ing out in the glasshouse.

The amounts of standard used vary with each type of sample. It 1s advisable to
run a preliminary sample to decide on the correct amount of test tissue and stan-
dard to use. At least 4000 nuclei are required.

Flow cytometry provides only relative values. Simultaneous measurement of the
fluorescence of internal standard stained nuclei of known DNA content is neces-
sary to determine DNA content in picograms of the sample nuclei. Mungbean
(Vigna radiata cv. Berken, 2C:1 Opg ) or parsley (Petroselinum crispum
2C:3.6 pg) nuclei are used as an internal standard (DNA amounts 1n plants are
expressed n picograms, 1 pg = 107'2 g). These were selected as standards be-
cause their peak positions do not coincide with either the GO + G1 or the G2 peak
of the potato sample (21).

Flow cytometric analysis has been performed on fixed tissues (20). Samples
“fixed” with formaldehyde can be stored for weeks, without loss of resolution,
before analysis. The number of released nuclei can be higher with fixed than with
fresh tissues, so smaller samples can be used

Nuclei will be damaged if the blade is blunt, and this debris will lead to increased
“background noise” on graphs (23). It may be difficult to chop callus in nuclet
extraction buffer, because it tends to clump 1n the liquid. Incubation in the buffer
and mechanical disruption of cells by syringing may prove a more reliable method
for isolation of nuclei.

The sample must be kept at ice-cold temperatures after isolation of nuclei in order
to decrease nuclease activity (24).

The speed of the flow of nuclei analyzed is best adjusted to as low a setting as
possible, i.e , 2040 nuclei/s. For greater accuracy, 1.e., sharper peaks and with
low coefficients of variation, speed can be reduced even further, but analysis 1s
more time-consuming,

The gain is reduced to shift the readings to the left, until all peaks on the x-axis
are visible (Most machines have a screen that allows you to see the peaks form
as each nucleus is being analyzed.) Adjusting the lower limits removes the back-
ground reading that arises from debris in the sample.

It is necessary to clear all previous measurements when the flow rate stabilizes to
ensure accurate results.

Follow the manufacturer’s guidelines to ensure the computer attached is ready to
receive data from the flow cytometer. This may involve setting the software to a
transfer command.

The flow cuvet can be cleaned after each sample 1s analyzed and when all the
measurements have been taken. It allows water to flow through the injection tubes
to remove nucle1 and debris.
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28,

29
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31

32.

33.
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For accurate interpretation of results, coefficients of variation (CV) should be
below 5%. Sample preparation 1s very important n this respect, since nucler dam-
aged during mechanical isolation will result in higher CV values (25) One could
centrifuge each sample and discard debnis before analysis, but this 1s time-
consuming Over- or understaining nucletr with DAPI can also result n larger
coefficients of variation and, therefore, more variable results, In Fig. 1., CV val-
ues range from 2 63—1 82 Peak 1 representing mungbean nuclei have the largest
CV values

The ndex value of the internal standard does not always approximate to its 2C
DNA content, e.g., 1 06 pg 1n the case of mungbean (21), since it depends on
where the reference line 1s positioned during the analysis. This line should be
aligned with the peak of the internal standard It 1s found sometimes that the
nucle1 of the internal standard tissue are dividing, giving a second peak, repre-
senting the 4C amount of DNA.

The C value refers to the DNA amount of the unreplicated haploid genome 2C1s
the DNA amount of an unreplicated diploid genome 4C 1s the DNA amount in
nucler with two replicated copies of a genome, i e , nucler after division and DNA
synthests, in the G, and M (mitotic) phase (21).

Calculation of nuclear DNA content:

Mode of sample
mode of reference standard

x DNA (pg) of reference standard (1)

The “Mode” represents the most frequently occurring number in a sample

Peak 1 38+38x106=106pg

Peak 2 54+38x106=150pg

Peak 3 111 -38x106=309pg

Peak 4 222 - 38 x 1.06=6.19 pg

Exercise caution when determining the 2C DNA content of the sample A previ-
ous knowledge of ploidy level of material is umportant Solanum tuberosum 1s a
tetraploid (2n =48) 4C 1s the DNA amount of the unreplicated tetraploid genome
4C:36pg)(17)

This graph shows a minor peak of 2C nucler (peak 1) of mungbean cells Peak
2 (1 50 pg) represents the unreplicated genome (4C DNA content) of potato
nuclet in Gy, phase Peak 3 (3 09 pg) represents the 8C DNA content of potato
nucler in G, phase The nucler have doubled the normal DNA content after
division and DNA synthesis Peak 4 represents 6 19 pg of DNA This 1s
approximately twice the value of peak 3, indicating that some of these nuclex
have undergone division,

If the DNA amount is greater than twice the 2C DNA amount, polyploid nucler
may be present. For example, the DNA content of peak 3 is shghtly higher (3 09 pg)
than twice the DNA content of peak 2 (3.00 pg). One could hypothesize that the
extra DNA 1s from aneuploid nuclei, or it could be the result of poor sample
preparation It 1s extremely difficult to determine aneuploidy (& chromosome
differences) using flow cytometry.



Callus Initiation in Potato 41

34,

35.

36

37.

38.

Accuracy of any result from flow cytometry is questionable because of the large
portion of nuclear DNA 1n native chromatin that is unstained. The amount of
DNA remaining unstained depends on chromatin structure (24).

It is important that the leaves are fully expanded and are taken from equivalent
leaf positions on the plants to reduce variability in the data.

The 1nstructions are for the MS-DOS version of the DIAS image analysis system
(Delta-T Instruments, Cambridge, UK). The principles apply to other systems
Depending on the apparatus used, there will be a choice of system-generated
parameters. It is recommended that a quantitative character is used, although for
highly variable populations, this may not be essential.

The “standard deviation assay” (12) may be used to detect variability in a popu-
lation at the percentage level. To discriminate between clones, vanability 1n the
data owing to the genotype environment interaction requires that large sample
s1zes may be analyzed. (For analysis of Gaussian data see ref. 26)
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Somatic Embryogenesis
in Barley Suspension Cultures

Makoto Kihara, Hideyuki Funatsuki,
Kazutoshi Ito, and Paul A. Lazzeri

1. Introduction

Barley is an important crop both for brewing and for animal feed. In addi-
tion to conventional breeding, in vitro culture is a useful technology for the
improvement of barley quality. For example, a number of methods for barley
anther and microspore culture have been published for the production of
doubled haploid lines for use 1n plant breeding and in genetic analysis (7).

Recently, novel technologies, such as protoplast fusion and DNA uptake by
protoplasts, are being integrated into plant breeding programs (2). For the uti-
lization of these novel technologies in the molecular breeding of cereals,
embryogenic suspension cultures provide a valuable tool, because they are
good sources of protoplasts. These allow manipulations at the single cell level,
such as direct DNA uptake or somatic hybridization (3). In addition, such sus-
pensions are a suitable target for gene transfer by particle bombardment (4).

The establishment of embryogenic suspension cultures has been reported
for several graminaceous species. In rice, reliable and efficient protocols for
the establishment of suspension cultures have been developed, and transgenic,
somatic hybrid, and cybrid plants have been obtained by using protoplasts iso-
lated from embryogenic suspension cells (5,6). In contrast to the significant
progress in rice, barley has been classified as a difficult species for the estab-
lishment of embryogenic suspension cultures (2). In 1991, the first successful
plant regeneration from barley protoplasts was reported (7). In this work,
embryogenic suspension cells, as a source of regenerable protoplasts, were ini-
tiated from anther-derived calluses. However, these cells lost their regenera-
tion capacity quickly, and the efficiency of plant regeneration was not high

From. Methods 1n Molecular Brology, Vol 111 Plant Cell Culture Protocols
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Fig. 1. Different stages in the initiation and establishment of embryogenic cell
suspension cultures of barley. (A) Primary calluses on callus induction medium
(approx 4 wk after callus initiation). (B) Suspension cells subcultured in modified AA
(left) and L1 (right) medium. (C) Shoot regeneration from embryogenic structures on
regeneration medium. (D) Regenerated plantlet in Magenta box.

enough for genetic manipulation (8). In the last few years, however, with the
combination of established transformation techniques (9) and improved sus-
pension culture protocols using immature embryo-derived calluses (10,11; see
Fig. 1), transgenic barley plants have been produced by direct gene transfer to
suspension cell-derived protoplasts (12).

Improvements in the efficiency of production of embryogenic barley sus-
pensions have been achieved by analysis and optimization of limiting factors
at different steps in the overall process, as follows:

1. Callus induction.
a. Genotype and growth condition of donor plants.
b. Developmental stage of explants.
¢. Callus induction medium.
2. Suspension establishment.
a. Subculture technique.
b. Culture vessel and subculture medium.
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3. Plant regeneration.
a. Plant regeneration medium.
b. Analysis of regeneration ability of suspension cells and colonies derived from
protoplasts isolated from suspension cells.

The following protocol has proven very successful in our lab for the estab-
lishment of embryogenic barley suspension cultures.

2. Materials
2.1. Callus Induction

Immature embryos, cv. Ign (see Note 1).

70% Ethanol 1n water.

Sodium hypochlorite solution (1.0% active chlorine) in distilled water.
Sterile distilled water.

Sterile working surface, scalpel, forceps.

Stereo microscope.

Modified L2 medium (see Table 1) in 60-mm Petri dishes.

Culture room (25°C, 16 h light, 50100 Ix).

®NA U R W

2.2. Establishment of Suspension Cultures

1. Sterile 100-mL conical flasks (Iwaki Glass, Japan) capped with foil.
2. Sterile macroplates with six wells (Falcon, NJ).

3. Sterile 180-mL plastic vessels (Greiner, Germany).

4 Modified AA or L1 medium (see Table 1).

5 Rotary shaker.

6. Culture room (25°C, 16 h light, 50100 Ix).

2.3. Plant Regeneration

. Modified L3 medium (see Table 1) in 90-mm Petr1 dishes.

2. Stereo microscope.

3. Hormone-free modified L3 medium in 90-mm Petr1 dishes and Magenta boxes
(Magenta Corp., IL).

4, Culture room (25°C, 16 h light, 50-100 Ix and 25003000 Ix).

—

3. Methods
3.1. Callus Induction

1. Sterilize immature seeds of donor plants (see Note 1) with 70% ethanol for 30 s
and then with sodium hypochlorite containing 1.0% active chlorine for 1-3 min.
Rinse these seeds three times with sterilized distilled water.

2. Excise immature embryos of length 0.5-1.0 mm (see Note 2) from the seeds
under a stereo microscope, and place on modified L2 medium (see Table 1 and
Notes 3 and 4) in 60-mm Petr: dishes. Incubate these cultures at 25°C, under
16 h of dim light (50100 1x).
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Table 1
Composition of Culture Media?
Modified L1 Modified L2  Modified L3 Modified AA
Macro salts (mg/L)
NH4NO, 700 1500 200
KNO, 1750 1750 1750
KH,PO, 200 200 200
MgS0O, 7H,0 350 350 350 252
CaCl, 2H,O 450 450 450 150
NaH,PO, 2H,0O 150
KCl 2960
Micro Salts (mg/L)
MnSQ, - 4H,0 15 15 15 10
H,BO, S 5 5 3
ZnSO, 7H,O 13.4 7.5 7.5 2
Kl 0.75 0.75 0.75 08
Na,MoO, 2H,0 025 025 025 025
CuSQ, ' 5H,0 0.025 0025 0025 0.025
CoCl, 6H,0 0025 0025 0025 0025
FeNaEDTA (mg/L)
Na,EDTA 37 37 37 37
FeSO, 7H,0 28 28 28 28
Vitamins (mg/L)
Myo-Inositol 100 100 100 100
Thiamine HCI 10 10 10 10
Pyridoxine HCI 1 1 1 1
Nicotinic acid 1 1 1 1
Ascorbic acid 2 2 2
Ca pantothenate 1 1 1
Choline chloride 1 1 I
Folic acid 04 04 04
Riboflavin 0.2 02 02
p-Ammobenzoic acid 002 002 002
Biotin 001 001 001
Amino acids (mg/L) Gln 750 GIn 750 Gln 750 Gln 876
Pro 150 Pro 150 Pro 150 Asp 266
Asn 100 Asn 100 Asn 100  Arg HCI216
Gly 75
Sugars (g/L) Maltose 50 Maltose 30 Maltose 30 Sucrose 30
Hormone (mg/L) 24-D20 24-D25 BAP 1.0 2,4-D 2.0
Agarose (g/L) 4 4
pH 5.6 56 56 58

9All media are sterihized by ultrafiltration For solid cultures (modified L2 and mod:fied L3
media), double-concentrated media are mixed with double-concentrated type I-A (Sigma) agar-

ose solution
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3.2. Establishment of Suspension Cultures

1

After 3—4 wk of callus induction, transfer the calluses to 100-mL conical flasks
containing 5 mL of modified AA medium (see Table 1) or macroplates with six
wells containing 0.5 mL of modified AA medrum (see Note 5). Incubate the cul-
tures in comcal flasks and macroplates (25°C, under 16 h of dim light) on a rotary
shaker at 100-120 and 80-100 rpm, respectively (see Note 6).

Gradually increase the volume (0.3—0.5 mL in conical flasks and 0.1-0.2 mL in
macroplates) of the subculture medium each ttme. Maximum volume of medium
is 12 and 2 mL in conical flasks and macroplates, respectively (see Note 7).

In the case of macroplates, after 2—6 mon of subculture, transfer the suspension
lines, which have released small cell aggregates, to plastic vessels containing
5 mL of modified AA medium. Incubate the cultures (25°C, under 16 h of dim
light) on a rotary shaker at 80-100 rpm, remove old medium, and replace with
fresh medium at intervals of 7—10 d. Gradually increase the volume (0.3—0.5 mL)
of the subculture medium each time Maximum volume of medium is 12 mL

At each subculture, remove elongated empty or brownish cells, and subculture
only cytoplasmically rich and yellow or white cells (see Note 8)

3.3. Plant Regeneration

1.

2.

Directly plate suspension aggregates drained of suspension medium on 25 mL of
modified L3 regeneration medium in 90-mm Petri dishes.

Transfer embryogenic structures, which are observed under a stereo microscope,
to fresh regeneration medium 3-4 wk later, and culture at 25°C under dim hght
until distinct green shoots appear

Incubate the green shoots (about 10 mm in length) at 25°C under highting of
2500-3000 Ix from cold white fluorescent tubes, 16 h day length. After 2-3 wk
of exposure to light, transfer the green shoots (2030 mm length) to hormone-
free modified L3 medium 1n 90-mm Petri dishes for the induction of roots.

4, Transfer shoots more than ca. 40 mm length to 25 mL hormone-free modified L3
medium in Magenta boxes.

5. After visible root induction, pot the plantlets in soil (see Note 9).

6. For the detailed analysis of regeneration ability of suspension cultures, isolate
protoplasts from suspension cells (see Note 10) and culture (see Note 11). After
about 1 mon of protoplast culture, check the regeneration ability of protoplast-
derived colonies as described above (see Note 12).

4. Notes
1. Growth conditions of donor plants have a major influence on the efficiency of cell

suspension establishment and their regeneration ability. In our study, after 2-3 wk
from germination, donor plants (cv. Igr) are vernalized for 68 wk at 5 + 2°C
under 2000 Ix from cold white fluorescent tubes (16 h day length), and then grown
n a growth chamber (12—-16°C, 20,000-30,000 1x from high-intensity discharge
lamps, 16 h day length). These plants are ready for removal of the immature
seeds after 2-3 mon after vernalization These conditions provide much better
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results than using greenhouse-grown plants (10,11). However, growth conditions
must be optimized for each genotype used 1n the experiments, because the same
tendency was not found for another cultivar (cv Dissa) (11)

The developmental stage of immature embryos affects the efficiency of callus
induction and cell suspenston establishment (71) Optimal embryo size depends
on the genotype, and in Igri, optimal length is 0 5—1 0 mm (10-20 d after anthesis)
One to three immature embryos should be plated scutellum-side up on 10 mL
callus induction medium 1n 60-mm Petri dishes (Falcon) All Petr1 dishes used 1n
this protocol are sealed with Nesco film (Nippon Shoji, Japan) The embryos
with a length of more than 1.0 mm tend to germinate. The removal of root and
shoot meristems from embryos prior to culture prevents germination and pro-
motes callus induction

Higher concentrations (12 5 and 5 0 mg/L) of 2,4-D 1n callus induction medium
suppress the proliferation of callus, resulting 1n a lower efficiency of cell suspen-
sion establishment 1n cv Igri (11).

Modified L1 medium (see Table 1) 1s also suitable for suspension establishment
In the experiments performed in the years 19941995, 22, 43, and 31 cell lines
showed consistent proliferation by using modified AA medium 1n conical flasks,
modified AA medium 1n macroplates and modified L1 medium 1n macroplates,
respectively Among them, 2, 8, and 4 cell lines showed green shoot regeneration
ability from protoplasts

In the case of conical flasks, intervals of first and second subculture are approx
14 d. After the second subculture, intervals are 9—11 d. In the case of macroplates,
mtervals of subculture are 7-10 d

After 1 mon of transfer to liquid medium, suspension cells consist of elongated
empty cells and cytoplasmically rich cells. After a minimum time of 2 mon and
maximum time of 6 mon, cytoplasmically rich cells release small cell aggregates
Unti! the release of small cell aggregates, two-thirds to three-quarters of the old
medium 18 removed and replaced with fresh subculture medium, and suspenston
cultures are maintained at a high callus:medium ratio After the release of small
cell aggregates, cultures are gradually brought to a lower density The cell den-
sity 1s finally 4-6 g cells/10—12 mL liquid medium

Suspension cells subcultured in modified L1 medium tend to grow as homog-
enous, yellowish small cell aggregates In contrast, suspension cells subcul-
tured in modified AA medium tend to be heterogeneous and whitish with larger
aggregates.

Immediately after transfer to pots, regenerated plants are often damaged by con-
dittons of low humtdity, so these plants are grown 1n a growth chamber con-
trolled at 18°C (20,000 Ix from cold white fluorescent tubes, 16 h day length) and
80% humidity for 2-3 wk Flowering plants are obtained by the same vernaliza-
tion and growth conditions as described for donor plants

For protoplast 1solation, incubate approx 2 g of suspension cells (at day 36 after
subculture) in 20 mL filter-sterilized enzyme solution for 3—4 h at 25°C. The
enzyme solution comprises 1% Cellulase Onozuka RS (Yakult, Japan) and 0 1%
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11

12,

Pectolyase Y-23 (Seishin, Japan) dissolved in LW solution (9). LW solution con-
tains the macro- and microsalts and amino acids of modified .1 medium and
0.6 M mannitol.

Wash the isolated protoplasts three times with LW solution by centnifugation
After the last centrifugation, suspend the protoplast pellets in modified L1
medium containing 0.4 M maltose and 1.8% sea plaque agarose (FMC, ME).
Culture these protoplasts with nurse cells (76) Fast-growing suspension cells
should be used as the nurse cells.

The methods for the analysis of regeneration ability of protoplast-derived colo-
ntes are the same as described for those of suspension cells. These colomes show
a rapid response on regeneration medium, and after about 2 wk of transfer,
somatic embryogenesis or shoot regeneration can be observed.
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Somatic Embryogenesis
in Picea Suspension Cultures

Ulrika Egertsdotter

1. Introduction

Somatic embryogenesis is a nonsexual propagation process where somatic
cells differentiate into somatic embryos (7). In gymnosperms, somatic embryo-
genesis was first reported in Picea abies (2,3), but has now been induced in a
variety of cycads and conifers (4). The development of somatic embryos 1s
similar in different coniferous species, and in principle, it resembles their zygo-
tic counterparts during development.

The technique of multiplying conifers via somatic embryos offers many
advantages, both in the mass propagation of selected genotypes and as a part of
breeding programs. Some of the advantages of somatic embryogenesis are: the
somatic embryos can be propagated on a large scale in bioreactors, a high yield
of plants can be obtained in a short time, the embryos already have a tap root,
the embryos can be encapsulated and treated like seeds, true rejuvenation can
be obtained even if the somatic embryos are regenerated from mature trees,
and the somatic embryos can be cryopreserved (5). By using somatic embryos
in breeding programs, it is possible to keep simultaneously all genotypes
cryopreserved until valuable clones have been identified in field tests. The
cryopreserved material can then be mass propagated.

Somatic embryos from conifers have been stably transformed using micro-
projectile bombardment (6-8). Also, several Agrobacterium strains are capable
of infecting conifers and forming tumors and roots, but the regeneration of
plantlets from transformed embryos has been less successful. The first
transgenic conifer (Picea glauca) was obtained after the bombardment of
mature somatic embryos. Embryogenic cultures were subsequently established
and plants regenerated (9).

From* Methods in Molecular Biology, Vol 111 Plant Cell Gulture Protocols
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The regeneration of plants from somatic embryos i Picea can be divided
mto four main steps: mitiation of somatic embryos from the imtial explant,
proliferation of the embryogenic cultures, maturation of the somatic embryos,
and regeneration of plants from the somatic embryos. Embryogenic cultures
have been successfully nitiated and proliferated in several different Picea spe-
cies (4). However, the maturation and regeneration steps still contain many
difficulties, and are at present areas of intensive research.

Initiation: Embryogenic cultures can be induced from seedlings, and both
immature and mature zygotic embryos. It has also been implied that embryo-
genic cultures can be initiated from more mature tissue (10). The different
explants have been successfully used within different species (4). The initia-
tion frequency 1s genotype-dependent, and it declines with the increasing age
of the primary explant.

The cells in the primary explant are stimulated to form somatic embryos on
a medium contaming auxin and cytokinin. The LP medium (11; Table 1) has
been successfully used for the initiation and subsequent proliferation of sev-
eral Picea species (Table 2).

Proliferation: The somatic embryos formed on the itiation medium con-
tinue to proliferate when transferred to fresh medium. The embryos can then,
after a few subculture ntervals, be transferred to growth in hquid medium At
the proliferation stage, embryos within different cell lines reach different
developmental stages, which 1s reflected in the number of cells, both 1n the
embryonic and suspensor regions, and by the degree of organization of the
cells into a polarized structure. The embryogenic cell lines appear to be of two
main types, A and B. Embryos in type A cell lines are composed of densely
packed, large embryonic regions and many suspensor cells, whereas in type B,
they are composed of small, loosely packed embryonic regions and few sus-
pensor cells (12; Fig. 1). In general, the embryos in suspension cultures have a
less polarized morphology than embryos grown on solid medium.

The embryo morphology i1s partially dependent on the hormonal balance
present 1n the medium (13). Also, different proteins are secreted into the
medium in suspension cultures of types A and B, which influence the develop-
mental stage of the embryos under proliferation (74). Changing the hormonal
balance, or adding conditioned medium does not change the original type of
embryo in the cell line. However, embryo morphology can be strongly
mmproved by adding extracts of mature seed (15). The seed extracts stimulate
the formation of larger embryonic regions, more suspensor cells, and a more
polarized embryo. The size of the embryonic region and how polarized the
embryo 1s are both important characters for the subsequent maturation process

Maturation- In the maturation process, the somatic embryos stop proliferat-
1ng, 1ncrease in s1ze, and start to accumulate storage materials, including starch,
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Table 1
Components of /2 LP Medium? for Initiation and Proliferation of Picea

Concentration 1n

Concentration Volume stock, mL, for final medium,
Component n stock, g/L 1 L of final medium mg/L
1. KNO, 95 10 950
2. NH4NO, 60 5 300
3. MgS0, - 7H,0 37 5 185
4. KH,PO, 34 5 170
5 CaCl, 2 H,0 44 5 220
6. Micronutrients? — 0.5
7. Amino acids® — 10
8 Fe-EDTA 0.07342 125 6.95
9. Pyridoxine-HCl 0.010 0.5 0.5
10. Nicotinic acid 0.020 05 1.0
11. Glycine 0.020 0.5 10
12. 2, 4-D¢ 010 10 1
13. BA¢ 0.10 5 0.5
14. Thiamine-HCl — 25
15 Myo-inositol — 50
16 p-Glucose — 90
17. p-Xylose — 75
18. L-Arabinose — 75
19 Glutamine — 500
20. Sucrose — 10x 103
21. Gelrite/ 4 %103

“Culture medium 1/2 LP: Mix all components in water, adjust to pH 5 8, and autoclave Stock
solutions nos. 1-11 can be stored at +4°C for several months, hormonal stocks are stored at
—20°C and kept at +4°C for a maximum of 4 wk. Prepared medium is stored at +4°C for a maxi-
mum of 4 wk

#1000X Micronutrient stock' Zn-EDTA (4.716 g/L), MnSO, 2 H,0 (2 23 g/L), HyBO; (0 63
g/L), Na,MoO, 2 H,0 (0 025 g/L), CuSO,45 H,0 (0 0025 g/L), CoCl, 6 H,O (0 0025 g/L), KI
(075 g/L)

50X Amino acid stock. L-glutamine (0.02 g/L), L-alanine (0 0025 g/L), L-cysteine HCI (0.001
g/L), L-arginine (0 0005 g/L), L-leucine (0.0005 g/L), L-phenylalanine (0 0005 g/L), L-tyrosine
(0 0005 g/L)

2, 4-Dichlorophenoxyacetic acid.

“N®-benzyladenine

fGelnte 18 a trademark of Merck and Co , Inc. Rahway, NJ, Kelco Division USA Gelnte 1s
used in initiation medium or in solid proliferation medium For standard purposes, 25 mL of
gelrite medium 1s poured/10-cm Petr1 plate.

proteins, and lipids (76). The ability of the somatic embryo to mature varies
significantly among different cell lines, and this appears to be closely corre-
lated to embryo morphology during the proliferation stage. In general, type A



54 Egertsdotter

Table 2
Reported Variations in Culture Requirements Within Picea
Medium,
Species Initial explant? imtiation and proliferation
P abies IE 1/2LP
ME 1/2LP
S 1/2LP
P engelmanni IE LP
P glauca IE LP
ME* LP
S LP
P glauca-engelmanni IE LP
ME* LP
P glehm ME Lepoivre?
P jezoensis ME Lepoivre
P mariana IE LP
ME 1/2 LM<
S LP
P omorika S
P pungens ME LP
P rubens ME LP
P sitchensis IE 1/2 MS?
ME 1/2LP
9IE, immature embryos, ME, mature embryos, S, seedling material
"Leporvre medium (24).

‘Litvays medium (25).
“Murashige-Skoog medium (26).
“Imitiation 1 light

cell lines produce many mature embryos, whereas type B cell lines seldom
produce mature embryos. Aberrant mature embryos are common among most
cell lines, and these embryos often fail to form a tap root.

The embryos are stimulated to mature by abscisic acid (ABA) (17) and a
raised osmotic potential (18). The medium used for maturation 1s stmilar to
that used for proliferation, but with different growth regulators, e.g., ABA, a
raised osmotic potential and, in a few cases, auxin and/or cytokinin. Embryo-
genic cultures of confers have until now been most commonly grown on a
sohdified medium, with the maturation treatments, as reported for different
species, generally being developed for solid grown cultures. However, meth-
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Fig 1. Schematic drawing of the main types of somatic embryos that appear in
suspension cultures of Picea. (A) Type A somatic embryo, (B) Type B somatic embryo

ods for successful maturation and regeneration from suspension cultures have
been reported for P. glauca (18,19), P. abies and Picea sitchensis (20,21),
Picea mariana (22), and Picea glauca-engelmanni (23). Basically, the suspen-
sion is successively transferred to a prematuration medium lacking auxin and
cytokinin. The embryos are then collected and transferred on a filter paper, to a
medium containing ABA and a raised osmotic potential. The concentration of
ABA required for maturation to start differs depending on the species and cell
lines being used. Sucrose and/or polyethylene glycol (PEG) are commonly used
to raise the osmotic potential. To improve further development, the mature
embryos can then be partially desiccated. In P. abies, between 50 and 400
mature embryos can be produced/g of embryogenic tissue.

Regeneration: Plantlet regeneration from mature embryos 1s routing in many
laboratories, although for a limrted number of cell lines. A common problem 1s
that the mature somatic embryos can only form cotyledons and a hypocotyl,
but not a root.

The mature embryos are initially imbibed on a solidified medium under low
light intensity. As the root develops, the plantlets can be transferred in an
upright position to a vermiculite medium, then to nonsterile conditions n
growth chambers, then to greenhouses, and finally to the field. Regenerated
plants have been extensively compared to seed-derived plants. In field tests,
P. abies plants derived from somatic embryos and from seeds flowered at the
same time after 10 growth seasons.

Suspension cultures offer many advantages over solid-grown cultures, both
in pure and applied research. Studies on the developmental regulation of pro-
liferating somatic embryos provide information on embryo development in
general and are also necessary to increase the number of genotypes that can be
used for regeneration. The response of the somatic embryos to different envi-
ronmental stimuli are best studied in suspension cultures as all embryos are
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exposed to the same conditions. Studies on their response to different com-
pounds are easily undertaken, and samples removed from the suspension should
represent the whole culture. For the application of somatic embryogenesis to
forestry, suspension cultures using bioreactors 1s a prerequisite for future, large-
scale plantlet production.

The following descriptions on mtiation and proliferation are based on pro-
tocols optimized for P abies. There are at present no general methods for matu-
ration and regeneration that are likely to be successful in all Picea species and
genotypes. Therefore, it is advisable to find current publications on the species
of nterest, which will then allow the development of suitable methods for
maturation and regeneration of whichever cell lines are being used.

The time schedule for different steps involved may vary depending on the
species and cell Iine. It 1s therefore important to follow carefully the growth
and development of the embryos at the different stages.

1 Imtiation and proliferation of embryogenic tissue.
a Sterilize seeds
b. Imbibe seeds.
¢ Isolate zygotic embryos, and mitiate embryogenic tissue: 4-8 wk.
d. Isolate embryogenic tissue from mitial explant and subculture onto fresh medium.
e Prohferate on solid medium 4-8 wk
2 Start of suspension culture’
a. Subculture into small aliquots and proliferate: 2—4 wk
b Transfer to, and establish growth in, liquid medium 4-12 wk

2. Materials

Commercial bleach, Tween, and sterile water.

Flow cabinet, forceps, and scalpel

Seeds (see Note 1).

Dissecting microscope

Petr1 plates containing proliferation medium (Table 1).

Erlenmeyer flasks (see Note 2) contaming proliferation medium (Table 1)
Wide-mouthed pipets (see Note 3)

3. Methods
3.1. Initiation of Embryogenic Tissue

1. Sterilize the seeds by soaking them in 15% commercial bleach (6% [v/v] sodium
hypochlorite) with a few drops of Tween for 15 min with agitation Remove the
bleach solution, and rinse the seeds with plenty of sterile water (see Note 4)

2 Imbibe seeds overnight in distilled water at +4°C in darkness.

3. Isolate the zygotic embryos with a scalpel and forceps under a dissecting micro-
scope. Put the embryos gently onto the proliferation medium, making sure that
they are 1n good contact with the medium Seal the plates with strips of cling film.



Picea Suspension 57

4,

Leave the plates at room temperature under darkness. Subculture embryos onto
fresh medium at least once a month, Continuously check for the formation of
embryogenic tissue (see Note 5). When the somatic embryos have reached a size
of 5 mm, the embryogenic tissue can be isolated and transferred onto fresh
medium with sterile forceps. Avoid transferring the mitial explant.

Subculture onto fresh medium at 2—4 wk intervals.

Take samples of the somatic embryos, and examine under a microscope to deter-
mine the morphology of the proliferating embryos (Fig. 1).

3.2. Establishing Suspension Cultures

L.

Two to 4 wk after the last subculturing, when new embryogenic tissue has been
formed, carefully remove small (3-mm) pieces of embryogenic tissue from the
outer part of the embryogenic mass (see Note 6). Place 10 pieces on single Petri
plates containing 25 mL of fresh, solid proliferation medium. Subculture onto
fresh medium every 2 wk until new embryogenic tissue has formed.

Remove the embryogenic tissue masses from the Petri plate, and place them 1n
250-mL Erlenmeyer flasks containing 20 mlL of hquid proliferation medium.
Incubate on a rotary shaker at 50 rpm 1n darkness.

After two weeks, add 5 mL of fresh medium. (see Note 7).

After another two weeks, let the embryos settle out, use a wide-mouthed pipet to
move the loosened embryos to a 250-mL Erlenmeyer flask containing 25 mL of
proliferation medium, and incubate on a rotary shaker at 100 rpm. Avoid trans-
ferring the initial embryogenic tissue mass.

Subculture the embryos to fresh medium every week (see Note 8). Transfer
10 mL of the embryos to 50 mL of freshly made medium as described above. If
growth and embryo morphology (see Note 9) are unsatisfactory, add mature seed
extract (see Note 10).

4. Notes

L

Mature seeds are generally the most accessible and therefore the most commonly
used as initial explant. However, the initiation frequency from immature seed 1s
generally higher.

Glass or plastic Erlenmeyer flasks can be used for suspension cultures. When
establishing suspension cultures, baffleflasks can be used to facilitate loosening
of the embryos from the initial masses. All flasks should be capped with cotton
plugs (optional) and aluminum foil.

Measuring pipets with wide mouths allow the transferring of the embryos with
less damage, and they can be necessary to enable the transfer of larger embryos.
The seeds can be sterilized and rinsed n a Petri plate. If sterility is a problem, the
seeds can be sterilized in a presterile Erlenmeyer flask. The seeds can then be
poured onto a sterile nylon mesh, and rinsed while on the mesh.

The embryogenic tissue is white to translucent in appearance Under the
dissecting microscope, the embryos can be seen to branch out from the ini-
tial explant.
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The embryogenic tissue is growing most actively on the periphery. Only transfer
pieces of tissue from this area; rapidly proliferating embryos are more easy to
establish in liquid medium.

The formation of new embryos 1n the suspension culture can stop if the suspen-
sion 1s diluted too much. However, a too high density will cause browning of the
culture and eventually death of embryos. The optimal cell density varies between
cell Iies, and depends on the proliferation rate and the type of embryo To
become familiar with cell line requirements, it 1s advisable to view samples of
the suspension under the microscope to determine the viability of the embryos
present.

Depending on the type of embryos in the cell line, different subculturing inter-
vals should be employed. Generally, type A requires subculturing weekly,
whereas type B 1s insensitive to prolonged subculturing intervals and can be left
for months in the same medium without loss of viability

Cell lines composed of large, well-developed embryos (type A) can be difficult
to establish as suspension cultures, whereas cell lines composed of small, less
developed embryos (type B) are easy to establish. Embryos cultured n liquid
medium generally develop fewer suspensor cells and tend to loose their polarized
appearance.

Seed extracts can be prepared from mature seed by grinding 10 g of seed in a
food mixer together with 100 mL of proliferation medium Larger debris 1s
removed by filtering through cheesecloth or Miracloth. The extract 1s filter-ster-
1hized into the suspension cultures to a concentration equivalent to 50—-100 mg of
seeds/mL of medium. The treatment can be repeated over a few subculturing
intervals, but this seems to be detrimental 1f applied for longer periods The seed
extract stimulates the growth and development of somatic embryos of both type
A and B. Additionally, the frequency of the formation of mature embryos 1s
increased dramatically 1n all cell lines tested.
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Direct Cyclic Somatic Embryogenesis
of Cassava for Mass Production Purposes

Krit J. J. M. Raemakers, Evert Jacobsen, and Richard G. F. Visser

1. Introduction

Cassava (Manihot esculenta Crantz) is a perennial shrub of the same family,
the Euphorbiaceae, as castor bean (Ricinus communis) and rubber tree (Hevea
brasiliensis). It is grown for its starch-containing tuberized roots, which are
used for human consumption, as animal feed, and as raw material for the starch
industry. The centers of diversity are in central and North eastern Brazil, south-
western Mexico, and eastern Bolivia (7). Cassava is also grown on the African
and Asian continents (2). The average yield in the world is 8.8 tonnes/hectare
(3), which is only a fraction of the potential yield of 90 tonnes/hectare (4). One
of the reasons for this low yield is the use of cuttings infected with diseases and
pests as the starting material.

Meristem culture (5,6) 1s used to produce healthy planting material (see Note 1),
and multiple shoot culture (7) 1s used to produce large numbers of healthy
plants. However, this multiple-shoot culture technique requires several tissue-
culture steps (mechanical isolation of cuttings, rooting of cuttings, and harden-
ing of plants), which makes the procedure labor-intensive. Somatic embryos
have the developmental program to grow into complete plants without mechan-
ical isolation and separate shooting and rooting steps (8). Therefore, the multi-
plication of planting material by somatic embryogenesis would reduce labor
input significantly.

In cassava, both a direct and indirect form of somatic embryogenesis exists.
In the direct form, the somatic embryos develop directly into mature somatic
embryos with large green cotyledons (Fig. 1A-D). In the indirect form of somatic
embryogenesis, also called friable embryogenic callus, the embryogenic propa-

From Methods in Molecular Biology, Vol 111 Plant Cell Culture Protocols
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gules do not develop beyond the preglobular stage, but mnstead break up into
new embryogenic propagules (see Note 2).

Both types of somatic embryogenesis start with the culture of leaf explants on
Murashige and Skoog (9) medium supplemented with auxins (10-17). Clumps
of globular embryos (Fig. 1A) are formed after 10-14 d of culture. Transfer of
these clumps with globular embryos to a Greshoff and Doy medium (18) supple-
mented with auxins mitiates friable embryogenic callus (16), and transfer of these
clumps to a Murashige and Skoog (9) medium without auxins allows the globu-
lar embryos to develop into mature somatic embryos (Fig. 1B; 10~15,17)

Somatic embryogenesis can only be used for plant multiplication 1f there 1s
an efficient system of plant regeneration. In the direct form of somatic embryo-
genesis, mature embryos germinate efficiently into plants (Fig. 1E; 12,19,20).
In the indirect form, the friable embryogenic callus should first produce mature
somatic embryos (maturation) before they can be germinated. However,
because maturation occurs at very low frequencies (16,20), friable embryo-
genic callus formation cannot be used for efficient plant multiplication.

Another advantage of direct somatic embryogenesis 1n cassava 1s that mature
somatic embryos are 1deal explants for direct secondary/cyclic somatic embryo-
genesis, thus allowing the production of millions of propagules (11,19,21-25).
For this, mature somatic embryos are chopped 1nto small pieces and are sub-
cultured in a medium supplemented with auxins. Both liquid and sohid medium
can be used. Depending on the auxin used, after 2—4 wk, new mature embryos
are formed, which can then be used for a new cycle of secondary somatic
embryogenesis (see Note 3).

This chapter describes methods to itiate somatic embryogenesis in elite
genotypes of cassava, the subsequent multiplication of the embryogenic tissue
by secondary/cyclic somatic embryogenesis, the germination of somatic
embryos into plants, and finally, the transfer to the greenhouse. An overview
of the whole procedure 1s given in Table 1.

2. Materials
2.1. General Requirements

Rotary shaker (120 rpm)

Sterile 300-mL Erlenmeyer flasks, capped with aluminum foil

Sterile tubes and Petr1 plates

Bottles (0 5, 1 L) that can be autoclaved

Microwave oven to dissolve solid medium.

pH meter.

1 MKOH and 0.1 M HCI for setting pH of the medium

Pipet (100—1000 uL) with sterile tips to add stock solutions of growth regulators
to the medium



Fig. 1. Somatic embryogenesis in cassava (M. esculenta Crantz); (A) formation of
globular somatic embryos on leaf explant cultured for 10 d on solid MS2 + 8 mg/L
2,4-D medium, (B) formation of mature somatic embryos on leaf explant cultured for
21 d on solid MS2 + 8 mg/L 2,4-D medium followed by 10 days on solid MS2 + 0.1 mg/L
BAP medium, (C) scanning electron microscopy of the formation of secondary somatic
embryos formed on primary somatic embryo cultured for 15 d on solid MS2 + 8 mg/L
2,4-D medium, (D) mature cyclic somatic embryos maintained in liquid MS2 + 10 mg/L
NAA medium, (E) germinated cyclic somatic embryos (induced in liquid NAA supple-
mented medium and cultured after desiccation on solid MS2 + 0,1 mg/L BAP medium).
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Table 1
Characteristics of the Culture Procedures
Used in Somatic Embryogenesis in Cassava

Transfer period,  Genotype

Step Medium wk dependency® Refs
Transfer of plants
to 11 vitro — — 28/28 —
Multiplication
of plants MS2 3-25 28/28 —
Isolation of
leaf explants — — — 1427
Primary somatic
embryogenesis MS2 + 8 mg/L 2,4-D? 3 —_ —
MS2+0 1 mg/L BA? 2-3 24/28 15,25
Secondary/cyclic
somatic embryogenesis
establishment 1t MS2 + 8 mg/L 2,4-D? — —
2md- MS2 + 0 1 mg/L BA® 1-2 19/20 15,25
maintenance 1st MS2 + 8 mg/L 2,4-D° 3 — —
27 MS2 + 0 1 mg/LL BA¢ 1-2 19/20 15,25
or
MS2 + 10 mg/L NAA€ 2 13720 yi4
Germination MS2 + 0 I-1 0 mg/L BA® 1 77 19,20

“Genotype dependency: number of successful genotypes/number of tested genotypes
5Only solid medium can be used
“Both solid and hquid media can be used

10.
11.
12.
13

14.
15.
16
17
18

19.
20.

100-mL volumetric flask, for preparation of stock solutions of the growth regulators

0.2-pM filter units for sterilization of stock solutions

Dimethyl sulfoxide for dissolving the growth regulator picloram.

1 M NaOH for dissolving the growth regulators NAA, 2,4-D, and BAP.

Sodium hypochlorite solution (1% free chlorine) and sterile water for sterihza-
tion of plant matenal

Scalpel and forceps

Binocular microscope for 1solation of explants.

Sterile transfer facilities.

Refrigerator for storage of stock solutions

Growth chamber temperature 30°C, day length of 12 h, light intensity of
40 umol/m%s.

Rock wool plugs.

Sterile so1l and an incubator for transfer of plants from 1n vitro to the greenhouse.



Somatic Embryogenesis 65

Table 2
Preparation of Stock Solutions of Growth Regulators

BAP NAA Picloram 2,4-D
Desired concentration 1 mg/mL 10 mg/mL 10 mg/mL 8 mg/mL
Powder for 100 mL 100 mg 1000 mg 1000 mg 800 mg
Solvent 1 M NaOH | MNaOH  DMSO I M NaOH
Storage of stocks 4°C —20°C -20°C -20°C

2.2. Plant Materials and Culture Media

1. Cassava plants grown in the greenhouse.

2. Distilled water.

3. Preparation of stock solutions of the growth regulators (details for each
growth regulator are given in Table 2): Add growth regulator to a 100-mL
volumetric flask, dissolve the powder in a 0.2-25 mL of solvent, fill volumetric
flask to 100 mL with distilled water, sterilize solution by filtering it through a
double 0.2-puM filter unit, dispense sterile solution in 1-mL Eppendorf tubes
and store Eppendorf tubes.

4. Preparation of MS2-medium: Add 800 mL to 1-L bottle, and dissolve Murashige
and Skoog (9) basal salts and vitamins, and 20 g sucrose Set pH to 5.7 by adding
droplets of 1 M KOH or 0.1 M HCI, fill bottle to 1 L, autoclave it for 20 min at
121°C and 1.2 kg/cm?. In the case of solid medium, 8 g/L agar 1s added after
setting the pH. After sterilization, the bottles are stored 1n a dark cabinet. Before
use in tissue culture, the solid medium 1s melted in a microwave oven, and growth
regulators are added. The volume of the stock solution added to the medium can
be calculated using the following formula:

[Concentration of growth regulator

in medium (mg/L) x volume of = volume of stock solution

the medium (L)}/concentration of required for medium (mL) M
stock solution (mg/mL)

The concentration of stock solutions is chosen, in such a way that in most cases,
1 mL is needed for 1 L of MS2 medium. An exception is the MS2 + 6 mg/L NAA
and 6 mg/L Picloram medium used for primary somatic embryogenesis by Tay-
lor (personal communication): 0.6 mL of both 10 mg/mL NAA and 10 mg/mL
Picloram are added to 1 L of MS2 medium.

3. Methods
3.1. Transfer of Plants to In Vitro and Multiplication

1. Isolate the upper single nodes (1-3 cm) from healthy and vigorously growing
plants, preferably on a warm and sunny day.
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Transfer each node to one tube with a 1% solution of sodium hypochlorite (20 min).
Wash each node three times with sterilized, distilled water.

Remove discolored parts of the stem and transfer nodes to tubes with solid MS-2
medium,

Multiply plant material in-vitro every 3 wk by single-node cuttings until there are
about 30 single plants.

Isolation of Leaf Explants and Culture

for Primary Somatic Embryogenesis

1

3.3.

Transfer single node cuttings to liquid MS2 medium The plants are kept upright
using rock wool plugs. After 12 d of growth, add 2,4-D to the liquid medium to a
final concentration of 8 mg/L The shoot tips are harvested 2 d later

Under a binocular microscope, remove leaves larger than 4 mm from the shoot
tips. Isolate single leaves smaller than 4 mm (1f possible, divide them into single
leaf lobes) and the remains of the shoot tip and culture these 1n the dark on solid
MS2 + 8 mg/L 2,4-D medium (see Notes 4 and §).

After 14-21 d transfer the explants to solid MS2 + 0 1 mg/L BA medium 1n the
light, and subculture every 2-3 wk.

Cut off with a scalpel mature primary somatic embryos. Mature somatic embryos
possess large green cotyledons (Fig. 1B-D)

Establishment and Maintenance

of Secondary/Cyclic Somatic Embryogenic Cultures

L.

3.4.

. Mature somatic embryos maintained in NAA-supplemented medium can be used

Cut with a scalpel the mature primary somatic embryos mto fragments of 1-6 mm?,
and culture on solid MS2 + 8 mg/L 2,4-D medium for 20 d. Then transfer to sold
MS2 + 0 1 mg/L. BA medium

Harvest again the mature somatic embryos, cut into small fragments, and culture
0.2 g 1in 300-mL Erlenmeyer flasks containing 50 mL of liquid MS2 + 8 mg/L
2,4-D or 10 mg/L NAA medium The Erlenmeyer flasks are cultured 1n the light
on a shaker at 120 rpm.

After 21 d, transfer the material cultured 1n 2,4-D-supplemented medum to lig-
uid MS2 + 0.1 mg/L BA medium (see Notes 6 and 7)

Every 14 d (NAA-supplemented medium) or 30 d (2,4-D-supplemented medium)
mature somatic embryos can be 1solated, and the procedure described 1n steps 1,
2, and 3 can be repeated

Germination of Cyclic Somatic Embryos

directly for germination (see, for example, Fig. 1D). Mature embryos maintained
in 2,4-D-supplemented medium must be multiphed first for at least 1 mon 1n
NAA-supplemented medium (see Note 8)

Dry the mature embryos first on sterile filter paper in the flow hood. After that,
transfer them to an empty sterile Petr: dish for desiccation in the growth cabinet.
The hd of the Petr1 dish 1s changed every other day to remove condensed water.
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3.

4.

After 4-8 d, well-desiccated mature embryos are cultured in the light on solid
MS2 medium supplemented with 0.1-1 mg/L BA (see Note 9).

The mature somatic embryos will first form roots and then shoots. Depending on
the quality of the roots, transfer the plants directly to the greenhouse (for example,
plants shown in Fig. 1E) or after one round of multiplication on solid MS2
medium.

3.5. Transfer of Plants to the Greenhouse

1

Plantlets, 2—4 cm tall, can be transferred to the greenhouse. Remove the plantlets
carefully from the tubes or containers, and wash away the agar from the roots
thoroughly.

Grow plants in pots (1:3 sterilized mixture of soil with fine sand), and keep at
high humidity in an incubator. After 1 wk, the plants can be acclimatized to the
greenhouse conditions by gradual reduction of the humidity

4. Notes

1.

Healthy plants can also be obtained by growing them in vitro under a day/mght
temperature of 40/35°C and subculturing the shoot tips every 12 d (26). Another
option is to combine meristem culture with primary somatic embryogenesis by
using meristems as explants. Different methods are available to screen the plants
for diseases (for details, see 27).

Friable embryogenic callus has been shown to be an excellent source of tissue to
obtain transgenic plants (26—30) and to obtain regenerable protoplasts (31), which
can also be used to obtain transgenic plants by electroporation (Raemakers et al.,
unpublished results)

In a well established culture, one mature somatic embryo multiplied mn liquid
medium via cyclic somatic embryogenesis will yield more than 20 new mature
somatic embryos in 2-4 wk, resulting in 20'3-20%¢ mature somatic embryos a year.
Leaf explants from greenhouse-grown plants can also be used as the starting
material for primary somatic embryogenesis However, it has been shown that
the embryogenic response of these leaf explants depends on the growth condi-
tions in the greenhouse (25).

Other auxins, such as Dicamba and Picloram, can also be used to induce primary
somatic embryogenesis (13) However, in our laboratory, these media were not
as efficient as the procedure described in Subheading 3.2. Another option (Tay-
lor, personal communication) is to culture leaf explants (harvested from donor
plants grown on MS2 medium) on solid MS2 + 6 mg/L NAA + 6 mg/L Picloram
medium to induce primary somatic embryogenesis. In our laboratory this method
proved also to be very efficient

The developmental range at which somatic embryos can be used to initiate new
cyclic somatic embryogenesis varies from globular to young mature somatic
embryos (light green cotyledons) for NAA-supplemented medium and from
globular to mature somatic embryos (with dark green cotyledons) for 2,4-D-
supplemented medium (79).
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In our laboratory, 1t 1s found that in about 70% of the genotypes, NAA-supple-
mented medium can be used to maintain cyclic embryogenic cultures. In the other
30%, prolonged culture in NA A-supplemented medium resulted 1n root forma-
tion (19) In the first instance, cultures will contain somatic embryos with tap-
roots, but later this will shift to the formation of adventitious roots Such cultures
can be induced to be embryogenic again by isolating the remaiming embryogenic
tissue and culturing this for cyclic/secondary somatic embryogenesis in MS2
medium + 8 mg/L 2,4-D medium

Desiccation has no positive effect on germination of cyclic somatic embryos,
which are mitiated in liquid MS2 medium + 8 mg/L. 2,4-D Desiccation only
stimulates root formation (19,20). However, Mathews et al. (12) showed that
secondary somatic embryos that were maintained on solid MS2 medium + 4 mg/L
2,4D germinated properly after desiccation

The desiccation procedure described 1n Subheading 3.4. 1s used 1n our labora-
tory. Each laboratory has to find the optimal conditions for their own material
Furthermore, the procedure described in Subheading 3.4., can only be used for
small amounts of somatic embryos The method has to be adjusted for large-scale
desiccation. In our hands, mature somatic embryos, which had lost 80% of their
fresh weight, germinated at the highest frequencies (20) These optimally desic-
cated mature secondary somatic embryos require a lower level of BA (0 [ mg/L)
for germination than suboptimally desiccated ones. Higher BA levels (>1 mg/L)
stimulate the formation of thick roots and highly branched plantlets with short
internodes Because of these characteristics, such plantlets cannot be transferred
directly to the greenhouse. It has also been found that germination 1n the dark
decreases the level of BA needed for normal germination (19,20)
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Immature Inflorescence Culture of Cereals

A Highly Responsive System
for Regeneration and Transformation

Sonriza Rasco-Gaunt and Pilar Barcelo

1. Introduction

Success in obtaining transgenic cereals depends largely on efficient plant regen-
eration protocols. It is not trivial to establish regenerable tissue cultures in cereals,
since only immature tissues of a limited age range can be induced to regenerate
efficiently. Generally, the tissue-culture factors that determine the success of regen-
eration and transformation in cereals are: genotype, choice of explant, physiological
state of the explants/donor plants, culture conditions, and medium composition.

Although scutellar tissues are now conventionally used for cereal transfor-
mation, immature inflorescences also provide a practicable source of young
tissues for somatic embryogenesis and plant regeneration. Inflorescence cul-
tures of rice (1,2), maize (3), wheat (4-8), sorghum (9, 10), barley (11), millet
(12,13), rye (6,14,15), and Triticeae sp. (tritordeum [16]) are documented.
However, cereal transformation using inflorescence tissues is novel and has,
so far, only been demonstrated by Barcelo et al. (17).

The advantages of using inflorescence explants for tissue culture and trans-
formation over the use of scutellar tissues are:

1. Their isolation 1s easier and quicker, particularly if the embryo axis must be
excised to prevent precocious germination in scutellum cultures.

2. Their physiological state seems to be relatively stable in response to plant growth
conditions. Therefore, variability in regeneration 1s generally less than is observed
with scutellum cultures.

3. It is quicker to grow donor plants for inflorescence culture, resulting in a more
efficient use of greenhouse/growth space, and there 1s less time for pest and patho-
gen problems to develop.

From Methods in Molecular Biology, Vol 111 Plant Cell Culture Protocols
Edited by R D Hall © Humana Press Inc , Totowa, NJ
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4 Plants from genotypes that normally require vernalization may not require ver-
nalization when regenerated from inflorescences (18)

5 In certain genotypes, inflorescence tissues may be more amenable for culture
and/or transformation than scutellar tissues

6 Inflorescence tissues seem to withstand better the damage incurred by gene
delivery via particle bombardment.

The limitation of inflorescence culture 1s that only a narrow range of cereal
genotypes are responsive either to both tissue culture and transformation or to
the latter alone.

This chapter presents procedures for the tissue culture (embryogenic callus
induction and regeneration) and transformation via particle bombardment of
tritordeum and wheat using immature inflorescence tissues It includes recent
findings and modifications to the authors’ original protocol (17).

2. Materials
2.1. Donor Plant Materials and Growth Conditions

To produce nflorescences, grow plants of tritordeum (a fertile cereal amphi-
ploid obtained from crosses between Hordeum chilense and durum wheat cul-
tivars, containing the genome HCHHCHAABB [19/) and wheat (Triticum
aestivum, €.g., variety Baldus [see Note 1]) in growth rooms under a 16-h pho-
toperiod, air temperatures of 18-20°C during the day and 14°C at might, and at
50-70% relative humidity. If using winter wheat varieties, vernalize imbibed
seeds (sown 1 vermiculite) for a period of 8 wk at 5-6.5°C prior to transfer-
ring to the above conditions (see Note 2).

2.2. Tissue-Culture Media Components and Other Solutions
2.2.1. Culture Media Components

1. L7 Macrosalts (10X stock). 2 5 g NH,NO,, 150 g KNO,, 2.0 g KH,PO,, 35 g
MgS0O,7H,0, 4.5 g CaCl,:2H,0 Dissolve salts separately in a small volume of
distilled water, mix together, and make up to 1 L Autoclave and store at 4°C (see
Note 3).

2. L Microsalts (1000X stock). 15 0 g MnSO,, 50 g H,BO; , 75 g ZnSO4 7H,0,

075 g Kl, 025 g Na,MoO, 2H,0, 0.025 g CuSO,45H,0, 0.025 g CoCl, 6H,0

Make up to I L with distilled water Filter-sterilize through a 0 2-pm medium

filter (¢ g , MediaKap, Laguna Hills, CA) and store at 4°C

Ferrous sulfate/chelate (100X stock, Sigma F-0518, UK)

4 L Vitamuns/inositol (200X stock) 40.0 g myornositol, 2 0 g thiamine HC1,020 g
pyridoxme HCl, 0 20 g mcotinic acid, 0 20 g Ca-pantothenate, 0.20 g ascorbic
acid Make up to 1 L with distilled water Store solution at —20°C 1n 10 mL
aliquots

W
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5.

10

Amino acids, 3AA (25X stock): 18.75 g L-glutamine, 3.75 g L-proline, 2.50 g
L-asparagine. Make up to 1 L with distilled water. Store solutions at —20°C in
40 mL aliquots.

Gelling agent: Agargel—make (10 g/L or 2X concentrated stock, Sigma A-3301,
UK), agarose—make (8 g/L or 2X stock): Prepare stock solutions of Agargel and
agarose. Autoclave and store at room temperature (see Note 4)

Silver Nitrate (20 mg/mL stock): Prepare AgNO; solution and filter-sterilize
through a 0.2-um syringe filter. Store solutions at—20°C in | mL aliquots. Alter-
natively, silver thiosulfate (STS) may be used in place of AgNO; (see Note §).
Zeatin Mixed Isomers (10 mg/mL stock): Prepare solution by dissolving zeatin
in a few drops of 1 M HCI. Make up to concentration with distilled water.
Filter-sterilize through a 0.2-um syringe filter. Store solutions in 1-mL aliquots
at—20°C.

2,4-Dichlorophenoxyacetic acid, 2,4-D (1 mg/mL stock): Prepare solution by dis-
solving 2,4-D in a few drops of 1 M NaOH. Make up to concentration with dis-
tilled water. Filter-sterilize through a 0.2-um syringe filter. Store solutions at
—20°C in 2-mL aliquots (see Note 6).

Picloram (1 mg/mL stock): Prepare solution by dissolving in a few drops of 1 M
NaOQH. Make up to concentration with distilled water. Filter-sterilize through a
0.2-um syringe filter. Store solutions in 2-mL aliquots at —20°C (see Note 6)

2.2.2. Culture Media

L.

L7-V liquid medium (2X concentrated stock). 200 mL L7 macrosalts (10X),
2 mL L microsalts (1000X), 20 mL ferrous sulfate/chelate (Sigma F-0518, 100X),
0.4 g myoinositol, 80 mL 3AA (25X), 60 or 180 g malitose (see Note 7). Make up
to 1 L with distilled water. Adjust pH to 57 Filter-sterilize through a 0.2-ym
medium filter and store at 4°C

R liquid medium (2X concentrated stock): 200 mL L7 macrosalts (10X), 2 mL L
microsalts (1000X), 20 mL ferrous sulfate/chelate (Sigma F-0518, 100X), 10 mL
vitamins/inositol (200X), 60 g maltose. Make up to | L with distilled water
Adjust pH to 5.7 Filter-sterilize through a 0.2-pum medium filter, and store at 4°C.
Callus induction medium: To prepare 800 mL, mix 400 mL L7-V liquid medium
(2X), 0.4-1 6 mL of 1 mg/mL 2,4-D stock solution for wheat culture or 3.2 mL of
1 mg/mL Picloram stock solution for tritordeum culture, 0.4 mL 20 mg/mL
AgNO, stock, and 400 mL Agargel (10 g/L) or 400 mL agarose (8 g/L) Pour
medium into sterile tissue-culture Petr1 dishes (see Notes 8—10).

Regeneration medium (RZ): To prepare 800 mL, mix 400 mL R liquid medium
(2X), 80 uL 2,4-D stock, 0 4 mL zeatin stock, 0.4 mL AgNO; stock, 400 mL
Agargel, or agarose. Pour medium into sterile Petri dishes or into Magenta boxes
(see Notes 9 and 10).

Regeneration medium (RO): To prepare 800 mL, mix 400 mL R liquid medium
(2X) and 400 mL Agargel or agarose. Pour medium into sterile Petri dishes or
into Magenta boxes (see Note 10).
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2.2.3. Solutions for DNA Delivery and Selection

1. Gold particle mixture: Suspend 40 mg gold powder (see Note 11) in 1 mL of
absolute ethanol, and sonicate for 2 min until particles are clearly dispersed. Cen-
trifuge briefly (5 s), and discard supernatant Repeat ethanol wash twice Resus-
pend gold in 1 mL of sterile distilled water, and sonicate for 2 min Centrifuge for
5 s, and discard supernatant Repeat the process once, and resuspend finally n
1 mL sterile distilled water. Aliquot in 50-uL vol/Eppendorf tube, mixing between
aliquots to ensure an equal distribution of particles. Store at —20°C

2. Calcrum chloride (2.5 M stock)' Prepare solution and filter-sterilize through a
0.2-um syringe filter. Store at 4°C in 55-pL aliquots.

3 Spermidine solution (0.1 M stock): Spermidine is supplied as a 0.92 g/mL den-
sity solution Take 15 8 pL of solution, and add sterile distilled water to give a
total volume of 1 mL Store at —20°C 1n 25-uL aliquots Do not reuse thawed
aliquots (see Note 12)

4. Plasmid DNA (1 pg/uL stock) Prepare plasmid DNA vsing a Qiagen purification
kit Resuspend DNA pellet in sterile distilled water or TE buffer (10 mM Tris and
1 mM EDTA, pH 8 0), and adjust concentration as appropriate (see Note 13)

5 Selection agents: Glufosinate ammomum (10 mg/mL stock), Bialaphos (10 mg/mL
stock), geneticin disulfate (G418) (50 mg/mL stock), paromomycin sulfate
(100 mg/mL stock). Prepare solutions, and filter-sterilize through a 0.2-um syringe
filter. Store solutions at —20°C in aliquots (see Note 6)

2.2.4. Histochemical GUS Assay Solutions

1. Sodium-phosphate buffer, pH 7.0 (0.5 M stock)" Prepare 1 M Na,HPO, and 1 M
NaH,PO, Mix 58 mL 1 M Na,HPO, and 42 mL 1 M NaH,PO,. Make up to 200 mL
with distitled water Store solution at —20°C n 20-mL aliquots.

2 Potassium ferricyanide (50-mM stock): Prepare solution, and store at —20°C 1n
10-mL aliquots

3. Potassium ferrocyanide (50-mM stock): Prepare solution, and store at —20°C n
10-mL aliquots.

4. X-Gluc buffer To prepare 100 mL, dissolve 50 mg X-Gluc (5-bromo-4-chloro-
3-indolyl-p-p-glucuronide, cyclohexylammonium salt) in I mL methyl cellusolve
or dimethylformamide. Add the following solutions: 20 mL 0 5 M sodium-phos-
phate buffer, pH 7.0, I mL each of 50 mM potassium ferricyanide and potassium
ferrocyanide and 77 mL distilled water. Filter-sterilize through a 0.2-pm syringe
filter and store at —20°C in 2-mL aliquots.

2.3. Additional Requirements

1 M and 5 M NaOH or KOH and HCL

70% Absolute ethanol.

10% Domestos commercial bleach (see Note 15).
Sterile water

Culture room conditions: 16-h photoperiod, 25 + 1°C.

N
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Fig. 1. Wheat inflorescences ranging in length from <0.5-1.0 cm ready for dissection.

3. Methods
3.1. Collection and Dissection of Inflorescences

1. Harvest tillers containing inflorescences ranging in length from 0.5-1.0 cm (see
Note 14 and Fig. 1) by cutting below the inflorescence-bearing node (the last
node of the tiller). Trim the tillers to approx 8- to 10-cm length, and seal the
upper end with Nescofilm.

2. Sterilize the tiller sections by rinsing in 70% ethanol for 5 min, then 30 min in
10% Domestos (see Note 15) with gentle agitation, and rinse twice with sterile
distilled water.

3. Dissect inflorescences under sterile conditions by cutting away the whorled
leaves surrounding the inflorescence with a scalpel blade. Cut inflorescence into
transverse sections of approx 1-mm length (see Note 16).

3.2. Culture of inflorescences

3.2.1. Culture of Inflorescence Explants
for Somatic Embryogenesis and Plant Regeneration

1. Plate the pieces of inflorescence (1-mm explants) on callus induction medium.
Culture approx 10-15 explants/9-cm Petri dish.
2. Keep cultures in the dark at 25 + 1°C for 3—4 wk.
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Fig. 2. Regenerating callus from inflorescence after 3 wk in regeneration medium.

3. Transfer cultures to regeneration medium (RZ) and culture further for 34 wk at
25 + 1°C under 16 h photoperiod (see Note 17 and Fig. 2).

4. On succeeding rounds of subculture, small plantlets are transferred to regenera-
tion medium (RO) for further development prior to transfer to soil (see Note 18).
Incubate cultures under the same conditions specified above.

5. Transfer plantlets to 2:1 soil-perlite mixture once a good root system is estab-
lished, and keep initially in a propagator for acclimation for 1-2 wk. Grow the
plants in a controlled environment chamber or under greenhouse conditions as
outlined in Subheading 2.1. Repot the plants when necessary.

3.2.2. Culture of Inflorescence Explants for Particle Bombardment

1. To prepare for particle bombardment, place up to 30 explants at the center of a
Petri dish containing callus induction medium, covering a target area of 2.5 cm in
diameter.

2. Preculture the explants in the dark at 25 + 1°C for 1-6 d prior to bombardment

(see Note 19).

3.3. Particle Bombardment
3.3.1. DNA—Gold Precipitation

1. Sonicate a 50-uL aliquot of the gold solution for 1 min for deagglomeration of
particles (see Note 20).

2. Add 5 pL (5 pg) of plasmid DNA, and mix gently. If using more than one plas-
mid, i.e., for cotransformation, the amounts of DNA are added in equimolar quan-
tities (for bombardment of controls, see Note 21)
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3

Place 50 pL of CaCl, and 20 pL of spermidine into an Eppendorf tube lid, and
mix well. Close the lid, and tap the solution down into the gold-DNA mixture
(see Note 22). Pulse centrifuge for 5 s to pellet DNA-coated particles. Discard
supernatant,

Add 150 L of absolute ethanol to wash the particles (see Note 23). Pulse centri-
fuge for 5 s to pellet particles. Discard the supernatant and resuspend particles in
85 pL of absolute ethanol (see Note 24).

3.3.2. DNA Delivery

1.

2

3.

Gently mix the coated particles, and immediately take a 5-uL aliquot. Drop the
muxture onto the center of a macrocarrier, and allow to dry (see Note 25),

Place target cultures (prepared as explained in Subheadings 3.1. and 3.2.) into
the chamber.

Operate the particle gun according to the instructions supplied with the Bio-Rad
PDS 1000/He gun using the following conditions: He acceleration pressure
650-1100 psi, vacuum 28 1n. Hg, 2.5 cm gap distance (distance between rupture
disk and macrocarrier), 5.5 cm target distance (distance between stopping screen
and target plate), and 0 8 cm stopping plate aperture (see Note 26)

3.3.3. Transient GUS Expression Assay

1

Two days after bombardment, randomly select a few pieces of tissues for a his-
tochemical GUS assay Immerse the tissues in X-Gluc buffer with 0.1% v/v Tri-
ton X-100.

Incubate overnight at 37°C and then for 2 d at 26°C prior to assessment. Assess
blue staining (see Note 27)

. After initial incubation, explants may be stored in 70% ethanol or in 1 M TE

buffer with a pH higher than 7.

3.3.4. Selection of Cultures for Recovery of Transgenic Plants

1.

2.

3.

4.

5.

After bombardment (see Subheading 3.3.2.), spread the explants evenly over the
surface of the culture medium 1n 2-3 9-cm Petri dishes (not exceeding 10-15
explants/plate).

Culture explants on callus induction medium for 3-4 wk as explained in Sub-
heading 3.2.1.

Transfer explants to regeneration medium (RZ) containing the appropriate selec-
tion agent, and incubate as usual for 3-4 wk (see Note 28).

Transfer cultures to RO medium containing selective agent, and culture for a
further 3-4 wk unt1l surviving plantlets show signs of resistance

Transfer plantlets to pots, and grow them as explained in Subheading 3.2.1.

4. Notes

1.

The following elite wheat cultivars are also responsive, Consort, Hereward,
Ruialto, Riband Soissons, Cadenza, Imp, Avans, Canon
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We also grow donor plant materials under greenhouse conditions, but these plants
are subjected to seasonal changes. Our conditions for growing tritordeum and
wheat plants are.

a. Soil composition' 75% L&P fine-grade peat, 12% screened sterilized loam,
10% 6 mm screened, lime free grit, 3% medium-grade vermiculite, 3.5 kg
Osmocote/m?® soil (slow-release fertilizer, 15-11-13 NPK plus micronutri-
ents), 0 5 kg PG mix/m3 soil (14-16-18 NPK granular fertihizer plus micro-
nutrients).

b Light: growth rooms provided with HQI lamps 400W (Osram) and glass-
houses with natural light supplemented with sodium lamps 400 W (Son-T)

¢. Pest control: sulfur (Thiovit) spray every 4—5 wk and biological control using
Amblysewus caliginosus for the control of thrips

Autoclave settings are 121°C, 15 psi for 20 min,

Agargel and agarose are used at end concentrations of 0.5 and 0 4%, respec-

tively Shake solutions very well before and just after autoclaving to avoid lumps

Agarose 1s only used in media supplemented with the selection agent paromomy-

cin, which precipitates out of solution in Agargel-solidified media.

We prepare STS by mixing 0.1 M AgNO; and 0 1 M Na,S,0; at 1 4 ratio Add

AgNO; stock 1nto Na,S,04 slowly to avoid precipitation STS 1s used freshly

made at a final concentration of 30 pM (equivalent to 10 mg/L) AgNO; and

Na,S,0; solutions are air- and photo-sensitive. Store filter-sterilized solutions n

the dark at 4°C

Picloram, 2,4-D, glufosinate ammonium, Bialaphos, G418, and paromomycin

are toxic substances Check chemical purities of glufosinate ammonium (Grey-

hound, UK) and Bialaphos (Meiji Seika Kaisha LTD, Tokyo) after every pur-
chase Calculations to achieve accurate concentrations may need to be adjusted
accordingly

Use 60 and 180 g maltose in the callus induction medium for tritordeum and

wheat cultures, respectively We find that 9% maltose 1n the callus induction

medium 1s optimal for regeneration in wheat

The callus induction medium 1s supplemented with 0 5-2 mg/L 2,4-D and 4 mg/L

Picloram for wheat and tritordeum culture, respectively The optimal 2,4-D con-

centration varies for different wheat genotypes

Silver mtrate is not essential for tritordeum, but does not have any negative effect

The addition of AgNO; in the induction medium has been seen to be beneficial in

most wheat cultures, although it has to be tested for each new genotype

The gelling agent stock solution is melted 1n a microwave oven Mix all the media

components, and finally add the gelling agent. To minimize condensation 1n the

plates, do not pour the medium until 1t has cooled to approximately S0°C Pour
approx 40 mL of medium/9-cm tissue-culture Petri dish or 80 mL/Magenta box

Therefore, 800 mL medium will make approx 20 plates or 10 Magenta boxes

The si1zes and sources of gold particles we use are. 0 6-um particles (Bio-Rad,

CA) and 0 4 to 1 2-um particles (Heraeus, Karlsruhe, Germany) Bio-Rad par-

ticles are used for wheat transformation, but either type 1s used for tritordeum



Culture of Cereals 79

12.

13.

14.

15.

16.
17.
18.

19

20

21.

22.

23,

24.

25.

Spermidine solution 1s very hygroscopic and oxidizable. We suggest storing the
original spermidine solution in 15.8-pL aliquots at —80°C. Each aliquot will be
used to make up 1 mL of 0.1 M spermidine stock.

We use a number of combinations of scorable and selectable marker genes
cobombarded with genes of interest. Generally, we use the uidA gene as scorable
marker, and bar and neo genes as selectable markers (see also Note 28).
Inflorescences are located above the last node of a tiller. Therefore, by cutting
under this node, the part of the tiller harvested will contain the inflorescence. The
upper end of the tiller is sealed to prevent the penetration of sterilizing agent into
the inner region where the explant is located. Inflorescences of 0.5—1.0 cm are
generally most responsive, but there is genotypic variation, It takes an element of
familiarity with the plant material to be able to harvest tillers with the right age/
size of inflorescence.

Domestos is a chlorine-based commercial bleach containing 4.5 pg/L free chlo-
rine. While sterilizing, continuously agitate the tillers by placing on a shaker.
Regeneration is inhibited in wheat if explants are <] mm size

Silver nitrate is not essential in the regeneration medium for tritordeum cultures.
It takes about three to four rounds of subculture (9—12 wk) on regeneration
medium before plantlets are of sufficient size to be potted out Wheat plants may
need more than one round of regeneration on RZ medium.

Preculture allows the tissues to recover from 1solation before being subjected to
bombardment. This should also allow for any contamination to be detected prior
to bombardment. In wheat, the preculture period conditions the tissues for bom-
bardment, since the high-maltose concentration n the medium (9%) partially
plasmolyses the cells. Partial plasmolysis 1s apparently important for the tissues
to withstand particle bombardment. Preculture of explants for 1-6 d prior to bom-
bardment increases the number of transgenic plants produced in tritordeum.
Preculture of wheat explants for 1 d appears optimal.

There is evidence that oversonication may result in particle aggregation.

For bombardment controls, 1.¢., particle bombardment without DNA, 5 L of
sterile distilled water are added in place of plasmid DNA

Precipitation onto the gold particles occurs very rapidly. The Ca?* 1ons from
CaCl, act to bind the DNA onto the gold particles Therefore, for a uniform pre-
cipitation, DNA—gold and CaCl,-spermidine mixture should be mixed well before
they are combined.

Resuspend as many of the particles as possible by scraping them off the side of
the tube with a pipet tip and breakup any aggregation. It is important to make
sure that the gold particles are fully resuspended at this stage, since aggregations
are more difficult to deal with later

Seal Eppendorf tube lids with Nescofilm to minimize evaporation of ethanol, and
keep on ice until required However, 1t 1s advisable to use the gold-DNA prepa-
ration immediately.

Allow the particles to dry slowly on a nonvibrating surface in a 6-cm Petr1 dish
Only a few macrocarriers should be loaded with gold at any one time, so that they
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are used when recently dried Examine macrocarriers microscopically prior to
bombardment to determine the uniformity and spread of particles, discarding any
that have agglomerated A “sand-dune” appearance of particles 1s observed as a
consequence of too rapid ethanol evaporation.

We use acceleration pressures of 650 or 900 ps1 for wheat and 1100 for
tritordeum. Wheat tissues are more sensttive to high bombardment pressures.
The same procedure may be used to assay GUS expression in tissues of puta-
tively transformed plants, such as leaves, roots, and flowers. For GUS assays on
green tissues, chlorophyll should be removed after stamning by incubating the
tissues in absolute ethanol The length of the incubation time depends on the age
of the leaf and should last until the chlorophyll has been totally extracted It may
be necessary to replace the ethanol several times

We generally use the selectable marker genes bar and neo for transformation
The bar gene confers resistance to the herbicides Basta (glufosinate ammonium/
PPT) and Bialaphos The neo gene confers resistance to the antibiotics G418 and
paromomycin We use the following concentrations for selection 2-4 mg/L
gluphosinate ammonium, 3—5 mg/L Bialaphos, 25-50 mg/L G418, and 50 mg/L
paromomycin
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Cryopreservation of Rice Tissue Cultures

Erica E. Benson and Paul T. Lynch

1. Introduction

The biotechnological improvement of rice is largely dependent on the main-
tenance of dedifferentiated cultures as either callus and/or suspension cultures.
For example, the production of transgenic plants of rice (Oryza sativa L.) either
by direct DNA uptake into protoplasts or by particle bombardment 1s depen-
dent on embryogemec callus or cell suspension cultures from which fertile plants
can be regenerated (1,2). However, over time the morphogenic competence of
dedifferentiated rice cultures declines (3). Therefore, new cultures have to be
regularly nitiated and characterized in order to maintain a constant supply of
embryogenic cells. This approach is highly problematic, particularly with
Indica, Varietal Group 1 (4), rice varieties (5). Cryopreservation of embryo-
genic cells provides a more efficient means of ensuring a constant supply of
competent cells for genetic mantpulation. The recovery of embryogenic rice
cultures after cryogenic storage that were capable of plant regeneration has
been reported by several groups (6-9). Embryogenic callus, and more com-
monly, suspension cultures from a range of different rice varieties have been
cryopreserved , including Indica (Varietal Group 1) varieties (9), Japonica
(Varietal Group 6) varieties (7,10). Transgenic rice suspension cultures have
also been successfully recovered from cryogenic storage (6).

Suspension cultures of rice have been cryopreserved using controlled-rate
cooling (6,7) and vitrification procedures (11,12). Protocols based on the con-
trolled-rate freezing of cells normally requires preculture in culture medium
containing osmotically active compounds (for example, mannitol) prior to
cryopreservation. Preculture can significantly enhance the postthaw recovery
of plant cells (13). This effect 1s not solely owing to dehydration effects (714),
but can also involve the activation of genes coding for factors that protect plant
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Edited by R D Hall © Humana Press Inc, Totowa, NJ

83



84 Benson and Lynch

cells from environmental stresses (15—17). After preculture, the cells are treated
with cryoprotectants (total concentration 1-2 M), which results in moderate cell
dehydration (18). Further dehydration occurs during slow freezing. Ice crystal for-
mation 1n the external medium leads to an increase in solute concentration and,
therefore, the osmotic removal of water from the cells. On further ultrarapid cool-
ing 1n liquid nitrogen, the cell contents vitrify (19). Although plant cells can toler-
ate extracellular ice crystal formation, such ice formation can be damaging, for
example, owing to the mechanical stress to cells caused by the growth of extracel-
lular 1ce crystals (20). The more recently developed vitrification procedures (21,22)
involve cryopreservation strategies, which prevent ice nucleation and the subse-
quent growth of ice crystals. They are based on a combination of cryoprotective
mechamsms, including severe cell dehydration at nonfreezing temperatures as a
result of exposure to concentrated nonpenetrating cryoprotectants (total concentra-
tion 5-8 M), followed by rapid freezing leading to vitnfication (23). The applica-
tion of high concentrations of penetrating cryoprotectants, for example, dimethyl
sulfoxide (DMSQ), increases the viscosity of the intracellular solutes, and as a
result, ice nucleating events are nhibited. The avoidance of ice crystal formation in
vitrification procedures and the lack of a need for a controlled-rate freezer are gen-
erally considered to be advantagous (23). However, this must be counterbalanced
by the need to use high concentrations of potentially toxic chemicals 1n the vitrifi-
cation solutions. Glasses formed during vitrification are not stable and can desta-
bilize on rewarming, during which 1ce nucleation can occur. It 18 thus critical to
ensue rapid rewarming. Therefore, in vitrification, 1t 1s the rewarming rate that 1s
critical rather than cooling parameters.

This chapter presents a series of protocols based on published methods used
to cryopreserve rice suspension and callus cultures. In the case of suspension
cultures, controlled-rate freezing and vitrification procedures are described.
Factors influencing postthaw regrowth and methods of determining postthaw
cell viability are also presented in the context of protocol development.

2. Materials

To maintain sterility of the rice cultures, all appropriate manipulations should be
performed in a lammar flow bench, using aseptic techniques and sterile materials.

2.1. General Requirements

Liquid nitrogen and 1ce.

Small bench-top dewar of 2- to 5-L capacity.

Long-term storage dewar with an appropriate drawer or cane inventory system
Polypropylene cryovials, 2 mL with graduation marks and label, or 1- to 0.5-mL
polypropylene straws. Cryovials can be obtained, for example, from Sigma and
straws (type 101, cattle, nonsterilized) from Instruments de Medicine Veterinaire,
1’Aigle, France

W=
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5

6.

7

8.

Small spatula, sieves with 45-um nylon mesh, aluminum cryocanes, Pasteur
pipets, forceps, ice bucket, 100- and 250-mL conical flasks.

A water bath set at 45°C (see Note 1).

Rice callus and suspension cultures grown on appropriate culture medum, e g ,
AA2 (24) or modified R2 (9)

Safety equipment' including, cryogloves, face shield.

2.2. Controlled-Rate Freezing Requirements (Cell Suspensions)

1

2.

Controlled-rate freezer able to cool at a rate of —~1°C/min However, alternative
cooling methods may suffice (see Note 2)

Liquid preculture medium, rice culture medium, e.g., AA2 (24) or modified R2
(9), both containing 60 g/L mannitol (see Note 3).

Cryoprotectant solution. glycerol, 46 g/L, DMSO, 39 g/L, sucrose 342 3 g/L, and
proline 10 0 g/L. made up 1n liquud standard culture medium (see Note 4).
Postthaw recovery medium: rice culture medium containing 4.0 g/L agarose (see
Notes 3 and 5) in 9 0-cm Petri dishes (25 mL of media/dish) The media onto
which the cells will be placed immediately after thawing should be overlaid with
two filter paper disks (Whatman No. 1, 5 5-cm diameter), one on top of the other

2.3. Controlled-Rate Freezing Requirements (Callus Cultures)

L.
2.

Lh

Controlled-rate freezer able to cool at a rate of —1°C/min (see Note 2)
Full-strength cryoprotectant solution' glycerol, 46 g/L, DMSO, 39 g/L, sucrose
342.3 g/L, and proline 3 3 g/L made up in liquid standard culture medium, such
as modified R2 medium (8) (see Note 4).

Half-strength cryoprotectant solution, prepared in full-strength culture medium,
but at half the above concentrations

Water bath set at 30°C (see Note 1)

Ammonium-ion-free liquid rice culture medium

Postthaw culture media semusolid rice culture medium (see Notes 3 and 5) in
Petr dishes.

2.4. Vitrification Requirements
2.4.1. Method A, Based on Huang et al. (12)

L.

2.

3

9]

Preculture medium A—liquid rice culture medium (e.g., AA2) containing 60 g/L
sucrose

Preculture medium B—1iquid rice culture medium containing 72.9 g/L sorbitol

PVS2 vitrification solution (25,26) comprising rice preculture medium B to which
1s added: 30% (v/v) glycerol, 15% (v/v) ethylene glycol, and 15% (v/v) DMSO
(see Note 4).

A 25% (v/v) solution of PVS2 diluted with preculture medium B

Washing solution comprising 1 2 M sorbitol made up 1n hiquid rice culture medium
Semisolid rice culture medium (e.g., AA2 medium containing 0 8% w/v agar)
containing 40% (w/v) soluble starch

Semuisolid rice culture medium
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2.4.2. Method B, Based on Watanabe and Steponkus (11)

1 Loading solution 126.3 g/L. DMSO in hiquid rice culture medium, e g , Linsmaier
and Skoog medium, LS (27), held at 20°C.

2. Vitrification solution, 445 g/L. DMSO and 187 g/L sorbitol in rice culture medium,
held at 0°C (see Note 4)

3 Unloading solution, 91.1 g/L sorbitol 1 liquid rice culture medium

4. Semuisolid rice culture medium (see Note §).

2.5. Selection of Tissue for Freezing

For the successful cryopreservation of rice tissue cultures, 1t is vital to select
the most appropriate tissue. Generally, an actively growing area of callus cul-
tures and cell suspensions 1n the exponential phase of growth should be
selected. Factors including the embryogenic potential of the cells (7), cell
aggregation (10), and cultivar (9), have been shown to influence postthaw rice
cell regrowth significantly.

2.6. Requirements for the Assessment of Postthaw Recovery
2.6.1. Fluorescein Diacetate (FDA)

1 Stock solution of FDA 0 1% (w/v) 1n acetone, stored 1n the dark at 4°C
2 Pasteur pipets, test tube, shides and cover slips

3. Liquid standard culture medium.

4. UV microscope with 490-nm excitation and 530-nm barrier filters

2.6.2. Triphenyl Tetrazolium Chloride (TTC)

1 Reagent mixture. 0.6% (w/v) TTC mn 0.5 M Na,HPO,/KH,PO, buffer, pH 7 4,
supplemented with 0.05% (v/v) Tween 80 The buffer can be stored 1n a refrig-
erator for several months Do not use 1f the solution appears cloudy The reagent
mixture should be prepared immediately prior to use

Distilled water.

95% (v/v) Ethanol.

Pipets (10-mL ), Pasteur pipets, cuvets, test tubes

Boiling water bath

Spectrophotometer capable of measuring absorbance at 490 nm.

3. Methods

3.1. Controlled-Rate Freezing (Cell Suspensions),
Based on Lynch et al. (7)

1. At the standard subculture time, transfer the cells to be cryopreserved to
preculture medium using the standard culture protocol

2. Three to 4 d after subculture harvest the cells on 45-um nylon mesh filters and
transfer to cryovials (0 75 mL/vial)
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3.

10

11

12.

13

Prelabel the vials, and to each vial add 0.75 mL of filter-sterilized, chilled (on
1ce) cryoprotectant mixture. Immediately seal the vial, and shake to ensure the
cells and the cryoprotectant mixture are well mixed and place on ice

Mount the vials onto labeled aluminium cryocanes, and incubate on 1ce for 1 h
Shake the 1ce and water off the canes and vials. If necessary, dry with tissue
paper and transfer to the controlled-rate freezer (e.g., a Planer Kryo 10 Series I11;
Planer BioMed, Sunbury, Middlesex, UK) precooled to 0°C Place the controlled-
rate freezer’s sample chamber temperature probe into a vial containing 1 5 mL of
chilled cryoprotectant mixture. This provides a temperature profile of a “sample”
during freezing. Start the freezing program (see Note 6).

Immediately after the controlled-rate freezer programme is completed remove
the vials from the freezer sample chamber and plunge them into a dewar of hiquid
nitrogen. This should be located next to the freezer. After 5-10 mun, the vials can
be transferred to a long-term storage dewar, and thetr position logged mto an
appropriate inventory system (see Note 7).

After storage, plunge the vials into a water bath at 45°C (see Note 1). Complete
thawing normally takes approx 2 min Remove the vials from the water bath as
soon as all the ice has melted, and transfer to a laminar flow bench (see Notes 7
and 8).

. Dry the vials with tissue paper.

Aspirate the cryoprotectants with a Pasteur pipet and place the cells on the top of
a double layer of filter paper (Whatman no 1, 5 5-cm diameter) overlaying the
postthaw recovery medium (see Note 5).

Seal the dishes with Nescofilm (Nippon Shop Kaisha Ltd., Osaka, Japan), and
incubate in the dark at 28°C, or as appropriate for the rice culture being used.
After 3 d, transfer the cells and filter paper to a fresh dish of postthaw recovery
medium (see Note 5).

Postthaw cell regrowth 1s normally visible to the naked eye within 5 d of thaw-
ing Sufficient cell regrowth to allow reinitiation of suspension cultures normally
occurs within 25 d of thawing,

Suspension cultures can be reinitiated using the same techniques used to initiate
new nonfrozen cultures. It has been noted that cultures mitiated from frozen cells
often develop more quickly than new, nonfrozen cultures and can be 1n a state
suitable for protoplast isolation within 28 d after nitiation (7)

3.2. Controlled-Rate Freezing (Callus Cultures),
Based on Cornejo et al. (8)

1

2.

Select callus with a compact nodular appearance from cultures 4- to 8-mon old,
which have been subcultured every 4 wk

Place individual calli nto vials containing 1 mL of 1/2 strength chilled
cryoprotectant solution, and incubate on ice for 15 min.

. Remove the cryoprotectant solution, replace with an equal volume of full strength

chilled cryoprotectant solution and incubate on ice for a further 15 min,
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Mount vials on aluminum canes, and transfer to a controlled-rate freezer with its
sample chamber at 4°C Start the freezing program, cool to —25°C at -1°C/min,
and hold at —25°C for 30 min.

Immediately after the controlled-rate freezer program 1s completed, remove the
vials from the freezer sample chamber, and plunge them into a dewar of liquid
nitrogen. After 5—10 min, the vials can be transferred n to a long-term storage
dewar and appropriate mnventory system (see Note 7)

After storage, plunge the vials into a water bath at 30°C (see Note 1) Complete
thawing normally takes approx 2 min. Remove the vials from the water bath as
soon as all the ice has melted, transfer to a laminar flow bench, and place on 1ce
(see Notes 7 and 8)

Gradually dilute the cryoprotectant solution with ice-cold ammonium 1on-free
culture medium.

Remove the thawed calli from the vials and transfer to semisolid culture medium
(9). Seal the Petr1 dishes with Nescofilm, and incubate 1n the dark at 27°C, or as
appropriate for the rice culture bemng used.

Transfer to fresh culture medium every 3 wk.

One to 2 mon after thawing, remove the regrowing callus from nongrowing sec-
tions placed on fresh culture medium, and maintain for a further 36 wk until
actively growing callus lines have been established.

3.3. Vitrification
3 3 1. Method A, based on Huang et al. (12)

L.

2

Using standard culture procedures, 11 d prior to freezing, transfer the suspension
cells into preculture medium A, and incubate under normal conditions

Using standard culture procedures, 1 d prior to freezing, transfer the suspension
cells into preculture medium B, and incubate under normal conditions

Transfer 3 mL of cell suspension culture into a 10-mL centrifuge tube, add 6 mL
of 25% (v/v) PVS2 solution, and incubate at 20°C for 10 min

Remove the 25% (v/v) PVS2 solution, resuspend the cells in 3 mL of 100% (v/v)
chilled PVS2 solution, and incubate on ice for 7.5 min

Using a wide-bore Pasture pipet, transfer 0.75-mL aliquots of the suspended cells
(at a final packed-cell volume of 40%) into polypropylene straws (straws surface
sterthized with ethanol).

Quuckly seal each straw by drumming sealing powder (obtained from Instruments
de Medicine Veterinaire) mto the open end. Ensure the powder ts wetted by the
suspenston 1n the straw. Alternatively, the straws can be sealed with a hot pair of
forceps or a sealing machine.

Plunge straws into liquid nitrogen After 5-10 min, the samples can be trans-
ferred into a long-term storage dewar and appropriate inventory system (see Note 7).
Rapidly thaw the cells by placing the straws 1n a water bath at 37°C

Introduce 1 mL of washing solution into each warmed straw, and incubate for 2 min,
Remove the supernatant, replace with 1 mL of washing solution, and incubate the
cells for 25 mm at 25°C.
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11. Drain the cells from the cut end of each straw onto semi-sohd rice culture medium
containing 40% (w/v) starch, Incubate at 26°C for 2d.

12. Transfer the cells onto semisolid AA2 medium, and incubate at 26°C Cell growth
can be observed within 4 d after thawing.

3.3.2. Method B, Based on Watanabe and Steponkus (11)

1 Allow the cells to settle in cultures 3—4 d after subculture, and drain off the cul-
ture medium.

2 To 500 pL of settled cells add 2 5 mL of loading solution, and incubate at 20°C
for 20 mun.

3 Remove the loading solution, and place the cells on ice. Resuspend the cells 1n
2.5 mL of chilled vitrification solution

4 Transfer 500-uL aliquots of the cell suspension 1n to polypropylene straws, and

plunge 1n to hquid nitrogen. The total time the cells were exposed to vitrification

solution prior to freezing 1s 4 min. After 5—-10 min, the vials can be transferred to

a long-term storage dewar with an appropriate inventory system (see Note 7)

Store straws in liquid nitrogen

6 After storage, thaw the cells by warming the straws 1n the air for 10 s followed by
10 s in an ethy! alcohol bath at 20°C (see Notes 1, 7, and 8).

7. Immedately after thawing, transfer the straw to a laminar flow bench, cut both
ends and expel the contents into 8 mL of unloading solution Allow the cells to
settle, remove the supernatant, and replace with 2 mL of fresh unloading solu-
tion. Maintain at 20°C for 30 min

8. Transfer 100 puL of settled cells onto 4 ml. of semisolid culture medium 1n a
3.5-cm Petri dish. Seal the dishes with Nescofilm Incubate cultures at 25°C under
fluorescent light (2000 Ix) or in the dark at a temperature appropriate for the rice
cell line used.

9 Within 34 wk of thawing, sufficient cell regrowth should have occurred to allow
the reinitiation of suspension cultures.

9

3.4. Assessment of Postthaw Recovery

The presence of postthaw cell regrowth can be determined by regular (at 7-d
intervals) examination of the thawed cells under a binocular microscope. Such
examinations can be combined with an assessment of morphological features,
such as color and wetness, of the thawed cells, which can be important indica-
tors of cryoinjury (3). Growth can be quantified by fresh and/or dry weight
determinations, and the growth expressed in terms of % change after thawing
or % difference as compared with nonfrozen controls. In combination with
such observations it is also useful to assess the viability of the thawed cells
using techniques ,such as FDA (28) staining or TTC reduction (29) as described
below. Viability determinations can provide a useful indication of potential
postthaw growth and can be used to ascertain the effects of different postthaw
culture conditions (3). However, such determinations should not be made 1n
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1solation, since apparently high cell viability (determined for example by TTC
reduction) soon after thawing 1s not always a prelude to postthaw cell growth (3).

3.4.1. FDA, Based on Widholm (28)

1 Place 1-2 drops of the FDA stock solutton into 10 mL of liquid culture medium
and mix well

2. Add 1-2 drops of the diluted stain to the cell sample mounted on a microscope

shide.

Leave for a few minutes before placing the cover slip over the sample.

4 Count the number of cells 1n a field of view under bright field, and then count the
number of fluorescent cells in the same field of view with UV 1illumination

w

% Viability = (number of fluorescent cells/total number of ceils) x 100 1)

Determine the viability in at least five fields of view to calculate an overall sample
mean viability.

3.4.2. TTC, Based on Steponkus and Lamphear (29)

1. Take 100 mg fresh weight cell samples, place 1n a test tube, and add 3.0 mL of

TTC reagent solution

Infiltrate reagent solution under vacuum for 10 mun.

Incubate samples in the dark overmight at 25°C.

Remove the TTC reagent and wash the cells by resuspending 1n distilled water

Remove the distilled water

Resuspended the cells in 7 mL of 95% ethanol

Extract the formazin color complex by placing the samples in boiling water until

all the ethanol had been driven off To avoid the butldup of ethanol fumes in the

laboratory, this stage should be performed in a fume cupboard.

8 Resuspend cooled samples 1n 10 mL of ethanol, vortex, and allow the cells to
settle out. Settling of the cells can be assisted by centrifuging the samples at 80g
for 5 min.

9. Measure the absorbance of the supernatant at 490 nm , against an ethanol blank.
Viability can be expressed as absorbance at 490 nm/100 mg or /g fresh weight, or
as a percentage of an unfrozen control. Sample replication 1s advisable to take
into account variation between cell sampling procedures.

4. Notes

1. To avoid the cryovials moving around 1n the circulation of the water bath, and to
reduce the potential for microbial contamination, place jars of sterile water in the
bath, which should be allowed to equilibrate to the temperature of the water bath
To thaw, the cryovials are plunged into the sterile water in the jars.

2. Controlled-rate freezing has generally been achieved using computer program-
mable cooling systems manufactured, for example, by Planer Products Ltd. and
CryoMed. These machines provide a very accurate and reproducible means of
freezing rice cultures However, controlled-rate freezers are expensive (usually
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over $12,000). Less sophisticated alternatives using standard laboratory freezers
have been successfully used to cryopreserve rice cultures (9). Specifically, vials
are incubated for 2 h at —25°C prior to plunging into hiquid nitrogen, or incubated
for | h at—25°C followed by 1 h at —70°C prior to plunging into liquid nitrogen,

3. AAZ2-based culture medium must be filter-sterilized. To prepare semisolid AA2
based medium, mix equal quantities of double-strength AA2 medium (filter-ster-
ilized), with melted double-strength agarose (Sigma Type 1) 8.0 g/L in water
(autoclaved), and immediately pour into Petn dishes.

4 Cryoprotectants must be of a high purity or, in the case of DMSO, spectroscopi-
cally pure. After preparing the cryoprotectant mixture, adjust the pH to 5 8.
Cryoprotectants should be prepared immediately prior to use, chilled on 1ced
water, and filter-sterilized Owing to the high viscosity of vitrification soluttons,
autoclaving is the only practical method of sterilization.

5 Postthaw recovery medium tends to be based on the media the rice cells are nor-
mally maintained in, for example, AA2 (7), modified R2 (9), or LS (10). How-
ever, the presence of ammonium 10ns in the culture medium immediately after
thawing may be detrimental to postthaw cell growth (7,30), as is the presence of
fructose as the carbon source in the culture medium (3). The addition of the sur-
factant Pluronic F-68 (0 01% w/v) to postthaw culture medium has been shown
to promote postthaw rice cell growth (31). Supplementing the culture medium
with activated charcoal for the first 3 d postthaw can enhance postthaw cell
growth (18).

Modifications of the pregrowth and recovery medium by the addition of the
iron chelating agent desferrioxamine can enhance the recovery of cryopreserved
rice cell cultures (32). Thus, short-term applications of the drug (3 d exposure)
before and after cryopreservation, at concentrations within the range of 0.5-10
mg/L can improve recovery potential. This is further enhanced if cations are
removed from the culture medium during the period of application Desferri-
oxamine has been marketed as the drug Desferral by Ciba Geigy and can be
obtained from Ciba Laboratories, Horsham UK, Its mode of action involves the
reduction of oxidative stress via the removal of cations, which enhance the Fenton
reaction and hydroxyl radical production. Rice cell cultures are known to un-
dergo oxidative damage during cryopreservation (33).

6. Where controlled-rate freezers have been employed to freeze rice cultures, the
freezing programmes most widely employed are based on that of Withers and
King (34). This specifically involves a hold for 10 min at 0°C, cooling at—1°C/min
to —35°C, and holding at —35°C for 35 min.

7. Samples can be stored erther under liquid nitrogen or 1n liquid nitrogen vapor,
with the level of liquid nitrogen maintained below the lowest vials. Under the
latter conditions, no liquid nitrogen enters the vials, reducing the chances of vials
exploding when thawed. Losses of liquid nitrogen by evaporation are less in these
systems. However, significantly the temperature of the uppermost vials may tend
to oscillate and rise above —110°C. This can cause devitrification and 1ce crystal
growth in the cells, which will result in the loss of cell viability.
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Care should be taken when thawing vials or straws, since any liquid nitrogen 1n
them will rapidly evaporate, and this can lead to either vials or straws rupturing
explosively. Therefore, appropriate safety precautions should be observed,
including wearing a face shield.

To reduce photo-oxidation damage to the cells (35), all manipulations during the
recovery phase are carried out in a nonilluminated laminar flow bench.
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Noncryogenic, Long-Term Germplasm Storage

Ali Golmirzaie and Judith Toledo

1. Introduction

Germplasm conservation is an important goal in the preservation of genetic
diversity. Conventional methods, such as field and seed conservation, are used
for most crops, although nonconventional methods, such as tissue culture and
cryopreservation, have been used to support those methods.

Tissue culture can be used to maintain plant material, thus safeguarding 1t
against losses caused by adverse environmental changes, pests, and diseases
during growth under field conditions. For in vitro establishment, the choice of
a particular medium depends on the plant species, but in general, the medium
should contain minerals, a carbon source, vitamins, and low concentrations of
growth regulators (Table 1). In this medium, plants can grow 1n vitro for
2—-3 mon, when it is then necessary to make subcultures to fresh media. This
procedure increases the amount of labor required, especially when working
with a large collection.

In vitro maintenance of plants for longer periods of time, without subcul-
ture, is done through growth rate reduction, in which modifications to environ-
mental conditions or changes to some media components are made. Examples
are reducing growth temperature, reducing light intensity, using growth regu-
lators, limiting mineral supply, adding osmotic stressants, or combining any of
these procedures.

1.1. Growth Temperature

Temperature ranges established for culture rooms are similar to field tem-
peratures for a given crop. To minimize the growth rate of temperate species,
we can reduce room temperature to near zero; for tropical crops, a moderate
reduction in normal growth temperature is applicable (1,2).

From Methods in Molecular Biology, Vol 111 Plant Cell Culture Protocols
Editedby R D Hall © Humana Press Inc , Totowa, NJ
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Table 1

Components of Culture Media of Potato Included

with the Murashige and Skoog Mineral Salts Mixture

and Vitamins (71, and see Appendix) (International Potato Center, 1997)

Ingredients, Propagation Conservation Tuberization
mg/mL medium medium medium
Gibberellic acid 01

Sucrose% 2.5 2.5 80
Sorbitol% 40

Benzyl amino purine 50
Chlorocholine chioride 500
Agar% 80

Phytagel% 35 35

pH 56 5.6 5.6

1.2. Light Intensity

In vitro plants use sugars as a carbon source through heterotrophic absorp-
tion in the culture vessel. Although these plants still maintain their photosyn-
thetic ability (autotrophic absorption), this can be restricted by low CO,
concentrations. By using low light intensity, we can reduce the support of car-
bon obtained autotrophically, which then results in delayed growth (3). For in
vitro conservation of potato plantlets, low light intensity is used along with
other stressants (4).

1.3. Growth Regulators

Abscisic acid (ABA) reduces the overall growth rate of in vitro plants. Although
it is used for several crops, physiological changes or mutations can appear,
which can threaten germplasm genetic stability (2—5).

1.4. Nutrient Supply

Limiting the nutrient supply can delay plant growth by decreasing the
amount of specific minerals, such as nitrogen or magnesium. This 1s done for
various crops (4,6). However, symptoms of nutrient deficiency can appear,
which lead to severe stress, thus reducing plantlet viability.

1.5. Osmotic Stressanis

Minerals dissolved in water are introduced into cells through differences in
osmotic pressures (inside and outside the plant cell). The inclusion of sugar n
media increases the osmotic potential, thus reducing the uptake of minerals by
cells. As a consequence, plant growth is delayed. Sugar alcohols (as mannitol
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Table 2
Number of Accessions of Solanum Species Maintained
Under Long-Term Conditions from 1-5 Years (Unpublished Data)

Solanum species 1 2 3 4 5 Total
S andigena 1 569 666 1555 70 2861
S stenotomum 0 57 54 129 5 245
S tuberosum 0 38 24 68 8 138
S. phureja 0 37 37 66 9 149
S chaucha 0 23 23 61 1 108
S gonocalyx 0 15 6 31 1 53
S juzepczuku 0 6 3 8 0 17
S ajanhuiry 0 6 3 8 0 17
Others 0 184 125 280 18 607

and sorbitol) are used extensively in germplasm conservation. Osmoticums enter
the cell slowly and produce osmotic effects without being metabolized (1,2,7).

A combination of osmotic stressants and low temperatures increases the length
of time between subcultures. For the in vitro conservation of potato, good results
have been obtained by combining osmotic stressants, low temperatures, and low
light intensity (8). Most potato accessions can be maintained for up to 4 yr with-
out subculture under these conditions (Table 2) (Fig. 1).

1.6. Long-Term Maintenance Through In Vitro Tubers

Microtuber production 1s an alternative method for clonal multiplication 1n
tuberous species. Microtubers of potato have been developed at CIP for a wide
range of genotypes for the purpose of international germplasm distribution,
potato seed production, and as an alternative to germplasm conservation.
Microtubers are produced in 2—3 mon and can be stored at 10°C for 10 mo (9)
after harvest. Additionally, tuber dormancy can be controlled by environmen-
tal changes (9,10), or sprout growth can be retarded by storage of sprouted
tubers embedded in conservation medium, thus permitting another means of
long-term conservation.

2. Materials

1 Potato plantlets growing on propagation medium

2. Culture media (Table 1) contain Murashige and Skoog salts (11; see Appendix)
(Gibco 10632-016) and Murashige and Skoog vitamins (11; see Appendix)
(Sigma M7150); growth regulators are included in the media before autoclaving,
agar or phytagel is included after adjusting the pH The media are autoclaved at
121°C for 20 min at 15 ps1 before use
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Fig. 1. Potato plantlets after 4 yr of storage at 6-8°C in conservation media.

3. Growth regulators: Gibberellic acid (Sigma G7645), 6-benzylaminopurine
(Sigma B5898), chlorocholine chloride (Sigma C4049).
4. Sucrose grade II (Sigma S5391).
5. Phytagel (Sigma P8169) or agar (Sigma A1296).
6. Surgical knife handle #11 with blade #15.
7. Stainless-steel forceps, 18 mm.
8. 25 x 150 mm pyrex test tubes, containing 12 mL of culture media.
9. 100X 15-mm Petri dishes containing two sheets Whatman no. 1 filter paper.
10. Bacti-incinerator for instruments.
11. Laminar flow cabinet for aseptic manipulation.
12. 18-22°C culture room (air conditioner with thermostat control), 3000 Ix, 16 h light.
13. 6-8°C culture room (air conditioner with thermostat control), 1000 Ix, 16 h light.

3. Methods

3.1. In Vitro Propagation by Single Nodes

1. Under aseptic conditions, take out in vitro plantlets obtained from buds growing
on propagation media from the culture tube, and place on a Petri dish (see Notes
1 and 2).
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2

3

Slice the plantlets into pieces or nodes (micropropagation) Transfer each node
mnto a glass tube 18 x 150 mm with propagation medium (Table 1), 3 nodes/
tube (11)

Transfer to incubation room. After 2-3 mo, plants with more than 10 nodes will
be obtained. Incubation room conditions are 18-22°C, 16 hr light, 3000 Ix.

3.2. Transfer to Slow-Growth Conditions

1

Cut plants growing on propagation medium at 18-22°C into single nodes, and
place 1 tubes of 25 x 150 mm containing conservation medium (Table 1), approx
5 nodes/tube and 5 tubes/accession (see Note 3)

Grow plantlets for 2—-3 wk at 18-22°C (until roots and the first two nodes are
obtained), after which, transfer to a cool room at 6°C, 16 hr light, 1000 Ix (see
Note 4).

Make evaluations of stress response weekly for the first few months, and then
make monthly evaluations (see Notes 5, 6, and 7).

When plantlets show glassiness, or become yellowish or brownish, replace with
new nodes, Sometimes some explants produce this effect, whereas other nodes
grow normally.

When plants begin to die and produce symptoms, such as stems turning yellow at
the bottom, media show empty bubbles, or when plants reach the top of the tube,
they must be subcultured. Under this evaluation, most accessions of the potato
collection were maintained for 4 yr (Table 2, see Note 8)

3.3. Subculture After Slow Maintenance

1.

Transfer plants to propagation medium when the maintenance period 1s finished
1n order to recover normal growth, During the first month, nodes will show slow
growth However, normal growth will be recovered during the next few months.
Incubation room conditions for this period are the same as for the propagation
room. If stress symptoms persist, a second micropropagation (Subheading 3.1.)
1s necessary (see Notes 1 and 3)

Place the micropropagated plants obtained on conservation medium (Subhead-
ing 3.2.).

3.4. Long-Term Maintenance Through in Vitro Tubers

1.

2

3.

Propagate in vitro plantlets 1n magenta boxes using propagation medium.

After 3 wk of growth, add the liquid tuberization medium over the plants grow-
ing in the magenta boxes, and place in a darkroom for 2-4 mo

Microtubers appear from the second month and continue growing for the next
few months

When the microtubers have taken on a rounded form and the connection with the
stolon is tight, they are ready for harvesting

Store microtubers either in Petri dishes with a wet filter paper or embedded in
conservation medium
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4. Notes

|

Plantlets for slow-growth conservation must come from young cultures that have
good physiological status 1n order to obtain the best effect of osmotic stress and
therefore a longer period of conservation

Mamtenance of large collections involves the use of numbers or names to 1den-
tify accessions. Databases (Foxpro for Windows, MS Access quertes, or MS
SQL-Server) with specific information can be useful for management, because
they provide a source of labels to print when necessary

When plantlets grown 1n conservation medium are subcultured onto new conser-
vation medium after their growth period, viability 1n nodes 1s reduced and plant-
lets have low vigor. In this case, we recommend a source of plantlets growing on
propagation medium

The culture growth room for longer periods of plantlet conservation has to be
maintained in the best aseptic conditions as possible by avoiding sources of con-
tamination (dust, dirt, or contaminated material) and cleaning the room frequently
(using bactericides, fungicides, and acaricides) At the same time, a restricted
area has to be considered to prevent trespassing. To ensure the stability of culture
room growth conditions, we recommend using an electronic alarm system con-
nected to a control panel 1n a secure room.

During growth, the lateral buds are stimulated to grow and produce several
branches that during the first year, look like a bush at the bottom of the tube
After the first year, each branch continues growing toward the top of the tube
Aerial roots are normally present and develop profusely over time. Leaves are
normally very small, and stems are thick.

Slow growth can be affected by a reduction in osmotic stress produced when
plants take up mannitol, thus accumulating the substance in tissues or using it as
a source of carbon Thas has been reported 1n wheat (embryo culture), rape (seed-
ling culture), and potato (stem culture) (12)

There 1s no difference between dirty (virus-infected) and clean (virus-free) plant-
lets growing on conservation medum

The genetic stability of plantlets growing in slow-growth conditions has to be
monitored; there are some indications that low temperatures (5—10°C) might
cause biochemical lesions during seed storage and cryopreservation. In this case,
morphological comparisons and molecular techniques should be developed to
compare field and 1n vitro accessions
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Micropropagation of Strawberry
via Axillary Shoot Proliferation

Philippe Boxus

1. Introduction

Elite strawberry plants can only be multiplied by a vegetative method. This
explains the great dissemination of parasites, such as viruses, mycoplasmas,
nematodes, soil fungi, and tarsonems, which are transmitted directly or indi-
rectly to the descendants. The impossibility of efficiently fighting against such
parasites, the introduction of nonresistant cultivars, and international trade have
rendered the problem more and more acute. However, most strawberry-
producing countries have drawn up a program of certification that takes these
various parasites into account.

After heat therapy or meristem culture, healthy plants are 1solated 1n
screened cages, far from any source of contamination. The so1l is disinfected
by fumigation. Every mother plant 1s indexed, and daughter plants are then
planted in the open air in well-isolated and disinfected plots. They remain under
very strict phytosanitary observation. The plants produced 1n this way consti-
tute registered stock, which 1s considered virus-free, though 1t 1s impossible to
give absolute evidence of this. This traditional method of multiplying healthy
plants requires a minimum delay of 3 yr before a healthy cultivar is at the
producer’s disposal.

Massive production of strawberry plants in vitro, introduced in 1974 (1),
offered an interesting improvement to this very strict and very slow scheme.
Therefore, within five years, European growers had adopted this method. The
technical process 1s very simple. The presence of 1 mg/L benzylaminopurine
(BAP), an active cytokinin, in the basal culture medium induces an exten-
sive development of axillary dormant buds. This axillary branching continues

From Methods in Molecular Biology, Vo! 111 Plant Cell Culture Protocols
Edited by R D Hall © Humana Press Inc, Totowa, NJ
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from one subculture to the next, but as soon as the transfer 1s made onto a
BAP-free basal medium, the branching stops, and rooted strawberry plantlets
develop.

The first industrial application of strawberry micropropagation was reported
in Germany (2). About 10 years later, the annual production of micropropagated
strawberry plants reached 7.5 million. This high-quality material, used as stock
mother plants, produces a large portion of the billion conventional strawberry
plants annually produced in the world (CEE, Cost 87, January 1988). In the US
alone, 1n 1985, 350,000 plants were raised m vitro, whereas 700 million plants
were produced 1n the field (3)

Numerous field trials, made to compare fruit production of healthy plants
orgiating from tissue culture with standard material, did not show any statis-
tical differences (4~7). However, some sporadic occurrences of abnormal fruit
setting were observed on specific cultivars. A hyperflowering habit entailed
malformations and small fruits, although this trouble was only present on spe-
cific cultivars after numerous subcultures. Therefore, it was decided 1n several
countries to limit to 10 the number of subcultures for each mericlone (6). More-
over, legislation in some countries rejected or limited the use of this new meth-
odology. In The Netherlands, for instance, only the everbearing cultivars could
be propagated in vitro.

Although the limitation of subculture number was very effective in control-
ling the fruit quality of strawberry microplants, we were obliged to wait for
Jemmali et al.’s researchs to understand the reasons for this hyperflowering
behavior (8). Indeed, they observed a new kind of bud during the proliferation
phase. Named “stipular buds,” they appeared at a specific position on the
stipule (Fig. 1). After isolation and transfer onto a proliferation medium, they
showed a very high propagation rate in vitro, and a hyperflowering habit in
production fields. Jemmali et al. identified a higher free BAP content in these
buds (9).

It is possible to limit the occurrence of these stipular buds by decreasing the
BAP concentration from 1 mg/L to 0.5 or 0.25 mg/L. Moreover, the number of
subcultures has to be strictly limited to 10, Under these conditions, we have a
very high-quality stock material, which 1s well adapted to the new intensive
crop system.

These observations underline the risks introduced by adventitious regenera-
tion in a mass propagation system. However, on the contrary, the axillary
branches developed from preformed axillary buds are genetically and pheno-
typically stable, as was already undetlined (10) and again confirmed in our
very recent trials on strawberry plants (11).
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Fig. 1. Neoformation of stipular buds on cv ‘Gorella’ subcultured on a proliferation
medium containing 1 mg/L BAP. (A) The buds present a fasciation, parallel to the
petiole axis. (B) The stipular bud develops just on the middle of the two stipule tips.
LS: left stipule, RS: right stipule, SB: stipular bud, AB: axillary bud, PA: petiole axis.

Table 1
Stock Solutions for Strawberry Culture
Medium (Knop Macronutrients) (12)

Ca (NO;), 100 g/L
KNO, 100 g/L
Mg SO, - TH,0 100 g/L
KH,PO, 100 g/L

2. Materials

1. Plant material must be selected in a field production. From the selected mother
plants, collect preferentially the youngest runners (see Notes 1 and 2).

2. Reagents for plant material sterilization: alcoholic solution 96%, calcium hypo-
chlorite 5% (w/v, see Note 3).

3. Binocular microscope and dissecting tools, razor blades and handles, scalpels with
disposable blades, and fine forceps adapted for meristem excision (12 cm long).

4. Stock mother solutions: prepared with chemicals, quality pro analysis (see Note 4)
a. Macronutrients: the four salts are stored at room temperature in liquid solu-

tion (100 g/L) (Table 1).
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Table 2

Boxus

Stock Solution for (1000X) Murashige and Skoog Micronutrients (13)

MS solution, mg/L

1 L MS: stock solution

Salts end concentration 1,000X, mg/L
MnSO, - H,O 16 16,000
ZnSO,- 7H,0 8.6 8,600
H;BO; 6.2 6,200
KI 0.83 830
Na,MoO, - 2H,0 0.25 250
CuSOy, - 5H,0 0.025 25
CoCl,- 6H,0 0.025 25
Table 3

Stock Solution for (1000 x) Murashige
and Skoog Vitamins and Amino Acids (72)

Vitamins or MS solution, mg/L

1 L MS. stock solution

amino acid end concentration 1,000X, mg/L
Nicotinic acid? 05 500
Pyridoxine, HCI 05 500
Glycine 20 2000
Thiamine, HCI 01 100
Meso-mositol 100.0 100,000

9Nicotinic actd must be dissolved by gentle heating

b. Micronutrients: strength 1000X, stored at +4°C (Table 2)
¢ Vitamins strength 1000X , stored at +4°C (Table 3)

d. Growth substances*

1 Cytokinin BAP strength 1000X, dissolved 1n a few drops HCI 32%,
then make up to volume with distilled water, stored at +4°C 1n dark

bottle.

11 Auxin, mdoly! butyric acid (IBA), strength 1000X, dissolved in 1 M

KOH, stored at +4°C 1n dark bottle.

iti. Gibberellic acid, GA3, strength 1000X, dissolved 1n water, stored at

+4°C
5 Agar and glucose of good quality (see Note 5)
6. Glassware:

a Tissue-culture tubes: 16 x 75 mm with screw cap for meristem culture, and
25 x 150 mm with loose-fitting caps (kaputs, Belco) for the first subcultures.

b. Tissue-culture jars, 0 5 L, diameter 10 cm, with a glass lids (see Note 6)

¢ Precut food polythene film (23 x 23 cm) to seal the hids of the jars.
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Table 4
Composition of Strawberry Culture Media (7)
Meristem Propagation Rooting
culture medium medium medium
Macronutrients Knop Knop Knop
Micronutrients Knop Knop Knop
Vitamin mixture MS MS MS
Hormonal substances (mg/L)
BAP 0.1 05 —
IBA 1.0 10 10
GA, 01 0.1 —
Glucose (g/L) 400 40.0 400
Agar (g/L) 52 5.2 52
Activated charcoal (g/L) — — 0.5
pH 5.6 56 5.6

MS Murashige and Skoog, BAP benzylaminopurine; IBA' indol butyric acid, GA;* gibberellic acid

. Horizontal lammnar air flow hood for sterile transfers

Sterile disposable Petri dishes (90—100 x 15 mm), fine but long forceps (25 cm)
to divide clusters of axillary shoots.

Draft-free growth room with air conditioning, temperature between 22 and
25°C. The photoperiod 1s fixed at 168 h/d and night, with a light intensity of
30-50 umol/m?/s, diffused by daylight TL lamps. The control of relative
humidity is only necessary m very humid countries The growth room shelves
(0 75- or 1 50-m width) are metal n order to prevent an excessive heat inside the
Jars resulting from the greenhouse effect during the light period (see Note 7).

10. Greenhouse facilities or plastic tunnels must be available during the five or six
weaning weeks. The strawberry plantlets are normally very resilient Therefore,
heating or cooling equipment 1s not obligatory.

3. Methods

After media preparation and the sterilization of the plant material, all subse-
quent steps should be carried out in a flow cabinet under aseptic conditions.

3.1. Preparation of Culture Medium

L.

Prepare the culture media from mother stock solutions and distilled water. Except
for the hormonal balance, the media have the same compositions for the three
propagation stages (Table 4).

Prepare culture media in a gauged flask, and before adding the agar and the glu-
cose, adjust the pH to 5.6 with 1 M KOH or 1 N HCI solutions

. After boiling, the medium is distributed, 2.5 mL in the small test tubes, 15 mL

in the large ones and 140 mL in the 0.5-L jars. Finally the matenial 1s
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sterilized by autoclaving at 110°C for 20--30 min, depending on the size of
your autoclave.

4. After autoclaving, the jars or test tubes are kept 1n a clean room. They are ready
to use 1 d later (see Note 8)

3.2. Initiation Phase or Meristem Tip Culture

1. The position of the meristem tip on the mother plant does not influence the plant
propagation ability However, excision 1s easier from young runner tips than from
well-developed plants (see Note 9)

2. Disinfect the samples by washing with water and weak detergent Then, dip for
2 min 1n an absolute alcohol solution. Afterward, dip the samples for 10-20 min
mn a 5% calcium hypochloride solution Finally, the samples are transferred to a
washing bath filled with sterile water (see Note 10)

3. The samples are excised one by one using fine forceps and pieces of razor blade
The explant size should be <0.3 mm to guarantee a maximum sanitary state of the
produced plants. They are aseptically placed 1n test tubes (16 x 75 mm) contain-
g 2.5 mL meristem culture medium

4 The cultures are placed on the shelves n the growth room

5 About | mo later, the excised meristem tips have developed into a rosette of
leaflets. They must be transferred to a propagation medium to start the mericlonal
propagation (see Note 11)

3.3. Mericlonal Propagation

1. Assoon as the first rosette of leaflets has developed to a size of a few millimeters,
transfer to a 25 x 150 culture tube sealed by kaputa (loose-fitting caps), contain-
ing 15 mL propagation medium Each culture tube 1s labeled to keep the
mericlones separate

2 The racks with the culture tubes are placed 1n the light on the shelves n the
growth room for 6-8 wk

3 Within 3 or 4 wk after this transfer, two or three new buds will appear at the base
of the petioles of the oldest leaves. These young axillary buds grow very quickly
and, 1n turn, produce new axillary buds. After 68 wk in the presence of cytoki-
nin (BAP 0.5 mg/L), the axillary buds invade the entire culture tube The mtial
plantlet is transformed mto a cluster of buds, often without any callus These
clusters may contain 15—25 small buds Each has several short petioles, ended by
a very small unifolhate leaf No roots are present on these buds.

4 At this stage, the clusters of buds may be aseptically separated and transferred
onto a fresh medium to continue the clonal propagation. Every 6—8 wk, one 1so-
lated bud will produce 15—25 new axillary buds (see Note 12)

5. During the second division of the clusters, only a small fraction of the 1solated
buds 1s transferred to proliferation medium to continue the propagation. The
remainder 1s placed on rooting medium to be stored at +2°C as mother stock
plants (“germplasm”) or to produce rooted plantlets to be used for virus indexing
(see Subheading 3.4.).
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6.

3.4.

Economically, the division within isolated buds is not very easy and takes a
lot of time Therefore, after one or two transfers on proliferation medium, the
clusters are now divided more roughly into four to five small tufts of buds

These are transferred onto fresh proliferation medium, 7 explants/0.5 L jar
(see Note 12)

The jars are placed on the shelves 1n the light. About 4 wk later 1n the presence of
0.5 mg/L cytokinin, new large clusters are formed and may be divided further
(see Note 13)

To maintain a high proliferation rate, the transfers must be done immediately
after the appearance of the first roots In this way, the proliferation rate 1s about
four- to fivefold per month, 1.e , several million from one meristem 1 only 1 yr
(see Note 14)

Rooting Phase

To obtain rooted plantlets, the clusters are divided into small tufts of three well-
developed buds. These explants are transferred to a BAP-free medium contain-
ing 0.5 g/L activated charcoal. Each 0.5-L jar contains 15 explants (see Note 15).
Placed on the lighted shelves in the growth room, the first roots appear 710 d
later, and the first true leaves (trifoliate leaves) develop (see Note 16)

Within 5-6 wk, well-rooted plantlets occupy the whole jar These have devel-
oped 4- to 8-cm high leaves and 3- to 7-cm long roots They are now ready for
weaning (see Note 17)

Under Subheading 3.3., step 5, the possibility of creating a germplasm with a
part of the clusters obtained from the second or third subculture was considered.
Toward this aim, 1solated buds are placed 1n 25 x 150 mm test tubes, closed with
kaputs and sealed with food polythene film After 4-5 wk 1n the light, the test
tubes containing well-developed, rooted plantlets can be stored in complete dark-
ness 1n a cold room at +2°C These can then be stored in this way for 2 or 3 yr
These cold-stored plantlets could then be used to start a new propagation line
They will replace the material coming from meristem culture. Of course, in this
case, 1t will be necessary to take the total number of subcultures into account to
avoid the risk of deviant plants emerging (see Subheading 1.)

Under Subheading 3.3., step 5, 1t was also recommended to root, during the first
steps of the propagation process, a minimum of two plants, which must serve for
virus indexing. As the propagation line 1s pursued during the mndexing tests, 1t 1s
evident that all the production should be destroyed 1n the case of virus contami-
nation (see Note 18).

3.5. Weaning Phase

L.

2.
3.

Rooted plantlets are removed from the jars coming directly either from the growth
room or the cold room

Wash under tap water to eliminate a maximum of gelled agar from the roots
The small tufts of clean rooted plantlets are separated 1nto 1n single plantlets with
the help of fine forceps (see Note 19)
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Table 5

Field Performance, Runner Production in ltaly, Year 1979 (4)

Cultivar Propagation® Number of runners % runners >8 mm

‘Gorella’ TC 620 71.7
standard 39.3 79.9

‘Belruby’ TC 262 88.6
standard 108 83.4

‘Aliso’ TC 146.3 542
standard 89.5 61.5

“TC micropropagation 1n tissue culture

3.6.

After grading and counting, the wetted single plantlets are stored 1n small plastic
boxes and placed at +2°C until the transfer to the soil (see Note 20)

The rooted plantlets are acclimatized 1 trays filled with a peat mixture substrate
with a separation of 5 x 5 cm. They are covered with a plastic sheet. The optimum
ambient temperature 1s 22°C/15°C day and mght Strawberry plantlets can sur-
vive more drastic temperatures without damage if they are covered by a plastic
sheet. However, long periods of low temperature (£5°C) or high temperature
(£32°C) must be avoided Covering with a milky white plastic sheet can protect
the plantlets from direct intense solar rachation

Immediately after transplantation, the plantlets are watered with a solution con-
tamning a broad spectrum fungicide to avord damage from fungi (see Note 21)
After the watering with the fungicide, the plastic sheet 1s firmly sealed Every 2
or 3 d, the state of the plants must be controlled As soon as there is need for a
fungicide treatment, repeat.

After 2 or 3 wk, when the plants develop new leaves, the plastic sheet can pro-
gressively be hifted up

Generally, 4 wk after soil transfer, the first runners come out. Then young plants
can be planted in the nursernes for the production of runners (see Note 22)

Field Behavior

Runner production: The main characteristics of micropropagated strawberry
plants 1n the field are a flatter habit of the nonflowering plants and a very large
number of stolon imtiations. At the beginning of the summer, the stolons are
shorter and finer than those formed on standard plants At the end of the growing
season, the runner plants obtained from micropropagated plants are identical to
the conventional ones Only the number of runners per mother plant can differen-
tiate the two origins (Table 5). This ability to produce larger quantities of run-
ners disappears during the second year of production This increased runner
production 15 very important for the everbearing cultivars, which are generally
poor producers of runners
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Table 6
Field Performance: Fruit Production in France,
cv. “Gorella” (Mean of 3 Years, 1984—1986) (6)

Southeast Southwest
Commercial Mean weight, Commercial Mean weight,
grade, g/plant g/fruit grade, g/plant g/frunt
Standard 837 18.2 510 175
New clones? 892 180 602 176
Old clones® 700 16.1 418 14.8

4New clones ‘Gorella’ clones with <10 subcultures 1n vitro
50ld clones ‘Gorella’ clones with >30 subcultures 1n vitro

Table 7
Fruit Production: Year 1988, cv. “Rapelia,”
Withelminadorp and Horst (The Netherlands) (7)

Production kg/acre, class I and II

First runner progeny of TC plants 278 A¢
Second runner progeny of TC plants 281 A
Standard plants 244 B

“Different letters indicate statistical differences at p = 0 05

2. Fruit production: The comparisons made in several countries, with different vari-
eties, do not show any significant difference between the fruit production from
micropropagated or standard strawberry plants, providing that mericlones with
an high number of subcultures have been avoided (Tables 6 and 7)

4. Notes

1. To be sure to start the clonal propagation with the true cultivar, 1t 1s better to
select the material in a field production, Ask the help of a good farmer, a special-
ist of the chosen variety, to select the best mother plants in the field. Some labo-
ratories keep the mother plants in screenhouses for several years, and always use
the same plants for the meristem excision. This method seems not as rehable as
the previous one.

2. If possible, collect £20 young runner tips, removed from several mother plants.
Give a number to each mother plant, and keep the runner tips of each mother plant
in separate bags. As soon as possible, place the bags in the vegetable compartment
of a refrigerator. The samples can be stored easily for 2 or 3 wk before exciston

3. Calcium hypochlorite is very hygroscopic and must be stored under dry condi-
tions. The 5% calcium hypochlorite solution must be prepared fresh before use
This solution can be used only for2 or3d
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4 All the mother stock solutions are prepared from proanalysis chemical reagents
dissolved 1n distilled water Preparation of large quantities is possible In this
case, distribute the mother stock solution into different containers Sterilize the
mineral mother stock solutions by autoclaving, freeze the mother stock solutions
of vitamin, and growth substances Before use, always control that there 1s no
precipitation in the concentrated mother solutions.

Use a microbiological-grade agar and sugar

6. Some laboratories use other glass containers, named “Mel1” jars. These have a
polythene lid and a content of 350 mL

7. The control of relative humidity 1s important in countries with very humid and
hot seasons, monsoon seasons for instance If not controlled, the risks of mould
and bacterial contaminations are too high. In spite of the air regulation n the
room, a temperature gradient exists in most growth rooms Generally, the upper
shelves are warmer than the lower ones Too high-temperature 1n the jars results
from a high ambient temperature, but also from the greenhouse effect, which can
cause an increase of 6-8°C in the jars in comparison with the ambient air There-
fore, it is important to place the jars immediately on a metal shelf. This has the
ambient temperature and will eliminate the excessive temperature from the jars.

8 After autoclaving, cool the jars as early as possible to avoid hydrolysis of the
culture medium. This can occur in summer during hot days, especially when
the media contain little agar In very hot countries, it will be necessary to increase
the agar concentration

9. To excise the meristems, the very young runner tips are the best plant material
This material 1s collected in a fruit production field in June, before the runners
have formed leaves and roots. This very young material has fewer hairs surround-
g the meristematic zone and results in little contamination. When meristems
are removed from dormant plants or from cold stored plants, a higher percentage
of the cultures will be contaminated. When only crowns of adult plants are avail-
able, avoid deep crowns or those from cold stored plants, because these are fre-
quently contaminated by bacteria

10. After sterilization with calcium or sodium hypochloride, 1t is not necessary to
rinse the explants several times with sterile water, because chloride 10ns are not
toxic 1n the culture medium If after 1 mo the excised meristem has not developed
a rosette of leaflets, this explant can be subcultured for another month onto the
same meristem culture medium.

11 At each transfer, carefully clean the explants by removal of all necrotic parts,
callus, and roots to avoid oxidation or diffusion of phenolic compounds nto the
fresh culture medium,

12. Dip the explants deeply into the medium to assure a good contact between the
dormant axillary buds and the medium. This will enlarge the number of axillary
shoots developed during the subculture. There 1s no risk of asphyxia provided
that only a portion of the explant 1s out the medium.

13 The varietal sensttivity to the temperature 1s variable. The most restlient cultivars
should be placed on the upper shelves. A general yellowing of the plantlets dur-

A
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14.

15.

16

17.

18.

19.

20.

21,

ing the proliferation phase 1s characteristic of too high a temperature. In this case,
change the level of the shelves or decrease the air temperature, but take care,
because at a temperature that is too low, the plants will not grow fast enough.
At each transfer, take the number of subcultures into account to be sure to stop at
the 10th subculture Dip the explants correctly into the medium Take care not to
have too hard a medium. Control that the mother jar, which must be divided, is not
contaminated by fungus or bacteria. For these latter infections, 1t is necessary to
inspect visually the jars by transparency. If there 1s any doubt, e.g., presence of
white cloud at the base of the explants or some turbidity in the condensation water
at the surface of the medium, discard this mother jar. Some bacteria are very diffi-
cult to eliminate, even by flaming! Finally, always transfer before or just at the
appearance of the first roots. If this 1s not possible, e.g., no media or no manpower
available, immediately place the jars in the cold room at +2°C to stop development.
This last point is very important to maintain the high rate of multiplication

The introduction of activated charcoal in the rooting medium improves the growth
of the roots a little, but also, the black color of the medium is an excellent 1denti-
fication label Some laboratories prefer MS medium (72) to Knop medium (13)
as macronutrients during the rooting phase Indeed, on this medium, the plantlets
will grow faster. However, these MS plantlets are softer and also more suscep-
tible during the weaning phase

Plantlets in rooting phase are more sensitive to an excess temperature. In this
case, the roots stop their growth and develop a black tip. As soon as the jars are
placed at a lower temperature, the roots start to grow again

To extend the period of work n the laboratory, it is possible to root strawberry
plantlets some weeks before the normal weaning time Rooted plantlets can be
stored at +2°C for 4-6 mo without any damage, but in the case of long storage
periods, place the rooted plantlets as early as possible 1n the cold room to avoid
oxidations or phenol production.

Very often, the propagation of new mericlones s pursued during the time required
for virus indexing. However, until now, the percentage of virus elimination has
been about 100%, so the risk of being obliged to destroy all the production for
sanitary reasons is very low.

In general, each 0.5-L jar produces 45 to 60 rooted plantlets, 3—7 cm high. Some
cultivars with very fine buds can give, per jar, higher numbers of rooted plantlets
However, they are so thin that it is better to keep 2 or 3 buds together to facilitate
their acclimatization.

The little rooted plantlets are stored in 12 x 8 x 4 cm plastic boxes covered by a
see-through lid. These plantlets are moist when they are introduced 1n these boxes
Also, after a few days, check the condensation water inside and eliminate the
excess water to keep the material in good condition for 1 mo.

Thiram (TMTD) 0.5-1.0% is a very effective fungicide, without any phytotoxic-
ity for control of Botrytis and Pythium, the most dangerous fungi during the
acchmatization phase. Avoid use of very freshly sterilized substrates, which are
too easily invaded by unfavorable germs.
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22. Transfer the plants to the nursery field as soon as possible to avoid a halt 1n the

development of the young runners. Severe stress, induced by a poor transfer from
the greenhouse to the field, can even induce flowers under long day length and,
consecutively, can stop runner production for several weeks.
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Meristem-Tip Culture
for Propagation and Virus Elimination

Brian W. W. Grout

1. Introduction

The essence of meristem-tip culture is the excision of the organized apex
of the shoot from a selected donor plant for subsequent in vitro culture. The
conditions of culture are regulated to allow only for organized outgrowth of
the apex directly into a shoot, without the intervention of any adventitious
organs (I-3). The excised meristem tip is typically small (often <1 mm in
length) and is removed by sterile dissection under the microscope, as in the
potato example detailed in this chapter (Fig. 1). The explant comprises the
apical dome and a limited number of the youngest leaf primordia, and
excludes any differentiated provascular or vascular tissues. A major advan-
tage of working with such a small explant is the potential that this holds for
excluding pathogenic organisms that may have been present in the donor
plants from the in vitro culture (see below). A second advantage 1s the gene-
tic stability inherent 1n the techmque, since plantlet production 1s from an
already differentiated apical meristem and propagation from adventitious
meristems can be avoided (3—9). Shoot development directly from the mer-
istem avoids callus tissue formation and adventitious organogenesis, ensur-
ing that genetic instability and somaclonal variation are minimized. If there
is no requirement for virus elimination, then the less demanding, related tech-
nique of shoot-tip culture may be more expedient for plant propagation. In
this related procedure the explant is still a dissected shoot apex, but a much
larger one that is easier to remove and contains a relatively large number of
developing leaf primordia. Typically, this explant is between 3 and 20 mm
in length, and development in vitro can still be regulated to allow for direct
outgrowth of the organized apex.

From Methods in Molecular Biology, Vol 111 Plant Cell Culture Protocols
Edited by R D Hall ® Humana Press Inc, Totowa, NJ
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Fig. 1. A freshly excised meristem tip from an axillary bud of the potato Solanum
tuberosum. The two smallest emergent leaf primordia are present. Scale bar repre-
sents 50 pM.

The axillary buds of in vitro plantlets derived from meristem-tip culture may
also be used as a secondary propagule. When the in vitro plantlet has devel-
oped expanded internodes, it may be divided into segments, each containing a
small leaf and an even smaller axillary bud (Fig. 2). When these nodal explants
are placed on fresh culture medium, the axillary bud will grow directly into a
new plantlet, at which time the process can be repeated. This technique adds a
high propagation rate to the original meristem-tip culture technique, and together
the techniques form the basis of micropropagation, which is so important to the
horticulture industry (/—4; see Table 1).

It is possible, however, that callus tissue may develop on certain portions of
the growing explant, particularly at the surface damaged by excision (Fig. 3).
The only acceptable situation under such circumstances is where the callus is
slow-growing and localized, and the callus mass and any organized develop-
ment on it can be excised at the first available opportunity. Studies from the author’s
laboratory on cauliflower plants regenerated from wound callus and floral
meristems in vitro showed normal phenotypes for all the plants produced by
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Fig. 2. An axillary bud from a freshly excised nodal segment, taken from a mer-
istem-derived potato plantlet in vitro. A number of small leaf primordia are apparent,
emphasizing the effectively normal structure of this very small axillary organ. Scale
bar represents 50 puM.

Table 1
The Propagation Potential Inherent
in the Meristem-Tip Culture Technique?®

No of nodes available? for
Time from culture further subculture, equivalent
initiation, mo to plantlet number

5

25

125

625

3125

15,625
“The data are for potato species, Solanum curtilobum, and were

calculated from propagation rates achieved in the author’s laboratory.
bAssumes 5 nodes available/plantlet.

0O~ Lh bW
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Fig. 3. A meristem-tip culture of potato 6 d after initiation. A distinct swelling can
be seen at the wound surface, and larger callus cells are beginning to proliferate from
it. Scale bar represents 500 pM.

meristem culture, whereas those of callus origin included rosette and stunted
forms, and both glossy and serrated leaves as examples of phenotypic deviance.

These abnormal plants, derived from callus tissue, and normal plants from
meristem culture showed the same DNA levels, as measured by scanning
microdensitometry, but showed considerable differences when the isozymes
of acid phosphatase was examined by gel electrophoresis. This suggests a range
of unacceptable variation at the gene level, introduced by the adventitious ori-
gin of the shoots.

A further advantage of meristem culture is that the technique preserves the
precise arrangement of cell layers necessary if a chimeral genetic structure is
to be maintained. In a typical chimera, the surface layers of the developing
meristem are of differing genetic background, and it is their contribution in a
particular arrangement to the plant organs that produces the desired character-
istics, e.g., the flower color in some African violets. As long as the integrity of
the meristem remains intact and development is normal in vitro, then the
chimeral pattern will be preserved. If, however, callus tissues are allowed to
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Table 2
The Relationship of Explant Size
to Effective Virus (WCMV) Elimination in Clover?

Explant size, No. explants taken No of plants No. virus-free
mm into culture established in so1l plants
<0.6 90 18 18

0.6-1.2 113 45 19
1.3-1.8 190 102 25
1.9-2.4 158 88 11
2.53.0 174 92 11
9Data from (15)

form and shoot proliferation, subsequently, is from adventitious origins, then
there will be a risk that the chimeral layers of the original explant may not all
be represented in the specially required form in the adventitious shoots.

The technique of meristem culture may be exploited 1n situations where the
donor plant is infected with viral, bacterial, or fungal pathogens, whether or
not symptoms of the infection are expressed The basis of eradication is that
the terminal region of the shoot meristem, above the zone of vascular
differentation, is unlikely to contain pathogenic particles. If a sufficiently small
explant can be taken from an infected donor and raised in vitro, then there is a
real possibility of the derived culture being pathogen-free. Such cultures, once
screened and certified, can form the basis of a guaranteed disease-free stock
for further propagation (9—11). The meristem-tip technique can be linked with
heat therapy to improve the efficacy of disease elimination, or antiviral, chemo-
therapeutic agents may be investigated (9—14).

Whatever variants of technique are employed for virus eradication, the key
to success is undoubtably the size of the explant. The smallest explants are
those that typically, will be the least successful during in vitro culture, but will
produce the highest proportion of virus-free material when entire plants are
reared in the glasshouse or field. This is clearly illustrated by attempts at the
elimination of WCMV from Trifolium pratense (Table 2; 15).

If meristem culture alone is not successful in producing any virus-free plants,
then temperature-stress treatment of donor plants and/or the use of antiviral
agents will have to be considered. There are no prescriptive, global methodolo-
gies for these treatments, and an empurical study will be required. Heat therapy
relies on the growth of the donor plants at elevated temperatures, typically
30-37°C and may involve a treatment of several weeks. Where in vitro cul-
tures provide the donor material, 1t 1s possible to heat treat the cultures also. A
number of factors may contribute to the absence of virus particles from the
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Table 3

The Effect of Extended Low-Temperature
(2—4°C) Treatment on the Elimination

of Hop Latent Viroid from Hop Plants®

Duration of cold Propagation of
treatment, mo virowd-free plants
Variety 1 6 0/4
17 4/23
Variety 2 21 1/14
9 3/12

4Adapted from (14).

meristems of treated plants, including reduced movement of the particles to the
apical regions, a thermally induced block on viral RNA synthes:s, and 1nacti-
vation of virus particles. It 1s useful to note that extended, low-temperature
treatment of donor material may also be effective (14). In attempts to eliminate
hop latent viroid, the low-temperature (2-4°C) treatment of parent plants was
only effective 1f extended beyond 6 mo (Table 3). Particularly when subject-
ing donor plants to temperature stresses, 1t is extremely important to under-
stand the physiology and developmental behavior of the plants concerned, so
that maximum stress can be applied while maintaining an acceptable pattern of
growth. A good knowledge of the taxonomy of the plant under investigation 1s
also valuable when selecting likely treatments from the literature, since close,
or distant, relatives can be identified.

Antiviral chemicals can be used as additives in the culture medium (11,12),
and one of the most widely used is ribavarin, also known as virazole. This
compound 1s a guanosine analog with broad-spectrum activity against animal
viruses and appears also to be active against plant virus replication in whole
plants. Increasing concentrations of ribavirin and increasing length of culture
icubation 1n the presence of the compound typically increase the effective-
ness of virus elimination, but slowed growth and phytotoxity may be evident at
high concentrations.

The major advantages of meristem culture are that 1t provides:

clonal propagation 1n vitro with maximal genetic stability;

the potential for removal of viral, bacteral, and fungal pathogens from donor plants;

3. the meristem tip as a practical propagule for cryopreservation and other tech-
niques of culture storage,

4. atechnique for accurate micropropagation of chimeric material; and

5. cultures that are often acceptable for international transport with respect to quar-

antine regulations.

N —
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Fig. 4. A meristem-tip culture of potato 10 d after initiation. When excised, this
explant had only two obvious leaf primordia, and has both developed and extended
considerably during the culture period. Scale bar represents 500 uM.

The technique of meristem culture, with optional procedures for virus elimi-
nation, is detailed below for potato species (see Fig. 4). The steps described are
broadly applicable to a wide range of plant subjects, although formulations of
media and reagents may need to be altered.

2. Materials

1. Glasshouse-grown potato plants provide the stem sections with axillary buds to
be dissected. These are raised in an insect-proof facility where possible, and main-
tained on capillary matting on raised benches so that overhead watering is
avoided. The donor plants can be subjected to heat treatments for virus eradica-
tion, involving growth at 33°C for 4-6 wk.

2. Wide-necked test tubes make suitable culture vessels for incubating meristem
cultures, capped with purpose-bought tops, or aluminum foil, and sealed after
inoculation with a Parafilm strip.

3. The culture vessels contain 2.5 mL of Murashige and Skoog medium (76 and see
Appendix) solidified with 0.8-1.0% w/v agar and supplemented with 0.2 mg/L
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>>

A

Fig. 5. Propagation from meristem-tip derived plantlets by the techmque of nodal
culture (A) A plantlet showing extension growth 1n vitro. The nodal segment to be
excised is indicated (NS). (B) The excised nodal segment as 1t 1s transferred onto fresh
culture medium, showing the axiallary bud (AX) that will be responsible for subse-
quent growth. (C) The pattern of development of a successful nodal segment culture,
showing extension growth of the new plantlet

1-naphthalene acetic acid and 0 5 mg/L gibberellic acid, pH 5.8 (see also 17-20)
Alternatively, liquid media may be used 1n conyunction with paper bridges or
fiber supports 1n the culture vessel. If required for virus elimination, ribovarin at
200 uM is filter-sterilized and added to the medium before solidification.

4. Nodal cultures, derived from 1n vitro plantlets, are excised as detailed in Fig. §
and cultured 1n identical vessels to the excised menistems. The growth medium is
the same as that for meristem culture without growth hormone supplements.

5. Presterilization of the excised stem segments 1s carried out using an absolute
ethanol dip for 30 s with a subsequent sterilization using 5% v/v sodium hypo-
chlorite with a drop of Tween 80 (added as a wetting agent) This 1s particularly
important when the tissue surfaces are waxy or coated with epidermal hairs. Ster-
ile distilled water for rinsing 1s also required
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4.

A dissection microscope with a magnification of at least 15x and mounted in a
laminar flow cabinet 1s required A piece of expanded polystyrene covered in
white plastic film and taped to the microscope stage 1s 1deal for holding sterilized
stem segments in place for dissection, using sterilized pins. The tips of 12-gage
hypodermic needles are used to carry out the dissection

A growth room is needed that provides a controlied environment in which to
incubate the cultures. Lighting at 4000 Ix at culture level with a 16-h photo-
period, provided by warm white fluorescent tubes, and a constant temperature of
25 % 1°C provides optimal culture conditions

3. Methods

1

10.

11

Select a suitable donor plant, in this case, any of the Solanum tuberosum ssp
tuberosum types (see Note 1), following any desired temperature pretreatments
Excise stem segments containing at least one node from the donor plant.
Remove mature and expanding foliage to expose the terminal and axillary buds.
Cut donor segments to 4-cm lengths, and presterilize by immersion in absolute
ethanol for 30 s.

Sterilize by immersing the donor tissues in the sodium hypochlorite solution,
with added detergent, for 8 min (see Note 2).

Following surface sterilization, rinse the tissues three times n sterile distilled water
Mount the stem segment on the stage of the dissection microscope, and use the
tips of hypodermic needles to dissect away progressively smaller, developing
leaves to expose the apical meristem of the bud, with the few youngest of the leaf
primordia (see Note 3).

Excise the explant tissue that should comprise the apical dome and the required
number of the youngest leaf primordia (see Note 4).

After excision, the explant 1s transferred directly onto the selected growth medium,
and the culture vessel 1s closed.

Transfer the completed meristem-tip culture to the growth room.

If the explant is viable, then enlargement, development of chlorophyll, and some
elongation will be visible within 7—14 d (Fig. 4; see Note 5).

Maintain the developing plantlet in vitro until the internodes are sufficiently elon-
gated to allow dissection 1nto nodal explants.

To prepare nodal explants, remove the plantlets from the culture vessels
under sterile conditions, and separate into nodal segments (Fig. 5) Each of
these 1s transferred directly onto fresh growth medium to allow axillary bud
outgrowth. Extension of this bud should be evident within 7-14 d of culture
initiation (see Note 6)

4. Notes

L.

Donor plants should be selected for general health and vigor. Donor tissues should
be taken from young, actively growing stems to ensure the best chance of suc-
cess. However, if donor plants have been subjected to temperature stresses as a
pretreatment, then allowances must be made for apparent foliar injury and slowed
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growth Using donor plants that have been glasshouse-raised and only watered
from below will help mimmize infection problems

Be careful. It is often easy to oversterilize during surface sterilization and lethally dam-
age tissues and, therefore, the meristems 1n an attempt to eradicate surface pathogens

It is only with practice that reproducible, high levels of culture success will be
achieved, since early attempts at dissection will often result 1n damaged tissue.
Hypodermic needles used as dissecting tools often need to be discarded after two
to three meristem excisions

It seems that the presence of leaf primordia 1s essential for successful culture
growth, so removal of too small an explant may restrict success

A consequence of dissection may be the production mn the tissue of toxic, oxi-
dized polyphenolic compounds (3) These are more prevalent in cultures of
woody species. Their effects may be minimized by rapid senal transfer of the
excised menstem tip to fresh medium as soon as significant browning of the
medmm occurs, or by reducing light available to the culture 1n the early stages of
development Attempts can be made to reduce oxidation of the secreted polyphe-
nolic compounds by incorporating antioxidants into the growth medium These
miught include ascorbic acid, dithiothreitol, and polyvinyl pyrrolidone

Media are commonly species-specific with regard to the formulation of the
required growth regulators and their concentrations, and may also be specific for
the other organic and inorganic constituents. The specificity may even extend to
the cultivar/race level with respect to optimal growth. For potato, a range of suc-
cessful media for different varieties and species, at a range of ploidy levels, have
been published (17-28) Reference sources can provide an appropriate growth
medium to begin an empirical study, using the formulation for the closest taxo-
nomuic relative 1f no medum is detailed for the particular plant under investigation
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Clonal Propagation of Orchids

Brent Tisserat and Daniel Jones

1. Introduction

Methods for clonal propagation of the two major morphological groups of
orchids, i.e., sympodials and monopodials, are presented. The first group,
sympodials, includes such genera as Cymbidium, Cattleya, Dendrobium, and
Oncidium. They are characterized by a multibranching rhizome that can supply
an abundance of axillary shoots for use as explants. They were among the first
orchids to be successfully propagated, and techmques for their in vitro mitiation
(i.e., establishment) and subsequent proliferation are well established (7—8). The
second group, monopodials, include Phalaenopsis and Vanda, and are character-
ized by a single, unbranched axis that possesses few available axillary shoots for
use as explants. Significantly different in their morphologies, these two groups
require different approaches to explant selection and subsequent culturing. The
successful large-scale micropropagation of monopodials is, in fact, a relatively
recent achievement (9) and is the culmination of a wide variety of studies using
different media compositions and supplements (70-20).

Since the introduction of orchid meristem culture in 1960, a divergence in
orchid micropropagation techniques developed based on using two distinctly
different culture schemes. In one method, the initial explant is induced into
(and is subsequently maintained in) an undifferentiated callus or protocorm-
like body (PLB) state. PLBs are spherical tissue masses that resemble an early
stage of orchid embryo development. Proliferation occurs via PLB multiplica-
tion, and differentiation nto plantlets is permitted only after the desired vol-
ume of callus is achieved. The alternate method minimizes the role of callus,
and encourages the differentiation of cultures into plantlets early in the proce-
dure. Consequently, proliferation is accomplished by the induction of axillary
shoots from plantlets derived from the original explant.

From. Methods tn Molecular Biology, Vol 111 Plant Cell Culture Protocols
Edited by R D Hall ® Humana Press Inc, Totowa, NJ
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This chapter describes four methods of propagation: one callus and one axil-
lary shoot technique for each of the two morphological groups of orchids.
Advantages and disadvantages associated with these two methods will be dis-
cussed and possible variation pointed out (see Subheading 4.).

2. Materials

1 Disinfesting solution* Use a solution of 1% sodmum hypochlorite (household
bleach diluted with distilled water) with 0.1% Tween 80 emulsifier. Prepare fresh
solution for each treatment, and use within the hour

2 Postdisinfestation holding solution. Prepare a 100-mM phosphate buffer with
8.76 mM sucrose Adjust the pH to 5 8, and autoclave for 15 min at 1 05 kg/cm?
and 121°C.

3. Culture media: Use Murashige and Skoog inorganic salts (see Appendix) with
8.76 mM sucrose, 0 003 mM thiamine-HCl, 0.005 mM pyridoxine-HCL, 0 008 mM
nicotinic acid, 0 555 mM myo-mnositol, and 100 mg/L casein hydrolysate This
basic formulation is supplemented as indicated in Table 1. An nitiation medium
(IM) and a differing proliferation medium (PM) are required for each method
The proliferation steps of Subheadings 3.3, and 3.4, necessitate the preparation
of a series of media (Table 1) to determine optimum yields. The pH of all solu-
tions 1s adjusted to 5.7 with 1.0 N HCI or NaOH before being dispensed 1nto
25 x 150 mm culture tubes (for agar media) or 250-mL flasks (for liquid media)
mn 25-mL aliquots. Culture tubes and flasks, capped with appropriate closures,
are autoclaved for {5 min at I 05 kg - cm™2 and 121°C.

4 Culture conditions: Cultures recerve 15-25 pmol/m?%s from wide-spectrum fluo-
rescent tubes for 16 h daily. Temperature is maintained at 27°C.

5. Sympodial orchid explants (see Table 2). Developing shoots (<!/2 their mature
s1ze) are severed from the rhizome (Fig. 1)

6 Monopodial orchid explants (see Table 2): Inflorescences (preferably with flow-
ers still intact) should be severed near their point of emergence from leaf bases

3. Methods
3.1. Clonal Propagation of Sympodials by Callus Production

1 Leaves surrounding developing shoots are removed, exposing underlying lateral
buds and shoot tips. Though the form of the leaves may vary from one sympodial
genus to another, the basic structure of the developing shoot 1s as depicted in Fig. 1A.

2. Excised shoots are sterilized for 20 min in disinfesting solution

3 Replace disinfesting solution with buffered holding solution Tissues may remain
in this solution while they await final trimming

4. Excise explants for culturing by maneuvering the blade of a scalpel behind the
lateral buds. Remove the buds by cutting approx | mm into the underlying stem
tissue, The shoot tip is removed by cutting just below the base of the elliptical
leaf primordia. All dissecting operations are performed while the tissues are
immersed 1n the holding solution Final trimming of explants involves the removal
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Table 1
Supplements to the Basal Medium
Employed in the Four Orchid Micropropagation Methods?

Supplements
Methods Media BA, uM NAA, pM Agar, mg/L?
3.1. M 783 107 —
PM 078 13.43 6000
3.2 M 7.83 1.07 —
PM 1175 2.68 6000
3.3. M 19.58 537 6000
PM 0.39 268 6000
0.39 5.37 6000
0.39 8.05 6000
392 2.68 6000
3.92 5.37 6000
3.92 8.05 6000
34. M 19 58 5.37 6000
PM 7 84 054 6000
15.67 0.54 6000
31.34 0.54 6000
7 84 537 6000
15.67 5.37 6000
31.34 5.37 6000
3.134. RM —_ — 6000

“IM, mitiation medium, PM, proliferation medium; RM, rooting medium; BA, benzyladenine,
NAA, naphthaleneacetic acid
bAgar Type. Bacto-agar, Difco Laboratories, Detroit, MI

Table 2
Some Commonly Encountered
Monopodial and Sympodial Orchid Genera

Monopodials
Aerides Cyrtorchis Renanthera
Aerangis Dor1tis Rhynchostylis
Angraecum Neofinetia Vanda
Ascocentrum Phalaenopsis Vandopsis
Sympodials
Brassavola Cymbidium Masdevalia
Brassia Dendrobium Miltonia
Broughtonia Encyclia QOdontoglossum
Cattleya Epidendrum Oncidium

Cochlioda Laelia Sophroninis
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\ Shoot tip
Pseudobulb
Lateral bud

—>

Rhizome

Leaves Surrounding
Developing Shoot

B
—
Bract Dormant bud

Fig. 1. Orchid explant selections. (A) Shoot explant selection for sympodial orchids,
Dotted line indicates point of removal of developing shoot (left) Excised shoot show-
ing exposed lateral buds and shoot tip used for culturing (right). (B) Inflorescence
stem explant selection for monopodial orchuds. Explant with original bract intact (left)
Dotted line indicates location where bract was formerly attached to the stem (right)

\

of one or two of the tunicate leaf scales of the lateral buds or leaf primordia sur-
rounding the shoot tips Finally, carefully remove any fibrous stem tissue that may
have adhered to the lateral buds or shoot tips when dissected from the stem

5 Place explants 1n flasks containing liquid IM (Table 1), and agitate on a gyrotory
shaker at 100 rpm.

6. Within a few days, explants should turn green and begin to swell After 4—6 wk,
the explants should be large and plump. At this time, remove the explants from
culture, Lightly scar with two or three superficial scalpel incisions, and place on
PM (Table 1). If, after the initial 4-6 wk, any cultures appear to have undergone
Iittle or no growth, reculture to fresh IM, and observe for suitability for transfer
to PM in another few weeks In addition, if at any time the medium of an initia-
tion culture begins to discolor (1.e , darken because of phenolic compound accu-
mulation), 1t should be replaced with fresh medium immediately (see Note 1).

7. On transfer to PM, explants begin to produce callus or PLBs on their surface and
from the incisions made before transfer Large PLB clusters should be broken up
and subcultured to fresh PM to enhance multiplication. Continue sectioning and
subculturing callus masses until the desired volume of PLBs 1s achieved.
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8

To induce differentiation into plantlets with roots, transfer PLBs to the rooting
medium (RM) 1in Table 1

3.2. Clonal Propagation of Sympodials
by Axillary Shoot Formation

L.

2.

3.

Follow steps 1-5 as described 1n Subheading 3.1. Step 6 1s executed using Sub-
heading 3.2. PM instead of Subheading 3.1. PM (Table 1).

When transferred to PM, cultures will start to produce well-differentiated axil-
lary shoots and/or callus masses, which quickly differentiate into shoots. From
this point onward, most shoots should give rise to additional axillary shoots with-
out passing through a callus stage Shoot clumps should be separated to enhance
proliferation, and individual shoots subcultured to fresh PM This step 1s repeated
until the desired number of plants 1s obtained (see Note 2)

To establish a root system, shoots are transferred to RM (Table 1)

3.3. Clonal Propagation of Monopodials by Callus Production

1.

2

W

10.

Cut the inflorescence mnto sections, each piece possessing one dormant node with
approx 2 cm of the stem attached above and below the node (see Note 3)

With fine-tipped forceps, remove the bracts surrounding the dormant buds (Fig. 1B)
All traces of the bracts, including any old, papery, or scared tissues that may be
present at their bases, should be removed before disinfestation.

Wash nodal sections by agitation in dilute household detergent for 5 min.
Sterilize in disinfesting solution for 20 min Agitate frequently.

Replace disinfesting solution with buffered holding solution. Agitate vigorously
to ensure deactivation of the remaining sterilant

With a scalpel, recut the two ends of the nodal sections, making sure that each
fresh cut 1s at least 5 mm below the margins created by the bleached (damaged)
areas at each end of the section

Place nodal sections on Subheading 3.3. IM so that the bud 1s just above the
medium surface. Within a week, buds turn green and begin to swell After 12-16 wk,
explants possess multiple shoots with well-developed leaves. Occasionally, this
shoot cluster may also possess peripheral callus masses that contain newly devel-
oping plantlets 1n various stages of development (Fig. 1B)

If callus masses described in step 7 are present on the explant, they should be
severed from the rest of the node culture, sectioned into smaller pieces, and trans-
ferred to the PM series of Subheading 3.3. (Table 1)

Cultures not possessing vistble callus are treated as follows' Sever the nodal
plantlets from the stem, being sure to leave at least a 3—-5-mm stub of the nodal
base still attached to the stem Severed shoots may be used for Subheading 3.4.
(Fig. 2). Reculture the stem section, devoid of its nodal shoots, on fresh IM. The
cut surface and periphery of the nodal stub will produce callus, which can be
handled as described 1n step 8 (Fig. 2).

The PM (from Table 1) deemed optimum for a particular callus should be employed
for further subculturing (see Notes 4—6) Continue sectioning callus clusters and
transferring to fresh PM until the desired volume of callus 1s achieved.
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Fig 2. Steps 1n the micropropagation of monopodial orchids. (A) Newly initiated
inflorescence node culture (B) Multiple Shoots developing from a node. (C) An indi-
vidual shoot separated from the shoot cluster derived from erther B or D. (D) Multiple
shoots, with accompanying callus, developing from node. (E) Recultured inflores-
cence node with shoots removed to induce callus from the remaining stub. (F) Isolated
callus and shoots obtained from culture D

11 To induce differentiation into plantlets with roots, callus or PLBs should be trans-
ferred to RM (Table 1).

3.4. Clonal Propagation of Monopodials
by Axillary Shoot Formation

1. Follow steps 1-7 as described for Subheading 3.3.

2 Multiple nodal shoots are separated, so that each plantlet has a sufficient base to
support 1ts leaves above the medium surface (Fig. 2) Culture plantiets on the
entire PM series 1n this section (Table 1).
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4

The medium giving the highest axillary shoot yield for a particular plant is used
for all subsequent proliferation. Continue separating shoot clusters into individual
plantlets and subculturing on fresh PM until the desired number of plantlets is
achieved (see Note 7).

To establish a root system, shoots are transferred to RM (Table 1).

4. Notes

L.

Exudation of phytotoxic phenolics from wounded orchid tissue poses a serious
problem for 1n vitro culture. The most effective way of overcoming this problem
in orchids 1s frequent media replenishment. Inclusion of activated charcoal into
the media may also be beneficial. It is important that culture vigor not be com-
promised by phenolic accumulation, because once attenuated, the productivity of
a culture is difficult to restore.

It should be apparent that the IM formulations of all four methods are closely
allied to the PM formulations of Subheadings 3.2, and 3.4, The primary reason
for indirectly approaching even the callus proliferation techniques by first
employing a shoot proliferation analog is to achieve greater 1nitial explant sur-
vival, The presence of cytokinins in the IM improves the survival rate of explants,
probably owing to the antisenescence properties of the cytokinins

In monopodial propagation, it is important that inflorescences be young and healthy.
Ideally, flowers at the apex should still be fresh. Older inflorescences, or ones
from which the flowers have faded, will give adequate, but not optimum results.
In monopodial calius propagation, loss of chlorophyll, and an accompanying
decline in growth, may be observed 1n some cultures. In such instances, transfer
of the callus to PM lacking sucrose can often restore color and growth to cultures
All subsequent proliferation steps should, therefore, employ sucrose-free media.
When differentiation nto plantlets is desired, use sucrose-containing RM (Table 1)
Generally, callus propagation tends to be swifter than axillary shoot propagation
However, culturing orchids for extended periods in an undifferentiated callus
state can result in significant occurrences of mutation Genetic aberration has
long been accepted as a risk in callus proliferation. However, as the demand for
orchid clones increases, the problem of mutation 1n callus 1s only likely to worsen.
Conversely, axillary shoot proliferation 1s very resistant to genetic aberration,
and its development was largely in response to increasing concern over the occur-
rence of mutation (3,5).

. Though NAA and BA perform satisfactorily, experiments to substitute other

growth regulators for them should be beneficial. In particular, cytokinins, such as
1sopentenyladenine and zeatin riboside (the latter being very expensive), enhance
orchid micropropagation. Also, numerous other growth regulators, such as
thidiazuron, have also been employed that show promise 1n orchid micro-
propagation (19).

Both axillary shoot methods presented are capable of producing approx 1000
individual plants 1n the first year of culture, and as many as 100,000 by the end of
the second year The two callus methods described are capable of producing
100,000 or more plants within the first year of culture
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In Vitro Propagation of Succulent Plants

Jill Gratton and Michael F. Fay

1. Introduction

Maintenance of collections of succulent plants can be problematic, because
many of these species are very susceptible to rots caused by bacteria and fungi.
Rooting and establishment of cuttings can also be difficult. Tissue-culture tech-
niques have been applied to a wide range of succulents, and the relevant htera-
ture has recently been reviewed (7,2). Here we describe methods for the
micropropagation of cact1 and other succulents that have been developed at
Kew for overcoming the problems mentioned above.

The techniques have been used most successfully with members of Asclepia-
daceae, healthy plants having been produced from small pieces of unhealthy
tissue in the genera Caralluma, Huernia, Stapelia, and Ceropegia. Some other
genera, notably Hoodia, have, however, proven intractable using the methods
described here. Succulent species of Aizoaceae and Crassulaceae have also
been propagated, but the methods will not be described here, since they are
closely based on those used for Asclepiadaceae.

Cact1 have proven more difficult. This is probably largely owing to the struc-
ture of the plants, with the meristematic areas being embedded 1n the areole
tissue. Removal of woody spines can damage this tissue or allow it to be dam-
aged by the sterilant. Successes have, however, been achieved, and include
species of Opuntia and Mammillaria. Succulent Euphorbia spp. are also diffi-
cult, but several species have been micropropagated. Species with woody
spines seem to be particularly problematic.

Micropropagation can be of particular value in the propagation of rare and
endangered species, especially where viable seeds are not available. Bulk
propagation and subsequent distribution of those species that are endangered
by overcollection may alleviate pressure on the wild populations.

From Methods in Molecular Biology, Vol 111 Plant Cell Culture Protocols
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2. Materials

1. Media: Murashige and Skoog (MS) medium (3 and see Appendix) 1s obtained
as a ready-mixed powder, without sucrose, growth regulators, or agar It 1s
made up at the standard concentration with 30 g/L sucrose and a range of
growth regulators, which are added before autoclaving. These are detailed 1n
the Subheading 3.

Adjust the pH of the medium to 5.6-5.8 using dilute NaOH or HCI as appro-
priate Dissolve 9 g/L of agar in the medium using a microwave oven (2 min for
each 250 mL of medium 1n a 1000-W microwave oven), and stir thoroughly This
method was developed using Sigma purified agar (Product No A7002). Dispense
the medwim into the required vessels, and sterilize 1n the autoclave for 15 min at
121°C and 1.05 kg/cm?. If the medium is not to be used immediately, store the
vessels 1n plastic bags at 4°C 1n the dark

2 Sterilization* An ethanol (95%) dip 1s used as a pretreatment (10-30 s) when
the tissues are infested with pests. Sodium hypochlorite (BDH, 10—14% avail-
able chlorine) 1s used as the sterilant, diluted to 3—10% v/v 1n deionized
water (0.3—1.4% available chlorine), with the addition of a few drops of
Tween 80/L

3 Compost Open, free-draining composts are used, since these have been shown
to promote rooting and to decrease losses from rotting off during the weaning
stage. The most frequently used compost is composed of three parts fine loam,
two parts cotr, one part sharp grit, six parts montmorillonite (particle size up to
4 mm), and six parts Perlite (3- to 6-mm particle size). To this compost, slow-
release fertilizer 1s added as required. Calcined montmorillonite possesses good
absorption properties. The montmorillonite and Perlite make the compost con-
siderably more open, thus aiding establishment

3. Methods

The techniques described here were developed at Kew in an attempt to make
the best possible use of what little material is often available. The basic prin-
ciple on which the method is based is the induction of shoot formation from
dormant meristems in the areole of cact1 or from axillary buds n other succu-
lents, using media containing cytokinins, alone or in combination with low
concentrations of auxins.

3.1. Initial Preparation of Tissue

1. Excise and discard dead or rotting material.

2 If the materal 1s infested with pests, dip 1t in 95% ethanol for 10-30 s, and then
wipe it with a soft tissue or paintbrush.

3. Remove any soil adhering to the plant matenial by washing under running water
or agitating n water containing a few drops of Tween 80. A fine paintbrush can
be useful for dislodging debris trapped by hairs or spines

4. Remove any damaged tissue, taking care not to damage the underlying tissues
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5. Woody spines and hairs found 1n cacti and succulent Euphorbia spp. are difficult
to surface-sterilize effectively They are therefore removed, using watchmaker’s
forceps, fine-pointed scalpel blades, or hypodermic needles (see Note 1). Great
care must be taken not to damage the tissue underneath the spine, since the mer-
istematic area often lies very close to the base of the spines Where the spines are
less woody, they can be cut back as close as possible to the base, rather than
being totally removed.

3.2. Surface Sterilization

1 The pieces of plant tissue should be left as large as possible for surface ster-
ilization, to minimize damage to healthy tissue by the sterilant. Where pos-
sible, a range of sterilization times and sterilant concentrations are used, but
this depends on the amount of tissue available. Sodium hypochlorite (0.3—1 4%
available chlorine in deionized water) is used as the sterilant, with a few drops
of Tween 80/L. Sterilization times range from 5 to 15 min The most com-
monly used regime 1s a 5% dilution of BDH sodium hypochlorite (0 5-0 7%
final available chlorine) plus Tween 80 for 10 or 15 min Surface sterilization
is improved if the beaker is put onto a magnetic stirrer set at a speed high
enough to keep the plant tissue submerged, but not so high that it will damage
the plant tissue

2 Rinse the material three times 1n sterile deionized water

3.3. Preparation of the Surface Sterile Material for Culture

The size of the explant used for culture varies greatly, depending on the
structure of the plant and the extent to which any rot present has advanced. The
general procedures for each of the groups of plants are described below.

3.3.1. Asclepiadaceae

In asclepiads, axillary buds are found in the axils of the vestigial leaves and
are often visible to the naked eye. Remove these buds with some surrounding
tissue, using a scalpel and forceps. The first cut should be made directly below
the vestigial leaf and the second as far above the bud, since the structure of the
plant will allow. A vertical cut made behind these cuts will separate the required
explant from the main body of the plant (Fig. 1).

In species where the stems are very ridged and the vestigial leaves are very
close together, make vertical cuts between the ridges as far away from the buds
as possible. In these species, we have found it better to use pieces of tissue with
several buds for intiating cultures, rather than trying to separate out the indi-
vidual buds.

In Ceropegia spp., nodal sections are taken. Where there are two buds
present at the node, make a vertical cut through the node, and culture the buds
separately.



138 Gratton and Fay

Fig. 1. Caralluma micropropagation. A shoot ready for explant excision (left,
approx x1.5), a prepared explant with two dormant buds (middle, approx x4), and an
established proliferating shoot culture (right, approx x3).

3.3.2. Cactaceae

In cacti where the areoles are widely spaced, remove them with 3—5 mm of
the surrounding tissue. In Mammillaria and other genera with tubercles, remove
the areoles with as much of the tubercle tissue as possible. Where the areoles
are close together, make vertical incisions into the tissue, taking care not to cut
right through, and excise small pieces consisting of several areoles.

3.3.3. Euphorbiaceae

These are cut up into explants similar to those from asclepiads, after removal
of spines.

3.4. Culture

1. Place the individual explants in boiling tubes containing 10~15 mL of medium,
with the cut surface of the explant in contact with the medium, and the bud or
areole facing upward. Where sufficient tissue is available, explants are cultured
on a range of semisolid media based on MS with added growth regulators. The
most commonly used growth regulator combinations are 1 or 2 mg/L benzyl-
aminopurine (BAP) + 0.1 mg/L naphthylacetic acid (NAA) (see Note 2).

2. Maintain the cultures in a culture room at 22-25°C with a 16-h photoperiod (light
intensity 10004200 Ix) (see Note 3).
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8.

Examine the cultures after a few days for signs of contamination. Where no more
material is readily available, 1t has proven possible in some cases to carry out a
second surface sterilization if contamination has occurred. Solutions of sodium
hypochlorite (0.5—-1.0% available chlorine) have been used for 5-30 min, depend-
ing on the type of material, but it 1s difficult to give more specific mstructions.
After a variable length of time on the media described above, axillary buds on
some of the explants will begin to grow out (see Note 4) When these have
grown sufficiently (to 2—-3 cm in asclepiads), cut them nto sections, each with
one or a few buds, and place them onto fresh medium 1n /2- or 1-1b honey jars
These sections and the stump on the original explant should continue to pro-
duce lateral shoots, thus establishing a proliferating system (Fig. 1) Continue
subculturing in the same way at 1- to 2-mo ntervals until sufficient shoots have
been obtained

When this stage is reached, rooting 1n vitro is attempted Place excised shoots
onto a range of semisolid media based on MS + growth regulators The most
commonly used media for rooting are MS with' (a) no growth regulators; or (b)
0.01,0.1,0 25, 0.5, or 1 0 mg/L NAA. Alternative media are detailed in Note 5.
When the plantlets are well rooted, tease them out of the medium gently, and
wash them carefully under running water to remove traces of agar.

Pot the plantlets in 2-in square pots with 1-4 plants/pot, using the compost
described in Subheading 2. (see Note 6). Place the pots on a bed of sand with
under heating (1f available) in a dry intermediate glasshouse (21°C day, 16°C night).
Where rotting off is a problem, fungicide drenches have proven useful.

Plants can take up to 6 mo to become fully established and begin to grow vigorously.

4. Notes

L.

In cacti, the removal of spines can result in damage to the dormant buds located
in the areole. In particularly sensitive species, sterilization with 0 1% mercuric
chloride for 2—-10 min can obviate the necessity to remove spines prior to steril-
ization. As a result, the sensitive bud tissue is not exposed to damage during the
subsequent treatment with sodium hypochlorite

Mauseth and Halperin (4) recommended singeing the spines on cacti instead
of removing them. This has been tried with little success

A major problem with removing spines can be that the newly exposed tissues
are very susceptible to damage by the sterilant. Spines in some species of Euphor-
bia can be removed after sterilization. Where there 1s very little tissue available,
the cut ends can be sealed with paraffin wax, thus minimizing the damage.
With some plants, 1t has proven necessary to use media with higher cytokinin
concentrations to initiate proliferating cultures. The most frequently used con-
centrations are 5 or 10 mg/L. BAP with 0 1 or 0 5 mg/L NAA.
During the nitiation process with Asclepiadaceae, compact callus sometimes
forms at the base of explants Remove this at each subculture. If the callus threat-
ens to take over the culture, transfer the tissue to a medium with lower growth
regulator concentrations
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4 The pathway for cactt described in the Subheading 3. 1s the 1deal, but in certain

species of cacti (e.g., some Mammullaria spp.), a callus 1s sometimes formed
before shoots are regenerated Vitrification can also occur; technmiques for over-
coming this that can be tried include:

a Incorporation of 1-3 g/L activated charcoal

b. Use of media of lower ionic strength, e.g , half-strength MS (1/2MS).

¢ Use of media with higher agar concentration (e g , 1 4%)

d Alilowing the medium to dehydrate partially before transferring the cultures
Where rooting will not take place on any of the media listed above, the following
variations have been used with some success.

a Indoleacetic acid (IAA) can be used at the same concentrations 1n place of

NAA
b NAA can be used at higher concentrations (520 mg/L)

c. 1/2MS + NAA or IAA can be used.

Where dehydration 1s a problem during weaning, steps must be taken to stop the
plantlets from dying Keep the plants under a clear propagator lid unt1l they have
become acclimatized to the lower humidity Gradually lower the humidity by
opening the vents 1n the lid, and eventually remove the lid altogether. The use of
open, free-draining composts 1s very important at this stage.

With particularly difficult species, we have had some success using an inter-
mediate stage between agar and pot culture Sterihize the standard compost 1n
honey jars, and then add sterile water or mineral salt solutions (e.g , !/2MS with-
out sucrose or agar) Then “pot” the plantlets in this, and seal the vessels as nor-
mal. When the plantlets appear to have become established, transfer the jars to
the glasshouse, gradually loosen the tops over a few days, and then pot the plant-
lets normally
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Micropropagation of Flower Bulbs

Lily and Narcissus

Merel M. Langens-Gerrits and Geert-dan M. De Klerk

1. Introduction

For most bulbous crops, artificial (vegetative) propagation methods have
been developed, such as scaling (lily), scooping (hyacinth), and chipping (nar-
cissus). Because the speed of these methods is often low, introduction of newly
bred cultivars (either produced by conventional breeding or by genetic modifi-
cation) or of pathogen-free bulbs (produced by meristem culture) requires a
long period of time. In tulip, for which no artificial propagation method exists,
this can even take 20-25 yr. Micropropagation considerably shortens this
period. Furthermore, because of the large number of propagation cycles in the
field, conventionally produced bulbs may become easily infected. Micro-
propagation produces starting material that is completely or predominantly
pathogen-free.

The main difference between micropropagation of bulbs and other crops is
that bulblets and not microcuttings are produced. In contrast to microcuttings,
bulblets mostly do not require a rooting treatment and acclimatization, but they
do require breaking of dormancy. It should be noted that in almost all proto-
cols, at least one step involves adventitious regeneration of a shoot meristem.
Many 1f not all sports (mutated plants) are chimeras, and since the chimeric
structure is lost in adventitious regeneration, the characteristic for which a sport
has been selected may very well get lost when these protocols are used.

The protocols for micropropagation of flower bulbs consist of six stages:

1. Mother plant preparation: Storage conditions of the bulbs may determine the abil-
ity to regenerate. To avoid contamination, healthy undamaged bulbs are used

Inttial contamination can be strongly reduced by a hot water treatment* 1 h at
54°C 1n narcissus (1) and 1 h at 43°C in lily (2)

From Methods in Molecular Biology, Vol 111 Plant Cell Culture Protocols
Edtedby R D Hall © Humana Press Inc, Totowa, NJ
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2 Initiation' Usually, explants are excised from scales or flower stems. From these
explants, adventitious shoots/bulblets regenerate i vitro. Apical and axillary buds
may also be used and may be the preferable explant, since they give better results
1n virus elimination and also have better propagation rates than adventitious buds
In iris, bulblets onginating from apical or axillary buds show better performance for
a number of years after planting (M van Schadewijk, personal communication)

3. Propagation. Both shoots and bulblets can be used for further adventitious or
axillary propagation. Shoots have higher propagation rates than bulblets In hya-
cinth, € g., 2-3 new bulblets regenerate/bulblet, whereas 10-40 new shoots regen-
erate/shoot

4 Bulb growth' In the final propagation cycle, bulblets should be produced Bulb-
lets are firm structures and can be handled easily Shoots planted 1n soil some-
times do not form a bulb or form aberrant bulbs (3) Conditions stimulating bulb
growth nclude high sucrose concentration, absence or low concentrations of
growth regulators, darkness, charcoal, and moderate temperatures Bulblets
should be sufficiently large (about 100 mg) to achieve good growth after plant-
ing. Large bulblets of lily grow faster than small ones (4)

5 Dormancy breaking For fast and unmiform sprouting, and for optimal growth,
bulblets need a temperature treatment to break dormancy (5,6) This requires
either several weeks at low temperatures (2-9°C) or in some species, € g., 1r1s, a
temperature treatment of 4 wk at 30°C (3). The optimal temperature and duration
for tissue-culture-derived bulblets are the same as for conventionally produced
ones. Some tissue-culture conditions, in particular, temperature, sugar concen-
tration, and duration of the culture cycle, affect the dormancy level and leaf for-
mation (7-9) Dormancy development is prevented by addition of fluridone, an
inhibitor of abscisic acid synthesis (16).

6. Planting: For planting, usually the same steamed potting composts can be used as
for conventionally propagated bulbs. During the first year, growth may be in a
glass house. Bulb growth is considerably enhanced by planting directly 1n soil,
probably because of the lower soil temperature (hyacinth and 1115, A. F L M
Derks, personal communtcation) Growth in an aphid-proof glass house or gauze
house 15 essential when virus infection has to be avoided

The protocols developed for propagation in vitro are often stmilar to con-
ventional propagation protocols. For the five main bulbous crops, tulip, lily,
narcissus, hyacinth and 1r1s, satisfactory micropropagation protocols exist,
except for tulip (11,12). In this chapter, protocols for lily (straightforward) and
narcissus (more complicated) will be described. A protocol for ir1s can be found
in ref, (3) and for hyacinth in ref. (13).

2. Materials
2.1. Lily

1 Clean, healthy bulbs (see Note 1).
2. 70% (v/v) Alcohol, sterile water
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3
4

Sodium hypochlorite solution (1% available chlorine) + 0.03 + Tween 20
Containers with medium: the medium consists of MS salts (14), 3% sucrose (w/v),
100 mg/L myo-inositol, 0.4 mg/L thiamine-HCI, 0.27 pM naphthaleneacetic actd
(NAA), 0 6% (w/v) agar, and a pH of 6.0 before autoclaving. This medium can
be used both for initiation and propagation (see Note 2). Bulb growth 1n the final
step can be on the same medium, but with 6% sucrose.

2.2. Narcissus

1.

2
3

4.

Clean, healthy bulbs (see Note 3).

70% (v/v) Alcohol, sterile water,

Sodium hypochlorite solution (1% available chlorine) + 0.03 + Tween 20
Containers with medium: basal medium consists of MS salts (14), 3% sucrose
(w/v), 100 mg/L myoinositol, 0.4 mg/L thiamine-HCI, 0.54 uM NAA, 4 4 uM
benzyladenine (BAP), 0.6% (w/v) agar, and a pH of 6.0 before autoclaving The
basal medium can be used for initiation and propagation. Bulb growth can be
induced on the same medium, but with 9% sucrose, without BAP and with 5 g/L
activated charcoal. Rooting takes place on basal medium without BAP

3. Methods
3.1. Lily

1.

AL

11

12.

13.

14,

S oo

Remove roots.

Wash bulbs thoroughly with water,

Remove brown or damaged outer scales (see Note 4).

Peel off clean and healthy-looking scales. Remove brown tips Since regenera-
tron 18 best at the basal side of the scale, take care not to damage this part

Runse scales for about 30 s with 70% alcohol

Sterilize scales for 30 min 1n sodium hypochlorite.

Rinse three times with sterile water.

Cut explants of about 7 x 7 mm (see Note 5; Fig. 1).

Place explants with abaxial side on medium (Fig. 1)

Explants can be cultured at 20-25°C. In the dark, larger bulblets are obtained
than in the hght (16 h/d, 30 pmol/m=2/s™1).

After about 10 wk, regenerated bulblets can be used for further propagation Indi-
vidual scales of the bulblets are used as explant, large scales can be cut 1 two or
three parts. This step can be repeated every 10 wk.

After the final propagation cycle, larger bulblets can be obtained by subculturing
single bulblets on medium with hugh- (6%) sucrose concentration for a number of
weeks or months. This treatment is often used to “store” the bulblets until plant-
ing time in the spring.

Before planting, bulblets receive a cold treatment of several (6-12) wk at 5°C in
the dark (see Note 6).

Bulblets are excised from the explant, planted n soil, and grown in a gauze house
(at 17°C, most bulblets will sprout within 2-4 wk).
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Fig. 1. Preparation of a lily explant.

Narcissus

Remove roots and dry tunic.

Submerge bulbs completely in hot water of 54°C for 1 h (hot water treatment).
Dry bulbs on filter paper at room temperature for 1 d.

Remove outer scale and !/3 of the upper part of the bulbs. Halve the bulbs longi-
tudinally.

Sterilize bulbs for 30 min in sodium hypochlorite.

Rinse three times with sterile water.

Cut “twin scales™: two bulb scale segments 1 cm wide and 1.5-2 ¢cm long, joined
by a part of the basal plate (Fig. 2).

Culture explants in upright position with the basal plate on medium, in the dark at
15-20°C.

After about 14 wk, the bulb scale segments are excised from the explant. Shoot
clumps attached to the basal plate are propagated by splitting them into smaller
clumps. Removal of large shoots stimulates formation of new shoots. This cycle
can be repeated about every 5-6 wk.

The propagation rate decreases every cycle, but is restored by an intermediate
bulb formation phase after every three to four propagation cycles: single shoots
are placed on bulbing medium for about 6 wk (20°C, dark), so the shoot base
swells to form a bulblet. From the bulblets, “minitwin scales” are cut (ca. 5 mm
wide and 5-10 mm high). Depending on the size of the bulblet, two to four
minitwin scales can be cut (see Note 7).

Culture minitwin scales on basal medium for 10—12 wk. Outgrowth of new shoots
is stimulated by removal of large shoots and leafy structures after about 6 wk.
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12.

13.
14.
15.

Fig. 2. A twin-scale explant of narcissus with regenerating shoots.

Shoot clusters regenerated from the minitwin scales are propagated again by
splitting.

Culture single shoots on bulb growth medium at 20°C in the dark for about 6 wk.
Culture bulblets on rooting medium at 15°C in the dark for 7-8 wk.

Rooted bulblets are planted in soil (see Note 8).

4. Notes

1.

2.

3.

Before storage, the bulbs are given a cold treatment (2°C for 68 wk) after har-
vest, and then packed in moistened peat and stored at—1°C.

The optimal NAA concentration for regeneration (number of bulblets) decreases
with duration of storage (15).

To obtain regeneration after a hot water treatment, bulbs should be stored dry at
30°C immediately after harvest.

At this point, a hot water treatment (1 h at 43°C) can be given to decrease endog-
enous contamination. Let the bulbs dry for 1 d at room temperature before cutting
explants. After a hot water treatment, culture tubes should not be closed air-tight,
since released gases may reduce viability of the explant. Some genotypes (e.g.,
Lilium speciosum “Rubrum No.10”) are more sensitive to this than others.
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5.

Regeneration 1s highest in explants cut from the base of a scale Some genotypes
have a very strong regeneration gradient (only explants cut from the base of a
scale show regeneration). In others, the whole scale can be used. The size of an
explant strongly affects the size of the regenerating bulblets: from a large explant,
large bulblets regenerate (4).

The cold treatment can also be gtven to bulblets excised from the explant Store
the bulblets on moistened filter paper.

Chow et al (16) also developed a propagation method for narcissus. In this
method, shoot clumps are subjected every other cycle to “severe cutting” (down
to the basal plate region) to restore the propagation rate.

Rooting 1s essential for optimal growth after planting. Without roots, leaves remain
small (ca 0.5 cm) and die a few weeks later. Rooted bulblets do not need a coid
treatment to break dormancy (17).
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Clonal Propagation of Woody Species

Indra S. Harry and Trevor A. Thorpe

1. Introduction

Tissue-culture technology is widely used for the vegetative propagation of
selected plants in agriculture and horticulture and, to a lesser extent, in for-
estry. The objective is to produce large numbers of plants with uniform qual-
ity. Historically, commercial applications of this technology were restricted to
herbaceous plants. However, for the last two decades, considerable success has
been obtained with woody plants (7,2). These include both gymnosperms and
angiosperms, i.e., softwoods and hardwoods, and both trees and shrubs. Eco-
nomically, these trees are extremely important for wood products, including
lumber, pulp and paper, forestry plantations, and reforestation. Large-scale
clonal systems can be an asset for selected high-performance trees, and rels-
able protocols are necessary for further genetic manipulation. However, a major
problem in the propagation of woody plants ts that most success 1s achieved
with juvenile tissue and not from proven mature trees (3,4).

Traditional methods for propagation include rooted cuttings, grafting and
layering. For in vitro propagation, the methods generally used are first, the
induction of adventitious buds or axillary bud breaking, both of which produce
shoots that are subsequently elongated and rooted, and second, somatic
embryogenesis mainly from juvenile tissue. Only propagation via the first two
methods are discussed here, To obtain axillary shoots, shoot tips, lateral buds,
and small nodal cuttings are used as explants (2). Axillary shoot bud prolifera-
tion 1s induced from preformed meristems, and 1n general, true-to-type and
genetically stable plants are produced (3). Cytokinins with or without an auxin
are used for the development of these meristems. Adventitious buds are either
induced directly on explants or on callus derived from primary explants. Again,
cytokinins are used primarily for direct organogenesis, whereas a combination

From Methods in Molecular Biology, Vo! 111 Plant Cell Culture Protocols
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of cytokinins and auxins are used for the latter. In addition, the methods
used should be relatively simple, have high multiplication rates, be repro-
ducible, and allow differentiation of shoots without intervening callus. Also,
shoots should be rootable, and plantlets should survive transfer to ex vitro
conditions (5-7).

In general, for gymnosperms, whole embryos or excised seedling parts are
used as explants. In contrast, a major advantage of manipulating angiosperm
trees 1n vitro, 1s that a wide range of material can be used as explants. These
include seeds, seedling and floral parts, leaves, and shoots and buds from both
Juvenile or mature trees. This extensive source of explants 1s important, since
the viable period of seeds from many hardwood trees is quite short. Although
the desirable characteristics 1n tree species are obvious at maturity, propaga-
tion using mature tissue is still problematic. Other difficulties encountered with
woody species include systemic infections, episodic growth, the production of
polyphenols, tannins and volatile substances, and hyperdricity (vitrification)
of cultures (3).

To 1llustrate the tissue-culture procedures commonly used for these two
groups of plants, Thwa occidentalis or eastern white cedar and Populus
tremuloides or aspen are used. For both species, a multistage process is used
(5). For cedar, this includes adventitious bud induction on the explant, bud
elongation, axillary budding, and rooting and hardening of plantlets before
transfer to greenhouse conditions (8, 9). For poplar, this process mvolves axil-
lary bud breaking and shoot initiation, shoot multiplication and elongation,
followed by rooting and acclimatization (6,10,11)

2. Materials

1 Stocks of various salt formulations, both for induction and elongation, e.g., QP
(12; see Table 1) for cedar and MS (13; see Appendix) for poplar, and phytohor-
mones including N®-benzylademine (BA), zeatin, and indole-3-butyric acid (IBA)
(see Note 1) BA and zeatin are dissolved in 1 M NaOH, and stored at 4°C. BA 15
added to medium before autoclaving. However, the pH of the zeatin stock 1s
adjusted to 5 7-5.8 and 1s filter-sterilized, and the required amount 1s added to
autoclaved medium before the plates are poured IBA solutions are made up when
needed, the pH is adjusted to 5 0, and are filter-sterilized before use. The media
needed for Thwya are
a. /2 QP, 1 uM BA, 3% sucrose.

b. /2 QP, 10 puM zeatin, 2% sucrose

c. /2 QP, 3% sucrose.

d. /2 QP, 2% sucrose and 0.05% activated charcoal
Those for poplar are:

a. MS, 2 uM BA, 3% sucrose.

b MS, | uM BA, 3% sucrose
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Table 1

Quoirin and Lepoivre
Nutrient Medium (72)
as Modified in Ref. 14

mg/L
Major salts
KNO, 1800
NH,NO, 400
Ca(NO,), * 4H,0 1200
KH,PO, 270
MgSO, - 4H,0 360
Minor salts
MnSO, - 4H,0 1.0
H;BO; 6.2
ZnSO, 7H,0 8.6
Kl 0.08
CuSO, - 5H,0 0025
Na,MoOQ; - 2H,0 025
CoCl, 6H,0 0025
Vitamins (15)
Nicotinic acid 5.0
Pyridoxine HCI 0.5
Thiamine HCI 5.0
Iron (13)
Na,EDTA - H,0O 745
FeSO, 7H,0 557
Asparagine 100
Myo-1nositol 100

c. !/2 MS (half-strength major salts only), 3% sucrose.
For all culture media, the pH 1s adjusted to 5.7-5.8 before adding 0 8% (w/v)
Difco Bacto-agar for autoclaving. Petr1 dishes (25 mL medium) and glass jars
(100 mL medium) are prepared.

2 9-cm Petri plates with 25 mL induction medium

3. Autoclavable glass jars with 100 mL of elongation, propagation, and rooting
media.

4. Relatively clean seeds and, preferably, greenhouse-grown plant material for bud
explants.

5. Sterilants, ncluding commercial bleach, e.g., Javex® (6% NaOCI),H,0,, HgCl,,
70% ethanol and sterile water, and wetting agent, e.g., Tween 20%.

6. Parafilm® or Stretch ‘n Seal® for sealing plates and jars.

7. Laminar flow hood for aseptic work.
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8. Instruments including scalpels and #10 and #11 blades, long forceps, fine-tip
dissection forceps, and a dissecting microscope.

9  Growth cabinets mamtained at 24-26°C, and 16-h photoperiod at about 80 pmol/m?/s
from wide-spectrum fluorescent tubes (see Note 2).

3. Methods: Softwoods
3.1. Softwoods

3.1.1. Explant Sterilization and Induction

1. Imbibe cedar (T occidentalis) seeds overnight under running tap water.

2 Disinfest seeds for 20 min 1n 30% Javex® bleach (6% NaOCI) with 3—4 drops of
Tween 20%/100 mL Runse three times with sterile distilled water Treat seeds for
5 min with 10% H,0, Rinse several times with sterile water (see Note 3).

3 For T occidentalis, '/2QP ('/2-strength major salts only) with | uM BA for 21 d
was the most effective induction treatment (see Notes 4 and §). Excise embryos
from disinfested seeds, and plate on this medium about 12 explants/plate

4. After phytohormone exposure, transfer explants to the same medium without BA
for 3 wk (see Note 6).

3.1.2. Bud Development

1 Transfer explants to '/2QP, 2% sucrose, and 0 05% conifer-derived activated
charcoal for shoot elongation.

2. Subculture every 3—4 wk. As shoots elongate, transfer to glass jars with elonga-
tion medium and seal with Parafilm®

3. Divide explants into smaller pieces for faster shoot elongation; separate indi-
vidual shoots after two passages and when shoots are >5 mm in height. Maintain
shoots on shoot elongation medium

3.1.3. Multiplication via Axillary Buds

1. Use 8-10 mm adventitious shoots (see Note 7)

2. Prepare media in glass jars with phytohormone(s) to activate the axillary mer-
1stems. For cedar, culture shoots on 1/2QP, 2% sucrose with 10 pM zeatin for
4 wk, followed by culture on 1/2QP, 2% sucrose and 0.05% activated charcoal for
axillary shoot elongation.

3. Separate axillary shoots when 5—10 mm, and culture on the same medium.

3.1.4. Rooting and Acclimatization

1. Select shoots >10 mm 1n height for rooting (see Note 8)

2. Prepare rooting medium or substrate, substrate can be a soilless commercial mix,
or a 1:1 mixture of peat and vermiculite moistened with diluted (1/2QP, 1% sucrose)
medium and autoclaved Stir mixture after autoclaving to aerate and redistribute
peat/vermiculite

3 Treat shoots for 34 h 1n an auximn solution, 1 ¢, immerse shoot bases or ends n
IBA (1 mM), pH 5.0; transfer treated shoots to substrate of choice. Seal jars with
Parafilm®. Roots appear after 46 wk
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4.

Harden rooted shoots at 20°C for 1-2 wk before transfer to greenhouse condi-
tions, using an appropriate so1l mix for conifers.

3.2. Hardwoods
3.2.1. Explant: Sterilization and Shoot Initiation

1.

2,
3.

Select dormant twigs (e.g., P tremuloides) with nodal or axillary buds, preferably
from greenhouse material, since 1t will be less contaminated than field material.
Cut twigs into small sections (7 mm) each with an intact bud

Surface-sterilize by dipping in 70% ethanol for 1 min and rinsing three times
with sterile distilled water; then, soak sections in 20% bleach (6% NaOC]l) with
2-3 drops Tween® for 15 min. Rinse several times with sterile distilled water.
Separate buds, and remove the outermost scales under dissecting microscope,
removal of these scales reduces the amount of phenolic exudates and enhances
bud breaking (see Note 9).

Plate on MS medium with 2 uM BA, 3% sucrose, and 0.8% agar (see Note 10)
Seal plates with Parafilm® or Stretch n’ Seal® (see Note 11), and incubate at
24--25°C under 16 h light for 2-4 wk.

Subculture at 2- to 3-wk intervals or shoots will begin to turn brown. Always
remove the lower end of the shoot (+2—4 mm), thus providing a freshly cut sur-
face for nutrient uptake

3.2.2. Shoot Elongation and Multiplication

1.
2.

3.

To enhance elongation, transfer shoots at 2-wk intervals.

For multiplication, select shoots +10 mm, and subculture these on MS medium
with 1 uM BA, 3% sucrose, and 0.8% agar 1n glass jars Seal jars with Parafilm®
and subculture at 3- to 4-wk intervals (see Notes 12 and 13).

Observe shoots carefully for culture contaminants (see Note 14).

3.2.3. Rooting and Acclimatization

1.

2.

3

After 8-12 wk on multiplication medium, transfer individual shoots to 1/2MS
medium without phytohormones 1n glass jars (see Note 14).

Transfer at 3-wk intervals until root primordia develop.

Remove plantlets from agar medium when they have well-developed root sys-
tems, and transfer to plastic boxes or enclosed seedling tragys with sterile ver-
miculite. Maintain these under high light and humudity. Mist plantlets with sterile
water every 12 h to maintain high humidity Harden plants for 34 wk before
transferring to greenhouse conditions (see Note 15).

4. Notes

1.

For preparing stock solutions and information on commonly used media see refs (5—7)

2. For more information on the above equipment, implements, and so on, see refs

(7-20)
Some softwood seeds require much more elaborate pretreatments, including
stratification before excision and explantation (see 21). Stratification procedures
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carried out at temperatures of 3—5°C for periods of days or weeks are useful for
breaking seed dormancy.

4. Salt formulations generally used for conifers include von Arnold and Eriksson’s
AE or LP (22), Bornman’s MCM (23), and Schenk and Hildebrandt (24). These
can be used at full- or half-strength In general, for induction and elongation,
various salt formulations should be tested at both full- and half-strength and
sometimes at lower concentrations Select medium based on overall explant
appearance, percent explant response, number of adventitious shoots, and elon-
gation rates (4). Thus, both quantitative and qualitative factors must be considered

5 For each species, the optimum BA concentration, exposure time, and sucrose
concentration have to be determined Other cytokinins, like kinetin, zeatin, and
21P used alone or 1n combination with BA can sometimes improve organogen-
esis, and the effects of these have to be determined (4).

6 For species with larger seeds and embryos, e.g., radiata pine, 1t 1s necessary to
germinate the whole seed in a moistened, sterile, soilless mrx (25), or conversely,
the excised embryo 1s germinated on 1% sucrose—agar for 34 d, e.g, Canary
Island pine (26) Individual cotyledons can then be excised and used as explants

7 Multiplication 1s a most important step in developing a micropropagation proto-
col, since this step allows for the production of large numbers of shoots, either
via axillary budding (preferably) or by adventitious budding (which may mvolve
bud formation 1n callus) For common approaches used, see refs (2—4). Without
adequate rates of multiplication, the developed method will probably not be eco-
nomical (7) Activated charcoal is often needed. For some softwoods, only coni-
fer-derived charcoal was effective (27)

8. For some conifers, rooting and acclimatization may be carried out concurrently,
but for most, two distinct sets of operations are needed. In such cases, rooting 1s
often achieved or at least nitiated under 1n vitro sterile conditions, and may
require separate steps of root induction and root development (see 2,6,28)

9 The production of toxic secretions, including polyphenols and tannins, 1s a major
problem that often has to be overcome on introducing hardwoods mto culture (3)
Several approaches have been developed to deal with this problem (29), but in
some cases, the only successful method 1s the very labor-intensive process of
frequent transfer of the explants onto fresh medium (3).

10 Although 2 pM BA 1s recommended for this species, a range of 2—5 puM can be used
effectively. MS 1s used extensively for hardwoods, but other formulations like
Gamborg’s BS (30) and McCown’s Woody Plant Medium (31) are also effective

11 Comparisons were made with Parafilm® (permeable) and Stretch 'n Seal® (imper-
meable), but no significant differences were observed.

12. The addition of 0.05% activated charcoal did not significantly improve shoot
initiation or elongation in our experiments Frequent transfer was the best option

13. In comparisons with different types of culture jars, we found that poplar shoots
grew slower in Magenta jars when compared to glass jars.

14 Low density of shoots in the culture vessel and regular transfers will help in the
detection of contaminants and maintenance of aseptic cultures. However, when
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15

contamination occurs, precautions must be taken to prevent the spread of the
contaminant whether 1t 1s introduced or systemic to the plant material

In-vitro grown plantlets cannot be transferred directly to ex vitro conditions
These plantlets have to be gradually acclimatized to higher light intensities and
lower humidity under greenhouse or field conditions They are particularly sus-
ceptible to ex vitro stresses because of reduced epicuticular wax, and have -
tially, a slow stomatal response to water stress and limited capacity for
photosynthesis, since they were cultured on sucrose-containing media (see 32)
In addition, for hardwoods, leaves must be fully developed, since poor leaf for-
mation results in shoot deterioration (33).
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Spore-Derived Axenic Cultures
of Ferns as a Method of Propagation

Matthew V. Ford and Michael F. Fay

1. Introduction

A method by which many fern species can be successfully grown from
spores in axenic culture 1s described. Unlike the conventional method of sow-
ing the spores on compost, this method allows spore populations free from
contamination by spores of other species to be sown. The method can be used
for the production of mature sporophytes or to provide a controllable system
for biosystematic studies of, or experimentation with, fern gametophytes (1,2).

For many years, 1t has been known that spores of most ferns require expo-
sure to light for germination and growth (7,3,4). However, dark germination
has been recorded in Pteridium aquilinum (5,6), Blechnum spicant (7), and
Onoclea sensibilis (8,9), among others. This ability to germinate 1n the dark
may vary with specimen age, exposure to different temperatures, and plant
hormone treatment (7,3,10). In general, the percentage of dark germination 1s
low, and subsequent growth is abnormal or retarded.

Many workers have investigated the relative effectiveness of different spec-
tral regions of light on spore germination, and have obtained results indicating
the involvement of phytochrome (11-13). In general, exposure to red light
induces germination (74,15). This 1s reversed by exposure to far-red light and
blocked by blue light (16). Light quality also influences prothallial growth
(17-20). Spectral filters are not necessary for germination of the majority of
ferns using the method we describe here, since white light provides an ade-
quate spectral balance. Light intensity has also been reported to have a marked
influence on germination and subsequent prothallial growth (21). This phe-
nomenon can be observed 1n nature in the various habitat preferences of ferns.

From Methods in Molecular Biology, Vol 111 Plant Cell Culture Protocols
Editedby R D Hall © Humana Press Inc, Totowa, NJ
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Spore sowing density can prove to be critical at its extremes (22), with
slower germination at lower densities and reduced germination at higher den-
sities. This appears to be the result of volatile substances, possibly including
ethylene, which are produced by germinating spores. Overcrowding may also
lead to aberrations in prothallial growth. Competition for light and mineral
resources may also cause problems. The production of large amounts of
antheridogens, often found 1n high-density gametophyte populations, can also
prove problematic, since they induce a predominance of maleness 1n the cul-
tures (23), hence preventing fertilization and sporophyte formation.

It can be seen from the brief resume given above that much work has been
carried out on the physiological aspects of spore germination and gametophyte
growth. The following method takes into account much of the available knowl-
edge, but has been designed to be simple and effective.

2. Materials

1 Media: Murashige and Skoog (MS) medium (24 and see Appendix) 1s obtained
as a ready-mixed powder, without sucrose, growth regulators, or agar. The mitial
medium is made up at half the recommended strength (!/2MS), together with 15 g
sucrose dissolved in 1 L of purified water (M1lli-Q, distilled or equivalent) For
subsequent transfers, the medium 1s supplemented with 1 g/L activated charcoal
(25). Adjust the pH to 5.6 using dilute HC1 or NaOH as appropriate. Dissolve 9 g
of agar in the medium using a microwave oven (2 min for each 250 mL of me-
dium in a 1000-W oven), and stir thoroughly. This method was developed using
Sigma purified agar (Product No. A7002). Dispense the medium into the desired
vessels (we normally use !/>— and 1-1b honey jars), and stertlize in the autoclave
for 15 min at 121°C and 1 05 kg/cm? For sowing, we use disposable sterile Petr1
dishes, and in this case, the medium is autoclaved in conical flasks and then dis-
pensed into the Petr1 dishes 1n a laminar airflow bench If the medium 1s not to be
used immediately, store the vessels at 4°C in the dark

2. Sterilization' Sodium hypochlorite (BDH, 10-14% available chlorine) 1s used as
the sterilant, diluted to 3—10% v/v 1n deronized water (0.3—1.4% available chlo-
rine), with the addition of a few drops of Tween 80/L Spores are sterihized in
filter paper packets made from a 4 25-cm circle of filter paper folded 1n from four
sides, as shown 1n Fig, 1.

3. Compost: Some ferns, such as Cyathea and Angiopteris, are fairly sturdy when
they are brought out of culture These can be weaned in the first compost given
below Others (Adiantum, Chetlanthes, Nephrolepis, and so forth) are quite deli-
cate when first out of culture, and thus require a much finer compost, such as the
second one given below In all cases, good drainage must be provided. For the
more robust ferns, use: 2 parts leaf mold; 2 parts coir; 1 part bark with added
fertilizer, e.g., 2 g/L Vitax UN2. For more delicate ferns, the same compost 1s
used after sieving through a 5 mm sieve.
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spores

Fig. 1 Filter paper packet used for fern spore sterilization The spores are placed on

the sheet of filter paper (4 25-cm diameter), which 1s then folded as indicated to form
a packet This 1s then sealed with a staple.

3. Methods
3.1. Spore Collection and Storage

L.

For each species a frond, or piece of frond, with mature sporangia is collected
and kept warm and dry 1n a folded white card, or paper, awaiting dehiscence (3)
Depending on the maturity of the sporangia collected, this usually takes place
within 48 h. More than enough spores can be obtained from a single frond It has
been calculated that the approximate spore content of an individual frond can
range from 750,000 to 750,000,000 depending on the species (10). Spore viabil-
ity declines with age and depends on storage conditions, but this also vares
between species. Ferns with chlorophyllous spores (those in Osmundaceae,
Gleicheniaceae, Grammitidaceae, and Hymenophyllaceae) should be sown as
soon as possible, because they lose their viability after only a few days (26,10).
Nonchlorophyllous spores, 1n general, retain their viability for substantial peri-
ods when kept at room temperature, but there are exceptions (e g., spores from
the tree fern family, Cyatheaceae, lose viability rapidly after only a few weeks)
(10) 1f storage of the spores 1s unavoidable, they are best kept 1n sealed packets
in a desiccator, or 1n sealed tubes at 4°C.
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3.2. Sterilization

1 Ensure that the spore sample 1s reasonably free from chaff and other debris. This
can be done either manually with fine forceps, for the larger pieces, or by giving
the white card a short, sharp, but gentle tap This should separate chaff from
spore.

2. Place some spores 1n the filter paper packet, and seal with a metal staple (remem-
bering that too small or too great a quantity may result in density problems).

3 Soak the spore packets for 5—10 mn in sterile deionized water, and carefully
expel any air within them by gently squeezing with forceps.

4 Remove the packets from the water, put them 1n a plastic beaker, and place on a
magnetic stirrer Sodium hypochlorite (BDH, 10—14% available chlorine) is used
as the sterilant, diluted to 10% v/v in deionized water (1-1 4% available chlo-
rine), with the addition of a few drops of Tween 80/ Add enough NaOCI solu-
tion to more than cover the packets, and set the speed on the stirrer to provide
gentle agitation Leave to agitate for 10 min

5. Move the beaker into a laminar airflow bench. Standard aseptic techniques should
now be followed

6 Remove each packet from the solutton, and rinse 1n separate tubes of sterile deion-
1zed water three times

3.3. Sowing

1 Carefully take the packet from the water with large forceps, and squeeze gently
to expel any excess water

2 Remove the staple end of the packet with scissors.

3 With the Petr1 dish open, using two pairs of forceps, unfold the packet, and wipe
the spores n a swirling motion over the surface of the medium

4 If any obvious clumping of spores 1s observed, gently spread them out with the
flat end of a spatula

5 Seal the Petri dish with Parafilm or Nescofilm, and place in the growth room
(temperature 22 + 2°C, light intensity 4004200 1x, photoperiod 16 h) or 1n an
incubator The light intensity used depends on the habitat type of the species
being cultured

3.4. Germination and Gametophyte Growth

1 Normally a period of 3-96 h 1n the dark after sowing 1s required for imbibition
before the spores become hight-receptive (27) This premnduction phase of germi-
nation is not directly accommodated in this method because the photoperiod pro-
vided in the growth room has proven adequate in supplying the necessary
environment. If, however, synchronous or uniform germination 1s desired, then a
dark period before exposure to light 1s advisable

2. The induction phase of germination will go largely unnoticed. It is followed by
the postinduction phase, where dark processes are triggered, resulting 1n the pro-
trusion of a rhizoid and the protonema (28). The time from sowing to this stage
varies greatly between species and can range from a few days to many months
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Fig. 2. A mass of gametophytes of Actiniopteris semiflabellata (left) forming a few
sporophytes around the edge and a later stage (right) with well-developed sporophytes
ready for separation from the gametophytes (approx x3).

Some spores will inevitably be killed by the surface sterilization process, but a
good percentage of germination should still result.

3. Normally after a few weeks, the characteristic thalloid gametophyte form will be
observed (see Fig. 2). From this stage, the rate of growth varies between species
and with the light conditions to which the gametophyte has been subjected. If
growth to the mature gametophyte appears particularly retarded, try moving some
dishes to higher and lower light intensities.

4. During growth, the following problems may occur:

a. The population is too dense.

b. The medium begins to dry and split.

c. The gametoyphytes begin to grow brown around their bases and discolor the
medium.

d. Mass sporophyte formation begins.

The solution to problem (a) is to ease the gametophytes gently away from the
medium and move them to fresh medium in either jars or dishes, depending on
the size of the plants. A spatula with a flattened end bent to a 90° angle is useful
for this operation. By gently pulling the latter across the surface of the media, the
rhizoids (vital for the uptake of nutrients and moisture and anchorage to the sub-
strate) are eased out of the media with minimal physical damage. Remove any
media adhering to the plant during transfer.

If problem (b) occurs, movement to fresh media is required as soon as pos-
sible. Gametophytes have been shown to be sensitive to drying (29). This can
lead to a rapid death of the population if left too long,.
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If problem (c) happens, then either (i) the medium 1s not suitable for this spe-
cies and 1t needs to be transferred to another medium (see Note 1), or (1) the
nutrients are being rapidly exhausted, and more frequent transfer to fresh medium
1S necessary.

Situation (d) quite often occurs where the level of moisture 1n the environment
is sufficient to facilitate fertilization. This becomes a problem 1f the container 1s
too small or the sporophytes arise too close to their neighbors. This can lead to a
high degree of competition and stunted growth. It 1s therefore necessary to trans-
fer the plants to a fresh medium, ensuring adequate space 1s provided for unre-
stricted growth

If the gametophytes form clumps, then gently tease them apart and move to
fresh medium

3.5. Sporophyte Formation and Potting

1. Many ferns are homosporous, producing spores that germinate to form bisexual,
haploid gametophytes These have both antheridia (male) and archegonia
(female) parts, and produce gametes that fuse and form the diploid sporophyte
(30) Other ferns are heterosporous, producing micro- and megaspores that ger-
minate to form microgametophytes (male) and megagametophytes (female),
respectively. These spores must be sown together 1f the ultimate aim 1s to pro-
duce sporophytes (¢.g , in Marsilea and Platyzoma)

2 Some species will produce sporophytes readily (Fig. 2), and others will do so
only after several transfers to fresh medium A few require supplementary mois-
ture. This can be provided simply tn one of two ways.

a. Rnsing in sterile delonized water between transfers

b. Adding a small amount of sterile deionized water to the jar, swirling gently,
and pouring off the excess (care has to be taken here not to add so much water
that the structure of the medium is damaged). Do not attempt this 1f the game-
tophytes are not firmly anchored to the medium

In the early stages, the sporophyte 1s dependent on the gametophyte for moisture

and nutrients, which are transferred to 1t via a foot

3. Subsequently roots will be formed, and when these are large enough, the sporo-
phytes may be pricked out onto fresh medium and cultured separately. It 1s often
advisable to leave the parent gametophyte attached to the sporophyte, reducing
the nisk of physical damage. The gametophytes may then senesce and die, or
continue growing, in which case they can then be removed and cultured sepa-
rately, if so desired.

4. As the sporophyte grows, more frequent transfers to larger vessels may prove
necessary. When a reasonable number of roots have been formed, the plant 1s
ready for potting. This can be done using one of two methods:

a Direct potting of the fern 1n the compost described n the Subheading 2.
Adhering media are carefully removed by rinsing in tepid deionized water
before potting Good drainage must be provided, and a covering layer of
gravel helps to conserve water and prevents the growth of algae The potted
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ferns are grown 1n shaded frames in a glass house at temperatures between 20
and 30°C and high relative humidity (90-98%). They can then be gradually
acclimatized to the recommended growth conditions for the spectes in question.

b. Transferring to sealed jars of sterile compost. Some ferns are slow to produce
or produce only small amounts of root. This intermediate step can help to
encourage root growth and reduce the potential damage to roots when the
plant is finally potted as in (a).

4. Notes

L.

Some ferns may prefer a different medium to that given here, e g , Angiopterts
boivinu will grow on !/2MS, but grows better on Knudson’s C medium (29) 1f
frequent transfers are made. Useful media variations for experimentation are.
Knudson’s C and Knudson’s C modified (with 1 mL microsalt solution/L) media,
or Moore’s medium (personal communication, Moore, London University).

NH,/NO; 1.0 g/L
KH,PO, 02g/L
MgSO, - 7TH,0 02g/L
CaCl, 2H,0 0.1 g/L

Dissolve each component separately. Then combine, and add 1 mL/L of solution
(a) and 2 mL/L of solution (b).
a Microsalt stock solution.

B,0; H,0 620 g/L
Na,MoO, - 2H,0 025g/L
ZnS0, - TH,0 8 60 g/L
KI 0.83 g/L
CuSO, - 5H,0 0.025 g/L
CoCl, - 6H,0 0025 g/L

(Dissolve separately and then combine; store in the dark at 0°C.)
b. Ferric citrate stock solution: C¢gHsO4Fe - SH,0, 1 g/L. (Store in the dark at 0°C).
After combiming all components, adjust pH to 5.6, and add 9 g/L agar
The time period and the strength of the sterilant can be varied Increasing the time
or concentration will improve the sterilization of those specimens that are repeat-
edly contaminated. Reducing the time or concentration will decrease the percent-
age of spore fatality in especially delicate samples
For some species with short spore viability, manual dissection of the sporangia
may be required 1f dehiscence has not occurred within 48 h. This 1s carried out in
a draft-free environment using a clean blade and fine forceps.
If fungal contamination 1s severe, the culture must be thrown away. If mild, sec-
tions of the population may be saved by moving the uncontaminated parts to a
sugar-free medium (such as Moore’s) or to !/2MS supplemented with a fungi-
cide, € g , 1% Benlate. Growth on the former may be slow and pale, but the plants
should reach maturity. Transfer back to a sugar-based medium should be pos-
stble at a later stage, but the fungus may manifest itself again, after lying dormant
1n the absence of sugar



166 Ford and Fay

5. Abnormal growth may occur at either the gametophyte or sporophyte stage

a Elongation of the prothallus may occur. This is likely to be a density problem
and should be treated as such.

b. Sporophytes are sometimes formed without the fusion of gametes taking
place, 1 e., apogamously This sometimes occurs in old cultures of gameto-
phytes or in cultures of species that are particularly susceptible to this prob-
lem Ethylene has been implicated as a promoter of this process (31). The
apogamous (haploid) sporophyte may arise from the prothallial cushion, api-
cal region, or on the end of an apical protuberance or podium (32)

¢ The sporophytes grow down into the media as well as upward This 1s
geotrophic confusion, possibly brought on by either ethylene or too much
light below the culture This can be averted by thinning out the population
and blocking light from below.

6 The pH used 1n this method was chosen because 1t suits a range of ferns (33)

However, for obligate calcicoles or calcifuges, the pH may have to be adjusted If
lower pH values are desired, then a higher concentration of agar 1s needed to
maintain a sufficient gel strength (12 g/L or more) If pH values >7.0 are required,
1t 1s better to use Ca(OH), rather than NaOH, since high concentrations of sodium
can prove toxic

Withering of fronds during transfer occurs in particularly sensitive ferns or 1f the
transfer takes a long time This 1s the result of desiccation caused by the stream of
air 1n the flow bench. A screen, using one or more sterile dishes set up in the
bench, helps to prevent this problem
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Protoplast Isolation, Culture,
and Plant Regeneration from Passiflora

Paul Anthony, Wagner Otoni, J. Brian Power,
Kenneth C. Lowe, and Michael R. Davey

1. Introduction

The famuly Passifloraceae contains over 580 woody or herbaceous species
(1), the majority of species within the genus Passiflora being found n tropical
South America. Passiflora edulis fv. flavicarpa is considered to be the most
important spectes (2) because of 1ts value in the fruit juice industry. Addition-
ally, this species is resistant to the soil-borne pathogen Fusarium oxysporum
and, consequently, is frequently used as a rootstock onto which is grafted P edulis
Sims. Interspecific sexual hybridization has been attempted in Passiflora
breeding programs, using wild-type germplasms to transfer disease resistance
and other potentially desirable traits into cultivated species. However, fertile
hybrids have been difficult to obtain (3). Somatic hybridization provides a
means of circumventing such sexual incompatibilities. Indeed, novel fertile
somatic hybrids have been produced between P. edulis fv. flavicarpa and
Passiflora incarnata (4). Since the latter species can survive winter tempera-
tures of —16°C, such transfer of cold tolerance to the commercial crop would
permit cultivation in more temperate climates (5). Somatic hybrid plants have
also been produced between P edulis fv. flavicarpa and Passifiora amethystina,
Passiflora cincinnata, Passiflora giberti, and Passiflora alata, respectively (6).

A prerequisite to any somatic hybridization program 1s the successful 1sola-
tion and culture of protoplasts (wall-less cells) of at least one of the parental
species, leading to the efficient regeneration of normal, fertile plants. Proto-
plast 1solation 1s influenced by several factors, including the choice of plant
species and/or cultivar, together with the source tissue (e.g., leaves, cell sus-
pensions, cotyledons, roots, pollen tetrads) and 1ts physiological status. The

From Methods in Molecular Biology, Vol 111 Plant Cell Culture Protocols
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nature of the cell wall of the source tissue(s) 1s an important parameter, since 1t
determines the composition and concentration of the enzyme mixture required
for efficient wall degradation and protoplast release High protoplast viability
is crucial immediately after isolation, and also during subsequent culture. To
date, plant regeneration from Passiflora protoplasts has been reported for
P. edulis fv. flavicarpa (7,8), P amethystina, and P. cincinnata (8).

The following protocol 1s an excellent starting point for those interested 1n dicot
protoplast culture, since 1t concerns a well-tested and lghly responsive system.

2. Materials
2.1. Glasshouse-Grown Seedlings of P. edulis and P. giberti

1. Seeds of P edulis fv flavicarpa and P gibert: (J C Oliverra and C Ruggiero,
Departmento de Fitotecnia, FCAVJ-Univeridade Estadual Paulista [UNESP],
Jaboticabal, Sao Paulo, Brazil).

2. Levington M3 soilless compost (Fisons, Ipswich, UK) and John Innes no 3 com-
post (J Bentley Ltd , Barrow-on-Humber, UK).

3. “Vac-trays” (H Smith Plastics Ltd., Wickford, Essex, UK)

2.2, Isolation of Protoplasts Directly from Seedling
Leaves of P. edulis

1. “Domestos” bleach (Lever Industrial Ltd , Runcorn, UK), or any commercially
available bleach solution containing approx 5% available chlorine.

2 Enzyme 1 solution (7)° 2 g/L Macerozyme R10 (Yakult Honsha Co Ltd.,
Nishinomiya Hyogo, Japan), 10 g/L Cellulase R10 (Yakult Honsha Co Ltd.), 1 g/L
Driselase (Kyowa Hakko Co. Ltd , Tokyo, Japan), 1 1 g/L 2-[N-morpholinojethane-
sulfonic acid (MES), 250 mg/L. polyvinylpyrrolidone (PVP-10, Sigma), 250 mg/L
cefotaxime (“Claforan”, Roussel Laboratories, Uxbridge, UK) with CPW salts
(9), pH 5.8 Filter-sterilize

3 Modified CPW salts solution (9) 27 2 mg/L KH,PO,, 101 mg/L KNO;, 246 mg/L
MgSO, 7H,0,0 16 mg/L KI, 0.025 mg/L CuSO, 5H,0, 1480 mg/L CaCl, 2H,0,
pHS 8

4. CPW13M solution: modified CPW salts solution with 130 g/L mannitol (item 3),
pH 5 8. Autoclave (15 min, 121°C, steam pressure)

5 Seaplaque agarose (FMC Bioproducts, Rockwell, USA). Autoclave.

2.3. Culture of Leaf Protoplasts of P. edulis

I KMB8P medium. based on the formulation of Kao and Michayluk (78) with modi-
fications (11) (Table 1) and supplemented with 250 mg/L cefotaxime. For semi-
solid KM8P medium, mix double-strength KM8P medium with an equal volume
of molten (40-60°C) 1.6% (w/v) aqueous Seaplaque agarose, the latter prepared
(as with all media) with reverse-osmosis water Add filter-sterilized cefotaxime
to the molten medium at 40°C
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Table 1

Formulation of Media Macronutrients,
Micronutrients, Vitamins, and Other Supplements
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Concentration, mg/L

Component KMS8P KMS8 KPR K8
Macronutrients
NH,NO, 600 600 600 600
KNO, 1900 1900 1900 1900
CaCl, 2H,0 600 600 600 600
MgS0, - 7TH,0 300 300 300 300
KH,PO, 170 300 300 300
Sequestrene 330 Fe 28 28 28 28
Micronutrients
Kl 0.75 0.75 075 075
H;BO, 30 30 30 30
MnSO, 4H,0 10.0 100 100 100
ZnS0O, - 7TH,O 20 20 20 20
NaMoO, 2 H,O 025 025 0.25 025
CuSO, 5H,0 0025 0 025 0.025 0025
CoCl, - 6H,0 0025 0 025 0025 0025
Vitamins
Myo-1nositol 100 100 100 100
Nicotinamide 10 1.0 10 10
Pyridoxine HCI 10 10 10 10
Thiamine HCI 1.0 1.0 10 10
D-Ca Pantothenate 1.0 10 05 05
Folic acid 04 04 02 02
Abscisic acid 002 002 001 001
Biotin 001 0.01 0005 0 005
Choline chloride 10 1.0 05 05
Riboflavin 02 0.2 01 01
Ascorbic acid 20 20 1.0 1.0
Vitamm A 001 0.01 0005 0005
Vitamin D, 001 001 0005 0 005
Vitamin By, 002 002 0.01 0.01
Na pyruvate 20 20 10 10
Citric acid 40 40 20 20
Malic acid 40 40 20 20
Fumaric acid 40 40 20 20
Other supplements
Fructose 250 250 125 125
Ribose 250 250 125 125

(continued)
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Table 1 (continued)

Concentration, mg/L

Component KMS8P KMS KPR K8

Other supplements
Xylose 250 250 125 125
Mannose 250 250 125 125
Rhamnose 250 250 125 125
Cellobiose 250 250 125 125
Sorbitol 250 250 125 125
Mannitol 250 250 125 125

Vitamin-free casamino acids 250 250 125 125
Coconut milk 20 mL/L 20 mL/L 10 mL/L. 10 mL/L
2,4-Dichlorophenoxyacetic acid 02 01 05 01
Zeatin 05 02 05 02
a-Naphthaleneacetic acid 10 10 10 10
Sucrose 250 20,000 250 20,000
Glucose 100,000 10,000 100,000 10,000
pH 5.8 58 5.8 58

2 Fluorescein diacetate (FDA). 3 mg/mL stock solution 1n acetone (12) Store in
the dark at 4°C

3 KMS8 medium based on the formulation of Kao and Michayluk (78) with modi-
fications (11) (Table 1) Filter-sterilize.

2.4. Plant Regeneration from Protoplast-Derived
Tissues of P. edulis

1. MSRI1 medum: based on the formulation of Murashige and Skoog (13, see Appen-
dix) with 5.0 mg/L a-naphthaleneacetic acid (NAA), 0 25 mg/L 6-benzylaminopurine
(BAP), 50 mg/L cysteine, 50 mg/L glutamine, 50 mg/L glutamic acid, 0 5 mg/L
brotin, 0 5 mg/L folic acid, 30 g/L sucrose, and 8 g/L agar, pH 5 8 Autoclave the
medium, and add filter-sterihized solutions of the amino acids and vitamins when
the medium has cooled to about 40°C

2 MSR2 medwm. MS-based medium with 1.0 mg/L BAP, 30 g/L sucrose, and 8 g/L
agar, pH 5 8 Autoclave

3. MSR3. half-strength MS-based medium containing 3.0 mg/L indole-3-butyric
acid (IBA), 0.5 mg/L NAA, 30 g/L sucrose, and 8 g/L agar, pH 5 8 Autoclave

2.5. Initiation of Cell Suspensions of P. giberti

1 “Domestos” bleach' as in Subheading 2.2, item 1.

2 MSI1 medum based on the formulation of Murashige and Skoog (13), supple-
mented with 7.2 mg/L 4-amino-3,5,6-trichloropicolimic acid (Picloram, Aldrich
Chemical Co , Milwaukee, WI) and 8 g/L agar (Sigma, Poole, UK) Autoclave

3 Nescofilm' Bando Chemical Ind Ltd. (Kobe, Japan)
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Table 2
Formulation of Modified AA2 Medium Macronutrients,
Micronutrients, Vitamins, and Other Supplements

Component Concentration, mg/L
Macronutrients
CaCl, 2H,0 440
KH,PO, 170
MgSO, 7H,0 370
KCl 2940
Micronutrients
KI 083
H;BO, 62
MnSQ, - 4H,0 223
NaMoO, - 2 H,0 025
ZnSO, - TH,0 86
CuSO; - 5H,0 0025
CoCl, 6H,0 0025
FeSO, 7H,0 27 85
Na,EDTA 3725
Vitamins
Myo-1nositol 100
Nicotinic acid 05
Pyridoxine HCI 0.1
Thiamine HCI 05
Glycine 75
L-Glutamine 877
L-Aspartic acid 266
L-Arginine 228
Other supplements
2,4-Dichlorophenoxyacetic acid 2.0
Gibberellic acid 01
Kinetin 0.2
Sucrose 20,000
pH 58

4. Modified AA2 medium: based on the formulation of Miiller and Grafe (14)
(Table 2) Filter-sterilize

2.6. Isolation of Protoplasts from Cell Suspensions of P. giberti
1 Enzyme solution 101 (15): 10 g/L Cellulase RS (Yakult Honsha Co Ltd.), | g/L
Pectolyase Y23 (Seishim Pharmaceutical, Tokyo, Japan), 1 1g/L MES 1n

CPW13M solution (9), pH 5.8. Filter-sterilize.
2. CPWI13M solution: as in Subheading 2.2, item 1.
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2.7. Culture of Cell Suspension-Derived Protoplasts of P. giberti

1 KPR medium (16): (Table 1) Filter-stenilize.

2 FDA solution: as in Subheading 2.3, item 2.

3. K8 medium: based on the formulation of Kao and Michayluk (16) with modifica-
tions (11) (Table 1) Filter-stertlize

2.8. Plant Regeneration from Protoplast-Derived
Tissues of P. giberti

1 MSE1 medium- half-strength MS-based medium (13) containing 20 g/L sucrose,
4 8 mg/L Picloram, and semisolidified with 2 g/L Phytagel (Sigma), pH 5 8
Autoclave

2 MSE2 medium- half-strength MS-based medium (13) containing 20 g/L sucrose,
0 5 mg/L gibberellic acid (GA;), and semisolidified with 2 g/L Phytagel, pH 5 8
Autoclave

3 MSE3 medium. half-strength MS-based medium (13) containing 20 g/L sucrose
and semusolidified with 2 g/L Phytagel, pH 5 8. Autoclave.

3. Methods
3.1. Glasshouse-Grown Seedlings of P. edulis and P. giberti

1 Preparea 1:1 (v.v) mxture of Levington M3 compost and John Innes No 3 com-
post, and fill the individual compartments of plastic propagator trays

2. Place 23 seeds (approx 1 cm deep) mnto each compartment of the plastic propa-
gator trays and irrigate from above (see Note 1)

3 Maintain propagators at a maximum day temperature of 28 + 2°C and a mimmum
mght temperature of 18 + 2°C 1n the glasshouse under natural daylight supple-
mented with a 16-h photoperiod provided by Cool White fluorescent tubes
(180 pmol/m?/s)

3.2. Isolation of Protoplasts Directly from Seedling
Leaves of P. edulis

1 Surface-sterilize fully expanded, young leaves excised from 45- to 60-d-old plants
(Fig. 1A), n 7% (v/v) “Domestos” bleach solution for 20 min Wash thoroughly
with sterile, reverse osmosis water (three changes)

2 Cut the leaves transversely into 1-mm strips (see Note 2) and incubate (30 min)
approx | g f wt portions of material in 20-mL aliquots of CPW13M solution (see
Subheading 2.4., item 4.) contained 1n 9-cm Petr1 dishes Seal the dishes with
Nescofilm

3 Remove the CPW 13M solution, and replace with Enzyme 1 solution (see Note 3),
incubating 1 g f wt of tissue in 10-mL enzyme solution Seal the dishes with
Nescofilm, and incubate on a slow shaker (40 rpm) at 25 +2°C for 16 h in the dark

4. Filter the enzyme—protoplast mixture through a nylon sieve of 64-um pore size
(see Note 4) Place the filtrate 1n 16-mL capacity screw-capped centrifuge tubes
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Fig. 1. Isolation, culture and plant regeneration from leaf protoplasts of P. edulis fv.
flavicarpa. (A) Forty-five-d-old glasshouse-grown seedlings suitable for the isolation
of leaf protoplasts (bar = 2.6 cm). (B) Freshly isolated leaf protoplasts (bar = 100 um),
(C, D, E) Protoplasts undergoing mitotic division after 8, 10, and 12 d of culture,
respectively (bars = 75 pm). (F) A protoplast-derived colony after 15 d of culture (bar
=75 um). (G) Protoplast-derived tissues (bar = 5 mm). (H) Protoplast-derived callus
undergoing shoot regeneration (bar = 1.5 mm). (I) A rooted, protoplast-derived plant
(bar = 1.5 cm).

5. Centrifuge (80g; 7 min). Discard the supernatants, and resuspend the protoplast
pellets in CPW13M solution. Centrifuge and wash the protoplasts twice by
resuspension and centrifugation in CPW13M solution.
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6.

3.3.

3.4.

Anthony et al.

Resuspend the protoplasts in a known volume (e.g., 10-mL) of CPW13M solu-
tion (Fig. 1B). Remove an aliquot of the suspension (e g, 0.1-mL), and transfer
to a haemocytometer. Count the protoplasts, yields of + 12 x 10%g f. wt can be
expected.

Assess protoplast viability using FDA (see Note 5) Add 100-uL of FDA stock
solution to 16-mL of CPW13M solution Mix one drop of this solution, by Pas-
teur pipet, with an equal volume of protoplast suspension. Observe the proto-
plasts under UV 1llumination (e g., using a Nikon Diaphot TMD 1nverted
microscope with high-pressure mercury vapor lamp HBO 100 W/2, a B1 FITC
exciter filter IF 420485 nm, dichromic mirror DM510, and eyepiece absorption
filter 570). Viable protoplasts fluoresce yellow-green (see Note 6) Protoplast
viability is usually £90%.

Culture of Leaf Protoplasts of P. edulis

Centrifuge the protoplast suspension from Subheading 3.2., step 6 at 80g for 7 min
Discard the supernatant

Resuspend protoplasts in agarose-solidified KM8P medium (see Note 7) at a den-
sity of 1 5 x 10° /mL (see Note 8).

Dispense 40-puL droplets of KM8P medium containing suspended protoplasts 1n
5-cm Petr1 dishes (25 droplets/dish). Allow the droplets to solidify (see Note 9),
and bathe the droplets in each dish in 2-mL vol of liquid KM8P medium containing
cefotaxime Seal the dishes with Nescofilm, and incubate at 25 + 2°C 1n the dark

Replace the KM8P bathing medium every 5 d, with KM8P medium mixed with
KMS8 medium, 1n the ratios of 3:1, 2.1, 1.1, and 0:1 (v'v).

Assess the protoplast plating efficiency (number of dividing [mitotic] protoplasts
expressed as a percentage of the number of viable [FDA assessed] protoplasts
origmally plated) after 6-10 d of culture (Fig. 1C,D). The plating efficiency
should be £40%.

Plant Regeneration from Protoplast-Derived

Tissues of P. edulis

1

Transfer protoplast-derived colonies (Fig. 1E,F) (see Note 10), 20 d after 1sola-
tion of protoplasts, to agar-solidified MSR1 medium (50 colonies/20-ml. aliquots
of medium in 9-cm Petr1 dishes). Seal the dishes with Nescofilm and incubate at
25°C + 2°C 1n the light under a 16-h photoperiod (25 umol/m?/s; Dayhght fluo-
rescent tubes).

After 25 d, transfer protoplast-derived tissues (Fig. 1G) to agar-solidified MSR2
medium (5 calli/45-mL aliquots of medium 1n 175-mL glass jars) Incubate as in
step 1.

Subculture protoplast-derived tissues every 30 d to MSR2 shoot regeneration
medium as 1n step 2. Shoots should appear progressively within a further 60 d of
culture (Fig. 1H).

Excise developing shoots when 5-6 cm in height. Root the shoots by transfer to
agar-solidified MSR3 medium for 7 d (Fig. 1I), followed by transfer to MS-
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based medium, lacking growth regulators (1-3 shoots/50 mL medium for both
stages in 175-mL jars). Maintain the shoots under growth conditions as in step 1.

3.5. Initiation of Cell Suspensions of P. giberti

1.

2

Excise and sterilize leaves as in Subheading 3.2., step 1.

Place the leaves with their adaxial surfaces in contact with 20-mL aliquots of
agar-solidified MS1 medium (see step 2) using 10 leaves/9-cm Petr1 dish. Seal
the dishes with Nescofilm.

Incubate the cultures 1n the dark at 28 + 2°C. After 28 d, transfer the cultures to
the light under a 16-h photoperiod (25 umol/m?/s, Daylight fluorescent tubes)
and incubate for a further 40 d

Transfer 2-3 g f. wt of embryogenic callus (see Note 11) into 40-mL aliquots of
liquid AA2 medium 1n 250-mL Erlenmeyer flasks. Incubate on a horizontal rotary
shaker (90 rpm) in the dark at 28 £ 2°C

Subculture 5-8 mL packed volume of cells (see Note 12) to 40-mL of fresh AA2
medium every 4 d, for the first 4 passages. Thereafter, subculture cell suspen-
stons every 7 d (Fig. 2A).

3.6. Isolation of Protoplasts from Cell Suspensions of P. giberti

L.

2.

3

4

Harvest cells 4 d after subculture (Passage 5 onward; see Subheading 3.5., step 5)
of suspensions using a nylon sieve of 100-pum pore size (see Note 4).

Transfer cells to 9-cm Petri dishes containing Enzyme solution 101 (1 g f. wt of
tissue 1n 20-mL enzyme solution) Seal dishes with Nescofilm, and incubate on a
slow shaker (40 rpm) for 16 h at 25 + 2°C in the dark.

Filter the enzyme—protoplast mixture through a nylon sieve of 45-um pore size
(see Note 4). Place the filtrate in 16-mL capacity screw-capped centrifuge tubes.
Follow stages as in Subheading 3.2., steps 5-7

3.7. Culture of Protoplasts of P. giberti

I

Resuspend protoplasts in hquid KPR medium (Fig. 2B) at a density of 1 0 x 10°%/mL,
and dispense as 4-mL aliquots 1n 5-cm Petri dishes.

Seal the dishes with Nescofilm, and incubate at 25 + 2°C in the dark.

Remove 0.5-mL aliquots of KPR medium at 5 and 10 d (see Note 13); replace
with a similar volume of liquid K8 medium

Assess the protoplast plating efficiency after 610 d of culture (Fig. 2C,D) as in
Subheading 3.3, step 4 This should be £10%.

3.8. Plant Regeneration from Protoplast-derived
Tissues of P. giberti

1

Transfer protoplast-derived colonies (Fig. 2E) (see Note 10), 40 d after 1solation,
to MSE1 medium (5 colonies/10-mL medium 1n 5-cm Petr1 dishes) Seal the
dishes with Nescofilm, and incubate at 27 1 2°C in the light under a 12 h photo-
period (25 pmol/m?/s; Daylight fluorescent tubes).
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Fig. 2. Isolation, culture, and plant regeneration from cell suspension protoplasts of
P. giberti.(A) Embryogenic cell suspension suitable for protoplast isolation (bar = 1
cm).(B) Freshly isolated cell suspension protoplasts (bar = 50 um).(C) Protoplasts
after 5 d in culture. Note the change from a spherical to a more oval shape as the
protoplasts enter mitotic division (bar = 50 pm).(D) A protoplast that has undergone
mitotic division to form two daughter cells (bar = 50 um). (E) A protoplast-derived
cell colony after 28 d of culture (bar = 50 um). (F, G) Somatic embryos developing
from protoplast-derived callus (bars = 5 mm). (H) Somatic embryo-derived shoots
(bar = 1.5 mm). (I) A rooted protoplast-derived plant (bar = 1.5 cm).

2. After 20 d, transfer protoplast-derived colonies to MSE2 medium, as in step 1. Incu-
bate at 27 + 2°C in the light under a 16 h photoperiod (25 pmol/m?/s; Daylight fluo-
rescent tubes) to induce shoot regeneration by somatic embryogenesis (Fig. 2F,G).
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3 Excise developing shoots when 1 cm in height (Fig. 2H). Root the shoots by
transfer to MSE3 medium (1-3 shoots/50-mL medium in 175-mL jars) (Fig. 2I)
Incubate the shoots as in step 2.

3.9. Characterization of Regenerated Plants

Morphologically, regenerated plants should be scored within 2—3 mo fol-
lowing transfer to the glasshouse, since the juvenile characteristics of leaf shape
and pigmentation in vitro may be different from those of seed-derived plants
raised directly in the glasshouse. Furthermore, this will enable the floral char-
acteristics, fertility, and fruiting properties to be compared with those features
of seed-dertved (control) plants. The somatic chromosome complement can be
assessed using root tip preparations and any shift in ploidy within populations
of regenerated plants rapidly confirmed by flow cytometric analysis of isolated
nuclei (17).

Further DNA molecular studies may be performed on those protoplast-
derived plants that exhibit stable phenotypic, fertility, and cytological charac-
ters, which differ from those of seed-derived plants. These techniques include
the use of AFLP (18), RAPD (19), RFLP (20), and simple sequence repeats
(microsatellites) (21).

4. Notes

1. Store Passiflora seeds at 4°C Sow Passiflora seeds 1n excess of the number of
seedlings required, since germination within the genus Passiflora can be slow
and erratic. A mmmmum of 10 seedlings will be required for each protoplast iso-
lation Leaves should be harvested before seedlings produce tendrils

2. Repeatedly use a new scapel blade to ensure precise cutting, rather than tearing
and bruising, of the leaf material

3. The enzyme solutions should be prefiltered, using 0 2-um pore size nitrocellu-
lose 47-mm diameter membrane filters (Whatman) to remove insoluble impuri-
ties. This prevents premature blockage of the sterile microbial filters (0.2-pum
pore size, 30-mm diameter; Mimisart NML, Sartorius AG, Géttingen, Germany)
during subsequent sterilization of the enzyme solutions

4 Inexpensive, nylon sieves 1n a range of pore sizes may be obtamned from Wilson
Sieves, Common Lane, Hucknall, Nottingham, UK

5. Prepare the FDA dilution in CPW13M solution, immediately prior to viability
assessments, since even short-term storage will result 1n cleavage of FDA to fluo-
rescein, especially 1f the solution is exposed to strong illumination

6 FDA taken up into protoplasts is acted on enzymatically by esterases, to release
fluorescein This molecule 1s excited under UV illumination and fluoresces yel-
low-green. Only viable protoplasts with intact plasma membranes that retain fluo-
rescemn will fluoresce.

7. The agarose-solidified KM8P medium must be prepared as: (a) aqueous double-
strength agarose and (b) liquid, double-strength medium components. The agar-
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10

11

12.

13

ose 1s sterilized by autoclaving (20 min, 121°C, saturated steam pressure); the
liquid component 1s filter-steriized The double-strength liquid component 1s
mxed with the molten agarose component at 50-60°C, immediately prior to use.
Ensure that the agarose-solidified KM8P medium 1s at 35-40°C, prtor to mixing
with, and resuspension of, the protoplast pellets

Allow the KM8P droplets, containing protoplasts, to solidify for at least 1 h (at
room temperature) before the addition of the liquid KM8P bathing medium This
permits the droplets to adhere to the bottom of the Petr1 dishes

Transfer individual colonies using fine, jeweler’s forceps, flame-sterilize, and
cool the forceps immediately prior to use.

Embryogenic callus is yellow 1 color, dry, friable, and translucent in appearance

Use a 10-mL graduated pipet, from which the end has been removed to increase
the size of the orifice to transfer the cells The packed cell volume can be deter-
mined by removing 10-mL aliquots of liquid medium, holding the pipet verti-
cally, and allowing the cells to settle (10 min)

Angle the Petr1 dish, and allow the protoplasts to settle (5 min) to the bottom of
the Petr1 dish before removal of the overlying liquid culture medium,
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Isolation, Culture, and Plant Regeneration
of Suspension-Derived Protoplasts of Lolium

Marianne Folling and Annette Olesen

1. introduction

An efficient protoplast regeneration system makes somatic hybridization and
direct gene transfer attractive tools in the breeding of perennial ryegrass, one
of the most important forage grass species in temperate regions. Despite many
efforts during the last decade, regeneration from protoplasts of Lolium perenne L.
has generally been low and further complicated by the frequent occurrence of
albino plantlets (1-3). Recently, however, the use of nurse culture (4,5) and
conditioned medium (5,6) has considerably improved plating efficiencies and
reproducibility.

Protoplasts of grasses are usually obtained by treating cell colonies from
embryogenic suspension cultures with enzymes that digest cell-wall compo-
nents. Since protoplasts cannot normally perform better than the donor suspen-
sion, the regeneration behavior of these donor suspensions is very important
for success with the protoplast culture system. For ryegrass suspension cul-
tures, regeneration capacity usually decreases and albino frequency increases
with culture age (7). This often leads to total loss of ability to regenerate green
plantlets within 25 wk after culture initiation (7,2). The genotype and subcul-
turing regime strongly affect regeneration behavior of suspension cultures (7),
but responsive genotypes can be found within most varieties (8). Based on
correlation studies, we found regeneration ability in suspension and anther cul-
ture to be controlled to some extent by the same genes (7).

Old suspension cultures can adapt to in vitro culture conditions, and
protoplasts isolated from such cultures may divide 1n fairly simple media.

From Methods in Molecular Biology, Vol 111 Plant Cell Culture Protocols
Edted by R D Hall © Humana Press Inc, Totowa, NJ
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However, protoplasts isolated from younger morphogenic suspension cul-
tures are usually fragile and require more complex media (6,9). Cocultivation
of protoplasts with nurse cells or conditioned medium is often necessary for
obtaining division 1 such protoplasts, but will usually also improve plating
efficiency and the proportion of green plants from protoplasts that are able to
divide without inclusion of nurse or conditioned medium ¢5). In our labora-
tory, the use of nurse culture, in combination with the use of protoplasts from
highly regenerable and well established suspensions has proven very suc-
cessful (see Fig. 1). By using of nurse cells, we obtained average plating
efficiencies up to 12% from the best culture, 40—-50% regeneration frequency,
about 80% green plants, and a total yield of almost 60,000 green protoplast-
derived plants (without cloning) per mL suspensions cells. Without nurse
cells or conditioned medium, the same culture gave about 1200 green plants/mL
suspension cells, and with conditioned medium, the yield of plants was
approx 26,000/mL (5).

The main effect of nurse culture 1s improvement of imtial cell division and
microcolony formation. After this stage, nurse cells are removed, since pro-
longed cocultivation may result in competition for nutrients and accumulation
of toxic waste products excreted from the nurse cells. Attempts have been made
to characterize and 1dentify the conditioning factor(s) (10—-13). However, sev-
eral compounds may be involved (9,14,15), and the indication that some are
unstable (5) makes their 1dentification difficult. This instability may explain
why the nurse system generally 1s more efficient than conditioning media (5).
Interactions between protoplasts and sources of conditioning or nurse cells may
complicate their use (9,15) and should be taken into consideration. We found
that nurse cells and conditioned medium obtained from the protoplast donor
suspension had the best effect on the plating efficiency, microcolony growth,
and frequency of green plants (5).

Here, we describe a protocol for the 1solation, culture and plant regeneration
of Lolium suspension-derived protoplasts involving nurse cells or conditioned
medium [t includes the following steps

Preparation of suspenston cultures prior to protoplast culture (5 d).

Protoplast 1solation and purification

Protoplast culture with nurse or conditioned medium (2 wk).

Culture of microcolonies embedded 1n agarose drops in liquid protoplast colony

plating medium (2 wk)

5 Macrocolony culture on solid protoplast colony plating medium. This step
wncludes one subculture of individual colonies (2-6 wk depending on colony
growth rate + 4 wk).

6. Plant regeneration (3—4 wk).

B —



Fig. 1. A-D. Plant regeneration from cell suspension protoplasts of L. perenne L.
(A) Freshly isolated protoplasts. (B) Colonies formed in agarose drops after 2 wk with
nurse culture and 1 wk in liquid protoplast colony plating medium. (C) Colony con-
sisting of small dense cells with a regular shape. This type of colony will often regen-
erate into plantlets. (D) Colony with loose irregular growth. This type of colony will
usually not be able to regenerate plants.



Fig. 1. E-G. (E) Agarose drop (40 pL) containing protoplast-derived colonies
4 wk after protoplast isolation. (F) Regenerating calli 2'/2 mo after protoplast isolation.
(G) Shoots of L. perenne 3 mo after protoplast isolation.
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2. Materials

All media are made with distilled deionized water and based on Murashige
and Skoog’s medium (MS) (16; and see Appendix). This is commercially avail-
able from, e.g., Flow Laboratories Inc. Hormone stocks described below can
be stored at 4°C for up to 2 mo.

1. 2,4-Dichlorophenoxyacetic acid (2,4-D), 0.1 mg/mL stock. dissolve 100 mg 2,4-D
in a small volume of 96% ethanol, and adjust volume to 1000 mL with water

2. 6-benzylamino purine (BAP), 0.1 mg/mL stock: dissolve 100 mg BAP m a small
volume of 0.5 N HCI, and adjust volume to 1000 mL with water

3 Kinetin, 0 I mg/mL stock. dissolve 100 mg kinetin in a small volume of 0 5 N HCI
and adjust volume to 1000 mL with water

2.1. Suspension Culture Medium

Suspension maintenance medium (SM) consists of MS salts and vitamins
supplemented with 3% (w/v) sucrose and 3 mg/L 2,4-D. Adjust pH to 6.2 and
autoclave.

2.2. Protoplast Isolation Solutions

1. Enzyme solution 1% (w/v) Cellulase Onozuka RS (Yakult Pharmaceutical Indus-
try Co Ltd), 1% (w/v) Meicelase (Meyi Seitka Kaisha Ltd.), 0 3% (w/v)
Macerozyme R-10 (Yakult Pharmaceutical Industry Co. Ltd ), and 0 1% (w/v)
Pectolyase Y-23 (Seishin Pharmaceutical Industry Ltd.) dissolved in MS medium
supplemented with 10 mM CaCl,, 3% (w/v) sucrose, 8% (w/v) mannitol, and
2 mg/L 2,4-D Stir solution at low rotation for 1-2 h, and pellet undissolved
particles by centrifugation at 125g for 20 mn at 4°C. Adjust pH to 6 0 and filter-
sterilize supernatant (0 22-um membrane filter) Store in 10-mL aliquots at -20°C
forupto 1 yr

2 Protoplast washing medium: PC medium 1X (see Subheading 2.3., step 1).

2.3. Protoplast Culture Media

1. Liqud protoplast culture medium (PC 1X)- MS salts and vitamins supplemented
with 10 mM CaCl,, 11% (w/v) glucose, 0.1 mg/L 2,4-D, and 0.1 mg/L 6-benzyl-
amuno purine (BAP) Adjust pH to 6 0 and filter-sterihize (0.22-pm membrane
filter). Medium can be kept at room temperature for up to 1-2 mo.

2. Solid protoplast culture medium (agarose plating medium) Prepare medium
described above, but with a twofold concentration of all constituents (PC 2X)
and filter-sterilize. Prepare an agarose solution with 2.4% (w/v) Sea-Plaque aga-
rose (FMC) 1n distilled water and autoclave. While still hot and fluid, mix agar-
ose solution and PC 2X medium 1n the ratio 1:1. Cool the medium to approx
32°C 1n water bath (see Note 1)

3. Conditioned medium: Harvest spent suspension culture medium from the proto-
plast-donor suspenston 5 d after last subculture (see Note 2). Remove cells
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by filtering the medium through a 22 5-um nylon sieve Adjust osmolarity to
800 mOsM/kg with a saturated glucose solution, and adjust pH to 6.0 (see Note 3)
Filter-sterilize the medium (0 22-um membrane filter), use immediately, or store
at 4°C until next day

2.4. Colony Plating and Plant Regeneration Media

1 Protoplast colony plating medium (PCP 1X) MS salts and vitamins supplemented
with 6.84% (w/v) glucose, 0.1 mg/L 2,4-D, and 0.1 mg/L BAP. AdjustpHto 60
and filter-sterilize (0 22-um membrane filter) For solid plating media, prepare
medium at a twofold concentration (PCP 2X) and filter-sterilize (0.22-um mem-
brane filter). Prepare a 0.6% (w/v) Gelnte (Kelco) solution 1n distilled water and
autoclave While still at 90—100°C, mix Gelrite solution with PCP 2X in the ratio
1 1 (final concentration, PCP 1X with 0 3% [w/v] Gelrite), and pour into 9-cm
plastic Petr1 dishes (approx 50 mL/dish).

2. Plant regeneration medium (PR). MS salts and vitamins supplemented with 3%
(w/v) sucrose, 0.2 mg/L kinetin, and 0 8% (w/v) agar (Difco) Adjust pH to 6 2
and autoclave Pour medium into 9-cm Petri dishes (approx 50 mL/dish)

3. Methods
3.1. Maintenance of Suspension Cultures

Suspensions may be itiated from embryos or meristems (7, 7). Success with
suspension culture of Lolium depends primarily on the donor genotype, an opti-
mal suspension maintenance scheme, and personal experience (see Note 4)

I Suspension cultures are cultivated in 250-mL Erlenmeyer flasks, and main-
tained by weekly subculturing. Do this by tilting the flask to allow the cells to
sediment, pour off 90% of the used medium, and add fresh SM medium to a
total volume of 80—100 mL Cultivate at 25°C in dim hight (7 pmol/m?/s) on a
gyratory shaker at 150 rpm. Seal flasks with two layers of polyethylene (PE)
film (see Note 5)

2. Suspensions are renewed at 21- or 28-d intervals by transferring using a wide-
bore pipette (5-mm opening) 1-2 mL of small compact cell colonies (see Note 6)
together with approx 10 mL spent suspension medium to new 250-mL flasks
containing 50-70 mL of fresh SM medium (see Note 7).

3.2. Preparation of Suspension Cultures Prior to Protoplast
Culture (see Note 8)

1 Cultures for protoplast 1solation: 5 d prior to protoplast 1solation and 7 d after last
renewal by pipet subculture (see Note 9), transfer approx 1 mL of small compact
cell colonies with a wide-bore pipet to a 250-mL Erlenmeyer flask.

2 Cultures for nurse culture’ 5 d prior to protoplast isolation and 7 d after last subcul-
ture transfer approx 1.5-2 mL of small compact suspension colonies from the
protoplast donor suspension culture (see Note 10) to a 250-mL Erlenmeyer flask
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3.

3.3.

3.4.

. Dispense aliquots of the protoplast suspension into centrifuge tubes, and centri-

To each flask, add 80 mL of fresh SM medium, and seal the flasks with two
layers of PE film. Cultivate at 25°C i dim light (7 umol/m?/s) on a gyratory
shaker at 150 rpm for 5 d.

Protoplast Isolation and Purification

Transfer approx 1 mL of small compact suspension colonies with a wide-bore
pipet to a 9-cm Petri dish, and remove excess SM media. Add 10 mL of enzyme
solution, and seal the dish with PE film.

Incubate dishes for 5 h 1n the dark at 25°C on a gyratory shaker at 30 rpm (see
Note 11).

Filter the protoplast/enzyme solution through 91- and 22 5-pum nylon sieves
(see Note 12) Tilt the sieves with the tip of a pipet, allowing protoplasts and
medium to pass through the sieves, and wash with PC 1X medium (up to 10 mL).
Carefully transfer the protoplast solution to a 30-mL container (Bibby Sterilin
Ltd.) by use of a wide-bore pipet. Add additional PC 1X medium to a final
volume of 30 mL. Centrifuge at 50g for 5 min at room temperature Discard
supernatant

Resuspend protoplasts immediately 1n 20 mL of PC 1X medium (see Note 13),
and centrifugate again.

Resuspend protoplast pellet in 10 mL of PC 1X medium, and store protoplasts
overnight at 4°C or proceed immediately with next step

Centrifuge protoplast suspenston, and resuspend the protoplast pellet in 1020 mL
of PC 1X medium. Measure the protoplast density with a hemocytometer (Fuch-
Rosenthal), and calculate total protoplast yield.

Protoplast Culture

fuge at 50g for 5 min at room temperature. Discard the supernatant, and resus-
pend the protoplast pellet in agarose plating medium to a final density of 2 x 10°
protoplasts/mL (see Note 14)

Place, using a Pasteur pipet, one agarose drop (approx 24 drops/mL) 1n the
middle of each well of a 24-well multidish (Nunclon® 15 5 mm, NUNC), and
allow agarose to solidify in darkness for 1 h at room temperature. The proto-
plasts can either be cultivated in conditioned medium or cocultivated with
nurse cells.

Use of conditioned medium: Dispense 0.5-mL. aliquots of undiluted conditioned
medium into each well. Fill the inner space between the wells with sterile water
to reduce evaporation, seal with PE film, and incubate dishes in plastic bags at
25°C in darkness.

Use of nurse culture: Dispense 0.5-mL ahiquots of liquid PC 1X medium to each
well. Add approx 30 mg of small, dense suspension colontes (without suspension
culture medium) to each well, fill the inner space between the wells with sterile
water, seal, and incubate the dishes as described in step 3



190 Folling and Olesen

3.5. Microcolony Culture

1 After 14 d of culture when the microcolonies consist of 6-8 cells (see Note 15),
determine plating efficiency (number of microcolonies/total number of cultured
protoplasts) by counting microcolonies using an inverted microscope. For proto-
plasts cultured with nurse cells, wash agarose drops twice with liquid PCP 1X
medium (see Note 16) These washes ensure removal of all nurse cells. No wash-
ing is needed for protoplast agarose drops cultured with conditioned medium

2 Transfer agarose drops to new multidishes, and add 0.5 mL hiqud PCP 1X medium
Culture for further 2 wk

3.6. Culture of Micro- and Macrocolonies

1. Transfer one or two agarose drops with protoplast-derived colonies to solid PCP
1X medium (see Note 17) Chop agarose-drops lightly with a blunt scalpel (see
Note 18), and spread the agarose pieces on the surface Seal the dishes with PE
film and incubate at 22°C 1n continuous white fluorescent light (70 pmol/m?/s)

2. After 2 wk of culture, transfer the most rapidly growing colonies (1 5-2 mm)
mdividually to fresh PCP (solid) dishes Incubate at same temperature and under
the same light conditions as described above Leave the remaining small colonies
on original PCP dishes to continue their growth by spreading them over the entire
surface. Repeat transferring colonies from the original dishes until all colonies
have been moved individually to fresh PCP medium (4—6 wk)

3.7. Plant Regeneration

1. After 4 wk of culture of individual colonies on PCP medium, transfer calluses to
PR medium Seal dishes with PE film and incubate at 20°C n continuous white
fluorescent light (70 umol/m?/s) for 4 wk

2. Count the number of calluses regenerating at least one plantlet, and transfer plantlets
to vessels contamning PR medium Cultivate under lgh light intensities (70 pmol/m?/s)
with a 16/8 h day/mght light regime

3 Transfer rooted plants to peat/soil, and continue growth 1n greenhouse

4. Notes

1. Alternatively, stored solid agarose solution may be reheated 1n a water bath or
microwave oven and mixed 1 1 with stored PC 2X To avoid damage to proto-
plasts, medium should never be warmer than 32°C when used for plating

2. Do not harvest spent medium from cultures more than 3 wk after latest pipet
subculturing (see Subheading 3.1., step 2). Spent medium harvested later than
this or conditioned medium from other cultures than the protoplast-donor sus-
pension may have a detrimental effect on protoplast division The best condi-
tioned medium 1s obtained from the protoplast-donor suspension taken 12 d (7 + 5 d)
after pipet subculturing.

3. The osmolarity of SM medium must be raised to a value similar to PC medium to
avoid bursting of the protoplasts The pH of spent SM medium 1s usually reduced
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10

1.

to below 5.6 as a consequence of suspension growth, although 1t may occasion-
ally be higher than 6 0.

Suspensions should be tested for regeneration capacity every 4th week. Do this
by pipeting 1-2 mL of small dense suspension colomes to solid PCP 1X Culti-
vate for 4 wk with light and temperature conditions as described in Subheading 3.6.,
step 1, and proceed with steps described in Subheading 3.7.

Type of sealing is very important for suspension growth. Foil sealing will increase
dramatically the rate of suspension growth because of better agration. However,
this will often reduce regeneration longevity of the suspensions We use house-
hold clingfilm (PE, 10 pm).

Tilt the flask and allow the cells to sediment. Then slowly rotate the flask in one
hand so that the small dense cell colonies concentrate in the top layer of the
sedimented cells for a few seconds. Transfer small compact cell colonies to new
flasks

The handling of suspension cultures is a critical step for protoplast culture.
Preferably only one person should handle the cultures and thereby obtain expe-
rience for a correct subculturing scheme for each culture. For most cultures,
pipet subculturing every 4th week is adequate, whereas others benefit from
being subcultured by pipet every 2—3 wk. This 1s the case 1f suspensions turn
darkish yellow before the 4th week after pipet subculturing. If the culture eas-
ily turns brown (especially older cell colonies), pipet small light-colored cell
colonies to new flasks (avoid all brown cell colonies), and add 30—50 mL of
fresh suspension medium. Repeat this with periodic intervals (each 2-3 wk)
until browning has stopped For fast-growing suspensions (usually relevant for
nonembryogenic suspensions only), it may be necessary to discard some cells
every week. Do this by spinning the flask, and immediately pour off some
medium with cells before they sediment For slow-growing suspensions, be
careful not to dilute to much.

The dilution of cell colonies 5 d prior to protoplast 1solation will usually improve
yield and viability of protoplasts as well as quality of nurse cells.

Use of suspension cultures more than 14 d after latest pipet subculturing may
reduce protoplast yield and viability

The best nursing effect 1s obtained with cell colonies from the protoplast donor
suspension. However, embryogenic suspension cultures often grow slowly, and
for large experiments, 1t may be necessary to take nurse cells from a fast-growing
nonembryogenic suspension so that adequate amounts of nurse cells can be
obtained. In this case, screen several Lolium suspensions for their ability to sup-
port the protoplast culture.

After 5 h of enzyme treatment, some undigested cell colonies will remain, the
amount depending on the suspension culture. However, prolonged digestion will
reduce protoplast viability. For time-consuming transformation or fusion experi-
ments, it may be advantageous to 1solate protoplasts overnight in half-strength
enzyme. Dishes with cells for overnight digestion are placed at very low rotation
(almost no movement of cells),
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12

13

14

15

16.

17.

18

This 15 easiest done by placing the 91-um steve inside the 22 5-um sieve in a Petr1
dish. We use homemade sieves that touch the bottom of the dish, since this 1m-
proves flow through the meshes and 1s more gentle to the protoplasts These are
constructed by securing pieces of nylon filters of appropriate meshes to circular
glass rings with diameters of 4 cm (91-pm sieves) and 5 5 cm (22.5-pm sieves)
Keep 1n mind that protoplasts are very fragile, and take great care 1n steps, such
as pipeting and the resuspending of protoplast pellets

Protoplasts may form aggregates that are difficult to dispense 1f resuspending 1s
delayed

Some suspension cultures are known to give rise to protoplast cultures with high
plating efficiency (more than 10%) when cocultivated with a nurse culture
Reducing plating density to 1 x 10° protoplasts/mL for such cultures may increase
plating efficiency further (5)

For very slow-developing protoplast cultures, 2 wk with a nurse culture may be
too short a period for reaching the six- to eight-cell stage, and coculturing for a
further 1 to 2 wk 1s then beneficial

This 13 most easily done by using a small blunt scalpel to lift agarose drops from
the wells and transfer them to a 9-cm Petr1 dish with hiquid PCP 1X medium
Culture on PCP medium matures the colonies and mmproves their ability to regen-
erate into plantlets. The number of agarose drops per plate depends on the plating
efficiency When plating efficiency 1s low (below 1%), proliferation of micro-
colonies may be stimulated by increasing the number of agarose drops per plate,
since microcolonies at this stage still depend on the nursing effect of other
microcolonies

Protoplast-derived microcolonies have a very compact structure, and chopping
the agarose drops with a blunt scalpel does not damage or break up ndividual
colonies
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Protoplast Fusion for Symmetric
Somatic Hybrid Production in Brassicaceae

Jan Fahleson and Kristina Glimelius

1. Introduction

This chapter will focus on somatic hybridization in Brassicaceae. The results
from a vast number of investigations have clearly shown that somatic hybrid-
1zation 1 this family can overcome sexual barriers, and that the nuclear, mito-
chondrial, and chloroplast genomes from different sexually incompatible
species can be combined. Reproducible protocols for protoplast culture and
regeneration to plants have been established for a large number of crop species
within this family, such as oilseed rape, turnip rape, cabbage, and Indian mus-
tard (7). This has laid the foundation for the production of somatic hybrids
(2,3). A substantial number of somatic hybrids have been produced between
species within the genus Brassica, combining both diploid and allopolyploid
Brassica species into hybrid plants. For example, the resynthesis of rapeseed
(4—7), but also a combination of all three Brassica genomes (A, B, and C) have
been performed (8,9). To widen the gene pool of rapeseed, several intergeneric
somatic hybrids combining Brassica napus with species from the genera Eruca
(10), Sinapis (11,12), Raphanus (13), Moricandia (14,15), and Diplotaxis
(16,17) have been made. Furthermore, 1t has even been possible to combine
species from different tribes, by obtaining somatic hybrids, e.g., between rape-
seed and Arabidopsis thahiana (18-21), rapeseed and Thiaspi perfoliatum (22),
as well as rapeseed and Lesquerella fendleri (23).

In general, 1t can be stated that the process of somatic hybridization has
widened the gene pool of crops within the Brassicaceae family. In addition to
this, successful results regarding somatic hybridization with the purpose of
improving Brassica oleracea (24,25) and Brassica juncea have been made
(26-30). 1t must be recognized, however, that even 1f sexual barriers are

From Methods in Molecular Biology, Vol 111 Plant Cell Culture Protocols
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circumvented by this method, interspecific incompatibility barriers can be
present at other stages of plant development, inhibiting the production of fer-
tile hybrid plants (31). Furthermore, except n a few cases (32,33) the chloro-
plast genomes seem unable to recombine, whereas in the mitochondrial
genomes, a considerable degree of recombination has been detected (34—36).

The method for protoplast fusion described 1n this chapter 1s the mass-fusion
method. High numbers of protoplasts from the parental species are mixed to-
gether and induced to fuse via a polyethylene glycol (PEG)/CaCl, treatment.
The mass-fusion method 1s in 1itself random, since homofusions (fusions of
protoplasts within the same species) as well as heterofusions (fusions of proto-
plasts between the two parental species) are obtained. In addition, the number
of protoplasts participating 1n a fusion event cannot be controlled by the mass-
fusion method.

The mass-fusion method has to be combined with an efficient system for
selection of hybrid cells. Different approaches have been adopted, such as the
use of metabolic mutants (11) or selection with iodacetamide (I0A) in combu-
nation with irradiation/media selection (37,38). The selection system used 1n
our laboratory 1s flow cytometry and cell sorting. This is a general system and
relies on differential fluorescence from the parental protoplasts, obtained
through staining of the protoplasts and/or chlorophyll autofluorescence from
one of the parental protoplasts (39). The hybrid cells will produce a double-
fluorescent signal and can thus be selected.

Irrespective of the selection method used, a procedure for identification of
hybrid individuals has to be developed. The 1dentification procedure can be
based on biochemical methods (40), morphological features (14) or genetic
markers (21,22,31). Genetic markers based on DNA sequences, such as
restriction-length polymorphisms (RFLPs) or species-specific repetitive DNA
sequences, are generally robust markers and are not influenced by changes 1n
cell metabolism or environment.

This chapter covers the first steps in the production of somatic hybrids within
Brassicaceae, and describes 1solation of protoplasts, protoplast fusion, prepa-
ration for flow cytometry and cell sorting, cultivation and regeneration. As a
procedure to identify hybrids, we have also included a section covering isola-
tton of species-specific DNA sequences. This last section includes some stan-
dard procedures that are not described in detail.

2. Materials

2.1. Plant Material and Culture Conditions
1 Etiolated hypocotyls, grown for 4-5 d i vitro, in darkness at 25°C

2 Green leaves from in vitro grown plants, approximately 3-wk-old, grown at a
light intensity of 12 W/m? and a day/night regime of 16/8 h at 25°C (See Note 1)
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2.2. Equipment

All materials must be sterilized prior to use.

10

I,

12
13
14
15

16.
17.

18

19.
20.

21
22
23

Protoplast filter (100-pm nylon mesh).
Forceps.

Scalpel

Spatula.

Pipets, 10-, 5-, and 1-mL.

Pasteur pipets.

Petr1 dishes, 3 5-, 5-, and 9-cm.

Glass jars (baby food jar-type)

Flasks, 100-, 250-, and 500-mL.
Cylinders, 50-, 100-, and 500-mL

Graded 15-mL glass centrifuge tubes.
Multiboxes, 48-wells (Costar®)

15-mL Falcon tubes with rounded bottom.
Hemocytometer (Burker chamber)

Flow hood.

Microscope, inverted, equipped with a UV lamp.
Fluorescent activated cell sorter (e.g., a Becton Dickinson instrument or equivalent)
X-ray film.

Cassettes for X-ray film

Shaker.

Membranes for colony hybridization.
Toothpicks

Oligolabeling kit for 32P labeling of DNA.

2.3. Media and Chemicals

PN —

_
S©w®o L

11

12.

13.

Calcium hypochlorite (7.5% w/v).

Tween 20.

Ethanol, 70 and 96%.

Cell-wall-degrading enzymes (cellulysin and macerase, Calbiochem) 1%
cellulysin, 0 1% macerase (w/v) dissolved in the culture medium K (see Table 1
and Note 2).

Mannitol, 0.4 M, dissolved in the culture medium 8p (see Table 1).

Agarose, 0 13% and 0.4% 1n K3 medium

SeaPlaque agarose 1.47% (FMC®) in delonized water, autoclaved.

CPW 16 (41, see Table 2). Sterilized by filtration.

TVL (see Table 2), autoclaved

W5 (42; see Table 2), autoclaved

KB (see Table 1), autoclaved.

5(6)-Carboxyfluorescein diacetate, 0.22 M, dissolved in W5 (CFDA, Molecular
Probes; see Note 3).

PEG solution (see Table 2 and Note 4).
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Table 1

Media Compositions for Cultivation of Protoplasts

Media Components Amount

MS pH 5.7-5.8 A 200 mL/L
B 14 mL/L
C 10 mL/L
D 10 mL/L
E 10 mL/L
MS 11 10 mL/L
Fe-EDTA 5 mL/L
Glycine 1 mL/L
Nicotinic acid 1 mL/L
Vitamin Bg 1 mL/L
Vitamin B, 1 mL/L
Edamin (casein hydrolysate) 1 g/L
Inositol 100 mg/L
Sucrose 10 g/L
Gellan gum 3 g/L

K, pH 5.8-6.0 A 26 mL/L
B 2 mL/L
C 7 mL/L
E 7 mL/L
K 10 mL/L
K, 5 mL/L
F 10 mL/L
Fe-EDTA 5 mL/L
Zn-EDTA 1 mL/L
Vitamin B, 10 mg/L
Vitamin By 2 mL/L
Nicotinic acid 2 mL/L
Xylose 250 mg/L
Inositol 100 mg/L

8p pH 5.6 A 200 mL/L
B 3.75 mL/L
C 81 mL/L
D 10 mL/L
E 13.6 mL/L
Kao’s micro 10 mL/L
Fe-EDTA 5 mL/L

(continued)
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Table 1 (continued)

Media Components Amount
Nicotinic acid 2 mL/L
Vitamin Bg 2  mL/L
Vitamin B 10 mg/L
Ascorbic acid 2 mg/L
Na pyruvate 20 mg/L
Citric acid 40 mg/L
Malic acid 40 mg/L
Fumaric acid 40 mg/L
Fructose 250 mg/L
Ribose 250 mg/L
Xylose 250 mg/L
Mannose 250 mg/L
Rhamnose 250 mg/L
Cellobiose 250 mg/L
Sorbitol 250 mg/L
Mannitol 250 mg/L
Inositol 100 mg/L
Casamino acids 250 mg/L
Coconut water 20 mL/L
Sucrose 250 mg/L
Glucose 72.1 g/L

14 CaCl, PEG 2'1 (see Table 2): The CaCl, solution 1s autoclaved.

15 CaCl:PEG 5 1 (see Table 2)

16. Stock solutions of media chemicals (see Table 3)- Kept at +4°C to prevent fungal
and/or bacterial growth

17 MS medium, autoclaved (43; see Table 1)

18  K;medium, filter-sterilized (42; with modifications according to 44,45, see Table 1)

19 8p medium, filter-sterilized (46; with modifications according to 47,48, see Table 1)

20 Restriction enzyme Sau3A

21. Restriction enzyme buffer 10X (provided with the restriction enzyme).

22. Isopropylthio-B-p-galactoside (IPTG) 2 g of IPTG to 8 mL distilled H,O. Adjust
the volume to 10 mL, and sterilize by filtration through a 0 22-um disposable
filter. Store in 1-mL aliquots at —20°C.

23. 5-Bromo-4-chloro-3-indolyl-B-p-galactoside (X-gal). Dissolve X-gal in dimethyl-
formamide (DMF), 20 mg of X-gal/mL DMF Use polypropylene tubes, put in a
box to prevent from hight. Store at —20°C (See Note §.)

24 Phenol chloroform mixed 1:1 (Tris-saturated phenol).
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Table 2
Solutions for Protoplast Isolation and Fusion
Solution Components Amount
CPW 16 KH,PO, 272 mg/L
pH5.5-58 KNG, 101 mg/L
CaCl, - 2H,0 1480 mg/L
MgS0O, 7H,0 246 mg/L
KI 016 mg/L
Sucrose 160 g/L
TVL Sorbutol 54654 g/L
pH 5 6-5.8 CaCl, - 2H,0 735 g/L
W5 CaCl, 2H,0 18 4 g/l
NaCl 9 g/L
Glucose 1 g/L
KCl 08 g/L
KB KCi 1118 gL
pH 7.2 CaCl,- 2H,0 147 g/L
Tris 13.1 g/L
PEG PEG 1500 400 g/L
pH70 Glucose 54 g/L
CaCl, 2H,0 735 g/L
CaCl, CaCl, 2H,0 147 g/L
pH70 Sorbitol 18.2 g/L

0.5 M, disodium etylendiamintetraacetate (EDTA) Dissolve 186.1 g/L with
intensive stirring, heating and adjusting pH to 8.0 1s also required.

NaAc, 3 M (sodium acetate - 3H,0): Add 408.1 g to 800 mL H,0. Adjust pH to
5 2 with glacial acetic acid, and dilute to 1 L. Autoclave

TE buffer, 10 mM Tris-HCI (pH 7.5), 1 mM EDTA (pH 8 0): To 988 mL of H,O,
add 10 mL 1 M Tris-HCl1 + 2 mL of 0 5 M EDTA

Adenosine triphosphate (ATP), 0 1 M: Dissolve 60 mg 1n 0.8 mL. H,O Adjust
pH to 7.0 with NaOH, 0.1 N Adjust volume to | mL, and store in aliquots
at —20°C

Dithiothreitol (DTT), 0.1 M: Dissolve 3.09 g in 20 mL of 0.01 M sodum acetate
(pH 5 2). Sterilize by filtration Store in 1-mL aliquots at —20°C

PEG 50%: PEG 8000 dissolved 1n detonized water

T4 DNA ligase

Ligation buffer (10X, provided with T4 DNA ligase)
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Table 3
Stock Solutions of Media Chemicals
Component Amount Component Amount
A KNO, 95 g/l Kao’s microelements (22)
B NH,/NO, 120 g/L KI 75 mg/L
C MgSO, 7H,0 3 g/L MnSO, 4H,0 1000 mg/L
D.KH,PO, 17 g/L H,BO, 300 mg/L
E CaCl,- 2H,0 44 g/L ZnSO, - 7H,0 200 mg/L
F MnSO, H,O 169 g/l Na,MoO, 2H,0 25 mg/L
Na,MoO, ‘- 2H,0 0.025 g/L CusO, 5H,0 25 mg/L
CusO, S5H,0 0.0025 g/L CoCl, 6H,0 25 mglL
CoCl, - 6H,0 0.0025  g/L MS II (microelements)
H;BO; 0.620 g/L
G KI 10 oL KI 83 mg/L
MnSO, 4H,O 2230 mg/L
H (NH,),S0, 150 g/L
K. NaH2PO4 . H2O 15 g/L
ZnSQ, 7H,0 1234 mg/L
K, (NH,),SO,4 268 g/L N
a,Mo0O, 2H,0 25 mg/L
L MgCl, : 6H,0 35 g/L
ZnSO, - TH,0 0 86 mg/mL CoCl - 6H.0 25 me/L
Zn-EDTA 15 mg/mL 27 &
Fe-EDTA
Fe SO, - TH,0 557 mg/mL
Na,EDTA 7.45 mg/mL
Glycine 2  mg/mL
Nicotinic acid 05 mg/mL
Thiamine (B,) 0.1 mg/mL
Pyridoxine (Bg) 0.5 mg/mL
2,4 Dichlorophenoxy

acetic acid (2,4-D) 0.1 mg/mL
1-Naphtylacetic

acid (NAA) 0.1 mg/mL
6-Benzylamino

purine (BAP) 0.1 mg/mL
Zeatin 0.1 mg/mL
33.

34.

3s.

Competent Escherichia coli XL1, prepared according to standard methods
Luria-Bertan1 medium (LB medium) To 950 mL of deiomzed H,O add 10 g

Bacto-tryptone, 5 g Bacto-yeast extract, and 20 g NaCl Dissolve under stirring,
adjust pH to 7.0 with 5 N NaOH, and dilute to | L Autoclave.

Ampicillin stock solution, 100 mg/mL Dilute to a final concentration of 50—100
pg/mL when used 1n media.
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3. Methods
3.1. Sterilization and Cultivation of Plant Material

1 Sterilize approx 500 seeds of one parent for 1 h with continuous shaking 1n
50—-100 mL of a 7 5% calctum hypochlorite solution to which a few drops of
Tween 20 have been added (See Note 6)

2. Rinse seeds for | min in 70% ethanol, and thereafter wash three times for 2 min
each 1n sterile water

3  Germinate seeds in 9-cm Petri dishes containing 20 mL MS medium supple-
mented with 3% (w/v) sucrose In case of etiolated hypocotyls, seeds are placed
in a row at one end of a 9-cm Petri dish (about 20 seeds/dish) and then placed
shightly tilted 1n the dark for 45 d at 25°C

4 Green leaves of the other parent are obtained from 3-wk-old plants, grown in glass
jars at a hght mtensity of 12 W/m? and a day/might regime of 16/8 h at 25°C

3.2. Pretreatment of Plant Material

1. With a forceps and scalpel, carefully cut the etiolated hypocotyls into 0.5- to 1-mm
segments The leaves are gently cut into small pieces For a typical experiment,
25 Petr1 dishes (about 500 seeds) and leaves from 2—3 n vitro plants are needed

2 Place each material 1n a separate TVL solution to plasmolyze for 1 h

3. Withdraw the solution with a pipet and replace 1t with enzyme solution (1% cellulysin,
0 1% macerase 1in K; medium)

4 Place the dishes in darkness, with the leaf dishes stationary and the hypocotyl
dishes on a shaker, about 15 rpm, overnight

3.3. Isolation of Protoplasts

1 Check the protoplast suspenston under an inverted microscope to confirm the
absence of contamination by bacteria or fung:
Filter the protoplast suspensions through a 100-pum nylon mesh
Add approximately one-third the volume of CPW 16
Transfer the suspensions to centrifuge tubes and centrifuge for 5 mn at 100g
Remove the floating protoplasts with a Pasteur pipet and add approximately five
times the volume of W5 (See Note 7 )
Centrifuge as before
Remove the supernatant, and resuspend the hypocotyl protoplast pellets in a small
volume of W35 (about 1 5 mL/centrifuge tube) The leaf protoplasts are resus-
pended 1n a small volume of TVL.KB I-1.
8 Stain the hypocotyl protoplasts with 250500 pL of 0 22 M 5(6)-carboxy-fluo-
rescein diacetate (CFDA) for 10 min.
9 Add W5 (8.5 mL/centrifuge tube), and centrifuge the hypocotyl protoplasts as
before
10. Resuspend the hypocotyl protoplasts 1n a small volume of TVL KB 1'1, and cal-
culate the protoplast density in the haemocytometer
11 Dilute the hypocotyl protoplasts to 9 x 10° protoplasts/mL and the leaf proto-
plasts to 9 x 10° protoplasts/mL

ok W

~



Hybrid Production in Brassicaceae 203

3.4. Fusion of Protoplasts

1.

Mix the protoplasts 1.1 with a Pasteur pipet and place approx 20 separate drops
(about 0 4 mL/droplet) in a 9-cm Petr1 dish

Turn the flowhood off, and let the protoplasts settle for 5 min

Add 2 droplets of the PEG solution to each droplet of protoplasts Leave for 3—5 mun.
(See Note 8.)

Tilt the Petr1 dish, and remove the PEG solution with a pipet. With another pipet,
add 2-3 mL of the CaCl,PEG 2:1 solution for 5 min to wash the protoplasts
(which now should be slightly attached to the bottom of the Petr1 dish).
Remove the CaCl,"PEG 2:1 solution, and replace 1t with CaCl,’PEG 5 1 solution
for 5 min (See Note 9)

Wash the protoplasts with 4 mL 8p medium (without hormones) After this point,
selection of hybrid cells may be performed in several ways The following sec-
tron describes how cells are prepared for flow cytometry and cell sorting How-
ever, alternative selection methods are indicated elsewhere (see Note 10)

3.5. Preparation of Protoplasts for Flow Cytometry and Cell Sorting

1.

Store protoplasts for at least 2 h at +8°C. Remove 8p medium, and cover the
protoplasts with 7-8 mL of 8p medium containing 0.4 M mannitol and mixed
with W5 (1:1 v/v) Leave at +8°C for at least 2 h. (See Note 11.)

Using a Pasteur pipet, carefully detach the protoplasts from the bottom of the
Petr1 dish, and resuspend them in W5 Add about the same amount of W5 as in
step 5, Subheading 3.3. (See Note 12 )

Centrifuge 1n 15-mL Falcon tubes at 75g for 5 min Discard supernatant
Resuspend the protoplasts in a small volume of 8p medium with 0.4 M mannitol
to g1ve a protoplast concentration of about 1 x 109 protoplasts/mL

Sort the protoplasts i the flow cytometer (this machine is usually operated by a
specialist and is adjusted to sort out protoplasts exhibiting a clear signal of double
fluorescence). (See Note 13 ) The protoplasts are sorted mto separate wells of a
multivial dish, Costar®, 48 wells, each well contaimng 100 pL of 8p medium
supplemented with 4 5 uM 2,4-dichlorophenoxyacetic acid (2,4-D), 05 pM
NAA, and 2 2 pM BAP

3.6. Culture of Hybrid Cells and Regeneration of Plants

1.

The hybrid cells are cultured 1n a culture room with a light intensity of 12 W/m?
and a day/might regime of 16/8 h at 25°C. The medium used 1s the same as men-
tioned in Subheading 3.5.

When the first divisions are observed (usually after 4—7 d), the cells are diluted
with fresh culture medium, containing 0 55% Sea Plaque agarose , w/v (FMC) with-
out hormones, to four times the original volume (See Note 14.)

When the agarose has solidified, use a spatula, and move the beads to 2 S-cm
Petri dishes with 3 mL 8p medium, containing the same hormone concentration
as 1n the beads ('/4 of the original hormone concentration 1n the multivial dish)
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4. At weekly mntervals, replace the medium with fresh medium.

5 When small calli (1-2 mm 1n diameter) are observed, usually after 24 wk, they
are removed from the beads and plated on 0.13% agarose (w/v) in K3 medium
with 3 4% sucrose (w/v) and the same hormone concentrations as in the beads

6 After about 2 wk the calli are induced to differentiate into plants by transferring
them to K3 medium supplemented with 0 5% sucrose, 0 4% agarose (w/v), 0 6 uM
indole-3-acetic acid, 2.2 pM BAP, and 2 3 pM zeatin

7 Transfer calli to fresh differentiation medium every 3 wk

8 When shoots emerge from a callus and have reached a size of about 1 cm n
height, transfer the shoot to a baby food jar with MS medium, 1% sucrose (w/v)
without hormones

3.7. Isolation of Species-Specific Repetitive Sequences

1 Isolate DNA from parental species according to standard methods There are a
variety of DNA 1solation methods One commonly used 1n our laboratory 1s
described in ref. (35)

2 To aclean and autoclaved microfuge tube, add the following:

02 pg DNA

0.5 pL Sau3A

1 uL restriction enzyme buffer (10X)
Distilled water to a final volume of 10 pL.

3. For each species, set up five reactions, and digest DNA for 2, 4, 6, 8, and 10 min
at room temperature Stop digestion by adding 2 uL of 0 5 M EDTA

4 Check the different digests on a 0.6% agarose gel Determine the reaction that
produces fragments 1n the range of 500-1000 bp.

5 Set up five reactions, and digest for the amount of time determined in step 4.

6 Pool the 5 samples, extract once with phenol chloroform 1-1, and precipitate with
3X the volume of cold absolute ethanol together with 1/10 of the volume of 3 M
NaAc. Put in —70°C freezer for 1-2 h

7 Spn for 15 min at maximum speed m a microcentrifuge. Discard supernatant and
wash pellet in 70% ethanol Spin for 10 min, dry, and dissolve pellet 1n 25 pL. of
TE buffer

8 Set up ligation reaction. Add the following components to a clean microfuge tube
25 pL digested DNA
6 uL ligation buffer (10X, supplied with the DNA hLgase)
| ul. dephosphorylated pUC 18 (Pharmacia)
6uL 01 MATP
6uL01MDTT
6 uL. 50% PEG.

1 ul. T4 DNA ligase
9 ulL distilled water
9 Ligate overnight at 16°C
10. Heat-mactivate the reaction at 65°C for 10 min
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1.

12,
13.

14

15.

16
17

18

19

20.

Take 20 pL of the higation mix, and transform competent £ colt X1 Thaw com-
petent cells slowly on ice. Add 80 pL of TE buffer and 200 pL of competent cells
Place on ice for 30 mmn.

Activate membranes for 2 min at 42°C. Place on ice for 15 min.

Add 1 mL LB without ampicillin. Culture in 15-mL Falcon tubes with rounded
bottom on a shaker (about 200 rpm) at 37°C for 1 h.

Prepare LB plates plus ampicillin (50-100 pg/mL). Spread X-gal and IPTG on
the plate (40 pL of each).

Spread bacterial suspension over the plate, and culture overnmight at 37°C

Pick white colonies over to gridded membranes (Bio-Rad) The membranes are
laid on an LB plate Use a toothpick, and produce two identical membranes and a
master plate This means that each colony will be represented three times at the
same position on each plate Pick 500 colonies from each transformation (in total
1000 colonies since DNA from two species are used). Usually 100 colonies/mem-
brane or plate 1s a suitable densaty.

Culture the colonies to a size of about 1 mm 1n diameter. Wash the filters accord-
ing to manufacturer’s instructions

Label 25-50 ng of undigested parental DNA with 32P using oligolabeling kit
(Pharmacia) Set up two reactions, one for each DNA of the parental species.
Hybridize and wash filters according to manufacturer’s instructions Expose on
X-ray film (7-8 h or overnight), identify those colonies that give a strong signal
to one of the labeled DNAs, but not to the other. The selected colonies are
restreaked on a fresh LB plate and then grown in a larger volume of liquid LB
medium (100-500 mL) for plasmid 1solation (See Note 15)

4. Notes

1.

The best parents to start with are some of the cultivated Brassica species, e.g.,
Brassica campestris, B napus, and B oleracea Usually there is a vanation in the
yield of hypocoty! protoplasts among different species and even varieties,
whereas 1t is easier to obtain enough material from green leaves. In our courses
for undergraduate students, we have used B. napus cv “Hanna” as a source for
hypocotyl protoplasts

Dissolve the Enzyme powder under intensive stirring and store at +4°C over-
night. Filter-sterilize.

Boil the suspension heavily, let cool, and sterilize by filtration.

Melt PEG by gentle heating. Dissolve glucose and CaCl, 1n distilled water in
50% of final volume. Mix with melted PEG. Cool, adjust pH, and dilute to final
volume. Stenlize by filtration.

DMF is a highly toxic compound

The percentage of contaminated seed should be very low. Normally, 3—4 Petr1
dishes (out of 25) have to be discarded owing to fungal growth. If fungal growth
is discovered in a Petr1 dish, the whole dish has to be discarded.

In CPW 16, only the clean viable protoplasts will float. The debris will form a
pellet to be discarded. The addition of W5 will pellet the protoplasts
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10

1.

12

13

14

15

To 1llustrate what 1s happening when PEG is added, place a few drops of mixed
protoplasts in a Petri dish under the inverted microscope, and add the PEG solu-
tion It can be seen that the protoplasts shrink heavily, owing to the increase m
the osmotic pressure within the cells

The dilution of the PEG solution in two steps will help to recover the round shape
of the protoplasts 1n a gentle way

Selection of hybrid cells can be done in several ways. The procedure described
here, used in our lab, involves the preparation of cells for flow cytometry and cell
sorting (39,49). Other alternative selection methods could be micromanipulation
(40), or use of IOA treatment in combination with irradiation (37—38) Irradiation
or treatment with IOA has to be done at some point prior to fusion See specific
papers for details

The storage of protoplasts in cold will help to recover the protoplasts from the
rough PEG treatment. Also, the passage through the flow cytometer 1s somewhat
rough and freshly fused protoplasts might break.

Be very gentle when releasing the protoplasts from the bottom of the Petr1 dish
Do not flush directly on the cells,

The double fluorescence from a hybrid cell 1s obtained because the CFDA stain-
1ing of the hypocotyl protoplasts (green fluorescence) and the red autofluoresence
from the chloroplasts 1n the leaf protoplasts. The typical filter equipment in the
flow cytometer was as follows. fluorescence emission is first filtered with a 510-nm
high-pass filter and split into red and green channels by a half-silvered mirror
The green channel has a selection filter centered at 530 nm, band width 250 nm
Corresponding data for the red channel 1s 588 nm, and band width 20 nm

Make a 1.47% (w/v) of a SeaPlaque solution Dissolve in detonized water by heat-
ing and then autoclaving. Mix with double-concentrated 8p medium (sterilized by
filtration), cool to about 45-50°C, and add 300 pL of this solution to each well
Before plasmid 1solation, make glycerol stocks of the selected colonies
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Production of Cybrids
in Rapeseed (Brassica napus)

Stephen Yarrow

1. Introduction

Protoplast fusion produces cells that contain a mixture of the DNA-contain-
ing organelles (nuclei, chloroplasts, and mitochondria) from both fusion par-
ents. This chapter describes the production of rapeseed (Brassica napus)
fusion-product cells where one of the nucler 1s eliminated. In the absence of
selection pressure, the remaining chloroplast/mitochondrial mixture segregates
randomly as the cell divides, eventually creating different nuclear/chloroplast/
mitochondrial combinations. These novel nucleo-cytoplasmic combinations are
called cytoplasmic hybrids or “cybrids.”

As defined here, a cybrid can include cases where the chloroplast/mitochon-
drial combination is novel, as well as alloplasmic substitutions, where the cyto-
plasm of one parent is substituted with another. The existence of new types of
mitochondria or chloroplasts derived from the recombination of organelle DNA
also constitutes a cybrid.

With few exceptions, novel chloroplast/mitochondrial combinations are
unobtainable from conventional hybridization of plants, since the male gamete
rarely contributes functional cytoplasm during fertilization. The identification
of useful and important traits that are conferred by the organelles of certain
plants has made the production of cybrids commercially important.

Cytoplasmic male sterility (CMS) is one such trait of great agronomic
importance for crop species. By preventing self-fertilization, CMS can allow
the economic production of single-cross F, hybrids. The production of cybrids
as a means to incorporate or transfer CMS, conferred by the mitochondria, has
been demonstrated in several crop species, including rapeseed (B. napus) (1),
particularly noteworthy since this relatively recent technology is progressing

From Methods in Molecular Biology, Vol 111 Plant Cell Culture Protocols
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in this species to the commercial stage (2); broccoli (Brassica oleracea) (3),
rice (Oryza sativa) (4); carrot (Daucus carota L.) (5); Lolium perenne (6); and,
potato (Solanum tuberosum) (7). In some cases, cybrid technology has been
used further to improve CMS lines, as demonstrated by Kirti et al. (8), whereby
the chloroplasts associated with CMS-mitochondria previously transferred
from Raphanus sativus to Brassica juncea, were causing chlorosis. These were
substituted via “cybridization” with non-chlorosis causing chloroplasts from
Brassica yuncea.

Cybrid technology has been used to transfer other traits, including tolerance
to the herbicide triazine in rapeseed (B napus) (9,10), and resistance to the
antibiotic streptomycin in potato (11). In addition, the technology has been
used to study organelle interactions 1n citrus (12), tomato (13), and tobacco/
petunia (14).

A variety of methods of producing and selecting for cybrids has been reported.
For a detailed review on cybrid research, see Pelletier and Romagosa et al.
(15), and Kumar and Cocking (16).

This chapter describes the production of rapeseed (B napus) cybrids using a
“donor-recipient” aided selection scheme first described for Nicotiana by
Zelcer et al. (17). The nuclei of the “donor” parent are inactivated prior to
fusion, so that effectively 1t only donates cytoplasm to the other “recipient”
nuclear-bearing parent. Nuclear inactivation can be by y or X-irradiation
(10,18-20). The selection 1s complemented by the treatment of the “recipient”
parent with an inhibitor, iodoacetic acid (IOA), that kills the cells by metabolic
nactivation of the cytoplasm (70,19,20). Only fusion products survive due to
complementation. This selection is only for fusion products and not for spe-
cific cybrids; these are formed after organelle segregation during cell division
and plant regeneration (see Fig. 1).

The scheme described here has been successfully used to produce important
cybrids in both rice (4) and rapeseed (B napus) (10,21). The cybrid example
described is the combination of CMS and cytoplasmic triazine tolerance (CTT)
traits. In rapeseed, CTT is conferred by the chloroplast genome (22) and CMS,
by the chondriome (9,10,23,24) For commercial production of single-cross-
hybrid CTT canola, as proposed by Beversdorf et al. (1), both CMS and CTT
traits must be present in the female parent. However, since these are generally
only transmitted through the female line, 1t 1s not possible to combine these
traits by conventional breeding approaches (see Notes 1 and 2). Protoplast
fusion, however, allows the biparental transmission of both CMS and CTT
traits (9,10,23). In addition, incorporating CTT into rapeseed hybrids can allow
the crop to be grown in weed-infested areas. The weeds are eliminated with
applications of triazine (25).
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Biparental Fusion Product

O

Organelle Replication
and Random Segregation
A [mt-B/cp-B] A [mt-Blep-A] A [mt-Afcp-B] A [mt-Alep-A]
Alloplasmic Reverse Parental
Substitution Cybrid [ml-Afcp-B] Type
Cybrid § Cybrid
A
Mixed Organelles
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Fig. 1. Protoplast fusion and possible organelle segregation.

The procedures below describe how mesophyll protoplasts of the CTT rape-
seed “donor” parent are fused with “recipient” CMS rapeseed hypocotyl proto-
plasts. Fusion is by a modified combination of polyethylene glycol (PEG)
(26,27) and Ca*? ions at high pH (28). Protoplasts are cultured following a
protocol that was devised for rapeseed (29), with the addition of tobacco nurse
cells (9), that augment fusion product survival.

2. Materials

2.1. Protoplast Source Material

1. Mesophyll: CTT plants are grown from seed and established in “Metro-mix” pot-
ting compost, fertilized daily with “Peters” 20-10-20 fertilizer (both from W.R.
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Grace and Co, Canada), maintained within growth chambers under the regimen of
a 12-h photoperiod of 160 umol/m?/s of photosynthetically active radiation (pro-
vided by 40 W “cool white” fluorescent tubes), at a constant temperature (23°C)

Typically, four to six CTT plants are needed for each individual fusion operation.

Hypocotyl: CMS seedlings are grown from surface-sterilized seed.

10% (v/v) Solution of 6% commercial preparation of hypochlorite

Paper towels (wrapped in aluminum foil and autoclaved).

Forceps, sterilized by flaming.

MSS medium. basal salts of Murashige and Skoog’s media (30 and see Appen-
dix), containing 10 g/L sucrose, solidified with 4 g/L agarose (Sigma Type I), pH
adjusted to 5 7, poured nto 10-cm Petri plates (70 mL/dish)

Sieves, pore size <0.5 mm (autoclaved).

2.2. Protoplast Isolation

1.

©ONA YR LN

10.

Soft nylon paint brush, sterilized by immersion 1 70% ethanol for 5 min and
dried on sterile paper towels

Scalpel, with #11 blade, sterilized by flaming.

Sterile 250-mL Erlenmeyer flasks, capped with foil

Sterile filtering funnels (double-layer cheesecloth lining a glass funnel).

Sterile Babcock bottles, capped with foil.

Sterile 230-mm cotton-plugged Pasteur pipets

Porcelain tile (wrapped in foil and autoclaved).

Low-speed bench-type centrifuge

Soak solution (for 1 L).

KNO, 475 mg
CaCl, - 2H,0 110 mg
MgSO, 7H,0 92 S5mg
KH,PO, 42.5mg
Thiamine HCI 0125 mg
Glycine 0.5mg
Nicotinic acid 125 mg
Pynidoxine HCI 0.125 mg
Folic acid 0.125 mg
Biotin 00125 mg
Casein hydrolysate 25.0mg
6-Benzylamino purine 05mg
2,4-Dichlorophenoxyacetic acid 1.0 mg

pH 5.6, autoclaved. The soak solution can be stored at 4°C for several weeks
Enzyme solution for 100 mL.

Macerozyme R-10* Olg
Cellulase R-10* 10g
2 (N-morpholine) O1g

ethanesulfonic acid (MES)*
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Polyvinylpyrrolidone 10g

Sucrose 120g
pH 5.6, filter-sterilized through 0.2-um Nalgene filter The enzyme solution can
be stored frozen for up to 6 mo. Mesophyll protoplast isolation requires a 1/10
strength enzyme solution, prepared by dilution with rinse solution (see below).
For the 1solation of hypocotyl protoplasts, full-strength enzyme solution 1s used
*Yakult Honsha Co, Ltd , Tokyo, Japan

11. Rinse solution (for 1 L).

Sucrose 120 g

MES 05g
pH 5 6, autoclaved. Stored at room temperature in sealed bottles for several
months

2.3. Protoplast Inactivation

1. Iodoacetic acid (10A) solution: The IOA solution for protoplast inactivation 1s
prepared from a 30 mM stock, diluted with rinse solution, pH adjusted to 5.6,
and filter-sterilized with a 0 2-um Nalgene filter. The final concentration of IOA
necessary for protoplast inactivation is determined prior to fusion.

2 30 mM stock: 0.279 g IOA in 50 mL H,O. This stock solution can be stored at
4°C, 1n the dark for up to 3—4 mo, with no noticeable loss of activity

3. Xray or y-radiation source.

2.4. Protoplast Fusion
1 PEG solution (for 100 mL).

PEG 8000 (Sigma) 250¢g
CaCl,- 2H,0 0.147 g
Sucrose 40¢g

Autoclaved in fo1l wrapped vials. Can be stored at 4°C for up to 6-8 wk
2. Ca?* solution (for 100 mL):

CaCl, - 2H,0 0.735g
Glycine 0375 g
Sucrose 120¢g

pH 10.5, filter-sterihzed with 0.2-um Nalgene filter. Solution must be prepared
on the day of fusion

2.5. Protoplast Culture

1. Preparation of media;
a. Cell-layer (Cl) medium (37 and see Table 1). Prepared on the day of fusion,
in two forms:
1. “Liquid,” agarose-free—filter-sterilized with 0.2-um Nalgene filter.
ii. “Semisolidified,” with double-strength agarose. Made up by mixing equal
volumes of double strength “liquid” Cl (filter-sterilized with 0.2-um
Nalgene filter) with molten quadruple-strength solution of the appropri-
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Table 1
Protoplast Media
Medium cre R? DM#
Major elements, mg/L
KNO, 7600 1900 1900
CaCl, 2H,0 1760 440 440
MgSO, - TH,0 1480 370 370
KH,PO, 680 170 170
Iron and minor elements, mg/L
Na, - EDTA 18.5 185 18.5
FeSO,- TH,0 13.9 185 18.5
H,BO, 31 3.1 31
MnCl, 4H,0 99 99 99
ZnSO, - TH,0 4.6 4.6 4.6
KI 0.42 0.42 0.42
Na,Mo0Q, - 2H,0 0.13 013 0.13
CuSQ, - SH,O 0.013 0013 0013
CoS0Q, : 7TH,0 0.015 0.015 0.015
Organics, mg/L
Thiamine HCI 0.5 05 0.5
Glycine 2.0 2.0 2.0
Nicotiic acid 5.0 5.0 5.0
Pyridoxine - HCI 05 05 05
Folic acid 05 0.5 05
Biotin 005 005 005
Casen hydrolysate 50.0 100 100
Osmoticum, g/L
Sucrose 85.6 3425 3425
Myo-1nositol 5.7 01 0.1
p-Mannitol 5.7 18 25 18.25
Sorbaitol 5.7 — —
Xylitol 4.7 — —
Hormones, mg/L
NAA? 01 0.1 —
BAP? 0.4 — —
2,4-D? 1.0 1.0 1.0
Kinetin — — 01
Agarose (g/L)
Type VII (Sigma) 0.6 4.5 0.6

9From Shepard (31) , modified table reprinted by permission from The University of Minne-

sota Press

bAbbreviations, NAA—I-napthaleneacetic actd, BAP—é6-benzylamimopurne, 2,4-D—2,4-

dichlorophenoxyacetic acid
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ate agarose (sterilized by autoclaving at 120°C for 20 min}—final agar-
ose strength of 1.2 g/L.. Maintained at 40°C
b Reservoir (R) and differentiation (DM) media (31 and see Table 1)

¢. Proliferation medium (PM): MS medium (30 and see Appendix) containing
10 g/L sucrose, 1.0 mg/L 2,4-D%, 0.1 mg/L kinetin, 4.0 g/L agarose (Sigma
Type I).

d. Regeneration medium (RM1): MS medium (30 and see Appendix) containing
2.0 g/L sucrose, 2.0 mg/L zeatin, 2.0 mg/L kinetin, 0.1 mg/L IAAT, 4 0 g/L aga-
rose (Sigma Type I)

e Regeneration medium (RM2)' same as RM1 medium, except the sucrose is reduced
to 1.0 g/L, and the zeatin and IAA? are each increased to 3.0 mg/L

f. SP (shoot proliferation) medium: Gamborg’s B5 medium (32 and see Appendix)
contamning 2.0 g/L sucrose, 0.03 mg/L GA," and 4.0 g/L agarose (Sigma Type I).
With the exception of the Cl medium, all media are made up by mixing equal
volumes of,

a. Double-strength components, without agarose, filter-sterilized with 0 2-pm
Nalgene filter with

b. Molten double-strength agarose, sterilized by autoclaving at 120°C for 20 mun,
All media are adjusted to pH 5.6.

2. Preparation of R plates: Sterile deep Petri plates (100 x 25 mm) are filled with 70 mL
of molten R medium On setting, an X 1s cut into the medium, reaching nght to
the edges of the plate. Two diametrically opposite quadrants are then removed
with a sterile spatula to complete the R plate preparation. Twenty or so R plates
should be prepared in advance Unused plates can be stored at 4°C 1n the dark, for
up to 4 wk.

3. Preparation of RM1, RM2, and SP media plates: RM1, RM2, and SP media are
dispensed into sterile deep Petr1 plates (100 x 25 mm), 70 mL/plate Plates can be
stored at 4°C 1n the dark for several weeks.

2.6. Triazine Tolerance Test

Triazine paste: A paste of the triazine herbicide Atrazine WP (80%; Ciba
Giegy) 1s prepared by mixing 1.47 g of Atrazine in 100 mL water.

3. Methods

All procedures must be performed aseptically, within a laminar flow sterile
air cabinet.

3.1. Production of Etiolated Hypocotyls

1. Seed of CMS-rapeseed are surface-sterilized by immersion in 10% (v/v) commer-
cial hypochlorite solution (0.6% free chlorine) for 10 min and then rinsed for 5 min

fAbbreviations:; 2,4-D- 2,4-dichlorophenoxyacetic acid; IAA- 3-indoleacetic acid; GA;-gib-
berellic acid
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1 sterile water. These procedures are best performed by placing the seed 1n pre-
sterilized sieves, for ease of handling and immersion 1nto the different solutions

2. For some batches of seed, this procedure may be ineffective. In these cases, seeds
are surface-sterilized by immersion 1n a solution of 0.05% mercuric chlonde (tak-
ing particular care in the handling of this substance) and 0.1% sodium dodecyl
sulfate, for 10 min, and then rinsed si1x times 1n sterile water

3. Seeds are transferred to paper towels to remove excess moisture and then onto
MSS medium (approx 20 seeds/Petr1 plate)

4. Plates are incubated in the dark at constant temperature (25°C) for germination
Typically, 20-30 plates of CMS-rapeseed seed are required/fusion operation

3.2. Isolation of Protoplasts
3.2.1. Mesophyll Protoplasts

1. Leaves from 3-wk-old CTT plants are surface-sterilized by immersing 1n 10%
(v/v) commercial hypochlorite solution for 3 min, and rinsed once 1n sterile water
and once again, for 30 s, 1n 70% ethanol

2 The leaves are placed onto paper towels to remove excess moisture, care being
taken not to dry the leaves completely to the point of wilting

3 The lower epidermis of the leaves are abraded by gentle stroking with the paint-
brush until bristle marks are just visible. Excessive brushing should be avoided to
prevent damage to the subepidermal cells that could reduce protoplast yields

4 Leaves are cut into 1-cm wide strips and transferred to the soak solution. Approx-
imately 3.0 g of tissue (around 6-9 leaves) are immersed 1n each flask of soak
(100 mL of soak/flask). Typically, two flasks of material are prepared for each
individual fusion operation

5 The flasks of leaf material are then incubated for 2-4 h in the dark, at 4°C. Longer
incubations, of up to 12 h, are possible without undue harm.

6. Following cold incubation, the soak solution 1s carefully poured off and replaced
with /10 strength enzyme solution Typically, leaf material is prepared early in
the afternoon and the soak solution substituted with enzyme solution in the early
evening.

7. Flasks are incubated for 15—18 h (1 e., overnight) at 25°C in the dark, on a rotary
shaker, set to give a very gentle agitation. Successful enzyme digestion is evident
when the leaf pieces are floating and have a translucent appearance. However,
leaves that have sunk and/or appear undigested can still yield protoplasts, but the
numbers are generally reduced.

From this stage, all manipulations must be performed particularly carefully
to avoid damaging the fragile protoplasts.

8. The contents of each flask 1s poured through a filtering funnel, into two babcock
bottles A retort stand is used to hold the funnel. Gentle agitation with a Pasteur
pipet will assist the liberation of protoplasts.

9. The babcock bottles are then topped up with rinse solution and recapped with
sterile foil.
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10. Protoplasts will float to the top of the bottle following centrifugation at 500 rpm
(350g) for 10 min (in a bench model centrifuge with babcock bottle-size swing-
out buckets).

11. Protoplasts are “rinsed” free of enzyme solution by transferring them with a Pas-
teur pipet to a babcock bottle previously half filled with rinse solution, thereby
combining 1nto one the protoplasts from two babcocks.

12. The bottle is then filled completely with rinse solution, resuspending the proto-
plasts, recapped, and centrifuged once again, as described before.

3.2.2. Hypocotyl Protoplasts

1. Hypocotyls excised from etiolated CMS rapeseed seedlings (3—5 d after sowing)
are chopped on a porcelain tile into 2-5 mm transverse segments. These are
immediately placed into full-strength enzyme solution Generally, 200-300
chopped hypocotyls are added to each flask filled with 100 mL of enzyme solution.

2. The hypocotyl material is incubated overnight (25°C 1n the dark, on a rotary
shaker, set to give a very gentle agitation), and protoplasts 1solated as described
for mesophyll CTT material (see Note 3).

3.3. Prefusion Treatment of Protoplasts

3.3.1. Donor Parent

Nuclear mnactivation of mesophyll CTT protoplasts can be by either y-ray or
X-ray irradiation. Whichever is used, 1t 18 necessary to establish the dosage and
check the protoplast response in control cultures. Irradiation should produce
protoplasts that do not divide, but remam “dormant” for several days, under
normal culture conditions, before eventually dying. However, a low frequency
of first divisions is acceptable, provided there is no colony formation. Irradia-
tion is performed immediately after protoplast isolation in the babcock bottle
(see Note 4).

3.3.2. Recipient Parent

The effective dosage level of IOA must be established prior to fusion experi-
ments. The IOA concentration should be sufficient to kill the protoplasts, under
normal culture conditions, within 24 h. For B. napus rapeseed, 3—4 mM 10A
are typical.

1. Following isolation, CMS protoplasts are carefully transferred to a sterile centri-
fuge tube, of 10- to 25-mL capacity.

2. The tube is then filled with the diluted IOA solution, resuspending the protoplasts

3 Following 10 min of incubation at room temperature, the tube 1s centrifuged at
350g for 10 min.

4. The IOA solution is removed by two consecutive centrifugations, each time trans-
ferring the floating protoplasts to separate babcock bottles filled with rinse solu-
tion. It 15 typical for about 25% of the protoplasts to be lost as a result of the
centrifugation steps.
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3.4. Protoplast Fusion

1. Protoplasts of both donor and recipient parents are carefully combined together
in a sterile round-bottom tube (13 x 100 mm). Actual numbers of protoplasts
from each parent will vary widely with each fusion owing to yield variations of
different tissue samples and through varying degrees of cell death caused by cen-
trifugation. Ratios of the CTT and CMS parents should be in the 1:1-1'4 range.
Some adjustments may be necessary.

2. Prior to nitiating the fusion process, approx !/s of the mixed protoplast suspen-
sion is removed and transferred to a separate tube These will constitute the
“unfused mixed control” (UFMC) to be cultured separately (see below).

3 The volume of the remaining protoplast suspension should be adjusted to 0.5-1 0 mL
by the addition of extra rinse solution, or by centrifuging the tube and removing
excess rinse solution from underneath the floating protoplasts.

4 To this is added an equal volume (0 5-1 0 mL) of PEG solution, followed by the
gentle resuspension of the protoplasts by careful rotations of the tube for approx 30 s

5 After 10 min of incubation at room temperature, 2 mL of Ca?* solution are gradu-
ally added, further resuspending the protoplasts.

6 The tube 1s then filled with further additions of 2 mL of CaZ* solution, with
careful mixing each time, until the tube 1s full, and centrifuged at 400 rpm
for 10 min.

7. Floating protoplasts are carefully removed and resuspended in rinse solution con-
tained 1n a babcock bottle.

8. After a final centrifugation at 350g for 10 mun, the fusion process 1s complete.

3.5. Protoplast Culture

Fusion protoplasts and the UFMC are plated in nurse culture plates prepared
24 h in advance.

3.5.1. Nurse Culture Preparation

1. Nicotiana tabacum (tobacco) plants are grown from seed under the same condi-
tions as described Subheading 2.1. Conditions for the preparation of the leaf mate-
rial and the isolation of protoplasts are the same as described in Subheading 3.2.1.
Protoplasts are mitotically inactivated by irradiation as described in Subheading
3.3.1. (see Note 5).

2. Irradiated tobacco protoplasts are then transferred from the rinse solution to sev-
eral milliliters of “liquid” CL medium and resuspended.

3. With a hemocytometer, the number of cells in the suspension 1s calculated from a
small sample.

4. Using further volumes of “hiquid” CL medium, the density of the protoplast sus-
pension is adjusted to 2 x 10° protoplasts/mL

5. Next, the protoplast suspension in “liquid” Cl medium is gently mixed with equal
volume of molten “semisolid” Cl medium (containing double-strength agarose,
at 40°C). Four mulliliters of the adjusted protoplast suspension (in the *“‘semi-
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solid” Cl medium now with single strength agarose) is transferred to each empty
quadrant in the R medium plates. Ten to 12 tobacco-filled nurse plates should be
sufficient for each fusion and its corresponding UFMC.

6. Completed nurse plates are incubated at 25°C in the dark.

3.5.2. Culture of Fused and UFMC Protoplasts

1. Protoplasts from fusion and UFMC samples are separately resuspended 1n a few
milliliters of “liquid” CL medium.

2 With the aid of a hemocytometer, the number of cells in the suspension 1s calcu-
lated and adjusted with further volumes of “liquid” CL medum to 10° proto-
plasts/mL.

3. One milliliter of the post-fusion suspension 1s then gently mixed into each nurse
quadrant, giving a final Brassica protoplast density of 2 x 10* protoplasts/mL.
The UFMC suspension is dispensed similarly.

4. Fusion and UFMC plates are then sealed with parafilm and incubated at 25°C in
the dark

5. One week to 10 d after plating, suspensions are transferred to regular Petri plates
(contents of one quadrant/100 x 15 mm plate) and diluted with an equal volume
of molten DM medium precooled to 40°C. The combined suspenston and DM
medium should be spread evenly over the bottom of the Petr1 plates to form a thin
layer for maximum colony formation.

Subsequent culture conditions are changed to 25°C with a 16-h photoperiod
of 150200 pmol/m?/s of photosynthetically active radiation.

3.6. Callus Proliferation and Plant Regeneration

From 10-14 d after dilution, colonies in the fusion plates will have grown to
approx 0.5-1.0 mm in size. Ideally, there should be no colony development in
the UFMC plates, since the irradiation and IOA treatments should have inacti-
vated or killed the unfused protoplasts (see Note 5, re. nurse controls). How-
ever, it is likely that some colonies will develop from the irradiated population,
since the 1rradiation treatment is often not 100% effective. If the number of
colonies in the UFMC plates approaches the colony count in the fusion plates,
then the fusion must be discarded and the inactivation treatment checked and
re-established.

1. Assuming there is no colony formation 1n the UFMC plates or at least consider-
ably less than the fusion plates, then colonies of 0.5—-1.0-mm size from the fusion
plates are individually transferred to the surface of PM medium, 3540 colonies/
plate, for further proliferation.

2. Colonies that are 1.0- to 2.0-mm in diameter (usually after 10—14 d at which time
they should be colorless or very pale green) are transferred to RM1 medium, 20-25
colonies/plate, to nduce differentiation.
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3. Within 2-3 wk, it is likely that some of the colonies will have regenerated small
shoots. These colonies must then be transferred to SP medium to induce shoot
proliferation and growout

4. The remaining colonies are transferred to RM2 medium to further induce differ-
entiation

5 Any shoots developing on the RM2 medium should also be transferred to SP
medium. It 1s unlikely that more than 1-5% of the colonies will respond on the
differentiation medium, since the various treatments and fusion processes typi-
cally reduce the regeneration response considerably.

6. Shoots that have clearly differentiated meristems are transferred to peat pellets
(“Jiffy 7,” Jiffy Products [N B ] Ltd , Shippegan, Canada; sterilized by autoclav-
ng) to induce root formation

7. Pellets are placed in sterile glass jars to maintain a high humidity. Peat pellets
should be moistened with filter-sterilized fertilizer (see Subheading 2.1., item 1)
To prevent premature flowering, the photoperiod 1s reduced to 10 h light/14 h dark

8 When several roots are protruding from the sides of the peat pellets, the plantlets
are transferred to potting compost for further plant development.

9 Regenerated plants are maintained at 23°C with a 16-h photoperiod of 160 umol/
m?/s of photosynthetically active radiation to induce flowering,

3.7. ldentification of Cybrids

1. On flowering, the flower morphology of the regenerants 1s examined for male
sterility (absence of pollen production), which indicates the presence of CMS
mitochondria

2. Plants are then tested for their sensitivity to triazine herbicides Two to three
mature leaves still attached to each plant are painted with the atrazine paste. Those
plants carrying CTT chloroplasts should remain undamaged. The other plants
will suffer yellowing of the leaves and may be dead within 7-14 d.

Those plants that are male sterile and are tolerant to atrazine are the desired
cybrids (see Note 6). Male fertile, atrazine-susceptible plants are also cybrids,
but with the opposite organelle combination, so-called reverse-cybrids. In addi-
tion, male fertile, atrazine tolerant plants can also be considered cybrids, since
by alloplasmic substitution, they possess the nucleus of the original CMS par-
ent. However, if the original parents had identical nuclei, e.g., if they were both
versions of the same rapeseed variety, then these plants cannot be considered
as cybrids.

Male sterility sometimes appears 1n regenerants that have aneuploid chro-
mosome complements, independent of the mitochondria. The genotype of the
mitochondrial population can be distinguished by “restriction fragment-length
polymorphism” (RFLP) analysis of the mitochondrial DNA. Plastomes can be
simularly identified. The techniques involved are beyond the scope of this chap-
ter, and the reader 1s referred to Kemble (33).
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4. Notes

L.

The described procedure can produce cybrids in 8-12 mo from sowing the seed
of the protoplast source material to identifying the cybrids n the whole-plant
regenerants, This time period predominantly depends on the rapidity of shoot
differentiation. This in turn depends on the careful timing of each transfer onto
the different culture media.

These procedures can be utilized with different parents to produce rapeseed
cybrids with other desired organelle combinations For example, similar tech-
niques have transferred the CMS trait from spring-planted rapeseed to winter
forms, producing cybrids that can be useful to single-cross-hybnd winter rape-
seed production program (34). In this case, conventional crossing also could have
produced CMS winter lines, but this would have taken up to 3 yr. Fusion accom-
plished the same goal in just 1 yr, a significant saving of time.

In some circumstances, it may be necessary to use hypocotyl protoplasts as the
“donor” parent when attempting to produce a particular rapeseed cybrid. Hypo-
cotyl protoplasts will require higher dosages of irradiation for inactivation,
since their nuclei are more resistant to radiation damage than their mesophyll
counterparts.

When 1rradiating donor parent protoplasts prior to fusion, the exposure period
should not be longer than 1-2 h to prevent undue cell-wall regeneration that can
inhibit fusion. If the exposure period has to be longer, owing to the nature of the
irradiation equipment, then the problem can be circumvented by directly irradi-
ating the leaves istead, prior to preparations for protoplast isolation Indeed, this
may be more convenient, both for inactivatimg the donor parent and the nurse material.
The effectiveness of the mitotic inactivation may vary from time to time, both for
the Brassica donor parent and for the tobacco nurse cultures. Therefore, nurse
control cultures should be prepared, in addition to the UFMC controls. Instead of
adding 1 mL of fusion or UFMC protoplasts, add 1 mL of protoplast-free “hq-
uid” Cl medium to each nurse cell quadrant, If colonies appear in the nurse con-
trols, then the fusion must be discarded, and the 1nactivation treatment checked
and re-established.

Figure 1 suggests that one-quarter of the regenerants will be the desired cybnds,
which indeed there would be if there was random segregation of the organelles
following cell divisions of the fusion product cells. However, the proportions of
the different segregants is, 1n practice, usually not equal because of differences n
protoplast tissue sources, differential responses in culture, and adverse effects of
the cell inactivation processes
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Microprotoplast-Mediated Chromosome
Transfer (MMCT) for the Direct Production
of Monosomic Addition Lines

Kamisetti S. Ramuiu, Paul Dijkhuis, Jan Blaas,
Frans A. Krens, and Harrie A. Verhoeven

1. Introduction

The transfer of single chromosomes carrying important genes between
related, but sexually incongruent species, and the production of monosomic
addition plants, can speed up gene introgression through homoelogous recom-
bination or other mechanisms of gene transfer (7,2). Monosomic addition lines
form the most important material for the transfer of desirable alien genes from
a wild donor species to a cultivated species. Because of sexual incongruity
between the wild species and the cultivated species, the demands of breeders
for the transfer of desirable traits, such as disease or stress resistance and apo-
mixis, are insufficiently met by conventional breeding methods. DNA trans-
formation using the 1solated, cloned genes makes it feasible to transfer genes
across sexual barriers or taxonomic boundaries. However, several of the agro-
nomically important traits are encoded by polygenes, which are clustered
within blocks on specific chromosomes or scattered throughout the genome,
and therefore they are not yet amenable to this technique. In addition to sexual
mncongruity, and the possible gene clustering for a locus (e.g., controlling
apomictic reproduction in maize-Tripsacum backcross progeny), the occur-
rence of male sterility, poor seed set, and the low frequency of desired traits
hinder the transfer of economically important genes. Also, by backcrossing, 1t
18 often difficult to eliminate the recombined undesirable donor genes and pre-
vent linkage drag “hitchhiking” genes (1). On the other hand, distant hybrids
that cannot be produced by conventional sexual crosses, can be obtained by
symmetric somatic hybridization (3). Thus far, the hybrids obtained after
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asymmetric hybridization were genetically complex, with several donor chro-
mosomes and unwanted genes, and were often sterile (4—7). Recently, we found
that microprotoplast-mediated chromosome transfer (MMCT) is an efficient
technique for transferring single chromosomes from one species to another
(8,9). The establishment of procedures for the isolation of small subdiploid
microprotoplasts and the fusion of these with recipient protoplasts enabled the
development of MMCT technology (10,11). Using the MMCT technique, we
have transferred single chromosomes of potato carrying the selectable marker
gene for kanamycin resistance (nptll) and the reporter gene - glucuronidase
(uidA) to tomato (Lycopersicon peruvianum) and tobacco. Several monosomic
addition hybrid plants could be regenerated within a short period of 3-4 mo
after polyethylene glycol-induced mass fusion between donor potato micro-
protoplasts containing one or a few chromosomes and normal recipient L.
peruvianum or tobacco protoplasts. These plants contained one potato chro-
mosome carrying a single copy of uidA and one or two copies of the neomycin
phosphotransferase (nptll) gene conferring kanamycin resistance, together
with the complete set of chromosomes of the recipient tomato or tobacco (8,9).
The monosomic addition plants were phenotypically normal, resembling the
recipient lines. Genomic 1 situ hybridization (GISH) and RFLP analysis using
chromosome-specific markers revealed that the monosomic addition plants
contained potato chromosome 3 or 5, harboring the nptIl and uidA genes (12).
The alien genes nptll and uidA were stably expressed in both the tobacco and
tomato backgrounds. RFLP analysis and GISH confirmed sexual transmission
of the potato chromosome to the BC1 progeny plants A few BC1 plants con-
tained the npt/] and uidA genes 1n the absence of the additional potato chromo-
some, indicating that the marker genes had been integrated into the tomato
genome. The direct production of monosomic additions and the occurrence of
donor DNA integration achieved through MMCT in sexually nonhybridizing,
but related species, will be potentially useful for the transfer of economically
important traits, introgressive breeding and for analyzing plant genome evolu-
tion (1,2,13,14). The intergenomic monosomic additions are useful tools
for the construction of chromosome-specific DNA libraries (15), and for investi-
gating the regulation of gene expression related to chromosome-gene domains
(14,16). In view of these perspectives, we have described below in detail the
essential requirements of the MMCT technique, as established in our investigations:

Induction of micronuclei at high frequencies 1n donor species

Isolation of micronucleate protoplasts in donor species.

Isolation and enrichment of small subdiploid microprotoplasts 1n donor species

Efficient fusion of the donor microprotoplasts with normal recipient protoplasts

Selection of fusion products

Plant regeneration from fusion products and the production of monosomic addi-
tion hybrids

SR
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2. Materials

1.

o

10.

1.

12

13.

14,

Donor species: We use a suspension cell culture of transformed potato (Solanum
tuberosum, line 413, 2n = 3x = 36) carrying the nptll and uidA genes (17,18)
(see Note 1)

Recipient plant species, e.g., shoot cultures of the wild tomato species L peruvianum
(Hygromycin-resistant line PI 128650, 2n = 2x = 24) (19) or tobacco (Nicotiana
tabacum, cv. Petit Havana, streptomycin-resistant line SR 1, 2n = 4x = 48) (20).
Spindle toxins' 32 pM amiprophos-methyl (APM) (Tokunol M: O-methyl-O-O[4-
methyl-6-nitrophenyl]-N-isopropyl-phosphoro thioamidate, Bayer Mobay Corpo-
ration, Agricultural Chemical Division, Kansas City, MO) 1s appled to the cell
suspension culture from a stock solution (20 mg/mL) in water-free DMSO, and
7.5 pM cremart (CR) (Butamiphos, O-ethyl-O-[3-methyl-6-nitrophenyl]N-sec-
butylphosphorothioamidate, Sumitomo Chemical Company, Osaka, Japan) from a
stock solution (10 mg/mL) in water-free dimethyl sulfoxide (DMSO) (21,22).
Inhibitors of DNA synthesis: 10 mM hydroxy urea (HU) is applied to the cell sus-
pension culture as a concentrated, freshly prepared solution in the culture medium
(40 mg/mL), and 15 pM aphidicolin (APH) from a stock solution (20 mg/mL) in
(DMSO) (both from Sigma Chemical Company, St Louis, MO) (10,21).
Cell-wall-digesting enzyme muxture' cellulase Onozuka-R10 (1%), macerozyme
Onozuka-R 10 (0 2%) (both Yakult Honsha Co., Tokyo, Japan), half-strength V-KM
medium (see Table 1; 23) with 0 2 M glucose and 0 2 M mannrtol, but no hor-
mones (11) Adjust the osmolality to 500. m/sM/kg and the pH to 5 6 Centrifuge
the mixture for 3 min at 3000 rpm and filter-sterihize The muxture can be stored
for several months at —20°C

Cytochalasin-B (CB) (Sigma Chemical Company) 1s apphed at 20 pM from a
stock solution (20 mg/mL) in DMSO

Christ Omega ultracentrifuge with swing out rotor for tubes of about 6 mL,
capable of producing at least 10° x g

Percoll solution (Sigma)

Nylon sieves of decreasing pore size 48, 20, 15, 10, and 5 um (Nybott; Swiss Silk
Bolting Cloth Mfg Co , Zurich, Switzerland).

W35 medium (see Table 2) 1s used for mixing of microprotoplasts with the recip-
1ent protoplasts for PEG mass fusion.

PEG stock solution for mass fusion is prepared as follows PEG stock solution.
30% w/v PEG 4000, 0.3 M glucose, 66 mM CaCl, - 2H,0

High-pH buffer is prepared from two stock solutions, stock A and stock B stock
A. 0.4 M glucose, 66 mM CaCl, - 2H,0, 10% DMSO, stock B: 0 3 M glycine,
pH 10.5. High-pH buffer Mix stock A and stock B in the ratio of 9:1 to prepare
the high-pH buffer solution just before use.

Callus induction (CI) media® TM-2 for tomato (24,25) and H-460M for tobacco
(26) (see Tables 3 and 4).

CI hquid media for selecting fusion products: TM-2 medium (Table 3) supple-
mented with 50 mg/L kanamycin (Kan 50) prepared from a stock solution
(50 mg/L) in H,0 + 25 mg/L hygromycin (Hyg 25) prepared from a stock solution
(25 mg/L) in H,O is used for tomato (18). In the case of tobacco, H-460M medium
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Table 1
Composition of V-KM Medium (23)
Quantity Quantity
Component (mg/L) Component (mg/L)
Macroelements Vitamins (cont)
KNO, 7400 Ascorbic acid 10
MgSO, - TH,0 492.0 p-Aminobenzoic actd 0.01
KH,PO, 34.0 Nicotinic acid 0.5
FeSO, ' 7H,0 140 Pyridoxine-HCl 05
Na, EDTA 2H,0 190 Thiamine-HCI 50
CaCl, - 2H,0 3680 Folic acid 02
Microelements Biotin 0.005
H;BO, 1.5 Vitamin A 0.005
MnSO, H,0 5.0 Vitamin D; 0.005
ZnS0O,* TH,0 1.0 Vitamin B, 0.01
Na,MoO, ‘- 2H,0 0.12 Sugars
CuSO,- 5H,0 0.012 Mannitol 1250
CoCl, - 6H,0 0.012 Sorbitol 1250
KI 038 Sucrose 125.0
Organic acids Fructose 1250
Pyruvic acid 10.0 Ribose 1250
Fumaric acid 20.0 Xylose 1250
Citric acid 200 Mannose 1250
Malic acid 200 Rhamnose 125.0
Vitamins Cellobiose 1250
d-Ca-panthotenate 05 Myo-nositol 500
Choline 05 pH 56
Table 2

Composition of W5 Medium

Component Quantity, g/L
NaCl 9

CaC12 2H20 183

KCl 0.37
Glucose 0.90

pH 58
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Table 3
Composition of the Media Used for Tomato

TM-2, mg/L, TM-3, mg/L, TM-4, mg/L,
Component (24,25) (24,25) (24,25)
KH,PO, 1700 170 0 —
CaCl, - 2H,0 440.0 4400 150
KNO, 1500.0 1500 0 1900.0
NH,NO, — — 3200
NHH,PO, — — 2300
(NH,),80, — — 134.0
MgSO, 7H,0O 370.0 370.0 247.0
KI 083 083 0.83
H;BO, 6.20 620 6.20
MnSOQ, - 4H,0 2230 22.30 22.30
ZnS0O, - 7H,0 8 60 8.60 8 60
Na,MoO, 2H,0 025 025 025
CuSQ, ' 5H,0 0025 0025 0025
CoCl;- 6H,0 0.025 0.025 0.025
FeSO, 7H,O 13 90 1390 13 90
Na,EDTA 18 50 18 50 18 50
Nicotinic acid 250 50 5.0
Thiamine-HCI 100 50 50
Pyridoxine-HCI 10 050 0.50
Biotin 0.05 005 005
p-Ca-pantothenate 050 — —
Choline chloride 010 010 010
Glycine 0.50 250 250
Casein hydrolysate 1500 100.0 —
L-Cysteine 1.0 — —
Malic acid 100 — —
Ascorbic acid 050 — —_—
Adenine sulfate 40.0 40.0 —
L-Glutamine 100 0 100.0 —
Myo-1nositol 4600 0 100.0 1000
Riboflavine 0.25 — —
Sucrose 7% wiv 5% wiv 3% wiv
Mannitol 4560.0 — —
Xylitol 38000 — —
Sorbitol 4560.0 — —
MES 97.60 97 60 97.60
Agar — 7% wiv 7% wiv
NAA 10 — —
Zeatin 1.0 — 20
2,4-D — 0.2 —
BAP — 0.5 _—
GA3 — — 0.2
pH 5.6 58 58




Table 4
Composition of the Media Used for Tobacco

H-460M mg/L AG mg/L MSR-1 mg/L
Component (26) (18) (18)
NaH,PO, - H,0 170.0 — —
Ca(H,PO,)2 - H,O 50.0 — —
CaCl, 2H,O 900.0 440.0 440.0
KNO; 2500.0 1000.0 1900.0
NH,NO, 250.0 8000 1650.0
(NH4),804 1340 — —
MgSO, - 7H,0 2500 740 0 3700
KH,PO, — 136.0 170.0
(NH,), succinate — 100 0 —
H;BO; 124 062 62
MnSO, H,O 3.38 1.7 17.0
ZnSO, - TH,0 212 1 06 106
KI 017 008 08
Na,MoO, 2H,0 005 003 0.25
CuS0O, 5H,O 0005 0003 0.025
CoCl,, 6H,0 0005 0.003 0.025
Na,EDTA 37.30 37.30 3730
FeSO; 7H,0 27.80 27.80 27.80
Ca-panthotenate 1.0 1.0 1.0
Myo-inositol 100.0 100.0 1000
Nicotinic acid 10 10 10
Pyridoxine 10 10 10
Thiamine-HC1 5.0 5.0 50
Biotin 001 001 001
Casein hydrolysate 125.0 — —
Fructose 250.0 — —
Xylose 2500 — —
Sorbitol 250.0 — —
Mannitol 2500 50g —
Glucose * H,O 80 g — —
Sucrose 250.0 30g 30g
NAA 10 01 —
BAP 0.2 1.0 0.25
2,4-D 01 — —
Agar — 8g 8g
pH 5.8 5.7 58
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Table 5
Composition of Rooting Medium for Tomato:
MS Medium Supplemented with 2% Sucrose

Quantity Quantity
Component mg/L Component mg/L
Macroelements Vitamins
CaCl, 332.02 Glycine 200
KH,PO, 170.00 Myo-1nositol 1000.00
KNO, 1900.00 Nicotinic acid 0.50
MgSO, 180 54 Pyridoxine HCI 0.50
NH,/NO, 1650 00 Thiamine HCI 010
Vitamins
Microelements Sugars
CoCl,* 6H,0 0.025 Sucrose 20g
CuSO, 5H,0 0.025 pH 58
FeNaEDTA 3670
H;BO; 6.20
KI 0.83
MHSO4 H20 16.90
Na,MoO, 2H,0 0.25
ZnSO, - TH,O 8.60

15

16

17.

supplemented with 50 mg/L kanamycin (Kan 50) prepared from a stock solution
(50 mg/L) in H,O is used (18).

Solid media, i.e., callus growth media (CG) for selecting fusion products TM-3
medium (Table 3) supplemented with 100 mg/L. kanamycin (Kan 100) prepared
from a stock solution (50 mg/mL) in H,O + 50 mg/ L hygromycin (HYG 50) pre-
pared from a stock solution (25 mg/mL) in H,0O 15 used for tomato (18). In the case
of tobacco, AG medium (Table 4) supplemented with 100 mg/L kanamycin (Kan
100) prepared from a stock solution of (50 mg/mL) 1n H,O 1s used (18).
Regeneration media’ TM-4 medium is used for tomato (Table 3), and MSR-1 for
tobacco (Table 4).

Rooting media: MS supplemented with 2% sucrose for potato microprotoplast (+)
tomato protoplast fusions (Table 5), and MS supplemented with 2% sucrose and
indole butyric acid (0.25 mg/L) for potato (+) tobacco fusions. The composition of
rooting medium for shoots derived from potato (+) tobacco fusions 1s the same as
above, i.e., MS medium, but 1s supplemented with imdole butyric acid (0.25 mg/i.).

3. Methods
3.1. Induction of Micronuclei

1.

For species/genotypes, which respond to synchronization, ¢ g., Nicotiana
plumbaginifolia, treat early log-phase suspension cells at day 1 after subculture
with the inhibitors of DNA synthesis HU at 10 mM or APH at 15 uM for 24 h.
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Wash the suspension cells free of HU or APH with culture medium, and treat
with APM at 32 pM for 48 h or CR at 3 7 or 7.5 uM for 48 h. Figure 1A shows
the various steps and processes involved in micronucleation (see Notes 2 and 3).
For species/genotypes in which spontaneous cell synchrony occurs (e g, potato
line 413), treat early log-phase suspension cells at day 1 after subculture with CR
at3 7 or 7.5 uM or with 32 uyM APM

Incubate the APM- or CR-treated suspension cells n the cell-wall-digesting
enzyme mixture, supplemented with CB (20 uM) and either APH (32 pM) or
CR (7.5 uM) for 16 h in 9-cm Petr1 dishes containing 1.5-mL packed cell vol-
ume and 15-mL enzyme solution on a gyratory shaker (30 rpm) at 28°C (see
Notes 4 and 5)

Filter the suspension of protoplasts through 297- and 88-um nylon meshes, and
wash with an equal volume of half-strength V-KM medium, contaiming only
macro- and microelements (Table 1) and 0.24 M NaCl (pH 5.6) Punfy the proto-
plasts by repeated washing and centrifugation three to four times (see Notes 6
and 7) Resuspend the pellet in sucrose solution (0 43 M), and load onto an already
prepared Percoll gradient (see below)

Isolation of Microprotoplasts

Prepare in advance the Percoll gradient by adding 7.2% (w/v) mannitol to the
Percoll solution (Sigma), filter-sterilize, and centrifuge for 1 h at 10°g to produce
a continuous iso-osmotic gradient of Percoll Afterwards, remove the top layer of
about S mm

Load the purified dense suspension of protoplasts (mono- and micronucleated)
onto the continuous 1so-osmotic gradient of Percoll (Sigma), and centrifuge at
high speed, 103g for 2 h 1n a Christ Omega Ultracentrifuge, using a swing-out
rotor. Several bands contaimng a mixture of evacuolated protoplasts, microproto-
plasts of various sizes, and cytoplasts form at various distances from the top of
the centrifuge tube. Figure 1B gives a schematic representation of various steps
for the isolation of microprotoplasts (see Note 5)

Fig. 1. (opposite page) (A) Various steps and processes involved in micronucle-
ation Induction of micronucler in donor suspension cells after treatment with the
inhibitors of DNA synthesis, HU (10 mM, 24 h) or APH (15 pM, 24 h) followed by
treatment with the spindle toxins APM (32 pM, 48 h) or CR (37 or 75 uM, 48 h)
Afterwards, micronucleated cells are incubated 1n a cell-wall-digesting mixture, which

also

contains CB (20 uM) and APH (32 uM) or CR (7 5 uM) for 16 h to 1solate

micronucleated protoplasts. (B) High-speed centrifugation (10° x g) of a suspen-

s10n

of micronucleated protoplasts and mononucleate protoplasts for the isolation of

individual microprotoplasts (MPPS) and protoplasts (PPS), and enrichment of MPPS
by sequential filtration through nylon sieves of decreasing pore size to 1solate smaller
subdiploid microprotoplasts (reproduced with permission, 18)
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3.3. Isolation and Enrichment of Small Subdiploid Microprotoplasts

1 Collect the bands, and filter them sequentially through nylon sieves of decreasing
pore size (48, 20, 15, 10, and 5 um) (see Notes 6 and 7). Rinse with mannitol (0 4 M)

2 Collect the filtered fractions in mannitol ( 0.4 M), and centrifuge at 80g for 10 min
Recentrifuge the supernatant at 160g for 10 min

3 Resuspend the pellets in mannitol, and analyze the samples by light and UV
microscopy to estimate the number of FDA-statned microprotoplasts and by
microdensitometry and flow cytometry to determine the nuclear DNA content of
the microprotoplasts

3.4. Fusion of Donor Microprotoplasis with Recipient Protoplasts

1 Mix the donor microprotoplasts and rectpient protoplasts in a ratio of 2 1 (e.g,
3 0 x 105 microprotoplasts of potato 1.5 x 10° protoplasts of tomato or tobacco)
In 6-cm Falcon Petr dishes, place 5 separate 60-uL drops of of protoplasts sus-
pended in W5 medium (18,24) to give a final plating density of 1 x 106 /mL for
PEG-based mass fusion.

2 After 20 min, add PEG (PEG 4000) to give a final concentration of 8-10%.

3 After 7 min, carefully remove the PEG and W5 medium using a Pasteur pipet,
and slowly add 20 pL high-pH buffer solution to each group of cells

4. Twenty minutes later, when the microprotoplast—protoplast mixture has again
settled, rinse the dish gently with 3 mL of H460 M medium for fusion samples of
potato (+) tobacco and with TM2 medium for fusions of potato (+) tomato

5 As a control for microprotoplast (+) protoplast fusions, carry out symmetric
fusions between the donor cell suspension protoplasts and the recipient leaf pro-
toplasts under the same conditions and at a similar plating density

3.5. Selection of Fusion Products

1 Isolate the hybrid calli using selection pressure with antibiotics, e.g , kanamycin
and hygromycin, as 1n the case of fusions of potato microprotoplasts (+) tomato
protoplasts, or only kanamycin, as in the case of potato microprotoplasts (+)
tobacco protoplasts dilution and selection in CI liquid medium (18,24-26) on
days 12 and 19, and selection on solid callus growth (CG) medium (18,24—26) on
day 25 (see Note 8).

2 Transfer the resistant calli (when turned green) to regeneration medium contain-
ing no kanamycin or hygromycin

3 Transfer the regenerated shoots to rooting medium, e.g., MS supplemented with
2% sucrose I the case of potato microprotoplasts (+) tomato protoplast fusions
(Table 5), and MS supplemented with 2% sucrose and ndole butyric acid
(0 025 mg/L) 1n the case of potato—tobacco fusions

3.6. Production of Monosomic Addition Hybrid Plants

1. Analyse the regenerated plants for the expression of donor marker genes, ¢ g.,
kanamycin resistance and GUS, as 1n potato (+) tomato fusions, or only kanamy-
cin resistance as 1n potato (+) tobacco fusions to identify the hybrid plants (8,9).
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2. Determine the chromosome composition of the hybrid plants by GISH to select
the monosomic addition plants containing a single donor chromosome carrying
the marker genes, and a complete chromosome set of the recipient parent, e g., 1
potato chromosome and 24 tomato chromosomes, as in potato (+) tomato fusions
(8,9,12) (see Notes 9 and 10).

4. Notes

I. N. plumbaginifolia Viviani (Doba line I-125-1 line resistant to kanamycin) has
been used as a model plant species in our investigations to establish optimum
conditions, together with the donor potato line 413 for the production of mono-
somic additions in tomato and tobacco backgrounds Cremart at 7 5 uM for §
tuberosum and APM at 32 uM for N plumbaginifolia gave the highest frequency
of micronucleated cells.

2 Micronucleation in suspension cells/protoplasts occurs through modification of
mitosis under the influence of the spindle toxins APM or CR The metaphase-
blocked cells/protoplasts with single or groups of chromosomes show no divi-
sion of centromere or chromatid separation (no anaphase), but decondense and
form micronuclet. Thus, the higher the frequency of metaphases, the greater the
yield of micronuclei will be

3. The yield of micronucler depends not only on the frequency of micronucleated
protoplasts, but also on the frequency of micronucler/micronucleated protoplast
The sequential treatment with HU or APH, followed by APM or CR treatment,
results 1n a synchronous progression of cells through S-phase to G2/M, enhanc-
ing the frequency of micronuclei

4. Further, the presence of CB in the enzyme muxture can posttively influence the
micronucleation of protoplasts. In potato and N. plumbaginifolia, the frequency
of micronuclet could be increased two- to threefold by incubating CR- or APM-
treated suspension cells 1n an enzyme mixture containing CB and CR/APM CB
disrupts the microfilaments, whereas CR avoids the reformation of mucrofila-
ments in micronucleated protoplasts Therefore, micronuclei formed prior to
enzyme incubation can be maintained 1n a stable state without undergomg fusion
and restrtution. Additionally, the chromosomes 1n the remaining metaphases and
prophases from the late dividing cells decondense and form micronuclei, thus
mcreasing the percentage of micronucleated protoplasts.

5 The yield of microprotoplasts strongly depends on an efficient fragmentatton of
micronucleated protoplasts and the presence of CB and APM/CR during ultra-
centrifugation. To 1solate microprotoplasts from micronucleated protoplasts, the
protoplasts have to be fragmented, while maintaining the integrity of the plasma
membrane. The presence of microfilaments opposes changes to the shape of pro-
toplasts under the influence of g forces during ultracentrifugation, thus resulting
in a lower yield of subprotoplasts Therefore, the microfilaments have to be dis-
rupted by incubation with CB, combined with APM/CR to avoid reformation of
microtubules 1n micronucleated protoplasts. Also, high-speed centrifugation at
10° x g 1s required for a longer duration (2 h) to obtain a better fragmentation and
separation of microprotoplasts.
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Fi1g. 2 Production of a monosomic addition line with a complete chromosome set
(24 chromosomes) and one donor chromosome after fusion of a recipient protoplast
with a donor microprotoplast (e g , potato) (reproduced with permission; 18)

6. In addition to the yield of microprotoplasts, the frequency of smaller subdiploid
microprotoplasts containing single chromosomes 1s critical for the successful pro-
duction of monosomic addition hybrids after fusion. Therefore, sequential filtra-
tion with nylon sieves of decreasing pore size 1s essential to separate the small
microprotoplasts from the larger ones

7. A repeated washing of micronucleated protoplasts with a washing medium con-
taining manmtol (0 4 M) is important to avoid clogging of sieves during the puri-
fication step, thus increasing the total yield of micronucleated protoplasts.

8. The population of small subdiploid microprotoplasts with a partial genome (con-
taining one to four chromosomes) enriched after sequential filtration remains
intact and viable (FDA-positive) for several days, but should not regenerate cell
walls or undergo cell division (as shown for N. plumbagnifolia or potato
macroprotoplasts) The lack of cell division activity of the donor microprotoplasts
with a partial genome can be an additional advantage in fusion experiments,
because it avoids contamination of the donor partner while selecting for the fusion
products
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Fig. 3. Donor DNA 1ntegration in recipient chromosomes after fusion of a recipient

protoplast with a donor microprotoplast (reproduced with permission; 18)

9

10.

. By microprotoplast fusion, the regeneration abulity of the recipient line remains
unchanged as compared to that after protoplast—protoplast fusion (symmetric
fusion). Since the donor protoplast contains a single chromosome 1n interphase
and a small amount of cytoplasm surrounded by an intact plasma membrane, 1ts
tntegration 1nto the recipient genome 1s stable, thus producing monosomic addi-
tion hybrids with one donor chromosome and a complete chromosome set of the
recepient species (Fig. 2).

From potato microprotoplast (+) tomato protoplast fusion, several monosomic
addition plants (2n = 24 + 1) were regenerated within a short period of 3-4 mo
Also, donor DNA integration can occur in microprotoplast hybrid plants. A
delayed replication of the addition chromosome and mitotic failure might lead to
chromosome/DNA breakage and integration of donor DNA into the recipient
genome (Fig. 3) The integration of donor DNA occurred in the progeny after
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backcrossing of monosomic addition hybrids with the recipient species (i.€., 1n
potato microprotoplasts [+] tomato protoplasts) (9,12), showing sexual transmis-
sion of the alien gene. The progeny with the integrated donor DNA can be 1den-
tified by using the marker genes (e.g , the reporter uidA gene or the selectable
nptll gene). In generatively produced addition lines, the integration of donor
DNA/chromosome segments apparently occur by similar mechamsms: double-
strand breaks of the donor chromosome during its disintegration at some stage in
meiosis/mitosis, followed by repair-induced invasion and integration of donor
DNA 1nto the host chromosomes (1) Thus, the loss or disintegration of the addi-
tional donor chromosome can occur after the production of monosomic addition
plants Consequently, the frequency of the monosomic addition plants as well as
the stability and maintainance of the added donor chromosome 1n subsequent
somatic/generative cycles might depend on various factors, 1 € , chromosome type,
ploidy level of the recipient, genotypic background, and so forth (26) The fre-
quency of donor DNA mtegration can be determined by using appropniate markers
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Guard Cell Protoplasts
Isolation, Culture, and Regeneration of Plants

Graham Boorse and Gary Tallman

1. Introduction

The guard cells that flank stomata undergo environmentally induced, tur-
gor-driven cellular movements that regulate stomatal dimensions. Under many
environmental conditions, changes in stomatal dimensions regulate rates of
transpiration and photosynthetic carbon fixation (1). Among the environmental
signals that guard cells receive and transduce are light quality, light intensity,
intercellular concentrations of leaf carbon dioxide, and apoplastic concentrations
of abscisic acid (ABA) (2). How guard cells integrate the variety of signals
present in the environment and activate the appropriate signal transduction
mechanisms to adjust stomatal dimensions for prevailing environmental condi-
tions is the subject of intense investigation (3).

Many fundamental studies of stomata have been performed with detached
leaf epidermis, but for many types of experiments, epidermuis is not an adequate
material. Guard cells are among the smallest and least numerous of cell types
in the leaf, and the presence of even a very small number of contaminating
cells in epidermal preparations (e.g., epidermal cells that neighbor guard cells
and mesophyll cells) can result in significant experimental artifacts (4). This is
particularly true of experiments that involve guard cell biochemistry or mole-
cular biology and/or experiments in which guard cell metabolism is measured.
Furthermore, the presence of the relatively thick guard cell wall precludes cer-
tain types of studies (e.g., electrophysiology).

Good methods for making large (= 1 x 10° cells), highly purified prepara-
tions (<0.01% contamination with other cell types) of guard cell protoplasts
(GCP) were first reported about 15 years ago (4—7). The availability of these

From Methods in Molecular Biology, Vol 111 Plant Celi Culture Protocols
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methods (8) contributed significantly to a resurgence of interest in the basic
cell biology of guard cells. GCP have been used to demonstrate that guard cells
possess:

Both PSI and PSII activity (4)

A functional photosynthetic carbon reduction pathway (9)

A blue light-activated plasma membrane H*-translocating ATPase (10-12)
Voltage-gated, inward rectifying plasma membrane K* channels (13,14).
Outward-rectifying plasma membrane anion channels (see 15 for a review of 10on
channel studies using GCP).

VoW

GCP have been used to investigate:

I Regulation of K* channel activity 1n the guard cell plasma membrane (15,16),

2 Elevation of cytosolic free Ca2* by movement of extracellular Ca?* through ABA-
activated, Ca?*-permeable channels (15), and

3. Ca?*-dependent and Ca®*-independent ABA signal transduction pathways (15)

Recently, two partial-length cDNAs coding for different plasma membrane
H*-ATPase isoforms have been isolated from GCP of Vicia faba L. and have
been used to localize expression of these genes (17)

Most studies using GCP have been short-term experiments of a few hours’
duration. Until recently, no in vitro experimental systems existed that would
enable the study of responses of GCP to environmental signals administered
over longer periods. However, GCP have now been established and main-
tained in culture (18—21). As with any culture system, an advantage of cultur-
ing GCP is that culture conditions can be rigorously defined and carefully
controlled. An additional advantage of culturing GCP is that the homogeneity
of such preparations confers on them a uniformity of response that 1s seldom
observed 1n cultures of mixed-cell types (20,21). In the latter, 1dentification of
the cell type responding to a change 1n culture condition may be difficult. If the
responding cell type is identified, the basis for any particular response to a
change 1n a culture condition (e.g., an increase or decrease 1n synthesis of a
particular protein or transcription of a particular gene) may still not be identifi-
able, because the condition can evoke from each unique cell type a response
that affects the response(s) of each and/or every other cell type.

Monocultures of GCP hold promise for studies of the signal transduction
mechanisms underlying:

1. Cellular differentiation.
Chloroplast senescence

3. Regulation of the cell cycle n plants, processes that are only activated by longer
periods of exposure to environmental signals.
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Each of these processes can be activated and directed in cultures of GCP by
manipulating concentrations and/or ratios of plant growth regulators (auxin,
cytokinins, or ABA [18,20,22]) and/or temperature (20). For example, when
GCP of Nicotiana glauca are cultured at temperatures <34°C, they dedifferen-
tiate and divide to form a callus from which plants can be regenerated (22). In
the process of dedifferentiation, their chloroplasts senesce (20). When they are
cultured at temperatures >34°C in media containing 0.1 pM ABA, they remain
differentiated. GCP cultured at temperatures >34°C for 1 wk do not divide
(20), but when they are transferred to temperatures <34°C, at least a small
percentage redifferentiate and divide (unpublished). These data indicate that in
monocultures of GCP, alteration of only one or two culture conditions (ABA,
temperature) is sufficient to:

I. Maintain cultured GCP 1n or trigger entry of cultured GCP into certain stages of
the cell cycle.

2 Determine whether GCP remain differentiated or dedifferentiate.

3 Determine whether or not chloroplast senescence 1s activated

Cultured GCP of N. glauca (tree tobacco) and Beta vulgaris (sugar beet)
have been used to produce friable, embryogenic callus from which plants have
been regenerated, demonstrating that GCP are totipotent (22—24). Regenera-
tion of plants from cultured GCP of B. vulgaris is of major commercial impor-
tance, because callus derived from other cell types, tissues, and organs of this
plant are recalcitrant to regeneration (24). Cultured GCP of B vulgaris have
already been used to produce transgenic plants with enhanced resistance to
herbicides by a relatively rapid protocol (25).

GCP are isolated using a two-step procedure. To remove contaminating
mesophyll and epidermal cells, detached epidermis 1s treated with a mix-
ture of cellulase and pectinase dissolved 1n a hypotonic solution. Because
the cell walls of contaminating epidermal and mesophyll cells are thinner
and are of a different chemical composition than those of guard cells, they
are digested more quickly than those of guard cells. As protoplasts of con-
taminating epidermal cells and mesophyll cells are released into the hypo-
tonic medium, they swell and burst. After sufficient time has passed to
destroy contaminating cells, the remaining cuticle containing guard cells 1s
collected on a nylon net, rinsed, and transferred to a solution of cellulase
and pectinase in a solution that 1s slightly hypertonic to guard cells. After a
few hours of digestion, GCP are released into the medium. The cells are
collected by filtration and centrifugation, washed, and suspended in culture
media (Fig. 1).
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Fig. 1. Guard cell protoplasts isolated from leaves of N. glauca (Graham), tree
tobacco. Differential interference contrast optics; large organelles in protoplasts are
chloroplasts. Average diamter is ~15 pm,

2. Materials

2.1.

L.
2

3
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Plants

Seeds of Nicotiana glauca (Graham), tree tobacco (see Note 1).

Pots (0.16-, 2.0,- 10-L), potting soil, and sand. We have used Supersoil, Chino,
CA, or Pro-Mix “HP” High-Porosity Growing Medium, Premier-Western US,
Laguna Niguel, CA. Sand is 30 grade. Plants grow best in well-drained, porous
media.

Environmental growth chamber: Conviron Model E7 (Conviron, Pembina, ND)
Fluorescent light bank: Lamps are model FT72T12.CW.1500, General Electric,
Cleveland, OH, or equivalent.

Modified Hoagland’s nutrient solution (Table 1).

Day Before Culture

2-L Erlenmeryer flasks with cotton stoppers covered with cheesecloth (4), paper
towels, aluminum foil, and autoclave tape.

Pyrex casserole dish: 11 x 7 x 1.5 in. (1).

Pyrex casserole dish: 11 x 7 x 1.5 in. (I) containing: fine-point forceps wrapped
individually in foil (2), glass plate: 4.5 x 4.5 x 0.13 in. (), 6-in. cotton swab (1),
single-edge razor blade (1), Petri dish (glass, bottom only), 15 x 60 mm (1).

. Plastic beakers: 2 L (1), 1 L (2).
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Table 1
Modified Hoagland’s Nutrient Solution (26)

Final concentration in
nutrient solution

Constituent g/L 1n stock solution after dilution of stock, mM
1. NH,H,PO, 21.0 1.0
2. KNO, 109.0 6.0
3. Ca(NO;),- 4H,0 170.0 40
4, MgS0Q,- TH,0 43.6 2.0
5. H;BO, 0.56 0.4
MnSO, - H,O 0.308 100
ZnSO, - 7TH,0 0.042 08
CuSO, - 5H,0 0.018 04
MoO, 0011 0.4
NaCl 1.045 100 0
6. Iron solution
First dissolve: Na, EDTA 60 009
Then add: FeSO, 7H,0 4.5 009
7 KOH 4.0 71.3

To prepare nutrient solution from stock solutions, add 100 mL each of solutions 1-6 and

50 mL of solution 7 to a 20-L carboy Add water to 18 L, shake to mix

5. Plastic beaker: 2 L (1) containing. plastic, disposable Erlenmeyer flasks with screw

caps—I125 mL (3; loosen caps and cover with foil), plastic funnels with top diam-
eter = 3.5 in., stem diameter = 0.5 in., (2; one funnel is lined with 220 x 220 um
mesh nylon net; the other is lined with a 30 x 30 um mesh nylon net; nets are
secured to rims of funnels with autoclave tape; wrap funnels in foil Nylon nets
are Nitex® from TETKO®, Inc., 111 Calumet St., Depew, NY 14043).

2.3. Isolation of Guard Cell Protoplasts

1.

Plastic bag for holding leaf in moist paper towels.

2. Gyrotory shaking water bath, pH meter, balance.
3. Solutions—make fresh daily; filter-sterilize. All chemicals are reagent-grade.

Powdered enzymes are stored refrigerated. Cellulase “Onozuka” RS from Yakult
Pharmaceutical Ind Co., Ltd., 1-1-19, Higashi-Shinbashi, Minato-Ku, Tokyo,
105 Japan. Pectolyase Y-23 from Seishin Pharmaceutical Co., Ltd , 4-13, Koami-
cho, Nihonbashi, Chuo-ku, Tokyo 103, Japan Media containing agar are steril-
1zed by autoclaving at 121°C, 15 psi for 20 min.

A: 0.5% polyvinylpyrrolidone 40 (PVP 40) and 0.05% ascorbic acid, pH 6 5,
Dissolve 2.5 g of PVP 40 and 0.25 g of ascorbic acid in 450 mL of deiomzed
water; adjust pH to 6 5 with NaOH, bring to final volume of 500 mL with deion-
ized water, and mix.
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B. In a small beaker combine 2.533 g sucrose, 0.0054 g CaCl,, 0.4 g Cellulase
Onozuka RS, 0003 g Pectolyase Y-23, 0.185 g PVP 40, and 0.075 g bovine
serum albumin (BSA) Add 35 mL of deiomzed water and stir until components
are dissolved The pH of the enzyme solution 1s adjusted mitially to 3.4 with
stirring for 7 min, and then raised to 5.5 before filter-sterilization (see Note 2).
Final concentration of sucrose is ca. 0 2 M; final concentration of CaCl, 1sca 0 7 mM

C- 0 2 M sucrose, | mM CaCl, Dissolve 13 692 g of sucrose and 0 0294 g of
CaCl, 1n 190 mL of deionized water; adjust pH to 5 5 with HCI and/or NaOH
Bring final volume to 200 mL with deionized water and mix

D- In a small beaker combine 2.140 g sucrose, 0 0037 g CaCl,, 0 4 g Cellulase
Onozuka RS, 0 003 g Pectolyase Y-23, 0.125 g PVP 40, and 0 075 g BSA Add
23 mL of deionized water, and stir until components are dissolved Adjust pH to
5 5 (see B and Note 2) Final concentration of sucrose ts ca 0 25 M, final concen-
tration of CaCl,1s ca 1 mM.

4. Sterile 0 45 um cellulose nitrate filters in disposable filter units 115 mL

(4), 250 mL (1), 500 mL (1) Enzyme solutions and culture media lacking

agar are sterilized by filtration through 0.45-um cellulose nitrate filters in

disposable filter units (115 mL = model 125-0045, 250 mL = 126-0045,

500 mL =450-0045, Nalgene Co , Rochester, NY) To prevent particulates from

plugging filters, a 50-mm diameter prefilter (Gelman Sciences Type A/E Glass

Fiber Filter, P/N 6/632, Gelman, Ann Arbor, MI) 1s used when enzyme solu-

tions are sterilized

Laminar flow cabinet

Sterile latex gloves (see Note 3)

Disinfectant (see Note 4)

5.25% sodium hypochlorite = Clorox bleach, Oakland, CA. Free chlorine con-

centration = 5.25%.

9. 95% Ethanol.

10. Centrifuge tubes- sterile, disposable, plastic contcal with caps; 15 mL (3), SO0 mL (3)

11 Syringe: plastic, 60 mL (1), disposable 0.45-um membrane syringe filter (1; Corn-
ing disposable syringe filter 045 um, 25-mm diameter cellulose acetate mem-
brane 1 acrylic holder, model # 21053-25; Corning, Inc , Corning, NY).

12 Glass pipets' sterile, disposable, glass, 10 mL (5), | mL (2)

13 Chinical centrifuge.

14 Hemocytometer, microscope, hand tally counter

15. Incomplete medium I (Table 2).

IR - ¥

2.4. Primary Cultures and Colony Formation

1 Plastic eight-well microchamber culture slides, Lab-Tek Chamber Slide™, Model
177402, Nunc, Inc., Naperville, IL

2. Petr1 dish (Z; 2.5 cm deep x 15 cm diameter), Parafilm (American National Can
Co, Greenwich, CT)

3. Hormone stock solution (see Subheading 3.3., step 27).

4. Incubator (lighting optional)
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Table 2

Media Used to Culture and Regenerate Plants

249

from Guard Cell Protoplasts of N. glauca (Graham), Tree Tobacco

Tobacco Root
Medium I, Medium II, shoot medium, medium,
Constituent mg/L mg/L mg/L mg/L
Salts
Ca(NO,), - 4H,0 180.0
NH,NO, 825 825.0 1650 0 412.5
KNO, 167.0 9500 1900.0 475.0
CaCl, - 2H,0 84,7 2200 110.0
CaCl2 333.0
MgSO, - 7H,0 447.3 1223 0 6115
MgSO, 181.0
Na,SO, 180.0
KH,PO, 68.0 6800 1700 3400
NaH2PO4 H2O 14.9
KCI 88.3
Na, EDTA 3.7 373 18.7
FeSO,- 7H,0 2.8 27.8 139
Fez(SO4)3 23
K1 076 0.83 083 0.42
H;BO, 2.0 62 6.2 3.1
MnSO4 * Hzo 31 16.9
MnCl, - 4H,0 2.0 198 9.9
ZnSO, - 7TH,0 2.3 92 8.6 46
Na,MoQ, - 2H,0 0.03 025 0.25 013
CuS0,- 5H,0 0003 0.025 0.025 0.013
CoS0, ' 7TH,0 0.003 003 0.015
CoCl, - 6H,0 0025
FeNa EDTA 367
Organics
i-Inositol 39.7 100.0 100.0 500
Thiamine - HCI 0.19 1.0 0.4 05
Glycine 135 2.0
Niacin 0.45
Pyridoxine - HC] 0.1 0.5
Nicotinic acid 05
Casein Hydrolysate 1000.0
MES 976.0 976.0
Sucrose 95,840.0 79.419.0 863.25
Kinetin 1.0

(continued)
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Table 2 (continued)

Tobacco Root
Medium |, Medum I1, shoot medium, medium,

Constituent mg/L mg/L mg/L mg/L
Organics

1-NAA 03 03

6-BAP 0.075 0075

Agarose 5000.0

Agar 8000 0

Medium I, medium II, and root medium are modifications of those described by Shepard
and Totten (27) All salts and organics through casein hydrolysate are made as 1000X stocks,
except CaCl, 2H,0 (260X) and KCl (663X) Na,EDTA, FeSO, 7TH,0, and Fe,(SO,); are
mixed 1n a single stock solution in that order Stocks are stored frozen at —20°C, any material
precipitated by freezing is resolublized after thawing. An incomplete medium I containing
all components through 2(N-Morpholino) ethanesulfonic acid [MES] 1s prepared i 1-L
batches using stock solutions and sohid MES The incomplete medium 1s stored frozen in
100-mL aliquots at —20°C until the day GCP are to be 1solated Sucrose and hormones are
added to complete wash and culture med:a on the day of protoplast 1solation as described in
Subheading 3.3., step 27 The final sucrose concentration in medium I 1s 0 28 M, 1n medium
I1, 0.23 M, and 1n shoot differentiation medium, 0.025 M. Concentration of MES 1 media |
and Il 1s 5 mM. Tobacco shoot medium 1s commercially available from Carolina Biological
Supply, Gladstone, OR

2.5. Primary Callus
1 Medwm II in Petri dishes (1 5 cm deep x 10 cm diameter; ca 20 mL/dish; Table 2)
2 Lighted mncubator.
2.6. Secondary Callus
1. Tobacco shoot medium (Table 2).
2 Lighted incubator.
2.7. Plant Regeneration

1. Tobacco shoot medium (Table 2).

2 Root medium (Table 2) in Magenta vessels (Sigma Chemical Co, St Louis,
MO), 75 mL/vessel.

3. Lighted incubator.

4, 0.16-L small pots, potting soil.

3. Method
3.1. Plants

1 Germinate seeds of N, glauca at high density on the surface of moistened, auto-
claved potting so1l 1n small pots (0 16 L; see Note 1)
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2.

Germinate seeds and maintain seedlings on a 16-h light/8-h dark cycle in an envi-
ronmental chamber. Mean (£ SE) temperature during the light cycle is 28 £2°C;
mean temperature during the dark cycle is 21 £2°C. Relative humidity m the
chamber is 65-75% Water seedlings with tap water daily. The photosynthetic
photon flux density (PPFD) at seedling height is 50—70 umol/m?/s of photons of
photosynthetically active radiation (PAR).

. After 46 wk of growth, transfer plants to 2-L plastic pots containing an auto-

claved mixture of 60% s0il/40% sand (v'v).
After another 4-6 wk of growth, cull plants to 2 plants/pot and allow to grow to a
height of 0.2 to0 0.3 m.

. Transfer plants to 10-L plastic pots containing the same so1l/sand mix. Grow on a

table under high-intensity fluorescent lights. The PPFD at the top of the canopy
is 800-900 pmol/m?/s of PAR.

Water plants three times daily with tap water at 6 h intervals for 4 min and every
other day with Hoagland’s nutrient solution (Table 1) Mean temperature 1s
27 £2°C during the 16 h light cycle and 23 +2°C during the 8 h dark cycle.
Relative humidity in the room 1s 45-65%

3.2. Day Before Culture

L.

Autoclave at 121°C, 15 psi for 20 min; exhaust on dry cycle:

Four, 2-L Erlenmeyer flasks each containing 1.4 L of deionized water Stopper
flasks with cotton wrapped in cheesecloth. Place a paper towel over each stop-
per and secure on each side with autoclave tape. Place a double layer of alumi-
num foil on top of each stopper, and secure to the flask with autoclave tape

One casserole dish, empty: Cover the dish with a single layer of foil and secure
with autoclave tape. One casserole dish containing: two pairs of fine-point
forceps wrapped individually in foil, one 6-in. cotton swab, one glass plate,
one 15 x 60 mm glass Petri dish bottom, and one single-edge razor blade
Cover the dish with a single layer of foil, and secure with autoclave tape

Two, 1-L plastic Nalgene beakers, empty. Cover beakers with a double layer of
foil and secure with autoclave tape.

One, 2-L plastic beaker, empty; one, 2-L plastic beaker containing three 125-mL,
screw-cap disposable plastic Erlenmeyer flasks, (caps secured loosely and
covered with foil) and two plastic funnels, one lined with 220 x 220 um mesh
nylon netting and the other with 30 x 30 um mesh nylon netting. Secure netting
to rim of each funnel with autoclave tape; wrap funnels in foil. Cover beakers
with a double layer of foil secured with autoclave tape.

3.3. Isolation of Guard Cell Protoplasts

1

2.

3

Turn on shaking water bath, check water level, bring temperature to 28°C
Thaw 100 mL of incomplete medium I (Table 2).

For each experiment, harvest one flat leaf from insertion level 4 or 5 from the top
of the plant with a blade length of 0.11-0.2 m and with a relatively thick cuticle.
Harvest 0.5 to 1.5 h prior to the onset of the light cycle (see Note 5). Store leaves
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in moist paper towels in a plastic bag 1n darkness until detachment of epidermus

is imtiated

Weigh, mix, and adjust pH of solutions A, B, C, and D; filter-sterilize.

Turn on laminar flow hood; purge for 10—30 mn.

Cover hands with sterile, latex gloves (see Note 3)

Wipe the sides and bottom of the laminar flow cabinet with full-strength disin-

fectant (see Note 4).

Transfer solutions, glassware, and instruments to the laminar flow cabinet. Back

row: solutions, middle row, L to R. 2-L beaker, 2-L beaker, 1-L beaker, 1-L

beaker; front row L: casserole dish with implements; front row R. empty casse-

role dish. Remove foil and contents from beakers. Pour 2 L of sodium hypochlo-
rite into 2 L beaker at left Fill the second 2-L beaker with 2 L of sterile, deionized
water; fill each of the two 1 L-beakers with 1 L of sterile, deionized water

9 Remove foil from both casserole dishes

10. Spray leaf with 95% ethanol, and then lightly buff with tis