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Pre ace

For many years I per ormed tissue culture in large scienti ic institu-
tions that had a great deal o in rastructure . When I set up a tissue labora-
tory outside such an in rastructure, however, I ound there was a shortage
o easily accessible in ormation about the basic needs, reagents, and tech-
niques or establishing such a acility . Much had to be done by trial and
error or gleaned rom original papers . Consequently, I elt that a methods
book covering a wide variety o techniques rom basic culture to the most
sophisticated cell analysis would be a very valuable addition to scienti ic
literature . In the interim, several use ul books did appear, but none
entirely itted the bill and some are now rather dated . Then, in 1984, the

irst o the Methods in Molecular Biology volumes rom Humana Press was
published with its step-by-step recipe approach . This ormat appealed to
me, and so I contacted John Walker, the series editor, about including cell
culture in this series . The result was that we embarked upon a single vol-
ume covering both plant and animal cell culture . Such was the richness o
the material, however, that this project soon divided itsel into separate
volumes on animal cell (Volume 5) and plant cell (Volume 6) culture . In
this volume (Volume 6), there ore, we have aimed to describe a range o
basic techniques and culture conditions appropriate to plant cells . Because
o the diversity o cell types, species, and culture methods, much o the vol-
ume is devoted to the culture o particular cell types and to the regeneration
o these cells into whole plants . The importance o genetic modi ication o
plants, both or agricultural and research purposes, has also led us to in-
clude many chapters describing techniques or DNA trans er and or
isolation o plant mutants via somatic cell genetics . The economic impor-
tance o plant products is also acknowledged by a section describing large-
scale culture methods and possible ways o automating these cell culture
processes . Finally, we have listed, in the appendix, the ormulas or the
most commonly used plant cell media . John Walker and I hope this volume
comprehensively covers the exciting developments in these ields, as well
as the more basic needs or setting up a plant cell culture laboratory .

Editors o books always have many debts o gratitude . First, I would
like to thank those who taught me tissue culture and particularly somatic
cell genetics . The principle in luence was Dr . Cli Stanners, who at that

v
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time was at the Ontario Cancer Institute in Toronto . Gratitude must also
go to all the other members o the Toronto somatic cell genetics group, and
especially to Drs . Lou Siminovitch and Vic Ling . Finally, but not least, I
would like to thank Ms . Margaret Hudgell and Ms . Rita Romita or their
expert and cheer ul secretarial help, o ten at times o crisis .

Je rey W . Pollard

In keeping with the success ul ormat o earlier volumes, we have
again applied a step-by-step approach or describing each technique, al-
though in some cases, particularly those involving sophisticated instru-
mentation, this ormat has necessarily been modi ied somewhat . Our aim,
as with earlier volumes, is to provide clearly de ined protocols that should
allow the new worker to obtain success ul results with the irst attempt .
We hope we have been success ul in this endeavor! I would like to express
my gratitude to Je Pollard or suggesting this volume, or his considerable
e orts in helping to ind appropriate authors, and or his diligent editing .
Finally, as ever, my sincere thanks to my wi e Jan, who once again without
complaint and o ten at short notice, took on the role o typist, proo reader,
and uno icial editor .

John M. Walker
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Chapter 1 

Selection of Media 
for Tissue and Cell Culture 

Gagik Stepan-Sarkissian 

1. Introduction 

This chapter deals with the selection of growth media for the induc- 
tion of callus and initiation of liquid suspension cultures from plants. 
Although the first attempts at initiating cultures of plant cells were made 
by the German botanist G. Haberlandt at the turn of this century, it has 
only been during the last three decades that rapid developments in plant 
cell, tissue, and organ culture have occurred. Since extensive work with 
microbial cultures was by then already underway, the first medium 
formulations used for plant culture work were inevitably based on exper- 
ience of microbes. These media contained several distinct classes of 
compounds: 

1. Carbon source 
2. Inorganic salts 
3. Organic supplement 
4. Trace elements. 

From’ Methods in Molecular B&gy, vol. 6, P/ml Cell and ksue Cullure 
Edited by Jeffrey W Pollard and John M Walker, 01990 by The Humana Press 

1 



2 Stepan-Sarkissian 

As work on plant cell cultures progressed, attention was paid to 
defining media more suited to the growth of plant tissue cultures. Today 
there are many media formulations available that, although still loosely 
based on microbial media, are specifically tailored to suit the require- 
ments of plant cell cultures. The addition of undefined sources of nutri- 
ents and hormones, such as coconut milk, is now usually avoided. 

The most commonly used culture media (see Appendix) are based on 
the established formulations defined by Gamborg (Z), Heller (2), Lins- 
maier and Skoog (3), Murashige and Skoog (4), Schenk and Hildebrandt 
(5), and White (6). H owever, other media exist with variations upon these 
basic themes. For example, the choice of nitrogen source may vary de- 
pending upon the species being cultured and may be in the form of an 
ammonium or nitrate salt, amino acids (see Note l), casein hydrolysate, or 
urea. Since so few plant cell cultures are autotrophic, the provision of an 
exogenous energy source is of key importance. The most common carbon 
source used in plant cell culture media is sucrose, although glucose is 
sometimes used in its place, and may support an equal or even higher 
growth rate in culture. However, a high rate of growth is not always of 
paramount importance for cultures. Often the aim of initiating a plant cell 
culture is to obtain secondary products that are generally accumulated 
during the stationary phase of growth (see Chapters 2 and 48) or in 
differentiated cultures. Therefore, high growth rates may not necessarily 
be desirable in all cases. 

Of great importance to the growth and productivity of a cell culture is 
the carbon/nitrogen ratio and the form in which these media components 
are supplied. It is possible to investigate the effects of the carbon/nitrogen 
ratio by altering the concentration and/or the type of these important 
medium constituents. However, such medium manipulations should be 
undertaken only after a given culture is established and its growth kinetics 
are characterized. 

Growth regulators or plant hormones, such as auxins, gibberellins, 
abscisic acid, cytokinins, and ethylene, are known to influence various 
stages of growth in the whole plant. Of these, only auxins and cytokinins 
are routinely incorporated in to plant culture medium. The most com- 
monly used auxins are 2,4-dichlorophenoxyacetic acid (2,4-D), indole 3- 
acetic acid (IAA), and l-naphthaleneacetic acid (NAA). IAA is the natural 
auxin, whereas 2,4-D and NAA are synthetic compounds that mimic the 
effects of naturally occurring auxins. Other chemicals possessing auxin- 
like activity and used- albeit less frequently-in plant cell culture include 
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indole3-butyric acid (IBA) and p-chlorophenoxyacetic acid (CPA). 6- 
Furfurylaminopurine, known by the trivial name kinetin, is the most fre- 
quently used cytokinin. However, 6-benzylaminopurine (BAP) or zeatin 
are sometimes substituted. By careful manipulations of the relative con- 
centrations of auxins and cytokinins, it is possible to favor either undiffer- 
entiated growth or organogenesis (root or shoot formation). 

The numbers of plant species that have been cultured and the different 
media used are extensive (see ref. 7). Once the plant species to be cultured 
is decided upon, a suitable medium formulation should be selected. A 
practical first step would be to follow up appropriate references subse- 
quent to a literature search and/or consult a handbook dealing with plant 
cell culture (7-20 and this vol.). 

If a literature search is inconclusive or if access to specialized sources 
is limited, then it is recommended to attempt initiating callus on several of 
the well-known medium formulations (see Note 2 and the Appendix). In 
addition, it is advisable to experiment with different auxin and cytokinin 
combinations. A tentative approach is suggested in Table 1. 

2. Materials 

2.1. For Stock Solutions 
Appropriate to Selected Medium Formulation 

1. Inorganic salts (see Appendix). 
2. Organic compounds (see Appendix). 
3. Hormones (see Appendix). 
4. 6M NaOH. 

2.2. For Medium Preparation 
1. Inorganic stock solution. 
2. Organic stock solution. 
3. Hormone stock solution. 
4. Carbon source (sugar). 
5. Agar (see Note 3). 
6. 60-mL sterile plastic culture pots. 
7. Laminar flow cabinet (see Note 4) equipped with a Bunsen burner. 

2.3. For Assessment of Callus Growth 
Equipment for sterile transfer of callus tissue consists of scalpel, 

spatula, forceps, sterile Petri plates, and industrial ethanol. 
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Table 1 
Suggested Hormone Combinations and Concentrations 

for Plant Cell Culture Media* 

Cytokinin, mg/L 

Auxin, mg/ L 0 0.05 0.5 5 

0.1 1 2 3 4 
1.0 5 6 7 8 

10.0 9 10 11 12 

*The numbers l-12 represent different hormone combinations resulting from three 
auxin concentrations and cytokinin concentrations. For ease of reference, numbers can 
be added after abbreviations for medium formulations (e.g., MS-6 for Murashige and 
Skoog’s medium (4) supplemented with 1.0 mg/L 2,4-D, and 0.05 mg/L kinetin) 
(adapted from refs. 7 and 9). 

3. Methods 

The composition of the various culture media are given in the Ap- 
pendix. This chapter gives guidance on how to make these media up and 
how to store it. It also describes an approach to establish the culture 
conditions for untried species. 

3.1. For Stock Solutions Appropriate 
to Selected Medium Formulations 

In order to save time, it is advisable to prepare stock solutions of the 
three main components of the medium, i.e., inorganic salts, organic sup- 
plement, and hormones. The inorganic salts stock solution can be pre- 
pared at a lo-fold higher concentration. Owing to small amounts of 
chemicals used in the organic supplement, its stock solution is prepared at 
a IOO-fold higher concentration. In most cases, the hormone stock so- 
lutions are prepared in such a way that addition of 1 mL of stock solution 
to 1 L of medium gives the desired concentration. Analytical Reagent 
grade chemicals should be used for the preparation of stock solutions. 

1. For 1 L of stock solution of inorganic salts (sufficient for 10 L of 
medium), place a 1-L beaker containing approximately 400 mL of 
distilled water on a magnetic stirrer. Weigh out individually each of 
the salts according to the medium formulation in 10 times larger 
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amounts than those given in the text (recipes are normally given for 1 
L of medium) (see Note 5). Dissolve each salt in a minimal volume of 
distilled water, and add to the beaker, allowing time for the solution 
to become well mixed before adding the next component. In some 
cases, it is necessary to add the constituents in a particular order in 
order to prevent precipitation of certain salts (see Note 5). 

2. When all the salts have been added, make the volume of the stock 
solution up to 1 L with distilled water using a volumetric flask. Invert 
the flask several times to allow full mixing. 

3. Store the stock solution at 4OC. The solution should remain usable at 
this temperature for 6 mo. However, at the first sign of microbial 
growth, it should be replaced with a new solution (see Note 6). 

4. The organic supplement stock solution is made in the same way as 
that just described for the inorganic salts, i.e., the individual compo- 
nents are weighed in amounts lo-fold higher than that given in the 
recipe, but the total volume of the stock solution is reduced from 1 L 
to 100 mL (sufficient to prepare 10 L of medium). There are two 
reasons for this reduction in the volume of organic stock solution. 
First, the amounts involved in this supplement are low enough to 
dissolve in a smaller volume. Secondly, a small volume is advanta- 
geous, since this solution needs to be stored at -2OOC in order to pre- 
vent microbial growth on its rich carbon and nitrogen sources. 

5. The stock solutions of hormones are normally prepared at concen- 
trations lOOO-fold higher than that required for the given medium. To 
obtain a concentration of 1 mg/L auxin (e.g., 2,4-D or NAA) in the 
medium, the stock should be prepared as a 1 mg/mL solution from 
which an aliquot of 1 mL will be added to the medium. To prepare 
most hormone stock solutions, weigh out the required amount into a 
lOO-mL volumetric flask, and add approximately 50 mL of distilled 
water. Place the flask on a magnetic stirrer, and add 6M NaOH 
dropwise until the hormone is dissolved. Make up the volume to a 100 
mL and store at -20°C. 

3.2. For Medium Preparation 

To prepare 1 L of medium: 

1. Place a 1-L beaker containing approximately 500 mL of distilled water 
on a magnetic stirrer, and add 100 mL of inorganic stock solution, 10 
mL organic supplement stock solution, the required aliquot of hor- 
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mane(s), the carbon source, and agar (for solid medium only) (see Note 
7). 

2. After all the medium components have been well mixed, adjust the pH 
to the desired value (generally between 5 and 6), and make up the 
volume to 1 L with distilled water using a volumetric flask (see Note 
8). 

3. Plant cell suspension cultures are routinely grown in 250-mL Erlen- 
meyer flasks containing 100 mL of medium. When preparing liquid 
media for autoclaving, dispense lOO-mL aliquots into 250-mL Erlen- 
meyer flasks, and cover the tops with a double layer of aluminum foil 
measuring 15 x 15 cm (see Note 9). Each flask should be labeled with 
a water insoluble marker pen stating the medium type and date of 
preparation (see Note 10). 

4. For solid medium (containing agar) used for the growth of callus 
cultures, there exist two alternatives for dispensing into culture ves- 
sels. One alternative is to dispense approximately 30 mL of liquid 
medium containing agar into lOO-mL Erlenmeyer flasks, and cover 
the tops with aluminum foil (see Note 9) before autoclaving. On the 
other hand, the medium can be autoclaved in 500-mL lots in Pyrex 
bottles and then dispensed into commercially purchased sterile cul- 
ture pots in a laminar flow cabinet after it has cooled to around 50°C 
(see Note 11). I n either case, label containers with a water-insoluble 
marker pen, stating the medium type and date of preparation. 

5. Autoclave the media, both solid and liquid, at 120°C and 1.06 kg/cm* 
for 20 min. If volumes of 1 L or over are to be autoclaved in a single 
container, the sterilization time should be increased to 40 min. To 
check for visible signs of microbial contamination, allow several days 
between the preparation and use of solid and liquid media, and store 
at room temperature. 

6. If the medium requires addition of thermolabile components (e.g., 
zeatin), it is necessary to add them in a laminar flow cabinet to the in- 
dividual flasks when they have been autoclaved. This is done by pre- 
paring a stock solution of the given compound at an appropriate con- 
centration, so that addition of up to 5 mL of this solution to each flask 
will give the desired concentration in the medium. These additions 
should be made by passing the solution through a sterile 0.2~pm filter 
attached to a 5-mL syringe, preferably sterile. In the case of solid me- 
dia, thermolabile chemicals can be added to the medium after it has 
cooled down sufficiently but before it has begun to set (40-50°C). 
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Additions can be made either before or after dispensing the medium 
into individual containers. 

3.3. For Assessment of Callus Growth 
If the callus culture of a given species has been initiated on several 

growth media each with a different hormone combination, it may be 
necessary to assess the growth and productivity (e.g., of a secondary 
metabolite) for each cell line. This is particularly important when space 
and time are limited for the maintenance of large numbers of cell lines. 
Assessment of callus growth and productivity provides useful data, on the 
basis of which a decision can be made to retain a cell line with a high growth 
rate, a high productivity, or a compromise between these two parameters. 
It should be emphasized that the method detailed below gives only a rough 
estimation of growth, since the procedure is based upon fresh weight 
rather than dry weight measurements. However, in order to increase the 
reliability of these growth measurements, it is necessary to standardize 
as many of the parameters involved as possible. 

1. Under sterile conditions, transfer 25 mL of sterile agar into either 
Erlenmeyer flasks or sterile plastic culture pots and allow to set (see 
Note 12). 

2. Aseptically transfer a known weight (e.g., 0.5 g) of callus tissue onto 
the fresh agar (see Note 13). If the callus is friable (see Note 14), the 
transfer can be made simply by using a spatula that has been steril- 
ized by immersing it into industrial ethanol and then flamed. On the 
other hand, if the callus tissue is hard or partially differentiated, then 
it may be necessary to dissect the callus on a sterile Petri plate using a 
scalpel and a pair of forceps sterilized as above. 

3. After a suitable length of time (e.g., 4 wk) (see Note 15), remove the 
callus from the pot with a sterile spatula and weigh using a sterile Petri 
plate. Record the results in a chart similar to that shown in Fig. 1. If 
further analysis (e.g., secondary products, starch, enzyme levels) is 
required, then a sample of callus tissue should be set aside for this 
purpose. 

4. It is advisable to monitor the growth of callus lines over several 
passages (subcultures), in which case the callus weighed at the end of 
the last cycle should provide the starting material (e.g., 0.5 g) for the 
next cycle. In order to allow meaningful statistical analysis of the 
results, it is necessary to have at least 5 replicates/medium/hormone 
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combination for each cycle. A suitable diagrammatic way of repre- 
senting these data is in the form of histograms with standard errors of 
the mean (see Fig. 2). 

3.4. For Assessment of Growth 
in Suspension Cultures 

Even when suspension cultures have been established, it is still 
possible to manipulate certain key components of the medium (carbon 
source, nitrogen source, hormone combination, or concentration) or change 
the medium formulation altogether. 

1. 
2. 

3. 

4. 

5. 

6. 

1. 

2. 

3. 

4. 

Subculture cells into “new” medium in the usual way. 
If the cells adapt to the new medium formulation, the culture should 
be allowed to become established over several passages (at least 5) 
before any analysis work is attempted (see Note 16). 
The growth analysis is carried out according to the method described 
in Chapter 2 of this vol. 
With suspension cultures, it is possible to take samples for product 
analysis at any time during the growth cycle. Ideally, samples should 
be taken at the same time as those for growth analysis. 
Construct growth curves for suspension cultures according to Fig. 2in 
Chapter 2 of this vol. 
For the purposes of comparison, the growth of the culture in the “old” 
and “new” media should be monitored concurrently. 

4. Notes 

Care should be taken when supplying amino acids as the nitrogen 
source. In certain cell cultures, amino acids may be deaminated and 
used as a source of carbon. 
Even when a published method for the culture initiation of a given 
plant species is adopted, it is still advisable to test, at the same time, 
other defined media formulations and hormone combinations. Oc- 
casionally, an alternative medium may emerge as the most suitable 
formulation for growth. An example is presented in Fig. 2. 
Addition of agar is required only for solid media: It is omitted when 
preparing media for suspension cultures. 
Although it is possible to pour agar-containing media into appro- 
priate containers on a laboratory bench equipped with a Bunsen 
burner, a laminar flow cabinet is preferred for aseptic transfer of tis- 
sue material during subculturing. 
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Fig. 1. Suggested chart layout for recording growth parameters for a callus culture. 
At least five replicates are necessary to calculate the average fresh weight for a given 
cell line and to determine the percentage change. 

1000 

BOO 

200 

0 L - 
w-2 El-1 85-Z 85-3 85-4 MS-1 MS-3 

Media formulations 

Fig. 2. Growth of potato (SoZanum tuberosum cv. Saturna) callus on different media 
during three subsequent passages (a, b, c). The callus wasinitiated on White’s medium 
(which was the recommended medium in the literature) as well as on two other media, 
namely Murashige and Skoog’s and Gamborg’s B5. After three successive passages, 
Gamborg’s B5 medium emerged as the best formulation for the growth of potato callus. 
The growth is expressed as percentage increase in fresh weight of callus after 24 d in 
culture. Each histogram represents the mean percentage increase and standard error 
of the mean of at least five replicate cultures. Incubation conditions, medium volume, 
and inoculum weight were standardized (unpublished data of G. Stepan-Sarkissian 
and D. Grey). The abbreviations used are: W: White’s medium, (b) B5: Gamborg’s 
medium (2) and MS: Murashige and Skoog’s medium (4). The numbers following 
medium designations represent the following auxin and cytokinin combinations: (1): 
5.7 mg/L 2,4-D and 5.0 mg/L kinetin, (2): 10 mg/L 2,4-D, (3): 10 mg/L NAA, (4): 10 
mg/L NAA and 10 mg/L kinetin. 
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5. In some media, it is necessary to add some components separately. 
For example, in Murashige and Skoog’s medium, calcium chloride 
must be thoroughly dissolved before any other salt is added. To pre- 
vent precipitation of other medium components, magnesium sulfate 
should be added last. 

6. One suitable way of prolonging the life of inorganic salt stock solu- 
tion is to filter-sterilize before storage. This is particularly advisable 
if the solution is to be used intermittently. 

7. The percentage of agar added to the medium can vary according to the 
type of medium and hormones used. In this laboratory, for example, 
when Lab M agar (London Analytical & Bacteriological Media Ltd., 
Salford, UK) is used, 1% (w/v> dry powder is added to Gamborg’s B5 
medium (I), whereas 1.2% (w/v) dry powder is necessary to achieve 
the same consistency with Murashige and Skoogs medium (4). In 
addition, it has been noted that hormones present in the medium have 
some effect on the setting power of agar powder. 

8. For most media, autoclaving results in the release of sugar acids that 
cause a slight drop in the final pH of the medium. 

9. An alternative way of maintaining the sterility of the flask contents 
is to use a nonabsorbent cotton wool bung. However, care must be 
taken to avoid igniting the cotton wool in the presence of a naked 
flame. 

10. Sterilized liquid medium must be stored in a cupboard sheltered from 
light, dust, and extremes of temperature. Certain medium salts- 
especially those of Murashige and Skoog’s and related media-tend 
to precipitate following extended periods of exposure to light. Light 
is also reported to have a deleterious effect on some hormones, e.g., 
kinetin. Liquid medium should be used within a period not exceed- 
ing 3 mo from the date of preparation. 

11. If for some reason the agar is not poured into appropriate containers 
before it sets, then it is possible to melt the agar by placing the bottle 
containing the solid medium in a water bath at 80°C before pouring. 
Maintaining a supply of solid medium in these 500-mL lots is a 
convenient method of storage, since it requires less space and min- 
imizes loss of moisture resulting from evaporation. 

12. The use of a volumetric flask or a measuring cylinder with hot agar 
can be difficult. An alternative method of standardizing the amount 
of agar contained in each pot is by weight. This is done by placing the 
sterile culture vessel on a balance, and taring it before pouring a 
known weight (e.g., 25 g) of agar into the vessel. 
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13. 

14. 

15. 

16. 

When transferring a known weight of callus during growth exper- 
iments, it is important to ensure that the weight transferred consists 
of one single rather than several pieces of callus. It is likely that the 
availability of nutrients to several small pieces will be higher than to 
a large single piece of callus. This may affect the apparent growth 
rate of the callus tissue. 
In most cases, it is possible to enhance the friability of callus tissue by 
either increasing the auxin or decreasing the cytokinin concentra- 
tion in the growth medium. 
A typical subculture cycle for a callus culture is 4 wk. However, if the 
callus exhibits rapid growth, then growth measurements should be 
made every 2-3 wk since it is important that the growth is not limited 
by nutrient depletion. On the other hand, if the callus grows very 
slowly, it is not advisable to extend the subculture cycle beyond 6 wk, 
since after this time, the agar begins to dry out and this will affect 
the growth rate. 
When changing from one medium formulation to another, it is im- 
portant to allow sufficient time, e.g., 5 passages, for the cells to adapt 
to the new medium. This is necessary for two reasons. First, the 
culture may survive the first passage into “new” medium because of 
the carryover of nutrients from the old medium, and it is necessary to 
eliminate this effect before a meaningful measurement of growth is 
undertaken. Secondly, transferring cells into “new” medium can 
often cause a drop in culture viability during the first few passages. It 
is possible that the cells may adapt to this new medium, in which case 
the viability will gradually return to normal. 
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Chapter 2 

Growth Determination 
and Medium Analysis 

Gagik Stepan-Sarkissian 
and Debbie Grey 

1. Introduction 

The importance of plant cell suspension cultures as a research tool in 
various aspects of plant biology is well established. A basic requirement of 
work with plant cell suspension cultures is the ability to monitor growth 
on the basis of various parameters. Reliable and reproducible measure- 
ment of growth is essential in order to assess the performance of the culture 
in general and pinpoint the occurrence of certain metabolic events at given 
growth stages. 

Plant cell cultures exhibit a growth profile not dissimilar to that of 
microorganisms (Fig. 1) (I). During an initial lag phase, following subcul- 
ture into fresh medium, the cells regain the ability to divide. The next stage 
(exponential phase) involves rapid cell division. Depending on the cells 
and nutrient regime, this stage can vary in duration. However, in most 
cases, the exponential phase is a short one, and only 3-4 generations are 
passed through before the rate of cell division declines (linear and progres- 
sive deceleration phases) and eventually ceases as the cells enter stationary 
phase. Typically, this pattern of culture growth is observed regardless of 
the method employed to monitor growth. 

From* Melhods II) Mo/ecu\ar B~o/ugy, vol 6, Plant Cell and TRW Cu/fure 
EdlIed by Jeffrey W Pollard and John M. Walker, (01690 by The Humana Press 

13 
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e 

time 

Fig. 1. Model curve relating culture growth to time in plant cell suspension cultures 
(from ref. 1). The various stages of growth are: (a) lag phase, (b) exponential phase, (c) 
linear phase, (d) progressive deceleration phase, and (e) stationary phase. 

There are several techniques available for measuring culture growth. 
The methods used consist of determination of cell number, fresh and dry 
weights, and packed cell volume. The method that gives the most accurate 
picture of cell growth is the determination of cell numbers. However, plant 
cell suspensions rarely contain a high percentage of single cells. Instead, 
they consist mostly of cell clumps of varying sizes. In consequence, the 
determination of cell numbers should include an additional process dur- 
ing which cell clumps are broken into single cells. Since the efficiency of 
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this process is inversely proportional to the size of the clumps, the appli- 
cation of this method to suspension cultures with a high density of large 
clumps results in a less than accurate measurement of cell numbers. In 
addition, this method with its two stages of clump disruption and cell 
count is a time-consuming process and, therefore, not recommended for 
routine growth measurements. In contrast, packed cell volume measure- 
ments give very rapid results, which nevertheless are not more than rough 
approximations and are very rarely used for plant cell suspensions. 

The most widely used method of growth determination is the meas- 
urement of fresh and dry weights of cells. It is essential to measure both 
parameters, since often the wet weight of the cells continues to rise after the 
dry weight goes into decline (Fig. 2). During the linear phase, plant cells 
synthesize cell wall material and starch from available carbohydrate. 
When the culture passes into progressive deceleration and stationary 
phases, the cells metabolize all available carbohydrate. There is no further 
starch accumulation. The decline in dry weight corresponds with the util- 
ization by the cells of the accumulated starch. However, the wet weight 
of the cells continues to rise. At this stage, the cells are large and have a ten- 
dency to trap culture medium on the filter bed, which leads to a high fresh 
weight. 

The methods just described give a measure of cell biomass, but yield 
little information about the health of the culture. This parameter is rou- 
tinely assessed by the measurement of the percentage viability of the cell 
population throughout a growth cycle. There are various ways of assess- 
ing the viability of a cell culture (see Chapter 3, this vol.). Most of these 
methods involve the use of cytological stains (2). Here we describe one 
method based on the vital stain fluorescein diacetate (FDA). When FDA 
molecules come into contact with living cells, they are hydrolyzed by the 
action of membrane-bound esterases and the resulting fluorescein moie- 
ties accumulate in the cytoplasm of the cells. When excited by light, fluo- 
rescein molecules give a bright green fluorescence. It should be noted that 
the use of a single method for viability estimation will only be qualitative. 

Nutrient uptake from the medium is also a measure of culture growth. 
Analysis of certain key components in the growth medium will indicate if 
a particular nutrient is limiting at any stage in the culture cycle. We de- 
scribe here methods for the determination of sucrose (3), fructose (3), glu- 
cose (4), nitrate, and inorganic phosphate (5) in the culture medium of plant 
cells. The results from carbohydrate analysis together with biomass meas- 
urements will provide the necessary data for calculation of the carbon con- 
version efficiency of a cell suspension culture growing under defined 
conditions (see Note 8). 
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Fig. 2. Growth profile of a carrot suspension culture grown on 2% sucrose. 
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1. 
2. 
3. 

2.1. For Fresh and Dry Weights 
Whatman No. 1 filter paper disks (2.5 cm). 
Oven at 60°C. 
Stainless-steel filter bed (see Fig. 3). 

1. 

2. 

Fluorescein diacetate stock solution (5 mg/mLacetone). This solution 
must be stored at 4OC, where it is stable for 6 mo. 
Fluorescein diacetate working solution. This is prepared by adding 
0.1 mL stock solution to 5 mL distilled water. This solution is not stable 
for more than 30 min. 

3. 
4. 

Cavity microscope slides and coverslips. 
Fluorescence microscope equipped with an exciter filter (wide spec- 
tral range) in the blue excitation region, a dichronic mirror in the range 
of 500-515 nm, and a barrier filter at 515 nm. 

1. 
2. 
3. 

30% (w/v) KOH solution. 

4. 

70% (v/v) H2S04 (for preparation, see Methods section). 
Anthrone reagent. This is prepared by dissolving 150 mg anthrone in 
100 mL 70% H2S04. It is imperative that the final color of this solution 
be yellow, not green (seeNote 5). This reagent is stable for 2 wk at 4OC, 
after which a greenish-brown coloration develops. 
Standard sucrose solution (1 mg/mL). This reagent should be made 
fresh each time. 

1. 

2. 
3. 

2.4. For Fructose Measurements 

70% (v/v> qS04 (for preparation, see Method of Sucrose Measure- 
ments). 
Anthrone reagent (see reagent 3 above and Note 5). 
Standard fructose solution (1 mg/mL). This solution should be made 
fresh each time. 

2.5. For Glucose Measurements 
Boehringer Mannheim GOD-PAP test kit for glucose (Catalog No. 1. 
166391). 

Growth Determination 

2. Materials 

2.2. For Viability 

2.3. For Sucrose Measurements 
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2. 

1. 
2. 

3. 

4. 

1. 

2. 

1. 
2. 

3. 

4. 

Stepan-Sarkissian and Grey 

Standard glucose solution (1 mg/mL). This solution should be made 
fresh each time. 

2.6. For Inorganic Phosphate Determination 
2.5% (w/v) ammonium molybdate in 2.5M H$O,. 
Reducing agent stock mixture: 1-amino-2-naphthol-4-sulfonic acid 
(1 g), sodium metabisulfite (69 g), and sodium sulfite (5 g, anhydrous). 
This mixture should be blended thoroughly with a mortar and pestle, 
and stored in the dark at room temperature. 
Reducing agent working solution: This is prepared by dissolving 7.5 
g of the stock mixture in 50 mL of distilled water just prior to use. The 
solution is stable for no more than 2 h. 
Standard phosphate solution: 4 @4 KH$‘O, (0.545 mg/mL). This so- 
lution should be made fresh each time. 

2.7. For Nitrate Determination 
Standard nitrate solution: Prepare 0.1, 1.0, 10.0, and 100.0 mM solu- 
tions of sodium nitrate in nitrate-free culture medium. These solu- 
tions are made up by dissolving sodium nitrate (0.85 g) in 100 mL of 
nitrate-free culture medium for a 100 mM solution, and the rest are 
diluted from this. Standard nitrate solutions should be prepared fresh 
each time. 
A nitrate probe connected to any meter that will give readings in milli- 
volts (mV) using the correct adaptors. 

3. Methods 

3.1. Fresh and Dry Weiihts 
Place a supply of filter paper disks in the oven at least 24 h before use. 
Weigh dried filter paper disk directly after removal from the oven 
(1 disk/sample aliquot). 
Place the disk on the stainless-steel filter bed (Fig. 3) seated on a rubber 
stopper in a Buchner flask under vacuum. Wet the filter disk with dis- 
tilled water (about 3 mL), and allow vacuum to operate for a constant 
period of time (e.g., 10 s). Reweigh the wet filter disk immediately be- 
fore any evaporation has taken place. 
Replace the disk on the filter bed, and position the filter top centrally 
over the disk. Filter a known volume of culture (e.g., 3 mL). To ensure 
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A 

Fig. 3. Stainless-steel filter unit used in fresh and dry weight determination. The 
diagram is drawn to show the actual size of the unit. The filter unit consists of two parts: 
the filter top (A) and the filter bed (B). The filter top has a central hole. The filter bed 
also has a central hole, but with a slightly larger diameter than that of the filter top and 
covered with wire mesh to support the filter paper disk when in use. 

that a representative sample is taken, the culture should be well mixed 
before sampling (see Note 1). When the cells appear “dry” allow va- 
cuum to operate for the same period of time as above (see Note 2). 
Reweigh the wet disk cells immediately. 

5. Place the disk cells on a clearly labeled weighing boat or in a Petri plate, 
and return to the oven to dry for at least 24 h before weighing the dry 
disk cells. 

6. Fresh and dry weights of cells are calculated according to Equations 
1 and 2: 

Wet wt (g/L) = Wt of wet disk + cells (g) - wt of wet disk (g) x 1000 (1) 

Sample vol (mL) 

Dry wt (g/L) = Wt of dry disk + cells (g) - wt of dry disk (g) x 1000 (2) 

Sample vol (mL) 

Figure 4 shows a sample of a chart used to record data for fresh and dry 
weights (see Note 3). 
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Fig. 4. Suggested chart layout for recording growth parameters. Three or more 
measurements are used to calculate the average fresh and dry weights. The abbreviations 
used are: FP, filter paper; C, cells; SEM, standard error of the mean. 

3.2. Viability 

1. Thoroughly mix the culture before placing a drop of cell suspension 
into the cavity of the microscope slide. Add one drop of fluorescein 
diacetate working solution to the cell sample and place a coverslip 
over it (see Note 4). 

2. After 2 min, observe the fluorescence under a microscope. Fluorescein 
diacetate, a polar molecule, quickly penetrates the cells and is con- 
verted to nonpolar fluorescein, which accumulates in the cytoplasm in 
approximately 2 min. Viable cells exhibit a bright green fluorescence, 
which lasts for at least 15 min. Viability is estimated by counting the 
number of cells that fluoresce in a given field and expressing this as a 
percentage of the total number of cells in that field. For a more repre- 
sentative measure of culture viability, it is advisable to count the cells 
in several fields. After about 30 min, the fluorescein begins to diffuse 
from the cells into the medium, which then also fluoresces. 

3.3. Sucrose Measurement 
3.3.1. Preparation of 70% H2S04 

NOTE: The preparation of 70% H2S04 from concentrated acid is an 
extremely exothermic reaction, and certain precautions need to be 
observed. 

1. Wear safety glasses and gloves, and keep a container of Na,CO, at 
hand to be used in the event of acid spillage. 

2. Embed a 2-L conical flask containing a magnetic flea in ice in a plastic 
bowl. Place the bowl on a magnetic stirrer in a fume cupboard. 

3. Pour 300 mL distilled water into the flask, and switch on the stirrer. 
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4. Slowly add 700 mL of concentrated H2S04 to the water in the flask. 
Leave to stir for at least 1 h to allow the solution to cool. Store the re- 
agent in dark. 

3.3.2. Preparation of Calibration Curve 
It is advisable to construct the calibration curve prior to the start of the 

medium analysis, since it is easier to detect whether anything is wrong 
with the assay at this stage (see Note 5). 

1. Pipet 20,40,60,80, and 100 PL standard sucrose solution into dupli- 
cate sets of test tubes. Make up all volumes to 100 uL with distilled 
water and mix well. 

2. Add 100 uL of 30% KOH to each tube and mix well. 
3. Cover the tubes with foil, and place them in a boiling water bath for 10 

min. Remove and leave to cool. 
4. Add 3 mL of anthrone reagent to the first tube and mix well. Place in 

a 40°C water bath, and start the timer. After exactly 2 min, repeat with 
the second tube. Follow this pattern with the remaining tubes. 

5. After exactly 20 min from the addition to the first tube, remove this 
tube from the water bath and read the absorbance at 620 nm. Repeat 
at 2-minintervals with theremaining tubes. The absorbance at 620 nm 
of the tube containing 100 PL of standard sucrose solution should be 
approximately 1.1 It 0.1. 

6. Construct a calibration curve of sucrose concentrations (mg/mL) 
against absorbance readings. 

3.3.3. Analysis of Medium Samples 
1. Pipet into duplicate sets of tubes appropriate amounts of sample to 

give absorbance readings that lie within the range of standard curve. 
Dilution of medium samples may be necessary in most cases. 

2. Repeat steps 2-5 of section above (Calibration Curve). 
3. To calculate sucrose concentrations in medium samples, use the stan- 

dard curve constructed above. 

3.4. Fructose Measurement 
This method uses 70% H,SO, prepared as described above. 

3.4.1. Preparation of Calibration Curve 
It is advisable to construct the calibration curve prior to the start of me- 

dium analysis, since it is easier to detect whether anything is wrong with 
the assay at this stage. 
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1. 

2. 

3. 

Pipet 20,40,60,80, and 100 PL aliquots of standard fructose solution 
into duplicate sets of tubes, and make up the volume in each tube to 
100 PL with distilled water. 
At timed intervals (see section on Sucrose Measurement above), add 3 
mL of anthrone reagent, and leave at room temperature for 15 min. 
Read the absorbance at 620 nm. 
Construct a standard curve of fructose (mg/mL) vs absorbance read- 
ing at 620 nm. The absorbance at 620 nm for the tube containing 100 
PL standard fructose solution should be approximately 1.8 f 0.2. 

3.4.2. Analysis of Medium Samples 
1. Pipet into duplicate sets of test tubes appropriate amounts of sample, 

which will give an absorbance reading within the standard range. 
2. Make up all thevolumes in the test tubes to 100 PL with distilled water. 
3. Add 5 mL of anthrone reagent, mix, and leave at room temperature for 

15 min. Read the absorbance at 620 nm. 
4. The procedure described above determines both fructose and sucrose 

amounts in the given sample. It is therefore necessary to run sucrose 
assays on medium samples as described above. The absorbance value 
for a particular sample obtained in the sucrose assay is then subtracted 
from the corresponding absorbance value from step 3 above. The net 
absorbance value thus obtained is read against the fructose calibration 
curve in order to determine the fructose concentration in the given 
sample. 

3.5. Glucose Measurement 

3.5.1. Preparation of the Assay Reagent 
1. Dissolve the contents of bottle 1, which contains buffer, enzymes, and 

4-aminophenazonein 200 mL distilled water. Add to this the contents 
of bottle 2 containing phenol. 

2. Mix well, and store in the dark at 4OC. Care must be taken with this re- 
agent (for details refer to literature enclosed with the kit). 

3.5.2. Construction of Calibration Curve 
1. Pipet 20,40,60,80, and 100 PL aliquots of standard glucose solution 

into duplicate tubes. Make up the volume in each tube to 200 ~.LL and 
mix well. 

2. Add 2 mL of assay reagent to each tube at timed intervals, and mix 
well. Incubate the tubes at room temperature in the dark for 60 min. 
Read the absorbance at 510 nm. The color will remain stable for up to 
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1 h. The absorbance at 510 nm of the tube containing 100 PL of stan- 
dard glucose solution should be approximately 1.5 f 0.2. 

3. Construct a standard curve of glucose (mg/mL) vs absorbance read- 
ing at 510 nm. 

3.5.3. Analysis of Medium Samples 
1. Pipet 200 FL of each medium sample into duplicate sets of tubes. 

Dilute when necessary. 
2. Add 2 mL of assay reagent to each tube at timed intervals. Mix well 

and read the absorbance at 510 nm, incubating tubes in the dark at 
room temperature for 60 min. 

3. To calculate glucose concentrations in the medium samples, use the 
standard curve constructed above (see Notes 6-8). 

3.6. Inorganic Phosphate Determination 

3.6.1. Preparation of Calibration Curve 
1. Pipet 25,50,100,150,200,300, and 400 PL aliquots of standard phos- 

phate solution into duplicate sets of test tubes. Make up all volumes 
to 500 PL and mix well. 

2. Add 500 PL of 2.5% ammonium molybdate solution to each tube. Add 
3.8 mL of distilled water and mix well. 

3. Add 200 PL of reducing agent working solution at timed intervals to 
each tube and mix well. Incubate the tubes at room temperature for 
10 min, and read the absorbance at 660 nm. 

4. Construct a calibration curve of phosphate concentrations @mol P,> 
against absorbance readings. The absorbance at 660 nm for the tube 
containing 400 lt.L (1.6 pmol P,> standard phosphate solution should be 
approximately 1.2 * 0.2. 

3.6.2. Analysis of Medium Samples 
1. Pipet 500 PL of undiluted medium sample into duplicate test tubes. 

Repeat steps 2 and 3 above. 
2. To calculate phosphate levels, use the standard curve constructed 

above (see Note 9). 

3.7. Nitrate Determination 

3.7.1. Construction of Calibration Curve 
1. Immerse thenitrateprobeinapproximately10mLof theO.l nMnitrate 

standard, and set the mV reading on the meter to an arbitrary value, 
e.g., 65 mV. The probe may take some time to stabilize. 
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2. Read the values for the remaining nitrate standards beginning with 
the lowest concentration. Rinse and blot dry the probe between read- 
ings. 

3. Plot the calibration curve on semilog graph paper-mM nitrate values 
on the log axis, mV readings on the linear axis. 

3.7.2. Analysis of Medium Samples 
1. Dilute the medium samples MO with nitrate-free culture medium. 

Working volumes of 20 mL will be convenient to use. 
2. Immerse the probe in the solution, and note the mV reading. Wash 

and blot dry the probe between readings. 
3. Use the calibration curve to convert the mV readings for unknown 

samples into nitrate concentrations (mM>. 

4. Notes 

1. Aconvenient way of taking samples for fresh and dry weights is to use 
a 5-mL automatic pipetor (e.g., Gilson). The end 5 mm of the pipet tip 
is cut off to widen the bore size, and ensure that larger clumps are also 
taken and included in the measurement. By using this method, it is 
also possible to withdraw samples from cell suspension cultures asep- 
tically, since the pipet tips and filter tips can be autoclaved. 

2. Often cells adhere to the upper part of the filter unit during filtering. 
In this case, remove the top section, scrape the cells from its inner sur- 
face, and place them on the filter disk while the latter is still on the bot- 
tom half of the filter unit. You may find that the use of a pair of forceps 
with blunt ends or a spatula will facilitate the handling of the filter 
disks. 

3. For routine measurement of culture growth, samples may be taken on 
alternate days. To ensure that a representative average value is ob- 
tained for fresh and dry weights, triplicate samples are taken. This can 
be done by either removing 3 samples from 1 flask/d or taking 1 sam- 
ple from 3 flasks. Ideally, in both cases 1 flask/d should be used for 
sampling, since a significant reduction in culture volume will affect 
mixing and aeration of the culture. Therefore, if the second of the two 
alternatives is adopted, three times as many flasks should be set up for 
the experiment. 

4. The fluorescein diacetate (FDA) method used for viability studies is 
in fact a measure of membrane-bound esterase activity. Therefore, 
strictly speaking, this method indicates that the cell membrane is in- 
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tact, and this feature is taken to mean that the cells are viable. The fol- 
lowing points are helpful hints for viability assessment: 
a. If the culture being used is a very fine suspension, it is possible 

to substitute the cavity slides with ordinary microscope slides. 
b. The presence of background fluorescence on the microscope 

slide is an indication of extensive cell lysis. 
c. The presence of crystals on the slide indicates that the FDA has 

come out of solution and needs to be replaced by a fresh solu- 
tion. 

d. It is relatively easy to estimate the viability of a fine suspension 
culture. However, caution is needed when assessing the viabil- 
ity of a culture containing large cell clumps where the fluores- 
cence can be attributed to cells on the surface of such clumps. 
Allowance should therefore be made for the possible presence 
of nonviable cells within the clumps. 

5. The presence of even trace amounts of a reducing sugar on the glass- 
ware used to prepare the 70% H$04 solution and subsequently the 
anthrone reagent will cause a green coloration in the latter and make 
it unusable. It is essential, therefore, to acid-wash all glassware used 
in these determinations and keep them separate. The spatula used in 
weighing the anthrone reagent should also be washed in acid, rinsed 
with distilled water, and air-dried. It should never be wiped with tis- 
sue or cloth, since fibers of these materials affect the anthrone reagent. 

6. An example of the pattern of medium carbohydrate utilization is 
shown in Fig. 5. In this case, sucrose is hydrolyzed externally to give 
fructose and glucose in the medium, as seen by the falling sucrose con- 
centration and the concomitant rise in the levels of the two monosac- 
charides. The presence of glucose and fructose in the sample for d 0 
is explained partly by the hydrolysis of sucrose during autoclaving 
and partly by its own rapid hydrolysis when the cells are subcultured 
into the fresh medium. The apparent discrepancy in the total level of 
carbohydrate may be the result of the use of different methods to de- 
termine individual sugars. 

7. It is possible to determine the levels of various sugars in medium sam- 
ples by HPLC analysis with the appropriate column and detector (see 
Chapter 43, this volume). 

8. As mentioned in the Introduction section, it is possible to calculate the 
carbon conversion efficiency of a given culture using data from me- 
dium carbohydrate analysis and dry weight measurements. Carbon 
conversion values are calculated according to the Equation 3: 
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Fig. 5. Pattern of carbohydrate utilization in the mediumof carrot cultures grown on 
2% sucrose. The sugars analyzed are sucrose (ml, glucose (VI, and fructose (0). 

Carbon conversion (%) = Final dry wt (g/L) - Initial dry wt (g/L) x 100 (3) 

Initial carbon level (g/L) - Final carbon level (g/L) 

Care must be taken in interpreting carbon conversion efficiency val- 
ues, since not all the carbohydrate taken up is converted into biomass, 
but is also oxidized. For a discussion of carbohydrate utilization by 
plant cells, the reader is referred to Fowler (6,7). 

9. During a typical growth cycle, phosphate is rapidly taken up from the 
medium by plant cells. In certain cases, towards the end of the growth 
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cycle, the levels of phosphate in the medium may rise sharply. This 
phenomenon can be ascribed to cell lysis and the release of intracel- 
lular phosphate pools into the medium. This rise in phosphate level 
may correspond to a concomitant fall in cell viability. 
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Chapter 3 

Measurements of Viability 
Suitable for Plant 

Tissue Cultures 

David R. Duncan 
and Jack M. Widholm 

1. Introduction 

Experiments using plant tissue cultures, such as measuring their toler- 
ance to herbicides or metabolite analogs, elucidating biochemical path- 
ways by exposing the tissues to metabolic inhibitors, or cryopreserving the 
cultures, require at some point the determination of the tissue’s viability. 
Viability is the capacity of a cell or organism to live, and the state of being 
viable is most commonly recognized by the growth of the studied tissues 
(I-3). Measurements of growth can include measuring increases in fresh 
or dry weight of a cultured tissue (2,3) or measuring increases in cell num- 
ber or size (2-4). 

Growth, however, can be a misleading measure of cell viability (3). 
For instance, low temperatures or metabolic inhibitors may arrest growth, 
but not kill a tissue. The tissue may just be growing extremely slowly, and 
normal growth may resume once the inhibition to growth is removed (2,3). 
Removing the inhibitor, however, may take a long time, if for instance the 
From. Methods in Mo/ecu/ar Bmkgy, vol 6, Plant Cell and The Culture 
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inhibitor has accumulated in the tissue. Thus, factors such as the rate of in- 
hibitor removal can greatly complicate growth measurements, and may re- 
sult in the data being misleading or the analysis requiring a long time to 
complete. Growth measurements are also usually not very quantitative, so 
that it is difficult to determine what proportion of the cells is viable. Tissues 
may also not grow, even though a small proportion of the cells is actually 
alive. 

When feasible, growth measurements can be useful, and they can be 
applied to all forms of plant tissue cultures, meristem clones, callus, cell 
suspensions, and protoplasts. Using growth as a test of viability also has 
the advantage of being nondestructive, which may be of critical import- 
ance, if for instance the tissue is difficult or costly to obtain. However, be- 
cause of the possibility of misinterpreting the results, growth measure- 
ments are most often best used in conjunction with other viability tests, 
such as those that measure some parameter of metabolic activity (1). 

Viability tests thatmeasure “vitalmetabolicfunctions” canbegrouped 
into three categories: 

1. Observations of cytoplasmic streaming (3). 
2. Measurements of membrane integrity, such as electrolyte leakage, 

plasmolysis, and stain exclusion or retention (1,2,5-7). 
3. Measurements of biochemical activity, such as protein synthesis (2), 

tetrazolium chloride reduction (3,8,9), DNA and RNA synthesis (2,I O), 
fluorescein diacetate staining (7), and ATP content (II). 

Probably arising from human experience with the death of other 
individuals, these tests are often viewed from the “nonscientific” perspec- 
tive that cell death occurs at a discrete instance, at which time all vital func- 
tions stop (1). It is apparent from the literature that, once a lethal stress is 
applied to a tissue, a period of time may pass, perhaps minutes to days, 
before all vital cellular functions stop (for examples,seerefs. 1 and 12). Con- 
sequently, which viability test is used and when it is applied to a tissue are 
extremely important experimental parameters to consider for a clear inter- 
pretation of the viability of the tissue, and setting these parameters may 
strongly depend on the type of tissue being studied. For instance, to use 
DNA or RNA synthesis as a viability test in a differentiating culture would 
require doing the assay at the same physiological stage of differentiation, 
which may be very difficult to accomplish if experimental conditions alter 
the rate of differentiation. Thus, these two viability tests may be inappro- 
priate assays for a differentiating tissue. 
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Most of these viability tests are also generally based on metabolic stud- 
ies using animal tissues (1,2). The application of these tests to plant cultures 
is a possible point for concern. The structural and biochemical differences 
in plant cells as compared to animal cells may possibly invalidate or render 
useless a viability test. For instance, a stain used with animal cell cultures 
may bind to or not pass through a plant cell wall. It is also possible that a 
plant cell or a particular species of plant may have metabolic activities or 
accumulated metabolites that interfere with a viability test. Such potential 
problems suggest that it would be a prudent practice to verify, with each 
plant culture system studied, that a viability test actually measures what 
the literature reports it to be measuring. 

The fact that most of the viability tests used today were developed 
from studies of animal cells also suggests that there could be many plant- 
specific vital functions that could be, but are rarely being, exploited for tests 
of viability in plant cell cultures. For instance, ethane emination (13,14) or 
polygalacturonase accumulation (15) may be useful for monitoring viabil- 
ity in heterotrophic cultures. If the cultures are photoautotrophic, then the 
degradation of light harvesting complex II may be a useful measure of via- 
bility (26). 

Of the viability tests that assay vital metabolic functions, only the ob- 
servation of cytoplasmic streaming is nondestructive, but it can only be ap- 
plied to cell suspensions, protoplasts, and small clumps of cells through 
which light can pass. Even in single cells and protoplasts, the large vacuole 
in cultured plant cells may prevent the observation of cytoplasmic stream- 
ing (7). 

Of the membrane integrity tests, electrolyte leakage can be used with 
virtually all types of cultured plant material. Some cultured tissues, how- 
ever, may not be homogeneous in composition. If the different cell types 
in the tissue leak electrolytes at different rates, then the electrolyte loss 
measured may be determined more by the composition of the tissue than 
by its viability. Also, the conductance of distilled water containing a tissue 
sample is typically used to assess electrolyte leakage from the sample. 
Consequently, electrolyte loss is measured only from cells that are in con- 
tact with the water at a tissue’s surface. Thus, variation in the surface area 
of the studied tissues may also affect the electrolyte loss from a tissue. 

Stain exclusion assays, such as the use of phenosafranine (7) with ob- 
serving cytoplasmic streaming, are useful only with cell suspensions and 
protoplasts or small clumps of cells through which light can pass. These 
assays can also be misinterpreted if dead or dying cells lose their cyto- 
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plasm. Such cells would not be stained and potentially could be considered 
as being alive. We have also noted that, although phenosafranine gives 
valid results with many species, the cell walls of Zea mays suspensions bind 
the dye, and thus obscure any exclusion or cytoplasmic binding. 

Of the viability tests that assay metabolic activity, most can be used on 
any type of plant tissue culture. These assays will, however, have similar 
limitations as the measurement of electrolyte leakage, if the culture being 
studied is composed of several metabolically different types of cells (1,3). 

This brief general introduction should serve to show that the tech- 
niques available today for assessing cell viability have limitations. This is 
not to say that these assays should not be used. Instead, to use these assays, 
some practical precautions should be taken. To list a few: 

1. Several viability tests should be used to reduce interpretation error. 
2. The validity of the viability test should be established for each culture 

system studied. Validity in this circumstance would mean that the as- 
say results correlate to the viability of the cultured tissue, as measured, 
for instance, by comparing the assay results from activity growing 
samples to samples killed by freezing and thawing. Validity also 
would mean that the mode of action of the assay is the same in the 
plant system being studied as in the system reported in the literature. 

3. The viability test should be conducted after a tissue has been removed 
from the experimental situation and placed back into conditions of 
optimal growth. 

Because emphasis has been placed on using several viability tests to 
verify a culture’s viability, the remainder of the chapter will be dedicated 
to discussing two widely used viability tests, the reduction of 2,3,5-tri- 
phenyltetrazolium chloride (TTC) and fluorescein diacetate (FDA) stain- 
ing. These assays, in conjunction with growth under optimal conditions, 
can give fair assessments of cell viability in plant tissue cultures. 

The theory behind the use of TTC reduction as a viability test is that, 
when TTC, a water-soluble, colorless solution, is within a live cell, it will be 
reduced to a water-insoluble red formazan by dehydrogenase activity or 
the mitochondrial electron transport chain (17). A dead cell should have 
no mitochondrial activity and, consequently, should not be able to reduce 
TTC. Thus, live tissue in a TTC solution will turn red, and dead tissue will 
not change color. To quantify the assay, the red precipitate can be extracted 
from the tissue with ethanol and its absorbance determined spectrophoto- 
metrically (9). 
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In the case of FDA, it is thought that the nonpolar, nonfluorescent 
molecule enters plant cells where the acetate moieties are removed by an 
esterase. The resulting fluorescent product, fluorescein, is consequently 
retained in the cell because its polar nature prevents it from crossing the 
plasmalemma. Dead cells should have both limited esterase activity and 
leaky membranes. Consequently, these cells would produce less fluores- 
cein than live cells and would not retain the fluorescein produced. The 
maximum absorption of light by fluorescein is between 450 and 500 run at 
biological pH values, and its emitted fluorescent light spectrum peak is 
near 520 nm. Thus, the fluorescence of fluorescein can be observed using 
a conventional light microscope fitted with the appropriate filters. Thus, 
live cells exposed to FDA will fluoresce, and dead cells will not. 

TTC reduction requires several hours to occur, and it is difficult to vis- 
ualize under a microscope. Consequently, it can be used only as a general 
assay of viability for a population of cells. FDA, however, is rapid and can 
be visualized within individual cells microscopically. Consequently, FDA 
can not only be used as a general viability assay, but its use also facilitates 
determining the number of live cells in a population. 

2. Materials 

2. I. 2,3,6=ZkiphenyZtetrazoZium Chloride 
(TTC) Reduction 

1. Potassium phosphate buffer 0.05A4, pH 7.5 (8.7 g &HPO, + 6.8 g 
KHJ?O, dissolved in deionized distilled 30 to make 1 L and ad- 
justed to pH 7.5 with KOH). 

2. 23.9 mM 2,3,5+riphenyltetrazolium chloride (TIC) solution (0.4 g 
TTC/lOO mL of 0.05M potassium phosphate buffer) (28). 

2.2. FLuorescein Diacetate (FDA) Staining 

1. Fluorescein diacetate (FDA) stock solution: 5 mg/mL acetone stored 
at -20°C. 

2. Culture medium (typically Murashige and Skoog medium) (see Ap- 
pendix) (19). 

3. Fluorescence microscope or a light microscope equipped with barrier 
filters to produce an excitation wavelength of 493 nm and to detect an 
emission wavelength of 520 nm (20). 
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3.1. 2,3,5-WphenyZtetrazoZium Chloride 
(TTC) Reduction (See Notes l-8) 

1. Place 10-30 mg fresh weight of callus tissue or suspension cultured 
cells in a microfuge tube with 1 mL of the 23.9 mM ‘ITC solution. 

2. Set the mixture at 28°C for 6 h in the dark. The formation of the water- 
insoluble (ethanol soluble) formazan in a positive reaction will yield 
a red pigmented tissue. 

3. Remove the TIC solution with a Pasteur pipet attached to a vacuum 
line if callus tissue is used or, if a suspension culture is being tested, by 
centrifuging the solution in a Microfuge for 2 min and then removing 
the supernatant carefully with a Pasteur pipet. 

4. Add 0.5 mL of 95% (v/v> ethanol to the tube, and pulverize the tissue 
with a plastic pestil that fits the microfuge tube (Direct, products for 
science and technology, P. 0. Box 1039, Millville, New Jersey, 08332, 
USA). Add to the tube an additional 0.5 mL of 95% ethanol and set, 
covered, at room temperature for 4 h to completely solubilize the for- 
mazan. 

5. Centrifuge the resultant material in a microfuge for 5 min (pellet 
should be white after complete extraction). 

6. Determine the absorbance of the supernatant spectrophotometrically 
at 485 nm. 

3.2. FZuorescein Diacetate (FDA) Staining 
(See Notes 9,IO) 

1. Dilute 0.5 mL of FDA stock with 24.5 mL of culture medium (0.01% 
w/v solution). 

2. On a glass slide, mix one drop of cell suspension and one drop of di- 
luted FDA. 

3. Wait at least 5 min before viewing under a microscope to allow fluo- 
rescence to develop. 

4. View slide with the microscope, and count fluorescing cells as viable 
and nonfluorescing cells as dead. 

4. Notes 
1. The TTC solution should be stored frozen or 4°C in the dark. If the sol- 

ution has a red tinge to it, then the solution should not be used. 
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2. 

3. 

4. 

5. 

6. 

7. 

8. 

Since TTC reduction requires mitochondrial activity, factors known to 
slow or inhibit mitochondrial activity, i.e., low temperatures, will also 
affect TTC reduction. Consequently, for TTC reduction to be an effec- 
tive viability test, the assay must be conducted under optimal growth 
conditions. 
The procedure uses a 0.05M potassium phosphate buffer; however, 
0.5M (8) and 0.025Mphosphate buffers (3) have been used with appar- 
ent success. For special situations, we have found a need to use liquid 
culture medium as a TTC solvent and have seen no apparent reduction 
in the effectiveness of the assay. The pH (around 7.5), however, is par- 
ticularly critical for dissolving the TTC. 
The time that the tissue is exposed to the TTC solution, although listed 
above as 6 h, varies in the literature from 6 h (28) to 15 h (8) to 18-20 
h (3,9). Thus, the actual time chosen for the assay should probably 
depend upon how rapidly the tissue to be studied reduces TTC. 
Since TTC reduction depends upon mitochondrial activity, if the tis- 
sue is crushed well, this should stop most if not all further TTC reduc- 
tion. If, however, many samples must be extracted at about the same 
time, the TTC reduction can be effectively stopped by rapidly cooling 
or freezing the samples. The samples can be stored in the cooled or 
frozen state until they can be extracted. 
The time the tissue sits in 95% ethanol to dissolve the formazan can 
vary and should be adjusted so that all the formazan is dissolved. We 
have left solutions overnight in the dark, and others have heated the 
solution for 5 min at 80°C (8) or for 5-15 min at 60°C (9) to ensure that 
the formazan dissolved. If heating is used, the volumes of each assay 
extract will need to be adjusted to a specified final volume, since the 
95% ethanol will have partially evaporated. 
Several reports use a wavelength of 530 or 540 nm to measure the for- 
mazan absorbance (8,17). To avoid absorbtion by compounds other 
than reduced TTC, an absorbance optima at 485 nm has been widely 
used based on the assumption that plant cultures do not have com- 
pounds that would appreciably absorb light at that wavelength 
(3,9,17). A safe precaution would be to extract untreated cultured 
tissue in 95% ethanol, and examine the absorbance of the extract at 485 
and 530 nm to see which wavelength has the least background 
absorbance. 
Appropriate controls for TTC assays can be heat-killed or frozen and 
thawed tissue and actively growing tissues. The heat-killed or frozen 
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tissues should not react with the TTC, and the actively growing tissues 
should react. One should be able to plot the absorbance reading of the 
dead tissues as zero viability and the absorbance of the actively 
growing tissue as 100% viable (28). Such a plot facilitates determining 
the quantity of viable tissue in samples of comparably fresh weight. 

9. Appropriate controls for FDA assays, again, can be heat-killed or 
frozen and thawed tissue and actively growing tissues. The heat- 
killed or frozen tissues should not fluoresce, and the actively growing 
tissues should fluoresce. 

10. The diluted FDA solution is only usable for a few hours. 
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Chapter 4 

Cryopreservation 
of Plant Cells 

Lgndsey A. Withers 

1. Introduction 

Cryopreservation, that is, the viable storage of cells at the tempera- 
ture of liquid nitrogen (-196”C), has wide relevance in many areas of pure 
and applied biology. Examples of its very successful use can be found in 
the storage of microbes and of semen (I). More recently, attention has been 
given to the development of cryopreservation methods for embryos, 
including those of humans, tissues, and organs for transplantation and 
blood components. In the context of plant research, realization of the po- 
tential applications of cryopreservation has been somewhat latent. How- 
ever, several clear areas for application can be identified that involve the 
need to store exact genotypes in a stable state. 

The tendency for plant cell and tissue cultures to change over a period 
of time with respect to desirable features, such as the capacity to regener- 
ate whole plants, has been recognized for many years. The disadvantages 
of this are obvious. Even when particular known and well-characterized 
traits are retained, other subtle and cryptic changes may be taking place 
that render controlled experimentation difficult or impossible. However, 
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instability in culture is a double-edged sword. One of the most positive 
developments in plant cell culture technology over recent years has been 
the recognition of the potential advantages of in vitro-generated instabil- 
ity. This positive thinking has led to the coining of a name for the phe- 
nomenon: “somaclonal variation” (2). The key to using somaclonal vari- 
ation without suffering its disadvantages lies in control of the factors 
governing instability. Some of these have been identified, such as the 
genotype of the parent material, the explant used, and the culture system. 
These factors can be manipulated to a degree, but there is a dilemma when 
somaclonal variation is being used to generate useful genotypes that must 
then be stabilized. In such circumstances, it becomes necessary to elimi- 
nate time-related factors from the culture process by effectively sus- 
pending time itself. At present, cryopreservation is the only feasible 
means of doing this for higher plant cultures. 

Cell and callus cultures are only two of the wide range of systems 
in use in plant in vitro work. Their tendency to instability identifies them 
strongly as candidates for cryopreservation, but other systems have spe- 
cific storage needs. Cryopreservation of protoplasts is mainly used to 
explore cryoinjury and other low temperature phenomena (3), but proto- 
plasts are essentially ephemeral structures that would benefit from a 
protocol that prevents time-related change, such as wall regeneration. 

Shoot cultures are the material of choice in the use of in vitro tech- 
niques for the genetic conservation of sterile plants and of unique clones 
that would be lost if the genotype were stored as seed (4). Shoots are chosen 
because of their reputation for genetic stability and for the practical reason 
that a whole plant may more readily be genera ted from them than from an 
unorganized culture. The cryopreservation of entire seeds and of zygotic 
embryos is an attractive proposition for the very stable storage of plant 
germplasm over extended periods of time. It may be an improvement 
upon the conventional way of storing most seeds and theonly possible way 
of conserving “recalcitrant” (short-lived) seeds that quickly lose viability 
under normal conditions of storage. The use of somatic embryos (“em- 
bryoids”) as subjects for cryopreservation is being considered seriously in 
the context of both vegetative and seed-propagated material, since these 
structures may combine physical attributes that render them amenable to 
cryopreservation with an inherent genetic stability. However, their suit- 
ability for conservation has yet to be tested rigorously, and shoot cultures 
remain the most closely examined from the conservation standpoint. 

Success in the cryopreservation of shoot cultures has been variable, 
and in the majority of studies there has been the tendency for regeneration 
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to be indirect and not a one-to-one resumption of growth in the original 
meristem region. Only in a few cases does recovery growth resume with- 
out callusing (5,6). Generally, shoot-tips and dormant buds taken from in- 
dependently-growing plants survive at a higher frequency and show 
greater physical stability than shoot-tips taken from in vitro cultures. 

For the short to medium term, it may be safer and more practical to 
store shoot cultures by slow growth. This can be achieved by culturing at 
a reduced temperature or in the presence of inhibitors (6,7). The germ- 
plasm of many important crops, including staple root and tuber crops, 
fruits, and ornamental species, has yielded to slow growth storage as shoot 
cultures. Attempts to store cell and callus cultures in a similar way have 
proven far less satisfactory and cannot be recommended. The risk of 
selection under the stress conditions inevitably associated with slow 
growth must be recognized and, although slow growth can retard the loss 
of totipotency, there is evidence for the loss of both growth potential and 
the capacity to synthesize secondary products in callus cultures stored for 
relatively brief periods (8). 

In clear contrast to the situation in slow growth is the good record of 
stability in cryopreserved cell and callus cultures. Evidence for stability 
relates to karyotype, growth kinetics, morphogenic potential, secondary 
product synthesis, and other specific biochemical characters (5,6). This is 
not to say that cryopreserved cultures do not show any symptoms of 
damage. In the days following thawing, metabolic disturbances and 
symptoms of physical damage to the cell membranes, for example, are 
evident (9,ZO). Growth may be slow initially, and a number of passages 
may ensue before standard behavior is resumed (5,7,10). However, this 
should not be confused with irreversible genetic change. 

The following sections detail a cryopreservation method for cell 
suspension cultures. It provides a model upon which cryopreservation 
methods for other culture systems may be based. However, the reader is 
advised to consult the appropriate specialist literature for details of 
procedures intended for other types of cultures (5,6,22-23). Background 
information on the principles of cryopreservation can be found in the latter 
and other texts (2,14). 

2. Materials 

1. Cultures: Certain morphological types of culture are known to be 
more resistant to the stresses of cryopreservation than others. It is not 
always going to be possible to choose a culture on the basis of its likely 
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amenability to cryopreservation. However, it is helpful to be able to 
anticipate its response and take advantage of possible means of en- 
hancing survival potential. 

In general, a suspension containing large, dense cell aggregates will 
freeze less well than a fine one. Small, highly cytoplasmic cells are 
likely to survivebetter than large, highly vacuolated ones. Cells in late 
lag phase and early exponential phase are likely to freeze well, partly 
because of their having a more suitable morphology. As well as sel- 
ecting the most suitable growth phase, fragmenting and filtering may 
be used to improve the culture before cryopreservation. Callus cul- 
tures may be treated in the same way as cell cultures if first chopped 
into sufficiently small pieces. Also, the more actively growing cells on 
the surfaceof callus pieces can be “shaved off” and treated as a suspen- 
sion. 

2. Pregrowth medium: For some cultures, pregrowth in s tandard medium 
is satisfactory, but is often necessary to transfer cells to a pregrowth 
phase in modified medium; this is rarely detrimental and is therefore 
recommended as routine. Standard liquid medium (e.g., Murashige 
and Skoog medium; see Appendix) supplemented with 6% (w/v> 
mannitol should be prepared and autoclaved in the normal way. 
Other possible additives are given in Note 1. Supplemented media 
can be stored under standard conditions and have a similar shelf-life 
to plain medium. 

3. Recovery medium: For recovery, standard medium solidified with 
agar (7 g/L) should be prepared and dispensed into 5-cm diameter 
Petri dishes at 5 mL/dish. Storage is under standard conditions. 

4. Cryoprotectants: These should be prepared in standard liquid cul- 
ture medium (Note 2). Medium prepared and autoclaved in advance 
may be used. Alternatively, the medium may be made up fresh. In 
either case, once cryoprotectants have been added, sterilization must 
be carried out by filtration; autoclaving would cause caramelization. 

For the procedure recommended here, a mixture of 1M dimethyl 
sulfoxide (DMSO), 1M glycerol, and 2M sucrose is prepared in liquid 
medium. (Final concentrations are half of these values.) Reagents of 
the highest available grade should be used. In the case of DMSO, pu- 
rity is particularly important and a grade suitable for UV spectroscopy 
should be obtained. It should be purchased in small quantities (e.g., 
250 mL), since its shelf-life is limited. As a guide, the author would 
store DMSO concentrate for no more than 1 yr. It should be stored at 
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room temperature with the precaution that this should always be 
higher than its melting point (ca. 19OC). 

DMSO has an unpleasant, penetrating odor and is best dispensed 
under a fume hood. Always use glass containers for concentrated 
DMSO, since it will attack plastics. Glycerol is most conveniently 
weighed out, because it is highly viscous and difficult to pipet. 
Warming glycerol will reduce its viscosity and make pouring easier. 
Warming the mixture to ca. 40°C with stirring will help dissolve the 
cryoprotectants in the culture medium, but overheating should be 
avoided. The cryoprotectant mixture is adjusted to the standard cul- 
ture medium pH and then sterilized by filtration. Very small quanti- 
ties (up to 10 mL) may be filtered by hand pressure through a small 
filter unit attached to a hypodermic syringe. Larger quantities must 
be sterilized using a compressed air or vacuum-assisted filter unit. 

Cryoprotectants should normally be prepared no more than 24 h in 
advance and stored at 4OC. Surplus cryoprotectant mixture can be 
stored at -20°C, but will require refiltration as a precaution against 
contamination. Repeated freezing and thawing of cryoprotectant 
mixtures is not recommended. 

5. Ampules: Presterilized polypropylene ampules (2 mL capacity) are 
recommended as containers for freezing cell suspensions. They 
should be stable at the temperature of liquid nitrogen (196°C) and 
should have a labeling area that is resistant to solvents. The lid of the 
ampule should preferably have a gasket that fits inside the lid rather 
than lying externally between the lower edge of the lid and a flange at 
the base of the threaded part of the ampule. It is convenient to pur- 
chase or have made a small rack to hold the ampules during filling, 
cooling, and handling after thawing. Glass ampules of either the 
screw-top or flame-sealed type are not recommended, since they can 
shatter in storage and handling. 

6. For dispensing cells and cryoprotectants, use sterile, plugged Pasteur 
pipets or, when an exact volume is to be dispensed, graduated pipets 
with an opening sufficiently wide to allow unimpeded passage of cell 
aggregates. 

7. Freezing and storage apparatus: A purpose-built, liquid nitrogen- 
cooled, controlled freezing apparatus is desirable, although very satis- 
factory work can be carried out using improvized freezing units 
(X,16). For storage, a liquid nitrogen-cooled refrigerator is indispen- 
sable. There are two basic types. One stores ampules attached to metal 
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8. 

9. 

canes held in cannisters (see Fig. 1); in the other, the ampules are placed 
in stacks of drawers. The former type has a narrow neck and, there- 
fore, a low rate of loss of liquid nitrogen. The latter, having a wide 
neck, is more convenient to use and offers easier cataloging and retrie- 
val of samples. However, liquid nitrogen consumption is considera- 
bly higher. 
One or more Dewar flasks of ca. 25 L capacity are required for storage 
and transport of liquid nitrogen, and one of ca. 5 L capacity is useful 
for rapid quenching of samples at the end of a slow cooling run. 
Requirements for thawing: A thermostated water bath containing a 
large beaker to hold sterile water is ideal for thawing. Alternatively, 
jars (ca. 500 mL capacity), half-full of sterile distilled water may be 
used. 

3. Method 

The method below is based on that of Withers and Ring(M), modified 
slightly on the basis of subsequent experience with its application to a 
range of species. The numbered stages correspond to those illustrated in 
Fig. 1. 

1. Subculture cells into a pregrowth passage in mannitol-supplemented 
medium. Time the transfer, and then calculate the inoculum density 
to give a harvest of cells in early exponential growth at the proposed 
date of cryopreservation. This should normally be 3-7 d after inocu- 
lation. 

2. Prepare cryoprotectant solution as detailed above; cool on ice. 
3. Transfer 1 volume of cell suspension to a sterilized flask; cool on ice or 

in a cold room. Add an equal volume of cryoprotectant solution in 
three aliquots over a period of ca. 20 min, stirring well at each addition. 

4. Leave for 1 h, stirring or shaking continually to mix the viscous cryo- 
protectants with the culture medium. 

5. Allow the cells to settle and draw off sufficient supernatant to leave ca. 
30% settled volume of cells. Dispense 1 mL aliquots into 2 mL capac- 
ity ampules; seal and label. 

6. Cool the controlled freezer to ca. 4OC. Transfer the ampules to the 
controlled freezer. Cool at lOC/min to -35OC; hold for 40 min, and 
then plunge into liquid nitrogen. 

7. Transfer ampules to storage refrigerator. Record date, contents, and 
location in catalog. 
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6 
4 

a 

Fig. 1. Cryopreservation procedure for cultured plant cells (see ref. 26). Numbers 
correspond to text Methods Section, where fuller details are given: (1) Transfer cells to 
pregrowth passage; (2) prepare cryoprotectants; cool on ice; (3) cool cells on ice; add 
cryoprotectants; (4) incubate cells with cryoprotectants, stirring continually; (5) trans- 
fer cellsand cryoprotectant solution to ampules; (6) cool slowly to transfer temperature; 
(7) store in liquid nitrogen-cooled refrigerator; (8) thaw; (9) transfer cells and cryopro- 
tectant solution to plate of recovery medium; (10) remove excess cryoprotectant 
solution; (11) leave cells to recover growth; (12) transfer cells to liquid medium. 
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Withers 

To thaw, transfer ampules to a beaker of sterile water standing in a 
water bath at 40°C. Agitate until the last piece of ice has melted, and 
then transfer immediately to a rack at room temperature. 
Wipe ampule with a swab of 70% ethanol; leave for a few moments to 
dry. Withdraw cells with a sterile Pasteur pipet, and transfer the con- 
tents of one ampule to one or two dishes of semisolid medium. Seal 
and place in culture room under standard conditions. 
After 2-3 d, draw off any liquid medium that has not been reincorpo- 
rated. Reseal the dish. 
Culture under standard conditions until a vigorously growing lawn of 
cells has formed. Cell viability can be tested at this or earlier stages 
using standard viability tests (7), but recovery growth is the only cate- 
gorical indicator of success. 
Using a suitable instrument, e.g., a sterile spatula, transfer cells to a 
flask of liquid medium. Seal and place on shaker. Where the amount 
of recovering culture is not great, a satisfactory inoculum density for 
the species in question should be achieved by inoculation into a 
smaller volume of medium, rather than by bulking the contents of 
more than one dish. 

4. Notes 

The above method has been carried out successfully in the author’s 
laboratory and by several other scientists working with a wide range of 
species. It provides a good starting point for developing a cryopreserva- 
tion procedure for an untried subject species. If problems are encountered 
in achieving a satisfactory level of survival or rate of recovery, alternative 
treatments may be introduced. The following notes suggest some of the 
modifications that may be tried; others are detailed in the literature (see 
6,7,13 and references therein). It is recommended that modifications be 
introduced systematically into the stages of the cryopreservation proce- 
dure in the following order: pregrowth, cooling, cryoprotection, recovery. 
Modification of warming conditions is least likely to be beneficial. 

1. Pregrowth medium additives: 3% w/v mannitol; IM sorbitol (up to 
20 h exposure only); 5% v/v DMSO; 10% w/v proline; 7.5 x 10sM ab- 
scisic acid (ABA) (pregrowth at standard or at a reduced temperature). 

2. Cryoprotectants (final concentrations): 5-10% v/v DMSO; 5% v/v 
DMSO plus 5% w/v glycerol; 0.5M DMSO plus 0.5M glycerol plus 1M 
proline; 10% v/v DMSO plus 8% w/v glucose plus 10% w/v poly- 
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3. 

4. 

5. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

ethylene glycol (PEG 6000). Cryoprotectants may be added at room 
temperature and in 1 vol rather than over a period of time. 
Cooling: 0.1, 0.5, or 2’C/min, to a temperature in the range -23 to 
-100°C before transfer to liquid nitrogen. Longer or shorter holding 
times at -35OC or another temperature may be used. 
Warming: In air at room temperature. (Effective only exceptionally; 
use if overdehydration during cooling is suspected and cells are very 
highly plasmolyzed upon thawing.) 
Recovery: Wash cells in fresh liquid medium at room temperature. 
(Use only if cryoprotectant toxicity is suspected.) Use conditioned 
medium, medium designed to support cells at a low inoculum den- 
sity, or plates with a feeder cell layer. Layer cells on a filter paper 
resting on semisolid medium and move to a fresh plate after hours or 
days. Transfer to liquid medium after only 1 or 2 d of recovery or 
inoculate directly into liquid medium (only if cell aggregates fail to 
break up when inoculated into liquid medium after a longer period of 
recovery). 

References 

Ashwood-Smith, M. J. and Farrant, J., eds. (1980) Low Temperafure Preserwation in 
Biology and Medicine (Pitman Medical, Tunbridge Wells). 
Larkin, I’. J. and Scowcroft, W. R. (1981) Somaclonal variation-a novel source of 
variability from cell cultures. Theor. AppZ. Gem 60,197-204. 
Steponkus, P. L. (1984) Role of the plasmalemma in freezing injury and cold accli- 
mation. Ann. Rev. Plant Physiol. 35,543-584. 
Withers, L. A. and Williams, J. T. (1985) Research on long-term storage and exchange 
of in vitro plant germplasm, in Biotechnology in Znternational Agriculfural Research 
International Rice Research Institute, Manila, pp. 11-24. 
Withers, L. A. (1985) Cryopreservation of cultured cells and meristems, in Cell Cul- 
ture and Somatic Cell Genetics of Plants, ~012 (Vasil, I. K., ed.), Academic, New York, 
pp. 254-316. 
Withers, L. A. (1987) Long-term preservation of plant cells, tissues and organs, in 
Oxford Surveys ofPlant Molecular and Cell Biology, ~014 (Miflin, B. J., ed.) pp. 221-272. 
Withers, L. A. (1986) Cryopreservation and genebanks, in Plant Cell Culture Tech- 
nology (Yeoman, M. M., ed.), Blackwell, Oxford, pp. 96-140. 
Hiraoka, N. and Kodama, T. (1984) Effects of non-frozen cold storage on the growth, 
organogenesis and secondary metabolite production of callus cultures. Plant Cell, 
Tiss. Organ Cult. 3,349-357. 
Benson, E. E. and Withers, L. A. (1987) Gas chromatographic analysis of volatile hy- 
drocarbons produced by cryopreserved plant tissue cultures. Cryo-Lett. 8,3546. 
Cella, R., Colombo, R., Galli, M. G., Nielson, E., Rollo, F., and Sala, F. (1982) Freeze- 
preservation of rice cells: A physiological study of freeze-thawed cells. Physiol. 
Plant. 55‘279-284. 



48 Withers 

12. Withers, L. A. (1985) Cryopreservation and storage of germplasm, in Plant Cell Cul- 
ture: a Practical Approach (Dixon, R. A., ed.), IRL Press, Oxford, pp. 169-191. 

12. Kartha, K. K., ed. (1985) Cyupresmafion of CuItured Cells and Protoplasts (CRC Press, 
Boca Raton). 

23. Withers, L. A. (1985) Cryopreservation of cultured cells and protoplasts, in Cyo- 
preservation of Plant Cells, Tissues and Organs (Kartha, K. K., ed.), CRC Press, Boca 
Raton, pp. 243-267. 

14. Meryman, H. T., ed. (1966) Cryobiology (Academic Press, London). 
15. Withers, L. A. (19841 Freeze preservation of cells, in Cell Culture and Somatic Cell Ge- 

netics of Plants, vol 1 (Vasil, I. K., ed.), Academic, New York, pp. 608-620. 
26. Withers, L. A. and King, P. J. (1980) A simple freezing unit and cryopreservation 

method for plant cell suspensions. Cyo-I.&f. 1,213-220. 



Chapter 5 

Hormonal Control 
of Growth 

and Development 

Houri Kalilian Fakhrai 
and Faramarz Fakhrai 

1. Introduction 

Growth and organogenesis in vitro is highly dependent on the inter- 
action between naturally occurring endogenous growth substances and 
an analogous growth regulator added to the medium. It is often neces- 
sary to alter the growth regulator composition and/or concentration for 
in vitro culture according to the species or variety of plant being grown, 
the explant origin, the type of culture, and other medium constituents. A 
balance between auxin and cytokinin growth regulator is most often 
required for the formation of adventitious shoot and root meristems. 
The interactions found are often complex, and more than one combina- 
tion of two substances is likely to produce optimum results. Figure 1 
gives an example of the relative amounts of an auxin and a cytokinin that 
are often required to bring about some kind of morphogenesis. 

In this chapter, we have compared hormonal control of in vitro 
morphogenesis in tissue and cell culture of Psophocarpus tefrugonolobus 
(winged bean) and the tissue culture of Viciu fabu. 
From: Melhods 11) Molecular Bdogy, vol 6, /J/ant Cell and Tissue Culture 
Edtad by Jeffrey W. Pollard and John M Walker, 01690 by The Humana Press 
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Root formation on cuttings 

Embryogenesis 

Adventitious root formation in ca 

Callus initiation in dicots 

Adventitious shoot formation 

Auxiliary shoot proliferation 
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Cytokinin 
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Fig. 1. Effect of auxin and cytokinin on in vitro morphogenesis (extracted from 
George and Sherrington, 1984) (2). 

1. 

2. 

3. 

4. 
5. 

6. 

7. 

2. Materials 

Mature leaves from winged bean accession No. SU623 (Southamp- 
ton University) are grown in a growth room with 12-h photoperiod 
and 25/22OC light/dark, and 84 PE m-T light intensity. 
Seeds of Vicia fuba L. (cultivar Spring blaze) obtained from Cam- 
bridge University. 
Vicia germination medium (VGM), containing the following ingred- 
ients (2): Ca (NO,),*4H,O 1.881 g/L, KNO, 0.506 g/L, KH,PO, 0.136 
g/L, MgSO,@7H,O 0.255 g/L Fe-citrate 0.005 g/L, agar 7.0 g/L pH 
5.8. 
MS salts and hormones (3). 
UM3M medium (4) containing the following ingredients: MS salts 
and hormones, 3% sucrose, 2 g/L casein hydrolysate,4.5 mg/L nico- 
tinic acid, 9.5 mg/L pyridoxine. HCl, 9.9 mg/L thiamine. HCl, 2 
mg/L kinetin, 3% mannitol, 0.8% agar, pH 5.8. 
6-Benzyl amino purine (BAP), prepared by dissolving the powder in 
a few drops of 1M HCl, and then adding 30 to make up the volume 
to give 1 mg/mL. Store at 4OC, and use within 3 mo. 
2,4-Dichlorophenoxyacetic acid (2,4-D), prepared by dissolving the 
powder in a few drops of ethanol and then add H,O to make up the 
volume to give 1 mg/mL. Store at 4°C. Use within 1 mo. 
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16. 
17. 
18. 

19. 

3-Indolebutyric acid (IBA), prepared by dissolving the powder in a 
few drops of ethanol, and then adding H,O to make up the volume 
to give 1 mg/mL. Store at 4OC. Use within 1 wk. 
3-Indoleacetic acid (IAA), prepared by dissolving the powder in a 
few drops of ethanol, and then adding H,O to make up the volume 
to give 1 mg/mL. Filter sterilize by passing through 0.2~pm pore 
size membrane filter. Store at 4OC. Use within 1 wk. 
Kinetin, prepared by dissolving the powder in a few drops of 1M 
HCl, and then adding H,O to make up the volume. Store at 4°C. Use 
within 3 mo. 
1-Naphthylacetic acid (NAA), prepared by dissolving the powder 
in a few drops of 1M NaOH, and then adding 30 to make up the 
volume. Store at 4°C. Use within 1 mo. 
Agar: Bacto-agar (DIFCO)-use 0.7-0.8% in the medium. 
Domestos: commercial bleach containing NaOCl. 
Cereal protoplast wash (CPW) containing the following ingredients 
in analar distilled water: KH$O, 27.2 mg/L, KNO, 101 mg/L, 
CaCl,*ZHO 1480 mg/L, MgSO,*7H,O 246 mg/L, CuSO,*5%0 
0.025 mg/L, KI 0.15 mg/L. 
2% Cellulose “Onozuka” R10 and 0.4% of Macerozyme RlO (Yakuit 
Pharmaceutical Industry Co. Ltd., Nishinomiya, Japan). Enzymes 
are dissolved in CPW containing 5% mannitol, the pH adjusted to 
5.8 and centrifuged at 7008 for 10 min to remove debris. Filter ster- 
ilize the supernatant and store aliquots at -20°C. Do not freeze 
twice. 
10 mM 2-Mercaptoethanol. 
10% Ficoll (Pharmacia, Uppsala, Sweden). 
Fluorescein-diacetate (FDA): 5 mg/mL made up in acetone diluted 
1:25 with protoplast media and 1 drop with 1 drop of protoplast. 
DAPl (4,6-diamidino-2-phenylindole): DAPI is prepared (0.5 mg/ 
mL) in a buffer solution containing O.lM citric acid monohydrate 
and 0.2M anhydrous Na,HPO, at pH 4 (5). 

3. Method 

3.1. Hormonal Control of Growth and Development 
in Winged Bean Tissue Culture 

1. Surface sterilize leaves by immersing in 7% “Domestos” for 30 min, 
(see Notes l-5) followed by a wash with four changes of sterile dis- 
tilled water (SDW). 
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2. 

3. 

4. 

5. 

Cut surface sterilized leaves into l-cm2 segments, and place the 
lower epidermis down on 15 mL of solidified MS medium supple- 
mented with 2 mg/L BAP and 0.2 mg/L NAA in a 60-mL glass 
“Beas ton” jar. 
Incubate explants in a culture room with 12-h photoperiod with a 
light intensity of 84 I,~E m-2 s-l derived from cool white fluorescent 
tubes (Crompton 75 [85] W, UK). Maintain the temperature at 27/ 
22OC light/dark. 
After 4 wk, pieces of callus tissue are transferred to fresh MS me- 
dium in which IAA at 0.2 mg/L was substituted for NAA (bud 
initiation medium). 
Individual shoots that develop on the callus are excised above the 
callus and placed on half-strength MS and 1.5% sucrose, supple- 
mented with 1 mg/L IBA and incubated in the dark. After 2 wk, 
roots will grow from the cut end of the stem. 

3.2. Hormonal Control of Growth and Development 
in Winged Bean Cell and Protoplasts 

1. Pieces of leaf callus, made as described before, are cut finely and 
transferred to MS liquid medium supplemented with 2 mg/L 
2,4-D and 0.2 mg/L kinetin, and incubated on a rotary shaker at 80 
rpm at 25OC. These suspensions are subcultured 50/50 with fresh 
medium every 2 wk. 

2. Prior to protoplast isolation, cultures are stimulated to undergo 
rapid division by subculturing to fresh medium twice at 4-d inter- 
vals. On the third day following subculture, cells are collected and 
plasmolyzed with CPW5M for 1 h before adding the enzyme mix- 
ture containing 2% Cellulose “Onozuka” RIO, 0.4% “Macerozyme” 
RlO, and 10 mM 2-mercaptoethanol in CPW5M (6). 

3. Protoplasts are released after 5 h, washed 2x with CPW5M, and 
cleaned with CPW5M and 10% Ficoll, resuspended in UM3M 
medium supplemented with 2 mg/L 2,4-D and 0.25mg/L kinetin. 

4. After 2 wk in UM3M medium, protoplasts are subcultured in MS 
medium supplemented with 2 mg/L BAP and 0.2 mg/L NAA. The 
plasmolyticum level in the culture is reduced gradually by diluting 
the protoplast culture media. 

5. After 6-8 wk from the time of isolation, cell colonies reach macro- 
scopic size and are transferred to agar medium with the same com- 
bination of growth regulators as above. 
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6. Within 1 mo after transfer to agar medium, callus becomes green 
and compact, and about 10% of these cultures produce green nod- 
ules that give rise to regeneration of adventitious shoots after sev- 
eral subcultures on medium supplemented with 1-2 mg/L BAP. 

3.3. Hormonal Control of Growth and Development 

1. 

2. 

3. 

4. 

5. 

6. 

in Vicia faba Tissue Cultures (See Notes 6-9) 
Seeds are rinsed in 80% ethanol for 1 min, immersed in 7% “Domes- 
tos,” and incubated on a rotary shaker at 80 rpm for 1 h. Wash 4x 
with SDW, and soak for 48 h in the dark at 27OC. The water is changed 
after 24 h. Then the seeds are decoated and sterilized for a second 
time in 7% “Domestos” for 5 min, washed and allowed to germinate 
in 300-mL glass cylindrical jars containing 35 mL of VGM. The jars 
are incubated at 27OC in the dark for 2-3 wk. 
Nodal stem segments from well-developed seedlings are excised 
and cut to 0.5-cm long explants, and cultured horizontally on the 
surface of agar in MS medium supplemented with 2 mg/L BAP and 
0.2 mg/L NAA. Axillary shoots and masses of green callus develop 
after 4 wk. The same combination of growth regulators also support 
the growth of axillary shoots from cotyledonary nodes and hypo- 
cotyl explants. 
Adventitious roots are regenerated from stem explants when auxin 
NAA or 2,4-D (2 mg/L) is used as the sole growth regulator. Effect 
of 2,4-D on rhizogenecity is more pronounced than NAA. 
Adventitious shoots develop from nodal stem explant callus after 
several subcultures on MS medium supplemented with 2 mg/L 
BAI?. 2,4-D inhibits the growth of both axillary and adventitious 
shoot meristems from stem and cotyledonary explants. 
Both axillary and adventitious shoots can be rooted on half-strength 
MS, and 1.5% sucrose supplemented with 0.1 mg/L NAA and 0.5 
mg/L kinetin. 
Callus growth is initiated on leaf explants from 2-mo-old plants 
growing in the greenhouse, on MS medium supplemented with 2 
mg/L 2,4-D and 0.25 mg/L kinetin. When 2,4-D is replaced by 
NAA, no callus develops. Callus developed this way is very small 
(1 mm2), white, and globular, which is scattered on the surface of the 
leaf. Each globular callus is excised from the rest of the leaf, and sub- 
cultured in MS medium supplemented with 1-2 mg/L BAP and 
0.2-0.5 mg/L NAA. After 2 wk, masses of green and compact callus 
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1. 

2. 

(x10 of the original callus size) grow. This callus fails to show any 
organogenic response upon successive subcultures in medium sup- 
plemented with a range of concentrations of BAP and IAA or NAA. 

4. Notes 

A characteristic feature of winged bean act. number SU623 is that 
shoot regeneration from callus involves a two-step process. The 
hormone combination given of NAA and BAP stimulates callus de- 
velopment on the leaf explant. Transfer to a medium in which NAA 
is replaced by IAA appears to trigger off the gene expression, which 
leads to shoot development. However, a second subculture to IAA- 
containing medium results in a decline in shoot regeneration. 
Furthermore, subculture of shoot-regenerating callus to a medium 
containing NAA and BAP or BAP alone initiates vigorous growth of 
shoot buds. It seems, therefore, that IAA is needed for the initiation 
of shoot bud primordia, but once it is established, IAA has a delete- 
rious effect on further development of the shoots. 
The combination and concentrations of growth regulators in the 
initial callus production medium has an effect on the size, shape, 
and growth characteristics of cells grown in suspension cultures. 
Suspension cultures made from callus grown in media supple- 
mented with12mg/LBAPand0.2mg/LNAAcontainsmall,round, 
and cytoplasmic single cells and colonies of 6-8 cells. These cells are 
90% viable and 99% nucleated as determined by FDA and DAPI 
staining, respectively. Protoplast isolation and shoot regeneration 
from protoplast are achieved by using these suspension cultures. 
On the other hand, suspension cultures made from callus grown in 
media supplemented with 2 mg/L 2,4-D and 0.2 mg/L kinetin 
contains a very large number of elongated cells (90%) as opposed to 
round cells (10%). There are also fewer cell colonies in comparison 
to the above suspension culture. However, all these elongated cells 
are cytoplasmic and are 90% viable. When these cells are stained 
with DAPI for the presence of nuclei, only 10% of the elongated cells 
are observed to be nucleated, the nucleus is either masked by 
amyloplasts (a condition known as systrophy) or is very sparse and 
diffuse. Hence, their fluorescence is difficult to observe. The lack of 
division of these cells makes these cultures unsuitable for protoplast 
isolation. 
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3. 

4. 

5. 

6. 

7. 

8. 

9. 

The presence of 2,4-D (1-2 mg/L) in combination with kinetin 
(0.2-0.5 mg/L) is critical for subsequent growth of cells in suspen- 
sion cultures. BAP- and NAA-supplemented media fail to produce 
a vigorous suspension culture. 
Although 2,4-D supplemented media support the highest plating 
efficiency of protoplasts in the first 2 wk after the isolation, incuba- 
tion of protoplasts in this media for longer periods (2-4 wk) results 
in the loss of shoot regeneration capacity. 
The origin of the leaf material for callus induction is critical for 
subsequent growth and organogenic response of callus. Leaves 
from clonal plants derived from tissue culture and subsequently 
grown in the greenhouse are the best source of explant for culture 
initiation. 
Tissue culture of Viciafuba is particularly difficult. It releases a sub- 
stantial amount of phenolic substances in culture. Explants fre- 
quently turn brown or black shortly after isolation, and when this 
occurs, growth is inhibited and the tissue usually dies. Care must be 
taken to choose young, undamaged, and intact seeds for subsequent 
in vitro seedling cultures. Phenolic oxidation of the explants can 
often be prevented by one or several of the following approaches. 
(a) Use young tissue (seedling tissue), which is often less prone 

to browning upon excision. 
(b) Soak explants in sterile water 2-3 h after isolation before 

being transferred to culture. 
(c) Transfer explants to fresh medium after a short time interval 

(2 d), and again thereafter at 1 wk intervals if blackening 
occurs. 

(d) Either incubate in complete darkness or in a low light inten- 
sity (50-70 PE m-2 s-l) in the first 2 wk after isolation. 

On the basis of 32variations of the growth regulators tested, we have 
observed that callus production from leaf explants is strictly de- 
pendent on the type of auxin used. With NAA, when applied alone 
or with combinations of kinetin over a range of concentrations, no 
callus is produced. With 2,4-D applied either alone or with combi- 
nations of kinetin, the explants start to callus. 
Incubation in the dark always produces more callus from leaves for 
all 2,4-D supplemented medium tested (2-4-fold more callus in the 
dark than in 12 h photoperiod). 
When leaf callus is separated from the original leaf tissue and sub- 
cultured onto a fresh media, it responds somewhat differently to the 
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addition of growth regulators. Callus subcultured in medium MS 
supplemented with 1-2 mg/L BAP and 0.2 mg/L IAA or NAA and 
incubated in a 12-h photoperiod for 2 wk produces masses of green 
and compact callus. Higher concentrations of IAA (0.5-2 mg/L) re- 
duce the vitality of calluses. They become dark brown and die 
within 2 wk. 
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Chapter 6 

The Initiation 
and Maintenance 
of Callus Cultures 

Jacqueline T. Brown 

1. Introduction 

Plant tissues grown in vitro provide an ideal research tool for the study 
of a wide range of aspects of plant science. For example, they have been 
used in the investigation of both primary and secondary metabolism, 
cytodifferentiation, morphogenesis, plant tumor physiology, and the for- 
mation of plant hybrids via protoplast fusion techniques. Plant tissue 
culture is also being increasingly adopted for the commercial propagation 
of plants. 

Callus culture concerns the initiation and continued proliferation of 
undifferentiated parenchyma cells from parent tissue on clearly defined 
semi-solid media. Such cultures may be maintained for extended periods 
by subculture at 2-4 weekly intervals, and therefore represent a con- 
venient form for the long-term maintenance of cell lines. They are also 
usually the material from which cell suspensions are derived and are 
often the form of cultures from which plant regeneration is initiated. 

From: Methods m Mobcu/ar Wobgy, vol 6, Planf Cell and 7k.w Culture 
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In vivo, callus is frequently formed as a result of wounding at the cut 
edge of a root or stem, following invasion by microorganisms or damage 
resulting from insect feeding. Its formation is controlled by endogenous 
auxin and cytokinin. By incorporation of these plant growth regulators 
into a growth medium, callus can be induced to form in vitro on explants 
of parent tissue. The initiation of callus material from angiosperms, gym- 
nosperms, ferns mosses, and liverworts can by achieved in this way. 

Since the majority of plant tissue cultures are photosynthetically in- 
competent, and hence heterotrophic, it is necessary to supply them with a 
carbon source, usually in the form of sugar, e.g., sucrose or glucose. Plant 
cells in culture also require the same macro- and micronutrients as the 
whole plant (usually supplied in the medium as mineral salts), amino 
acids, B vitamins and plant growth regulators. The presence of plant 
growth regulators is generally essential to promote growth, but the nature 
and concentrations required varies from species to species. Typically, an 
auxin, such as indoleactetic acid (IAA), 2,4-dichlorophenoxyacetic acid 
(2,4-D), or napthaleneacetic acid (NAA), and a cytokinin, such as kinetin, 
benzylamino purine (BAP), or zeatin, are required either singly or more 
commonly in combination. There are numerous plant tissue culture media 
documented in the literature facilitating callus formation. One commonly 
used is that of Murashige and Skoog (MS) (1). The following protocol will 
utilize the nutrient components of this medium. However, if there is no 
callus formation after incubation, the use of an alternative nutrient mixture 
should be investigated, (e.g., 2,3 and see Appendix). Such media can also 
be prepared and used in a similar way to that outlined below. 

The growth rate of plant cells in culture is slow compared to micro- 
organisms, and because of the rich nature of the growth medium em- 
ployed, it is necessary to maintain complete sterility. Manipulations of 
plant tissue cultures should therefore be carried out using standard micro- 
biological techniques in a sterile area. 

2. Materials 

2.1. Medium Preparation 

1. Medium components-as described in Table 1. 
2. Plant growth regulator stock solutions (1 mg/mL). Store at 4OC. 

NAA, IAA, and 2,4-D should be titrated into solution with NaOH. 
Kinetin, zeatin, and BAP can be dissolved in dilute NaOH or 95% 
aqueous ethanol. 
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Compound 

Table 1 
Murashige and Skoog Medium (1962) 

Concentration in Amount in stock 
medium, mg/L solution” Stock volume, mL 

1. NH,NO, 1650 8.25 g 
2. KNO, 1900 9.50 g 
3. MgSO,*7H,O 370 1.85 g 
4. KH,P0, 170 0.85 g 
5. KI 0.83 4.18 mg 
6. H,BO, 6.20 31.00 mg 
7. MnSO, .4H,O 22.30 111.50 mg 
8. znso,m,o 8.6 43.00 mg 
9. Myo-inositol 100.00 0.50 g 

10. CaCJ*2H,O 440.00 2.20 g 

11. FeSO,*7H,O 27.8 
12. Na,EDTA*2H,O 37.3 

13. CuSO,*5H,O 0.025 
14. Na,MoO,e2H,O 0.25 
15. CoC4.6H,O 0.025 

16. Nicotinic acid 
17. Pyridoxine-HCl 
18. Thiamine-HCl 
19. Glycine 
20. Sucrose 

0.50 
0.50 
0.10 
2.0 

30 g/L 

- 400 mL 

139.25 

mg 
186.25 mg II-- 100 mL 

12.50 mg 100 mL 
12.5 mg 10 mL 
12.5 mg 100 mL 

25.0 mg 10 mL 
25.0 mg 10mL 

5.0 mg 10 mL 
100.0 mg 10 mL 

“All solutions should be stored at -20°C for no longer than 3 mo. 

3. O.lM NaOH 
4. Agar, e.g., Oxoid Bacteriological Agar No. I. 

2.2. Callus Initiation and Maintenance 
1. Plant material-a wide range of plant organs and specialized tissues 

can be used to initiate callus formation. However, sterile seedlings 
and nonwoody stem tissue tend to faciliate ease of callus initiation. 
Seeds should be checked for viability before use, and stem tissue 
should be devoid of senescence. 

2. “Domestos” solution (3% aq), or other proprietary bleach. 
3. Temperature-controlled incubator 25 + 2°C preferably with addi- 

tional light-control facility. 



60 Brown 

3. Method 

3.1. Media Preparation 

It is ideal to have a separate area reserved for media preparation. 
However, if this is not possible, care should be taken to ensure that glass- 
ware remains scrupulously clean and that media do not become contam- 
inated with trace amounts of foreign chemicals. (Note 1). 

To prepare 1 L of MS medium (see Table 1, and Chapter 1 for consid- 
eration of choice of media): 

1. 

2. 

3. 

4. 
5. 

6. 

7. 
8. 

9. 

Dissolve compounds l-10 (in ascending numerical order) in 350 mL 
of double-distilled water. Add 1 mL each of solutions of 13,14, and 15, 
and make up to a final volume of 400 mL. This is stock solution A. 
Dissolve 11 and 12 in 50 mL of double-distilled water, and make up to 
a final vol of 100 mL. This is stock solution B. 
Dissolve sucrose (30 g) in double-distilled water (600 mL). Add solu- 
tion A (80 mL) and solution B (20 mL). Stir well and dilute to 970 mL. 
Add 0.2 mL each of solutions of 16,17,18, and 19. 
Adjust the pH of the salt solution to 5.5 with O.lM NaOH, and dilute 
to 1 L. 
Add the chosen plant growth regulators to the appropriate concen- 
tration. When preparing media for the initiation of a new callus line, 
it is wise to prepare several batches of media containing a variety of 
combinations and concentrations of auxin and cytokinin (see Chapters 
1 and 5 for greater detail). The following supplements to MS medium 
have proven useful for the initiation of callus in a number of species: 
5mg/LBAPand1mg/LNAA;1mg/Lkinetinand1 mg/LNAA;0.2 
mg/L kinetin and 1 mg/L NAA; 0.2 mg/L kinetin and 1 mg/L 2,4-D. 
Add agar (10 g) and stir well. 
If the medium is to be used in Erlenmeyer flasks, then the agar should 
be premelted either in a water bath or with steam, and the medium dis- 
pensed into the culture vessels (30 mL/lOO mL flask). After stopper- 
ing, the flasks should be sterilized by placing in an autoclave for 15 min 
at 12OOC (1.06 kg/cm2) (see Notes 2 and 3). 
If the medium is to be used in pre-sterilized containers the medium 
should be autoclaved, allowed to cool to approximately 40°C and then 
dispensed as appropriate under sterile conditions. The medium 
should be allowed to set before moving the vessels (see Note 4). 
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1. Sterilization of seed material: 

2. 

3.2. Callus Initiation and Maintenance 

a. Place seeds in ethanol for 30 s. 
b. Remove the seeds, and place in “Domestos” solution for 30 

min, shaking occasionally. 
c. Remove the seeds and wash five times, with fresh, sterile, 

double-distilled water. 
d. Place the seeds on appropriate media, and arrange them so that 

they are not in contact with each other. 
e. Incubate in the dark for 1 wk, and then transfer to the desired 

incubation conditions. Once germinated, the young seedling 
provides ideal tissue for callus initiation. This may take place 
from either the plumule or the radicle. 

f. View daily for callus formation (see Fig. 1). 
Sterilization of stem explants: 
a. Remove nonwoody stem from the plant and cut into 5 cm 

lengths. 
b. Wash in double-distilled water, and then remove the leaves 

and axillary buds. 
c. Place the explants in “Domestos” solution for 5 min. Remove 

and wash five times, with fresh, sterile, double-distilled water 
(see Note 5). 

d. Trim away the end 2-3 mm of the explant, and cut the remain- 
ing tissue into 2 cm lengths. Cut these in half lengthwise, and 
place the cut side down on the agar (see Note 6). 

e. Incubate the explants, and watch daily for callus formation (see 
Fig. 1). This often takes place along the cut edge of the explant 
in contact with the agar, or at the site of axillary bud removal. 

f. Once sufficient callus growth has taken place, it should be care- 
fully removed from the explant and transferred to fresh me- 
dium. It should now be possible to maintain the callus line by 
subculture at regular intervals, e.g., every 24 wk, depending 
on the growth rate of the callus (see Note 7). The callus should 
be subdivided and transferred onto fresh medium. Care 
should be taken not to reculture sensecent tissue and that the 
transferred material is of a sufficient size to be able to maintain 
growth (ca. 0.5 cm3) (see Notes 8 and 9). 
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Fig. 1. Callus culture of Nicotiana glufinosa initiated and maintained on Murashige 
and Skoog medium supplemented with 5 mg/L BAP and 1 mg/L NAA. 

1. 

2. 

3. 

4. 

5. 

4. Notes 

Many of the commonly used plant tissue culture media (see Appendix) 
can be obtained in prepared powder form (minus agar, sucrose, and 
plant growth regulators). This provides a quick and convenient way 
of preparing basic media. However, this does not allow for manipu- 
lation of media components (but see Chapter 1 for protocols describ- 
ing how to choose different media). 
Some media components are heat labile and, therefore, should not be 
added to the medium prior to autoclaving, e.g., kinetin (and see Chap- 
ter 1). Such compounds should be filter sterilized using a 0.22 pm 
membrane filter and added to precooled sterile medium (40°C) prior 
to dispensing. 
The method of sterilization of any one medium component should re- 
main consistent, since its final concentration in the medium depends 
on its method of sterilization. 
To prevent media desiccation, it is advisable to store media at 4°C and 
then return to room temperature prior to use. 
If microorganisms persist on the explant after the sterilization proce- 
dure, then the length of the sterilization period and/or the concentra- 
tion of the “Domestos” solution may be increased. However, harsh 
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6. 

7. 

8. 

9. 

I. 

2. 

3. 

4. 

treatments may lead to the death of the plant tissue or no seed germi- 
nation This may be overcome by subjecting the explant to a series of 
weaker sterilization procedures. 
If the stem tissue available is too narrow to be cut in half lengthwise, 
then a cut should simply be made along the length of the explant and 
the cut placed on the surface of the agar. 
It is preferable to initiate and maintain callus lines in either continuous 
light or continuous dark, such that if required the effect of photo- 
period can be easily investigated. 
The morphology of callus cultures can be controlled by the manipu- 
lation of the plant growth regulators in the medium. Increasing auxin 
concentration will increase the friability of the culture, which may be 
important if the callus is to be used to initiate suspension cultures. 
Similarly, organogenesis can be induced or halted by manipulating 
the ratio of auxin to cytokinin in the medium. For example, a high ratio 
of cytokinin to auxin can induce the formation of shoots, and a high 
ratio of auxin to cytokinin can induce the formation of roots, in dico- 
tyledonous callus (4). 
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Chapter 7 

Organogenesis 
in Callus Culture 

Jacqueline T, Brown 
and Barry K CharZwood 

1. Introduction 

Plant cells can be totipotent, i.e., each cell may be capable of devel- 
oping into an entire plant when provided with the correct environmental 
stimuli. Research during the last 30 yr has demonstrated that successful 
organogenesis in callus cultures can be achieved by the correct choice of 
medium components, selection of a suitable inoculum, and control of the 
physical environment (1). The manipulation of plant growth regulator 
concentration is probably the most widely used technique for the in- 
duction of organogenesis, and this methodology has formed the basis of 
the propagation of commercially important plants via tissue culture in 
recent years (2). 

In 1957, Skoog and Miller performed their classic work demonstrat- 
ing that shoot and root initiation in callus cultures of Nicotiuna tabacum 
could be regulated by manipulation of the ratio of auxin and cytokinin 
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present in the growth medium (3). It has since proven possible to induce 
organogenesis in callus cultures of a large number of dicotyledons using 
this method. In general, a high ratio of cytokinin to auxin results in shoot 
formation, and a high ratio of auxin to cytokinin gives rise to root forma- 
tion (see Chapter 5, this vol.). However, there are a few species that differ 
in their developmental behavior in response to auxin and cytokinin (4). 
This chapter demonstrates how to develop a protocol for the control of 
organogenesis in callus cultures of a dicotyledon by manipulation of plant 
growth regulators. 

1. 

2. 

1. 

2. 

1. 

2. Materials 

2.1. Medium Preparation 

Using the formula defined for the maintenance of callus tissue (Chap- 
ter 6, this vol.) as a reference, a number of media should be prepared, 
which vary in both the concentration and ratio of plant growth 
regulators used. For example, Table 1 describes a range of plant 
growth regulator supplements to Murashige and Skoog medium 
(MS) (5) used to investigate the control of organogenesis in callus tis- 
sue of Pelargonium tomentosum (6). Medium preparation should be 
carried out as described in Chapter 6 (see Note 1). 
Culture vessels: to aid tissue manipulation, it is preferable to carry out 
this type of study in vessels with wide neck openings. Wide-necked 
lOO-mL Erlenmeyer flasks containing 30 mL of medium and stop- 
pered with cotton wool bungs covered with a single layer of alum- 
inum foil are ideal for this purpose. 

2.2. Organogenesis 

Callus material that has been initiated and maintained on a defined 
growth medium as described in Chapter 6. 
Temperature-controlled incubator 25f 2°C with additional control of 
light intensity (10-50 PE m2 s-l) and photoperiod. 

3. Methods 

3.1. Organogenesis 

Subculture the maintenance callus (see Notes 2-4) under sterile con- 
ditions, as described in Chapter 6, onto the newly prepared media 



Organogenesis in Callus Culture 67 

Table 1 
Experimental Approach to the Formulation of Media 

for Organogenesis in Callus of P. fomenfosum 

Plant growth regulator 
supplement, mg/L 

BAP NAA 

Morphogenic response 

Shoot Root Callus 

0.05 0.05 t t 

0.05 0.50 t(23) Y22) 
0.05 1.00 W Y41> 
0.25 2.00 t t 

0.50 0.05 Y50) 
0.50 0.15 Y5) 
1.00 1.50 t 

1.50 1.00 t 

1.50 2.25 t 

2.25 1.50 t 

5.00 1 .oo* t 

*Callus maintenance medium. 
tGrowth response after 4 wk incubation. The figures in parenthesis are the average 

numbers of shoots/roots formed per callus mass (~012 cm3) at subculture. 

containing the different concentrations of plant growth regulators 
described in Table 1. 

2. Incubate in continuous light, and view daily for organogenesis. 
3. Subculture after the usual interval, taking care to transplant any tissue 

showing a morphogenic response. 
4. A typical pattern of organogenesis controlled by plant growth reg- 

ulator regime is described in Table 1 and Fig. 1 for P. fomenfosum (see 
Note 5). High levels of the auxin naphthaleneacetic acid (NAA) and 
the cytokinin, benzylaminopurine (BAP) (i.e., in excess of 1.00 mg/L) 
result in the continued production of callus irrespective of the con- 
centration ratios of the regulators. When the BAP level is maintained 
below 1 mg/L, a decrease in auxin results in shoot formation. Con- 
versely, root formation is observed at low levels of BAP (0.25 mg/L 
and below) with higher NAA levels (see Note 6). 

When both BAP and NAA levels are maintained at 0.05 mg/L, both 
shoot and root formation are observed, suggesting that the effects of 
endogenous hormones are significant. 
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Fig. 1. Control of organogenesis by plant growth regulator manipulation in callus cul- 
tures of P. tomentosum (bar = 0.5 cm). (A) Maintenance callus on MS supplemented with 
5.00 mg/L BAIT and 1.00 mg/L NAA. (B) Shoot formation on MS supplemented with 
0.50 mg/L BAP and 0.05 mg/L NAA. (0 Root formation on MS supplemented with 0.05 
mg/L BAP and 1.00 mg/L NAA. (D) Shoot and root formation on MS supplemented 
with 0.05 mg/L BAR and 0.05 mg/L NAA. 
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5. 

1. 

2. 

3. 

4. 

5. 

6. 

1. 

2. 

3. 

4. 

Both root and shoots initiated in the above manner may be isolated 
from the callus material and maintained on the appropriate medium 
independently. 

4. Notes 

In order to save on the amount of medium needed for an experiment 
of this kind, 1 L of medium can be used to make a number of medium 
types by division into aliquots before addition of the plant-growth 
regulators. 
An increased efficiency of organogenesis and a faster response to the 
supplement is usually observed in newly initiated callus compared to 
callus that has been taken through a large number of subcultures. 
The genetic instability of callus cultures increases with time in cul- 
ture. Therefore, newly initiated callus should be used for organo- 
genesis if the organs regenerated by the above protocol are to be 
representative of the explant, 
There is evidence to suggest that the use of 2,4-dichlorophenoxy- 
acetic acid (2,4-D) in plant tissue culture media may be responsible 
for the loss of the ability of some callus cultures to undergo orga- 
nogenesis. It is therefore advisable to avoid the use of callus material 
that has been maintained on a medium containing 2,4-D for this type 
of study. 
Initial experiments should be carried out in continuous light. The use 
of a photoperiod, however, may be necessary for the induction of 
organogenesis or to increase its frequency in some species. 
Although the manipulation of auxin and cytokinin levels is usually 
sufficient to induce organogenesis in callus cultures of most dicotyle- 
donous species, the addition of other growth regulators, e.g., gibber- 
ellic acid, may be necessary in some cases. 
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