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The second edition of Experiments in Plant Tissue Culture
makes available much new information that has resulted from
recent advances in the applications of plant tissue culture tech-
niques to agriculture and industry. This laboratory text fea-
tures an enlarged section on terminology and definitions as
well as additional information on equipment and facilities.
Also included is a nonexperimental section on two special
topics: virus eradication and plant tumors and genetic engi-
neering,.

This comprehensive text takes the reader through a graded
series of experimental protocols and also provides an intro-
ductory review of each topic. After an introductory historical
background, there are discussions of a plant tissue culture
laboratory, aseptic techniques, and nutritional components of
media. Subsequent chapters are devoted to callus induction,
organ formation, xylem cell differentiation, root cultures, cell
suspensions, micropropagation, somatic embryogenesis, iso-
lation and fusion of protoplasts, haploid cultures, storage of
plant genetic resources, secondary metabolite production,
and quantitation of procedures. A glossary of terms, a table
of media formulations, and a list of commercial sources of
supplies are also included.

The work offers all of the basic experimental methods for
the major research areas of plant tissue culture, and it will be
invaluable to undergraduates and research investigators in the
plant sciences. It will also be useful to researchers in related
areas such as forestry, agronomy, and horticuiture, and to
those in commercial houses and pharmaceutical companies
interested in acquiring the laboratory techniques.
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FOREWORD

The idea of experimenting with the tissues and organs of plants in iso-
lation under coatrolled laboratory conditions arose during the latter part
of the nineteenth century, finding its focus in the work of the great
German plant physiologist Haberlandt some 80 years ago. Haberlandt's
vision was of achieving continued cell division in explanted tissues on
nutrient media — that is, of establishing truc notentially perpetual, tissue
culeures. In this, he was himself unsuccessful, and some 35 years were
to elapse before the goal was attained — as it could be only after the
discovery of the auxins. Gautheret, Nobécourt, and White were the pi-
oneers in this second phase. The research they set in train was at first
mainly concerned with establishing the conditions in which cell division
and growth would take place in explants, and in exploring the nutritional
and hormonal requirements of the tissues. But this quickly gave place
to a period during which cultured tissues were used as a research tool,
in studying more general problems of plant cell physiology and bio-
chemistry and the complex processes of differentiation and organo-
genesis. The achievements were considerable; but above all, the finding
that whole plants could be regenerated from undifferentiated tissues —
even single cells — in culture gave the method enormous power. In an
extraordinary way this has meant that at one point in time the entity —
a plant — can be handled like a microorganism and subjected to the
rigorous procedures of molecular biology, and at another time called
almost magically back into existence as a free-living, macroscopic or-
ganism. The implications and applications of this finding are currently
being explored in many contexts, not least in the field of practical ap-
plication. If genetic engineering, involving the direct manipulation of the
stuff of heredity, is ever to contribute to that part of man’s welfare that
depends on his exploitation of plants, the procedures adopted will inev-
itably depend ultimately upon the recovery of “real” plants from cultured
components. No wonder, then, that the technology has escaped from
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viii Foreword

the confines of the university laboratory to become part of the armory
of industry and agriculture!

Yet, notwithstanding the wide interest in the methods of plant tissue
culture, the range of modern techniques has never hitherto been treated
comprehensively in one text. Both novitiate and initiate have had to
explore the large and scatrered literature to unearth procedures appro-
priate to their interest. This volume makes good the deficiency, for the
experiments described cover almost every aspect of the tissue culture
art. But this is far more than any cookery book. The methods of achieving
growth, cell division, and morphogenesis in vitro are set in their appro-
priate contexts. The chapters not only describe how to carry out pro-
cedures, but offer lucid accounts of the historical background and in-
terpretations of the results likely to be obtained, backed up by extensive
bibliographies. The authors are pecularily well fitted to have writen such
a text, with their extensive experience of the application, development,
and teaching of tissue culture methods. Directed in the first instance
toward students, their treatment of the topics will prove of immense
value to a much wider range of readers, whatever their previous knowl-
edge or field of potential application.

J. Heslop-Harrison

Welsh Plant B reeding Station,
Plas Gogerddan, Aberystwyth



PREFACE TO THE SECOND EDITION

The need for a new edition of a scientific book is directly related to the
influx of new ideas and developments into the field. Solid gains have
been made in the past few years in the applications of plant tissue culture
techniques to agriculture and industry, and we would like to share some
of this information with our readers. Another obvious reason for pub-
lishing a new edition is to rectify any errors and misinformation that may
have silently crept into the original text.

Although a few organizational changes have been made, the general
format of the book remains the same. We have complied with requests
to enlarge the section on terminology and definitions. Additional infor-
mation has been provided on equipment and facilities in Chapter 2. An
introduction to the techniques used for the preservation of germplasm
will be found in Chapter 15. Since it is hoped that this book will give
the reader a broad introduction to the field, we have included a brief
nonexperimental chapter on two special topics: virus eradication and
plant tumors and genetic engineering. A table at the end of the book
gives the formulations of some tissue culture media: Murashige and
Skoog’s, Gamborg's BS, White's, and Schenk and Hildebrandt's.

The manuscript of the book was completed by LWR during an appoint-
ment as a Senior Visiting Researcher to Queen Elizabeth College, Uni-
versity of London. He gratefully acknowledges the cooperation of Pro-
fessor P. B. Gahan, Head of the Biology Department.

We are gratefui to all reviewers, colleagues, and students who have
assisted us by their constructive criticism and suggestions.
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PREFACE TO THE FIRST EDITION

The purpose of this book is to introduce a basic experimental method
for each of the major areas of investigation involving the isolation and
culture of plant cells, tissues, and organs. Each chapter is devoted to a
separate aspect of plant tissue culture, and the chapters are arranged,
in general, in order of increasing technical complexity. Although the
book was written mainiy for use by college undergraduates, research
workers from various botanical fields and biology students in high school
will also find the text within their grasp. In view of the diverse laboratory
facilities that may be available, the experiments selected require a min-
imum of special equipment. A list of suppliers is given at the end of the
book. The book is designed as a laboratory textbook for a course on
plant tissue culture techniques, although it may also be used as a sup-
plementary text for developmental botany and biology courscs.

The opening chapters present a brief historical survey of the field of
plant tissue culture, and a background in sterilization and aseptic tech-
niques. The third chapter examines the various components of the nu-
trient medium, including inorganic salts, vitamins and other organic sup-
plements, carbohydrates, plant growth regulators, media matrices, and
instructions for the preparation of a typical nutrient medium.

The remainder of the text involves laboratory experiments using spe-
cial culture procedures, and each chapter follows the same format: pur-
pose of the experiment and background information, list of materials,
procedure, results, questions for discussion, and selected references.
Most of the chapters have an appendix giving additional experiments and
techniques. The opening experimental chapters describe the initiation
and maintenance of a callus culture, and the preparation of a suspension
or liquid culture. Students will repeat White’s classic experiment in-
volving the unlimited growth of isolated tomato roots. Another chapter
outlines methods for the induction of tracheary element differentiation
in cultured tissues. Several chapters introduce diverse approaches to
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Xii Preface to the first edition

plant propagation by in vitro techniques. The student will attempt to
regenerate Coleus plants from isolated leaf discs following the cultural
principles of organogenesis. The development of embryoids is observed
in a suspension culture of carrot cells, and this procedure demonstrates
another approach to plant propagation from somatic tissue. A method
for the clonal reproduction of plants by the culture of the shoot apex is
provided. Isolated protoplasts are prepared and directions given for the
induction of protoplast fusion with the creation of somatic hybrids. An
important tool in plant breeding involves anther culture, with the re-
sulting production of monoploid plantlets bearing a single set of chro-
mosomes. A brief chapter introduces the concept of using tissue cultures
for the commercial production of chemical and medicinal compounds.
And finallv, some quantitative methods of expressing the results of in
vitro experiments are given.

The authors wish to acknowledge the valuable comments received during
the preparation of the manuscript, and we particularly thank M. Davey,
N. P. Everett, T. Ford, W. P. Hackett, G. G. Henshaw, J. Heslop-Har-
rison, M. G. K. Jones, A. Komamine, J. O'Hara, V., Raghavan, T. A.
Thorpe, J. G. Torrey, G. Wilson, L. A. Withers, and M. M. Yeoman for
critical review of the contents. We also wish to thank Miss H. Bigwood
and Mr. A. Pugh for their artistic and photographic assistance. The gen-
erosity of colleagues who have provided us with original plates and neg-
atives for illustrations is acknowledged with the figures.

Most of LWR’s contributions to this book were written during an
appointment as a Visiting Fellow and Fulbright Senior Scholar to the
Australian National University, Canberra. He gratefully acknowledges
the excellent cooperation of the Botany Department, the Australian Na-
tional University, the Research School of Biological Sciences, and the
Australian-American Educational Foundation. The authors are also in-
debted to Florence Roberts for her editorial suggestions.



TERMS, ABBREVIATIONS, AND SYNONYMS

ABA
adenine

adventitious

aseptic
autotropy

auxin

axenic

BS

BAP

batch culture

benazolin
boring platform

C
C4 plants
C; plants

callus

caulogenesis
cell cycle

cellulase Onozuka
(R-10, RS)

abscisic acid

aminopurine; exhibits cytokinin activity in bud initia-
tion

initiation of a structure out of its usual place, i.e., aris-
ing sporadically. Adventitious roots can originate from
leaf or stem tissue

sterile; free from contamination by microorganisms
self-sufficiency, ¢.g., an auxin-zutotropic organism syn-
thesizes its own supply of auxin

plant growth regulator stimulating shoot cell elonga-
tion and resembling 1AA in physiological activity
aseptic

Gamborg et al. (1968) medium

benzylaminopurine; BA; synthetic cytokinin

cell suspension grown in a fixed volume of liquid me-
dium; example of a closed culture
4-chloro-2-oxybenzothiazolin-3-yl acetic acid; an auxin
sterile bottom half of a Petri dish used for preparing
explants with a cork borer

symbol for explant cutting guide

plants having the C, dicarboxylic acid pathway

plants fixing CO; directly through the reductive pen-
tose phosphate pathway

disorganized meristematic or tumorlike mass of plant
cells formed under in vitro conditions

initiation of one or more shoot primordia

sequence of events occuring during cell division, and
measured by the time interval between one of these
events and a similar event in the next cell generation.
The demonstrable phases include mitosis (M) and
DNA synthesis (S). The time period between § and M
is termed G;, whereas G, represents the interval be-
tween M and S.

cellulose-degrading enzyme derived from Trichoderma
viride, also contains other enzymatic activities (E.C.
3.2.1.4)

Xiii



Cellulysin

chemostat

chromic acid
clone

closed cortinuous
culture

continuous culture

cybrid
cytokinin

d

DDH,0

DEGS

DF

dicamba

2,4-D

O-[y,y-dimethylallyl-
amino} purine

DNA

Driselase

embryoid

explant
F
fermenter

friable
genetic engineering

gibberellin

GLC
glycerol

Terms, abbreviations, and synonyms

cellulase preparation isolated from Trichoderma viride;
liydrolyzes B-1,4-glican linkages in cellulose (E.C.
3.2.1.4)

instrument for maintaining an open continuous cul-
ture; growth rate and cell density are maintained con-
stant by regulating the input of a growth-limiting nu-
rrient

aqueous solution of chromium trioxide

genetically identical organisms propagated from 2z sin-
gle individual plant

suspeasion culture in which the influx of fresh liquid
medium equals the efflux of spent medium; all cells are
retained within the system

suspension cuiture continuously supplied with an in-
flux of fresh medium and maintained at a constant vol-
ume

cytoplasmic hybrid; heteroplast

plant growth reguiator stimulating cell division and re-
sembling kinetin in physiological activity; mainjy N°-
substituted aminopurine compounds

density of culture

double-distilled water

diethylene glycol succinate

dilution factor

3,6-dichloro-Q-anisic acid; an auxin
2,4-dichlorophenoxyacetic acid; an auxin
N"-[Az-isopentyl]-adenine; IPA; a cytokinin

deoxyribonucleic acid

enzyme preparation from Basidiomycetes containing
laminarinase, xylanase, and cellulase activities
embryolike structure formed under in vitro conditions;
structure has potential for further development into a
plantlet

excised fragment of plant tissue or organ used to start
a tissue culture; primary explant

symbol for Whatman No. 1 filter paper used as a blot-
ter during the culture procedure

instrument for culturing a cell suspension under batch
or continuous culture conditions

crumbles or fragments readily

use of a vector (e.g., plasmid) for the transfer of genetic
information

plant growth regulator with physiological activity sim-
ilar to GA; (gibberellic acid)

gas~liquid chromatography

glycerin



Terms, abbreviations, and synonyms Xv

glycine
habituation

haploid
hardening

hemicellulas. (Sigma)

heterokaryon

heteroplast
homokaryon
IAA

inositol

in vitro

in vivo

IPA

K
Macerase

Macerozyme R-10

Meicelase (CESB,
CMB)
meristem culture

meristemoid
MI

MS
mutagen
NAA
NaFeEDTA

nicotinic acid
0.D.

aminoacetic acid

changes in exogenous nutritional requirements occur-
ring during culture; anergy

having a single set of chromosomes; monoploid
application of mild environmental stress to prepare the
plant for more rigorous growing conditicns, e.g., plant-
lets are giver greater illumination, lower nutrients,
and less moisture to enhance their survival outside of
the culture tube

enzyme preparation from Aspergillus niger liberating D-
galactose from hemicellulose; also contains cellulase ac-
tivity

fusion of unlike cells with dissimilar nuclei present;
heterokaryocyte

cell containing foreign organelles; cytoplasmic hydrid
fusion of similar cells

indole-3-acetic acid; a naturally occurring auxin
myo-inositol; mess-inositol; f-inositol

culture of living material literally “in glass,” i.e., on an
artificial medium and under aseptic conditions
processes occurring within the intact living organism
6-[,y-dimethylallylamino] purine; N°-[ A-isopentyl}-
adenine; a cytokinin

kinetin; N°-furfuryladenine; a synthetic cytokinin
preparation from Rhizopus showing polygalacturonase
(E.C. 3.2.1.15) activity

preparation from Rhizopus containing polygalacturon-
ase (E.C. 3.2.1.15), pectin transeliminase (E.C.
4.2.2.2), hemicellulase, and other unknown maceration
factors

preparation from Trichoderma viride containing cellu-
lase (E.C. 3.2.1.4)

apical meristem culture; explant consisting only of ap-
ical dome tissue distal to the youngest leaf primordium
cluster of meristematic cells within a callus with the
potential to form a primordium

mitotic index

Murashige and Skoog's (1962) medium; same as Lins-
maier and Skoog's (1965) medium in mineral com-
position, although differing in vitamin supplement
chemical or physical treatment capable of inducing
gene mutation

a-naphthaleneacetic acid; a synthetic auxin

ferric ethylenediamine tetraacetate, sodium salt of; em-
ployed for maintaining iron in solution

niacin

outside diameter


http:3.2.1.15
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open continuous
culture

organoid

osmoticum

passage time
PCV
pectinase

Pectolyase

PEG
plantlet

primordium (pl
primordia)

protoplast

pyridoxine
reversal transfer

rhizogenesis
Rhozyme HP-150

concentrate

RNA
sector inoculum

shoot-ap . culture
somatic hybrid

S-phase
subculture

synchronous culture

synkaryocyte

Terms, abbreviations, and Synonyms

suspension culture in which the influx of fresh liquid
medium is equal to the efflux of culture, i.e., the cells
are flushed out with the spent medjum

anomalous organlike structure arising from a tissue cul-
ture

isotonic plasmolyticum; external medium of low os-
motic potential that approximates the concentration of
solutes dissolved within the cell vacuole; prevents the
bursting of naked protoplasts due to excessive water
uptake

interval between successive subcultures

packed cell volume

polygalacturonase; enzyme liberating galacturonic acid
from polygalacturonic acid (E.C. 3.2.1.15)

Pectolyase Y-23; enzyme preparation from Aspergillus
Japonicus reported to contain endopolygalacturonase
(E.C. 3.2.1.15), endopectin lyase (E.C. 4.2.2.3), and an
unknown maceration factor

polyethylene glycol

miniature plant with root and shoot system regeneraced
by tissue culture techniques

earliest detectable stage of differentiation of a cell or
organ, e.g., leaf or root primordium

living isolated plant cell following removal of cell wall
either by enzymatic or mechanical method

vitamin B,

transfer of a culture from a callus-supporting medium
to a shoot-inducing medium

initiation of one or more adventitious root primordia
enzyme preparation hydrolyzing the class of polysac-
charides known as gums or mucilages that contain hex-
ose and/or pentose polymers

ribonucleic acid

fragment of main root and lateral roots used to start a
root subculture

explant consisting of apical dome plus a few subjacent
leaf primordia

hybrid celt or organism produced asexually, e.g., by the
fusion of two protoplasts

period of cell cycle involving DNA synthesis
asceptic transfer of part of a culcure (inoculum) to a
fresh medium; passage

cycles of individual cells that have been brought into
phase or synchrony, ie., they pass through the se-
quential events of the cell cycle at the same time
hybrid cell produced by fusion of nuclei in a hetero-
karyon
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TE
thiamine
tissue culture

totipotency
24,5-T

transfer
turbidostat

uv
vit
viv

wlv

Terms, abbreviations, and synonyms Xvii

tracheary element(s)

vitamin B,

cellular mass grown in vitro on solid medium or sup-
ported and nurtured with liquid medium; the cells are
in protoplasmic continuity

ability to regenerate an entire organism from a single
cell or plant part

2,4,5-trichlorophenoxyacetic acid; synthetic auxin

see subculture

instrument for growing an open continuous culture
into which fresh medium flows due to changes in cul-
ture turbidity, i.e., cell density

ultraviolet light

vitamin(s)

percent “volume in volume”; number of cubic centi-
meters of a constituent in 100 cm? of solution
percent “weight in volume”; number of grams of con-
stituent in 100 cm? of solution



1

Culture of plant cells, tissues,
and organs

Early attempts, 1902—-1939

The concept that the individual cells of an organism are totipotent is
implicit in the statement of the cell theory. Schwann (1839) expressed
the view that each living cell of a multicellular organism should be capable
of independent development if provided with the proper external con-
ditions (White, 1954). A tctipotent cell is one that is capable of devel-
oping by regeneration into a whole organism, and this term was probably
coined by Morgan in 1901 (Krikorian and Berquam, 1969). The basic
problem of cell culture was clearly stated by White (1954). If all of the
cells of a given organism are essentially identical and totipotent, then
the cellular differences observed within an organism must arise from
responses of those cells to their microenvironment and to other cells
within the organism. It should be possible to restore suppressed functions
by isolating the cells from those organismal influences responsible for
their suppression. If there has been a loss of certain functions, so that
the cells in the intact organism are no longer totipotent, then isolation
would have no effect on restoring the lost activities. The use of culture
techniques enables the scientist to segregate cells, tissues, and organs
from the parent organism for subsequent study as isolated biological
units. The attempts to reduce an organism to its constituent cells, and
subsequently to study these cultured cells as elementary organisms, is
therefore of fundamental importance (White, 1954).

Several plant scientists performed experiments on fragments of tissue
isolated from higher plants during the latter part of the nineteenth cen-
tury. Wound callus formed on isolated stem fragments and root slices
was described (Trécul, 1853; Véchting, 1878; Rechinger, 1893). Callus
refers to a disorganized proliferated mass of actively dividing cells. Re-
chinger (1893) examined the “minimum limits” of divisibility of isolated
fragments of buds, roots, and other plant material. Although no nutrients
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2 Experiments in plant tissue culture

were used in these experiments, he concluded that pieces thicker than
1.5 mm were capable of further growth on sand moistened with water.
Since isolated fragments thinner than 1.5 mm were apparently incapable
of further development, he concluded that this was the size limit beneath
which the tissue lost the capability of proliferation. Rechinger reported
that the presence of vessel elements appeared to stimulate growth of the
fragments. Unfortunately, he did not pursue this clue, since his obser-
vations suggested the proliferative ability of cambial tissue was associated
with vascular tissues (Gautheret, 1945).

Haberlandt (1902) originated the concept of cell culture and was the
first to attempt to cultivare isolated plane cells in vitro on an artificial
medium. A tribute to Haberlandr's genins with a translation of his paper
“Experiments on the culture of isolated plant cells” has been published
(Krikorian and Berquam, 1969). Unlike Rechinger, Haberlandt believed
that unlimited fragmentation would not influence cellular proliferation,
The culture medium consisted mainly of Knop’s solution, asparagine,
peptone, and sucrose. Although the cultured cells survived for several
months, they were incapable of proliferation. Haberlandt's failure to
obrain cell division in his cultures was, in part, due to the relatively simple
nutrients and to his use of highly differentiated cells. Since Haberland:
did not use sterile techniques, it is difficult to evaluate his results, because
of the possible effects of bacterial contamination (Krikorian and Ber-
quam, 1969). As examples of his genius, Haberlandt suggested the uti-
lization of embryo sac fluids and the possibility of culturing artificial
embryos from vegetative cells. In addition, he anticipated the paper-raft
technique (Muir, 1953), Following his lack of success with cell cultures,
Haberlandt became interested in wound healing. Experiments in this area
led to the formulation of his theory of division hormones. Cell division
was postulated as being regulated by two hormones. One was “lepto-
hormone,” which was associated with vascular tissue, particularly the
phloem. The . her was a wound hormone released by the injured cells,
Subsequent research investigators (Camus, 1949; Jablonski and Skoog,
1954; Wetmore and Sorokin, 1955) verified the association of hormones
with vascular tissues.

Early in the twentieth century interest shifted to the culture of mer-
istematic tissues in the form of isolated root tips. These represented the
first aseptic organ cultures, Robbins was the first to develor a technique
for the culture of isolated roots (1922a,b) and Kotte, a student of Ha-
berlandt’s, published independently similar studies (1922a,b). These cul-
tures were of limited success, Robbins and Maneval (1923), with the aid



Culture of plant cells, tissues, and organs 3

of subcultures, maintained maize roots for 20 weeks. White (1934), ex-
perimenting with tomato roots, succeeded for the first time in demon-
strating the potentially indefinite culture of isolated roots. According to
White (1951), two difficulties hampered the development of a successful
method for culturing excised plant material between 1902 and 1934: (a)
the problem of choosing the right plant material, and (b) the formulation
of a satisfactory nutrient medium. With the introduction of root tips as
a satisfactory experimental material, the crucial problem became largely
one of organic nutrition. White's early success with tomato roots can be
attributed to his discovery of the importance of the B vitamins, plus the
fact that indefinite growth was achieved without the addition of any cell-
division factor to the liquid medium.

It is important at this point to make a distinction between an organ
culture and a tissue culture. In the case of excised roots as an example
of an organ culture, the cultured plant material maintains its morpho-
logical identity as a root with the same basic anatomy and physiology as
in the in vivo roots of the parent plant. There are some exceptions, and
slight changes in anatomy and physiology may occur during the culture
period. According to Street (1977a), the term “tissue culture” can be
applied to any multicellular culture growing on a solid medium (or at-
tached to a substratum and nurtured with a liquid medium) that consists
of many cells in protoplasmic continuity. Typically, the culture of an
explant, consisting of one or more tissues, results in a callus that has no
structural or functional counterpart with any tissue of the normal plant
body.

The first plant tissue cultures, in the sense of long-term cultures of
callus, involved explants of cambia!l tissues isolated from carrot (Gauth-
eret, 1939; Nobécourt, :939) and tobacco tumor tissue from the hybrid
Nicotiana glauca x N. Langsdorffii (White, 1939). The latter tumor tissue
requires no exogenous cell-division factor. Results from these three lab-
oratories, published independently, appeared aimost simultaneously.
Fortunately, plant physiologists working in other areas had discovered
some of the hormonal characteristics of indole-3-acetic acid, IAA (Snow,
1935; Went and Thimann, 1937), and the addition of this auxin to the
culture medium was essential to the success of the carrot cultures main-
tzined by Nobécourt and Gautheret. According to Gautheret (1939),
the carrot cultures required Knop's solution supplemented with Ber-
tholot’s salt mixture. glucose, gelatine, thiamine, cysteine-HC1, and IAA
(see White, 1941). The goal at that time was to demonstrate the poten-
tially unlimited growth of a given culture, by repeated subcultures, with



4 Experiments in plant tissue culture

the formation of undifferentiated callus. The workers were fascinated
by the apparent immortality of their cultures and devoted much effort
to determining the nutritional requirements for sustained growth.

Basic studies on nutrition and morphogenesis, 1940—1978

Because of the lull in botanical research during the war years (1939~
45), relatively lictle was accomplished until a resurgence of interest in
the early 1950s. Some fundamental studies, however, were undertaken,
White 2nd Braun (1942) initiated experiments on crown gall and cumor
formation in plants. Frobably the most significant event leading to ad-
vancement in the next decade was the discovery of the nutritional quality
of liquid endosperm extracted from coconut (coconut milk or water).
Following the success of Van Overbeek and his colleagues (1941) with
the culture of isolated Datyra embryos on a medium enriched with co-
conut milk, other workers rapidly adopted this natural plant extract. The
combination of coconut milk and 2,4-D had a remarkable effect on the
proliferation of cultured carrot and potato tissues (Caplin and Steward,
1948; Steward and Caplin, 1951; 1952). Although it was first thought
that a single substance, termed the coconut milk factor, was involved as
a growth stimulant, several constituents were later found responsible for
its activity. Steward’s group at Cornell University made numerous con-
tributions in technique, nutrition, quantitative analyses of culture growth,
and morphogenesis. The regeneration of carrot planclets from cultured
secondary-phloem cells of the taproot clearly d(*monstragcd the totipo-
tency of plant cells (Krikorian, 1975). The phenomenon of somatic em-
bryogenesis in carrot cultures was discovered at approximately the same
time by Steward (1958) and Reinert (1959). The consequences of this
discovery will be discussed in Chapter 11.

The discovery of cytokinins stems from Skoog's tissue culture inves-
tigations at the University of Wisconsin. During attempts to induce un-
limited callus production from mature tobacco pith cells, numerous com-
pounds were tested for possible activity in stimulating cell division.
Although coconut milk or yeast exeract plus IAA psromoted cell division,
efforts were made to locate a specific cell-division factor. Since adenine,
in the presence of auxin, was found to be active in stimulating callus
growth and bud formatcion in tobacco culeures (Skoog and Tsui, 1948;
Sterling, 1950), nucleic acids were then examined. Skoog’s group even-
tually located a potent cell-division factor in degraded DNA prepara-
tions. It was isolated, identified as O-furfurylaminopurine, and named
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kinetin (Miller et al., 1955). The related analogue, G-benzylaminopurine,
was then synthesized, and it too stimulated cell division in cultured tis-
sues. The generic term cytokinin was given to this group of G-substituted
aminopurine compounds that stimulate cell division in cultured plant
tissues and behave in a physiological manner similar to kinetin. Later it
was discovered that zeatin, isopentyl adenine, and other cytokinins are
naturally occurring plant hormones. Often these compounds are attached
to ribose sugar (ribosides) or to ribose and phosphate (ribotides). The
stimulatory properties of coconut milk are partly due to the presence of
zeatin riboside. Skoog and Miller (1957) advanced the hypothesis that
shoot and root initiation in cultured callus can be regulated by varying
the ratio of auxin and cytokinin in the medium (see chap. 6). In addition
to the cytokinins, other endogenous cell-division factors may exist in
plant tissues (Wood et al., 1969).

It was found that callus fragments, transferred to a liquid medium and
aerated on a shaker, gave a suspension of single cells and cell aggregates
that could be propagated by subculture (Muir, 1953; Muir, Hildebrandt,
and Riker, 1954). Steward’s group made extensive use of carrot sus-
pension cultures, and it became evident that this technique offered much
potential for studying many facets of cell biology and biochemistry (Nick-
ell, 1956). Street and co-workers have pioneered the development of
varicus procedures for the culture of cell suspensions (e.g., chemostats
and turbidostats; see chap. 9). Torrey and his colleagues also conducted
studies on cell suspensions (Torrey and Shigomura, 1957; Torrey and
Reinert, 1961; Torrey, Reinert, and Merkel, 1962).

Muir (1953) succeeded in developing a technique for the culture of
single isolated cells. Single cells were placed on squares of filter paper,
and the lower surface of the paper was placed in contact with an actively
growing “nurse” culture. This paper-raft nurse technique provided the
isolated cells not only with nutrients from the medium via the older
culture, but also with growth factors synthesized by the nurse tissue.
Although Muir's experiments involved bacteria-free crown gall (Agro-
bacterium tumefaciens) tumor cells, single-cell clones were produced later
from normal cells. In another approach, a single cell was suspended as a
hanging drop in a microchamber (Torrey, 1957; Jones et al., 1960). The
agar-plating method of Bergmann (1960) involved separating a single-
cell fraction by filtration, mixing the cells with warm agar, and then
plating the celis as a thin layer in a Petri dish. These early investigations
with single-cell cultures have been reviewed by Street (1977b) and Hil-
debrandt (1977). Although Muir and his colleagues reported in 1954
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that single isolated cells exhibited cell division, this claim was contesi
by De Ropp (1959). Subsequent investigations provided the necess;
evidence that single cells are capable of proliferation (Torrey, 1957; M
et al., 1958). The question of totipotency was completely resolved
Vasil and Hildebrandt (1965) by the demonstration that a single isolat
cell can divide and ultimately give rise to a whole plant.

Planc tissue cultures have been used extensively for the study of ¢
todifferentiation, particularly the formation of tracheary elements in ¢
tured tissues. A variety of different techniques have been employe
Wedges of agar containing auxin and sucrose “grafted” to a block of call
induced tracheary element formation (Wetmore and Sorokin, 1955; We
more and Ricr, 1963; Jeffs and Northcote, 1967). Primary explants fro
many different plant tissues are capable of producing tracheary elemen
during culture on agar or in a liquid medium (see chap. 7). A rece
symposium was held in Edinburgh on differentiation in vitro (Yeoma
and Truman, 1982).

Many of the carly investigators employed cither herbaceous or wood
dicot tissues as sources of primary explants, although other groups ¢
plants were also used as experimental material. Morel ( 1950) successfull
cultured monocort tissues with the aid of coconut milk. Ball (1955) cul
tured tissues of the gymnosperm Sequoia sempervirens, and Tulecke pre
pared haploid cultures from the pollen of Taxus (Tulecke, 1959) an:
Ginkgo biloba (Tulecke, 1953; 1957). Hervey and Grasham (1969) pub
lished media requirements for establishing cultures of 12 conifer species
Tissue culture procedures have been used in developmental anatomy
studies involving excised shoot apices of lower plants (e.g., ferns, Sela.
ginella, and Equisetun; see Wetmore and Wardlaw, 1951).

During the 1960s it was shown thar cultured pollen and the micro.
sporogenous tissue of anthers have the potential to produce vast numbers
of haploid embryos (Guha and Maheshwari, 1966, 1967: Bourgin and
Nitsch, 1967). Later, with a technique developed by C. Nitsch, it became
possible to culture microspores of Nicotiana and Datura, to double the
chromosome number of the microspores, and to collect seeds from the
homozygous diploid plants within a S-month period (Nitsch, 1974,
1977). Although there are technical problems associated with this tech-
nique, haploid cultures have been used successfully in China for the
selection of improved varieties of crop plants (see chap. 14),

Another important development during the 1960s was the enzymatic
isolation and culture of protoplasts (Cocking, 1960). This method in-
volves removing the cell wall with purified preparations of cellulase and
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pectinase, while regulating protoplast expansion with an external os-
moticum. The cultured protoplasts regenerate new cell walls, form cell
colonies, and ultimately form plantlets (Takebe, Labib, and Melchers,
1971). Some of the experimental approaches currently employed include
(a) protoplast fusion within species, between species, between monocots
and dicots, and even berween plants and animals; (b) introduction of
mitochondria and plastids into protoplasts; (c) uptake of blue-green algae,
bacteria, and viruses by protoplasts; and (d) the transfer of genetic in-
formation into isolated protoplasts. Cells containing foreign organelles
are termed cytoplasmic hybrids or heteroplasts, whereas cells containing
transferred nuclei are referred to as heterokaryons or heterokaryocvtes.
The fusion of the two nuclei in heterokaryons produces hybrid cells (see
chap. 13).

Planr tissue culture techniques have been widely used for the com-
mercial propagation of plants. Most of the applications are based on the
characteristic of cytokinins to stimulate bud proliferation in the cultured
shoot apex. Ball (1946) demonstrated the possibility of regenerating
plants from isolated explants of angiosperm shoot apices. Later, Wetmore
and Morel regenerated whole plants from shoot apices measuring 100~—
250 pm in length and bearing one or two leaf primordia (see Wetmore
and Wardlaw, 1951). Modifications of Morel’s (1960) shoot-apex tech-
nique have been used for orchid propagation (Morel, 1964). Premixed
culture media, specifically formulated for the propagation of certain
plants, are commercially available (see Commercial sources of supplies).
Several recent publications are devoted to technical problems associated
with the mass propagation of higher plants (Vasil, 1980; Conger, 1981;
Constantin et al., 1981; Thorpe, 1981; Bonga and Durzan, 1982; Tomes
et al., 1982). This subject will be discussed further in Chapter 10.

One of the earliest applications of plant tissue culture involved the
study of plant tumor physiology. White and Braun (1942) reported the
growth of bacteria-free crown-gall tissue. Braun has devoted his career
at Rockefeller University to the study of plant cancer (Braun, 1974,
1975), and a summary of this researclt has appeared (Butcher, 1977).
Related to these studies is the phenomenon of “habituation.” Gautheret
(1946) observed that a callus culture of Srorzonera hispanica, which orig-
inally required auxin in the medium for growth, often developed out-
growths of callus that would grow indefinitely on an auxin-deficient me-
dium. The term habituation refers to inherited changes in nutritional
requirements arising in cultured cells, especially changes involving plant
hormones. For example, an auxin-habituated culture has lost its original
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requirement for exogenous auxin (Butcher, 1977). These cultures are
important in investigations of plant cancer. The grafting of auxin- and
cytokinin-habituated tissues into healthy plants produces tumors (see
Butcher, 1977). Tissue culture techniques have also been used to pro-
duce pathogen-free plants via apical meristem cultures, Ingram and
Helgeson (1980) reviewed the applications of in vitro procedures to plant
pathology.

An interesting account of the early development in both plant and
animal cell culture is given in White’s book (1954), and Gautheret’s
monumental work (1959) was an invaluable guide to the early investi-
gators. A summary of the pioneer studies on plant morphogenesis in-
volving cultured tissues was compiled by Butenko (1964). Recently
Gautheret (1983) recalled some of the highlights of the field.

Emergence of a new technology, civca 1978 1 the present

By the late 1970s it became evident that plant tissue culture technology
was beginning to make significant contributions to agriculture and in-
dustry (Murashige, 1978; Zenk, 1978). In agriculture, the major areas
are haploid breeding, clonal propagation, mutant cultures, pathogen-free
plants, production of secondary products, and genetic engineering. In
addition, the cryopreservation of plant tissue cultures and the establish-
ment of in vitro gene banks have attracted considerable interest (see
chap. 15).

The greatest success has been achieved with in vitro clonal propaga-
tion. In vitro techniques have revitalized the orchid industry. Murashige
(1977) estimated that more than 600 species of ornamental plants have
been cloned. Cloning has been extended to forest trees, fruit trees, oil-
bearing plants, vegetables, and numerous agronomic crop plants. Clonal
propagation of potato plants has been achieved on a large scale by the
regeneration from isolated leaf-cell protoplasts (Shepard, 1982). By 1982
more than 100 tissue culture facilities were engaged in the commercial
propagation of plants (Loo, 1982). In other areas, plant tissue culture
has had only limited economic success. Haploid breeding has produced
relatively few established cultivars, mainly because of the low frequency
of the appearance of new agriculeurally important genotypes by this
method. Progress is being made, however, particularly in China (Loo,
1982). The application of mutagenic agents to cultures, followed by suit-
able screening techniques, has led to the regeneration of mutant plants
showing disease or stress resistance. Chaleff (1983) reviewed the tech-



Culture of plant cells, tissues, and organs 9

nical problems associated with this approach. Several pathogen-free
plants have been developed (Murashige, 1978), and tissue culture tech-
nology now plays an important role in plant pathology. For example,
protoplasts are currently employed for the study of virus infection and
biochemistry (Rottier, 1978). The prospects of success with the genetic
manipulation of plants have created considerable public interest. Yet
advances to date have been largely theoretical. Two approaches may be
considered. The first technique involves the transfer of genetic infor-
mation by the fusion of protoplasts isolated from two different organisms.
This method provides the opportunity of producing hybrids between
related but sexually incompatible species. Melchers and his colleagues
(1978) produced a somatic hybrid plant from the fusion of potato and
tomato protoplasts, both members of the Solanaceae family. It appears
unlikely, however, that this technique will yield any plants of economic
importance in the near future. The second technique concerns the in-
sertion of foreign genes attached to a plasmid vector into the naked
protoplast (Barton and Brill, 1983; Dodds and Bengochea, 1983). The
transfer of the plasmid DNA into the protoplast is usually achieved by
means of liposomes. A major problem, kowever, is whether the inserted
gene will be integrated into the host genome, transcribed, and expressed
in the mature plant. The final problem is the regeneration of whole plants
from the transformed single cells. Several rescarch groups have produced
transformed tobacco plants following single-cell transformation (i.e.,
gene insertion) (Wullems et al., 1982; Chilton, 1983).

Industrial applications involve large-scale suspension cultures capable
of synthesizing significant amounts of useful compounds. These second-
ary products of industrial interest include antimicrobial compounds, anti-
tumor alkaloids, food flavors, sweeteners, vitamins, insecticides, and
enzymes. A major problem has been the genetic instability of the cul-
tures, as well as engineering problems associated with this technique.
Nevertheless, progress has been made at the industrial level, especially
by the Japanese (Misawa, 1977; 1980). Further discussion of this topic
will be found in Chapter 16.
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A plant tissue culture laboratory

A laboratory devoted to in vitro procedures with plant tissues must have
adequate space for the performance of several functions. It must provide
facilities for (1) media preparation, sterilization, cleaning, and storage of
supplies; (2) aseptic manipulation of plant material; (3) growth of the
cultures under controlled environmental conditions; (4) examination and
evaluation of the culeures; and (5) assembling and filing of records
(White, 1963). The grouping of functions will vary considerably from
one laboratory to another. According to White (1963), the ideal orga-
nization will allow a separate room for each of the following functions:
media preparation, aseptic procedures, incubation of cultures, and general
laboratory operations. If one has the op:. artunity to plan an in vitro
laboratory in advance, the component facilities should be arranged as a
production line (Street, 1973). The area involved with washing and stor-
age of glassware should lead to the facilities for oven sterilization and
media preparation. Materials should then move from autoclave sterili-
zation to the aseptic transfer facility. After the aseptic operations, the
cultures are transferred to incubators or controlled-environment cham-
bers. The cultures should be in close proximity to the laboratory con-
taining microscopes and facilities for evaluation of the results. Discarded
and contaminated culcures are transferred back to the washing area. It
is of the utmost importance to give careful consideration to the arrange-
ment of the aseptic procedures. Because some laboratories do not have
a separate sterile room, some type of laminar flow cabinet or bacterio-
logical glove box is required. This facilitiy must be located in an area
free from drafts and with 2 minimum of traffic. In addition, it should
not be located in the vicinity of scientists from other research groups
working with airborne microorganisms (sec chap. 3).

Distwasting. Discarded cultures, as well as contaminated ones, are au-
toclaved briefly in order to liquefy the agar and to kill any contaminants
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that may be present. The culture glassware is easier to wash after the
spent medium has been liquefied and removed. After scrubbing with a
brush in a hot detergent bath, the glassware is rinsed repeatedly with
tap water, and then given two or three rinses in distilled water (de Fos-
sard, 1976). If an automatic dishwasking machine is used, a final rinse
with distilled or demineralized water should be used to remove any pos-
sible traces of detergent. After washing, the glassware is oven dried prior
to storage. Certain cell culturcs require scrupulously clean culture ves-
sels; therefore, a routine dishwashing program is inadequate. New glass-
ware may release chemicals that are toxic to the cultured tissues. Ad-
ditional information can be obtained from Street (1973) and Biondi and
Thorpe (1981).

Media preparation. Although media preparation requires a balance sen-
sitive to milligram quantities for weighing hormones and vitamins, a less
sensitive scale may be used for weighing agar and carbohydrates. The
media reagents should be shelved near the balance for convenience. A
refrigerator in the media room is necessary for storing stock solutions
and chemicals that degrade at room temperature. A combinadon hot
plate and magnetic stirrer is a time saver for dissolving inorganic reagents.
Either a2 pH meter or pH indicator paper is required for adjusting the
final pH of the medium. Relatively large quantities of single- and double-
distilled water must be available in the media room. Sterilization equip-
ment is an integral part of media preparation. A coramercial electric stove
is the most economical type of oven sterilization. Wet-heat sterilization
involves either an autoclave or a pressure cooker. Some hormones and
vitamins are sterilized by ultrafiltration at room temperature. After ster-
ilization of the culture vessels by dry heat and autoclaving the medium,
the culture tubes are poured in the transfer chamber. The subsequent
aseptic techniques will be discussed in Chapters 3 and 4.

Incubation of the cultures. The freshly prepared cultures are grown under
carefully regulated environmental conditions, i.e., temperature, lighe,
and humidity. This is accomplished with an incubator, plant growth cham-
ber, or controlled environment room (Fig. 2.1). If cell suspensions are
culeured, some type of shaker or aeration equipment will be necessary
(Fig. 2.2). Several engireering aspects should be considered in designing
a culture room: safety and convenience of the electrical system; air flow
for uniform temperature regulation; arrangement of the shelving; and
elimination of airborne contaminants (Wetherell, 1982). Optimal envi-
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ronmental conditions will vary depending on the species and the purpose
of the experiment, and consideration should be given to diurnal tem-
perature variations, light intensity, light quality, and phoroperiod (rel-
ative length of light—dark cycles). Fluorescent lamps have certain ad-
vantages over incandescent sources. The former have a better spectral
quality, a more convenient shape, and a lower heat ourput than incan-
descent bulbs. Some culeures, however, appear to show the best growth
in the presence of a mixture of both types of illumination. Experiments
conducted by Murashige (1974) with Asparagus, Gerbera, Saxifraga, and
bromeliads indicated an optimum light intensity of 1,000 lux during cul-
ture initiation and shoot proliferation. A higher optimum of 3,000-
10,000 was required for the establishment of plantlets. These experi-
ments utilized Gro-Lux or white fluorescent lamps with a daily exposure
period of 16 hr (Murashige, 1974). It is advisable to equip the culture
room with a cleck-operated timing switch for the regulation of photo-
periods. Although some investigators may want to expose the cultures
to thermoperiodic cycles, most experiments are conducted with constant
temperatures set at approximately 25-27°C. Some morphogenetic re-
sponses are evidently sensitive to temperature fluctuations (see Mura-
shige, 1974). Additional information on the effects of various lighe
sources on plant growth can be found in the review by Cathey and Camp-
bell (1982).

Fig. 2.1. A walk-in controlled environment room for incubation of in
vitro cultures. (International Potato Center.)
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Additional needs. General laboratory requirements vary considerably, de-
pending on the type of data required. A suitable hand lens and dissection
microscope are important for tha macroexamination of the cultures, and
a compound microscope equipped with photomicrograph accessories is
available in most laboratories. A chemical hood should be used with
maceration procedures involving chromic acid, as well as for the storage
of volatile and potentially dangerous chemicals. Protoplast purification
requires a bench-top centrifuge. All plant tissue culture laboratories
should be equipped with a fire extinguisher and a first aid kit.

Descriptions of the facilities used by the early investigators can be
found in the publications of Gautheret (1959), White (1963), and Bu-
tenko (1964). Street (1973), Wetherell (1982), Bonga (1982), de Fossard
(1976), and Biondi and Thorpe (1981) describe modern laboratory fa-
cilities.

Possibly the best way of deciding on the type of equipment and fa-
cilities for plant tissue culture is to arrange a visit to a plant tissue culture
laboratory (de Fossard, 1976). Addresses of laboratories may be obtained
from the national correspondent of the country’s branch of the Inter-
national Association for Plant Tissue Culture (IAPTC). The name and

Fig. 2.2 Orbital shaker for the acration of liquid cultures. (Courtesy of
Lab-Line Instruments.)
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address of the national correspondent can be obtained from the IAPTC
secretary. This position is currently held by Dr. J. M. Widholm, De-
partment of Agronomy, University of lllinois, 1102 S. Goodwin, Urbana,
IL 61801, U.S.A.
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Aseptic techniques

The importance of maintaining a sterile environment during the culture
of plant tissues cannot be overemphasized. By following a few simple
precautions to avoid microbial contamination, you will not waste valuable
laboratory time in repeating experiments. The best example of the use
of aseptic procedures is the operating room of a modern hospital, where
the rigid precautions taken by surgeons are familiar to all of us.

The single most important factor in the selection of a suitable working
area is the flow of air currents over the sterile area. Such air currents
must be avoided because they carry spores of contaminating micro-
organisms. An interior room, similar to a photographic darkroom, is an
excellent location for aseptic procedures. Because opening the door cre-
ates a draft, post a No Admittance sign on the door during the aseptic
operations. If precautions are observed in a draft-free room, the open
laboratory bench can be used. White (1963) mounted a transparent plas-
tic shield parallel to the top of an open bench to prevent spore fallout.
It is preferable, however, to conduct the aseptic procedures in some type
of enclosed transfer chamber, bacteriological glove box, or laminar air-
flow cabinet (Fig. 3.1). Such enclosures are often equipped with a ger-
micidal lamp emitting ultraviolet irradiation for the control of airburne
contamination and for surface sterilization of the interior of the chamber.
The emission at 253.7 nm is slowly germicidal, but it does not penetrate
surfaces; dust and shadowed areas protect contaminants from its activity.
Although these lamps are widely used, their effectiveness in creating a
sterile environment is questionable (Klein and Klein, 1979; Collins and
Lyne, 1984). UV lamps have a relatively short life, although they con-
tinue to emit visible light after emission at 253.7 nm has ceased. They
should not be used in the presence of plastic apparatus, and the irradiation
may produce inhibitory substances in culture media (Collins and Lyne,
19¢4; see Health hazards). The use of germicidal lamps should be kept
at a minimum, since they are not a substitute for cleanliness. Laminar
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flow cabinets are designed to direct a gentle flow of ultrafiltered sterije
air across the working area, thus minimizing airborne contamination.
Flaming instruments in such a facility should be done with caution. Al-
cohol is highly inflammable. The air stream from the cabinet would direct
the flash fire toward the worker (Wetherell, 1982). After dipping in
ethanol or isopropanol (807 v/v), instruments should be blotted dry on
sterile filter paper. Before the start of any sterile procedur., the working
area should be thoroughly scrubbed with a tissue soaked with ethanol
or isopropanol (805 v/v).

Another extremely important point about aseptic procedure, and one
of the leading causes of contamination, is dirty hands. Simply rinsing the
hands with water js insufficient; it is essential chat they be vigorously
scrubbed with plenty of soap and hot water for several minutes. Attention
must also be given to the fingernails and to any part of the forearm that
extends into the chamber. Ideally, wash basins should have a foot- or
elbow-operated mixer tap equipped with a spray nozzle (Collins and
Lyne, 1984). After a hot water rinse, blot the skin partially dry with
paper towels. It is unnecessary to use any strong disinfectants that might
produce a skin rash. The hands may be sprayed with a dilute solution of
ethanol or isopropanol, although this practice causes skin dryness and

Fig. 3.1. Laminar air-flow cabinet arranged for culture.
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these mixtures must not be used indiscriminately around an open flame.
According to Biondi and Thorpe (1981) the seed coat can be removed
from sterile seeds manually without contamination by dipping the fingers
repeatedly in ethanol (40-70% v/v) prior to the operation. Some years
ago hexachlorophene (2,2'-methylenebis [3,4,6-trichlorophenol]) was
widely used as an antibacterial agent in soaps. This chemical penetrates
the intact skin, and it has the potential to cause brain lesions and other
serious huwmnan disorders. For this reason it is not recommended that
pHisohex or other hand-washing preparations containing hexachloro-
phene be used (Science 175, 148, 1972).

Several techniques are employed for the sterilization of glassware,
surgical instruments, liquids, and plant material. The methods can be
classified as follows: dry heat, wet heat, ultrafiltratcion, and chemical.

Dry beat. This method is used for glassware, metal instruments, or other
materials that are not charred by high temperatures. Objects containing
cotton, paper, or plastic cannot be sterilized with dry heat. Surgical blades
and scalpels should not be sterilized by this method because the high
temperature will dull the cutting edge. Although laboratory drying ovens
may be used, the oven of a gas or electric stove will serve the same
purpose. In calculating the time required for hot-air sterilization, three
time periods must be considered. Approximately 1 hr (heating-up pe-
riod) is allowed for the entire load to reach the sterilization temperature.
The recommended holding periods at different sterilization temperatures
are 45 min for 160°C, 18 min for 170°C, 7.5 min for 180°C, and 1.5
min for 190°C (Collins and Lyne, 1984). For a moderate oven setting of
160°C (320°F) a sterilization time of approximately 2 hr should be al-
lowed. A cooling-down period is advisable in order to prevent the glass-
ware from cracking due to a rapid drop in temperature. The objects to
be sterilized are carefully wrapped in heavy-duty aluminum foil before
being placed in the oven. In the United States three grades of aluminum
foil are commercially available, and the heavy-duty grade is always used
in tissue culture procedures. The thinner grade frequently has pinholes,
and the extra-heavy-duty is too thick for wrapping objects. After steri-
lization the wrapped objects are taken to the transfer chamber.

Wet heat. This procedure employs an autoclave operated with steam
under pressure (Fig. 3.2). If the laboratory is not equipped with an au-
toclave, a home pressure cooker can be used. For the sterilization of
paper products, glassware, instruments, and liquid volumes not exceed-
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ing 50 cm? per container, a steam pressure of 15 Ib/in? (103.4 kPa) at
a temperature of 121°C (250°F) is applied for 15 min. The minimum
sterilization time increases with an increase in liquid volume. For ex-
ample, with the preceding conditions of pressure and temperature, 75
cm’ of liquid per container requircs 20 min, 250-500 cm? requires 25
min, and a 30-min period is necessary for 1,000 cm? (Biondi and Thorpe,
1981). Do not start timing the sterilization period until the autoclave or
pressure cooker has reached the proper temperature and all the residual
air in the chamber has been displeced by steam. If a pressure cooker is
used, do not close the escape valve until a steady stream of pure steam
is evident. At the end of the sterilization period, the pressure must be
permitted to return slowly to the atmospheric level because rapid de-
compression will cause the liquids to boil out of the vessels, Prolonged
autoclaving must be avoided, because it results in the decomposition of
the chemicals present in the medium. This topic will be discussed in
Chapter 4. After autoclaving any paper products, the objects should be

Fig. 3.2. Portable electric autoclave for wert sterilization of media and
equipment. (Courtesy of Gallenkamp.)
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placed in the drying oven (<60°C) briefly in order to evaporate the
condensed moisture. Steam in the autoclave chamber must penetrate the
materials; a temperature of 121°C will not by itself achieve sterilization.
With the exception of the flasks, instruments and other materials should
be wrapped in heavy unwaxed paper. Although aluminum foil is com-
monly used as a wrapping, it is impermeable to the steam vapors and
therefore is not recommended (Hamilton, 1973). Demineralized water
should be used in boilers of autoclaves that generate their own supply
of steam, as well as in pressure cookers. Steam generated by external
power plants often is contaminated with various volatiles that may 