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PREFACE

The Wiley Biotechnology Encyclopedias, composed of
the Encyclopedia of Molecular Biology; the Encyclopedia
of Bioprocess Technology: Fermentation, Biocatalysis, and
Bioseparation; the Encyclopedia of Cell Technology; and
the Encyclopedia of Ethical, Legal, and Policy Issues in
Biotechnology cover very broadly four major contemporary
themes in biotechnology. The series comes at a fascinating
time in that, as we move into the twenty-first century,
the discipline of biotechnology is undergoing striking
paradigm changes.

Biotechnology is now beginning to be viewed as an
informational science. In a simplistic sense there are
three types of biological information. First, there is the
digital or linear information of our chromosomes and genes
with the four-letter alphabet composed of G, C, A, and
T (the bases guanine, cytosine, adenine, and thymine).
Variation in the order of these letters in the digital
strings of our chromosomes or our expressed genes (or
mRNAs) generates information of several distinct types:
genes, regulatory machinery, and information that enables
chromosomes to carry out their tasks as informational
organelles (e.g., centromeric and telomeric sequences).

Second, there is the three-dimensional information of
proteins, the molecular machines of life. Proteins are
strings of amino acids employing a 20-letter alphabet.
Proteins pose four technical challenges: (1) Proteins are
synthesized as linear strings and fold into precise three-
dimensional structures as dictated by the order of amino
acid residues in the string. Can we formulate the rules
for protein folding to predict three-dimensional structure
from primary amino acid sequence? The identification
and comparative analysis of all human and model organ-
ism (bacteria, yeast, nematode, fly, mouse, etc.) genes
and proteins will eventually lead to a lexicon of motifs
that are the building block components of genes and pro-
teins, These motifs will greatly constrain the shape space
that computational algorithms must search to successfully
correlate primary amino acid sequence with the correct
three-dimensional shapes. The protein-folding problem
will probably be solved within the next 10-15 years.
(2) Can we predict protein function from knowledge of
the three-dimensional structure? Once again the lexicon
of motifs with their functional as well as structural cor-
relations will play a critical role in solving this problem.
(3) How do the myriad of chemical modifications of proteins
(e.g., phosphorylation, acetylation, etc.) alter their struc-
tures and modify their functions? The mass spectrometer
will play a key role in identifying secondary modifications.
(4) How do proteins interact with one another and/or with
other macromolecules to form complex molecular machines
(e.g., the ribosomal subunits)? If these functional com-
plexes can be isolated, the mass spectrometer, coupled
with a knowledge of all protein sequences that can be
derived from the complete genomic sequence of the organ-
ism, will serve as a powerful tool for identifying all the
components of complex molecular machines.

The third type of biological information arises from
complex biological systems and networks. Systems

information is four dimensional because it varies with
time. For example, the human brain has 1,012 neu-
rons making approximately 1,015 connections. From this
network arise systems properties such as memory, con-
sciousness, and the ability to learn. The important point is
that systems properties cannot be understood from study-
ing the network elements (e.g., neurons) one at a time;
rather the collective behavior of the elements needs to be
studied. To study most biological systems, three issues
need to be stressed. First, most biological systems, three
issues need to be stressed. First, most biological systems
are too complex to study directly, therefore they must
be divided into tractable subsystems whose properties in
part reflect those of the system. These subsystems must
be sufficiently small to analyze all their elements and con-
nections. Second, high-throughput analytic or global tools
are required for studying many systems elements at one
time (see later). Finally the systems information needs
to be modeled mathematically before systems properties
can be predicted and ultimately understood. This will
require recruiting computer scientists and applied math-
ematicians into biology —just as the attempts to decipher
the information of complete genomes and the protein fold-
ing and structure/function problems have required the
recruitment of computational scientists.

I would be remiss not to point out that there are many
other molecules that generate biological information:
amino acids, carbohydrates, lipids, and so forth. These too
must be studied in the context of their specific structures
and specific functions.

The deciphering and manipulation of these various
types of biological information represent an enormous
technical challenge for biotechnology. Yet major new and
powerful tools for doing so are emerging.

One class of tools for deciphering biological information
is termed high-throughput analytic or global tools. These
tools can be used to study many genes or chromosome
features (genomics), many proteins (proteomics), or many
cells rapidly: large-scale DNA sequencing, genomewide
genetic mapping, cDNA or oligonucleotide arrays, two-
dimensional gel electrophoresis and other global protein
separation technologies, mass spectrometric analysis of
proteins and protein fragments, multiparameter, high-
throughput cell and chromosome sorting, and high-
throughput phenotypic assays.

A second approach to the deciphering and manipula-
tion of biological information centers around combinatorial
strategies. The basic idea is to synthesize an informa-
tional string (DNA fragments, RNA fragments, protein
fragments, antibody combining sites, etc.) using all combi-
nations of the basic letters of the corresponding alphabet,
thus creating many different shapes that can be used to
activate, inhibit, or complement the biological functions of
designated three-dimensional shapes (e.g., a molecule in a
signal transduction pathway). The power of combinational
chemistry is just beginning to be appreciated.

A critical approach to deciphering biological infor-
mation will ultimately be the ability to visualize the
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functioning of genes, proteins, cells, and other informa-
tional elements within living organisms (in vivo informa-
tional imaging).

Finally, there are the computational tools required to
collect, store, anelyze, model, and ultimately distribute
the various types of biological information. The creation
presents a challenge comparable to that of developing
new instrumentation and new chemistries. Once again
this means recruiting computer scientists and applied
mathematicians to biology. The biggest challenge in this
regard is the language barriers that separate different
scientific disciplines. Teaching biology as an informational
science has been a very effective means for breeching these
barriers.

The challenge is, of course, to decipher various
types of biological information and then be able to
use this information to manipulate genes, proteins,
cells, and informational pathways in living organisms to
eliminate or prevent disease, produce higher-yield crops,
or increase the productivity of animals for meat and other
foods.

Biotechnology and its application raise a host of
social, ethical, and legal questions, for example, genetic
privacy, germline genetic engineering, cloning of animals,
genes that influence behavior, cost of therapeutic drugs

generated by biotechnology, animal rights, and the nature
and control of intellectual property.

Clearly, the challenge is to educate society so that
each citizen can thoughtfully and rationally deal with
these issues, for ultimately society dictates the resources
and regulations that circumscribe the development and
practice of biotechnology. Ultimately, I feel enormous
responsibility rests with scientists to inform and educate
society about the challenges as well as the opportunities
arising from biotechnology. These are critical issues
for biotechnology that are developed in detail in the
Encyclopedia of Ethical, Legal, and Policy Issues in
Biotechnology.

The view that biotechnology is an informational
science pervades virtually every aspect of this science,
including discovery, reduction of practice, and societal
concerns. These Encyclopedias of Biotechnology reinforce
the emerging informational paradigm change that is
powerfully positioning science as we move into the twenty-
first century to more effectively decipher and manipulate
for humankind’s benefit the biological information of
relevant living organisms.

Leroy Hood
University of Washington
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COMMONLY USED ACRONYMS

AND ABBREVIATIONS

ABA
AC
ACC
AFLP
AFM
ATL
BAEC

BOD
BRG1

BSE
CAD
CAMs
CBER
CB MNC
CDC
CDK
CE
CEIA
CFD
cGMP
CHO
CIP
CJD
CMC

CMS
Ccop
CTL
DEPC
DF
DHFR
DIBA
DIC
DMSO
DNA-PK
DOP
Dw
EIA
ELAM
ELISA
EMIT
EPO
ERE
FDA
FDA
FlA
FRALE
FRIM

GISH
GMP
GRE
GS
GUS

abscisic acid

alternating current
alpha-aminocyclopropane-1-carboxylic acid
amplified fragment length polymorphism
atomic force microscope/microscopy

atrial natriuretic peptide receptor

bovine aortic endothelial cell

biological license application

biological oxygen demand

human homologue of drosophila brahma gene

(brm)

Bovine Spongiform Encephalopathy
caspase activated DNAse

Cell-Adhesion Molecules

Center of Biologics Evaluation and Review
cord blood mononuclear cells

Center for Disease Control and Prevention
cyclin dependent kinase

centrifugal elutriation

capillary electrophoretic immunoassay
computational fluid dynamics

current Good Manufacturing Practices
chinese hamster ovary cells
cleaning-in-place procedures
Creutzfeld-Jakob Disease

Chemistry, Manufacturing, and Controls
studies

cytoplasmic male sterility

critical oxygen pressure

cytotoxic T lymphocytes

diethyl pyrocarbonate

dark field microscopes

dihydrofolate reductase

dot immunobinding assays

differential interference microscopes
dimethyl sulfoxide

DNA-dependent protein kinase
dioctylphthalate

dry weight

competitive binding enzyme immunoassay
endothelial leukocyte adhesion molecule
enzyme-linked immunosorbent assay
enzyme-monitored immunotest
Erythropoitin (hormone)

estrogen response element

Food and Drug Administration
fluroescein diacetate

flow-injection analysis

frangible anchor linker effector (compounds)

fluorescence ratio imaging microscopy
fresh weight basis

genomic in situ hybridization

good manufacturing practice
glucocorticoid response element
glutamine synthetase
b-glucuronidase gene

HBV
HEPA
HF
HIV

IBA
ICAM-1
ICH
IGF
IPGRI

IRMA
LAFs
LCR
LMTD
LNAME
MACS

MB
MCB
MCP-1
MEM
MOI
MSCs
MTB
MTT

NAA
NASBA
NAT
NEAAs
Nes
NHEs
NIH

NMR
NOA
NOS
OTR
OUR
PAI-1

PARP
PB MNC
PCMBS
PCNA
PCD
PCV
PDGF
PEG
PFCs
PVA
rAHF

RCM

hepatitis B virus

High Efficiency Particulate Air (filtration)
hollow fiber (reactors)

human immunodeficiency virus

hormone response element
indole-3-acetic acid

indole-3-butyric acid

intracellular adhesion molecule-1

International Conference on Harmonisation

insulin growth factor

International Plant Genetic Resources
Institute

immunoradiometric asay

Laminar flow cabinets/hoods

ligase chain reaction

log mean temperature difference
N-nitro-L-arginine methyl ester
magnetic cell sorter

mitogen activated protein
methylene blue

Master Cell Bank

monocyte chemoattractant protein-1
minimal essential media
multiplicity of infection
microbiological safety cabinets
multipurpose tower bioreactor
3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl
tetrazolium bromide
1-naphthylacetic acid

nucleic acid sequence based amplification
nucleic acid testing

non-essential amino acids
naphthalene endoperoxides
Na+/H+ antiports or exchangers
National Institutes of Health
natural killer cells

nuclear magnetic resonance
2-naphthylocyacetic acid

nitric oxide synthase

oxygen transfer rate

oxygen uptake rate

plasminogen activator inhibitor, type 1
phenylalanine ammonia lyase
poly(ADP-ribose) polymerase
peripheral blood mononuclear cells
p-chloromercuribenzenesulfonic acid
proliferating cell nuclear antigen
physiological cell death

packed cell volume

platelet derived growth factor
polyethylene glycol

perfluorocarbons

polyvinyl alcohol

recombinant human anti-hemophiliac factor

randomly amplified polymorphic DNA
reflection contrast microscopy
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RCV replication competent virus TSE transmissible spongiform

RFLP restriction fragment length polymorphism encephalopathies

RH relative humidity ULPA Ultra Low Penetration Air (filters)
RIA radioimmunoassay VCAM-1 vascular cell adhesion molecule-1
RLF replication licensing factor VFF vortex flow filtration

TCA tricarboxylic acid WHO world health organization

TIL tumor infiltrating lymphocytes WCB working cell bank



CONVERSION FACTORS, ABBREVIATIONS,
AND UNIT SYMBOLS

SI UNITS (Adopted 1960)

The International System of Units (abbreviated SI), is being implemented throughout the world. This measurement
system is a modernized version of the MKSA (meter, kilogram, second, ampere) system, and its details are published and
controlled by an international treaty organization (The International Bureau of Weights and Measures).

SI units are divided into three classes:

BASE UNITS
length
mass
time
electric current
thermodynamic temperature*
amount of substance
luminous intensity

SUPPLEMENTARY UNITS
meter! (m) plane angle radian (rad)
solid angle steradian (sr) kilogram (kg)
second (s)
ampere (A)
kelvin (K)
mole (mol)

candela (cd)

Quantity Unit Symbol Acceptable equivalent
volume cubic meter m?
cubic diameter dm? L (liter) (5)
cubic centimeter c¢m?® mL
wave number 1 per meter m~!
1 per centimeter cm™!

In addition, there are 16 prefixes used to indicate order of magnitude, as follows:

Multiplication factor Prefix Symbol
1018 exa E
10% peta P
1012 tera T
10° giga G
108 mega M
10° kilo k
102 hecto he
10 deka da®
10! deci de
102 centi c®
10-3 milli m
108 micro €
10-° nano n
10-12 pico P
1015 femto f
1018 atto a

“Although hecto, deka, deci, and centi are SI prefixes,
their use should be avoided except for SI unit-multiples
for area and volume and nontechnical use of
centimeter, as for body and clothing measurement.

For a complete description of SI and its use the reader is referred to ASTM E380.
A representative list of conversion factors from non-SI to SI units is presented herewith. Factors are given to four
significant figures. Exact relationships are followed by a dagger. A more complete list is given in the latest editions of

ASTM E380 and ANSI Z210.1.

*The spellings “metre” and “litre” are preferred by ASTM; however, “-er” is used in the Encyclopedia.

*Wide use is made of Celsius temperature (¢) defined by

t=T—-Tp

where T is the thermodynamic temperature, expressed in kelvin, and Ty = 273.15 K by definition. A temperature interval may be expressed in degrees

Celsius as well as in kelvin.

xiii



xiv CONVERSION FACTORS, ABBREVIATIONS, AND UNIT SYMBOLS

CONVERSION FACTORS TO SI UNITS

To convert from To Multiply by
acre square meter (m?) 4.047 x 103
angstrom meter (m) 1.0 x 10-10f
are square meter (m?) 1.0 x 10%*
astronomical unit meter (m) 1.496 x 101!
atmosphere, standard pascal (Pa) 1.013 x 10%
bar pascal (Pa) 1.0 x 105
barn square meter (m?) 1.0 x 10-28¢
barrel (42 U.S. liquid gallons) cubic meter (m?) 0.1590
Bohr magneton ¢€g) JIT 9.274 x 10~
Btu (International Table) joule (J) 1.055 x 102
Btu (mean) joule (J) 1.056 x 10°
Btu (thermochemical) joule (J) 1.054 x 103
bushel cubic meter (m?®) 3.524 x 1072
calorie (International Table) joule (J) 4.187
calorie (mean) joule (J) 4.190
calorie (thermochemical) joule (J) 4.184"
centipoise pascal second (Pa - 8) 1.0 x 10737
centistokes square millimeter per second (mm?/s) 1.0t
cfm (cubic foot per minute) cubic meter per second (m®/s) 4.72 x 10~
cubic inch cubic meter (m?) 1.639 x 103
cubic foot cubic meter (m?) 2.832 x 102
cubic yard cubic meter (m?) 0.7646
curie becquerel (Bq) 3.70 x 10'°F
debye coulomb meter (C m) 3.336 x 103
degree (angle) radian (rad) 1.745 x 102
denier (international) kilogram per meter (kg/m) 1.111 x 1077
text 0.1111
dram (apothecaries’) kilogram (kg) 3.888 x 102
dram (avoirdupois) kilogram (kg) 1.772 x 10-8
dram (U.S. fluid) cubic meter (m?) 3.697 x 1078
dyne newton (N) 1.0 x 10-5¢
dyne/cm newton per meter (N/m) 1.0 x 1073t
electronvolt joule (J) 1.602 x 10-1®
erg joule (J) 1.0 x 107
fathom meter (m) 1.829
fluid ounce (U.S.) cubic meter (m?) 2.957 x 1075
foot meter (m) 0.3048"
footcandle lux (Ix) 10.76
furlong meter (m) 2.012 x 1072
gal meter per second squared (m/s?) 1.0 x 1072
gallon (U.S. dry) cubic meter (m?) 4.405 x 1073
gallon (U.S. liquid) cubic meter (m®) 3.785 x 1072
gallon per minute (gpm) cubic meter per second (m?/s) 6.309 x 1075
cubic meter per hour (m3/h) 0.2271
gauss tesla (T) 1.0 x 104
gilbert ampere (A) 0.7958
gill (U.S.) cubic meter (m?®) 1.183 x 10~
grade radian 1.571 x 10~2
grain kilogram (kg) 6.480 x 10-5
gram force per denier newton per tex (N/tex) 8.826 x 1072
hectare square meter (m?) 1.0 x 10%f
horsepower (550 ft - 1bf/s) watt (W) 7.457 x 102
horsepower (boiler) watt (W) 9.810 x 10°
horsepower (electric) watt (W) 7.46 x 10
hundredweight (long) kilogram (kg) 50.80
hundredweight (short) kilogram (kg) 45.36
inch meter (m) 2.54 x 1072
inch of mercury (32 °F) pascal (Pa) 3.386 x 10°
inch of water (39.2°F) pascal (Pa) 2.491 x 10?
kilogram-force newton (N) 9.807
kilowatt hour megajoule (MJ) 3.6



CONVERSION FACTORS, ABBREVIATIONS, AND UNIT SYMBOLS

CONVERSION FACTORS TO SI UNITS

To convert from To Multiply by
kip newton (N) 4.448 x 10°
knot (international) meter per second (m/S) 0.5144
lambert candela per square meter (cd/m?) 3.183 x 10°
league (British nautical) meter (m) 5.559 x 10°
league (statute) meter (m) 4.828 x 10°
light year meter (m) 9.461 x 108
liter (for fluids only) cubic meter (m®) 1.0 x 103t
maxwell weber (Wh) 1.0 x 108
micron meter (m) 1.0 x 108t
mil meter (m) 2.54 x 1075t
mile (statute) meter (m) 1.609 x 102
mile (U.S. nautical) meter (m) 1.852 x 103t
mile per hour meter per second (m/s) 0.4470
millibar pascal (Pa) 1.0 x 102
millimeter of mercury (0°C) pascal (Pa) 1.333 x 10%*
minute (angular) radian 2.909 x 10~
myriagram kilogram (kg) 10
myriameter kilometer (km) 10
oersted ampere per meter (A/m) 79.58
ounce (avoirdupois) kilogram (kg) 2.835 x 102
ounce (troy) kilogram (kg) 3.110 x 102
ounce (U.S. fluid) cubic meter (m®) 2.957 x 10-°
ounce-force newton (N) 0.2780
peck (U.S.) cubic meter (m?) 8.810 x 1073
pennyweight kilogram (kg) 1.555 x 10-3
pint (U.S. dry) cubic meter (m?) 5.506 x 10~*
pint (U.S. liquid) cubic meter (m®) 4.732 x 104
poise (absolute viscosity) pascal second (Pa - s) 0.10"
pound (avoirdupois) kilogram (kg) 0.4536
pound (troy) kilogram (kg) 0.3732
poundal newton (N) 0.1383
pound-force newton (N) 4.448
pound force per square inch (psi) pascal (Pa) 6.895 x 10°
quart (U.S. dry) cubic meter (m?) 1.101 x 10-3
quart (U.S. liquid) cubic meter (m?) 9.464 x 104
quintal kilogram (kg) 1.0 x 10%
rad gray (Gy) 1.0 x 10-%
rod meter (m) 5.029
roentgen coulomb per kilogram (C/kg) 2.58 x 1074
second (angle) radian (rad) 4.848 x 10~
section square meter (m?) 2.590 x 108
slug kilogram (kg) 14.59
spherical candle power lumen (Im) 12.57
square inch square meter (m?) 6.452 x 104
square foot square meter (m?) 9.290 x 10~2
square mile square meter (m?) 2.590 x 108
square yard square meter (m?) 0.8361
stere cubic meter (m?) 1.0
stokes (kinematic viscosity) square meter per second (m?/s) 1.0 x 10#
tex kilogram per meter (kg/m) 1.0 x 106
ton (long, 2240 pounds) kilogram (kg) 1.016 x 108
ton (metric) (tonne) kilogram (kg) 1.0 x 10%7
ton (short, 2000 pounds) kilogram (kg) 9.072 x 10?
torr pascal (Pa) 1.333 x 10?
unit pole weber (Wh) 1.257 x 10-7
yard meter (m) 0.91441

TExact.
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NOMENCLATURE FOR BIOREACTOR
OPERATIONS: PREPARATION, STERILIZATION,
CHARGING, CULTURE INITIATION AND

HARVESTING

T ®R SWHRD A

Z 2 R R PR

w

oS 2

space time, calculated for a stirred tank
density

thermal conductivity

angle of slope

thickness of layer, length of dead leg
viscosity

width of rectangular channel

height of rectangular channel
constant

molar concentration

mixing time constant

specific heat capacity at constant pressure
diameter

diameter of nozzle on tank

fraction of original air left in system
gravitational acceleration

heat transfer coefficient

specific latent heat

thermal conductivity

constant

length

molecular weight

parameter

molal flux of water

binary diffusivity

pressure

xvii

Pr,e  total system pressure
QA heat flux

r spatial radial coordinate

R ideal gas constant

R, thermal heat transfer resistance

T temperature

ty mixing time in a stirred tank reactor for 95%
homogeneity

v volume

v partial molal volume

\4 mass flow rate

X spatial coordinate in one dimensonal moel

X mole fraction

z axial spatial coordinate

Subscripts

a air

c condensate

s steam

T thermal

conv convective
INT interface

w wall

INS  insulated
bare not insulated



INTRODUCTION

An encyclopedia serves many functions. The word itself
exposes the multiplicity of its purposes. While it seeks to
be all encompassing (as it encycles) it also takes us on a
journey whereby we both discover new ideas and extend
our learning experiences (rather in the manner of a child
being exposed to the “circle of knowledge” in Greek times).
The editors and authors of this work have followed such a
tradition and have sought to provide readers with a state-
of-the-art compilation of information, ideas, procedures,
and guidelines so that they may enhance their abilities and
understandings of cell technology. This in turn should lead
to both new processes and products as well as increases
in the productivity and efficiency of existing processes
dependent on the cultivation of animal and plant cells.

In both the history of the origin of the idea of
the cellularity of all living beings (with the exception
of viruses, plasmids, and nucleic acid molecules) and
the history of how we might view the way cells
emerged from a proto-Earth some 4 billion years ago,
the pervasive synergism between the concepts generated
in the animal cell world and those rising from the
plant cell world has led us to our present world view.
This reciprocating reinforcement of views, visions, and
experimental observations has been one of the crucial
features of the way knowledge and capability have
advanced as rapidly as is related in these pages. To
maintain this rapid rate of progress, the Encyclopedia
of Cell Technology has been built about the concept of the
facilitation and encouragement of the transference of ideas
and practical processes between animal and plant cell
technologies. The editors hold that, in spite of some overlap
of these areas, the differences between them are such as to
stimulate and promote the use of assays or techniques that
have worked in one area, say, animal cell technology, in the
corresponding area of plant cell technology, and vice versa.

We have progressed considerably in the past 100 years.
From the tentative experiments in the last decade of
the nineteenth century to the large-scale commercially
successful technologies of the last decade of the twentieth
century, we can discern a dramatic transformation. Not
only have we been able to all but eliminate the exogenous
contamination of cultures but the equipment which we
now deploy is robust, reliable, and can be used to achieve
a predefined outcome within relatively close tolerance
limits and with a high degree of consistency. And the
scope of those capabilities has widened. Whereas initial
experimentation with cells in culture was clearly focused
on the solution of intellectual problems of a preponderantly
analytic nature, concerning anatomy and physiology (plus
or minus biochemistry), the thrust of modern endeavors
has been more synthetic and has resulted in a welter of
new product areas and opportunities.

Plant cell culturists struggled with in vitro axenic
growth of cells for many years before the advent of
antibiotics. During this time they were able to define
simple nutrient media and to examine the physiology of
cells under controlled conditions. While the early uses of
plant cells in culture echoed cloning procedures which

xix

could be applied to whole plants, the development of
techniques for the establishment of uncontaminated callus
cultures, which could then be used to either form plantlets
or a bulk culture of monodisperse suspension cells or
clumps, became a useful technology in the 1960s. The
extension of the techniques of in vitro orchid cultivation
to that of tree plantlet propagation in the 1980s has
become a platform from which an effective reforestation
program can be mounted. The successful and commercial
production of a secondary metabolite (shikonin) from
large-scale suspension cultures was achieved in 1983.
Currently, the use of plant cell cultures for the production
of anticancer drugs based on taxol is receiving much
attention as well as the production of a diverse
array of plant cell enzymes, perfumes, and additional
pharmaceuticals. From a virtually exclusive concentration
on the use of animal cells in culture for the production of
virus vaccines in the 1950s to 1970s, the introduction
of two new technologies set in train an expansion of
effort leading to a corresponding burgeoning of the
commercially manufactured product profile. Following
Kohler and Millstein’s demonstration of the production
of monoclonal antibodies from hybridoma cells in 1975
and the way in which animal cells in culture might be
genetically engineered in the late 1970s, a second wave
of products reached the marketplace. More recently, the
use of animal cells in culture as replacements for animals
in toxicity testing has received much attention. And the
original idea of Carrel in 1913 of using human organs
grown in culture to replace pathological tissues is moving
from the concept stage to realization. In parallel with these
recent developments, the use of animal cells to produce
adeno- and lentiviruses, which are principal candidates
for vectors of genetic therapeutics of whole animals and
humans, is beginning to show signs of becoming a major
animal cell technology application. The pluripotency (if not
totipotency) of human embryo stem cells may be further
explored to provide replacement cells for defunct tissues
if, and when, the ethical issues, which the use of such cells
engenders, may be resolved. It is the clear intention of the
editors and authors of the Encyclopedia of Cell Technology
to provide readers with a powerful new tool that will enable
them to more gkillfully and rapidly achieve their goals.
As a comprehensive resource of information and process
techniques, most practitioners active in the field will find
in these pages something which is both fresh and helpful
to their personal endeavors. Students and researchers
entering this area for the first time will be able to obtain an
essential overview of what is available and where further
information can be found. We have done everything we can
to make the material of this encyclopedia both accessible
and of benefit to its users. The outcome we seek is the
continued and more extensive development of these areas.
From such a venture we are confident that we can continue
to bring to the plants, animals, and humans of this planet
much for their progress and advantage.

R.E. Spier
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INTRODUCTION

Efficient commercial micropropagation for producing a
large number of quality plants using limited resources
of time, labor, and money largely depends upon high
multiplication rates and successful acclimatization.

This article describes: the general characteristics of
the in vitro environment, responses of plants to the in
vitro environment, general responses of plants to the ex
vitro environment, reason for the difficulty of the ex vitro
acclimatization, environmental control for the ex vitro
acclimatization, and the in vitro acclimatization. Aspects
of physical environments and their effects on the plant
growth and development in vitro are discussed. Recent
research on the in vitro acclimatization is introduced in
relation to the photoautotrophic micropropagation.

DEFINITION AND OBJECTIVE OF ACCLIMATIZATION

Definition

The term acclimatization is defined as the climatic or
environmental adaptation of an organism, especially a
plant, that has been moved to a new environment (1). In
this article, the term acclimatization is specifically used to
mean the environmental adaptation of a tissue-cultured
or a micropropagated plant to a greenhouse or a field
environment (2).

Acclimatization takes place under the active guidance
of human beings. The term acclimation has a similar
meaning, but it is a process of nature. In this article,
the term acclimatization is used in preference to terms
such as acclimation, hardening, weaning, habituation,
conditioned, etc. (3).

Acclimatization is required because there is, in general,
a significant difference between the tissue culture or
micropropagation environment and the greenhouse or field
environment. The former is called the in vitro environment
and the latter the ex vitro environment. Acclimatization
is mostly conducted in a greenhouse and sometimes in a
field under shade, which is called ex vitro acclimatization.
On the other hand, acclimatization conducted in a tissue
culture vessel or a micropropagation box is called in vitro
acclimatization (4—6) for ex vitro environment. Hereafter,
the term acclimatization will be used to mean in vitro
and ex vitro acclimatization. If in vitro acclimatization is
successfully conducted, the ex vitro acclimatization can be
simplified or even eliminated.

During the ex vitro acclimatization, the ex vitro
environment is changed gradually with time, starting
with the near in vitro environment and finishing with
the near greenhouse or field environment. Besides the
physical environment control, the acclimatization can be
enhanced by application of some chemicals for accelerating
rooting (7,8), reducing transpiration by regulation of
stomatal functioning (6,9), and by application of symbiotic
microorganisms (10). In general, the period needed for the
ex vitro acclimatization ranges between several days and
a few weeks.

In the following sections, it is assumed, unless oth-
erwise stated, that cultures that are subject to acclima-
tization, such as shoots and regenerated plants, possess
chlorophyll in their leaves and have photosynthetic ability
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to a certain degree. Also, for convenience, all types
of chlorophyllous cultures including leafy explants and
shoots in the culture vessel are called plants in vitro here-
after, unless otherwise stated. Microtubers and bulblets
without chlorophyllous shoots, which are often produced
in a bioreactor and are usually buried under the ground
in the greenhouse for further growth, are not discussed
extensively in this article.

Objective of Acclimatization and Steps for
Achieving the Objective

Micropropagation is a technology for producing a large
number of genetically identical, pathogen-free transplants
by means of tissue or organ culture. The last stage of
the micropropagation process, following the multiplication
and/or rooting stage, is called the ex vitro acclimatization
stage.

The widespread use of micropropagated plants is cur-
rently restricted, partly due to high percentages of death
and damaged plants in the micropropagation process,
especially at the ex vitro acclimatization stage (11). Thus
the main objective of acclimatization is to provide an
optimum in vitro and/or ex vitro environment for mini-
mizing the percentages of death and damaged plants in
the micropropagation process, for enhancing the plant
establishment, and for promoting the plant growth at and
after the acclimatization stage (6). In order to achieve this
objective, the following subjects need to be discussed:

1. The general characteristics of the in vitro environ-
ment in conventional micropropagation

2. The responses of plants in vitro to the in vitro
environment in conventional micropropagation

3. Improvements of the in vitro environment and
modifications of the conventional micropropagation
system so that plants in vitro are grown vigorously
and easily acclimatized in vitro and/or ex vitro with
minimum percentages of death and damaged plants
and with a high growth rate at reasonable costs

4. The general characteristics of the ex vitro environ-
ment at the acclimatization stage in conventional
micropropagation

5. The responses of plants at the ex vitro acclimatiza-
tion stage in conventional micropropagation

6. Improvements of the ex vitro environment and
modifications of the conventional acclimatization
system so that plants ex vitro are grown vigorously
at a high growth rate and

7. Possibilities for developing a new micropropagation
system that can minimize the percentages of death
and damaged plants and can enhance plant growth
at minimal cost

GENERAL CHARACTERISTICS OF THE IN VITRO
ENVIRONMENT

Environmental Factors Affecting the Growth and
Development of Plants In Vitro

In conventional micropropagation, the in vitro environ-
ment has unique general characteristics compared with

the ex vitro environment. Figure 1 is a simplified rela-
tional diagram or a schematic eco-physiological model
showing the environmental factors affecting the growth
and development of plants in vitro (12). It also shows the
functional relationships among state variables (contents,
concentration, etc.) and rate variables (flows or fluxes) of
mass (or material) and energy within the tissue culture
vessel, and between inside and outside the culture vessel.

State variables quantify conserved properties of the
culture vessel system containing plants and culture
medium. On the other hand, rate variables quantify the
time rate of change of the state variables, expressing flows
of material or energy per unit time.

The functional relationships among the state and rate
variables in Figure 1 are similar to those for a greenhouse
ecosystem or any other ecosystem in a semiclosed system.
However, the numerical values of state and rate variables
for the in vitro environment are significantly different
from those for the ex vitro or the greenhouse environment,
as will be discussed in the following.

Aerial Environment

General characteristics of the in vitro aerial environment
in conventional micropropagation with respect to state
variables are:

1. High relative humidity, usually 95—-100% (13,14)

2. Relatively constant air temperature throughout the
day, typically 25 + 3°C (14)

3. Low CO; concentration during photoperiod (15-17)

4. High CO; concentration during the dark period
(15,18,19) and
5. High ethylene (C;H,) concentration (18,19)

These characteristics are largely due to the low number
of air exchanges per hour of the culture vessel and the
relatively small air volume of the culture vessel (14).
Number of air exchanges per hour of the culture vessel is
defined as the hourly ventilation rate of the culture vessel
divided by the air volume of the culture vessel (14).

General characteristics of the in vitro aerial environ-
ment in conventional micropropagation with respect to
rate variables are:

1. Low air movement rate (low CO; and water vapor
diffusion coefficients), that is, stagnant air (20) due
to low photosynthetic photon flux, low net thermal
radiation flux, and a relatively uniform distribution
of air temperatures inside and around the culture
vessel

2. Low transpiration rate of plants and low evaporation
rate of the culture medium due to high relative
humidity and low air movement rate (or small
difference in water potential between air and culture
medium) (21,22)

3. Low gross photosynthetic rate of plants due to low
CO; concentration, low air movement rate dur-
ing photoperiod, and low ability of photosynthe-
sis (23-25)
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Figure 1. A simplified relational diagram showing the environmental factors affecting the growth
and development of plants in vitro, and the flows of mass and energy in and around the culture

vessel (14).

4. High dark respiration rate of plants due to the Root Zone Environment

high sugar concentrations in plants and culture
medium (14) and

5. Low or negative daily net photosynthetic rate
(negative daily CO; balance) of plants due to low
gross photosynthetic rate and high dark respiration

rate (23,26-28) 1.
2.

As shown previously, flows of material and energy in
the culture vessel are significantly restricted largely by the
relatively small differences in spatial gradients of physical
potentials (spatial differences in water vapor pressure,

temperature, CO. concentration, etc.) within the culture 3.

vessel and between inside and outside the culture vessel.

General characteristics of the in vitro root zone environ-
ment in conventional micropropagation with respect to
state variables are as follows:

Presence of sugar (sugar is absent in normal soil)
Relatively high mineral ion concentrations, espe-
cially NH4* concentration, (significantly higher than
those of nutrient solution for hydroponics and much
higher than those of normal fertile soil for horticul-
ture and agriculture) (29-33)

Low dissolved oxygen concentration, especially in
gelled agents such as agar (14,34,35)
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4. Absence of microorganisms in most cases, and, in
other cases, high density of microorganisms causing
microbial contamination with the presence of sugar
in the culture medium

5. Presence of phenolic compounds or other toxic
substances in many cases (35)

6. Presence of exogenous amino acids, vitamins, etc.

7. Presence of exogenous plant growth regulators in
many cases

As shown previously, the culture medium composition
is significantly different from the composition of nutrient
solution for hydroponics such as Hoagland solution and
normal soil (33).

The general characteristics of the in vitro root
zone environment in conventional micropropagation with
respect to rate variables are:

1. Low water uptake rate of plants due to the low
transpiration rate (22)

2. Low ion uptake rate of plants due to the low water
uptake rate of plants and/or low ion diffusion rates
in the culture medium (30,32,33)

3. Low sugar uptake rate of plants due to its low
diffusion rate in the culture medium (33)

4. Low transport rates of culture medium components
other than sugar due to their low diffusion rates in
the culture medium (14,35)

The low transpiration rate of plants and/or slow
diffusion of components in the gelled culture medium
significantly restricts the flows of substances such as
water and ions from the culture medium to the plants.
A bioreactor containing liquid culture medium with a
liquid mixing system enhances the flows of sugar and ions
from the culture medium to the plants, although plants
produced in a bioreactor show some disadvantageous
responses (5,36).

RESPONSES OF PLANTS TO THE IN VITRO ENVIRONMENT

Typical responses of plants at the tissue level to the in
vitro environment in conventional micropropagation are:

1. Little epicuticular and cuticular wax forma-
tion (37-39) largely due to high relative humidity
and low photosynthetic photon flux

2. Stomatal malfunction (25,39,40,41) (stomata remain
open even at a low relative humidity (42,43) and
in the dark (44), resulting in wilting of plants due
to the low stomatal and cuticular resistance to
transpiration)

3. Low chlorophyll contents in the leaves (37,45)

4. Low percent dry matter or hyperhydrated shoots
(46-48)

5. Restricted leaf area expansion (48)
6. Low stomatal density on leaves (6,49)

7. Poorly structured spongy and palisade tissues and
inferior vascular connections of shoots with roots
and

8. Low photosynthetic ability (43) associated with
low activities of photosynthetic enzymes such
as Rubisco (ribulose-1,5-bisphosphate carboxy-
lase/oxygenase) and PEPCase (phosphoenolpyru-
vate carboxylase) and abnormal chlorophyll fluores-
cence responses (28,50). Interaction between sucrose
uptake and photosynthesis of micropropagated rose
plants was studied extensively by DeRiek (51).

Typical responses of plants at whole plant level to the in
vitro environment in conventional micropropagation (36)
are;

1. Low growth and development rates of plants

2. Succulent or hyperhydrated shoots with physiolog-
ical and/or morphological disorders (curled leaves,
ion deficiency in leaves etc.), which tend to die or be
damaged when transplanted to the ex vitro environ-
ment

3. Incomplete rooting and few secondary roots (most
roots developed in vitro tend to die within one week
or so at the acclimatization stage) (34,35) and

4. High variations in size, shape, and developmental
stage of plants due to the spatial variation of the
in vitro environment in the culture vessel and the
variations in size, shape, and developmental stage of
explants, and partly due to the presence of exogenous
plant growth regulators

Plants cultured under the typical in vitro environment,
showing the responses shown previously, tend to be weak-
ened or eventually die during the ex vitro acclimatization.
Thus careful ex vitro acclimatization is essential for mini-
mizing the percentages of death and damage of plants, and
for enhancing the plant growth during and after the ex
vitro acclimatization. In general, the responses given are
more clearly observed in plants produced in a bioreactor
containing liquid culture medium than in plants produced
in a culture vessel containing agar or other gelled culture
medium (5). On the other hand, liquid culture medium
combined with a supportive system such as a membrane
raft and a vent system with use of gas-permeable film
reduces hyperhydration of plants in vitro significantly (5).

EX VITRO ACCLIMATIZATION AND GENERAL RESPONSES
OF PLANTS IN CONVENTIONAL MICROPROPAGATION

A typical procedure at an early stage of the ex vitro
acclimatization in conventional micropropagation is to
provide a relatively dense shade (Fig.2). In addition
to the shade, mists or fogs are often provided during
the daytime (7,52). The dense shading with or without
frequent misting or fogging is necessary during the
daytime to keep the relative humidity high and the
temperature moderate under varying natural solar light
conditions. This procedure, however, brings about a
vicious circle of environmental control at the ex vitro
acclimatization stage, as will be shown.

Plants cultured in vitro are sensitive to water
stress (53). Thus, in some cases, a portion of leaves has to
be removed before the ex vitro acclimatization to reduce
excess transpiration of plants. On the other hand, some
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Figure 2. Typical ex vitro acclimatization procedures. (a) Shading using plastic tunnels in
the greenhouse. (b) A misting system inside the plastic tunnels for shading. (e) Plants being
acclimatized ex vitro in the plastic tunnels. Many plants are dead during the acclimatization ex
vitro. (d) Retransplanting of successfully ex vitro acclimatized plants into the plastic trays for

shipping. This procedure is labor intensive.

portion of roots is often removed for easy transplanting at
the ex vitro acclimatization stage. In fact, roots produced
in vitro are often not functional and die after they are
transferred to the ex vitro environment (4,5). Thus, in a
sense, there is no essential need to keep such abnormal
roots when transplanting.

Furthermore, in many cases, plants cultured in vitro
are considered not to have developed full photosynthetic
potential at an early stage of the ex vitro acclimatization.
Therefore, especially under shade, photosynthesis of
plants with reduced leaf area and roots is suppressed.
Suppression of photosynthesis retards the emergence
of new functional leaves and roots of plants. Then,
water and nutrient uptake are suppressed due to the
poor root development and reduced leaf area, resulting
in low transpiration rates. Thus the plants remain
sensitive to water stress and light intensity. Under high
light intensity, the photosynthetic organs in leaves are
sometimes damaged due to the photoinhibition (54).

Some chemicals are used to reduce the water stress
of plants at the ex vitro acclimatization stage. Addi-
tion of abscisic acid (ABA) as an antitranspirant into
the culture medium decreased stomatal conductance
without noticeable negative effects on plant photosynthetic
growth (8,55). Growth retardants, inhibitors of gibberellin

biosynthesis, were reported to reduce shoot elongation and
improve environmental stress resistance (5,56). Paclobu-
trazol was found to increase the resistance to low relative
humidity for micropropagated chrysanthemum, rose, and
grapevine (57-59).

Typically, during the first week of ex vitro acclimatiza-
tion, a large part of the soluble carbohydrates in plants
is utilized to develop the root system (51). Once the root
system is established, the upper part of a plant starts
growing exponentially. On the other hand, if the plant
fails to develop a root system within about one week, the
plant does not grow anymore and eventually dies.

In order to minimize the delay of growth and death
of plants ex vitro and overcome this vicious circle of
environmental control at the ex vitro acclimatization
stage, it is necessary to consider the fundamental reasons
why plants in vitro are difficult to acclimatize ex vitro.

REASONS FOR THE DIFFICULTY OF EX VITRO
ACCLIMATIZATION IN CONVENTIONAL
MICROPROPAGATION

The reason why plants cultured in vitro are difficult to
acclimatize ex vitro will be discussed here from the aspects
of trophic phases, photosynthesis, and transpiration.
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Trophic Phases — Heterotrophy, Photomixotrophy, and
Photoautotrophy

In conventional micropropagation, plants in vitro uptake
carbon-containing compounds for synthesizing their car-
bohydrates from two sources: one is sugar (mainly sucrose,
glucose, and fructose) in the culture medium, and the other
is carbon dioxide (COz) in the air. Growth which depends
upon sugar in the culture medium as the sole carbon source
is called heterotrophic growth, and growth dependent upon
COq in the air as the sole carbon source for photosynthe-
sis is called photoautotrophic growth. Photoautotrophic
plants require inorganic energy sources only: primarily,
light energy (photosynthetic photons), CO,, water, and
minerals. Seedlings of almost all higher plants grow pho-
toautotrophically in the field. Growth which depends upon
sugar and COs; is called photomixotrophic growth (60-62),
regardless of the ratio of carbon uptake from sugar to the
total carbon uptake.

In conventional micropropagation, chlorophyllous
plants are cultured on sugar-containing culture medium.
Thus they grow photomixotrophically. In this case, at the
beginning of the ex vitro acclimatization stage, plants
encounter a drastic change in a trophic or nutritional
phase—from a photomixotrophic to a photoautotrophic
phase, because no sugar is present in the culture medium
(substrate or soil) at the ex vitro acclimatization stage.
During the ex vitro acclimatization stage, plants are forced
to develop photoautotrophy.

Photosynthetic Ability, CO, Concentration in Culture Vessel,
and Net Photosynthetic Rate of Plants in Vitro

Heterotrophic and photomixotrophic plants in vitro tend
not to develop their leaves and roots fully, especially under
high relative humidity, low photosynthetic photon flux,
and low CO; concentration during the photoperiod (5).

It had been believed that plants in vitro did not have
sufficient photosynthetic ability to develop photoautotro-
phy. However, recent research revealed that plants in
vitro have sufficient photosynthetic ability to develop pho-
toautotrophy (15,23,26—29,62—68). However, they have
not developed their full photosynthetic potential; that is,
the photosynthetic ability measured as the maximum net
photosynthetic rate at saturated CO; concentration and
photosynthetic photon flux is significantly lower in young
leaves of plants cultured in vitro than in those of plants
grown in the field.

Since the photomixotrophic plants in vitro start
absorbing CO2 mainly through stomata at the onset of
photoperiod, the CO; concentration in the airtight culture
vessel decreases sharply within one to two hours nearly to
a CO, compensation point (ca. 80 umol mol~?) (15,26). The
CO; compensation point is a COy concentration at which
the net photosynthetic rate of plants is balanced to be
zero (gross photosynthesis rate = respiration rate), even at
optimum photosynthetic photon fluxes and temperatures.

Namely, the low net photosynthetic rate of plants in
vitro is largely attributed to the low CO; concentration in
the culture vessel during the photoperiod, and only partly
to the low photosynthetic ability of plants (69-71). In
other words, plants in vitro can develop photoautotrophy

and may develop their full photosynthetic potential,
provided that the in vitro environment is controlled
properly for promoting photosynthesis. It is noted that
the photosynthetic ability is often significantly lower in
photomixotrophic plants in vitro than in photoautotrophic
plants in vitro (24,72,73).

Reason for High Relative Humidity in Vitro

In conventional micropropagation, relative humidity in
the culture vessel is always higher than about 95% (47)
because the culture vessel, containing liquid water, is
sealed and the temperature is approximately constant
with time. However, the purpose of sealing the culture
vessel at the multiplication and rooting stages is not to
keep the relative humidity high. The culture vessel is
sealed to prevent microbes from entering it. Once microbes
enter the culture vessel, they grow rapidly and cause
microbial contamination from the sugar in the culture
medium, resulting in the loss of plants. Thus, the high
relative humidity is an adverse side effect resulting from
the sealing of the culture vessel for the prevention of
microbial contamination.

Therefore, if the relative humidity can be reduced
without any microbial contamination at a reasonable
cost, nonhyperhydrated plants with normal stomata
and cuticular wax layers (74) can be obtained. Then,
percentages of death and damaged plants due to excess
transpiration at the ex vitro acclimatization can be
significantly reduced.

Conventional and Future Approaches for Acclimatization

Considering the preceding discussion, we can consider four
approaches to solve the acclimatization problem.

1. Developing a sophisticated environment control sys-
tem for the ex vitro acclimatization of plants cultured
in vitro photomixotrophically in a conventional way

2. Growing plants in vitro having a large amount of

carbohydrate reserve (mostly soluble starch and
sugar)
The plants cultured in vitro with a higher sucrose
concentration in the culture medium show a
significantly higher content of carbohydrates in
plants, mostly in leaves (51,54). In this case, the
leaves act as storage organs. Then the plants
start developing new and functional roots and
leaves ex vitro, using the carbohydrate reserve,
within about one week from the start of the ex
vitro acclimatization stage (75). The plants with
newly developed normal roots and leaves can
grow quickly. In this case, a large portion of the
carbohydrate reserve in old shoots is translocated
to form new shoots and roots ex vitro. Thus
death of old roots and leaves produced in vitro
causes less damage for the subsequent plant
growth at the ex vitro acclimatization stage. Of
course, plants in vitro with high carbohydrate
contents can be better acclimatized ex vitro if the
sophisticated environment control system for the ex
vitro acclimatization mentioned above is used.



3. Developing a system to grow plants in vitro
photoautotrophically under low relative humidity,
high CO; concentration, and high photosynthetic
photon flux conditions at the multiplication and/or
rooting stages.

These plants do not encounter a change in a trophic
phase, and have less environmental and nutritional
stresses at the ex vitro acclimatization stage.

4. Acclimatizing the plants ex vitro under artificial
light in a closed room where the ex vitro environment
can be controlled precisely as desired (76,77).

This method can be applied for plants grown in vitro
photomixotrophically and also for those grown in
vitro photoautotrophically.

The first two approaches are suitable for the improve-
ments or modifications of the conventional ex vitro
acclimatization methods. The third one is for the in
vitro acclimatization in combination with the photoau-
totrophic micropropagation, which seems to be a future
acclimatization method. The fourth one is applied both for
the conventional and the future ex vitro acclimatization
methods.

ENVIRONMENTAL CONTROL UNIT FOR THE EX VITRO
ACCLIMATIZATION

A sophisticated microcomputer-controlled acclimatization
unit has been developed and applied to give a more appro-
priate environment than the conventional one (78,79).
With this acclimatization unit, water vapor saturation
deficit (which is more directly related to transpiration
rate than relative humidity) is accurately controlled at
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a desired level using an ultrasonic humidifier under
the changing solar radiation. Then, plants do not face
excess transpiration and are not wilted during the ex vitro
acclimatization.

At the same time, plants receive a high enough solar
radiation to achieve a high net photosynthetic rate.
The ex vitro environment is controlled on the basis
of acclimatization curves. Figure 3 shows a schematic
diagram of the acclimatization curve for air temperature
control. The cooling system is turned on when the air
temperature in the unit is higher than the upper limit,
and is turned off when it reaches the set point. The heating
system is operated in a similar way. The set point of the
average air temperature on the first day of acclimatization
is almost constant, simulating the conditions of the in vitro
environment. The set point for the final day is set to be
similar to the expected air temperature fluctuation of the
greenhouse or field environment where the plants will be
transplanted to the soil.

Using the acclimatization curve, the diurnal amplitude
of the air temperature is magnified gradually day by day.
The diurnal amplitude of the acclimatization curves for
solar radiation, and water vapor saturation deficit are
also changed in a similar way. The daily average and the
magnitude of diurnal amplitude for each environmental
factor are modified, depending upon the crop species, the
season, etc. CO; can be enriched with this unit. Using this
acclimatization unit, hyperhydrated strawberry plants
that were cultured submerged in a liquid culture medium
were successfully acclimatized ex vitro (78).

Apart from the acclimatization unit, in general, CO,
enrichment at the ex vitro acclimatization stage gives
positive effects on rooting and growth of grapevine (80),

Maximum of the
upper limit temperature

_______ -a— Maximum of the
set point temperature

‘:'<— Upper limit temperature
]

Temperature

Tl {(

-—..-a— Average temp. of set point

Set point temperature

]
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limit temperature

Start of the acclimatization
(Transfer from in vitro cuiture)

End of transfer

Days after transfer (days)

Figure 3. Schematic diagram of the acclimatization curve for air temperature control (78).
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strawberry (78,81), raspberry (81) and asparagus (81)
plants. CO; enrichment can be a common commercial
practice in the future because the cost of CO; enrichment
is minimal. In 1998, the cost of pure liquid CO; in a
high-pressure container was about $0.12 per kg in Japan
and $0.30 per kg in China. Using one kilogram of pure
COg, more than 10,000 plants can be acclimatized ex vitro
under COgq-enriched conditions. A CO; controller for the
ex vitro acclimatization costs about $1,000 in 1998.

IN VITRO ACCLIMATIZATION

Plants can also be acclimatized in vitro, provided that the
relative humidity, CO; concentration, and photosynthetic
photon flux (PPF) in the culture vessel are properly
controlled. Furthermore, if the plants are cultured
in vitro on the appropriate supporting material with
high air porosity and containing no sugar under low
relative humidity, high CO; concentration, and high PPF
conditions, they are acclimatized in vitro, and then the ex
vitro acclimatization can be simplified or even eliminated.
The methods of the in vitro acclimatization are discussed
in more detail in the following.

Relative Humidity

Morphological and physiological characteristics of plants
in vitro can be improved significantly by reducing the
relative humidity (RH) in the culture vessel to about 90%
under a photosynthetic photon flux of 150 umol m~2s~!
and higher (47). The transpiration rate and ion uptake
rates of plants in vitro increases with reducing relative
humidity (48).

This reduction in relative humidity can be achieved
by use of the gas-permeable film such as a microporous
polypropylene film. For example, a few holes with a
diameter of 10 mm are made on each of the cap of a
Magenta-type culture vessel. Then, a 14 mm disk of the
film is placed and glued on each of the holes (14,30,60,63).
Several kinds of culture vessels with the gas-permeable
film on the culture vessel caps are commercially available
now. Use of the gas-permeable film generally increases
COy concentration in the culture vessel during the
photoperiod, decreases CO; concentration during the dark
period, and decreases ethylene concentration throughout
the culture period, compared with those without the gas-
permeable film.

At the same time, the loss of water from the culture
vessel by evaporation from the culture medium and
transpiration from plants in vitro is enhanced by the
gas permeable film. This loss of water causes desiccation
of the gelled culture medium and retards the plant growth
in vitro in certain cases. The loss of water from the
culture vessel can be reduced significantly by increasing
the relative humidity in the culture room to 70-80%.

The relative humidity in the culture room during the
photoperiod is typically around 40%. This is because the
water vapor of the room air is condensed at the cooling
coils of the cooling system, and thus the room air is
dehumidified when the cooling system is operated. The
cooling system needs to be operated during the photoperiod

to remove heat from the fluorescent lamps even in the
winter. Theoretically, the loss of water from the culture
vessel can be reduced by about 60—70% in case the relative
humidity in the culture room is raised from 40% to 80% at
temperatures of about 25°C.

Another method to prevent the desiccation of the
culture medium due to excess water loss from the culture
vessel is to increase the volume of the culture medium
about twice the volume of the standard formulation. Then,
the change in water content (percent of water volume
per culture medium volume) is approximately halved
compared with the change in water content for standard
culture medium volume when an equal volume of water is
lost from the culture medium.

CO; Concentration

The use of the gas-permeable film for the culture
vessels in a culture room is also effective for raising
CO; concentration in the culture vessel. However, in
this case, the CO; concentration in the culture vessel
during the photoperiod is lower than the atmospheric CO;
concentration (350 pmol mol~1), although it is higher than
that in the vessel without a gas-permeable film.

CO; concentration in the culture vessel during the
photoperiod can be raised higher than the atmospheric
CO; concentration by keeping the CO; concentration in
the culture room significantly higher than the atmospheric
CO; concentration. CO4 concentration in the culture room
is generally kept at 1000 pmol mol~! or higher to keep the
CO; concentration in the culture vessel higher than the
atmospheric concentration.

CO; enrichment by use of the gas-permeable film or
a large culture box promotes the growth, rooting, and/or
development of turfgrass (82), potato (83), and many other
plant species (27-29,61,62,65-68,72—-74,83,84). CO; con-
centration in the culture vessel with use of the gas-
permeable film changes with time, even when CO; con-
centration in the culture room is constant over time,
depending upon the plant growth in vitro, etc. On the
other hand, by using a large culture box with a forced
ventilation system (62,66,67,85), COz concentration in the
box can be controlled accurately at a desired level.

Photosynthetic Photon Flux

In conjunction with relative humidity, PPF is an important
environmental factor in the acclimatization stage. To
acclimatize plantlets, in the conventional method, efforts
have been given so far to control the environment in
the ex vitro acclimatization mainly by maintaining low
light intensity and high relative humidity at the early
phase and gradually decreasing the relative humidity
and increasing light intensity towards the level in the
outer environment. However, these practices under low
light usually suppress photosynthesis, and hence the
development of autotrophy and rooting of the plantlets (3).
As a result the survival percentage of the micropropagated
plantlets became significantly reduced in many plant
species.

By controlling PPF and RH, rapid acclimatization (24 h)
was achieved in Eucalyptus plantlets (67). Efforts were



also made to control the culture vessel environment in
the multiplication and/or rooting stage. As a result, the
drastic change in the environment after transplantation
of the plantlets outside has been reduced. This is termed
in vitro acclimatization, and the photoautotrophic micro-
propagation system (under high PPF; 150 ymol m—2 s~}
and enriched COy) is able to facilitate this condition spe-
cially under low relative humidity. It was also revealed
that under high PPF, net photosynthetic rates of the in
vitro grown plantlets increased, which was reflected in the
growth (root and shoot). Therefore those plantlets survived
and grew well in the ex vitro condition.

Supporting Material

Use of fibrous material such as cellulose plugs (67),
rockwool (61), and artificial soil with high air porosity such
as vermiculite (66,67) as supporting materials generally
gives better root development and then enhanced plant
growth in vitro. Plants in vitro have more secondary roots
with normal vascular systems when cultured with fibrous
materials than when cultured with gelled material such
as agar (66,67).

When plants are cultured in vitro photoautotrophically
using a plug tray with cells containing the artificial
substrate, each plant can be pulled up together with
the substrate and removed from the cell with minimum
damage of roots. Then the plant with substrate can be
transplanted into the soil with minimum transplanting
damage and can be acclimatized and established ex vitro
easily.

Use of Mycorrhizal Fungi and Bacteria

Micropropagation is widely believed to be a procedure that
produces pathogen-free plantlets. However, the persis-
tence of latent microbial contaminants in micropropagated
plantlets has been suggested in many reports to increase
the vigor of the micropropagules (shoot and root growth)
and also the hardiness of micropropagated plantlets with-
out showing any symptom of disease (9,10). For example,
inoculation of Verticillium strain (Pseudomonas) into
potato nodal cultures resulted in improved root formation
and made it possible to eliminate the ex vitro acclimatiza-
tion step, thus allowing the direct transfer of the plantlets
from the tissue culture vessel to the field. The inoculated
bacteria carried through at least sixteen generations of
mass propagation, without reinoculation (10). Culturing
the potato plantlets with Pseudomonas is also reported to
increase root and shoot growth and the lignin deposition;
it also reduced the percent of water loss from the detached
leaves after exposing to the ex vitro condition (20% of
total water content was lost compared to 55% in control)
(86). When kiwifruit’s shoot tips were cultured with two
types of bacteria (Aerococcus sp. and Bacillus fastidiosus),
over 97% of the plantlets were successfully acclimatized in
the field (87). Eucalyptus clones were also inoculated with
Agrobacterium rhizogenes, and extensive root formation
was observed, plantlets were well acclimatized, developing
a firm root plug in the field (88). Inoculation of fungus
(Sphaeropsis tumefaciens) is also known to improve the
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growth of in vitro grown citrus plant and orchids (Cat-
tleyea and Phalaenopsis) (75). Co-inoculation of bacterium
(P. fluorescens) together with an extomycorrhizal fungus
(Laccaria bicolor) enhanced the production of high-quality
Douglas fir planting stocks (89). Therefore, it appears that
in vitro or ex vitro co-inoculation with mycorrhizal fungi
and bacteria can improve acclimatization and growth of
micropropagules.

The reason for the improved growth and the acclima-
tization of the plantlets inoculated with microbes is not
yet fully clear. It has been speculated that some microbes
may stimulate the growth by altering the phytohormone
levels in the host plants, secreting growth-promoting
substances and/or increasing photosynthetic and nutri-
ent absorption efficiencies (10). Also increased phosphate
uptake and antagonism through production of antibiotics
and siderophores have been shown to be involved (86).
Whatever may be the cause, this technique will be a
useful acclimatization technique in the near future.

ADVANTAGES OF PHOTOAUTOTROPHIC
MICROPROPAGATION

In relation to the in vitro acclimatization, the photoau-
totrophic micropropagation under a low relative humidity,
a high CO; concentration, and a high photosynthetic
photon flux has many advantages over conventional, pho-
tomixotrophic micropropagation (60—62). They are:

1. Growth and development of shoots/plantlets in vitro
are promoted

2. Physiological/morphological disorders such as hyper-
hydration are reduced, and plant quality is improved

3. Relatively uniform growth in size and shape and
uniform development are expected

4. Leafy single or multinode cuttings can be used as
explants

5. Procedures for rooting and ex vitro acclimatization
are simplified or eliminated

6. Application of growth regulators and other organic
substances such as amino acids and vitamins can be
minimized

7. Losses of plants due to microbial contamination in
vitro and during the ex vitro acclimatization stage
are reduced

8. A large culture vessel with or without a forced
ventilation system can be used with minimum risk
of microbial contamination

9. Then environmental control of the culture vessel
becomes easier

10. The control of growth and development by means of
environmental control becomes easier

11. Asepsis in the culture vessel is not required if no
pathogen is guaranteed

12. Automation, robotization, and computerization
become easier

13. Propagation and production of plants can be done
rationally based upon standard plant eco-physiology.
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ACCLIMATIZATION IN FUTURE MICROPROPAGATION
SYSTEMS

In vitro acclimatization will become more and more impor-
tant and popular in future micropropagation systems. It
would be ideal if plants cultured in vitro had functional
stomata and roots, had fully developed photosynthetic
organs, and had been acclimatized in vitro. Then the plants
can be transplanted to the ex vitro environment without
any special ex vitro acclimatization. The in vitro acclimati-
zation in photoautotrophic micropropagation will become
increasingly important in the future micropropagation
systems. Finding optimum combinations of bioreactor sys-
tems with in vitro acclimatization will be an important
and practical research subject for future micropropagation
systems.

The use of artificial substrate (culture medium) with
high air porosity in photoautotrophic micropropagation
is an interesting application. A multicell tray (ca. 30 cm
wide x 60 cm long) with several hundred cells can be used
to hold the artificial substrate in each cell of the multicell
tray. Then plants can be removed with the artificial
substrate from the cell and can be transplanted into soil
together with the substrate so that mechanical damage
of roots at transplanting can be minimized. An automatic
transplanting machine handling the multicell trays can
also be used.

Different prototypes of photoautotrophic micropropa-
gation systems for enhancing growth and development
and for in vitro acclimatization have been developed.
One is a large culture vessel with a forced ventilation
system and a multicell tray containing the artificial sub-
strate (62,83,85). With this system, the forced ventilation
rate of the culture vessel can be controlled. Furthermore,
asepsis can be maintained easily by the use of a gas-
permeable filter at the air inlet and outlet of the culture
vessel. Another is a kind of microhydroponic system or
aseptic vegetative production system using cuttings in an
aseptic room (76).

In the future, we may use a sterile culture room in
which people cannot enter. Its appearance looks like an
automated warehouse with a full automatic handling
and transportation system. Sterile multishelves with
fluorescent lamps are installed in the culture room.
Multicell trays are placed on each of the shelves. Its inside
view looks like a clean vegetative (cutting) propagation
system under artificial lighting.

In fact, the major differences between conventional
vegetative (cutting) propagation and micropropagation
are: (I) The former is not considered to be pathogen
free, but the latter is considered to be pathogen free;
(2) explants are larger in the former than in the latter; and
(3) natural solar light is used in the former, but artificial
lamps are used in the latter (76).

However, these differences are not essential. For
examples, pathogen-free plants can be propagated in an
aseptic propagation room with the use of aseptic plug
trays, instead of using aseptic culture vessels with caps in
a septic culture room. Smaller chlorophyllous explants
can be used in conventional vegetative propagation if
the environment is properly controlled. Artificial light

can be used for conventional vegetative propagation
commercially if it is competitive in cost with natural light.
It is shown that the cost of electricity for lighting and air
conditioning is approximately $0.01-0.015 per plant in
Japan if the lighting and air conditioning systems are well
designed (76).

In future micropropagation systems for the growth
of explants to plantlets, in vitro rooting and in vitro
acclimatization will be conducted concurrently using a
large culture box or in a culture room equipped with a
control facility for modulating the physical parameters
of the environment, resulting in minimum ex vitro
acclimatization.
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INTRODUCTION

In plants, differentiated, somatic cells that are at an
advanced stage of the ontogenetic cycle may reinitiate
the developmental program and give rise to adventitious
shoots, roots, or embryos. This phenomenon is called
regeneration, a term originating from animal develop-
mental biology, where it refers to the formation of new
organs from somatic cells. The formation of adventi-
tious shoots (caulogenesis) and roots (rhizogenesis) are

specified by the term adventitious organogenesis, whereas
somatic embryogenesis refers to the formation of adventi-
tious (somatic) embryos. Regeneration occurs frequently
during the natural life of plants but may be achieved at
very high frequencies in tissue culture. For basic science,
regeneration is highly interesting because it facilitates
experimentation on the mechanisms acting during devel-
opmental processes. In agriculture, the capability of plants
to form new organs from somatic cells is of utmost impor-
tance for propagators and breeders. Root regeneration
from cuttings has been used for more than 2000 years
in vegetative propagation. Regeneration of adventitious
shoots forms part of many micropropagation protocols, and
the formation of somatic embryos from cell suspensions
will, if broadly applicable, revolutionize plant propagation.
Biotechnological breeding methods also include adventi-
tious organ formation: Genetic engineering and haploid
plant production, for example, involve adventitious regen-
eration of complete plants from somatic cells.

This article deals with adventitious organogenesis. It
discusses the topic from the perspective of developmental
biology, stressing that adventitious organogenesis is
composed of successive, distinct phases. Unfortunately,
most research has been carried out from a practical point
of view and does not deal with underlying mechanisms.
Basic biochemical and molecular studies suffer from the
complication that during the first steps of the process, only
very few cells in an explant are actually involved.

FORMATION OF ADVENTITIOUS MERISTEMS AND
ORGANS

Preexisting and Adventitious Meristematic Tissues

An organism begins its existence as a single, morphologi-
cally simple cell, the zygote. During ontogenetic develop-
ment, a complete organism with distinct organs, tissues,
and cell types is formed from this cell. In mammals, there
are more than 200 clearly recognizable distinct cell types,
for example, muscle, nerve, and blood cells. In plants, this
number is smaller, possibly some 50. The process during
which cells become different from one another is called
differentiation.

During the initial steps in the life cycle of higher
plants, an embryo is formed from the zygote. This involves
division and differentiation of cells and the organization
of cells into tissues and systems of tissues. The embryo
consists of a shoot (composed of an apical meristem,
a hypocotyl, and cotyledons) and a root (composed of
an apical meristem and the root body) and has, as
compared to adult plants, still a simple structure. Thus
the embryo contains two main types of meristematic
cells: the shoot and the root meristem. In many plants,
both meristems remain present during all of the plant’s
life unless they are damaged. Meristems usually consist
of relatively small cells with small vacuoles that are
scattered throughout the protoplasm. In flowering plants
they are rarely more than 0.25 mm in diameter. In addition
to the two apical meristems, in adult plants other types
of meristematic tissues occur that have been formed
directly from the apical meristem: axillary meristems in
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INTRODUCTION

In plants, differentiated, somatic cells that are at an
advanced stage of the ontogenetic cycle may reinitiate
the developmental program and give rise to adventitious
shoots, roots, or embryos. This phenomenon is called
regeneration, a term originating from animal develop-
mental biology, where it refers to the formation of new
organs from somatic cells. The formation of adventi-
tious shoots (caulogenesis) and roots (rhizogenesis) are
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specified by the term adventitious organogenesis, whereas
somatic embryogenesis refers to the formation of adventi-
tious (somatic) embryos. Regeneration occurs frequently
during the natural life of plants but may be achieved at
very high frequencies in tissue culture. For basic science,
regeneration is highly interesting because it facilitates
experimentation on the mechanisms acting during devel-
opmental processes. In agriculture, the capability of plants
to form new organs from somatic cells is of utmost impor-
tance for propagators and breeders. Root regeneration
from cuttings has been used for more than 2000 years
in vegetative propagation. Regeneration of adventitious
shoots forms part of many micropropagation protocols, and
the formation of somatic embryos from cell suspensions
will, if broadly applicable, revolutionize plant propagation.
Biotechnological breeding methods also include adventi-
tious organ formation: Genetic engineering and haploid
plant production, for example, involve adventitious regen-
eration of complete plants from somatic cells.

This article deals with adventitious organogenesis. It
discusses the topic from the perspective of developmental
biology, stressing that adventitious organogenesis is
composed of successive, distinct phases. Unfortunately,
most research has been carried out from a practical point
of view and does not deal with underlying mechanisms.
Basic biochemical and molecular studies suffer from the
complication that during the first steps of the process, only
very few cells in an explant are actually involved.

FORMATION OF ADVENTITIOUS MERISTEMS AND
ORGANS

Preexisting and Adventitious Meristematic Tissues

An organism begins its existence as a single, morphologi-
cally simple cell, the zygote. During ontogenetic develop-
ment, a complete organism with distinct organs, tissues,
and cell types is formed from this cell. In mammals, there
are more than 200 clearly recognizable distinct cell types,
for example, muscle, nerve, and blood cells. In plants, this
number is smaller, possibly some 50. The process during
which cells become different from one another is called
differentiation.

During the initial steps in the life cycle of higher
plants, an embryo is formed from the zygote. This involves
division and differentiation of cells and the organization
of cells into tissues and systems of tissues. The embryo
consists of a shoot (composed of an apical meristem,
a hypocotyl, and cotyledons) and a root (composed of
an apical meristem and the root body) and has, as
compared to adult plants, still a simple structure. Thus
the embryo contains two main types of meristematic
cells: the shoot and the root meristem. In many plants,
both meristems remain present during all of the plant’s
life unless they are damaged. Meristems usually consist
of relatively small cells with small vacuoles that are
scattered throughout the protoplasm. In flowering plants
they are rarely more than 0.25 mm in diameter. In addition
to the two apical meristems, in adult plants other types
of meristematic tissues occur that have been formed
directly from the apical meristem: axillary meristems in



the axils of petioles, vascular cambium, cork cambium,
and intercalary meristems. The latter occur, for example,
in the base of internodes and leaf sheaths of many
monocotyledons and ascertain elongation. Most of the cell
divisions in plants occur in meristems and in meristematic
tissues. In adult animals, localized regions with relatively
undifferentiated meristematic cells are not present. When
plants reach the reproductive stage, the microsporogenic
and megasporogenic cells are formed from the shoot
meristems. So in plants these meristems function as the
germ lines. In animals, the germ line is a group of cells
that are usually specified and set aside very early in an
animal’s development. In contrast to the apical meristems
in plants, the cells of the germ line in animals are inactive
in the somatic body of animals.

During their natural development, plants form new
meristems and meristematic tissues from somatic cells.
Secondary cambium can be formed to achieve secondary
thickening of stems. Lateral root meristems are not
produced from the root apical meristem but from cells
in the pericycle of the root. (As noted before, axillary
buds, the analoges of lateral roots in shoots, arise directly
from the shoot apical meristem.) Adventitious roots may
regenerate from stems, usually from cells in between
the vascular tissues. This happens frequently in many
species during natural development and during exposure
to certain environmental conditions, for example, during
partial submersion. In monocotyledons, the initial root
derived from the root meristem in the embryo usually
dies early, and new root meristems are formed from
the basal part stem. The occurrence of leaves, shoots,
or inflorescences on leaves is known as epiphylly. Shoots
growing from leaves remain attached to the parent leafand
grow out as epiphyllous branches. Alternatively, they may
be released and function as propagules. Well-documented
examples are Bryophyllum and Kalanchoé.

Under natural or seminatural conditions, plants are
capable of the regeneration of lost parts. When a stem is
partly damaged by an incision, the vascular tissues are
repaired, and when a small portion of a root or shoot
meristem has been removed, the meristem is repaired.
Némec, for example, reported in 1905 that when a piece
of 1 mm is removed from the root tips of broad beans at
first callus is formed on the cut surface and subsequently
a new tip that later produces a root cap. If most of the
meristem has been removed, the meristem is not repaired.
In shoots usually an axillary meristem (occasionally an
adventitiously formed meristem) grows out to form a
new main shoot, and in roots a lateral root is formed
from the pericycle close to the removed apical meristem.
When roots are removed from shoots, the stem forms
new roots relatively easily. The formation of adventitious
roots on cuttings is known from ancient times and is
used for vegetative propagation of elite plants that have
either been selected from natural populations or obtained
in breeding programs. It has been shown that a signal
from the shoot, viz., an auxin produced in the apex and
transported downward in the stem, induces the response
(Fig. 1). A root from which the shoot has been removed
may form a new, adventitious shoot, usually from pericycle
cells. In this case, the inducing signal is likely cytokinin
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Figure 1. Root regeneration from intact and decapitated micro-
cuttings cultured on auxin-free medium. In decapitated shoots,
the apex was either replaced by lanolin without any addition or
by lanolin with 0.1-100 mg g~ IBA. The data show that the apex
can be replaced by auxin-releasing lanolin and thereby present
evidence that auxin produced by the apex is a root-inducing signal
in microcuttings.

produced in the root tips. Plant leaves are also able to
form a complete plant. Hagemann reported in 1931 that
out of 1,196 species, 308 formed both buds and roots from
isolated leaves (1). Because in this case the definition of
regeneration as repair does not seem to be appropriate,
some authors reject the term regeneration but use instead,
for example, vegetative propagation.

The mechanisms that control regeneration under
natural conditions in whole plants are often studied in
tissue culture experiments in which presumed regulating
factors are added to isolated plant tissues. A relatively
simple regenerative event is the formation of new vascular
tissues (2). In horticulture, grafting of a scion on a
rootstock, which involves the regeneration of connecting
vascular tissues between scion and root stock, is a method
of propagating plants already known to the ancient
Greeks. It has been found in tissue-culture experiments
that the plant hormones (growth regulators) auxin and
cytokinin play a major role. For example, after grafting a
Syringa bud into callus in vitro, vascular tissue is formed
from callus cells underlying the site of implantation. The
same effect is achieved by grafting agar wedges containing
auxin and sucrose (3). It should be noted that in shoots the
apex produces auxin and leaves sucrose and that both are
transported downward in the stem.

Major steps forward in the research on adventitious
organ formation were the discovery of auxin and cytokinin
and the use of plant tissue culture. Auxin was discovered
early in the 1930s and used briefly after that to achieve
adventitious root formation from cuttings. In 1939, White
obtained shoots on genetic tumors of tobacco cultured in
vitro and Nobécourt roots on in vitro grown carrot callus.
Cytokinins were discovered in tissue-culture experiments
in the 1950s, and it was found that excised tissues that are
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cultured in vitro on nutrient medium with auxin and/or
cytokinin may form adventitious roots, shoots, or embryos
with very high frequency. The enhanced incidence of
regeneration in vitro is caused, among other things, by
the presence of plant hormones in the medium that are
taken up by the explants and increase the endogenous
hormone levels. Other promotive factors include the high
levels of organic and inorganic nutrients in the tissue
culture medium, the absence of bacteria and fungi, and
the high humidity.

Because in the case of adventitious embryo and shoot
formation complete plants are formed from somatic cells
(with shoot formation in two steps: from the adventi-
tious shoots roots are regenerated to obtain a complete
plant), these cells are called totipotent. It has been main-
tained that all cells in a plant body are totipotent. A
systematic study of this question, though, is not practical
to undertake. To describe the formation of new shoots,
roots, or embryos from somatic cells, various terms are
being used: in particular, adventitious root/shoot/embryo
formation or root/shoot/embryo regeneration. The adven-
titious formation of shoots and roots is also often referred
to as organogenesis. In this case, the adventitious struc-
ture has only one pole. When a somatic embryo has been
formed, the regenerated structure has two poles (a root
and a shoot pole) connected by vascular tissue. The use
of the term organogenesis in plant tissue culture does
not correspond with its general meaning, which refers
to all formation of new organs, whether adventitious or
not, (e.g., also to the formation of a side branch from an
axillary bud). Therefore, the term adventitious organo-
genesis is more appropriate. Adventitious formation of
embryos is called somatic embryogenesis. It is tempting
to speculate that all adventitious regeneration involves
the formation of an embryonic meristem, and that in

(a) N (b)
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adventitious organogenesis either the shoot or the root
pole is blocked at a very early stage, resulting in root
or shoot formation, respectively. When somatic embryos,
adventitious roots, and adventitious shoots are formed
from the same explant, they originate from different types
of cells (see the following). This is an indication, but not
a proof, that organogenesis is not embryogenesis in which
the development of one of the poles is blocked early.

A major drawback in the study of adventitious
organogenesis in plants is the absence of broadly studied
model systems, such as Xenopus and Drosophila in
animal and Arabidopsis in plant developmental biology.
Unfortunately, Arabidopsis is relatively difficult in tissue
culture. For rooting, derooted mung bean seedlings have
been studied by many authors, but have the disadvantage
that they are relatively large, are not convenient in
tissue culture and that small explants do not survive
in vitro. A tissue culture system that is being used by
some researchers consists of 1-mm stem slices cut from
apple microcuttings (Fig. 2a—e). For adventitous shoot
formation, regeneration from leaves of begonia has been
studied frequently. In tissue culture, epidermal strips
excised from tobacco stems consisting of 3—5 cell layers of
epidermal and subepidermal cells are very useful explants
(Fig. 2f). It should be noted that both the stem slices
and the epidermal strips are simple systems in which
interference from other parts of the plant is avoided as
much as possible and in which the distance between the
site of regeneration and the medium is short, so that
gradients within the tissue are as small as possible.

Organogenesis and Regeneration in Animals

In embryonic development in animals, cell-cell interac-
tions play a major role, and in transplant experiments,

Figure 2. Two model systems to study adventitious organogenesis. Adventitious root formation
in 1-mm slices excised from stems of apple microcuttings at 0, 5, 7, 9, and 15 days, respectively
(a~e) and adventitious shoot formation from thin epidermal cell layers excised from tobacco
stems (f); bar = 1 mm; photographs a-e have the same scale. (Photograph f kindly supplied by

Dr. M. Smulders, Wageningen.)



numerous instances have been observed where a group of
cells influences the differentiation of another group of cells.
This phenomenon is referred to as induction. A spectacular
example of induction is the grafting experiment of Man-
gold and Spemann published in 1924. They transferred
a piece of blastopore lip from a newt early gastrula to
another embryo (also early gastrula). The graft was placed
at a different region in the host and induced the forma-
tion of an almost complete secondary embryo in the host
embryo. This shows that the grafted piece of lip regulated
the direction of development of the adjacent tissues. It was
also found that only cells in a particular state are able to
show the proper response to the signal. This particular
state of reactivity is referred to as competence. In ani-
mal embryos, this state occurs only during an early, short
period of time. The term pluripotent is used to describe
that commitment is still only slight and that cells may
develop along various pathways. By the signal of the
inductor, cells become determined with respect to their
future development. This is a gradual process, occurring
over various cell generations. When the fate of a cell has
been determined, it will follow that fate when grafted from
one region of an embryo to another region. The formation
of an organ from determined cells is often referred to as
differentiation. It should be noted that the term differen-
tiation is ambiguous because it is also used in a broad
sense for all the process in which parts of an organism
become different from one another or from their previous
condition.

In higher animals, pluripotency is almost completely
lost during the progress of development: Morphogenetic
processes that have been terminated can only be
reawakened to some extent after loss of an organ to
renew the lost parts. The damage repaired may be a
wound (that is replaced by new skin) or a lost organ.
The renewal of a limb in salamanders and of a tail
in lizards are well-known examples of the latter. The
repair of lost parts in a full-grown organism is called
regeneration. In the case of vertebrate limb regeneration,
it is believed that the first step in regeneration is the
loss of the differentiated state in cells beneath the
wound epidermis. These cells start to divide and form
a blastema consisting of cells that are dedifferentiated
to some extent. The marked difference in regenerative
capacity between the invertebrates and the vertebrates is
well known. The former show so much regenerative power
that some worms, for example, can be cut in two and
thereafter restore all the missing parts in each half. At the
other end of the scale, in higher animals, regeneration is
restricted.

Figure 3 summarizes the succesive phases in differenti-
ation. During the first phase, cells acquire the competence
to respond to an organogenic stimulus. This may occur as
part of the normal ontogenetic development (Fig. 3a) or in
a process of dedifferentiation (Fig. 3b). The latter occurs
when the organism has been wounded and previously dif-
ferentiated cells start to repeat developmental processes.
Then, during an induction period, cells become determined
toward a specific developmental pathway. After that, they
no longer require the stimulus and grow out to the new
organ.
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Figure 3. Successive steps in the formation of organs during
ontogenesis (a) and during adventitious organogenesis (b).

Regeneration of Roots and Shoots is a Process Consisting of
Distinct Steps

In plants, research on the different steps in regeneration
has focused on histological and biochemical examinations
and on the differential hormone requirements during
the successive phases. Analogous to the stages that are
distinguished in flowering, adventitious organogenesis has
been divided into three phases. During the induction
phase, the cells that will form the new organ do not show
perceptible histological changes, but at the biochemical
and molecular level events are believed to occur that are
related to regeneration. After that, during the initiation
phase, cells divide, leading to the formation of a new
meristem and a new primordium. Finally, during the
expression phase, a new shoot, root, or embryo is formed.
Microscopic observations on root and shoot formation
are shown in Figure 4. This characterization of three
phases is used by many researchers, but is not suitable
for two reasons. First, the term induction has a very
different meaning in developmental biology. Furthermore,
and more important, microscopic observations give only
limited information about the developmental state of cells.

In animal developmental biology, the successive phases
in ontogenetic processes and in regeneration have been
defined according to the reaction of cells to the inductive
stimuli (see previous section). Some researchers in
plant developmental biology have analyzed adventitious
organogenesis in a similar way. As a matter of fact,
adventitious regeneration of shoots and roots in vitro
is very suitable for such experiments, since the major
inductive stimuli, auxin and cytokinin, can be added via
the tissue culture medium and as explants can easily
be transferred to a medium with different hormonal
composition. For shoot regeneration, an extensive study
has been carried out by Christianson and Warnick (4) in
leaf explants of Convolvulus. They transferred explants
at various times after the start of tissue culture from
one medium to another, using three types of media, viz.,
shoot-, root-, and callus-inducing media. These media had
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Figure 4. Microscopic observations on adventitious root formation from apple stem slices (a-c)
and adventitious shoot formation from long-term kiwi callus (d-f). (a) Root meristemoid at
72 h; (b)early root primordium with the tendency to form a dome-like structure at 96 h;
(e) root primordium at 144 h; (d) formation of a dome-like structure with tunica-like surface
layer of cytoplasmic cells and corpus-like center of vacuolated cells (arrow); (e) kiwi callus with
meristematic cells (arrow); (f) apical shoot meristem (arrow) leaf primordia and leaf. Bar = 25 um
in a-¢ and 50 pm in d-f. (Photographs kindly supplied by Dr. J. Jasik, Bratislava.)

very different auxin—cytokinin ratios. During the initial
period after the start of culture, the hormonal composition
could be varied over a wide range (all three media gave
essentially the same results). After that, a phase occurred
during which auxin and cytokinin should be applied in
the proper concentrations. In the final, third phase, the
hormonal composition could again be varied over a wide
range. These results indicate the occurrence of three
phases:

1. Dedifferentiation. Cells are at first not competent
to respond to the organogenic stimulus, but acquire
this competence during an initial phase of dediffer-
entiation.

2. Induction. After dedifferentiation, in the induction
phase, cells are responsive to the organogenic

stimulus and become determined to form a specific
organ, such as a shoot. Only during this phase, is
the hormonal composition of the medium critical.

3. Realization (Christiansson and Warnick use the
term differentiation). When the cells are determined,
the new program of differentiation is initiated
to produce a shoot. There is evidence that the
first meristems that have been formed on an
explant somehow inhibit the formation of additional
meristems.

For shoot formation, this scheme has been confirmed
in various species (5). The same scheme can be applied
in adventitious root formation (6). In experiments on root
regeneration from apple microcuttings, a different type of
transfer experiments was carried out: During the rooting
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Figure 5. Evidence of the occurrence of phases with differential
hormonal requirements during the rooting process. The effect
of 24-h pulses with IBA on rooting of apple microcuttings was
studied. The percentage of rooted shoots was determined after
10 d. Note that pulses at days 2, 3 and 4 resulted in the highest
rooting percentage. (Data redrawn from Ref. 6.)

treatment, 24-h pulses with either auxin or cytokinin
were given. There was a strongly enhanced responsiveness
(inhibition by cytokinin and promotion by auxin) from 24
to 96 h after the start of the rooting treatment, indicating
that during this time induction occurs (Fig. 5). During
this period there is also an enhanced sensitivity to the
antiauxin p-chlorophenoxyisobutyric acid and to salicylic
acid, a phenolic compound that enhances oxidative
breakdown of auxins. The occurrence of a lag period before
stems become sensitive to auxin has already been reported
by Went in 1939 (7).

Experiments that involve transfer from one medium
to another may suffer from various pitfalls. () Hormones
taken up by plant tissues are usually rapidly deactivated,
either by conjugation or by oxidation. Thus it is supposed
that during the period in which the hormones are applied,
they are present at a significantly increased level and
that after the pulse the endogenous concentration soon
(within a few hours) reaches “normal” levels. However,
a carry over effect may occur because inactivation may
be slow, and it may be slow specifically in the target
cells or free hormone may be released from conjugated
hormones. (2) Added hormones may alter the metabolism
of endogenous hormones during and after the pulse (8,9).
(3) In a sample of explants or in the various meristematic
centers within an explant, the regeneration process may
be very asynchronous. This may obscure phases with
distinct hormonal sensitivities. (4) It should also be noted
that inappropriate hormonal conditions may have two
distinct effects. The process may be arrested, and the
tissue “waits” for the adequate hormonal stimulus. It may
also be that the process is diverted into another direction.
We presume that when a pulse with 6-benzlaminopurine
(BAP) is given during the induction phase in adventitious
root formation, BAP redirects the process and instead of
organized growth in a root meristem nonorganized callus
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growth is induced (6). As the distinct developmental states
of cells and tissues are characterized by differential gene
expression, ultimately, the successive phases have to be
identified by the expression of different sets of genes.

The results discussed in this section indicate that
the succession of steps in adventitious root and shoot
formation regeneration is similar to regeneration in
animals (Fig. 3b). The formation of somatic embryos can
also be dissected into these phases (5). The first phase may
involve a period of callus growth (indirect regeneration).
Often, though, cells already existing in the explant become
competent to respond to the organogenic/embryogenic
stimulus after a (short) lag phase without any cell
division or without cell division at a large scale (direct
regeneration).

FACTORS INFLUENCING ADVENTITIOUS
ORGANOGENESIS

Explant Effects

When explants are taken from plants growing ex vitro,
they require surface sterilization with hypochlorite or
aleohol. The portion of the explant that has died because
the disinfectant has entered the tissue (tissue adjacent
to the cut surface) should be removed. Endogenous
contaminants are not killed by the disinfectants and
often constitute a serious problem. Antibiotics may be
used, but because they usually do not reach the site
of contamination at a sufficiently high concentration,
they do not kill the contaminants within the tissue.
However, because antibiotics may block the growth of
contaminants in the medium completely, they obscure
the incidence of endogenous contamination. To remove
endogenous contamination, excised meristems (that are
often free of endogenous contaminants) can be grown
in vitro to form complete plants that may or may not
be free of contaminants. Alternatively, before taking
the explants, endogenously contaminated plants may be
given a warm-water treatment (10). Such treatment often
kills all endogenous contaminants that are detectable
during tissue culture. The duration of the treatment
(30-180 min) and the temperature (between 42 and 55°C)
depend on the plant species, the condition of the plant
material, and the type of contaminant. A high-temperature
treatment may only be given to tissue that is resistant to
the severe stress of the high temperature. In particular,
dormant tissues are suitable, for example, dormant buds
or bulb scales. The preparation of scale explants from a
lily bulb is shown in Figure 6.

Adventitious shoots and roots may be induced from
virtually all types of tissues that are excised from plants,
but the ease of regeneration varies considerably. Rules of
thumb are that the capability to regenerate decreases with
the extent of differentiation (meristematic cells regenerate
more easily than fully differentiated cells), the ontogenetic
age (juvenile tissues are more capable of regeneration than
adult tissues), the physiological age (recently formed tissue
has the highest regeneration performance), and dormancy
state (nondormant tissues have a higher regeneration
capability than dormant ones). A major effect is exerted by
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Figure 6. Preparation of scale explants from lily (a) and adventitious lily bulblets after 11 weeks

(b)

of culture (b). Bar in (a) =2.5 cm; bar in (b)=1cm. (Photographs kindly supplied by Ir.

M.M. Langens, Lisse.)

the genotype. The capability to regenerate is probably
determined by only few genes. The function of these
genes is unknown. Experiments in tomato suggest that
the genetic component associated with the capability to
regenerate concerns not the sensitivity to hormones but
the maintenance of morphogenetic competence (11).

When adventitious shoots and roots develop from the
same organ, they originate from different tissues. In
cultured carrot petioles, for example, application of indole-
3-acetic acid (IAA) results in the formation of adventitious
shoots, roots, and embryos, but from different tissues
within the petiole (12). Roots originate from vacuolized
cells near the vascular bundles. Vacuolized subepidermal
cells give rise to somatic embryos and shoots are formed
from large parenchyma cells. These data suggest that
cells in the explant may be capable of only one of the
regenerative pathways. It is not known whether this is
because of inherent incapabilities of cells (the cells are
not totipotent), or the position of a cell within the explant
results in differences in the microenvironment that are
favorable for one of the pathways (e.g., because of a
hormonal gradient within the explant). The dependence
of regeneration on the type of tissue indicates that,
to achieve regeneration in recalcitrant species, it may
be more important to have the right types of cells in
an explant than to develop highly refined regeneration
conditions (nutrients, hormones, etc.).

It has been suggested that one of the requirements
for cells to exhibit their potential for regeneration is
physical isolation from the maternal tissue: The excision of
tissues from the native environment supposedly removes
the restrictions that are necessary for proper functioning of
cells in the whole plant. It is difficult to determine whether
this is indeed a major factor, because excision of tissue from
a plant and its culture in vitro influences regeneration
in several other ways. First, wounding evokes a repair
reaction triggered by compounds that are released when
cells are damaged, and somatic cells dedifferentiate and
form new tissue to cover the wound. These dedifferentiated
cells or adjacent cells that also have been activated may be
targets for organogenic signals taken up from the medium.
Second, in plant tissues auxin is actively transported in a

polar direction. Because of this, auxin taken up from the
medium or synthesized by the explants accumulates at the
basal cut surface. Usually regeneration occurs at this site.
The involvement of polar auxin transport in determining
the site of regeneration has been shown in experiments in
which auxin transport inhibitors like 2,3,5-triiodobenzoic
acid (TIBA) have been applied. In the presence of TIBA,
regeneration occurs scattered all over the explant. Third,
it should be noted that the epidermis of plants is relatively
impermeable. Thus, when tissue is excised and cultured
in vitro, nutritional and hormonal actors may easily enter
the explant.

General Remarks about Plant Hormones

Plant hormones play a major role in adventitious
organogenesis. In animal physiology, hormones denote
substances that are synthesized in low amounts in one
part of an organism and transported to target tissues
in other parts where they exert an effect. In plants,
chemical messengers have also been found. A classic
example occurs in germinating barley seeds: Gibberellin
synthesized and released by the embryo diffuses to
the aleurone layer, where it induces the synthesis and
secretion of hydrolytic enzymes. These enzymes degrade
macromolecular reserves to small fragments that are
used by the embryo for initial growth. Another notable
example is the inhibition of the outgrowth of axillary
buds by auxin synthesized in the apex and transported
downward in the stem. In contrast to animal hormones,
the synthesis of plant hormones is usually not restricted to
a specific tissue, but may occur in many different tissues.
Furthermore, plant hormones may be transported and
act in distant tissues, but often they have their action
at the site of synthesis. Another distinctive property of
plant hormones is their lack of specificity: Each of them
influences a wide range of processes. Auxin, for example,
has been found to influence cell elongation, cell division,
induction of primary vascular tissue, adventitious root,
shoot and embryo formation, senescence, fruit growth,
outgrowth of axillary buds, and sex expression. Because of
the differences between animal and plant hormones, many



researchers deny that the latter are genuine hormones and
prefer to use terms like plant growth substance or plant
growth regulator. Nevertheless, the term plant hormone is
still widely used.

Most knowledge about the role of plant hormones is
derived from studies in which hormones have been applied
to plant tissues. Experimentation in vitro has several
advantages: Tissue culture facilitates application of
hormones, avoids possible microbial degradation of applied
hormones, and allows study of the effect of hormones on
isolated plant organs. Instead of the hormones themselves,
compounds that affect their metabolism, transport, or
action may be added. In many studies, the levels
of endogenous hormones have been determined. More
recently, researchers have used hormone mutants or
plants transformed with cytokinin or auxin biosynthetic
genes from Agrobacterium tumefaciens or with rol genes
from A. rhizogenes (the latter influence among other
things the signal transduction pathway). A promising
new approach (13) is the transformation of protoplasts
with A. tumefaciens containing a T-DNA derived vector
with multiple enhancer sequences near the right border.
When integrated, this construct activates transcription
of adjacent genes. By culturing transformed protoplasts
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at hormone levels that are either too high or too
low, protoplasts with altered hormone metabolism or
sensitivity may be isolated, and the genes affected by
the transformation event may be isolated and studied. In
tissue culture, two classes of plant hormones, cytokinins
and auxins, are of major importance. They are required
for growth of callus and cell suspensions, outgrowth of
axillary buds, and regeneration of adventitious roots,
shoots, and embryos. Ethylene has been studied frequently
in relation with regeneration and likely plays a major role.
Table 1 summarizes essential information about auxin,
cytokinin, and ethylene with respect to regeneration.
Other hormones, in particular, gibberellins, abscisic acid,
polyamines, or jasmonates, are being used but only
occasionally.

Plant hormones added to plant tissue culture media
are taken up and increase the level within the tissue.
After uptake, plant hormones are rapidly inactivated
by conjugation or in some cases by oxidation. Ethylene
is an exception, but this gaseous compound is rapidly
released from the plant into the air. Usually only very
small amounts of the applied hormones remain in the
free form. It has been shown for applied auxin that an
equilibrium exists between the free and the conjugated

Table 1. The Characteristics of the Three Plant Hormones That Play a Major Role in Regeneration

Main effects in regeneration

Modulators of metabolism, action, or transport

Auxins: Adventitious root formation (at high conc.)
indole-3-acetic acid (IAA) Adventitious shoot formation (at low
indole-3-butyric acid (IBA) conc.)
1-naphthaleneacetic acid (NAA) Induction of somatic embroys (in part.
phenylacetic acid (PAA) 2,4-D)
2,4-dichlorophenoxyacetic acid Cell division

(2,4-D) Callus formation and growth
2,4,5-trichlorophenoxyacetic acid Inhibition of root growth
(2,4,5-1)
picloram
dicamba

p-chlorophenoxyacetic acid (CPA)

Cytokinins: Adventitious shoot formation (at high
zeatin (Z) conc.)
zeatinriboside (ZR) Promotion of adventitious root formation

isopentenyladenine (iP)
isopentenyladenosine (iPA)
6-benzylaminopurine (BAP)

(at very low cone.)

Inhibition of adventitious root formation
at higher concentrations

2,3,4-Triiodobenzoic acid (TIBA) and
1-N-naphthylphthalamic acid (NPA) inhibit
polar auxin transport

p-Chlorophenoxyisobutyric acid (PCIB) inhibits
auxin action as a genuine antiauxin by
binding to the auxin receptor

Phenolic compounds (e.g., ferulic acid or
phloroglucinol) inhibit auxin oxidation

Riboflavin strongly promotes photooxidation of
IBA and TAA

Transformation of plants with the auxin
biosynthetic genes of Agrobacterium
tumefaciens may increase endogenous auxin
levels

Compounds have been described that inhibit
cytokinin synthesis (lovastatin), degradation,
and action; usually, the effects are small
and/or nonspecific

Transformation of plants with the cytokinin
biosynthetic genes of A. tumefaciens may
increase endogenous cytokinin levels

kinetin Cell division
thidiazuron (TDZ) Callus formation and growth
N-(2-chloro-4-pyridyl)-N’-phenylurea
(CPPU or 4PU-30)
Ethylene Promotion or inhibition of adventitious

regeneration depending on the time of
application and on the genotype

1-Aminocyclopropane-1-carboxylic acid (ACC) is
a direct precursor of ethylene and is
metabolized by plant tissues to ethylene

Aminoethoxyvinylglycine (AVQG) inhibits
ethylene synthesis; Co?*, a-aminooxy-acetic
acid and a-aminoisobutyric acid also inhibit
ethylene synthesis but have a lower efficiency

Silver inhibits ethylene action; silver is applied
preferably as silver thiosulfate (STS).

Auxin strongly increases ethylene synthesis
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form, less than 1% being present in the free form. The
effect of hormones not only depends on the rate of uptake
from the medium and on the-stability in the medium and
in the tissue, but also on the sensitivity of the target
tissue as cells may not recognize the hormonal signal,
or are incapable of carrying out the desirable response.
Applied hormones influence the synthesis or degradation
of endogenous hormones belonging to the same class as
the applied hormone or to other classes. All this results in
a very complex situation in which it is sometimes difficult
to reveal how the observed effect has been brought about.

Auxin, Cytokinin, and Regeneration

In 1944, Skoog and co-workers found that auxin stimulated
root formation but inhibited shoot formation from callus.
By that time, auxin was the only known plant hormone.
Soon after, Skoog and co-workers demonstrated the
requirement for a cell division promoting substance that
could be satisfied by addition of autoclaved DNA. Quickly
the active component was identified and named kinetin,
the first known cytokinin. In a classic paper, Skoog
and Miller (14) reported that root, shoot, and callus
formation in tobacco explants cultured in vitro are brought
about by high, low and intermediate auxin-—cytokinin
ratios, respectively. This concept has been repeatedly
verified in many species. Recent confirmation comes from
observations on transgenic plants that have increased
cytokinin or auxin synthesis. However, since the process
of regeneration can be dissected into a series of successive
phases, each with its own hormonal requirements, the
original concept requires some adjustments.

The dedifferentiation phase during which competence
is acquired to respond to the organogenic stimulus depends
upon auxin. This emerges from the activity of phenylacetic
acid. This auxin is not effective in the second phase
(induction) of rooting (3) and embryogenesis (15), but is
nevertheless effective during the first phase (see Ref. 16 for
a possible explanation). During the first phase, cytokinin
is also required. Lovastatin, a compound that blocks
cytokinin synthesis, specifically inhibits adventitious root
formation when applied during the first phase, and
not after that. The inhibition by lovastatin is reversed
by adding a low dose of the cytokinin zeatin. The
involvement of both plant hormones is not surprising,
since both are probably required for cell division. In
the second phase, induction, auxin and cytokinin should
be supplemented at the appropriate concentrations. The
transfer experiments of Christianson and Warnick (4)
indicate that for adventitious shoot formation low levels of
auxin and high levels of cytokinin are required. For root
regeneration the situation should be reversed (6). In the
third phase, realization, the hormonal composition of the
medium is less critical. However, the high concentrations
of exogenous hormones required for induction are often
inhibitory. Here, other hormones may also play a role,
among others abscisic acid in somatic embryogenesis.

With respect to the hormonal composition of the
nutrient medium, some additional remarks should be
made. First, the effect of hormonal supplements to nutrient
media can be modified by inorganic nutrients (17). Second,
the uptake of various hormones by explants from the

medium may be very different. For example, in tobacco
explants, NAA is taken up six and ten times faster than
IAA or BAP, respectively (18). Third, since hormones
are extensively metabolized, the actual concentration of
hormones in the tissue has to be considered. Finally,
applied hormones may alter the metabolism of endogenous
hormones. For example, auxin increases both inactivation
of applied cytokinin (8) and ethylene synthesis (9).

Other Hormones and Hormone-Like Factors

In regeneration, the hormone ethylene has received the
most attention. Its effect is not well understood: It
has been reported that ethylene stimulates adventitious
organogenesis in some species, but is inhibitory in
others (for rooting, see Ref. 19). Recent research on the
action of ethylene in root regeneration (20) has indicated
unambiguous effects for ethylene.

To understand the contradictory effects reported in
the literature, some unique characteristics of ethylene
should be taken into account (Table 2) (21-23). Differences
in experimental designs related to these characteristics
are often not considered and may explain some of the
contradictory results. For example, in apple microcuttings
silver thiosulfate (STS, a compound that blocks the
effect of ethylene) has a promotive effect at high auxin
concentration when the portion of the stem from where the
roots develop is submerged in the solidified medium and
not in slices that are cultured on top of the medium. This
indicates that auxin increases ethylene production and

Table 2. Distinctive Characteristics of the Gaseous Plant
Hormone Ethylene; Other Plant Hormones are Nonvolatile
Compounds

Ethylene is a gaseous compound. Whereas plants reduce the
endogenous concentrations of other hormones by enzymatic
conversion (oxidation or conjugation), ethylene may simply
diffuse from the tissue into the atmosphere. In Petri dishes,
ethylene may accumulate in the headspace depending on how
tightly the dish has been closed.

Since ethylene diffusion in water is ca. 10,000 times less than in
air (21), ethylene cannot diffuse easily from submerged tissue.
Thus, when (micro)cuttings are submerged with the basal part
of the stem (from which the roots develop) in aqueous solution
or in agar, ethylene may accumulate in the basal part. Plant
tissues submerged in liquid medium may also accumulate
ethylene.

Because of submerged conditions, anaerobiosis may occur, which
prevents the formation of ethylene from ACC (21)

Knowledge about long-distance transport of ethylene in plants is
scarce. Obviously, transport will be much faster in tissues with
gas-filled intercellular spaces. Thus, when the tissue is
submerged only partially, ethylene may escape via
intercellular spaces.

Endogenous synthesis of ethylene is enhanced by auxin and
wounding. It also depends on the orientation of the cuttings
(22).

Secondary effects of applied compounds should be kept in mind.
For example, ethylene may have a general senescing effect and
it may also interfere with auxin, in particular; by inhibiting
the polar auxin transport (23). STS may induce ethylene
formation because Ag is a heavy metal and damages the tissue.




that, because ethylene cannot escape from the submerged,
basal part of the stem, it accumulates to a high level
and becomes inhibitory. In slices the ethylene levels in
the tissue remain low, because ethylene produced by the
slices quickly diffuses out of the tissue into the headspace
of the Petri dish. Another possible reason why authors
have obtained contradictory results is that the effect of
ethylene depends on the timing of the application (20).
Ethylene promotes rooting during the dedifferentiation
phase. Possibly it acts as a wounding-related compound
and enhances the sensitivity of the tissue to auxin. In
this respect, it should be noted that wounding-related
compounds may strongly promote regeneration (24,25).
During the induction phase, ethylene inhibits rooting, as
shown by pulses with STS. It depends on the genotype
whether promotion during the dedifferentiation phase or
inhibition during the induction phase prevails.

Phenolic compounds have been repeatedly suggested,
but never experimentally proven, to be involved in plant
development (26). Most research on the role of phe-
nolic compounds in regeneration concerns adventitious
root formation. Various authors have examined whether
endogenous phenolic compounds are related with roota-
bility. Such correlations have been found (among others,
Ref. 27). It has also been reported that application of phe-
nolic compounds enhances rooting, but few critical and
extensive studies have been carried out. In apple stem
slices, a very active phenolic compound is ferulic acid. It
enhances rooting in the presence of IAA strongly, but with
NAA only slightly. Because IAA can be oxidized but NAA
not, ferulic acid likely acts as an inhibitor of auxin oxi-
dation. Indeed, ferulic acid completely blocked enzymatic
oxidation of IAA (Fig. 7). It should be noted that ferulic acid
is a general antioxidant and also inhibits photochemical
oxidation of IAA in the absence of plant tissues (Fig. 7). In
general, tri- and most diphenolic compounds inhibit, and
monophenolic compounds promote, IAA oxidation.

To study the interaction between phenolic compounds
and auxin, we added some phenolic compounds at a wide
range of IAA concentrations. Figure 8 shows results of
an experiment with ferulic and salicylic acid. Salicylic
acid is a monophenol and its addition results in increased
instability of TAA. As expected, salicylic acid shifted the
dose—response curve of [AA to the right and left the shape
unaltered. Ferulic acid protects IAA and should shift the
dose—response curve of IAA to the left. Indeed, ferulic
acid shifted the optimum concentration of IAA somewhat
to the left, but, just as other phenolic compounds (e.g.,
phloroglucinol), it also widened the dose—response curve
of IAA (Fig. 8). This indicates that ferulic acid acts also in
a way other than just by protecting IAA. Possibly phenolic
compounds protect the tissue from the oxidative stress
that is imposed by wounding when the explant is excised,
resulting in a dose—response curve with a different shape.

As discussed previously, the action of auxin, cytokinin,
ethylene, and phenolic compounds on regeneration has
been revealed to some extent. All other hormones and
many hormone-like compounds have been examined,
and in some cases marked effects have been observed
with polyamines, brassinosteroids, and jasmonates, and,
occasionally, gibberellins and abscisic acid. However,
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Figure 7. Oxidation of IAA in Petri dishes in the dark in the
presence of explants (30 apple stem slices) or in the light without
explants. Each Petri dish contained 20 ml solidified medium
with 10 uM IAA. Note that addition of ferulic acid (FA) blocked
oxidation almost completely.
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Figure 8, A method to determine the type of interaction
between auxin and other compounds is to study the effect
on a dose—response curve of IAA. Apple stem slices were
treated for 5 d with a range IAA concentrations in the presence
or absence of phenolic compounds. Note that salicylic acid
(SA), a monophenol that enhances IAA oxidation, shifted the
dose —response curve —as expected —to the right but did not
alter the shape of the curve. Ferulic acid (FA) shifted the
curve —as expected —to the left but also had a major effect
on the shape; the width of the curve strongly increased. For an
explanation see the text.
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because the experiments hardly deal with the mechanism
of action, these compounds are not discussed here.
Relevant reviews are Ref. 28 for polyamines, Ref. 29 for
brassinosteroids, and Ref. 30 for jasmonates.

Nutritional and Physical Factors

For mineral nutrition, most researchers use Murashige
and Skoog’s (MS) formulation (31) or derivatives, such
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as Linsmaier and Skoog’s, Eriksson’s, B5 and Schenk
and Hildebrandt’s. MS medium has been developed
for callus growth in tobacco and is satisfactory for
shoot and root growth in many species. The mineral
composition of MS is similar to the mineral composition
of well-growing healthy plants (cf. Ref. 32). It might
be, though, that meristematic tissues have a different
mineral composition and thus require another mineral
composition of the medium. Reduction of the strength
(e.g., half the concentration of all nutrients) is believed
to be promotive in many species. As a rule, for
adventitious rooting in vitro, the MS concentration is
halved. Furthermore, the ratio of NH; to NO3; and the
amount of nitrogen may play a role. From the organic
components, sucrose is usually added at a concentration of
2-4%. Occasionally, the type of carbohydrate is decisive
for regeneration. Carbohydrates also play an osmotic
role. Casein hydrolysate is occasionally added as organic
nitrogen source and may enhance regeneration.

Explants can be cultured on solidified medium or in
liquid medium. For gelation, agar, agarose (highly purified
agar), or gelrite is used. All are complex polysaccharides.
There are at least four major differences between culture
in liquid and solidified media. (1) It is now well known
that agar contains many impurities, including nutrients
and hormone-like compounds. Which compounds occur in
agar and at what concentration depends on the brand and
on the batch. (2) Because of the relatively slow movement
in solidified medium and because compounds may bind
to agar, solidified medium may act as a slow-release
source for medium components. (3) In liquid medium, all
surfaces of the explants are exposed to the medium. In
solidified medium, only the tissue that has contact with
the medium may take up components. In this respect, it
is important to note again that the epidermis of plants
is relatively impermeable and that most uptake occurs
via the cut surface, and possibly via the stomata and via
young apical and axillary buds. (4) Finally, the rate of
diffusion of gases out of submerged and emerged tissues
is very different. The relatively poor solubility of gases in
water leads in submerged tissues to partial anaerobiosis
and accumulation of gases as CO; and ethylene.

The pH of media influences regeneration, but this
is likely an indirect effect. The pH in the medium
determines among other things the uptake of many
compounds, solubility, the activity of enzymes secreted
into the medium, and the activity of antibiotics. A large
change of the pH within the tissues has a devastating
effect. The buffering capacity of tissue culture media is
low. Thus it has been observed that the pH of media,
although set at pH 5.5, usually changes considerably.
A buffer like tris-(hydroxymethy)aminomethane (Tris)
is very toxic. The only buffer that is suitable is 2-
(N-morpholino)ethanesulfonic acid (MES), although at
10 mM (this is the commonly used concentration) MES
is to some extent toxic (33; J.Hanecakova, personal
communication).

The effect of light in tissue culture has received
little attention. It results from a combination of several
components: length (short day vs. long day), intensity,
and quality. Often, but not always, low light intensity

enhances regeneration. A complicating factor is that
medium components may be photooxidized. This holds,
for example, for the auxins IAA and IBA. With respect to
light quality, both phytochrome and blue light effects have
been found.

Temperature may have very marked effects during
plant development, among other things with respect
to the development and breaking of dormancy. In
regeneration studies, the effect of temperature treatment
before excision of explants has been examined. Cold-
treated apple cotyledons and lily scales showed strongly
enhanced regenerative capacity and decreased hormone
requirements, respectively.

The involvement of electrical currents in development
and regeneration has aroused interest by the study of
the first cleavage of the zygote of the brown alga Fucus,
which results in a large apical cell and a small basal
cell from which the rhizoid develops. The cleavage of
the zygote is preceded by polarization, which is triggered
by environmental factors such as light and gravity. An
electrical current develops through the zygote partly
carried by Ca?*. In somatic globular embryos of Daucus (a
very early stage in which the embryo has a globular shape)
an inward current has been detected in the region from
which the apical meristems will develop and an outward
current from the region of the future root meristem. An
electrical current of ca. 1 pA increases root and shoot
regeneration from callus (34).

BIOCHEMICAL AND MOLECULAR ASPECTS

Many researchers have carried out biochemical and
molecular examinations in explants from which roots
or shoots are regenerating. It is doubtful, however,
whether these studies tell much about regeneration. For
example, in a model system to study root regeneration,
1-mm stem slices cut from apple microcuttings, small
meristemoids have been formed at 72 h. At this time,
they make up far less than 1% of the volume of
a slice. During the initial phase of regeneration, the
number of cells involved in the regeneration process
is much smaller. Obviously, biochemical and molecular
characteristics of the meristemoids and in the cells
from which the meristemoids will develop are swamped
out by those of the surrounding cells. Furthermore,
biochemical and molecular studies should be accompanied
by microscopic studies, to establish whether the response
occurs specifically in the cells from which the new organs
are being formed. Unfortunately, such studies are scarce.
Differences in enzyme activity can also be detected by
the occurrence of the endproducts of the enzyme reaction.
An example is short-lived starch grains that are formed
during the very early stages of regeneration of shoots,
roots, and embryos. In slices cut from apple microshoots
and treated with auxin, short-lived starch grains appear
during first day of culture in a ring consisting of cells
of the vascular bundles and primary rays. During the
next day, these starch grains are broken down and the
cells enter division. From those in the primary rays, root
primordia may develop (35). When auxin is not supplied,
starch grains are also formed but at a much later time.



An involvement of methylation in developmental pro-
cesses in plants can be deduced from the finding
that plants that have substantially reduced levels of
DNA methylation display many phenotypic abnormali-
ties. Methylation also plays a major role in the devel-
opment of mammals. For example, early in mammalian
embryogenesis global demethylation occurs and after that
remethylation. In Arabidopsis and tomato, methylation
levels of DNA from young seedlings are approximately
20% lower than in mature leaves, whereas the highest
methylation level occurs in seeds. Possibly hypermethy-
lation during embryogenesis is followed by demethylation
during germination and subsequent slow remethylation
(36). Methylation also depends on the type of tissue. Cells
of different tissues of the carrot plant, for example, are
characterized by specific DNA methylation patterns. An
increase in genome methylation was suggested to be neces-
sary to disorganize a foregoing program (37). Fractionation
of cell types of an embryogenic carrot cell line indicated a
characteristic low genome methylation level of a fraction
enriched in precursor cells of somatic embryos. In adven-
titious organ formation, azacytidin, a drug that causes
hypomethylation, leads to reduced shoot and root regen-
eration. In apple stem slices, azacytidin acted specifically
during the induction phase. It is, however, difficult to
determine whether the drug acts by blocking methylation
or otherwise (38; S. Marinova, personal communication).

A more recent possibility is to examine the expression
of genes known to be expressed in root and shoot
meristems. In Arabidopsis, the shoot meristemless (STM)
gene has been isolated. In wild-type embryos, the STM
transcript is found earliest in one or two cells of the
late globular stage embryo. Seeds that are homozygous
recessive (stm/stm) form after germination only a root,
hypocotyl, and cotyledons, whereas the apical meristem
is absent. Calluses from these incomplete seedlings are
unable to regenerate shoots, showing that the STM
gene is required in adventitious regeneration (39). In
contrast, another gene required for the formation of an
apical meristem in embryogenesis in Arabidopsis, pinhead
(PNH), is not required for shoot regeneration. Other genes
pivotal to shoot meristem development include Wuschel
(WUS) and Zwille (ZLL), which seem to be required for
the proper functioning of cells in the apical meristem
of Arabidopsis, and no apical meristem (NAM), which
defines the boundary between the meristem and organ
primordia in petunia. These genes have not been examined
with respect to adventitious shoot formation. A mutation
that reduces the formation of axillary meristems, lateral
suppressor in tomato, does not seem to affect adventitious
shoot and root regeneration. The effect of other mutations
that are involved in the formation of axillary meristems,
torosa-2 mutants in tomato and barren stalk mutants in
maize, is not known. In Arabidopsis, mutants have been
identified that are incapable of forming lateral roots. One
of the genes involved, the LRP], is also expressed early in
adventitious root formation (40).

It should be remembered that the expression of gene
families that are characteristic for certain developmental
stages in cells are regulated by transcription factors
produced by the expression of regulatory genes. The STM
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gene is such a regulatory gene. It encodes a Knotted1 type
of homeodomain protein. Tobacco plants constitutively
expressing maize Knottedl form adventitious shoots on
leaves of the most severe transformants (41), but in
the monocot species maize, barley, and rice no ectopic
shoots were observed on transgenic leaves. The overall
appearance of plants overexpressing the STM gene
resembles that of plants transformed with cytokinin
synthesizing genes, and indeed the STM-overexpressing
plants have increased levels of cytokinins.

Other molecular approaches are in situ hybridization
studies with known genes such as transcription factors,
auxin or cytokinin up-regulated genes, or cell cycle genes,
or studies in transgenic plants transformed with the
luciferase gene after selected promoters. Direct screening
of mutant seeds for regenerative capacity is practically
difficult.

CONCLUDING REMARKS

In plants, particularly during culture in vitro, somatic cells
may be capable of regeneration. Adventitious regeneration
of roots has been used for many ages in vegetative plant
propagation via cuttings. Adventitious regeneration of
shoots, roots, and embryos is an indispensable part of
biotechnological breeding and propagation techniques and
therefore one of the cornerstones of plant biotechnology.
From a practical point of view, there are two main
problems. First, plants that are produced via regeneration
may be genetically different from the motherplant, a
phenomenon referred to as somaclonal variation (42). It
is not known whether this is a general problem or only
occurs in a limited number of cases. A major reason for
this uncertainty is that it is difficult to assess the extent
of somaclonal variation in a population of regenerated
plants (43). A second major problem is that regeneration
does occur not at all, only infrequently, or only from cells
that are not susceptible to genetic engineering. Until now,
much of the knowledge about regeneration is empirical
and research on basic mechanisms is still relatively
scarce. Knowledge about the underlying mechanisms in
regeneration expands rapidly, in particular because of the
introduction of molecular techniques, and may solve this
problem.
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INTRODUCTION

The cytology and anatomy of plant cells can exhibit
considerable plasticity which is a means for plants to adapt
and survive changing environmental conditions. These
changes occur at the subcellular level via modifications in
cell ultrastructure and at the cell and tissue level where
differences in cell number and histological organization
may arise. Modifications in plant anatomy can be marked.
Unlike animals, plants can maintain sustained growth
through meristematic regions. Plant cells also exhibit
totipotency, that is, cells retain the capacity to develop
into any structure of the mature plant. Totipotency
is most apparent in meristematic and young tissues
but can also be exhibited in differentiated cells. Thus,
plant cells may differentiate (become progressively more
specialized), dedifferentiate (revert to an undifferentiated,
meristematic state), and then differentiate in a potentially
different direction. Plant cells essentially can change their
patterns of development. Controlled manipulation of cell
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INTRODUCTION

The cytology and anatomy of plant cells can exhibit
considerable plasticity which is a means for plants to adapt
and survive changing environmental conditions. These
changes occur at the subcellular level via modifications in
cell ultrastructure and at the cell and tissue level where
differences in cell number and histological organization
may arise. Modifications in plant anatomy can be marked.
Unlike animals, plants can maintain sustained growth
through meristematic regions. Plant cells also exhibit
totipotency, that is, cells retain the capacity to develop
into any structure of the mature plant. Totipotency
is most apparent in meristematic and young tissues
but can also be exhibited in differentiated cells. Thus,
plant cells may differentiate (become progressively more
specialized), dedifferentiate (revert to an undifferentiated,
meristematic state), and then differentiate in a potentially
different direction. Plant cells essentially can change their
patterns of development. Controlled manipulation of cell



totipotency is a foundation of in vitro culture upon which
plants or plant parts are regenerated from cell and tissue
cultures. Large numbers of individuals of similar genetic
make up can be cloned by using this technology.

In vitro culture conditions are radically different from
normal ex vitro conditions and vary depending on the
type of culture system and its use. Applications of in
vitro culture include micropropagation, secondary product
production, gene transformation, mutation selection,
and somatic hybridization. Modifications include the
contributions of culture media such as plant growth
regulators, nutrients, pH, gelling agents, and organic
constituents. Environment conditions such as low light,
high humidity, and limited gas movement often prevail.
Development in vitro also occurs in the absence of
in situ whole plant influences such as in somatic
embryogenesis where development occurs in the absence
of maternal tissues. Thus, the anatomy of cultured cells
and tissues may exhibit unique characteristics divergent
from development in vivo.

The objectives of this section are to describe the
anatomical and cytological characteristics of plant cells
and tissues grown in vitro. Plant culture systems are
varied and include protoplasts, cell suspensions, callus
cultures, organogenic cultures, and somatic embryogenic
cultures. The different culture systems vary considerably
in cell composition and culture conditions. Rather than a
general review of plant anatomy, this work highlights
some of the unique differences in cell structure and
anatomical characteristics of the different culture systems.
Some atypical or “abnormal” types of cell organization
are described. Because plant form and function are
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intimately related, the potential impact of these structural
divergences on cell and tissue function are discussed. How
specific factors (such as the culture environment, growth
regulators, and/or medium) affect cell differentiation
and development are covered in other sections of this
encyclopedia.

LEAF ANATOMY OF IN VITRO-GROWN PLANTS

Leaves of plants grown in vitro can exhibit very divergent
anatomy compared to plants grown under field or green-
house conditions. Leaves grown in vitro characteristically
are thinner, have a poorly differentiated mesophyll, large
intercellular spaces, modified epicuticular wax formation,
and altered stomatal numbers and configurations (for
reviews, see Refs. 1-3). Anatomical differences observed
between leaves grown under in vitro and ex vitro conditions
are summarized in Table 1. Because of these divergences,
cultured plants usually need to be gradually acclima-
tized to survive outside conditions of culture. Enhanced
cuticular transpiration (resulting from lack of epicuticular
wax development) and lack of guard cell functioning have
been suggested as causes of mortality in cultured plants
transferred to ex vitro conditions.

Unlike leaves grown in the field, those grown in
vitro often lack or have a poorly differentiated palisade
parenchyma. Mesophyllic cells characteristically appear
spongy and are interspersed with numerous and large
intercellular spaces. The limited differentiation of cells
characteristically found in leaves developed in vitro
is illustrated in Figure 1. The cytoplasm is frequently

Table 1. Summary of Anatomical Differences Between Leaves Grown under Ex Vitro Versus

In Vitro Culture Conditions

Characteristic Ex vitro In vitro
Cuticular wax Well developed Markedly reduced
Stomatal orientation More depressed Raised and/or bulging

Stomatal shape and function
Mesophyll

Intercellular spaces

Chloroplasts Well-developed internal
membranes; grana
Cytoplasm More extensive

Ellipsoid; functional

Differentiated into palisade and
spongy regions

Small; fewer in number

Rounded; + functional

Limited or no palisade
Development

Large; more extensive; Lacunae

Irregular internal membrane
System with few grana

Less extensive; limited to a
parietal area
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Figure 1. Structure of leaves developed in vitro.
(a) Leaf cross section showing poorly differenti-
ated palisade and spongy layers; mesophyllic
cells are interspersed with large intercellular
spaces. (b) A transmission electron micrograph
of mesophyllic cells. Shown are the cytoplasm
located in the cell periphery, large central vac-
uoles, and chloroplasts lacking internal mem-
brane stacking
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restricted to parietal areas. In some species, chloroplasts in
leaves differentiated in vitro are flattened, and the internal
membrane system is irregularly arranged and lacks
organization into grana and stroma lamellae. Stomata
may exhibit higher or lower densities in culture compared
to field conditions. Guard cells frequently have higher
surface topographies and rounder orientations compared
to the more elliptical and sunken guard cells found
in noncultured leaves. Reduced or defective stomatal
functioning has been reported in a number of studies.

Epicuticular wax in many species is reportedly
diminished or structurally divergent in leaves developed
in vitro. Grout and Aston (4) related excessively high
rates of water loss to the formation of much reduced
quantities of structured epicuticular wax during culture.
Gilly et al. (5) evaluated leaf cuticles from ivy plants grown
in vitro by using transmission electron microscopy and
radioactive labeling. They found that cuticle formation was
effective and exhibited developmental and quantitative
progressions from young to expanded leaves under both
in vitro and ex vitro conditions. However, transfer of
plants from in vitro to ex vitro conditions activated cuticle
biosynthesis.

Thus, tissue-culture-regenerated plants may exhibit
severe water loss and desiccation problems when trans-
ferred ex vitro. Photosynthetic capacity of plants may also
be affected as a result of differences in chloroplast ultra-
structure and mesophyllic differentiation. More normal
leaf morphology resumes in new growth formed ex vitro,
which suggests that divergent structure is a result of the
in vitro environment. Environment factors in vitro can
be regulated to promote photoautotrophic culture condi-
tions and produce plantlets with fewer physiological and
morphological disorders (see Refs. 2 and 6).

HYPERHYDRICITY

Hyperhydricity is severe physiological disorder that may
affect micropropagated plants. Hyperhydricity is charac-
terized by a series of severe anatomical abnormalities
(Table 2), which in extreme cases may result in loss of prop-
agative ability, culture decline, and mortality. Because
affected tissues often exhibit a translucent, water-soaked
appearance, the condition has also been referred to as
“vitrification” or “glassiness.” The rationale for using the
term hyperhydricity is throughly discussed by Debergh
et al. (7). A detailed discussion of hyperhydricity can be
found in Ziv (1), George (8) and also see article on this
subject.

Hyperhydricity primarily affects leaves and shoots in
culture. Shoots often have shorter internodes, thickened
stems, and leaves that are thickened, brittle, wrinkled,
curled, and elongated. Stems of hyperhydric shoots have
xylem and sclerenchyma tissues that are poorly lignified
and less differentiated than in normal shoots. The ring
of vascular bundles may have reduced sclerenchyma or
be interrupted with parenchymatic areas. In some cases,
reduced shoot apical dominance may be evident. Vietez
et al. (9) found that apical meristems were smaller and
composed of fewer cell layers in hyperhydric versus normal
shoots. Likewise, maturation of cells in carnation shoot

Table 2. Morphological and Anatomical characteristics of
Hyperhydric Shoots and Leaves

1. Swollen, thick shoots with shorter internodes or rosetted
habit
2. Fasciated shoot apices and/or reduction of shoot apical
dominance
3. Leaves which are translucent, glass-like, turgid, thickened
and/or curled
4. Poor or lack of differentiated palisade cells; large
intercellular spaces in the mesophyll
5. Reduced lignification; smaller vascular bundles with
abnormal or fewer vessels, tracheids, and/or sclerencyma
fibers
. Cuticle thin and discontinuous; limited or no epicuticular
wax
. Epidermis discontinuous; epidermal holes
. Stomata abnormal with deformed guard cells
. Decreased cellulose and more limited cell wall development
. Chloroplasts fewer in number; chloroplasts with abnormal
organization in the grana and stroma, some with
invaginations along the plastid envelope that fuses with the
tonoplast; presence of membrane residues
11. Hypertrophy in the cortical and pith parenchyma

OO W3 N

=

apices occurred sooner (10). Cells of the rib and peripheral
meristematic regions became large, parenchymalike and
vacuolate, and only the mother cells of the corpus and two
tunica layers remained meristematic.

The leaves of hyperhydric shoots are characterized
by lack of differentiation between palisade and spongy
parenchyma with extensive intercellular spaces and lacu-
nae dispersed throughout the mesophyll. Cells expansion
is isodiametric with loss of a clear axis of elongation.
Hyperhydric leaves also have fewer and smaller vas-
cular bundles than nonhyperhydric leaves. Abnormal,
protruding stomata are prevalent which may be nonfunc-
tional with divergences, including grossly misshapen or
twisted guard cells. In Datura, abnormal stomata repre-
sented 90% of the total number of stomata in hyperhydric
plantlets (11).

Hyperhydric tissues may appear chlorophyll deficient
and have fewer chloroplasts than corresponding normal
tissue. Divergences in chloroplast ultrastructure have also
been detected. In Prunus avium leaves, parenchymal cells
of both vitrified and normal tissue-cultured leaves had
a large central vacuole, limited cytoplasmic content, and
chloroplasts with an irregularly arranged internal mem-
brane system. However, in vitrified leaves, invaginations
were observed along the plastid envelope that appeared
to be fused with the tonoplast of vacuoles; membrane
residues were frequently noted in intercellular spaces.
Photosynthetic capacity appears to be reduced in some
situations.

Decreased levels of cellulose and lignin were detected
in vitrified carnation internodes which were consistent
with increased deformational capabilities of cell walls. In
accord, hypertrophy is commonly observed in cortical and
pith cells of hyperhydric plants. This may be associated
with the formation of large intercellular spaces as a result
of separation of cells (schizogeny) and disintegration of
cell walls (lysigeny). Abnormalities in both the pectic



substances of the middle lamellae and the cellulose of cell
walls were observed. Weakened cell wall structure may
contribute to the appearance of epidermal discontinuities
and perforations observed in some hyperhydric leaves.
Other divergences of epidermal cell development include
diminished or no epicuticular wax development.

Hyperhydric tissues characteristically have a water
content higher than normal tissues. Liquid water in the
intercellular spaces was observed through epidermal holes
by using environmental scanning electron microscopy
of Gypsophila (12). Nuclear magnetic resonance (NMR)
imaging evaluated the distribution of water in the
same species (13). Normal tissue-cultured and glasshouse-
grown leaves had a high concentration of water within leaf
vascular bundles. In contrast, vitrified leaves accumulated
water in intercellular spaces. The presence of numerous
hypertrophied cells that accumulate high levels of water
contribute to the succulent appearance of hyperhydric
tissues.

The degree of susceptibility varies with the kind of
plant being cultured, the genotype, the specific conditions,
and nature of the culture. A number of contributing
causes for hyperhydricity have been proposed, many
of which may overlap or interact. These include low
irradiance, high relative humidity, water potential of the
medium, nutrient composition, transpiration rate, growth
regulators, temperature, low culture growth rate, pH of
the medium, type of gelling agent, carbohydrate source,
and poor gas exchange. Regardless of the exact cause,
the phenomenon of hyperhydricity can be of important
economic concern.

ANATOMY OF SOMATIC EMBRYOGENIC CULTURES

Somatic embryogenesis is the production of embryos from
somatic cells in culture. Because fusion of gametes is not
involved, large numbers of clonal embryos can be produced
if embryogenic rates are high. Under ideal conditions,
the morphology of somatic embryos mimics that of
zygotic embryos with the development of a well formed
apical meristem, radicle, and cotyledons. Both progress
through similar stages: globular, heart, torpedo, and
dicotyledonary stages in dicots; globular, scutellar, and
coleoptilar stages in monocots; and embryonal suspensor
mass, globular, torpedo, and multicotyledonary stages
in conifers. The close similarity in somatic and zygotic
embryo development has been cited as justification for
using embryogenic cultures as models for studying plant
embryogenesis. However, developmental conditions in
vitro are very divergent from the in vivo situations where
maternal tissues contribute biochemical, environmental,
and physical inputs. Frequently, abnormalities in somatic
embryo morphology and anatomy are observed that
contribute to problems in embryo germination, plant
regeneration, and survival.

In embryogenesis in vivo, the fertilized egg or zygote
undergoes a set developmental sequences within the
embryo sac that culminates in the production of the mature
embryo. In contrast, somatic embryogenesis requires the
induction of embryogenically competent somatic cells.
Even when predetermined cells are used to initiate
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cultures (as with meristematic or embryogenic cells),
hormonal or environmental signals may be necessary
to promote embryogenesis. Induction of embryogenic
cultures is frequently accomplished by exposing explant
tissue to an auxin-containing medium. Typically the
medium is later changed to one with low or zero auxin
for subsequent embryo development. Huang et al. (14)
suggested that there is a shift in the polarity of cells
and a change in cell function associated with inductive
processes. In observations of cortical microtubules during
induction in a rice embryogenic system, they found a
change in terminally distributed microtubules to a more
even distribution pattern after 12 hours.

Frequently, embryogenic induction is confined to spe-
cific responsive regions of the explant, for example, epi-
dermal cells or specific mesophyllic layers. Tissues placed
on an induction medium characteristically become mitot-
ically active and form sectors composed of cells that are
small, isodiametric, and characterized by a large nucleus
and prominent nucleolus, a dense cytoplasm, small vac-
uoles, and high starch content. Continued meristematic
activity can lead to the development of prominent embryo-
genic sectors and protrusions. These regions which give
rise to embryos may be composed primarily of embryo-
genic meristematic cells or may be interspersed with
nonembryogenic callus proliferations that characteristi-
cally have larger and more vacuolate cells (Fig. 2). In
a number of embryogenic systems, higher incidences of
abnormalities in embryo morphology are associated with
the use of certain auxins (e.g., 2,4-dichlorophenoxyacetic
acid versus naphthaleneacetic acid). Rodriguez and Wet-
zstein (15) found that auxin induction in Carya cultures,
promoted enhanced cell division, particularly in subepi-
dermal cell layers. However, the type of auxin used caused
notable differences in mitotic activity, location of embryo-
genic cell proliferation, epidermal cell continuity, callus
growth, and embryo morphology. Cultures induced with
naphthaleneacetic acid had embryogenic regions composed
of homogeneous, isodiametric, and meristematic cells and
produced embryos with normal morphology and a discrete
shoot apex. In contrast, tissues induced on a medium that

Figure 2. Section from a somatic embryogenic pecan culture.
Developing somatic embryos are evident within proliferating
proembryogenic regions that are intermixed with nonembryogenic
callus
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Figure 3. Transmission electron micro-
graphs of zygotic and somatic embryonic
cotyledons of pecan. (a)Zygotic embryos
have cotyledonary cells that have extensive
oil deposits, starch, and protein. (b) Somatic
cells have a large central vacuolar space and
limited oil reserves

contained 2,4-dichlorophenoxyacetic acid exhibited more
intense and heterogeneous areas of cell division. Prolif-
erating cell regions were composed of meristematic cells
interspersed with callus.

Early concepts proposed that somatic embryogenesis
required a single-cell origin and no vascular connections
with the maternal tissue. However, a number of recent
critical anatomical evaluations describe both unicellular
and multicellular origin of embryos. Histological eval-
uations of somatic embryo development are reviewed
extensively elsewhere (16,17). In many cases, somatic
embryos originate from a complex of cells or from several
morphologically competent adjacent cells. Embryogene-
sis occurs within discrete meristematic regions that have
been referred to as proembryogenic masses, embryogenic
masses, meristematic units, proembryonal cell complexes,
proembryoids, and proembryogenic aggregates. From one
to many somatic embryos may develop from these compact
masses of embryogenic cells.

Globular embryo differentiation is characterized by
cells that have numerous Golgi bodies, abundant endoplas-
mic reticulum (ER), thin cell walls, and tightly packed cells
with only small intercellular spaces. During the develop-
ment of globular and heart-shaped somatic embryos, the
starch content of cells declines within the embryogenic
regions from which embryos are derived. Starch accu-
mulation and utilization are thought to be a source of
energy for cell proliferation and growth. Somatic embryo
development may occur with the formation of a well-
defined suspensor, as exemplified in coniferous somatic
embryos that characteristically have a substantial sus-
pensor of highly vacuolate cells. In contrast, many studies
report a suspensor that is reduced or absent. Isodiamet-
ric growth contributes to globular embryonic development
and is followed by elongated growth, cotyledonal devel-
opment, bilateral symmetry, hypocotyl elongation, and
radicle development.

In some cases somatic embryos lack a well-developed
shoot apex and exhibit poor polarity with varying degrees
of embryo fasciation or fusion. Cotyledons may be
underdeveloped, malformed, and/or exhibit a horn-shaped
(i.e., collar-like) or a fan-shaped configuration. Failure to
establish a functional shoot meristem may be the cause
of conversion failure in somatic embryos (18). Wetzstein
and Baker (19) found a poorly defined shoot apical region
in horn-shaped somatic embryos, where mitotic cells were
restricted to a few cell layers. In some abnormal embryos,

(b)

delimitation of an apical area may be lacking which is
associated with epidermal rupture and disorganization
of shoot apices caused by extensive callus proliferation
at the apex (15). Defective polarization during early
embryo development may contribute to the development
of abnormally joined, multiple embryos. During embryonic
development, endogenous auxin synthesis occurs in the
shoot meristem, and polar transport is proposed as
necessary for normal cotyledonal formation. Liu et al. (20)
reported that inhibition of polar auxin transport from
shoot apices caused malformed collar-like cotyledons
suggesting that high exogenous auxin levels in the in
vitro medium may contribute to abnormalities in somatic
embryo development.

During the maturation period of embryogenesis,
deposition of storage reserves occurs when carbohydrates,
lipids, and protein components accumulate in cotyledonary
cells. Somatic embryos characteristically have poor reserve
accumulation. This is illustrated in Figure 3 which
contrasts cotyledonary cells from zygotic and somatic
embryos of pecan. Zygotic cells have extensive oil deposits,
starch, and protein. In contrast, somatic cells have a large
central vacuolar space and much more limited oil reserves.
A general lack of storage reserves adversely affects later
stages of development and subsequent germination of
somatic embryos. A number of medium amendments
and treatments (such as abscissic acid, osmoticums, cold
treatment, and amino acids) have been incorporated into
embryogenic protocols to enhance storage accumulation.

ANATOMY OF ORGANOGENIC CULTURES

In organogenic culture systems, plant regeneration occurs
through the de novo formation of organs such as leaves,
shoots, buds, or roots. Organogenesis is of great economic
interest because of its role in plant micropropagation.
De novo organ formation can be obtained from a variety
of tissues that range from highly organized explants
such as stems and leaves to less differentiated sources
such as protoplasts, calli, or thin cell layers. When
placed on appropriate media, specific cells of the explant
may proliferate and directly give rise to organogenic
precursor cells. Alternatively, organogenesis may occur
indirectly through an intermediate proliferation of callus.
Cells associated with stomata have been reported to be
especially regenerative in a number of culture systems,



including those that use stems, needles, and leaves as
explants. Subepidermal cells (i.e., cortical or mesophyllic
cells) exhibit mitotic activity and form cellular protrusions
from which shoots regenerate.

Cell proliferation and the formation of meristemoids
or meristematic centers is common to most organogenic
systems. These regions are spherical masses of small
meristematic cells that have large nuclei and densely
staining cytoplasm. The formulation of the culture
medium, particularly the type and concentration of plant
growth regulators, can have a pronounced effect on their
development. The initiation of meristematic centers has
been traced to single cells and to small cell clusters or
precursor cells. Meristemoids are the sites from which
organs differentiate.

Plastid structure can change conspicuously in shoot
regenerative cultures and frequently includes starch
accumulation in regions where shoot differentiation will
occur. In tobacco internode cultures, typical chloroplasts
with extensive granal stacks were observed at culture
initiation (21). Proplastids formed with prominent starch
granules, few lamellar structures, and electron-dense
materials within developing meristematic centers. Later,
proplastids were observed in the apical dome, and
chloroplasts were seen in developing leaf primordia.

The structures of leaves and shoots differentiated in
vitro may vary significantly from those observed in plants
grown ex vitro. Aspects of this are discussed under the
sections on the anatomy of leaves and hyperhydricity.

ANATOMY OF PLANT PROTOPLAST

Plant protoplasts are the living parts of plant cells
that contain the nucleus and cytoplasm when the cell
wall is removed, usually by enzymatic digestion or
mechanical means (Fig. 4). Protoplast cultures often serve
as model systems for investigating cell wall regeneration
and plant viral infections. Their lack of cell walls
(but not semipermeable membranes) enables protoplasts
to be used in a number of manipulations including
genetic engineering (because protoplasts can absorb DNA,
proteins, and other macromolecules) and fusion to create
plant cell hybrids.

Protoplasts exhibit numerous structural variations
depending on the tissue of origin and the preparative
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methods. Freshly isolated protoplasts are spherically
shaped and generally have cytoplasmic strands that
contain microtubules (Mts) radiating from the nuclear
area and extending toward the cortical regions. Although
protoplasts are usually uninucleate, multinucleate forms
are observed that likely are formed via spontaneous
protoplast fusion. Because they lack a cell wall and
are surrounded by only a semipermeable membrane,
protoplasts are extremely fragile and liable to physical
or chemical damage.

It is widely held that development of a normal cell
wall around a protoplast is necessary for subsequent
cell division. Protoplasts can undergo dramatic struc-
tural changes to regenerate their cell walls after culturing
on a suitable medium. Cell wall regeneration is initi-
ated rapidly after protoplasts are removed from isolation
media. For example, cellulose microfibril (CMF') deposition
in tobacco protoplasts was noticeable within 30 minutes
after removal of the original cell wall (22). CMF deposition
seems to initiate randomly from distinct sites on the cir-
cumference of the protoplast surface, and the subsequent
deposition exhibits an unevenly, parallel distribution. Fur-
ther deposits occur in different orientations underneath
earlier ones, indicating the beginning of wall layering.
Although freshly prepared protoplasts are usually consid-
ered devoid of callose deposits (also a cell wall component),
they may show threadlike spots within the first hours
after isolation. These deposits may be a wound response
or alternatively are incorporated as a newly synthesized
cell wall. By forming a new cell wall, a protoplast becomes
a regenerated cell. With subsequent enlargement and
expansion, cells usually lose their spherical shape. In most
cases, the regenerated cells become somewhat elongated
and oval.

Microtubules (Mts) are believed to play important roles
during plant growth and development. Their possible
involvement in protoplast regeneration is comparatively
well documented. Numerous studies suggest that the
presence of a cortical Mt network in newly isolated
protoplasts (Fig. 4) is a prerequisite for subsequent cell
division. Freshly isolated protoplasts are characterized
by markedly fewer cortical Mts than those in the donor
tissues. In addition, the initial number of cortical Mts
in protoplasts is inversely related to the degree of
differentiation in their corresponding cells. Protoplasts
originated from more mature cells have far fewer Mts

Figure 4. Protoplasts. (a) Light micro-
graph of protoplasts isolated from Brassica
napus leaves. With the removal of the cell
wall, the plasma membrane and protoplasts
are spherical. Numerous chloroplasts are
evident. (b) An immunocytochemical local-
ization for microtubules in a protoplast from
grape leaf mesophyll. A random orientation
of Mts is shown
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than less differentiated cells. Protoplasts from fully
dedifferentiated suspension cultures usually contain an
extensive network of cortical Mts. The Mts in freshly
isolated protoplasts are randomly arranged. During the
first days of culture, the cortical Mts gradually become
more numerous and more organized. Some investigations
indicate that reestablishing a cortical Mt network during
the early stages of protoplast culture may be critical for
orienting CMF's during cell wall formation and regaining
mitotic activity.

The cells in plant tissues are usually interconnected
by plasmodesmata to become a functional unit. Plam-
odesmata are assumed to play an important role in
intercellular transport, cell-to-cell communication, cell
differentiation, and growth. Plasmodesmata are usually
established by protoplasmic strands retained between
Golgi vesicles that aggregate to form the cell plate. How-
ever, the plasmodesmata connections are abruptly lost
during protoplast preparations. In regenerating proto-
plasts, an aggregation of ER cisternae and Golgi vesicles
usually occurs close to the cell membrane. Constrictions of
these cisternae in the plane of the plasma membrane are
presumed to form half-plasmodesmata which are usually
not interconnected with other protoplasts (23). The forma-
tion of half-plasmodesmata during the very early stages
of protoplast culture might be regarded as an attempt to
reestablish intimate contact with neighboring cells. Most
of the half-plasmodesmata fail to establish contact with
adjacent cells and disappear from the surfaces of the
cells during further culture. However, contact between
adjacent cells is noticed where fusion of matching half-
plasmodesmata is formed by partner cells.

Leaves are a convenient and thus commonly used
source of tissue for protoplast isolation. The majority of
mesophyllic protoplasts contain numerous chloroplasts of
various sizes. Small spherical mitochondria are usually
clustered around the nucleus and the chloroplasts. A
considerable part of the ER accumulates around the
chloroplasts. The remaining part of the ER network is
present in the cortical cytoplasm and characteristically
is partially fragmented and has reduced complexity. This
may result from breakage of the anchoring points of the
ER through or with the plasma membrane to the cell wall
networks that exist in complete cells. During the first days
of culture, the mitochondria are generally transformed
into long vermiform organelles that distribute evenly
throughout the cytoplasm. The clustered appearance of
the ER in the vicinity of the chloroplasts is lost. The ER
network seemingly repairs the broken ends and becomes
more complex.

ANATOMY OF CELL SUSPENSION CULTURES

Plant suspensions are cultures composed of unorganized
cell aggregates grown in a liquid medium. The cultures
are usually initiated by inoculating a friable callus
into a agitated liquid medium. During subsequent cell
divisions, clumps of cells are continuously sloughed off.
Single-cell cultures are seldom achieved because the
dividing cells have a tendency to adhere to each other.
Modifications of the culture medium can affect culture

friability and the size and number of cells that compose
cell clumps. Greater dissolution of the middle lamella
has been observed in suspensions culture cells grown on
media with high auxin concentrations. Environmental and
culture conditions can affect the production of cell wall
extracellular polysaccharides that may contribute to cell
clumping.

The anatomy and morphology of a cell suspension
culture can vary extensively depending on the species,
explant, media composition, subculture method, and
culture conditions. Cultures may consist of mitotically
active, undifferentiated cells. Alternatively, cells can be
highly differentiated with reduced mitotic activity. In
suspension cultures that have large clumps composed of
many cells, internal and external sectors can be divergent
in their degree of differentiation and organization. Culture
lines with desirable characteristics can be selected
depending on the use of the culture. Suspension culture
can be used as part of organogenic and embryogenic
systems or to produce biosynthetic metabolites. Thus, the
types of cell and their structural attributes are extremely
divergent. A general discussion of all the cell forms is not
feasible in this section.

ANATOMY OF CALLUS CULTURES

Callus is a proliferating mass of unorganized, generally
undifferentiated cells, that can be initiated from a wide
range of explant sources. The anatomical organization and
structural characteristics of a callus depend in part upon
the type and condition of cells used to initiate cultures and
on the culture medium and conditions. The significance of
callus cultures is that under appropriate circumstances,
cells can differentiate and be induced to regenerate
adventitious tissues and organs such as leaves, buds,
shoots, or roots in organogenic cultures. Embryogenic
callus can be produced and used to obtain somatic embryos.
Callus also can be used to initiate cell suspensions or can
be used to produce biosynthetic metabolites.

The initial stages of callus culture development
include the induction, activation, and subsequent mitotic
activity of cells (24). The smaller cells which result from
this active phase of cell division have small vacuoles
and an arrangement of mitochondria and plastids that
suggests high metabolic activity. Cells generally are
parenchymatous and can exhibit highly proliferative rates
of growth. Varying degrees of cellular differentiation
occur within the callus mass. Although a callus may
appear amorphous, regions within a callus mass may
exhibit significant differences in physiology and cytology.
After initial establishment of callus cultures, cell division
often becomes concentrated in cells located in the outer
periphery of the proliferating clumps. This gives rise to an
organization of surface meristematic layers surrounding a
nondividing core. Divisions in the peripheral layers may
persist, or in some cases decline, and may be supplemented
by internally located, actively mitotic, growth centers.
These mitotic structures have been called meristematic
nodules or centers of morphogenesis. Nodules may remain
stable and continue to produce parenchymatous cells or
alternatively may have high regenerative capacity and



give rise to plant organs. Internal cells may expand and
differentiate into larger parenchymal cells. Differentiation
of some cells into phloem elements or tracheids may
proceed over time.

Callus cultures differ greatly in their texture, physical
properties, and morphogenic capacity or competence.
In some cases, callus lines have been isolated that
differ in appearance and regenerative potential even
when derived from the same explant. These differences
may reflect the epigenetic potential of the cells or
be caused by the appearance of genetic variability
amongst the cells in the culture (25). Explants used to
initiate callus cultures are composed of a heterogeneous
mixture of cell types and thus may give rise to
divergent types of callus even within a single culture.
Critical selection and separation of callus types are
important during routine subculturing so that sectors
that have desirable characteristics can be maintained
and optimized. For example, calli derived from immature
embryos in maize have been classified into various
types. Nonregenerable callus was of soft, granular tissues
that was composed of elongated, vacuolated cells (26).
Even within rapidly growing, highly embryogenic callus
cultures, different morphotypes were identified. One
form had embryos arising from a mantle of densely
cytoplasmic cells that overlay a core of elongated vacuolate
cells. Another granular type was composed of a thick
mantle of meristematic cells over a lacunar core of
elongated cells. The morphotypes exhibited divergent
developmental patterns. Preferential selection could
be used to maintain cultures enriched for a specific
morphotype.

Morphogenic capacity is an important attribute of cal-
lus cultures. Thus, there has been interest in identifying
cytological characteristic associated with regenerability.
The ultrastructure of sunflower microcalli that differ
in their regenerative potential was compared by Keller
et al. (27) who found that nonregenerative cultures exhib-
ited incomplete cellular divisions. In maize, buckwheat,
and strawberry callus cultures, the cell walls of non-
regenerable callus stained more extensively in the middle
lamella with KMnOy4 than in regenerable tissues (28)
which indicated alterations in the phenolic components
of the cell walls.

Staining patterns correlated with the developmental
capacity of the tissues. In a characterization of Aesculus
callus culture cells (29), both embryogenic and nonem-
bryogenic cells had organelle-rich cytoplasm indicative
of cells that have high metabolic rates, that is, ribo-
somes grouped in polysomes, mitochondria with long
electron-dense cristae, active dictyosomes, and frequent
ER profiles. However, a feature of regenerable callus was
diffuse cell wall degradation resulting from middle lamella
digestion. This degradation accounted for the friability
of the regenerative callus and led to the detachment
of small embryogenic cell aggregates. In some systems,
starch accumulation is a prerequisite to morphogenesis
and accumulates preferentially in cells which will give
rise to shoot primordia and somatic embryos. Starch is
proposed as a direct source of energy reserves required for
morphogenic processes.
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INTRODUCTION

Angiosperms are the dominant group of vascular plants
on earth today with more than 250,000 species (1),
characterized by possession of true flowers which are more
advanced and complex than the reproductive structures of
the gymnosperms.

The total numbers of species of economic value is
difficult to estimate —6000 species are known to be used
in agriculture, forestry, fruit and vegetable growing, and
pharmacognosy although only 100 to 200 are of major
importance in world trade. Many thousand of species and
cultivars are grown purely as ornamental garden plants.

Biologically the flower’s prime function is the pro-
duction of seed which may be produced as a result of
self-pollination and fertilization, by cross pollination, or in
some cases by apomixis (a nonsexual process).

Angiosperms have developed highly complex and
diverse reproductive organs and they also possess an
advanced level of cell structure and differentiation. Their
high level of physiological efficiency and their wide range
of vegetative plasticity and floral diversity have allowed
the angiosperms to occupy a broad range of habitats that
express a wide array of growth habits. This diversity of
structure and function affects the uses that are made of
the plant and also dictate the methods that are suitable
for their propagation.

ADVANTAGES OF IN VITRO TECHNIQUES

The extent to which tissue culture methods can be used
for genetic manipulation and for propagation is changing

continuously. In vitro techniques have advantages over
conventional methods, principally in their potential to
produce large numbers of plants from small quantities
of initial material by multiplication under controlled
pathogen-free conditions. These techniques can be carried
out on material that may be slow or difficult to propagate
conventionally, and methods may be used to free plants
from virus disease. Disadvantages are that advanced skills
and specialized facilities are required, and because of
this, costs of propagules are relatively high. The chances
of producing genetically aberrant plants may also be
increased. The term in vitro culture covers a wide range
of techniques under sterile conditions including seed
germination, micropropagation (shoot culture), meristem
culture, and callus (tissue) and cell culture. In many
cases more than one technique will be used to produce

propagules.

IN VITRO SEED GERMINATION AND EMBRYO CULTURE

Seeds have several advantages as a means of propagation:
they are often produced in large numbers, can normally
be stored without loss of viability for long periods, and
are usually free of pest and disease. As seeds arise
through sexual reproduction, a wider genetic base can
be maintained. This is an important consideration and
benefit for material of conservation interest (2) but not
if uniform offspring are required. Genetically uniform
populations may be obtained using seed through the use
of F'1 seeds produced by crossing two homozygous parents,
from inbred homozygous lines from autogamous species
(e.g., wheat, barley, rice), and for those few genera that
produce apomictic seed (seeds formed without fertilization
and therefore genetically identical to the female parent)
Although especially useful for plant breeders, it does not
result in rapid and large-scale rates of propagation.

The main advantage of using plant tissue culture tech-
niques for seeds are that dormancy or other germination
requirements can be overcome in vitro by physical or
chemical removal of testa and extended soaks in steri-
lants and/or water to remove possible inhibitors. Seedling
material can be grown until of a suitable size for transfer
to in vivo conditions or can be used as starting material
for shoot culture. In some cases it is possible to initiate
multiple shoot cultures directly from seed with the use of
cytokinins: clusters of axillary and/or adventitious shoots
form on germination and may be serially subcultured
producing high rates of multiplication.

Culture of zygotic embryos dissected from seeds can also
assist in the rapid production of seedlings from seeds that
have a protracted dormancy period or when the genotype
conveys a low embryo or seed viability resulting from some
interspecific crosses.

However, dissection requires great skill and in some
cases complex media with additional vitamins, growth
regulators, amino acids, and coconut or other endosperm
extracts. Ovule culture may be used as an alternative to
embryo culture, often requiring a less complex medium
for growth. Many orchids are grown both commercially
and for conservation using immature seeds from green
capsules (3).



PROPAGATION FROM VEGETATIVE MATERIAL

The most suitable explants for tissue culture are those in
which there is a large proportion of either meristematic
tissue or cells that retain an ability to express totipotency,
that is, retain a latent capacity to produce a whole plant.
It can be exhibited by some differentiated cells but not
by terminally differentiated structures. Senescent tissue
rarely result in successful cultures.

Methods available for propagation of plants from
vegetative material are

1. by the multiplication of shoots from axillary buds
2. by the formation of adventitious shoots
3. by the formation of adventitious somatic embryos.

Cultures can be formed either directly on pieces of
tissue or organs (explants) removed from the mother
plant or indirectly from unorganized cells (in suspension
cultures) or tissues (in callus cultures) established by the
proliferation of cells within explants. These techniques are
reviewed and described in detail by George (4).

Shoot Culture

The apices of lateral or main shoots, dissected from
actively growing shoots or dormant buds are the usual
starting material for shoot culture. Large explants have
advantages over smaller ones for initiation because they
contain more axillary buds and usually commence growth
more rapidly. However it may be more difficult to establish
aseptic conditions. Meristem tip cultures are initiated from
much smaller explants and are used for virus elimination.

Growth regulators (usually cytokinins) are incorpo-
rated into the growth medium to promote growth and
proliferation of axillary shoots in shoot culture. These
remove the dominance of apical meristems so that axillary
shoots are produced which serve as explants for repeated
proliferation.

Vegetative shoots can sometimes be induced from
meristems that would normally produce flowers or floral
parts where young inflorescences are used (mature
inflorescences give rise to floral structures). In sugar
beet these arise from floral axillary buds whereas
with caulifiower they are thought to arise from flower
meristems. In most cases, however, shoots formed do not
arise directly from flower meristems but adventitiously,
often on the receptacle.

Adventitious Shoot Culture

Adventitious shoots arise directly from the tissues of an
explant (but not from a meristem) rather than through
a callus phase, and initiation largely depends on plant
genotype. Shoots may be formed in vitro on explants from
various organs (leaves, stems, petioles, flower petals, bulb
scales, roots) of responsive plants. Several ornamental
plants are propagated in vitro by direct shoot regeneration,
particularly Saintpaulia and other members of the
Gesneriaceae. In these cases, highly prolific cultures are
initiated from leaf and petiole explants, and subculturing
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of shoot clumps provides efficient large-scale production
without the formation of callus.

The use of growth regulators may sometimes result in
proliferation of unorganized cells (callus) alongside direct
shoot formation. This is not normally used for propagation
because the disorganized cells may result in change in
the genetic identity. Growth regulators may also cause
proliferation of shoot primordia that require transfer to
growth regulator-free media to develop further.

Although shoot regeneration from root apices and
segments has been reported, root material grown in soil
can be difficult to decontaminate to supply aseptic cultures.
They can, however, be used as an initial source of shoots
that can then be multiplied.

Adventitious Somatic Embryogenesis

Somatic embryos can be produced indirectly from disor-
ganized cell and tissue culture and can be distinguished
from adventitious shoots because they are bipolar (with
both shoot and root poles), a coleoptile and scuttelum
in monocotyledons and a shoot axis and cotyledons for
dicotyledons. There is also no attachment to the originat-
ing tissue through vascular material, and most somatic
embryos are detached easily from the surrounding cells.
The stages in the development of somatic embryogene-
sis for dicotyledons are described as proembryo, globular,
heart, torpedo, and plantlet stages which are similar to
those that occur in differentiating zygotes after fertiliza-
tion. Proembryos from monocotyledons give rise to discrete
globular bodies with structures resembling the scuttelum
and coleoptile.

Somatic embryogenesis was first observed in suspen-
sion cultures of carrot but has now been reported for more
than 30 plant families. Somatic embryos normally arise in
cultures of unorganized tissues, from callus, suspension
cell, protoplast, or anther (haploid) cultures.

Callus Culture

Callus can be initiated from many tissues of higher
plants, including plant organs and specific tissue types
and cells. But callus is more easily established from young
meristematic material, and the choice is much greater
for dicotyledonous species. Primary callus forms on the
original explant and can vary enormously in quantity,
color, and friability in response to genotype and media
used. Pieces of tissue removed from this material form the
basis of secondary callus cultures which can be maintained
for many years through subculture, although there may
be problems in stability due to selection pressures if
environmental conditions change. Callus can supply a
source of uniform cells for regeneration, isolation of
protoplasts, and for initiating suspension cultures.

Suspension Cell Culture

Although it is possible to initiate cell-suspension cultures
without a preliminary callus phase, cultures are normally
initiated using an inoculum of friable callus in a liquid
medium which breaks up under agitation, divides, and
forms clumps and chains of cells which then further
fragment and multiply. Unlike large-scale culture of
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bacteria, culture of dispersed individual cells is not
possible, and suspensions consist of cellular aggregates
of varying size and composition. To ensure cell dispersion
and good gaseous exchange, it is necessary to agitate the
medium. Two main types of culture are carried out:

1. batch culture where cells are grown in a fixed
volume of medium until there is an accumulation
of inhibitors or nutrients are depleted. Usually on
a small-scale, flasks and orbital shakers or stirred
vessels are used.

2. continuous culture where a continuous supply of
nutrient media maintains cell growth (particularly
important for producing secondary metabolites).

In large-scale, continuous culture, agitation is achieved
by using turbines and air-lift reactors in preference
to mechanical stirring which can damage plant cells.
Suspension cultures result in more rapid growth of
plant cells compared to callus cultures because media
and environmental conditions are more easily controlled.
Somatic embryos and organs can be induced and
cells/aggregates transferred to solid media to produce
regenerative callus.

Protoplast Culture

The main use of protoplast culture is in plant breeding
for specific gene transfer into crop species. To transfer
large molecules or organelles into a plant cell to modify
the genome or cytoplasm, it is necessary to overcome the
obstacle of the protection afforded by the cellulose cell
wall. This requires removing the wall to give an isolated
protoplast which can then be penetrated directly using
a syringe needle or by electroporation. Using appropriate
media and conditions, the protoplasts will reform cell walls
and multiply to form callus which through regeneration
produces plants containing the desired modifications. The
stages involved in protoplast isolation include selection
of material and pretreatment to adjust osmotic pressure,
enzymatic dissolution of the cell walls, and isolation and
culture of the protoplasts. Fusion between the same or
different species can take place to produce hybridization
not possible by normal means, although this often results
in instability and has limited application.

Anther Cultures

Immature polien or microspores can be induced to form
vegetative cells, instead of pollen grain when the appropri-
ate medium is used, for producing haploid proembryos or
callus tissue. This is of particular interest in plant breed-
ing where homozygous progeny can be derived in one
generation from an F1 heterozygote, substantially reduc-
ing the time required to check characteristics introduced
through the traditional methods of back-crossing and self-
pollination. Anther culture using microspores is usually
more successful than using isolated pollen because there
appears to be some stimulatory effect associated with the
anther wall. Overall, however, anther culture has been
fairly limited in its successful application, and Solonaceae
species account for many of these and a strong genotypic
influence.

SOMACLONAL VARIATION

Variation arising as a result of tissue culture (somaclonal
variation) occurs widely and can be due to several
causes (5). Some changes may be temporary or transitory,
including phenotypic variation brought about by physio-
logical modifications in response to culture conditions. This
type of change normally disappears when the plants are
transferred to ex vitro cultural conditions. Genetic change
may also occur in vitro, and this may result from using dif-
ferentiated cell cultures, media constituents, temperature
of culture, or may be deliberately created in cultured cells
using genetic engineering techniques. The choice of mate-
rial may affect levels of genetic variation in cultures, and
it is thought that the use of meristematic tissues is less
likely to induce variation than organogenesis resulting
from callus (2).

Many of the mutations produced during in vitro culture
are deleterious, and their expression can result in reduced
vigor or abnormal appearance. However, some can be
useful for plant improvement, either immediately or
when incorporated in a plant breeding program, and
new genotypes may be of value in selecting cell lines to
produce secondary metabolites. Many mutations remain
undetected in vitro and may only become apparent on
genetic analysis. Variability is particularly liable to occur
during the induction and growth of a culture and during
plant regeneration and in many instances result from
breakage and structural alteration of chromosomes or
chromatids which occur during the division of unorganized
cells in vitro. Why this occurs is still unknown although
many hypotheses have been advanced, in particular that
these changes are related either directly or indirectly to
alterations in the state of DNA methylation (6).

SECONDARY METABOLITE PRODUCTION

Higher plants contain a variety of substances that are
useful medicines, food additives, perfumes, etc. Problems
in obtaining these high-value-added substances from
natural plants have stimulated research in the area of
plant cell cultures for producing these useful metabolites,
principally because this method is not affected by
changes in environmental conditions such as climate or
natural predation. Studies have concentrated on applying
microbial fermentation technology to plant cell culture (7).

However, there are significant differences between
microbial and plant-cell cultures which must be consid-
ered. Plant cells are very sensitive to shear forces due
to the large size of the cells and the relatively inflexible
cellulose cell wall. The large size of the plant cell also con-
tributes to high doubling time (12 hours to several days)
which prolongs the time for a successful fermentation
run. The vacuole is the major site of product accumula-
tion, unlike microorganisms where the product is secreted
into the medium. Research on membrane permeabiliza-
tion of plant cells is being carried out to address this,
along with means of partially recycling of biomass, for
instance, through immobilization. Problems remain with
the low yield of plant metabolites, the unstable produc-
ing ability of cultured cells, and their slow growth rate.



Therefore, at present this process has not become a cost-
effective technology, particularly if the metabolites can be
easily manufactured by chemical or microbial fermenta-
tion methods. Now, Japanese firms are manufacturing a
plant pigment (shikonin) from cultures of Lithospermum
erythrorhizon and ginseng cell biomass on a commercial
scale. Several other products including anticancer drugs
may be close to commercialization. Investigation into the
production of the antitumour compound taxol are also
progressing.

CRYOPRESERVATION

Seed storage is the most common method of storing plant
germplasm because of the low cost and low-tech equipment
required. However seed storage is not applicable to all
plant species. They may not tolerate the desiccation
and low temperature requirements or may not produce
seed naturally, only periodically, or in low numbers.
All germplasm which has been genetically modified and
all clonally propagated cultivars must be stored in a
vegetative form.

Material that has been propagated in vitro can be
viewed as a collection parallel to a seed bank and has been
termed an in vitro active gene bank (8). In the interests of
reducing labor and minimizing the risk of genetic drift or
somaclonal variation, techniques are being developed for
the long-term storage of this material. This storage can be
of two types, reduced growth (in vitro slow-growth gene
banks) and zero growth or cryopreservation (in vitro base
gene bank).

Because mass propagative culture conditions are
designed for rapid production, it is necessary to modify
culture conditions to obtain slow growth. This usually
takes the form of reducing the temperature to between
6-10°C for temperate material and to 15-25°C for trop-
ical material which will typically extend the subculturing
interval to between 1 and 2 years. However, this means
that cultures are placed under conditions of stress and
potential selection leading to deterioration and loss of
clonal homogeneity.

Therefore the suspension of growth achieved though
cryopreservation (freeze preservation in liquid nitrogen
at —196°C) offers a potentially more secure storage
system. Cryopreservation is used routinely to maintain
type cultures in microbiology and animal-cell culture
and to store semen and embryos in the livestock
industry and human medicine. Plant cryopreservation
has received less attention largely due to the greater
complexity and heterogeneity of plant material which
varies enormously in response to culture requirements
and response to freezing and thawing. However, plant-cell
suspension cultures can now be routinely cryopreserved
(homogeneity of cell cultures is an important factor). This
procedure involves pregrowth (cells should be small at
the exponential phase of growth) cryoprotection (usually
chemical), cooling (slow cooling using a programmable
freezer), storage, rapid thawing, post-thaw treatment to
prevent injury by deplasmolysis, and recovery growth.

Cryopreservation of shoot cultures is far more complex
and difficult because a shoot is much larger than a
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cell aggregate, has many different cell types, and thus
is more likely to suffer structural damage as a result
of freezing and thawing. This in turn is more likely
to lead to adventitious regeneration through a callus
phase rather than direct regeneration with the consequent
risk of genetic instability. A wide variety of protocols
have now been developed for cryopreserving vegetative
material, particularly alginate encapsulation which was
developed from artificial seed technologies. This technique
does not require using potentially toxic cryoprotectants or
controlled-rate freezing apparatus.
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various tissues. Since that time, medium development
has followed one of two approaches; researchers have
made use of biological fluids, including serum, embryo
extracts, and protein digests, or they have studied those
fluids and tried to find simpler substitutes for them. The
following sections describe the basic components of cell
culture media discovered by both of these approaches.
These are (I)serum and its components, functions
and processing; (2) chemically defined basal media
that supplement serum for cell growth; (3) serum-free
media (or serum-reconstitution); (4) protein-free media
(or serum-protein replacement); (5) medium stability
and storage; (6) medium development for large-scale
production; and (7) a case study for developing a serum-
free medium.

SERUM

Serum is the biological fluid most commonly used to
support cell growth. The choice of serum, instead of other
biological fluids, was initially due to its ability to minimize
the carryover of other cells and later due to its availability,
low cost, and ease of storage. Serum is typically added
at concentrations of 1 to 10% (v/v) to supplement the
common basal media described below. Serum contains
a variety of factors that facilitate cell attachment and
growth, including carrier proteins, attachment regulators,
defense molecules, enzymes and their regulators, growth
factors, and hormones. Serum also acts to protect cells
against stresses induced by shear.

The major carrier protein, albumin, provides 80% of
the colloidal osmotic pressure of blood (1). It contains
many high-affinity binding sites for a wide variety of
molecules with low solubility, including trace metals,
hemin, cobalamin, hydrophobic molecules (e.g., long-chain
fatty acids), amphiphilic nonionic detergent-like molecules
(e.g., tryptophan, thyroxine, steroids, medium-chain fatty
acids), and negatively charged organic molecules (e.g.,
bilirubin, iopanoate, and many dye-like compounds).
The binding of these molecules is highly regulated by
the allosteric binding of fatty acids (2). Albumin may
deliver these molecules, especially fatty acids, as well
as itself (as an amino acid source), directly into cells.
It may also redistribute its “cargo,” including vitamins
such as thyroxine, cobalamin, and retinol to their
specialized binding proteins for targeting to their own
destinations (3). Albumin also carries a multitude of
positive and negative charges, disulfide bonds, and binding
sites that serve to control pH, redox potential, and osmotic
pressure.

Lipoproteins HDL, LDIL, and VLDL carry very
hydrophobic molecules, such as phospholipids, cholesterol
and triglycerides. HDL provides phospholipids to cells
and removes cholesterol from cells (except liver cells).
LDL does just the opposite. HDL also induces the
secretion of endothelin from endothelial cells, epithial
cells, and macrophages to promote the constriction and
growth of surrounding smooth muscle cells, myocytes, and
fibroblasts. LDL and VLDL carry endothelin-¢onverting
enzyme (ECE), which can convert endothelin into an active
paracrine factor (local hormone) (4).

Other carrier proteins include fetuin, «-2 macroglobu-
lin, and transferrin. Fetuin’s serves as a fetal albumin and
is paramount in delivering fatty acids and phospholipids
to and removing cholesterol from the cells (5). Although
cholesterol retrieving efficiency is about the same as that
of HDL, its fatty acid and phospholipid-delivering effi-
ciency is about three- to fourfold that of albumin (6).
a-2 macroglobulin carries growth hormone, insulin, and
PDGF to promote cell growth. This fraction of proteins is
usually difficult to separate from fetuin and may in part
be responsible for the mitogenic effects of fetal protein
preparations (7). Transferrin can deliver iron (Fe) ions
directly into cells. Human transferrin is about 40 times as
effective as bovine transferrin (8).

Serum also contains a variety of other factors. Attach-
ment factors (fibronectin, vitronectin, gelatin- or PAI-
binding proteins, heparin, and FGF-2), proteases, and
their inhibitors regulate cell spreading, growth, and
cell—cell interactions. In vivo, defense molecules (anti-
bodies, complement components, mannan-binding protein,
and inflammation regulators) bind to microorganisms and
signal for defense. In addition, there are free-radical
scavengers: catalase, superoxide dismutase, and glu-
tathione peroxidase.

Commercially, sera are obtained from a number of
animal species. Calf serum is widely used due to its
availability and low cost. Although calf serum contains
three- to fourfold more transferrin than other sera,
because of malnutrition and other stress conditions of
the calves, it often requires supplementation with iron
to physiological levels (9). Fetal bovine serum (FBS)
provides the greatest growth potential because of the high
level of proteins, for example, fetuin, «¢-2 macroglobulin,
and other associated growth factors. Horse serum is
occasionally used in place of bovine sera. Human serum
is sometimes preferred for the growth of human cell
lines. The growth potential of serum from these various
species, as well as individual lots of serum from the same
species, must often be tested to select sera with optimal
quality. Serum lot-to-lot variations are due not only to
the differences in donor animals, but also to various
treatments during and after collection (10,11).

Blood is usually collected from slaughterhouses and
coagulated to remove hemoglobin, fibrin, and some
complements. The resulting serum is typically filtered
with 0.1- or 0.2-um filters to remove bacteria, fungi,
and mycoplasmas and then stored frozen. Some sera are
additionally filtered through 0.04-um filters to reduce the
potential risk of contamination with viruses. Sometimes
y-radiation is used to further reduce the potential for viral
contamination, as a number of viruses are inactivated by
such treatment (12—14). These filtration and treatment
processes cannot remove complement or endotoxin and
are unlikely to remove or inactivate prions, which are
the putative causative agents of transmissible spongiform
encephalopathies (TSE). Appropriate serum collection and
storage practices are critical in minimizing contamination
with endotoxins. Complement, which may cause lysis
of certain cell types, can be inactivated by mild heat
treatment, typically by incubating serum at 56°C for
30 min. Each of these treatment methods can reduce



the growth promoting properties of the sera. Because
TSE is more prevalent in certain countries, the potential
for contamination of sera can be reduced by sourcing
bovine serum from countries with a low incidence of TSE
among livestock herds, such as the United States, Canada,
Australia, and New Zealand. Traceability of donor animals
is necessary to ensure approriate sourcing. Human sera
can contain a number of potentially infectious agents, and
appropriate testing and donor tracing is critical in these
cases (15). In general, sera are tested by the vendor for the
ability to support the growth of test cell lines, as well as for
sterility and endotoxin and hemoglobin levels as indicators
of purity. Additional testing for common adventitious
agents and protein, hormone, and vitamin composition
can be provided upon request by vendors (16-20).
Sometimes sera are further modified to fit particular
demands. Sera are treated with charcoal/dextran to
remove hormones from serum used for hormone studies.
Sera are fortified with nutrients or growth hormones to
reduce the serum concentration, the protein load, and
sometimes the cost, without affecting cell growth (21).

CHEMICALLY DEFINED BASAL MEDIA AND MINIMAL
ESSENTIAL MEDIA (MEM)

Early attempts in developing chemically defined cell
culture media yielded only minimal cell growth until the
addition of serum by Earle in 1954 (22). In the same period,
scientists analyzed the composition of various biological
fluids and understood the nutritional requirement of
some mammalian cell lines. Minimal essential media
(MEM) supply the minimal requirements of the basal
media— the nonprotein or peptide supplements that are
added to serum growing cells. In 1955, Eagle developed
the first MEM that could supplement serum for growing
several mammalian cell lines. In the next 10 years, more
and more cell metabolites and vitamin-related compounds
were identified and added to media to improve the growth
of a wide variety of different cell lines. This led to various
modifications (Glasgow’s, Dulbecco’s, etc.) of Eagle’s MEM
and also to the development of serum-free and protein-free
media (23).

Basal media and MEM supply the basic needs
of cellular metabolism, which include ions, vitamins,
metabolic regulators, and metabolites. Ions are impor-
tant to maintain osmotic pressure, control membrane
potential and transporting activities (Nat, K*), coor-
dinate intra- and intercellular activities (Mg*, Ca™),
participate in oxidation-reduction activities (SO,~?) and
energy production (PO4~%), as well as balance the H*
ions (HPO,~2, H,PO,~, HCO3~, C17) (24-27). B vitamins
serve as functional-group carriers of enzymes in various
metabolic pathways for all cell types. Other vitamins (A, C,
D, E, K) regulate cell cycle, redox potential, and differentia-
tion of some specific cell lines. Metabolites include glucose
or other sugars (as major carbon sources), and amino
acids (as major nitrogen sources), as well as lipid pre-
cursors (choline, inositol, ethanolamine, ete.) and nucleic
acid precursors. Sometimes, other metabolic intermedi-
ates (pyruvate, succinate, etc.) are included to facilitate
cell metabolism. Chemical buffers (sodium bicarbonate,
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HEPES, etc.) and pH indicators (phenol red) can be also
included in MEM. Often the various basal media must be
tested in combination with different sera to find the most
appropriate media for growing individual cell lines.

SERUM-FREE MEDIA

To minimize complications from serum in hormone-
responsive cell culture studies, in 1975-1980 Sato
replaced serum with specific hormones, growth fac-
tors, fetuin, serum albumin, transferrin, and mercap-
toethanol (28,29). As described above, these replacements
should fulfill most of the known fundamental functions of
serum. In 1981-1987, Barnes revealed that serum con-
tains many other components that are important for cell
growth: binding proteins, adhesion proteins, enzymes and
inhibitors, lipid-carrying proteins, etc. (30,31). Thereafter,
it became possible to grow additional cell lines in serum-
free media. Because the protein concentration was also
greatly reduced, some novel protein products were easily
identified and isolated from the culture for characteriza-
tion (28—-33). Extraction from secretory glands also yielded
a rich discovery of growth factors (34). Although progress
in serum-free medium development was relatively slow
because of the need to determine the different nutrient
and protection requirements of each cell line and because
of difficulty in identifying and purifying active ingredients
from serum, various media have been developed for a num-
ber of individual cell lines. The concentrations of hormones
or growth factors included in typical serum-free media can
be found in the literature (see Ref. 35 for a review).

The advent of hybridoma culture prompted develop-
ment of serum-free media for antibody production. In
1978, Iscove reported the first such serum-free medium,
in which serum was replaced by albumin, transferrin, and
soybean lipids, and the basal medium (DMEM) was for-
tified with additional amino acids and vitamins, that is,
Iscove’s MEM or IMEM (36). Additional serum-free media
were developed for a number of other specific hybridoma
or lymphoid cell lines (37-41). In 1984, Kovar and Franek
developed a serum-free medium containing transferrin,
insulin, ethanolamine, linoleic acid, serum albumin and
trace elements that could support the growth of four
hybridoma and two myeloma cell lines (42). Other com-
ponents of serum-free media include mercaptoethanol,
casein, catalase, cholesterol, and steroid hormones, among
others.

Although growth factors, such as IGF and EGF, can
activate cells to grow, these and other growth factors
are usually critical only for some subsets of cells to
grow. However, in cases such as the regeneration of skin,
nerve, skeletal muscle, kidney, liver, or hematopoiesis,
where differentiation and coordination among cells are
needed, the interrelationships among these growth factors
become very critical. The culture of primitive and mature
hematopoietic cells in serum-free media also requires
erythropoietin (EPO), interleukins and colony-stimulating
factors (CSFs) (43). The culture of marrow stromal
(nonhematopoietic) cells also requires adding some
interleukins and CSFs. Hormones are sometimes included
for growing of target tissues and cells. Some proteases
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(e.g., thrombin), and inhibitors (e.g., -1 antitrypsin) may
be included (44,45). In growing attachment-dependent
cells into tissue-like structures, for example, nerve, or
skeletal muscle, the properties of the substrata are also
important (46).

The methods for culturing endocrine, epithelial, fibrob-
lastic, neuronal, and lymphoid cells in serum-free
media have been extensively described by D.W. Barnes,
etal. (47). An updated review was provided by
K. Kitano (35). Strategies for optimizing serum-free
media were described by G. Hewlett (48). A guide-
line for making informed choices of serum-free
medium is presented by J.P. Mather (49). Serum-free
media for hematopoietic stem cells were reviewed by
J.S. Lebkowski et al. (50).

PROTEIN-FREE MEDIA

When scientists started to develop chemically defined,
serum-free cell culture media, a protein-free approach
was already under consideration. There was no success
until 1965, when R.G. Ham developed the protein-free
medium F-12, a mildly enriched basal medium, to support
the clonal growth of Chinese hamster cell lines (51). This
work, however, could not be reproduced after Ham moved
his laboratory to Colorado. He thought that this was due to
the removal of impurities from the higher grade chemical
ingredients, such as thyroxine. In 1977, he added 19
trace elements, as well as additional calcium chloride,
glutamine, and cysteine. This medium, MCDB 301,
supplemented with either insulin or methylcellulose, could
again support growth of the cell line (52). Ham thought
that the methylcellulose might have also contained some
impurities. In the same period, there were many other
protein-free media developed by adding a variety of
nonprotein supplements (53). An adaptation period of one
week to several months is typically required for cells
to grow readily in these media, suggesting that factor-
independent subpopulations are being selected (54,55).

Individual serum functions can also be replaced by
nonproteinaceous compounds. In 1986, serum’s function
as a cholesterol carrier was replaced by a choles-
terol—cyclodextrin complex (56). In 1987-1989, trans-
ferrin as an iron carrier was replaced by ferric cit-
rate (57,58). In 1990, albumin’s function as a metal
carrier was replaced by EDTA, transferrin was replaced
by the iron-containing dye nitroprusside (59), and lipopro-
tein’s function as a lipid carrier was replaced by lipid
emulsions (60). In 1995, M.J. Keen developed a protein-
free medium using B-cyclodextrin to replace HDL, LDL,
and albumin to deliver cholesterol from cholesterol: phos-
phatidyl choline liposomes to cholesterol-auxotrophic NSO
myeloma cells (61,62).

Free radicals in the cell culture media are usually
generated by xanthine oxidase which is activated by
heat, anoxia, inferferon, or SH oxidation in the presence
of cells (63). Free radicals can also be generated by
excited riboflavin through UV-activated glass or plastic
surfaces, including microcarriers (64). Free radicals and
the resulting peroxidation can be controlled by cystine,
cysteine, glutathione, Se- or Fe-containing enzymes, a-keto

acids, pyruvate, trace elements, and vitamin E. Although
vitamin C can eliminate some free radicals, it can also
produce Oz~ under hyperoxia (65). Damage from free
radicals may also be controlled by reducing reagents
(e.g., dithiothretol), as well as ferric cyanide and metal
chelators which reduce peroxide production. However,
because peroxides and free radicals may play a role in
regulating the cell cycle, a delicate redox balance should
be maintained.

Other roles of serum have also been addressed. Osmo-
larity is usually maintained by sodium chloride, but
sometimes sucrose and osmoprotective compounds (pro-
line, glycine, sarcosine, and glycine betaine) are used (66).
Damage from excessive shear stress is usually pre-
vented by adding of Pluronic F-68, polyethylene glycol
(PEG), dextran, polyvinyl alcohol, polyvinyl pyrrolidone,
and/or Methocel (67-69). Metal ions are usually deliv-
ered as a simple ionizable salts. However, EDTA, citrate,
or gluconate may be used to increase their solubil-
ity (57,59). Sparingly soluble lipids and steroids are
usually delivered as an emulsions or liposomes (59,70).
Cyclodextrins may alternatively be used to increase their
solubility (61,62). Cell attachment may be modulated by
adding Arg-His-Asp (RGD) peptides, heparin or polyly-
sine (71). Cell growth promotion may be enhanced by
adding polyamines, such as putrescine, spermidine, sper-
mine or their precursor ornithine (72).

MEDIUM STABILITY AND STORAGE

As described in the last section, UV radiation, heat, and
high oxygen tension in the medium can generate free
radicals, which can damage cells. Heat can also lead to the
degradation of proteins, glutamine, and reducing agents.
At 37°C, the half life of glutamine is on the order of 1 to
4 weeks dependent on the type and pH of the medium (73).
Because the degradation of glutamine also generates
ammonia, the addition of glutamine to compensate for
losses may not be appropriate. However, media should
not be frozen because some medium components such
as tyrosine and tryptophan may precipitate and remain
insoluble upon freezing and thawing (74). Thus, liquid
media should be kept at low temperatures (4 to 8 °C) and
away from light during storage. Ascorbic acid (vitamin C)
is another labile medium component, because it can be
readily oxidized (74). Serum, proteins, glutamine, and
ascorbic acid can be prepared separately and added to
the medium just before use.

MEDIUM DEVELOPMENT FOR LARGE-SCALE
PRODUCTION

In addition to the requirement to support cell growth, cell
culture media used in commercial-scale production of bio-
logicals should possess the following properties: the media
and all of its components should be readily available in
sufficient quantities, preferably from multiple vendors; the
media must provide reproducible lot-to-lot performance;
and, as is increasingly preferred by regulatory agencies,
media used to produce human therapeutics should not
contain any components, particulary proteins, of animal



origin. These requirements are more readily satisfied by
the chemically defined, serum- and protein-free media,
described before. Additionally, for cells grown in serum-
free media in high-shear environments, such as found
in sparged stirred tanks, the media must provide factors
that protect cells from shear damage. Finally, the medium
composition should be optimized to maximize culture pro-
ductivity.

For most suspension cells, lethal shear damage occurs
in the areas of high energy dissipation associated with
the rupture of bubbles introduced by either sparging or
surface vortexing (75). For attachment-dependent cells in
microcarrier culture, lethal shear damage can occur from
mechanical agitation as well (for a review, see Ref. 76).
The addition of certain polymers, such as methylcellulose,
carboxy methylcellulose, hydroxyethyl starch, polyvinyl
alcohol, polyethylene glycol, and Pluronic F68, to the
media can at least partially protect cells from both
bubble- and agitation-induced shear damage (for reviews,
see Refs. 75, 77). In addition, cells can be adapted to
high-shear environments by sequentially passaging cells
in small shaker or spinner flasks, for example, while
gradually increasing the agitation rate (55).

In many media, the growth of cells is limited by either
the depletion of essential nutrients or the accumulation
of waste products to inhibitory levels. Early attempts to
improve culture productivity focused on analyzing the
residual levels of nutrients in spent culture media. These
depleted nutrients were then added back to the culture
media to increase cell growth and culture longevity. In
many cases, glucose and glutamine must be controlled
at low levels to avoid excessive production of lactate and
ammonia, which could otherwise limit cell growth. Careful
attention to the composition of media has resulted in up
to tenfold increases in monoclonal antibody production,
yielding final titers of up to 2 g/L (see Ref. 78 for a review).
More recently, stoichiometric analysis (79) and process
control (80) have been applied, resulting in final antibody
titers exceeding 2 g/L.

DEVELOPMENT OF SERUM-FREE MEDIA: A CASE STUDY

In many cases, a serum-free medium may not be available
commercially or may not be adequate for a particular
application. Developing a serum-free medium can be time-
and labor-intensive, but the following steps may help
streamline the process: (1) Perform a thorough literature
search of media that support the growth of the particular
cell line in question or of similar cell lines (e.g., same
tissue origin, same species origin) to help identify a
starting point and classes of additives to test. (2) Set
specific goals relevant to the process. For example, set
targets for the total medium protein content, the required
cell growth rate, and/or the required product titer if
any. (3) Define endpoints for evaluating the effects of
changes to the medium (i.e., cell growth rate, maximum
cell density, growth over several passages, and growth
on particular substrates such as microcarriers). The case
study described here used these tools to develop a serum-
free, low-protein medium, called LPKM-1, to grow Vero
cells and produce rotavirus (81).
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Efficient production of rotavirus requires a tryptic
cleavage of one of the outer coat proteins, VP4, for
efficient infection of cells in vitro (82). The presence of
serum required for growing of Vero host cells quenches
trypsin activity. Therefore, it was necessary to remove
serum before infecting the cells. Development of a serum-
free, low-protein medium eliminated the need for extra
steps in the rotavirus production process. Additionally, it
was required that the serum-free medium also support
sequential passages of Vero cells at reproducible growth
rates similar to the growth rate in serum-containing
medium and product titers comparable to a serum-
containing process.

Vero cells are an extensively characterized African
green monkey kidney cell line which are near diploid
(i.e., normal DNA content or ploidy)(83). An initial
literature search revealed that Taub and Livingston (84)
published a serum-free medium developed to grow
both primary kidney cells and some established kidney
cell lines. This formulation, called K-1, is a 1:1
mixture of Dulbecco’s Modified Eagle’s Medium and
Nutrient Mixture F-12 (Ham) with serum components
replaced by insulin, transferrin, and a mixture of
three hormones (prostaglandin E1, triiodothyronine, and
hydrocortisone). However, K-1 could not support Vero
cell growth over multiple passages. Therefore, K-1
was supplemented with a variety of additives. These
supplemented media were then tested in both single-
and multifactorial experiments (85) for their ability to
support the growth of Vero cells for six passages in
the absence of serum. By supplementing K-1 with a
single recombinant growth factor, human EGF, Vero cells
could be passaged repeatedly and maintain a constant
growth rate. Moreover, the addition of dexamethasone
further improved maximum cell density and doubling
time. Dexamethasone and EGF have been shown to
act synergistically to stimulate proliferation of primary
human fibroblasts (86) and to support repeated passages
of human diploid fibroblast cell lines (70).

A further literature search revealed that Medium
199 and its derivative, SFRE-199-1, had been used to
grow Vero cells to high cell densities in serum-free
formulations (87,88). By changing the K-1 basal medium
mixture from 1:1 Dulbecco’s Modified Eagle’s Medium
and Nutrient Mixture F-12 (Ham) to 1:1 Medium 199:
Nutrient Mixture F-12 (Ham), a small but consistent
improvement in maximum cell density was achieved.

Although the protein concentration in K-1 was already
relatively low because most of the serum functions had
been replaced by adding only a low level of a few defined
proteins (i.e., insulin, transferrin, rEGF), the protein
concentration was further decreased by determining the
necessity of each component for cell growing. It was found
that transferrin was not necessary for growing of Vero cells
in this medium, while insulin and rEGF were essential.
The combination of both ferrous and ferric salts present
in the 1:1 mixtures of F-12 and DMEM or Medium 199
presumably provided sufficient iron to support Vero cell
growth in the absence of transferrin. The concentration of
bovine insulin could not be decreased but was replaced by
recombinantly derived human insulin.
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The final medium formulation, called LPKM, contained
approximately 5 mg/L total protein. Vero cells grew at 60%
of the rate for serum-containing medium and grew to 60%
of the maximum cell density of cells in serum-containing
medium. Cell growth was maintained for 20 passages in
this medium (81).
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INTRODUCTION

Few subjects in animal cell culture technology have elicited
as much debate, discussion, and controversy as the “shear
sensitivity” of animal cells. In the early days of commercial,
large-scale animal cell culture, many researchers believed
that such cultures were not possible. However, this did
not stop a number of major biotechnology companies from
pursuing the use of suspended and anchorage-dependent
animal cells to produce recombinant proteins for human
use. As of 1993, three of the top ten biotechnology drugs
on the market (based on gross sales) were produced in
animal cells. This does not include all of the vaccines
made in animal cells. Needless to say, animal cells
are not too “shear sensitive” to be used in large-scale
animal cell culture. However, if proper procedures and
techniques are not used, one can very rapidly destroy the
viability of, and in some cases rupture, most of the animal
cells in a bioreactor. This article discusses the current
understanding of the effects of hydrodynamic forces on
cells, and the methods currently used to prevent the
adverse effects of these forces.

Before this discussion begins, however, the terms used
to characterize hydrodynamic conditions are presented.
The term “shear sensitivity” itself is somewhat misleading
in that it implies that the effect of hydrodynamic forces
on cells can be characterized by the familiar shear stress-
strain rate relationship:

v, 0
Ty = —H [% + '3%,] 1)

where 71,, is the shear stress with typical units of
dynes/cm?, u is the fluid viscosity, and dv./3y and dv,/ox
are the specific shear rates which are typically reported in
reciprocal seconds. However, this relationship is applicable
only to well-defined laminar flow. The fluid flow in
most bioprocesses is not characterized as well-defined,
laminar flow but instead is characterized as turbulent
flow. Depending on the length scales of interest, turbulent
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flow conditions can be considered to range from somewhat
defined to poorly defined. In complex turbulent flow, it is
more appropriate to speak of the stress tensor, which is
defined by

T=pw(Vo+ (VD)D)

2 By e v, o
ox ox dy ox 0z
v, v, v, v, v,
=pu|—+ = — - 2
Moy 3y o % @
v, v, v, v, v,
Zx Y 272
a2 ox 0z + dy 9z

To fully measure the “state of stress” in this type of
system, the values of all nine terms in the matrix in
equation 2 are needed. In addition, the flow is highly
transient; consequently, each of these nine terms is rapidly
changing. It should also be noted that the gradient in
equation 1 corresponds to one of the nine gradient terms
in the matrix in equation 2.

THE EFFECT OF HYDRODYNAMIC FORCES ON CELLS

During the last 20 years, a significant amount of research
has been conducted on the nonlethal and lethal effects
of hydrodynamic forces on cells. These studies can be
broadly divided into two general categories: the effect of
hydrodynamic forces on cells of medical interest and the
effect of hydrodynamic forces on cells of biotechnological
interest.

Cells of Medical Interest

Although it is beyond the scope of this article to discuss all
of the nonlethal, metabolic, and gene expression studies
on cells of medical interest, a brief overview will be given.
A 1997 review article (1) lists 18 shear-stress-mediated
cellular responses in endothelial cells which line arteries
and veins (In this case, equation 1 is appropriate for
defining the hydrodynamic forces acting on the cells).
Although not as extensively studied, seven shear-stress-
mediated cellular responses have been reported in the
smooth muscle cells which are associated with arteries
and veins (in a layer under the endothelial cells). These
responses include activation of ion channels in the
membrane and activation of specific proteins associated
with the membrane, decreases in intracellular pH, and
stimulation of specific cellular pathways to stimulate or
repress the synthesis of specific mRNA molecules. Much
of this work has been motivated by a desire to understand
the pathology of atherosclerosis. However, recent reports
on the effect of shear stress on other types of cells in the
human body, such as bone, have also been published.

Cells of Biotechnological Interest

Although far fewer studies have been conducted on
the nonlethal effects of hydrodynamic forces cells of
biotechnological interest, compared to cells of medical
interest, significant effects have been observed.

In typical turbulently mixed bioreactors these reported
hydrodynamic effects include changes in cell viability,

size, and growth (2—5); metabolism (2,6); and the surface
concentration of cell surface markers (receptors) (6—8).
Although it is not possible from these reports to quantify
the hydrodynamic forces at a level comparable to that
in studies conducted on attached cells, the studies of Al-
Rubeai et al. (4) and Lakhotia et al. (3) clearly indicate
that suspended murine hybridoma and Chinese hamster
ovary cells are damaged, at very high levels of agitation.
In addition, a viable subpopulation is “selected” which is
distinct from viable cells in low-agitation cultures. This
distinction was indicated by a reduction in size and a
“higher proliferative state relative to the control” which
recovered to the level of the control if the agitation was
reduced. More recently, McDowell and Papoutsakis (6)
reported that increased levels of agitation in spinner
vessels resulted in a significant increase in the number
of CD13 receptors on the surface of suspended human
promyelocytic leukemia cells, and a concurrent increase in
mRNA levels for CD13. An example of a stress-associated
response was described by Mufti and Shuler (9), who
established that increasing agitation rates in spinner
flasks increased levels of cytochrome p450 1A1 (CYP1A1)
activity in various rodent and human hepatomas attached
to microcarriers.

In contrast to these studies, which were conducted
in bioreactors where the hydrodynamic forces are,
relatively speaking, undefined, Ranjan et al. (10) subjected
four cell lines to various levels of well-defined shear
stress (equation 1). Two of these four cell lines were
from endothelial tissues [primary human umbilical vein
endothelial cells, (HUVEC) and bovine aortic endothelial
cells, (BEAC)] and two cell lines from non-endothelial
tissue (HeLa cells, which originated from a malignant
tumor of the human cervix, and CHO cells). All four cell
lines responded to moderate levels of laminar shear stress
(25 dyn/em?) by expressing the c-fos protein. The c-fos
protein is a product of the c-fos gene, a protooncogene
which is a member of the AP-1 family of transcriptional
cofactors that mediate transcriptional stimulation. The
protein kinase C pathway, an important signaling
pathway, is involved in the transcriptional activation of
the c-fos gene. The previous finding is significant, because
it demonstrates that at least one important shear stress
response is conserved, i.e. it is not specific to cells of
hemodynamically active origin.

ULTIMATE GOAL OF SCALE-UP

The ultimate goal in scaling up animal cell culturing
processes is to maintain a homogeneous environment,
preferably identical to that in the bench-scale system
where the animal cell culturing process was most probably
developed. This is a complex problem for two main
reasons: (I) the need to add and remove gases and (2) the
turbulent nature of the fluid flow that is typically needed to
maintain a homogeneous environment. The first problem
is compounded by the low solubility of oxygen in water,
and the second by the general lack of understanding of
turbulence at small scales.

Relatively speaking, oxygen is poorly soluble in water.
Compared to other nutrients, such as sugars and amino
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acids, the saturating oxygen concentration is several
orders of magnitude lower. This low solubility, combined
with the increasingly high cell densities becoming possible
in cell culture, leads to a situation in which the cells
can consume all of the oxygen in a saturated cell
culture medium in less than an hour and in some
cases on the order of minutes. Although this rate of
consumption is much less than that in bacterial cultures,
where high-density cultures can consume all of the
oxygen on the order of seconds, animal cell cultures
greater than several liters in scale must have a means
of introducing oxygen into the system other than by
simply passing air over the medium-air interface at
the top of the bioreactor. In addition to supplying
oxygen, it is becoming more apparent through experience
that in large-scale, high-density cultures, CO; must
be removed to prevent inhibitory effects. A number of
different techniques have been proposed and used to
exchange gases with cell culture media, but these methods
are usually problematic compared to the classical and
typically used method of gas sparging directly into the
vessel.

VARIOUS SEMIEMPIRICAL SCALE-UP METHODS

Establishing homogeneous conditions in a bioreactor
requires fluid mixing. Even for the most soluble nutrients
or inorganic salts, it is desirable and in some cases
absolutely essential that the additives to the system be
rapidly mixed to prevent any substantial gradients. The
most extreme case is the addition of base to large (>1000 L)
bioreactors. Without relatively rapid mixing, cells can
remain suspended in very high pH conditions, which is
unacceptable (11).

The typical and most straightforward method of mixing
in a bioreactor (>1 liter) is by using an impeller, either
of the Rushton, pitched blade, or marine impeller design
(12). Each of these designs has been used in the chemical
process industry for many decades, and a substantial
amount of empirical knowledge has been developed (13).
But the majority of this knowledge is based on mixing
compounds that are not damaged by hydrodynamic forces.
In addition, the flow created by these impellers is
turbulent, so that from a fundamental, first principle
point of view one can predict only bulk flow conditions.
This lack of fundamental understanding results from the
complexity of fluid turbulence. Even though it has been
studied for more than a century, only slow progress has
been made in the understanding and the ability to predict
flow conditions (velocity fields, energy dissipation, etc.) at
very small scales under turbulent conditions. This lack
of knowledge prevents scale-up of bioreactors for animal,
insect, and plant cell culture using purely fundamental,
predictive “first principles.” Consequently, scale-up is
typically accomplished by using “rules of thumb” and
correlational approaches, along with the integration of our
slowly increasing knowledge of “first principles.” Some of
these “rules of thumb” and correlational approaches are
presented below and the remainder of the article is devoted
to the state of our current fundamental “first principles”
knowledge.

Rules of Thumb for Scale-Up of Bioreactors for Animal Cell
Culture

First Rule of Thumb. Generally speaking, anchorage-
dependent animal cells are more “shear-sensitive” than
suspended cells. This observation is based on numerous
comments by industrial and academic researchers and
on reports in the literature. More on this concept, from
experimental (qualitative observations) and correlational
viewpoints is presented later.

Second Rule of Thumb. Without the use of “shear-
protective” additives, sparging will kill all of the suspended
cells in a bioreactor within a relatively short time. Again,
this concept will be expanded upon later.

Third Rule of Thumb. Marine impellers create less shear
damage to cells than a Rushton type impeller. Less
experimental data exist to justify this assumption.

Fourth Rule of Thumb. Although gas exchange can be
accomplished with membranes or silicone rubber tubing,
the simplest and most straightforward method is to sparge
gas directly into the system.

Fifth Rule of Thumb. The “shear sensitivity” of animal
cells is cell-type-, and in some cases, cell-clone-specific.
Although some cell lines, such as Chinese hamster ovary
cells, have proven relatively tough, other cell lines are
alleged to be much less robust.

Empirical and Correlational Approaches for Scale-up

As indicated directly or indirectly in the “Rules of Thumb”
listed previously, a great deal of the confusion and
seemingly contradictory information about the sensitivity
of animal cells to hydrodynamic forces is related to
(1) whether the cells are attached to microcarriers or
in suspension and (2)the interaction of animal and
insect cells with gas—liquid interfaces. In particular, it
is when suspended cells attached to these interfaces
are subjected to high hydrodynamic forces that one
observes the “shear sensitivity” so commonly discussed
for suspended cells.

Bioreactor Studies. Two complementary bioreactor stud-
ies were conducted by Oh et al. (14) and Kunas and
Papoutsakis (15a) which significantly support the “Rules
of Thumb.” Before these studies, the prevailing belief
was that animal and insect cells were damaged as a
result of the hydrodynamic forces which arise from the
action of an impeller. This belief was well justified
by the results of Croughan et al. (16) and Cherry and
Papoutsakis (17) and others which clearly demonstrated
that animal cells could be removed from microcarriers
in stirred bioreactors. However, this prevailing opin-
ion was challenged when Oh et al. (14) and Kunas and
Papoutsakis (15) demonstrated that suspended cells can
withstand hydrodynamic forces generated by impellers
at significantly higher levels than are typically used in
bioreactors as long as care is taken to limit cell-bubble
interactions. Kunas and Papoutsakis (18) carried this
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work one step further by developing a vessel in which
air sparging and the upper air-medium interface were
removed. The removal of this interface prevented the
formation of a central vortex around the impeller shaft
and the associated bubble entrainment. With this sys-
tem, agitation rates up to 600 rpm were achieved without
major cell damage, leading the authors to state, “Only
when entrained bubbles interact with a freely moving
gas—liquid interface, such as exists between the culture
medium and the gas headspace, does significant cell dam-
age occur.”

This observation that suspended cell damage is not
caused by mechanical mixing, but is the result of
gas sparging (bubbles), was confirmed by several other
research groups (19-23). In summary, it was shown
that it is nearly impossible to grow suspended animal
or insect cells in bubble columns, airlift bioreactors,
or sparged, mechanically mixed bioreactors without
using protective additives. More will be said later
on the use and mechanism of protection of these
additives.

Correlational Approach. A correlational approach was
taken by researchers in Dr. H. Trampers’ laboratory to
relate cell damage in gas sparged bioreactors to bubbles
in vessels (24). This correlational approach takes the
following mathematical form:

24FX
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where kg = first order death rate constant (h~1)
F = air flow rate into vessel (m%/s)
X =hypothetical killing volume (m?)
dp = air bubble diameter (m)
D = column diameter (m)
H =height of column

The key concept in this relationship is the “hypothetical
killing volume,” X(m?®). Through a variety of different
experimental conditions including different cell types and
different height-to-diameter ratios of bubble columns, it
was demonstrated that the “hypothetical killing volume”
is correlated to a specific volume associated with each
bubble (25,26).

A second correlational approach associated with
gas sparging was developed by Wang et al. (27). This
correlation was based on the hypothesis that cells are
damaged by breakup and/or coalescence of bubbles in
bioreactors which may take place in the sparger/agitation
region or at the air-medium interface. Similar to
the relationship presented by Tramper et al. (24), this
correlation predicts that the local, specific death rate
of suspended cells can be related to a specific volume
and saturation constant associated with bubbles. This
relationship takes the form,

_ [t
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where p =local specific cell death rate (h™!)
s = equivalent thickness of the inactivation
region around a deformed bubble
a = local specific bubble interfacial area (bubble
surface area/ medium volume, m~1)
ko = intrinsic cell inactivation rate constant (cells
m~3h1)
K =Michaelis—Menton saturation constant for
cells absorbed into an “inactivation zone”
around a bubble

An implicit assumption in this relationship is that this
volume, s e a, is sufficiently close to the bubble that it is
directly proportional to the surface area of the bubble.
When averaged over the entire vessel, this model predicts
that the first-order death rate is linearly proportional to
the specific interfacial area.

Even though it does not provide a mechanism
for cell damage, equations3 and 4 provide insight
into cell damage, namely, (I)it is proportional to the
bubble~medium interfacial area, and (2) it is independent
of the height and diameter of the vessel. Although not
initially obvious, this second point proved most insightful.
Tramper et al. (24) experimentally demonstrated that at
a constant gas sparge rate, the total death rate in a
bubble column decreases as the column height increases.
This indicated that the cell damage is located in either
the bubble injection region or the bubble disengagement
region at the air—medium interface.

Industrial Correlational Approaches. The observation
that by using appropriate surface-active additives, such
as Pluronic F-68, suspended cells can be grown without
apparent damage in various sizes of bioreactors, led
to several contributions to the scale-up literature by
industrial researchers (11,28,29). These contributions
focused primarily on the proper addition of O; to and
removal of CO; from a culture as the primary criteria
for scale-up and operation. However, like any correlation,
they apply only to systems where they have been well
studied. Care needs to be taken when new cell lines or
new clones are used.

Fundamental, or First Principle Approaches to Scale-Up

The ultimate method for scaling up and operating a
bioreactor is to base the scale-up on fundamental, or first
principle approaches. Although significant progress has
been made in this direction, it is debatable whether such
a goal can ever be truly achieved because most, if not
all, large-scale bioreactors operate under turbulent flow
conditions and it is questionable whether turbulence can
ever be understood and predicted at a scale relevant to
animal cell culture. Nevertheless, significant progress has
been and continues to be made in both the understanding
and predictability of turbulence and complex flows.

To begin this discussion, several important points must
be made. First, although the typical flow pattern in an
animal cell bioreactor can be characterized as turbulent,
it is far from random. Specifically, “flow structures” exist
which can be associated with either specific events or
mechanical structures in the vessel. This concept of
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flow structures, or “coherent structures,” is well-known
in turbulence research. Secondly, although absolute
knowledge of the hydrodynamic forces acting on an animal
cell in a bioreactor requires solving equation 2, on a micro
scale, for all locations and times in a bioreactor (which is
obviously impossible), a scalar quantity, the specific energy
dissipation rate ¢, is typically used in the mixing and
fluid mechanics community to quantify the magnitude of
the hydrodynamic forces in the flow. In nonmathematical
terms, € is defined as the rate of work done on a fluid
element and has units of energy per unit volume per
unit time (i.e. erg/cm®-s or J/m®-s). Theoretically, if one
were to sum specific energy dissipation over the whole
mixing vessel, it would equal the energy added through
the impeller (if no energy is added to the system by any
other means). Other scalar measures also exist, such as
the scalar deformation rate. However, € is a commonly
used and convenient way to compare hydrodynamic forces
in many different types of flow. The remainder of this
section discusses the known flow structure in bioreactors
and estimates of the energy dissipation associated with
these flow structures. Finally, what little is known of the
relationship between specific energy dissipation rate and
cell damage is presented.

Flow Structures Associated with Gas Sparging. Because
it has been well documented, as outlined before,
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that sparging of gas into bioreactors damages cells,
Handa-Corrigan et al. (30) and later Chalmers (31) used
microscopic-video imaging systems to observe cell-bubble
interactions. Although no images were provided, Handa
et al. (80) suggested that the majority of cell damage
takes place in the bubble disengagement region at the
medium—air interface (the top of the culture). This
suggestion was based on observations of cells experiencing
violent, turbulent oscillations and surface deformations.
They also observed cells entrained in the moving bubble
surface interface and transported at high velocities
through the draining bubble film. Summarizing these
visual observations, they suggested three mechanisms of
damage: (I) damage due to shearing in draining liquid
films in foams, (2) rapid oscillations caused by bursting
bubbles; and (3) physical loss of the cells in the foam.

Using higher magnification and specifically designed
columns, Chalmers’ group (31) presented photographic
images of insect cells attached to rising bubbles and cells
trapped in the foam layer. Figure 1 presents images of
each of these observations.

In addition to attaching to rising bubbles and becoming
trapped in the foam layer, cells can also be retained in
the thin film of a bubble at the gas—medium interface.
Figure 2 presents images of the bubble film just after a
gas bubble came to rest at the air-medium interface.
In the absence of Pluronic F-68 (Fig. 2a) a large number
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Figure 1. Microscopic video images of individual cells and clumps of insect cells attached to rising
gas bubbles (a-¢) and cells trapped in the foam layer (d). The bubbles appear as black spheres,
and the cells are lighter spheres. Arrows indicate cell-bubble attachments (a-e¢) and cells (d).
The distance between opposing arrowheads indicates the length scale in (b) and (d).
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Figure 2. Microscopic video images of a gas bubble at an air—medium interface just after the
bubble arrived. In (a) a large number of insect cells (>10%) can be observed (white dots). In
(b) Pluronic F-68 is present, and no cells can be observed on the film.

of cells (>10%) can be seen attached to the bubble film.
However, when Pluronic F-68 is present (Fig. 2b), no cells
are present. Using visualization techniques including cell
viability dyes, a third research group (32) demonstrated
that cell damage is associated with the top, air-medium
interface in sparged bioreactors without impellers.

Bubble Ruptures. Two fates await gas bubbles that
approach the top air—-medium interface: they can either
become part of a previously present foam layer, or the
bubbles can rupture. Both events are routinely observed
in bioreactors. As shown earlier, cells can accumulate in
the foam layer. It has been reported that by the end of a
batch growth culture a significant amount of cells can be
removed in this manner, and cell material in this foam
contributes to the “bathtub ring” in a bioreactor.

To determine if enough cells are killed when a bubble
ruptures to account for cell damage due to sparging when
no noticeable foam forms, Trinh et al. (33) quantified the
number of cells killed per bubble rupture. On average,
10° suspended insect cells were killed per 3.5-mm bubble
rupture in the absence of Pluronic F-68 in a cell suspension
of approximately 10% cells/mL. When Pluronic F-68 was
present, no cell death was observed.

To further discern the mechanism by which cells
are killed when a bubble ruptures, Trinh et al. (33)
captured the upward jet that results when a bubble
ruptures. The concentration of cells in this upward jet
was approximately twice that in the bulk medium and
all of the cells were dead. Again, when Pluronic F-68
was present in the medium, no cells were found in the
upward jet. These observations led Trinh et al. (33) to
suggest that the hypothetical killing volume suggested by
the correlation of Tramper et al. (24) is in fact a thin layer
surrounding the gas bubble that includes the adsorbed
cells. It was also suggested that Pluronic F-68 prevents
cells from adsorbing to the bubble, thereby preventing cell
death.

Mechanism and Quantification of Bubble Rupture. The
hydrodynamics of bubble rupture at a gas-liquid interface,
though probably not turbulent, are complex and cannot
be solved analytically. However, two research groups

conducted computer simulations, each using different
methods, and obtained similar results (34,35). Figure 3
presents the predicted gas-liquid interface position and
the regions of high energy dissipation as a function
of specific time increments after a 0.77-mm bubble
ruptures at a gas-liquid interface. Table 1 presents the
total elapsed time and maximum energy dissipation rate
for the rupture of three differently sized bubbles from
these two simulations. For a comparison, Table 2 presents
approximate rates of energy dissipation in which cell
damage was reported in well-defined flow devices. As
can be observed, the maximum energy dissipation rate
associated with a bubble rupture is two to three orders

Table 1. The Rates of Energy Dissipation from Computer
Simulations for the Rupture of Differently Sized Bubbles
at a Gas-Medium Interface (34)

Bubble Total elapsed Maximum Energy
Diameter Time for Bubble  Dissipation Rate  (erg/cm3-s)
(mm) Rupture (s) (Ref. 34) (Ref. 35)
0.77 5.5 x 104 9.52 x 108 —
1.77 2.0 x 1073 1.66 x 108 4.0 x 10°
6.32 1.0 x 1072 9.4 x 105 8.0 x 10%

Source: From Refs. 34 and 35.

Table 2. Rates of Energy Dissipation for Which Cell
Damage Was Reported in Well-Defined Flow Devices

Rate of Rate of
Cell Damage Dissipation
Cell Type Instrument (% min~!)  (ergs/cm®-s)
Insect Cone and plate 335 3.15 x 105
Hydridoma  Concentric cylinder 34 2.20 x 105
Hydriboma  Double cup and bob A 5.81 x 108
Mammalian Capillary 16,900 4.80 x 108

2At 15 h cell viability was 73% (78% at time = 0) compared with 85% for a
control culture.
Source: Ref. 34.
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Figure 3. The predicted gas—liquid interfacial position (left), as
a function of specific time increments after a 0.77-mm bubble at
a gas-liquid interface ruptures, and the regions of high energy
dissipation (right) associated with each time increment. The range
of the gray scale is from 0 to 1 x 10° ergs/cm3-s. From top to
bottom, the time increments are 0.0, 2.0, 4.0, 4.5, and 5.5 x 10~%s
(from Ref. 34).

of magnitude higher than what has been reported as
damaging cells.

Flow Structures Associated with the Impeller in Mixing
Vessels. During the last 20 years, a great deal of progress
has been made in understanding the flow structures in

Direction of
rotation

Disc

Figure 4. Schematic diagram of the vortexes coming off a
Rushton impeller. Reprinted from Van’t Riet et al., the trailing
vortex system produced by Rushton turbine agitators, copyright
1975, p. 1093, with permission from Elsevier Science.

mixed vessels. Despite the high Reynold’s number in these
vessels, the flow is far from random. This was dramatically
demonstrated by the work of van’t Riet and Smith in the
mid 1970’s (36,37). Using a video camera which rotated at
the same speed as the impeller in the vessel, van’t Riet
and Smith observed that two stable, standing vortices
are convected away from the blade. A diagram (from
the original publication) of these vortices coming off the
Rushton blade is shown in Figure 4.

Continuing these vortex studies, detailed measure-
ments using laser Doppler velocimetry (LDV) have been
made by Yianneskis et al. (38,39), Wu and Patterson (40),
Tatterson et al. (41), Stoots and Calabrese (42), and Zhou
and Kresta (13,43), among others. These studies show that
the flow associated with these vortices is characterized by
steep mean-velocity gradients (anisotropic flow). As the
vortices move outward from the blade they lose their iden-
tities and break down in a region of high turbulence which
in some cases can be considered isotropic. These studies
also point out that even within the impeller stream, the
energy is not dissipated uniformly; rather, it can be con-
sidered to have localized regions of high fluid deformation
and strong hydrodynamic processes.

In their study of the impeller stream of Rushton turbine
impellers, Stoots and Calabrese (42) point out that even
if the turbulent nature of the flow is not considered, one
arrives at isolated flow regions where the local energy
dissipation rates (calculated from mean-velocity data)
exceed those based on impeller power draw per unit
mass by almost an order of magnitude. Further, Wu
and Patterson (40) estimated that the turbulent energy
dissipation rates in the trailing vortices were about 20
times greater than the dissipation rate in the bulk of the
tank. Similar results were also obtained by Ranade and
Joshi (44) and Kresta and Wood (45) in their studies of
pitched blade turbines.

Additionally, Stoots and Calabrese (42) generated
detailed, three-dimensional maps of the flow in and
around the vortices generated by a Rushton impeller.
To generate these maps for one particular rotational
speed, they recorded time-varying flow data at 19,260
spatial locations. These maps, some on the order of
1 mm in resolution, provide time-averaged velocity data.
Although absolute values of energy dissipation cannot be
calculated from these maps, (because they are based on
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time-averaged data) significant estimates can be made of
hydrodynamic properties, including energy dissipation.

These LDV studies are near the maximum resolution,
practically speaking, that one can obtain using single-
point measurements, such as LDV. An alternative to LDV
is to use three-dimensional particle tracking velocimetry
(3-D PTV), which allows full-field measurements of
turbulent flow conditions, as opposed to single-point
measurements obtained with LDV. Using this technique,
Venkat et al. (46,47) reported on the flow structures in a
250-ml spinner vessel and 2-liter and 20-liter bioreactors.
Although these initial studies were at relatively low
resolution, clear flow structures were observed in the
vessels. Figure 5 presents cartoons of the flow structure
observed in the spinner vessel, a 2-liter bioreactor, and a
replica of a 20-liter bioreactor.

Attempts to Quantify the Energy Dissipation in Impeller-
Associated Flow Structures. A number of different correla-
tions have been proposed to predict the conditions (size,
location, and operating rpm of impeller) at which animal
cell damage occurs as a result of mixing. The most highly
quoted and well known is the Kolmogoroff eddy length
hypothesis put forward by Croughan et al. (16,48) and
Cherry and Papoutsakis (17,49). This correlation, based
on the Kolmogoroff theory of isotropic turbulence (50),
was the first attempt to relate energy dissipation to cell
damage. From Kolmogoroff's theory, an eddy length scale
can be determined for which it is assumed that a majority
of the energy associated with the turbulence is dissipated.
If this length scale is on the order of a cell diameter
(10 microns) or that of a microcarrier with cells attached
(200 microns), cell damage is expected. The actual length

scale is given by
3+ 1/4
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In these equations 7 is the Kolmogoroff length scale (m),
v the kinematic viscosity (m?/s), ¢ the specific power
dissipation (m?/s®), P the power consumed (W), V
the dissipation volume (m®), N, the power number
(dimensionless), or the fluid density (kg/m®), n the impeller
rpm (rev/s), and d; the impeller diameter (m).

To wuse these relationships in bioreactor design,
Croughan et al. (16,48) and Cherry and Papoutsakis
(17,49) suggested that the designer choose operating
conditions, so that the characteristic length scale 5 is
greater than the cell diameter in suspended cell culture or
microcarrier diameter in suspended microcarrier cultures.

In small-scale cultures (several liters and smaller),
good agreement was observed between this approach
and experimental studies. However, for larger scale
systems this approach becomes problematic because of
several limitations. First, central to this correlation is the
volume V in which the turbulent energy is dissipated.
Unfortunately, one can make only educated guesses as

to the value of this volume. Secondly, it has been shown
that the maximum rate of turbulent energy dissipation
occurs at length scales greater than the Kolmogoroff
microscale (46). A third limitation is that the Kolmogoroff
theory of isotropic turbulence, strictly speaking, applies
only to isotropic turbulence. By definition, true isotropy
requires that there be no directional preference in flow.
However, as shown before with respect to flow structures
in mixing vessels and bioreactors, there is significant
three-dimensional flow, or anisotropic conditions. Despite
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Figure 5. Cartoons of the flow structure around the impeller in
a 250-mL spinner vessel (a), a 2-liter bioreactor (b), and a replica
of a 20-L bioreactor (¢) (from Ref. Chalmers, 47).
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this limitation, local isotropy can be assumed under the
appropriate conditions. A more complete discussion of
isotropy in mixing vessels can be found in a review article
on turbulence in stirred tanks by Kresta (51)

Conservation of Energy Dissipation Around Impellers upon
Scale-Up or Scale-Down. Based on the understanding that
has been gained about the distribution of energy dissi-
pation in mixing vessels, especially around the impeller,
research is being conducted to compare the energy dissi-
pation distribution around different types of impellers and
to determine how this distribution changes upon scale-up.
Specifically, Zhou and Kresta (13,43) compared the energy
dissipation magnitude and distribution around three com-
monly used impellers (Rushton, pitched blade, and airfoil)
for the same tank geometry and power input. In addi-
tion, nondimensional groups were developed which allow
one to scale-up or scale-down a mixing vessel, so that the
magnitude and distribution of energy dissipation can be
conserved. Complementing these studies, Kresta (51) has
written a review article that discusses the relationship of
the local rate of dissipation of turbulent kinetic energy to
various mixing processes and reviews various methods to
estimate ¢.

Use of Energy Dissipation as a Parameter to Quantify
the Hydrodynamic Forces Acting on a Cell. A fundamental
assumption of the last several sections has been that
animal cell damage can be associated with the transient
exposure of a cell to high levels of energy dissipation.
This is a reasonable assumption, nevertheless but it has
not been experimentally proven. This lack of a well-
proven model relating a hydrodynamic property (ies) to
cell damage/death was also recognized and discussed in a
review article by Thomas and Zhang (52).

Despite the lack of a clear understanding of the
hydrodynamics in bioreactors, researchers have been
subjecting suspended animal cells to various types of
well-defined, or pseudo well-defined hydrodynamic forces

in an attempt to relate those forces to cell damage/death.
Table 2, referred to earlier in the section on bubble
rupture, is a summary of some of those studies. However,
all of those studies, except for the study using a capillary,
were conducted over relatively long periods of time (order
of minutes), and it is assumed that the “local” regions of
high energy dissipation in bioreactors are present on the
order of fractions of a second. For example, with respect to
bubble rupture, the high levels of energy dissipation take
place on the order of 10~2 seconds.

On the most fundamental basis, the rate of energy
dissipation is only a scalar value used in an attempt to
quantify highly complex, three-dimensional flow. Garcia-
Briones and Chalmers (53) presented a model in which
they concluded that two parameters should be used to
determine the potential of a particular hydrodynamic
condition to damage cells. The first parameter, the state of
stress of the fluid, is similar to the energy dissipation rate,
and the second parameter, the flow classification Rp, is a
measure of the possibility of stress relaxation of the fluid
element. This model was partially motivated by the work
of Taylor (54), who showed that the breakup of il drops in
water is a function of the extensional characteristics of the
flow. A flow with strong extensional characteristics broke
up the drops at a lower level of the state of stress in the
fluid than did a purely shear flow. This model proposes
interesting possibilities, but it has yet to be experimentally
tested.

Use of Medium Additives to Prevent Cell Damage/Death

A number of reasons exist for adding nonnutritive
additives to cell culture media. Three of the most common
purposes are (1) to deliver hydrophobic compounds, (such
as lipids), to the cells: (2)to prevent or reduce foam
formation; and (3) to prevent cell damage. As discussed
before, at least three distinct mechanisms have been
identified for cell alteration/damage/death in bioreactors:
(1) the death of suspended cells attached to rupturing
gas bubbles; (2)the actual entrapment of cells in a
permanent foam layer at the air—medium interface; and
(3) the alteration/damage of suspended cells and the actual
removal of cells attached to microcarriers by hydrodynamic
forces.

A number of additives have been used to address each
of these purposes and to offset the various types of cell
damage. However, addition of these additives, historically
and currently, tends to be empirical with respect to the
type and concentration. This empiricism is the result
of a past lack of knowledge of cell damage mechanisms
and our lack of understanding of the complex interfacial
phenomena within bioreactors (a majority of additives are
surface active).

A Kkinetic and thermodynamic approach to bubble
rupture, has been taken by two different research groups
to begin to understand and rank the effectiveness of
different additives in preventing cell damage (55,56). Both
groups concluded that the additives which rapidly (on the
order of a second) and significantly (> 10 ergs/cm?) lowered
the medium interfacial tension prevented cell-to-bubble
attachment most effectively. In terms of specific additives,
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both groups agreed that Pluronic F-68, polyvinyl alcohol
(PVA) and Methocel were the most effective.

With respect to cells trapped in the foam layer, Michaels
et al. (57) used an experimental technique similar to
foam floatation and ranked additives in terms of their
effectiveness in preventing suspended cells from becoming
trapped in the foam layer. This ranking from least effective
to most is polyvinyl pyrrolidone, polyethylene glycol (PEG),
serum-free medium with no additives, medium with 3%
serum, Pluronic F-68, and Methocel A15LV.

The third type of cell damage (hydrodynamic forces
without gas—liquid interfaces present), and the use of
additives to prevent such damage, is much more difficult
to quantify. Nevertheless, significant observations have
been made. In particular, McDowell et al. (58) reported
that adding Methocel A15LYV, polyethylene glycol, and
polyvinyl alcohol reduced quantifiable cellular responses
to substantial increases in rotational speed in bioreactors.
These quantifiable cellular responses included levels of
specific cell-surface markers and glucose consumption and
lactate production rates. Other research groups have also
indicated that serum protects cells in studies which are
not as clearly defined as the example cited.

CONCLUSIONS

In summary, a great deal of experience has been obtained
over the years in culturing animal cells in large-scale
bioreactors. Most of this experience has been obtained
by empirical observations which have led to “rules-of-
thumb” approaches to scale-up and operation of animal
cell bioreactors. This approach and the complex nature
of turbulent flow and interfacial phenomena, led to
numerous misconceptions and seemingly contradictory
reports. However, partially due to the commercial interest
in animal cell culture and improvements in analytical
approaches and technology, well controlled, quantitative
studies have been and continue to be applied to these
questions, and answers are beginning to emerge. With
these continued studies, practitioners will be able to rely
more on sound scientific principles and less on “rules-of
thumb.”
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OXYGEN IN ANIMAL CELL CULTURE

Oxygen Requirements and Supply

Molecular oxygen is used by aerobic cells primarily to
produce energy via oxidative phosphorylation. Oxygen is
incorporated into the cells and reaches the mitochondria
by diffusion. The rate of oxygen transfer into the cells
depends on the concentration gradient across the cell
membrane. Concentrations of dissolved oxygen (DO) in
the cytoplasm of hepatocytes have been measured in vitro
at 2 to 5 uM (1), which is equivalent to 1 to 2% of air
saturation at 37 °C. (Air saturation refers to the amount of
oxygen dissolved in the liquid phase at equilibrium with
air at the given conditions of temperature and pressure.
Table 1 lists the values for oxygen partial pressure in
units commonly encountered in the literature over a range
of oxygen pressures, and may be used to convert from
one unit to another by simple linear interpolation.) This
value of cytoplasmic dissolved oxygen is very similar to
the reported critical concentration of oxygen required for
mammalian cell survival (2).

Because of the relatively low solubility of oxygen in
culture media at the conditions used to grow animal
cells, efficient aeration mechanisms are required for the
large-scale culture of animal cells in the commercial
production of therapeutic products. In general, animal
cells are more fragile than bacteria because of their lack
of a cell wall, thereby necessitating gentler means of
mixing. This challenge has prompted the development of
very sophisticated agitation and gas delivery systems (3).
By the introduction of surface-active agents, such as
Pluronic F-68, damage to animal cells due to shear
and bubble rupture has been minimized (4). In general,
the physicochemical characteristics of the liquid—gas
interface, the temperature, and the overall rate of
mass transfer strongly influence the efficiency of oxygen
delivery (5). Devices, such as spargers, baffles, and low-
shear impellers, are commonly employed to supply oxygen
to cultures in stirred tank bioreactors. Other bioreactor
systems, such as air-lift bioreactors, employ direct
gas sparging into the culture, thereby simultaneously
accomplishing gas delivery and mixing.

Measurement of Oxygen Concentration and Uptake in Cell
Cultures

For industrial applications, the level of oxygen in a
culture is determined by the measurement of dissolved
oxygen in the bulk phase of the culture fluid. The
most common method for measuring DO in cultures
is using polarographic oxygen sensors. Oxygen diffuses
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Oxygen Requirements and Supply

Molecular oxygen is used by aerobic cells primarily to
produce energy via oxidative phosphorylation. Oxygen is
incorporated into the cells and reaches the mitochondria
by diffusion. The rate of oxygen transfer into the cells
depends on the concentration gradient across the cell
membrane. Concentrations of dissolved oxygen (DO) in
the cytoplasm of hepatocytes have been measured in vitro
at 2 to 5 uM (1), which is equivalent to 1 to 2% of air
saturation at 37 °C. (Air saturation refers to the amount of
oxygen dissolved in the liquid phase at equilibrium with
air at the given conditions of temperature and pressure.
Table 1 lists the values for oxygen partial pressure in
units commonly encountered in the literature over a range
of oxygen pressures, and may be used to convert from
one unit to another by simple linear interpolation.) This
value of cytoplasmic dissolved oxygen is very similar to
the reported critical concentration of oxygen required for
mammalian cell survival (2).

Because of the relatively low solubility of oxygen in
culture media at the conditions used to grow animal
cells, efficient aeration mechanisms are required for the
large-scale culture of animal cells in the commercial
production of therapeutic products. In general, animal
cells are more fragile than bacteria because of their lack
of a cell wall, thereby necessitating gentler means of
mixing. This challenge has prompted the development of
very sophisticated agitation and gas delivery systems (3).
By the introduction of surface-active agents, such as
Pluronic F-68, damage to animal cells due to shear
and bubble rupture has been minimized (4). In general,
the physicochemical characteristics of the liquid—gas
interface, the temperature, and the overall rate of
mass transfer strongly influence the efficiency of oxygen
delivery (5). Devices, such as spargers, baffles, and low-
shear impellers, are commonly employed to supply oxygen
to cultures in stirred tank bioreactors. Other bioreactor
systems, such as air-lift bioreactors, employ direct
gas sparging into the culture, thereby simultaneously
accomplishing gas delivery and mixing.

Measurement of Oxygen Concentration and Uptake in Cell
Cultures

For industrial applications, the level of oxygen in a
culture is determined by the measurement of dissolved
oxygen in the bulk phase of the culture fluid. The
most common method for measuring DO in cultures
is using polarographic oxygen sensors. Oxygen diffuses
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Table 1. Equivalency Between Percentage of Dissolved Oxygen

and Oxygen Partial Pressure

% DO (Air sat.) % DO (Oxygen sat.) Torr (mmHg) Millibar Atm.
0.00 0.00 0.00 0.00 0.00

20.00 418 31.77 4235 0.04
50.00 10.45 79.42 105.88 0.10
100.00 20.90 158.84 211.77 0.21
47847 100.00 760.00 1013.25  1.00

across a Teflon membrane and is reduced at a platinum
cathode. The amount of current generated at the cathode
is proportional to