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I. Introductio n 

Multicellular organisms, particularly the more highly evolved plants 
and animals, are systems of great complexity. While this complexity 
remains intact, many problems of their metabolism, growth, and de
velopment remain inaccessible to the experimental biologist. Whole-
plant physiology can therefore reveal only a partial understanding of 
the physiology of plants. The organism must be studied not only in its 
entirety but in its parts, i.e., its organs, tissues, and cells. This is as 
elementary as to state that to understand the cell it is necessary to 
study not only cell physiology, but also cellular biochemistry and 
biophysics. 

The converse of this proposition also applies in that we cannot 
comprehend the life of a cell from a knowledge of its partial physico-
chemical activities alone, nor the physiology of the whole organism 
from studies on its isolated parts. Studies at different levels of organiza
tion each make their essential partial contribution to our understanding 
of the whole. 

It follows, therefore, that any seeming tendency to isolate from one 
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another whole plant physiology, organ, tissue, and cell culture, cell 
physiology, and molecular biology is myopic. Also, to regard any one 
level of investigation as intrinsically more important, or worthwhile, 
than the others is contrary to the nature of science. Constant cross-
reference between the findings from these different fields of study is 
essential for informed research at any level of investigation. Limita
tions inevitably result if molecular biologists lose interest in the whole 
cell and organism, if the workers with cultured organs and tissues lose 
interest in the whole plant, or if the "whole-plant" physiologist regards 
advances at the molecular, cell, tissue, and organ level as only mar
ginally relevant to his studies. 

Inevitably, studies at any given level of organization have a changing 
momentum with time. At one stage technical obstacles or lack of ad
vance in related fields may impede progress; at a later stage a technical 
development or new knowledge from some other aspect of science will 
lead to enhanced activity. Related branches of science thus move 
forward unevenly. 

The levels of organization which are of concern here lie between the 
extremes represented by the whole flowering plant on the one hand 
and the systems favored by the biochemists on the other. Such systems 
of intermediate complexity present opportunities to the experimenter. 
They permit new experimental approaches to a number of the problems 
which have traditionally concerned plant physiologists, particularly 
problems such as the nutritional and hormonal interrelationships be
tween organs and tissues, experimental embryology, meristem organiza
tion and function, organ initiation and development, and juvenility and 
senescence. They also provide suitable experimental materials as the 
principles of molecular biology are extended into the field of cell diver
sity, i.e., as investigators study, not only the common denominators of 
cells, but the origin and controlled development of the differences be
tween the differentiated cells within the multicellular body of each 
species. Studies with cultured organs, tissues, and cells thus permit a 
range of experimental investigations which bridge the otherwise wide 
gulf between traditional plant physiology and molecular biology. 

Plant physiologists have not been slow to dissect plants into their 
constituent parts and to subject these to experimental study. Numerous 
research studies have been based upon work with "detached" organs 
and segments, disks, and slices of organs. Pioneer studies on salt uptake 
were first undertaken with tissue slices and cut disks (cf. Chapter 4 of 
Volume I I ) , and later studies were undertaken by Hoagland and his 
associates (338) using excised seedling barley roots. Moreover, in 1946, 
Yarwood (867) could write a review dealing only with studies on excised 
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leaves and quote 332 references. Studies with isolated organs and organ 
segments have played a major role in the study of phytohormones. Such 
a list could be easily extended. However, such experiments are inevitably 
limited in scope and duration. The plant material has rarely been under 
conditions compatible with continuing growth and development. The 
prolongation of such studies has, in fact, in many cases been with the 
express objective of studying senescence and its associated degradative 
metabolism. Also, unless special precautions are taken, such systems 
are quickly subject to progressive contamination with microorganisms. 

Beginning with the earlier pioneer work of Kotte (394, 395) and 
Robbins (618, 619) and the establishment of the first successful root 
and callus cultures by White and Gautheret in the period 1932-1938, 
there have now been developed aseptic techniques and nutritive and 
environmental conditions compatible with the prolonged growth and 
development of many cultured organs, tissues, and cells. The pioneer 
workers seemingly found the successful aseptic culture of plant organs 
and tissues so rewarding that there followed many descriptive papers 
concerned only with announcing similar cultures but adding little to 
the solution of major problems in plant physiology. As Arber (9 ) has 
so tellingly remarked, "The value of continually advancing technique 
is inestimable so long as it is not allowed to become an end in itself 
and thus to foster delusive industry of a pointless kind." The culture 
of plant tissue did become, in fact, an enclosed field which for a long 
time failed to attract the attention of those botanists preoccupied with 
the physiology, biochemistry, and genetics of plant growth and develop
ment. However, and particularly during the last two decades, the 
growth and development of such cultured plant material has been 
subjected to quantitative study, their structures examined by cytological 
techniques and the electron microscope, and their metabolic activities 
investigated by modern biochemical procedures. The consequent con
tributions to plant physiology now outlined demonstrate dramatically 
the unique value of aseptic plant cultures as experimental material 
and point to their even greater potentialities for future research. 

The range of studies to which reference should be made in this 
volume is so wide that a choice had to be made among a number of 
alternatives, each of which had its attractions. The approach here 
followed will be to consider in turn research involving organ, tissue, 
and cell cultures. This follows broadly the historical development of 
work involving sterile plant cultures. The compartmentalization thereby 
introduced may, however, be offset by appropriate cross-references be
tween the sections and by the broad discussions developed in the 
succeeding chapters (Chapters 7 and 8 ) . 
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II. Orga n Culture s 

A. INTRODUCTION 

Higher green plants are autotrophic, but their development involves 
the growth of distinctive organs, each with its characteristic morphology, 
anatomy, and limited physiological functions. This suggests that com
plex nutritional interrelationships (over and above a requirement of 
the nongreen cells for utilizable carbohydrate) may be established be
tween these separate parts of the plant body. 

The successful culture of an isolated plant organ presumably goes 
far toward defining the nutrients received by the organ either directly 
from the external environment or in situ by transport from other organs. 
An external medium which supports the continuous growth of the 
organ may, however, not fully replace the "rest of the organism." This 
may be illustrated by the observation that there is no normal develop
ment of secondary vascular tissues in cultured excised dicotyledonous 
roots. Similarly, organ or tissue cultures require exogenous carbohydrates 
and this is so for almost all such cultures even when they are illuminated 
and have a high content of chloroplast pigments. Presumably in such 
cases some part of the photosynthetic equipment of the cells fails to 
develop normally under the nutritive or environmental conditions of 
culture and despite the high growth rate which obtains under these 
same conditions. 

Similarly, the special nutritive requirements in culture may, or may 
not, be indicative of a normal dependence on the 4 rest of the organism" 
for such metabolites (732) . Thus, we have to decide whether the re
quirements of excised root cultures for thiamine (aneurin) means that 
this vitamin is, in the intact plant, synthesized outside the root system 
and imported to root cells which, in their differentiated state, no longer 
produce this essential coenzyme. An alternative possibility is that roots 
in culture may have a metabolism different from that of attached roots 
and that their vitamin requirements are a consequence of this altered 
metabolism. 

When a given organ cannot be cultured it is presumed that it has 
some requirement(s) for substances that have yet to be discovered or 
that the physical environment is incompatible with its normal metabo
lism. All such cases are therefore a challenge to the experimentalist. 
Sometimes it is found that an organ of finite growth (such as a leaf, 
stamen, or ovule) can complete its development in culture only when 
excised after it has passed a certain stage in its development (see Section 
II, D, 2, 4, and 5 ) . In this situation there may be particular metabolites 
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which are critical for particular developmental stages. Thus the nutri
tive interrelationships exposed by organ culture include not only these 
nutrients and metabolites which are essential to all growing cells, but 
also substances which more specifically regulate development (growth-
regulating or morphogenetic substances). 

It should be emphasized how meager is our present knowledge of 
the nutritional requirements of isolated organs for, compared with the 
relatively few instances of their successful culture, there are an over
whelmingly large number of (usually unpublished) examples in which 
organs have not been maintained in continuous culture or could not be 
taken, in isolation, through their normal development from primordium 
to maturity. 

Insofar as isolated organs can be cultured they present opportunities 
to study the factors which control morphogenesis. Thus, root cultures 
have been used in studies on lateral root initiation and on the de
termination of tissue patterns. Again, a plant organ has often the po
tentiality to form other organs; a root to form shoot buds, a shoot to 
form root initials. Factors which suppress or enhance these potentialities 
can often be examined in culture. 

Each preformed plant organ (in contrast to free cells to be discussed 
later, cf. Chapter 8 ) has a metabolic diversity which is usually less than 
that of the whole organism; this may be reflected in the cultural re
quirements of the isolated organ, as discussed above, and in its physio
logical activities. Thus, taking cultured roots again as an example, they 
enable us to study the capacity of the root itself to function as an 
absorbing organ and as a center for the biosynthesis of particular 
metabolites. Successfully cultured isolated organs, are therefore often 
particularly suited for the study of selected aspects of metabolism. 

These considerations form a background for the more detailed con
sideration of work with the different kinds of organ cultures which now 
follows. 

B . BASIC TECHNIQUES 

The basic techniques involved in organ culture are founded on long 
established practices used in the culture of microorganisms combined 
with sterilization techniques which do not injure the cells whose further 
division and growth will establish the culture. Culture media are 
prepared from the purest chemicals available, should be carefully 
adjusted to an appropriate pH, should be manipulated in scrupulously 
cleaned glassware and submitted to sterilization procedures which take 
account of the thermolabile nature of many important biochemicals. 
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No attempt will be made here to present a detailed account of 
manipulative procedures or of the many formulations of nutrient media 
which have been used. For such details the reader is referred to 
Gautheret (268) or Street and Henshaw (738) . The basic principles, 
however, can be illustrated by outlining the way in which clones of 
excised root cultures are established and continuously propagated. 

Immersion of dry seed for 5 minutes in a 1 % (w/v) solution of 
bromine is the most effective sterilizing procedure. If this treatment 
injures the embryo, then the following alternative treatments should 
be tried; immersion for not more than 8 hours in a bleaching powder 
filtrate containing 1 % chlorine or treatment with an aqueous detergent 
followed by immersion for not more than 20 minutes in 0 . 1 % aqueous 
mercuric chloride. The sterilized seed is then thoroughly washed with 
sterile distilled water and set to germinate in sterile petri dishes on 
filter papers moistened with sterile distilled water. Germination is 
allowed to proceed in the dark at a suitable temperature (25°C is a 
suitable temperature for many seeds) until the radicle or seminal roots 
are 20-40 mm long. 

Apical tips (10 mm) of such sterile seedling roots are excised with a 
sterile scalpel and transferred with a platinum loop singly to the surface 
of sterile culture medium. Pyrex wide-mouthed 100-ml Erlenmeyer flasks 
containing 50 ml of culture medium are most suitable for stock root 
cultures. The cultures are then incubated at 25°-27°C for a suitable 
period. With clones of tomato (Lycopersicon esculentum) this period is 
7 days at 27°C. The root grows in length and lateral roots emerge from 
the main axis. A clone can be established from a single root culture of 
this kind by propagating from it one or more "sector" cultures. Using a 
pair of fine iridectomy scissors, portions of the main root axis are cut out 
so that each bears 4 or 5 young lateral roots (with tomato these laterals 
should be 3-8 mm long). These sectors are then transferred, singly, to 
new flasks of culture medium and again incubated. During incubation 
the laterals grow in length and in their turn come to bear laterals. From 
such a developed "sector" culture one can excise the 10-mm apical tips 
of the primary laterals and new "sector" pieces. The main lateral tips 
when cultured give roots similar to those developed from the initial 
seedling root tip; such cultures are often referred to as "tip" cultures 
and are the kind most often used in experiments. The "sector" pieces 
serve to propagate the clone and to yield further root apices from which 
to initiate experimental "tip" cultures. This procedure of clonal main
tenance and multiplication is illustrated in Fig. 1. 

This general technique is applicable when the root cultures develop 
laterals in regular sequence and when such laterals are capable of 
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FIG. 1. Technique of culture of excised tomato roots: a, culture vessel with a 
6-day-old "tip" culture; b, sector culture; c, sector initial; d, root tip (10 mm) 
excised from a main lateral of the sector culture. 

media are preferable to liquid media or that aeration is likely to be a 
critical factor in the growth of cultures in the standard vessels de
scribed. 

When an actively growing clone cannot be established by the above 
technique, it may be possible, using an appropriate passage length 
and culture medium, to grow continuously each individual root by re
peated excision and transfer of the apex of the main root axis to fresh 
culture medium. 

All the above manipulations should be carried out under aseptic 
conditions. Cultures should be regularly inspected for the appearance 

rapid growth from "sector" initials. To maintain a high and uniform 
growth rate of any new clone, certain features of this basic technique 
must be approached experimentally. Aspects of the technique which 
should be varied toward this end are length of root tips excised for 
"tip" cultures, size of laterals on the "sector" pieces, duration of the 
incubation periods (passage lengths) for both "tip" and "sector" cul
tures, incubation temperature, composition of culture medium (par
ticularly sugar concentration). There is no evidence that solidified 
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of microbial infection, and all contaminated cultures immediately auto-
claved and then rejected. Since many organisms grow only sluggishly 
in standard root culture media, it is important to carry out periodically 
a sterility test. A simple sterility test is to enrich the standard root 
culture medium by incorporating 200 mg of acid-hydrolyzed casein per 
liter. This medium is not inhibitory to the growth of most root cultures 
but promotes the growth of many microorganisms. The whole clone 
can periodically be screened by a passage through this enriched medium. 

A medium which has been very widely used in root culture is a 
modified White's medium (738) , which contains sucrose, inorganic 
salts, thiamine, pyridoxine, niacin, and glycine. The standard medium 
contains 2 % sucrose, but this may not be the optimum concentration 
for a particular clone, and for roots of monocotyledons the sucrose may 
with benefit be replaced with the appropriate concentration of glucose. 
For some clones the glycine of the standard medium can be omitted 
with advantage. Various workers have used different solutions of in
organic salts in preparing their root culture media, and one or other of 
these may, for a particular clone, be superior to the modified White's 
medium (7, 74, 315, 618) . 

Growth of roots in modified White's medium results in a rise in pH; 
a single excised tomato root tip growing in 50 ml of this medium causes 
the pH to rise from the initial value of 4.8-4.9 to 5.8-6.0 during a 
7-day growth period. Above pH 5.2 iron may be rendered so insoluble 
that a deficiency of this element limits further growth. The simplest 
corrective is to replace the ferric chloride of the standard medium 
by ferric sodium ethylenediaminetetraacetate ( F e - E D T A ) ; a suitable 
Fe-EDTA preparation is compounded as follows: 0.8 gm of disodium 
ethylenediaminetetraacetate is dissolved in water, 3.0 ml of a 10% w/v 
solution of ferric chloride is added, and the volume is adjusted to 1 liter; 
6.5 ml of this solution per liter of medium gives the standard iron con
centration. Fe-EDTA should always be used when culture is to be 
prolonged or the effect of pH on root growth is being examined, al
though it is slightly inferior to ferric chloride for normal clonal main
tenance and multiplication. 

The modified White's medium is very weakly buffered. No satisfactory 
method of increasing significantly the buffer capacity by adding soluble 
salts has been discovered. Sodium phosphates, for instance, have to be 
added in amounts which are markedly inhibitory to the growth of all 
root cultures examined. Studies of the relationship between pH and the 
growth of cultured roots, however, have been carried out by using as 
"solid buffers" the sparingly soluble salts, amorphous calcium dihydrogen 
orthophosphate C a ( H 2 P 0 4 ) 2 , precipitated calcium phosphate prepared 
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according to the British Pharmaceutical Codex, and calcium carbonate 
(662) . Appropriate mixtures of these compounds can be used to stabilize 
pH at any desired value within the range 4.2-7.5. 

Root cultures are relatively insensitive to sodium and chloride ions, 
and culture media lacking particular mineral elements can be prepared 
by using purified salts [for general methods of purifying salts, see 
Hewitt (328)] and substituting the corresponding sodium salts or 
chlorides. In view of the high sugar content of root culture media, 
purification of the sugar by suitable exchange resins may be essential 
to induce mineral deficiency symptoms. Root cultures are very sensitive 
to residues from the reagents used in salt purifications, and it is essential 
to test for full restoration of the growth-promoting activity of the 
purified medium by the addition of an effective concentration of the 
omitted element. 

Many organic substances, including most natural sugars, suffer some 
chemical change during autoclaving, particularly in the presence of 
the mixed salt solution of root culture medium. The extent of hydrolysis 
or oxidation of sugars can be very greatly reduced by autoclaving the 
sugar separately in aqueous solution and then adding it aseptically to 
the remainder of the autoclaved medium. Heating of substances can 
be avoided in the preparation of sterile root culture media by two 
alternative devices: (a ) The whole medium, or a solution of the 
thermolabile constituents, can be rendered sterile by passage through a 
Pyrex sintered-glass sterilizing filter (porosity Η 5) or an appropriate 
Millipore filter (Millipore Filter Corporation, Bedford, Massachusetts). 
Seitz, Berkefeld, and Pasteur filters are less suitable because they both 
absorb constituents of the medium and also release alkaline material, 
( b ) The dry substance can be treated with pure ethyl ether, the ether 
be removed at a temperature below 30° C, and the substance be dis
solved aseptically in sterile water. Solid chemicals are often sterile, or 
almost so, as purchased, hence when this technique is used the sub
stances should be handled aseptically throughout. 

Culture media can be solidified by incorporation of agar (0 .7-1 .0% ) , 
but except in the Raggio and Raggio (591) technique this is not to be 
recommended, as the growth of cultured roots is generally markedly 
less in solidified than in liquid media. 

The 100-ml Erlenmeyer flasks containing 50 ml of culture media are 
suitable for the growth of single root tips or sectors over short periods 
(not more than 7 days with vigorously growing clones). As an alterna
tive to such Erlenmeyer flasks, deep petri dishes have been used by 
some workers on the grounds that they admit of easier inspection and 
measurement of the cultures growing in a uniform layer of medium 
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since a large surface area is visible from above. Such dishes are, how
ever, difficult to handle and transport without spilling, are more liable 
to infection, and suffer from the disadvantage that condensation on the 
lid interferes with visibility. 

For growth of root cultures over longer periods, penicillin flasks con-

FIG . 2. Excised tomato roots (5) cultured in 500 ml of medium. Duration of 
incubation was 20 days. 
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taining 5 0 0 or 1 0 0 0 ml of medium have proved very suitable (Fig. 2 ) . 
Where root material or "staled" culture medium are required for analysis 
such flasks can be used to grow a number ( 1 0 - 2 0 ) of the root tips 
together. When tomato roots are cultured in this way they form, after 
about 2 1 days, a surface mat of roots below which the culture medium 
can be withdrawn and replaced by new medium. This has proved useful 
in studying, over periods up to 4 8 hours the release of metabolites and 
uptake of nutrients by growing cultured roots. 

When it is desired to eliminate the effects on growth of changes in 
the composition of the culture medium a system which allows of a 
continuous flow of sterile culture medium over the growing root culture 
should be used. An apparatus of this type was developed for studying 
the daily growth of individual cultured tomato roots over periods up 
to 2 8 days ( 7 4 7 ) . 

A technique permitting some nutrients to be supplied to the basal 
end of the root and others to the apical end has been described ( 5 9 1 ) . 
The basal end of the root is inserted in an open-ended tube which con
tains medium solidified with agar. This tube passes down through the 
neck of the culture vessels and terminates above the liquid medium. 
The apical end of the root crosses the short air gap between the end of 
the tube and the liquid medium and is bathed, for the greater part of 
its length, in the liquid medium. The organic constituents (sugar and 
organic growth factors) can be supplied via the basal mature tissues 
while the growing root projects into the inorganic salt solution. This 
arrangement has permitted the experimental nodulation by Rhizobium 
phaseoli of cultured roots of Phaseolus vulgaris (black wax bean) and 
Glycine max ( G . soja) var. eBiloxi' ( 5 9 2 ) . Modifications of this technique 
have recently been described ( 1 2 0 , 4 5 1 , 7 9 0 ) (Fig. 3 ) . 

The following criteria for the growth of the cultures are used: in
crease in length of main axis ( m m ) ; number of emergent laterals (lat
eral number); and total length of laterals per root (mm) . Fresh and 
dry weights are usually recorded by bulking 5 or 1 0 roots. Reproducible 
fresh weights can be obtained by a precise blotting technique, and dry 
weights by gentle washing of the roots followed by drying to constant 
weight in small metal boats at 8 0 ° C . The measurement of cell expan
sion can be based upon the length and transverse diameter of exodermal 
cells in roots fixed in 7 0 % ethanol and cleared with lactophenol. 
Usually 1 0 cells are measured in each of 5 replicate roots at a point 
( 5 mm or more from the extreme tip) where cell expansion is complete. 
Measurement of the rate of production of new cells per culture per day 
can be carried out by the method of Brown and Rickless ( 1 1 5 ) as 
modified by Butcher and Street ( 1 3 0 ) . 
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FIG. 3. Modified Raggio and Raggio apparatus. 
From Bunting and Horrocks (120) . 

C. ROOT CULTURES 

1. Introduction 

Clones of isolated cultured roots of the following species of higher 
plants have been successfully established in continuous culture: Senecio 
vulgaris, Medicago sativa, Trifolium repens, T. pratense, Datura stra
monium, Nicotiana tabacum, N. langsdorffii, Lycopersicon esculentum, 
L. pimpinellifolium, Sohnum tuberosum, Secale cereale, Triticum vulgare 
(var. 'Hilgendorf'); Androcymbium gramineum, Pinus spp. including 
P. ponderosa and P. serotina. Roots of the following species have been 
maintained in culture for prolonged periods although, owing to poor 
lateral root development, multiplication of clones from individual roots 
has not been achieved: Callistephus chinensis (C. hortensis), Helianthus 
annuus, Raphanus sativus, Brassica nigra, Convolvulus arvensis, Isatis 
tinctoria, Acacia melanoxylon, Melilotus alba, Pisum sativum, Linum 
usitatissimum, Fagopyrum esculentum, Petunia violacea. The roots of a 
number of other species have been cultured for limited periods. Fuller 
data on the viability of excised roots in culture are summarized in 
tabular form in a review by Butcher and Street (131) . 

Excised root cultures present attractive features for research and 
teaching in plant physiology. They are clonal material of high growth 
rate and metabolic activity; for several species there are no difficulties 
in multiplying the clone to any desired size; the cultures show a low 
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level of variability, so that by suitable and not excessive replication 
relatively small but significant differences in response to physiological 
treatments can be established; the aseptic conditions permit organic 
substances to be supplied without fear of their modification by micro
organisms; and, by excluding dust, and using small transplants to effect 
successful subculture, symptoms of microelement and growth factor 
deficiencies develop rapidly; the cultures may be grown under a wide 
range of strictly controlled environmental conditions; by easy observa
tions, continuous records may be made of their growth and development. 

As will now be described, work with such cultures has added to our 
knowledge of the carbohydrate metabolism, respiration, and mineral 
nutrient requirements of roots. Studies involving root cultures have also 
been concerned with the role of mineral ions in metabolism, with the 
essentiality and role of vitamins and such other growth factors as 
auxins, gibberellins, and cytokinins, and with the release of metabolites 
including alkaloids, nucleotides, and amino acids by roots. In the field 
of developmental physiology, root cultures have been used in studies 
on the control of cell division, expansion, and differentiation in the root 
apex, the initiation of lateral roots, and the initiation and functioning of 
the vascular cambium. Definition of the cultural requirements and syn
thetic potentialities of isolated roots has also provided valuable data 
for interpretation of the shoot-root relationship (732) . 

2. Inorganic Nutrition 

Research studies with root cultures can arise out of studies of their 
nutrient requirements, and these lead naturally to studies in root me
tabolism. The present position in this field of plant tissue and organ 
culture is, however, that many such potential lines of research have not 
been exploited or have been developed only to a very limited extent. 
This is well illustrated by the very limited studies on the inorganic 
nutrition of excised roots, although it has been argued (730) that sterile 
root cultures are particularly suited to such studies. 

The pioneer studies of White (850) showed the essentiality for root 
cultures of the macronutrient elements known to be required in whole-
plant nutrition (N, S, Ρ, K, Mg, C a ) . Nevertheless, work with these 
cultures has not, with the exception of work on nitrogen (see Section 
II, C, 3) and sulfur contributed substantially to our knowledge of the 
uptake and role in metabolism of these macronutrient elements. 

a. Sulfur. The sulfur compounds present in the standard root culture 
medium are magnesium sulfate, sodium sulfate, zinc sulfate, copper 
sulfate, and thiamine hydrochloride. To prepare a sulfur-omitted medium, 
the concentration of thiamine hydrochloride was reduced to 0.001 
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mg/liter (which fully meets the thiamine requirements of excised roots 
of tomato and of a number of other species), sodium sulfate was com
pletely omitted, zinc and copper sulfates were replaced by equivalent 
amounts of their chlorides, and magnesium sulfate was replaced by 
magnesium chloride to give one-tenth the standard magnesium con
centration. The reduction of the concentration of magnesium is neces
sitated by the high level of the sulfate impurity in available samples of 
magnesium chloride. To induce sulfur deficiency in excised roots it is 
also necessary to purify the sucrose by passing its aqueous solution 
through an exchange resin (the resins Biodeminrolit and Amberlite 
IR-45 both proved satisfactory). By establishing, from the standard 
clonal cultures, sector cultures in this sulfur-omitted medium it was 
possible, after one culture period of 7 days, to obtain root tips which 
showed very little growth on transfer to sulfur-omitted medium, so that 
growth ceased after 48-60 hours. Such tips demonstrated the essentiality 
of sulfur and could be used to determine the minimum effective sulfate 
addition and to examine the ability of other sulfur compounds to meet 
the sulfur requirement of the cultures. 

The standard root culture medium contains 140 mg of sulfur per liter. 
The minimum effective addition is 0.1 mg of sulfur as sodium sulfate 
per liter, and the extent of growth is controlled by sulfate supply over 
the range 0.01-0.1 mg of sulfur per liter (Fig. 4, where the growth 
values in presence of the standard sulfate addition, 140 mg of sulfur 
per liter, are also shown). The low levels of sulfate (within the range 
0.1-2.0 mg of sulfur per liter) are superior to the very much higher 
sulfate concentration in White's medium. These results emphasize the 
low sulfur requirement of these cultures; in fact sulfur can really be 
classed as a micronutrient since it is effective when present in the 
medium at a concentration of 1 part in 10 million. 

To test other compounds as sources of sulfur for the growth of excised 
tomato roots the technique of ether-sterilization (234) was adopted 
so that the compounds were not heated and were added to the re
mainder of the culture medium immediately before implanting the 
root tips. Sodium sulfite (minimum effective addition 0.05 mg of sulfur 
per liter) and sodium thiosulfate (minimum effective addition is 0.1 
mg of sulfur per liter) both supported growth equal to that which 
occurs in the presence of the standard sulfate content (140 mg of sulfur 
per liter). Neither of these compounds were inhibitory to growth up to 
5.0 mg of sulfur per liter. Sodium sulfide supported growth which was 
inferior to that with sulfate; it was lateral development which was 
particularly adversely affected. The best growth with sulfide occurred 
over a very narrow range (0.3-0.5 mg of sulfur per liter), and above 
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this it inhibited growth (addition of 5.0 mg of sulfur per liter as 
sulfide reduced the level of growth to that which occurs in sulfur-
omitted medium). Certain organic sulfur compounds were quite in
active as sources of sulfur (cysteic acid, DL-methionine sulfoxide, and 
L-ethionine). Other compounds (L-cysteine hydrochloride, L-methionine, 
DL-homocystine, DL-homocysteine) supported growth significantly above 
the level which occurs in the sulfur-omitted medium but inferior to 
that with sulfate. L-Cystine (optimum addition within the range 5-25 

_, κ 1 1 I I — 

0 0.00 1 O 0 I 0 . 1 0 1 0 
mg Sulfur/liter 

FIG. 4 . Influence of sulfate sulfur concentration upon the growth of excised 
tomato roots cultured in White's medium for 7 days. Control growth values refer 
to standard White's medium containing 1 4 0 mg of sulfate sulfur per liter. Pre
viously unpublished data of Oliver and Street (557a). 
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mg of sulfur per liter) supported growth significantly superior to that 
in the standard medium and equal to that of the optimum sulfate addi
tion. It may be noted that Street, Hughes, and Lewis (739) found that 
the addition of L-cystine to standard sulfate-containing culture medium 
(pH 4.8) further enhanced the growth of excised tomato roots, and this 
occurred to an even greater extent in a neutral medium (pH 6.8) . 
L-Cystine is unique in that it is the only amino acid which is stimulatory 
rather than inhibitory when supplied singly to root cultures at mod
erately high concentration (up to 100 mg of cystine per liter). These 
results also suggest that cystine may be a key intermediate in sulfur 
metabolism. 

Some studies have dealt with the role of micronutrient elements in 
the physiology of cultured roots. 

b. Iron. Brown and Possingham (114) examined the effect of iron 
deficiency in the growth and metabolism of excised pea (Pisum sativum) 
roots. Iron deficiency caused the cessation of cell division and loss of 
the cyanide-sensitive component of respiration, presumably the cyto
chrome system. Protein synthesis in the iron-deficient pea roots con
tinued almost unimpaired for some time after the cessation of cell 
division, but the newly synthesized protein was concentrated in the 
recently matured cells and there was evidence that the amino acids in 
the meristem were not being used for protein synthesis. Subsequently 
Possingham and Brown (586) used 5 9 F e (which emits both β- and 
γ-rays and has a half-life of 45 days), and they showed that iron is 
incorporated into the nuclei of the root cells to a much higher con
centration than into the surrounding cytoplasm. They suggested that 
the essentiality of iron might involve a special role in intranuclear me
tabolism. More recently, Abbott ( 1 ) , also working with cultured pea 
roots, has confirmed the importance of iron for the maintenance of cell 
division in the root apex and reported that iron deficiency results in 
enhanced levels in the root cells of amino acids and a reduced content 
of ribonucleic acids (RNA). Feeding experiments with tritiated ( 3 H, a 
very weak beta emitter of half-life 12.46 years) uridine indicated a 
reduced level of RNA synthesis in the iron-deficient cells and a restric
tion of the newly synthesized RNA to the nucleoli. From these findings, 
Abbott has suggested that iron deficiency blocks RNA synthesis within 
the nucleus and leads to reduced levels of RNA in both nucleus and 
cytoplasm and to an associated breakdown of protein synthesis both 
in the cytoplasm and during the mitotic cycle. 

The recognition of the role of iron in the oxidative metabolism of 
cells followed from the demonstration by Warburg that his "Atmungsfer-
ment" was a heme protein and from the discovery of the cytochromes 
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by Keilin ( 3 1 2 ) . The cytochromes mediating oxygen uptake in respira
tion were found to be located in the mitochondria ( 3 3 7 , 4 9 1 ) . There is 
also evidence for the occurrence of the cytochromes in plant microsomes, 
the protein-synthesizing centers of the cytoplasm ( 4 6 5 , 4 6 6 , 5 7 9 ) . Iron 
was shown to be present in highly purified preparations of the enzymes 
catalase ( 8 7 1 ) and peroxidase ( 7 7 0 ) . Although the important oxidative 
enzymes involved in respiration cannot normally be detected in isolated 
nuclei, there are a number of reports of the occurrence of catalase in 
nuclei ( 5 ) , and Dounce ( 2 1 8 ) has reported the occurrence of both 
catalase and cytochrome c in the nuclei of mammalian liver cells. Further 
Poulson and Bowen ( 5 8 7 ) in the course of autoradiographic studies of 
5 9 F e distribution in tissue cells of the larvae of various species of 
Drosophila found strong evidence that the concentration of iron in the 
nucleus can be considerably higher than in the cytoplasm. In several 
tissues, ratios of nuclear to cytoplasmic iron varied from 3 - 1 0 : 1 . Horning 
( 3 4 0 ) , from microincineration studies, has found evidence that the. 
iron in nuclei is in some cases strongly concentrated in the nucleoli. In 
the light of the work of Brown and Possingham and of Abbott described 
above, all these considerations emphasize the need for more intensive 
studies of the occurrence of iron compounds in isolated nuclei and in 
cultured roots in the hope that this will shed light on the nature of the 
postulated intranuclear role of this element. 

c. Manganese. The essentiality of manganese for the growth of cul
tured tomato roots was demonstrated by Hannay and Street ( 3 0 4 ) . High 
levels of either manganese or molybdenum were found to alleviate the 
symptoms of a deficiency of the other elements (Fig. 5 ) . High con
centrations of manganese ( 3 ppm or higher), although beneficial in 
the absence of added molybdenum, were markedly inhibitory in the 
presence of even 0 . 0 0 0 1 ppm molybdenum, and this effect was in
tensified by further increase in molybdenum concentrations within a 
range not deleterious in presence of low manganese ( 0 . 0 1 ppm). Such 
observations cannot be explained solely in terms of our present knowl
edge of the activation of enzyme systems by these two elements. It is 
of interest, however, to note that Hewitt ( 3 2 6 ) has also reported that 
high levels of molybdenum intensify manganese toxicity in sugar beet 
{Beta vulgaris). 

The work of Hannay, Fletcher, and Street ( 3 0 3 ) also emphasizes the 
importance of an appropriate manganese : magnesium ratio for the active 
growth of cultured tomato roots. Hewitt ( 3 2 7 ) has pointed out that 
manganese can replace magnesium in a number of enzyme systems with 
efficiencies ranging from less than 3 0 % to up to 2 0 0 % . Certain com
binations of these metals may, therefore, through competitive interac-
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FIG. 5. Interactions between manganese and molybdenum as revealed by the 
growth of excised tomato roots. Each beaker contains 10 roots grown in White's 
medium containing manganese and molybdenum at the concentrations indicated. 
Data of Hannay and Street (304) . 

tions differentially affect the activity of certain essential enzymes and 
so disturb metabolism. Hartman and Kalnitsby (311) , studying citrate 
oxidation in kidney tissue, found that high concentrations of magnesium 
alone or low concentrations of manganese alone could activate the 
oxidation system. However, intermediate levels of magnesium not only 
were ineffective in activating the oxidation but acted competitively to 
prevent activation by manganese. 

Abbott ( 1 ) , in work with excised pea roots, demonstrated that cell 
expansion failed with consequent disruption of vascular differentiation 
as a result of manganese deficiency. The cells which failed to expand 
were poor in protein and were abnormally rich in free amino acids. 
They also had a lower RNA content than normally expanded cells. 
Lyttleton (455) also obtained evidence that manganese is specifically 
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essential for the development of certain ribonucleoprotein particles in 
wheat (Triticum) embryos. It could be, therefore, that manganese is 
essential for the linkage of RNA to protein and that in manganese 
deficiency the protein-synthesizing centers of the cytoplasm are not 
developed and an essential step in the process of cell expansion is 
impaired. 

d. Molybdenum. A lethal molybdenum deficiency can easily be in
duced in excised tomato roots when nitrogen is supplied as nitrate 
(304) . However a molybdenum deficiency in such roots can be demon
strated when nitrogen is supplied as ammonium or as ammonium plus 
a mixture of amino acids (303) ; this points to the involvement of this 
element in some system additional to the enzyme nitrate reductase. 

e. Boron. Boron deficiencies have been successfully induced in excised 
roots of flax (Linum usitatissimum) (522) and tomato (523) . Since 
borosilicate glass cannot be used in such work, Neales used distilled 
water from a heavily tinned metal still with soda glass condenser, 
polythene storage containers and measures, and, as culture vessels, 
either disposable sterile plastic, stainless steel, or aluminum dishes. It 
seems that the minimum effective boron addition is similar for both 
seedlings and excised roots of the two species examined by Neales. 
Boron deficiency reduced the rate of cell division at the root apex and 
also impaired cell expansion. The morphology of boron-deficient roots 
strongly resembles that of roots inhibited by auxins. One possibility 
currently being investigated by Neales, with these root cultures, is that 
boron regulates the level in the root cells of certain natural inhibitors 
of the IAA-oxidase or other auxin-controlling systems. A hypothesis which 
has been widely discussed is that boron is essential for sugar transport 
in plants, a hypothesis which has developed both from physiological 
studies and from the known ability of boric acid to form coordination 
complexes with compounds, like sugars, with adjacent cis-hydroxyl 
groups (cf. 253, 254) . That lethal boron deficiencies occur in root 
cultures which are bathed in a sucrose-containing medium may argue 
against this hypothesis as the sole explanation of the essentiality of 
boron. 

f. Iodide. White (842) reported that the iodide ion was beneficial to 
the growth of excised tomato roots and subsequently included potassium 
iodide in his basic root culture medium. The beneficial effect of iodide 
was confirmed by Hannay (302) . In the absence of iodide, growth 
subsided and, after the third weekly transfer in iodide-omitted medium, 
up to half of the cultures had completely ceased to grow and they 
even failed to resume growth when transferred to the complete culture 
medium. Most of the surviving roots were growing very slowly. The 



22 Η . Ε . STREET 

optimum concentration of iodide for excised tomato root growth was 
that equivalent to 0.5 ppm iodine, and iodide could be replaced by 
methylene iodide or even by iodoacetate. The concept of iodine as an 
essential elements for plants was first advanced by Maze (474) from 
his studies of the growth of maize (Zea mays) in water culture. Evi
dence that iodide at very low concentrations was at least stimulatory 
to plant growth was subsequently obtained by Orr, Kelly, and Stuart 
(560) with pea seedlings, by Scharrer and Schropp (645, 646) with 
various cereals, and by Young (870) with timothy grass (Phleum 
pratense). Iodine is a constant constituent of marine algae, but it is to 
be found in small amounts in all plants. Perhaps more interesting is the 
evidence that part of the iodine in algae is incorporated into organic 
compounds, such as mono- and diiodotryrosine, thyronine, and di- and 
triiodothyronine, and that these iodoamino acids are incorporated into 
the algal proteins (172, 654) . More recently Fowden (238) working 
with two salt marsh plants (Salicornia perennis and Aster trifolium) 
and two mesophytes (Hordeum vulgare and Phaseolus aureus) has 
demonstrated the incorporation of 1 3 x l (a beta and gamma emitter of 
half-life 8.1 days) into their proteins in the form of iodoamino acids, 
including diiodotyrosine and iodothyronines. Significant amounts of free 
iodoamino acids were also detected in Phaseolus aureus. These studies 
suggest that iodine may even yet prove to be an essential micronutrient 
element for certain higher plants and indicate the need for further work 
on the metabolism of iodide in plant cells. The situation was well 
summarized by Brenchley ( 1 0 6 ) : "It is still not possible to say definitely 
that an exceptionally small trace of iodine may not yet be proved to 
be a requisite for the growth of plants." 

g. Other microelements. Boll and Street (65) obtained evidence that 
copper is probably essential for the growth of excised tomato roots, but 
a lethal deficiency was not demonstrated. The essentiality of zinc for 
the growth of culture roots has not been satisfactorily established. 

3. Nitrogen Nutrition and Metabolism 
a. Assimilation of nitrate. The basal root culture medium contains 

nitrate (45 mg of nitrogen per liter) as the source of nitrogen. The 
only other nitrogen-containing substances in this medium are the Β 
vitamins, which are present only in trace amounts, and the amino acid 
glycine (0.6 mg of nitrogen per liter). Glycine, however, is not an 
essential nutrient, is not stimulatory to the growth of most excised 
root clones including those of a number of tomato strains, and, in those 
cases where its presence in the medium does enhance growth, its effect 
is catalytic and it does not function as a primary source of nitrogen. 
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This indicates that those root cultures so far successfully established 
are able to reduce nitrate and synthesize from this ion their essential 
amino acids and other nitrogenous compounds. Extracts of excised tomato 
roots, fortified by the addition of nicotinamide adenine dinucleotide 
(NAD) and flavin mononucleotide ( F M N ) can effect the reduction of 
nitrate, nitrite, and hydroxylamine ( 8 0 4 ) . More recently the nitrate 
reductase system effecting the reduction of nitrate to nitrite has been 
obtained in high activity from excised tomato roots by incorporating 
cysteine in the extraction medium ( 6 4 0 , 6 4 1 ) . Work with molybdenum-
deficient roots indicates the essentiality of this element for this reduc
tion of nitrate to nitrite ( 3 0 3 ) . Work with root extracts indicates that 
the reduction steps beyond nitrite may be activated by manganese, but 
this system has not been satisfactorily characterized. Tomato roots 
grown with L-glutamine, or ammonium, as nitrogen sources have very 
low nitrate-reducing activity ( 8 0 4 ) , and when such roots are transferred 
to nitrate-containing media there is a lag before active nitrate assimila
tion commences ( 4 7 8 ) . In excised roots, as in other plant tissues and 
organs ( 1 4 1 , 6 1 4 , 7 6 4 ) , the nitrate-reducing system of enzymes is formed 
adaptively in response to nitrate supply. 

All these results indicate that nitrate reduction in excised roots may 
follow a similar path to that familiar from studies with the fungus 
Neurospora crassa ( 5 2 7 ) and with the tissues of higher plants ( 8 , 2 3 1 , 
3 2 9 , 5 2 8 ) . Vaidyanathan and Street ( 8 0 4 ) , however, also detected in 
extracts of excised tomato roots an enzymatic reduction of nitrate to 
nitrite, for which ascorbic acid and ferrous iron were essential cofactors. 
This observation, which has not been followed up, is of some interest 
in view of the evidence, albeit controversial, that Escherichia coli con
tains a nitrate-reducing system involving a cytochrome ( 6 4 4 , 8 1 6 ) . 
There is also the possibility that aldehyde oxidases such as those de
tected in potato ( 4 5 ) , and which contain both molybdenum and iron, 
may be involved in nitrate reduction in some tissues. 

b. Utilization of ammonium. Maintained high levels of the growth 
of excised tomato roots can be obtained in nitrate-containing media 
over the pH range 4 . 0 - 7 . 2 provided Fe-EDTA is used as the iron source 
( 6 6 2 ) . When, in the basal medium at pH 4 . 6 - 4 . 8 , the nitrate is replaced 
by ammonium at equivalent nitrogen concentration, the medium does 
not support the growth of excised roots of tomato ( 6 2 1 ) or groundsel 
( 6 7 0 ) . Unpublished results indicate that this applies to the excised 
roots of a number of other plants. Addition of an ammonium salt to 
the nitrate-containing medium, however, does not inhibit excised root 
growth, and a satisfactory root culture medium of standard pH can 
be prepared by using ammonium nitrate as the source of nitrogen 
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(621, 670, 743) . The addition of ammonium ions, even at low concen
tration, to a nitrate-containing root culture medium prevents or reverses 
the rise in pH which normally accompanies root growth in standard 
nitrate-containing medium. This rise in pH is a consequence of excess 
anion absorption, largely due to the high rate of nitrate uptake. The 
effect of ammonium ions is therefore consistent with the expected rapid 
uptake of ammonium even from a nitrate-containing medium. 

Many water and sand culture experiments with whole plants have 
shown that ammonium is more effective as the sole source of nitrogen 
for growth when the pH of the culture solution is maintained close to 
neutrality (748) . Similarly excised roots can be grown with ammonium 
as the sole source of nitrogen if the pH is maintained within the range 
6.8—7.2 (this can be done by the use of "solid" buffers: see page 10) 
and if at this pH the availability of iron is maintained by using Fe-
EDTA as the source of iron (662) . The relationship between pH and 
the growth of excised tomato roots supplied with nitrogen as ammonium 
is shown in Fig. 6. The roots can, in fact, be grown through successive 
subcultures in an ammonium medium of neutral pH provided the 
manganese concentration is lowered to 0.01 ppm (303) , although 
growth is clearly inferior to that which is obtained with nitrate at its 
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FIG. 6. Increase in main axis length of excised tomato roots during a second 
7-day culture passage in White's medium containing the standard nitrogen addition 
as ammonium. pH of medium was stabilized by use of solid buffers as developed 
by Sheat, Fletcher, and Street (662) . 
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optimum concentration. The pH of the culture solution also critically 
affects the utilization of nitrite as a sole source of nitrogen. A highly 
significant increase in growth over that occurring in nitrogen-omitted 
medium can be obtained if excised tomato roots are supplied with a 
low concentration of nitrite (5 mg of nitrogen per liter or lower) and 
if the pH is stabilized at 6.0-6.2. 

Figure 6 shows that the root growth which occurs when ammonium 
is the sole source of nitrogen decreases very rapidly as the pH is re
duced below 6.8, and below pH 6.4 the roots grow very slowly, are of 
abnormal morphology, and cannot be successfully subcultured. This 
inability of excised roots and other plant cultures to grow satisfactorily 
with ammonium as their source of nitrogen when the pH of the culture 
is below 6.4 cannot be properly explained. A number of workers have 
interpreted their data to mean that more rapid uptake of ammonium 
nitrogen occurs at pH 7.0 than at pH 4.0 and that the converse is true 
for nitrate nitrogen (158, 190, 483, 776) . This led Mevius and Engel 
(483) and, more recently, Weissman (825) to imply that NH 4 OH 
molecules can be absorbed more rapidly than N H 4

+ ions, an idea long 
familiar in the literature of the permeability of plant cells. Nightingale 
(539) , however, cited numerous examples of appreciable uptake of am
monium by plants from solutions whose pH must have precluded the 
presence of effective concentrations of NH 4 OH. There is also evidence 
that the recorded effects of pH on nitrate and ammonium uptake vary 
with the age and carbohydrate status of the experimental plants, with 
the ionic composition of the culture solution as a whole, and with the 
length of the periods over which the uptake is followed (540) . The 
general conclusion from studies of ammonium and nitrate uptake spread 
over more than three decades seems to be that the importance of pH 
is not solely related to the mechanism of uptake but also involves 
assimilation as reflected in the overall nitrogen economy of the plant. 
Nitrogen-depleted excised root cultures, in short-term experiments, can 
certainly absorb either nitrate or ammonium at similar and high rates 
at both pH 7.0 and 5.0 (662) , and unpublished results show that rapid 
ammonium uptake from ammonium nitrate occurs in a medium of 
pH 4.8. 

The pioneer Russian plant physiologist Prianischnikov (588) showed 
that ammonium-grown plants were characteristically low in calcium 
content and that the presence of an enhanced level of calcium increased, 
for a number of plants, the range of pH over which ammonium supported 
a high level of growth. Similarly Iwanova (345) was able to obtain 
good growth of cotton (Gossypium) plants at mildly acid pH by in
creasing the calcium content of the culture solution. Sideris and Young 
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(664, 665) found that high concentrations of ammonium could induce 
incipient deficiencies of potassium, calcium, and magnesium in the 
pineapple (Ananas comosus) plant. Other workers (13, 549) have 
stressed the importance of an adequate supply of manganese when 
ammonium is the source of nitrogen. The rapidly absorbed ammonium 
ion tends to induce deficiencies of other cations, a result suggesting 
that it may have a strong affinity for the molecules which function as 
cation carriers in salt absorption. In line with this general conclusion is 
the finding, with excised tomato roots, that at pH 7.0 excess manganese 
is much more inhibitory to root growth with nitrate than when ammo
nium is the source of nitrogen, and also that the optimum manganese 
addition is increased by raising the level of ammonium (303) . How
ever, the standard root culture medium of White is characterized by 
its high content of calcium and magnesium and of micronutrients (par
ticularly of manganese and zinc), and adjustments of the absolute and 
relative concentrations of potassium, calcium, magnesium, and phosphate 
(303) have failed to improve the growth of excised tomato roots in 
ammonium medium of pH 4.0-5.0. It does not seem therefore, that 
the restricted pH range over which excised tomato roots can grow with 
ammonium as the sole source of nitrogen is attributable to deficiencies 
or toxicities of the other nutrient ions. Nevertheless such a conclusion 
must inevitably be tentative since it is possible to make almost infinite 
variations in the composition of an inorganic salt solution containing 
all the essential elements for plant growth. 

Pioneer studies on the free amino acids and amides in plant cells 
showed that the cellular level of free α-amino nitrogen was usually 
markedly enhanced by ammonium-feeding in contrast to nitrate-feeding 
and that this build up of free α-amino nitrogen increased with the in
crease in the concentration of ammonium supplied in the external solu
tion (154) . Further, ammonium-feeding was shown, by a number of 
workers, to result in particularly high levels of glutamic and/or aspartic 
acids and the corresponding amides, glutamine and asparagine (718, 
727) . Viets, Moxon, and Whitehead (811) noted that the marked in
crease in amino acid nitrogen that followed ammonium feeding of 
corn (Zea mays) plants was not paralleled by an increase in the 
amounts of the basic amino acids, so that the proportion of basic to 
total amino acids was low as compared to that in nitrate-fed plants and 
as compared with the proportion of basic amino acids in corn proteins. 
Weissman (826) also found that the relative concentrations of the free 
amino acids in wheat seedlings are differentially affected by nitrate and 
ammonium as sole sources of nitrogen, and that this is reflected in the 
amino acid composition of the total protein synthesized. One of the 
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ΝΗ2—Ν of each amino 
μg ΝΗ2—Ν per gram fresh acid as % of the total 

weight of root NH2—Ν 

Amino acids Nitrate0 Ammonium0 Nitrate c Ammonium0 

Aspartic acid 2 3 . 0 3 2 . 0 1 2 .5 3 . 3 

Threonine 4 . 6 3 . 9 2 . 5 0 . 4 

Serine 3 . 3 4 . 3 1 .8 0 . 4 

Asparagine | β 7 .1 
8 2 . 5 

1 3 6 .6 I 5 5 . 4 
Glutamine 

| β 7 .1 
4 6 2 .8 

Glutamic acid 3 0 . 6 2 9 2 .0 1 6 .7 2 9 . 7 

Glycine 1.7 4 . 8 0 . 9 0 . 5 

Alanine 3 . 9 5 . 2 2 . 1 0 . 5 

Valine 4 . 0 1 0 .8 2 . 2 1 .1 

Methionine 1.7 1 .7 0 . 9 0 . 2 

Isoleucine 4 . 6 4 . 9 2 . 5 0 . 5 

Leucine 7 . 2 1 3 .7 3 . 9 1 .4 

Tyrosine 2 . 2 2 . 0 1 .2 0 . 2 

Phenylalanine 0 . 7 0 . 8 0 . 4 0 . 1 

γ-Aminobutyric acid 7 . 2 2 2 . 7 3 . 9 2 . 3 

Lysine 1 5 .3 1 1 .8 8 . 3 1 .2 

Histidine 3 . 8 1 0 .2 2 . 1 1 .0 

Arginine 2 . 7 1 8 .0 5 . 1 1 .8 

α pH of medium 4 . 8 . 
6 pH of medium 7 . 2 . 

f Source of Ν for root growth. 

of nitrogen. The ammonium-grown roots had a much higher content of 
total free α-amino-N, and this was particularly due to their high content 
of glutamic acid and of the amides glutamine and asparagine. The 
amino acids threonine, tyrosine, and lysine were, however, present in 
absolutely lower concentrations in the ammonium than in the nitrate-
grown roots, and a number of other amino acids (aspartic acid, serine, 
alanine, isoleucine, leucine, phenylalanine) were present at much lower 

major factors determining the relative proportions and absolute con
centrations, in plant cells, of individual free amino acids is therefore 
the form in which their nitrogen is supplied. This is well illustrated by 
the amino acid analyses of excised tomato roots shown in Table I. Here 
the roots analyzed had been cultured at favorable pH in media con
taining either nitrate (pH 4 . 8 ) or ammonium (pH 7 . 2 ) as the source 

T A B L E I 

THE F R E E AMINO ACIDS PRESENT IN EXCISED TOMATO ROOTS CULTURED IN MEDIA 
CONTAINING THE STANDARD AMOUNT OF NITROGEN (4 5 M g N / 1) EITHER AS NITRATE 0 

OR AS AMMONIUM6 
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relative concentrations than in the nitrate-grown roots. Such data raise 
the possibility that, under a particular nitrogen regime such as am
monium supplied at unfavorable pH, growth may be adversely affected 
either by the development of an imbalance within the cellular pool of 
free amino acids or by deficiencies of particular amino acids critically 
limiting to protein synthesis or to the synthesis of some other essential 
cell constituent(s). This concept is supported by some observations, 
with excised tomato root cultures, reported by Street, Hughes, and 
Lewis (739) . These workers found that a mixture of 18 L-amino acids 
(corresponding to the amino acid analysis of acid-hydrolyzed casein) 
is ineffective as a sole source of nitrogen for the growth of excised 
tomato roots (see also page 34 et seq.) This mixture, however, was 
significantly stimulatory to the growth of roots supplied simultaneously 
with ammonium at pH values of 5.3 or above. Furthermore, a simpler 
mixture which contained the basic amino acids from the mixture of 18 
(it contained only arginine, histidine, lysine, phenylalanine, and tyrosine) 
was as effective in enhancing growth as the complete mixture. The 
range of pH over which a reasonable level of growth can be achieved 
with ammonium as the major source of nitrogen is, therefore, extended 
by the presence in the culture medium of an appropriate mixture of 
several particular amino acids. This suggests that deficiencies of these 
amino acids may develop, particularly at pH values below neutrality, 
when excised tomato roots are grown in ammonium medium and that 
this is at least one of the factors limiting their growth under these con
ditions. 

The marked effect of the nature of the nitrogen supply on the amino 
acid composition of plants and of cultured plant organs suggests that 
the rates of synthesis of individual amino acids may differ according 
to the form of inorganic nitrogen absorbed. There is evidence from 
feeding experiments with ammonium sulfate enriched with the mass 
isotope 1 5 N , and from other analytical studies, that the primary assimila
tion of ammonium involves its incorporation into glutamic acid and 
into the amide groups of glutamine and asparagine (325, 460, 601, 
810) . The fairly high labeling of aspartic acid from ammonium Ν in 
such experiments is regarded as evidence for rapid amino group transfer 
from glutamic acid via a transaminase system. Although there is strong 
evidence that nitrate assimilation may involve its reduction to the level 
of ammonia by a chain of reductases via the following steps: 

nitrate —» nitrite - » hyponitrite —» hydroxylamine —» ammonia 

this does not exclude the possibility that the intermediary reduction 
products may be directly involved in the synthesis of nitrogenous cell 
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constituents. Thus, Virtanen and Arhimo (812) have suggested that 
hydroxylamine may react directly with keto acids to give oximes from 
which amino acids could arise by reduction, and work with Neurospora 
(456, 667) indicates that hydroxylamine may react with pyridoxal phos
phate, giving rise to an oxime which on reduction would give pyridox-
amine phosphate which could then function as a donor of amino-N to 
keto acids through transaminase systems. Such alternative pathways 
could explain how certain amino acids could be synthesized more 
readily from nitrate than from ammonium. 

c. Release of amino acids from growing roots. The pronounced 
influence of external pH on the ability of cultured roots to grow with 
ammonium nitrogen does suggest, however, the probable operation of 
some other factor additional to the rates of amino acid synthesis. It 
seems unlikely that the external pH would, within the physiological 
range (pH 4.0-8 .0) , profoundly affect rates of intracellular synthesis. 
This led us to consider whether amino acids and other essential me
tabolites might normally suffer release from living root cells into their 
external environment and whether ammonium ions at pH values below 
neutrality might enhance the loss of certain such compounds to a 
critical extent. A wide range of organic compounds elaborated by 
growing excised roots and the roots of aseptically cultured seedlings 
have now been detected in the external culture solution. These include 
alkaloids (193, 680, 681, 829) ; vitamins (68-70, 830) ; nucleotides, 
flavones, and sugars (246, 453, 698) factor Μ involved in mycorhizal 
development (479, 480) ; enzymes (760) ; auxins (859) ; and amino acids. 

Kandler (364) demonstrated that excised maize roots cultured in a 
glucose medium release amino acids prominent among which were 
glutamine, alanine, serine, aspartic acid, valine, asparagine, leucine-
isoleucine, and glutamic acid. As the culture solution became depleted 
of nitrate, some reabsorption of the amino acids, particularly of the 
glutamine, took place, but even under these conditions other amino 
acids were being released. Kandler considered that the amino acid com
position of the "staled" medium sufficiently resembled that of the free 
amino acid pool of the roots to suggest that the excretion mechanism 
is one of free diffusion from the root cells modified by reabsorption 
under conditions of nitrate deficiency. Later Tesar and Kutacek (769) 
made a comparative study of the amino acids released from the roots 
of sterile wheat seedlings and from excised root cultures of the same 
wheat variety. In both cases, they concluded that the amino acid 
composition of the "staled" culture medium was sufficiently similar to 
that of the root cells to support Kandler's hypothesis of free outward 
diffusion of amino acids. However, to take this view they had to postulate 
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the action of enzymes located at the root surface to explain anomalies 
in the distribution between the medium and the roots of γ-aminobutyric 
acid and proline. The similar release of amino acids from seedling roots 
and cultured excised roots argues strongly against the possibility that 
metabolite release from excised roots occurs primarily from the cut end. 
Lundegardh and Stenlid (453) , in line with this, concluded that the 
release of nucleotides from cultured pea and wheat roots took place 
from growing intact root cells. The studies to be outlined below on the 
release of amino acids by cultured tomato roots involved working with 
14-day-old cultures, the cut ends of which had become completely 
sealed over with a callus tissue. Further, the roots were washed with 
culture medium prior to the test period in order to remove all sloughed-
off root cap cells and other cell debris, and it was shown that the older 
piliferous layer cells of the roots could still be plasmolyzed. It therefore 
seems almost certain that the release of amino acids, described below 
as occurring from such cultures, involves a direct release from living 
root cells into the culture medium. However, it must be admitted that 
the relative contribution to the release of growing cells versus relatively 
senescent cells is not known. 

These studies with excised tomato roots (746) were specifically de
signed to see how far the total amount of amino-N released into the 
external medium and the proportion of different amino acids within 
this were influenced by whether the roots were in an ammonium or in 
a nitrate-containing medium. A complex mixture containing at least 17 
different amino acids was released when sterile tomato seedlings (studied 
between day 3 and day 7 of germination) were cultured in light or 
excised tomato roots were cultured in darkness in a nitrate-containing 
medium. An elution diagram [Moore and Stein (496) technique] for 
the amino acid mixture released by the excised roots is shown in Fig. 7. 
Studies of this release by excised tomato roots (grown in standard nitrate 
medium) into nitrate and into ammonium media showed that the re
lease is increased by decrease in the pH of the test medium and is higher 
into ammonium than into nitrate medium (Fig. 8, p. 3 3 ) . The most strik
ing observation is that a very high rate of amino nitrogen release occurs 
when the root is bathed in an ammonium medium of mildly acid pH— 
conditions under which very little root growth would occur. Other 
experiments demonstrated that only a slow rate of amino nitrogen 
release occurs into a nitrogen-free medium; the release of amino acids 
is associated with concurrent assimilation of inorganic nitrogen. A satis
factory carbohydrate status in the roots is required for both amino 
acid synthesis and a high rate of release of amino nitrogen. 

When studies were made on the composition of the amino acid 
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mixtures released under different experimental conditions, it was found 
that their composition was not determined by the previous nutritional 
history of the roots (not by whether the roots had been grown upon 
nitrate or ammonium nitrogen), but by the pH and nitrogen source in 
the culture medium used during the 48-hour test period. Ammonium-
grown roots showed an initially slow rate of release into nitrate media; 
presumably release occurred only at the full rate after the adaptive 
formation of a nitrate-reducing system. The amino acid mixtures re
leased into acid media, by comparison with those released into neutral 
media, contained a lower proportion of the amides and higher propor
tion of γ-aminobutyric acid, arginine, and leucine. The presence of 
ammonium in the test medium resulted in a relatively high level of 
glutamic acid and low levels of lysine and arginine being released; the 
presence of nitrate in the test medium resulted in a relatively high 
release of γ-aminobutyric acid. 

Certain amino acids appeared to be preferentially released into the 
culture medium in that they were present in significantly higher pro
portion in the medium than in the amino acid pool of the roots (Table 
II , p. 3 4 ) . In the case of ammonium cultured roots, these instances coin
cided in the case of lysine, alanine, isoleucine, and phenylalanine with 
amino acids present in very low amounts in the root cells as compared 
with the situation in nitrate-cultured roots (Table III , p. 3 5 ) . 

These observations strongly support the view that growth with am
monium as the source of nitrogen can be limited not only by the 
relatively low rates of synthesis of certain amino acids, but also by 
their preferential loss to the culture medium, particularly under condi
tions of acid pH when the rate of loss of amino acids is so significantly 
enhanced. The testing of this hypothesis, however, still requires the 
building up of nitrogen balance sheets describing more accurately the 
assimilation of nitrate and ammonium under different culture condi
tions. Such balance sheets would give quantitative values for the uptake 
and assimilation of the inorganic nitrogen source, for amino acid and 
protein synthesis, and for each amino acid synthesized its distribution 
into the newly synthesized protein, into the cellular pool of free amino 
acids and simple peptides and into the external culture medium. 

Meanwhile, the phenomenon of the release of amino acids by un
injured root cells is of considerable interest. Its study can be pursued 
rather elegantly with excised root cultures and the information thereby 
obtained should be relevant to the whole problem of the release of 
major metabolites and organic growth factors by plants growing under 
both experimental and natural conditions ( 7 8 ) . 

d. Effect of light on ion uptake. Hitherto excised root cultures have 
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FIG. 7. Moore and Stein elution diagrams showing the amino acids present in 
100 ml White's culture medium (glycine omitted, pH 7.2) after supporting the 
growth of excised tomato roots (14-g roots exposed to medium for 8 days). Top: 
Neutral and acid amino acids (buffer volumes and temperatures shown) separated 
on the 150 cm Zeokarb 225 column. Bottom:  Basic amino acids (on 15 cm 
Amberlite column; Buffer 3  at 51°C). Abscissa==eluate volume in ml. Data from 
Street and Melhuish (746) . 
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not been exploited for studies of the mechanisms involved in salt uptake. 
However, recent studies with cultured excised wheat roots have exposed 
a stimulation by light of nitrate uptake (200) . When excised wheat 
roots, derived directly from seedling root tips, are maintained in culture 
for more than 5 days, illumination of the cultures enhances growth of 
the roots in terms of increase in dry weight, production of new cells at 
the apical meristem, cell expansion, and protein synthesis. This growth 
promotion is not only dependent upon the presence of nitrate in the 
external medium, but culture in light as compared with culture in 
darkness leads to both higher nitrate uptake and higher cellular levels 
of free nitrate ions. Illumination of the roots also enhances protein 
synthesis despite a similar level of soluble organic nitrogen compounds 
in the cells of both light- and dark-grown roots. 

These observations are of considerable interest in view of other evi
dence that light may promote anion uptake in other tissues ( 1 1 ) , that 

Exposure tim e i n day s 

FIG. 8. Release of amino acids by excised tomato roots (previously grown for 
6 days in standard White's medium of pH 4.4) as influenced by source of nitro
gen (nitrate or ammonium) and pH of the test medium. Release expressed as 
μg NH 2 —Ν per ml medium per g fresh weight of root. Data from Street and 
Melhuish (746) . 
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T A B L E II 

T H E RELATIVE PROPORTIONS OF DIFFERENT AMINO ACIDS RELEASED BY EXCISED 
TOMATO ROOTS INTO VARIOUS TEST MEDIA" 

Roots grown in 
Roots grown in nitrate medium ammonium medium 

(pH4.4) ( p H 7 . 2 ) 

Nitrate Nitrate Ammonium Nitrate Ammonium 
medium medium m edium medium medium 

Amino acids (pH 4 . 4 ) (pH 7 . 2 ) ( P H 7 . 5 ) ( P H 7 . 2 ) ( p H 7 . 2 ) 

Aspartic acid 1 8 . 3 13. 8 20. 9 4 . ,4 4 . 3 
Threonine 2 . 5 2. 2 3. .2 0. 9 1. ,2 
Serine 0 . 8 0. 7 1. ,8 0. 6 
Asparagine 12 2Ϊ 

WO. 5 
44 . 2 9. 20. 

4 J 5 9 . 7 
14. 

Glutamine 8 . 3 ] 20. 39 . 3J 3 1 . 3J 
Glutamic acid 16 .1 7. 5 21, .9 11. 1 31 . 0 
Glycine 1 .3 0. 4 0. .8 1 .0 0. 4 
Alanine 3 . 1 0. ,6 11 .2 0 .3 0. .9 
Valine 3 . 9 1, .4 3 .9 1 .6 3. .8 
Methionine 1 . 2 0, .4 1 .2 0 3 1. 1 
Isoleucine 2 . 9 2. 1 3 1 1 .3 1. .8 
Leucine 5 . 0 3 . 3 3. ,7 1, .7 2, .6 
Tyrosine — 0 .7 0 .4 0 .3 
Phenylalanine — 0 .3 0 .5 0 .5 
7-Aminobutyric acid 5 . 4 9, 6 2, .0 3 .8 2 .0 
Lysine 11 .3 8, .8 4 .7 7. .7 3 .1 
Histidine 1 . 9 2. 3 1. .1 2. .6 
Argnine 5 . 9 1. .8 0 .7 2 .8 0 6 

° The NH2—Ν content of each amino acid is expressed as a percentage of the total 
NH 2 —Ν released during the test period of 48 hours [data from Street and Melhuish (746)] . 

light may retard protein loss in both green and nonchlorophyllous tis
sues (452, 719) , and that salt uptake may be closely linked to protein 
synthesis and turnover (712, 757) . 

e. Organic nitrogen sources. A number of studies have been made of 
the ability of various natural organic nitrogen compounds to meet the 
nitrogen requirements of cultured roots. In work with excised tomato 
roots, an amino acid mixture containing 18 amino acids in the propor
tions that they occur in casein hydrolyzate was surprisingly ineffective 
as a sole source of nitrogen. This mixture, even at quite high concentra
tion (200 mg/liter), was not inhibitory to growth in presence of nitrate, 
but as a sole source of nitrogen it supported a level of root growth only 
just significantly above that occurring in nitrogen-omitted medium. 
Most amino acids added singly as sources of nitrogen were inhibitory, 
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T A B L E III 

CASES WHERE AMINO ACIDS CONSTITUTE A MUCH HIGHER PERCENTAGE OF THE F R E E 
AMINO-N IN THE MIXTURE OF AMINO ACIDS RELEASED INTO THE MEDIUM 

THAN IN THE F R E E AMINO ACID FRACTION OF THE ROOT CELLS 0 

N H 2 - N of the amino acid 
as a percentage of the 

total N H 2 - N 

Culture medium In root In external medium 

Standard nitrate medium pH 4 . 4 - 4 . 6 
Arginine 1 . 5 5 . 9 

Ammonium medium of pH 7 . 2 
Threonine 0 . 4 1 . 2 
Alanine 0 . 5 1 . 1 
Valine 1 . 1 3 . 8 
Methionine 0 . 2 0 . 9 
Phenylalanine 0 . 1 0 . 5 
Lysine 1 . 2 3 . 1 
Isoleucine 0 . 5 1 . 8 

«Data of Street and Melhuish ( 7 4 6 ) . 

lowering the growth otherwise occurring during a 7-day period in 
nitrogen-omitted medium. Poor growth, not persisting upon subculture 
but nevertheless, above that of roots in the nitrogen-omitted medium 
during the 7-day test period, was obtained with L-isomers of glutamic 
acid, aspartic acid, and arginine, particularly at neutral pH. L-Asparagine 
was only slightly more effective. Urea (in medium of pH 6.0 or higher) 
was more effective, but the only really satisfactory organic source of 
nitrogen found was L-glutamine, aseptically incorporated (because of 
its heat instability) into medium of neutral pH (739) . Skinner and 
Street (670) have reported that arginine, ornithine, citrulline, and lysine 
are effective nitrogen sources for excised groundsel (Senecio vulgaris) 
roots, and Harris (310) reported that arginine and urea satisfactorily 
meet the nitrogen requirement of roots of red clover (Trifolium 
pratense). These and other unpublished results enable certain ideas to 
be formulated which, in general, apply not only to excised roots but to 
the nitrogen nutrition of callus tissues and isolated embryos. L-Glutamine, 
aseptically incorporated and in culture medium of neutral pH, is a 
very effective source of nitrogen. This is of interest because of the 
evidence for its central role in nitrogen metabolism and its possible 
role as an immediate donor of nitrogen in protein synthesis (719 ) . The 
requirement of certain bacteria and mammalian cells for glutamine is 
specific and cannot be met by glutamic acid (229, 727) . Ammonium 
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hydrogen glutamate cannot replace glutamine for the growth of excised 
roots or other plant cultures. Glutamine is known to have certain 
specific roles in biosynthesis (229, 561) and there exists a specific 
glutamine transaminase (475) . Certain tissues absorb and translocate 
glutamine more rapidly than other related compounds (475) , and, in 
contrast to asparagine, its absorption does not seem to be associated 
with hydrolysis of the amide group (242) . 

Apart from glutamine, urea, and the "ornithine cycle" amino acids, 
the only amino acids which have activity (albeit relatively low activity) 
as sole sources of nitrogen are glutamic and aspartic acids and asparagine. 
When we consider the nitrogen nutrition of callus cultures (see Section 
III , C, 1 ) , the only amino acid to be added to this list will be alanine. 
The activity of these amino acids may arise from their known high 
activity in transamination reactions (475) and to the ability of glutamic 
acid to undergo reversible reductive amination-oxidative deamination 
by virtue of the universally distributed L-glutamic acid dehydrogenase. 
The ineffectiveness of all other amino acids does not seem to be due to 
any impedance to their absorption by root cells. This suggests that 
these ineffective amino acids do not readily release their amino nitrogen 
in transamination reactions and are not readily oxidatively deaminated. 
Plant cells do not contain specific amino acid dehydrogenases (other 
than L-glutamic acid dehydrogenase) nor a general L-amino acid oxidase. 

/. Growth inhibitions by amino acids. The hypothesis that the feeding 
of complex mixtures of amino acids establishes injuriously high levels 
of free amino acids in the cytoplasm or in the living inclusions of the 
cells must be rejected because such mixtures can enhance the growth 
of roots simultaneously receiving ammonium though they are themselves 
ineffective as sole sources of nitrogen and because they can be added 
(at least up to a concentration of 200 mg/liter) to a nitrate medium 
without significant depression of the high rate of root growth maintained 
in culture by the optimum nitrate addition. However, a quite different 
situation arises when simple mixtures of two or three amino acids, and 
particularly when certain individual amino acids, are incorporated into 
root culture media. Thus, the linear growth of excised tomato roots 
cultured in a nitrate medium is 5 0 % inhibited by additions per liter of 
less than 1 mg of L-methionine, DL-norvaline, L-norleucine, or hydroxy-
L-proline and by additions per liter of less than 5 mg of L-phenylalanine, 
L-isoleucine, L-leucine, and L-threonine (739) . Similar inhibitions of 
the growth of excised roots and of the roots of aseptically cultured 
seedlings by these amino acids have been reported by a number of 
workers (189, 243, 308, 694) . 

Nitsch and Nitsch (548) have drawn attention to the general use of 
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the DL-forms of the amino acids in studies on the growth effects of in
dividual amino acids. Both their work with callus tissue and that of 
Street, Hughes, and Lewis (739) , emphasizes that the D- and L-forms 
differ significantly in their inhibitory activity. Thus, for excised tomato 
roots, the D-forms of histidine, isoleucine, leucine, and norleucine are 
less inhibitory than the natural L-isomers, whereas the reverse is the 
case for the isomers of alanine and serine. 

The inhibitory activity of amino acids is usually significantly greater 
at neutral than at acid pH values, probably because of enhanced amino 
acid uptake at neutral pH. Studies with simple amino acid mixtures 
have shown that the inhibitory activity of individual amino acids is 
reduced by adding simultaneously one or more additional amino acids. 
This phenomenon of antagonism between amino acids has been studied 
in some detail by Harris (308) using as a bioassay the growth of roots 
of oat (Avena) seedlings in sterile culture and by David (188) working 
with excised lucerne (Medicago sativa) roots. Harris described par
ticularly strong antagonistic interactions between L-phenylalanine and 
L-tyrosine, between L-leucine and DL-valine, between DL-isoleucine and 
DL-valine, and between L-arginine and L-lysine. A strong antagonism 
between hydroxy-L-proline and L-proline was observed by Fries (243) 
in his studies of the root growth of decotylized pea seedlings. Similar 
marked and specific antagonisms of this kind have also been reported 
from studies on the growth of callus tissues (713) , bacteria (276) , and 
fungi (865) . 

The strong antagonisms are, in general, to be observed between amino 
acids of similar structure and known to be related in metabolism, 
suggesting that they involve competition at specific enzyme sites. Thus, 
the mutual antagonisms between leucine, isoleucine, and valine have 
been explained by the existence of a common transaminase catalyzing 
amino transfer between any two of the following: isoleucine, valine, 
leucine, norvaline, and glutamic acid (631) , or by the probable existence 
of a single enzyme promoting the dehydration of the dihydroxy acid 
precursors of both isoleucine and valine (517) . Similarly, Steward, 
Pollard, Patchett, and Witkop (713) , to explain the interaction be
tween hydroxy-L-proline and L-proline, utilized the fact that the hydroxy 
amino acid does not normally exist free in carrot (Daucus carota var. 
sativus) cells, that it is hydroxylated in situ in protein and that when 
added to the culture medium it is absorbed and competitively inhibits 
the incorporation of free proline into cellular proteins. Meister (475) 
has suggested that such competitive interactions between natural amino 
acids may represent an important physiological mechanism involved in 
the control of growth and metabolism. Solute carriers involved in the 
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uptake of substances by cells, which if regarded as enzymes are termed 
permeases, could provide such a regulatory mechanism. Recent studies 
(378) with mutants of the bacterium Escherichia coli strongly indicate 
that interactions between valine, isoleucine, and leucine when supplied 
in the external medium occur at a common site of uptake or permease so 
that the excessive uptake of any one amino acid is competitively checked 
by either of the other two. Earlier studies, with this organism, on the 
interaction between norleucine and methionine (306) now seem also 
to be explicable in terms of a methionine inhibition of norleucine uptake. 

In addition to these specific and probably competitive antagonisms 
there are less specific interactions whereby a number of relatively non-
inhibitory amino acids mitigate the inhibitions caused by other amino 
acids. In consequence, it is often necessary to incorporate a fair number 
of amino acids to obtain a noninhibitory mixture. Such mixtures are 
sometimes referred to as "balanced," a term borrowed from water culture 
studies where authors have worked out "balanced" salt solutions favor
able to plant growth (327) . Steinberg (694) from his studies of the 
effect of amino acids on tobacco (Nicotiana) seedlings and Riggs, 
Coyne, and Christensen (610) from their studies with animal cells 
have obtained evidence that balanced amino acid mixtures cause mini
mal disturbance of the permeabilities of cellular membranes. Martin 
(467) has, however, stressed that normal metabolism, particularly pro
tein synthesis, is dependent upon a proper and delicate balance of all 
the amino acids within the cell and that a balanced mixture is one 
which, applied externally, does not disturb this delicate internal balance. 
The validity of this is clearly questionable in view of the wide varia
tions in amino acid composition compatible with active growth and 
metabolism. 

g. Noduhtion of excised roots in culture. Raggio and Raggio (591) 
have devised an apparatus whereby the organic nutrients (sugar and 
vitamins) can be fed into the "basal" end of an excised root culture 
while the apical growing portion of the culture is immersed in the 
essential salt solution. The organic nutrients are supplied as an agar-
solidified solution contained in a vial above and separated from the 
liquid inorganic medium. A modification of the technique involving a 
vial containing the organic solution placed on a petri dish also con
taining a layer of agar-solidified inorganic solution was devised by 
Torrey (790) (see Fig. 21, p. 7 8 ) . Bunting and Horrocks (120) have 
modified the Raggio and Raggio apparatus by providing the inorganic 
nutrient in coarse sand (Fig. 3, p. 14 ) . This technique has been used to 
obtain excised roots of Phaseolus vulgaris and Glycine max (G. soja) 
nodulated with Rhizobium (35, 120, 592) . The nodules contain hemo-
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globin and fix atmospheric nitrogen (593) . This system has, however, 
yet to be used to analyze critically the factors which affect nodulation 
or to advance our knowledge of the biochemistry of nitrogen fixation. 

4. Carbohydrate Uptake and Metabolism 
a. The unique role of sucrose as a source of carbon. Excised roots 

require for growth in culture a supply of a utilizable carbohydrate. In 
his pioneer work leading to the establishment of a clone of excised 
tomato roots of the variety 'Bonny Best,' White (839) found that the 
disaccharide, sucrose was markedly superior to any other sugar; the 
increase in fresh weight with sucrose was about ten times that occurring 
with glucose. In later work, White (846, 847) confirmed this superiority 
of sucrose and found that many different sucrose samples were of 
almost identical activity. The high activity of the purest available 
samples of sucrose strongly indicated that its superiority was not due to 
the presence of growth-promoting impurities. 

While the growth rate of tomato root cultures was maintained at a 
high level from passage to passage with sucrose, with glucose the much 
lower initial growth rate further declined on subculture. Studies by 
Dormer and Street (216) and Street and Lowe (742) with excised 
tomato roots of 'Sutton's Best of Α1Γ gave similar results. Pure sucrose 
samples were highly active, and their activity was not due to either 
organic or inorganic contaminants. Roots cultured in sucrose, as com
pared with those cultured in a glucose medium, not only grew much 
faster but were more robust, having more cell layers in the cortex and 
a larger stele containing a greater number of lignified vessels. The 
more delicate glucose-grown roots were usually quite devoid of laterals 
whereas the sucrose-grown roots developed a regular two-ranked system 
of vigorous laterals corresponding to the diarch xylem. 

From work with cultured tomato roots (first of a "pink-fruited" 
variety from Mexico and later, with the clone of 'Bonny Best' from 
White's laboratory) Robbins and Bartley Schmidt (621, 623) claimed 
that glucose was equal to, or even superior to, sucrose as a source of 
carbohydrate. This apparent conflict now seems to be explicable in terms 
of the contrast in experimental techniques used, on the one hand, by 
White and by Street and co-workers and, on the other hand, by Robbins 
and Schmidt. White and Street inoculated 50-ml portions of culture 
medium with single 10-mm root tips and assessed their growth by 
linear measurements and fresh weight determinations after 7 days' in
cubation. Robbins and Schmidt introduced, into 50 ml of medium, root 
fragments carrying variable numbers of apical meristems and assessed 
growth by weight determinations after variable but always much 
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longer incubation periods, frequently periods of about 2 months' dura
tion. Now Dormer and Street (216) and Street and Lowe (742) have 
shown that the growth of tomato roots in a sucrose medium is associated 
with a breakdown of the sucrose in the medium to give a mixture of 
fructose and glucose; thus, starting with 50 ml of medium containing 
2 % sucrose and a single 10 mm root tip and after 14-20 days of incuba
tion, the medium no longer contains any sucrose, but only the monosac
charides. Furthermore, Ferguson, Street, and David (234) have shown 
that glucose alone is a superior source of carbohydrate for growth to a 
mixture of glucose and fructose. Using the kind of inoculum chosen by 
Robbins and Schmidt and their long incubation period, then growth in 
a medium initially containing sucrose is, for a very large proportion of 
the experimental period, growth in a medium containing a mixture of 
the two constituent monosaccharides of the sucrose molecule; once 
this is the situation, a slightly higher growth rate would be expected to 
occur in a glucose medium. A second significant factor is the availability 
of iron in root culture media. Tomato roots growing in White's medium 
cause a rise in its pH; in 7 days the pH can rise from 4.8-5.0 to 5.8-6.2. 
Above a pH of 5.2 and with an inorganic source of iron, the element 
becomes unavailable, and this reduces the growth rate of the roots after 
about day 5 of incubation and very severely limits growth after day 9 
of incubation. When sucrose medium is autoclaved hydrolysis of the 
sugar takes place only to a small extent and there is very little change 
in the pH of the medium. By contrast, when either glucose or fructose 
are autoclaved, in the presence of the salts of White's medium, there 
occurs a significant lowering of the pH due to the production of sugar 
acids and these acids form complexes with the iron present. The forma
tion of these complexes extends the pH range over which iron remains 
available. Thus, in the glucose medium used by Robbins and Schmidt, 
iron would remain available longer in face of the upward drift in pH 
occasioned by root growth than would be the case in sucrose medium, 
and this again would tend to increase the growth in glucose medium 
during the later part of a long incubation period. In this connection it 
is interesting that White (840) noted that after growth had virtually 
ceased in his standard medium (which contains 2 % sucrose), a few 
roots did spasmodically develop a few new laterals which, in turn, 
became inhibited and that such isolated growth periods could continue 
to occur in stored cultures. It seems probable that these short bursts of 
growth resulted from a discontinuous liberation of iron in soluble 
organic form from senescent cells in the cultures. It now seems certain 
that while a significant amount of sucrose is still present and iron is still 
available then the growth of excised tomato roots proceeds at a much 
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higher rate in sucrose media than in media containing any other single 
sugar or combination of sugars which does not include sucrose ( 2 3 4 ) . 

The work of Skinner ( 6 6 9 ) using roots of Senecio vulgaris, of Dawson 
( 1 9 1 ) with roots of Trifolium pratense, and of David ( 1 8 8 ) with roots 
of Medicago sativa illustrates this superiority of sucrose to all other 
sugars, which is almost always encountered with cultured excised roots 
of dicotyledons. 

To explain this unique feature clearly demands quantitative data on 
sucrose transport and metabolism, and studies designed to obtain such 
data have been undertaken. These studies not only have yielded in
formation regarding the carbohydrate metabolism of cultured roots 
but have posed a number of unsolved problems, of which perhaps the 
most interesting is that of the mechanism of sucrose uptake from the 
medium into the root cells. 

As already indicated, the growth-promoting activity of sucrose is not 
reproduced by an equimolar mixture of glucose and fructose at any 
concentration. Nevertheless, the utilization of sucrose by growing roots 
is associated with the appearance of both of its constituent monosac
charides in the external medium. When glucose is supplied, neither 
sucrose nor fructose appear in significant quantities in the external 
medium. These observations led Dormer and Street ( 2 1 6 ) to suggest 
that the release of the monosaccharides was a direct consequence of 
the mechanism of sucrose uptake. Further Street and Lowe ( 7 4 2 ) from 
sugar analysis of "spent" medium, from studies of the influence of ex
ternal pH and phlorizin on excised root growth, and from studies on 
the influence of phosphate availability on sugar uptake and utilization, 
concluded that sucrose uptake by cultured roots involves phosphoryla
tion and the release of part of the sucrose molecule as free monosac
charide. This concept that the release of monosaccharides is part of the 
uptake mechanism is untenable, however, in the light of more recent 
work. If adequate steps are taken to maintain iron availability, cultured 
tomato roots can be grown at a high rate over the pH range 4 . 8 - 7 . 2 , 
and over this range there occurs a similar rate of sucrose uptake per 
unit of root surface. However, the release of glucose and fructose is 
very much more rapid at pH 5 than at pH 7 . 0 (Table I V ) . Furthermore, 
while the medium still contains predominantly sucrose, the amounts of 
glucose and fructose released are equal. The release of monosaccharides 
appears to be due to the action of a surface-localized invertase such as 
was detected by Burstrom ( 1 2 8 ) in his work with wheat roots, and for 
which evidence has now been obtained in work with cultured tomato 
roots (Fig. 9 ) . 

Street and Lowe ( 7 4 2 ) noted that phlorizin is a reversible inhibitor 
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T A B L E I V 

EFFECT OF pH ON SUGAR ABSORPTION AND APPEARANCE IN THE MEDIUM OF REDUCING 
SUGARS WHEN ROOTS WERE INCUBATED IN 1 . 5 % SUCROSE MEDIUM FOR 24 HR A , B 

Reducing sugar Sugar 
pH Experiment found absorbed 

4.4 1 104.7 43.2 
2 135.7 54.8 

7.0 1 27.2 47.0 
2 28.8 45.5 

° Results of two experiments [Weston and Street (830a)]. 
h Sugars expressed as mg CeH^Oe/gm fresh wt root/24 hr. 
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PH 

6.0 7.0 8.0 

FIG. 9. Influence of pH on "invertase" activity of excised tomato roots. Roots 
were placed for 2 hours in medium containing 5%  sucrose. pH was stabilized by 
the use of Mcllvaine buffers. Data of Weston and Street (830a). 
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of the growth of excised tomato roots (0 .05% causes ca. 5 0 % inhibition 
of growth in the standard medium containing 2 % sucrose). By contrast, 
phlorizin up to a concentration of 0.07% did not inhibit the growth 
of seedling tomato roots receiving their sugar supply by phloem transport 
from the seed. These observations, and the independent evidence that 
phlorizin inhibits phosphorylation reactions (169, 180, 363, 454, 565) 
suggested that its inhibitory action on the growth of excised roots was 
a consequence of its inhibiting a phosphorylating reaction involved in 
the mechanism of sucrose uptake from an external culture solution. 
This view agreed with the demonstration that phosphorus-deficient cul
tured roots had an impaired ability to absorb sugar. However these 
observations may also be explained in terms of the availability of 
phosphate bond energy for an active uptake mechanism. Both phlorizin 
and dinitrophenol at appropriate concentration will enhance the oxygen 
uptake of root segments, presumably by acting as uncoupling reagents, 
and both strongly inhibit sucrose uptake. Definitive proof that the 
sucrose is phosphorylated as part of its uptake is lacking. The work of 
Porter and May (585) on sucrose uptake by leaf disks points to uptake 
of the intact sucrose molecule and its release into the cytoplasm. 

The external concentrations of sucrose required to support the rapid 
growth of cultured roots are greatly in excess of the internal levels of 
sucrose established in the root cells. Under normal conditions of culture 
it is therefore not possible to demonstrate the "active" nature of sucrose 
absorption, i.e., that it can proceed against the concentration gradient. 
However, if cultured tomato roots are maintained in a sugar-free me
dium for 48-60 hours their content of free sugars is greatly reduced, 
and, if they are then placed in a medium containing 0.2% or less of 
sucrose, uptake of this sugar against the concentration gradient can be 
readily demonstrated. In these circumstances there occurs an active 
uptake by a mechanism which is still obscure. 

With cultured tomato roots there is a progressive increase in linear 
growth, lateral initiation, lateral extension growth, and fresh weight as 
the concentration of sucrose in the culture medium is raised to 1.5%. 
There is a progressive increase in dry weight per root with increase in 
sucrose concentration to 2 .0-2 .5% and in percentage dry matter with 
increase up to at least 4 % sucrose (744) (Fig. 10 ) . Roots cultured in 
the presence of glucose or fructose as sole carbohydrate supply (con
centrations up to 4 % have been tested) resemble in their morphology, 
low growth rate, simple anatomy, and low percentage of dry matter-
roots cultured in the presence of limiting levels of sucrose ( 0 . 5 % or 
lower). Analysis for carbohydrate fractions (774) showed that sucrose-
grown roots had higher contents of wall polysaccharides and of soluble 
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carbohydrates than glucose-grown roots (Table V ) . Excised tomato 
roots developed in media containing these monosaccharides as sources 
of carbon can therefore be regarded as carbohydrate-deficient roots. 
However, studies on the respiration of "starved" root tips and of such 
root tips when supplied with different carbohydrates as substrates failed 
to yield evidence that sucrose uptake is significantly more rapid than 
that of the monosaccharides. The oxygen uptake of roots growing in 
the standard sucrose medium is ca. 60 μ\ of O 2/hour/100 mg fresh 

T A B L E V 

COMPOSITION OF EXCISED TOMATO ROOTS CULTURED IN 2 % SUCROSE AND 1 % 
GLUCOSE MEDIA 0 

Percentage of fresh weight Percentage of dry weight 

Grown in Grown in 
Sample Sucrose Glucose Sucrose Glucose 

7-Day-old roots 
Dry weight 5 . 70 2 . 6 0 — 
Total sugar (expressed 1 . 0 0 0 . . 27 1 8 . 5 0 1 1 . 0 0 

as hexose) 
Total alcohol-soluble 2, . 1 3 0 . . 8 6 3 8 . 7 0 3 4 . 5 0 

extract 
Pectin 0 . 8 0 0 . 3 0 1 4 . 6 0 12 . 4 0 
Hemicellulose 0 . 6 6 0 3 5 1 1 . 9 0 1 4 . 1 0 

α-Cellulose residue 1 9 1 1 , 0 1 3 4 . 7 0 4 0 . 3 0 

Total nitrogen 0 . 0 4 0 . 0 2 0 . 8 2 0 . 9 4 

L-Day-old roots 
Sucrose 0 . 2 8 0 . 10 5 . 4 3 .3 

Glucose 0 . 3 4 0 . . 07 7 . 3 2 . .4 

Fructose 0 . 3 0 0 . 0 4 6 . 2 1 . 2 

a Data from Thomas et al. ( 7 7 4 ) . 

weight. This level falls to ca. 15 μ\ of O 2/hour/100 mg fresh weight 
during 48 hours of starvation in a sugar-free medium. When either 
sucrose or glucose or fructose (at 2 % concentration) are fed to such 
"starved" root segments, the rate rises similarly and reaches a value of 
45-55 μ\ within 10 hours. 

Examination of the free sugars present in the cells, however, revealed 
higher levels of sucrose in the mature primary root tissues following 
sucrose-feeding as against feeding with either of the monosaccharides. 
Starting with "starved" root segments, significant sucrose accumulation 
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in sucrose against monosaccharide-fed roots occurred only when the 
absorption of sugar was allowed to proceed for more than 24 hours. 
Hence the demonstration of sucrose accumulation after sucrose-feeding 
was not at variance with the finding in earlier studies that externally 
applied monosaccharides were as effective as sucrose as respiratory 
substrates. The gradients of total soluble carbohydrate (micrograms 
per millimeter of root) which are established along the cultured root 
after feeding with sucrose or glucose (period of feeding 4 days) not 
only illustrate the carbohydrate accumulation resulting from supplying 
sucrose, but indicate the accumulation of soluble sugars in the apex 
against the mature tissues. After sucrose feeding root apices have higher 
levels of sucrose, glucose, and fructose than those of the glucose-fed 
roots. The unique growth-promoting properties of sucrose may be 
related to the fact that this sugar is preferentially depleted when root 
tips are starved of carbohydrates. Sucrose is almost completely depleted 
while the levels of monosaccharides remain high enough to maintain the 
full rate of oxygen uptake. Christiansen and Thimann (157) , studying 
the auxin stimulation of Avena coleoptile growth noted a similar de
crease in sucrose, not accompanied by parallel loss in reducing sugars, 
and suggested that sucrose was the direct precursor of cellulose and 
pectins. 

Use of the Raggio and Raggio (591) technique has given a most 
convincing demonstration that the sugar required by the growing 
apices of cultured roots can be met by supplying sucrose to the mature 
regions of the root. It is clear that cultured roots can effect a longitu
dinal transport of sugar, and here, as elsewhere, there is evidence that 
the sugar of transport is sucrose (759) . Evidence that other metabolites 
are transported to the root apex from the mature cells of excised roots 
is also to be found in the works of Street (729) , Brown and Possingham 
(114) , and Pecket (577, 578) . Not only can longitudinal transport of 
metabolites take place in cultured roots, but there is some evidence that 
the growing root apex receives sugar from the mature tissues, even 
when the whole root is bathed in sugar solution. McGregor and Street 
(457) noted that 4.5 and 10.0 mm tips of cultured tomato roots exhibited 
a lag phase in extension growth until the root was over 20 mm and that 
no such lag phase occurred with root tips initially 30 mm in length. 
They correlated the establishment of the full growth rate with the de
velopment of high phosphate activity in the cortical cells between 20-40 
mm from the apex (activity not seen in the mature cortex of seedling 
roots) which they suggested might be indicative of the differentiation 
of a zone particularly active in sugar uptake and from which sugar was 
transported to the meristem. Heimsch (313) , also working with excised 
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tomato roots, noted that the increase in diameter occurring at about 
200 μ from the apex results mainly from cell divisions in the cortex; 
these are initiated opposite the phloem strands, which may thus be 
a source of essential metabolites. 

These considerations, taken together, support the view that an adequate 
supply of sucrose is the most effective way of maintaining the car
bohydrate status of the growing apex of the cultured tomato root and 
that this results, at least in part, from the transport of sucrose from the 
older tissues and via the phloem. Sucrose-feeding leads to sucrose ac
cumulation in mature cells and hence to a greater entry of this sugar 
into the conducting strands. 

A similar sequence of events may occur in all those cultured roots of 
species for which sucrose is the most effective source of carbon. There 
are, however, other excised roots for which glucose is as effective, or 
even more effective, than sucrose as the carbon source for growth. 
However, no detailed studies have been undertaken with such roots of 
carbohydrate composition in relation to carbohydrate supply. One can 
only suggest, therefore, the possibility that glucose is more rapidly 
absorbed than sucrose in such roots and that this higher rate of glucose 
uptake, followed by sucrose synthesis, may result in a higher level of 
sucrose within the absorbing cells than can be established by sucrose 
uptake from an external solution. 

Ferguson, Street, and David (234) tested, in addition to sucrose, 
glucose, and fructose, 17 other soluble sugars and sugar alcohols, and 
3 hexose phosphates as carbon sources for the growth of excised tomato 
roots. These carbohydrates were all incorporated aseptically into the 
culture medium and tested over a wide range of concentration. A num
ber were tested, not only at pH 4.6-^1.9 but also at a neutral pH 
(6 .8-7 .0) . With the exception of the three sugars named, all were quite 
inactive. Subsequent studies by Morgan and Street (507) showed that 
sucrose, glucose, and fructose could all support a similar high level of 
oxygen uptake when supplied as respiratory substrates to "starved" 
sucrose-grown roots. Most of the large number of other carbohydrates 
tested were quite inactive as respiratory substrates. However, galactose, 
maltose, raffmose, and xylose and the phosphates glucose-1-phosphate 
and glucose-6-phosphate (applied as their potassium salts), during 
tests ranging from 18 to 68 hours' duration, did support low levels of 
oxygen uptake above that of similar root segments in an inorganic 
medium. Additions of potassium and inorganic phosphate, in amounts 
equivalent to the content of these ions in the sugar phosphate solu
tions, did not raise the level of oxygen uptake of the "starved" roots. 
An explanation of the fact that the above sugars and sugar phosphates 
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%  Galactos e 

FIG. 11. Inhibition of main axis growth of excised tomato roots resulting from the 
addition of D-galactose to the root culture medium containing 1.0% sucrose. Roots 
were incubated for 7 days at 27 °C. The vertical lines are 2 times the standard 
errors with the mean values of the replicates as their midpoint. Results of two 
experiments are shown. From Ferguson, Street, and David (234) . 

are weak respiratory substrates must await studies of their uptake and 
metabolism by cultured roots. 

b. The inhibition of excised root growth by Ό-mannose and ^-galactose. 
Many of the sugars that are inactive as sources of carbon for the 
growth and respiration of cultured tomato roots are inhibitory, some 
markedly inhibitory, to growth when added to a medium containing 
an adequate supply of sucrose ( 1 . 5 - 2 . 0 % ) . Thus, L-sorbose, L- and 
D-arabinose, and D-xylose cause as much as 8 0 % growth inhibition at 
0 .5%, and D-mannose and D-galactose are completely inhibitory to 
growth at 0 .1%. By contrast, glucose and fructose, the di- and trisac-
charides and the sugar alcohols (mannitol, dulcitol, and sorbitol) are 
either noninhibitory or only weakly inhibitory (234) . 

The inhibitory activity of D-mannose and D-galactose has been in
vestigated in some detail (235, 280, 507) . Since the pioneer work of 
Knudson (384, 385) a number of workers have reported on the toxicity 
of these sugars to plant roots. Wachtel (815) , working with cress seed
lings, found galactose was relatively inactive but that mannose was 
strongly inhibitory to root growth. Steinberg (694) noted marked inhibi-
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FIG . 12. Inhibition of main axis growth of excised tomato roots resulting from 
the addition of D-mannose to the root culture medium containing 1.0% sucrose. 
Roots were incubated for 7 days at 27°C. Standard errors are shown as in 
Fig. 11. Results of three experiments are shown. From Ferguson, Street and 
David (234) . 

tion of tobacco seedling root growth by a number of sugars including 
mannose and galactose; mannose was exceptional in that it also strongly 
inhibited shoot growth of the seedlings when applied to the roots. 
Burstrom ( 1 2 5 ) reported galactose to be extremely toxic to seedling 
wheat roots but to have little or no inhibitory effect (at 0 . 1 Μ concentra
tion) on the growth of roots of Helianthus annuus and Linum usitatissi-
mum. Stenlid ( 6 9 9 ) reported that wheat seedling roots were 5 0 % in
hibited in their growth by 2 χ 1 0 ~ 4 Μ galactose or by 3 X  1 0 ~ 4 Μ 
mannose. 

Excised roots seem to be very sensitive to the toxic action of these 
sugars. White ( 8 4 7 ) reported complete growth inhibition and discolora
tion of the meristem when galactose was fed as a carbon source. David 
( 1 8 8 ) reported that 0 . 2 % galactose, when added to a culture medium 
containing 2 % sucrose, completely inhibited the growth of excised 
roots of sunflower, flax, and Medicago sativa (lucerne). Lucerne roots 
were also strongly inhibited by 0 . 5 % mannose under these conditions. 
These findings regarding galactose were confirmed and extended by von 
Frakas ( 2 4 1 ) , who reported this sugar to be a very active inhibitor of 
excised root growth in 1 7 species. The extreme sensitivity of excised 
tomato roots to mannose and galactose is shown in Figs. 1 1 and 1 2 . 
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In his pioneer studies on the effects of galactose and mannose on the 
growth in solution culture of Canadian field pea and wheat seedlings, 
Knudson (385) found that the toxicity of the sugars was overcome by 
the simultaneous addition of glucose to the culture solution. Ferguson, 
Street, and David (235) found this to apply to the growth of cultured 
tomato roots. The inhibitory activity of galactose (up to 0.15% ) and of 
mannose (up to 0 .4%) could be fully reversed by the simultaneous 
addition of glucose to the culture medium. The minimum effective ratio 
of glucose : inhibitor for full antagonism of the growth inhibition was 
with galactose 5 : 1 and with mannose 3.5 : 1. Plotting of the reciprocal 
of root growth against the reciprocal of the glucose addition showed a 
relationship approximating to a straight line, and the slope of the line 
was determined by the level of inhibitory sugar [see Lineweaver and 
Burk (427) for this test of competitive interaction]. Data for the inter
action between glucose and galactose plotted in this way are shown in 
Fig. 13. These observations pointed strongly to a competitive interaction 
between glucose and these inhibitory sugars suggesting competition 
for some carrier involved in uptake or some enzyme involved in sugar 
metabolism. To explain the inhibitory activity of these sugars, it seemed 
necessary to determine the site of this competition. 

Reciprocal o f th e glucos e concentratio n (% ) 

FIG. 13. The reciprocal of the linear growth (expressed as a percentage of 
growth in standard culture medium containing 1% sucrose) of excised tomato 
roots plotted against the reciprocal of the concentration of glucose added in 
presence of a fixed concentration of galactose. The various fixed levels of galactose 
( G ) are shown against the resultant lines. Data from Ferguson, Street, and David, 
(235) . 
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A step in this direction was made by Morgan and Street ( 5 0 7 ) when 
studying the respiration of excised tomato roots. They found that 
mannose was a strong inhibitor of the respiration of sucrose and fructose 
and of the endogenous respiration of "starved" roots. The inhibition of 
oxygen uptake by mannose was specifically reversed by glucose and 
the concentrations of glucose required to antagonize the inhibitions of 
respiration by different concentrations of mannose were the same as 
those required to reverse the growth inhibition due to mannose. The 
respiratory quotient ( R Q ) of the "starved" roots ( 0 . 7 0 - 0 . 8 3 ) was 
depressed by the addition of mannose to 0 . 6 0 , in contrast to the values 
for RQ within the range 0 . 9 2 - 1 . 0 observed in the presence of utilizable 
sugars. The growth inhibitory activity of mannose was, apparently, 
primarily the outcome of its activity as an inhibitor of carbohydrate 
respiration. 

Subsequently, Goldsworthy and Street ( 2 8 0 ) showed that mitochondria 
isolated from cultured tomato roots were able to oxidize succinate, 
malate, citrate, and pyruvate provided the suspending medium con
tained appropriate cofactors and that mannose was not an inhibitor of 
the oxidative activity of such mitochondria. The same workers demon
strated the activity in extracts of the cultured roots of the enzymes 
hexokinase and phosphoglucose isomerase but could find no evidence 
for the presence of a phosphomannose isomerase. When the roots were 
fed with mannose-U- 1 4 C, it was found that the mannose, on entering 
the root, was almost completely converted to mannose-6-phosphate 
(presumably by hexokinase) and that this phosphate progressively ac
cumulated. The stability of this mannose-6-phosphate when mannose 
was withdrawn indicated that it was not metabolized at a detectable 
rate by the root cells. When labeled mannose is fed from very dilute 
solution, the intracellular level of radioactivity established can exceed 
that in the external solution because of this accumulation of mannose-
6-phosphate. Addition of glucose to the culture solution inhibited the 
uptake of the labeled mannose, although any mannose which penetrated 
the root cells again appeared as mannose-6-phosphate. The role of 
glucose as an antagonist of mannose thus seems to be that it competes 
with mannose for hexokinase and that phosphorylation by this enzyme 
is a step in the mechanism of uptake of both these monosaccharides. 
The inhibition of respiration by mannose appears to be due to the ac
cumulation of mannose-6-phosphate since this can be shown to be a 
strong competitive inhibitor of phosphoglucose isomerase, the enzyme 
which is responsible for converting glucose-6-phosphate to fructose-
6-phosphate and hence is involved in both the glycolytic sequence and 
the pentose phosphate pathways of respiration. The accumulation of 
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mannose-6-phosphate is presumably not self-regulatory because this 
phosphate, in the absence of phosphomannose isomerase, will fail to 
equilibrate with the cellular pool of glucose-6-phosphate, which is the, 
normal noncompetitive inhibitor of hexokinase action. The observation 
by Stenlid (700) that mannose generally inhibits ion uptake by wheat 
roots but has the exceptional action of enhancing uptake of phos
phate ions suggests further that the irreversible formation of mannose^ 
6-phosphate from mannose could also deplete the level of available 
phosphate within the cells to the point where this also would limit the 
rate of respiration (742) . It is of some interest that Sols, Cadenas, and 
Alvarado (679) have concluded that the toxicity of mannose to the 
honey bee is also related to the absence of phosphomannose isomerase 
from this organism. 

Although galactose is a poor respiratory substrate for cultured tomato 
roots, it does support a level of oxygen uptake above that of the 
"starved" roots, and the RQ in the presence of galactose is ca. 0 .9%. 
Furthermore, galactose does not inhibit the high rate of oxygen uptake 
which takes place in the presence of sucrose, glucose, and fructose even 
when applied at concentrations very inhibitory to growth. With con
centrations of galactose causing up to 6 0 % inhibition of linear growth, 
it has been found that the reduced growth rate of cultured tomato 
roots is entirely accounted for by a reduction of cell expansion. One 
possible mode of action of galactose as an inhibitor of cell expansion is 
suggested by the observation made by Ordin and Bonner (559) that, 
during galactose inhibition of Avena coleoptile section extension, ga
lactose becomes incorporated into the cell walls. This suggests that 
galactose feeding could alter cell wall composition in such a way as to 
inhibit cell wall growth. 

R. Hughes, working in our laboratory, has explored this in more 
detail as a possible explanation of the galactose inhibition of root 
growth. The simultaneous presence of glucose in the external medium 
does reduce galactose uptake, but this does not seem to explain the 
galactose-glucose antagonism for, when the external medium contains 
0.006 Μ 1 4 C-labeled galactose, the addition of 5 times this molarity of 
glucose reduces the galactose uptake by only 5 0 % ; furthermore this 
inhibition of uptake is increased only to 6 0 % in presence of 20 times 
the galactose molarity as glucose. However a study of changes in cell 
wall composition resulting from the addition of 0.03% galactose to a 
medium containing 2 % sucrose revealed some highly significant effects. 
The presence of galactose decreased the total wall material as a per
centage of the root dry weight from 55 to 4 5 % , and the cell walls 
contained significantly less α-cellulose (both absolutely and relative to 
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other wall constituents). In sucrose-grown roots the α-cellulose fraction 
constituted 2 0 - 2 2 % of wall dry weight; in presence of galactose this 
was reduced to 12 -14%. Hydrolysis of the pectin, hemicellulose, and 
α-cellulose fractions, however, revealed no qualititative differences and 
no clear-cut quantitative differences in sugar and uronic acid composi
tion. When roots were incubated for 8 hours, in a medium containing 
0.0016 Μ 1 4 C-labeled galactose, about 5 0 % of the galactose lost from 
the medium was recovered in the root cell walls, and about 1 5 % as 
carbon dioxide released in respiration. Within the cell walls 9 0 % of 
the radioactivity was almost evenly divided between the hemicellulose 
and α-cellulose fractions. When the hemicellulose was hydrolyzed, 6 0 % 
of its 1 4 C was found to be located in galactose and 3 0 % in glucose. 
Hydrolysis of the α-cellulose fraction, followed by chromatography, re
vealed only one spot which reacted visibly with sugar detection reagents. 
This corresponded in Rf to glucose. This glucose region of the chro
ma togram was however only very weakly radioactive, and 8 9 % of the 
radioactivity was located at the Rf of galactose. The fraction contained 
a small amount (relative to glucose) of highly labeled galactose. The 
presence of galactose not only inhibited cellulose synthesis but led to 
some incorporation of galactose into this alkali-resistant fraction. The 
possibility is now being investigated that a glucose-galactose interaction 
occurs at the level of the uridine phosphate sugars. These studies may, 
therefore, also shed some light on the mechanism of cellulose synthesis. 

5. Coenzymes and Prosthetic Groups 

During the opening years of the present century it was discovered 
that animals, including man and also certain microorganisms, had es
sential requirements in their diets or nutrient media for small amounts 
of certain organic growth factors, which, following Casimir Funk's sug
gestion, were called vitamins. Absence of these vitamins from human 
diets was the cause of such well known diseases as beriberi, scurvy, 
pellagra, and rickets. One particular group of these vitamins, the water-
soluble vitamins, were obtained by animals either directly or indirectly 
from plant foods. 

It is now recognized that autotrophic plants and nonexacting micro
organisms, in contrast to animals and many microorganisms, do not 
require to be supplied vitamins because they synthesize these essential 
compounds. The term "vitamin" is therefore a term coined particularly 
in relation to studies on the dietary requirement of animals and certain 
microorganisms, rather than an indication of either their chemical nature 
or roles in metabolism. Subsequent study has, however, revealed that 
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certain of the substances identified as vitamins, function in cells as 
constituent parts of essential enzymes. 

Here we shall be concerned with those water-soluble vitamins which 
were first designated as Β vitamins and which are now recognized as 
the coenzymes or prosthetic groups or precursors of these, for certain 
enzymes which are common to all cells. 

FIG. 14. Specimen excised tomato roots harvested 
from culture media containing ( I ) 1.0 (2) 0.1 μ£ 
of thiamine per liter, and (3) no thiamine. Single 
culture period of 7 days at 27°C in test medium. 

Some contributions to our knowledge of the synthesis and role of 
these compounds have been made by the use of root cultures because, 
although whole plants are autotrophic, the growth of their excised 
roots can be sustained only by supplying certain of the Β vitamins in 
their culture medium. This raises the question whether the synthesis 
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of such substances is localized in the shoot system, so that the root is 
heterotrophic upon the shoot for a supply of these cell constituents 
(732) . Further, if this is so, we must question which enzymes in the 
synthetic pathways involved are absent from, or of low activity in, the 
root cells. Again, if we have in roots no, or only a very little, synthesis 
of such substances, the possibility exists of checking for higher plant 
cells the nature of the disturbances of metabolism which result from 
the absence of these coenzymes and prosthetic groups. 

a. Thiamine (aneurin, vitamin B i ) . The culture medium, successfully 
used by White (839) for the continuous culture of excised tomato roots, 
contained 0.01% of a yeast extract, and the addition of this yeast extract 
was essential for continued root growth. Robbins and Bartley (620) 
and White (840) showed that the yeast extract could be partially re
placed by thiamine. Robbins and Bartley Schmidt (622-624) then re
ported that a mixture of thiamine and pyridoxine (vitamin B 6 ) would 
allow the indefinite culture of excised tomato roots, and therefore con
cluded that the growth-promoting effect of yeast extract was due to its 
content of these vitamins. Addition of other vitamins of the Β complex 
failed to further enhance the growth of tomato roots of the strain used 
by Robbins and Bartley Schmidt. This was confirmed by Bonner ( 7 1 ) . 

The thiamine requirement of excised tomato roots is specific, and 
omission of thiamine from the culture medium leads to a rapid and 
complete cessation of growth. Prolongation of the deficiency leads to an 
irreversible loss of growth potential. The thiamine requirement is ex
tremely low; growth is proportional to thiamine concentration in the 
medium within the range, 0.1—1.0 /xg/liter and the full requirement over 
a 7-day growth period is met by the latter concentration (Figs. 14 
and 15) . 

Thiamine (aneurin) hydrochloride has the structure shown: 

H 3 C /Ν Η 
° - C ^ C - N I V H C l f _ s 

N i e C C H 2 Ne 

Η CI <i f 
H 3 C C H 2 · C H 2 · OH 

Pyrimidine moiety Thiazole moiety 

Replacement of the N H 2 — group at position 4 in the pyrimidine ring by 
an O H group yields oxythiamine which can induce thiamine deficiency in 
the rat and the chick (186, 247) . Substitution of the thiazole ring of 
thiamine by a pyridine ring yields neopyrithiamine, a substance shown by 
Woolley and White (866) to act as an "antithiamine." 
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H 3 C / N H 2 - H B r CH 3 3 ^ C 2 I 

N ^ / C CH 2 ψ2^3C-CH2- CH2OH 

Η HC 6

 5 3CH 

Ύ 
Neopyrithiamine hydrobromide 

These substances are inhibitory to the growth of excised tomato roots; 
the concentration required to produce a given degree of inhibition de
pends, in each case, on the amount of thiamine simultaneously added. 
A quantitative study of these interactions was undertaken by Street and 
Jones (741) . Representative results are shown in Fig. 16 as a double 
reciprocal plot (427, 803) ; the reciprocal of the main axis extension 
(millimeters) plotted against the reciprocal of the thiamine concentra
tion (micrograms per liter). These data strongly indicate that a com
petitive interaction between these antithiamines and thiamine exists. 

Tomato roots and pea roots, however, do not have an absolute re
quirement for the thiamine molecule as such, for they can be successfully 
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FIG. 1 5 . Relationship between main axis growth (millimeters per 7 days' growth) 
and thiamine concentration. Roots cultured for two 7-day periods in each medium. 
Growth in second passage shown. Data from Street and Jones ( 7 4 1 ) . 
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cultured in a medium containing an equimolar mixture of thiamine 
pyrimidine (2-methyl-4-amino-5-hydroxymethylpyrimidine) plus thiamine 
thiazole (4-methyl-5-a-hydroxyethylthiazole) (67, 620) . The C H 3 — at 
position 2 and the N H 2 — at position 4 are essential to the activity of the 
pyrimidine ( 6 7 ) , but the — O H group at position 5 can be replaced by Br 
or NH 2 (360) . The 5-/?-hydroxyethyl of the thiazole can be replaced by 
CH 2 CH(OH)-CH 3 (£-hydroxypropyl) or CH 2 CH 2 C1 or C H : C H 2 or 
C H 2 C H 3 without loss of activity and by C H 2 C H 2 C H 2 O H 

I ι ι ι 1 

1 2 3  4 
Reciprocal o f thiamine concentration (/ig/Jl) 

FIG. 1 6 . The reciprocal of main axis extension growth (mm) plotted against 
the reciprocal of thiamine concentration (μ&/\) for excised tomato roots cultured 
in the absence and presence of the antithiamines neopyrithiamine and oxythiamine. 
Data from Street and Jones ( 7 4 1 ) . 

(γ-hydroxypropyl) or C H 3 with only slight reduction of activity. Similarly 
the C H 3 at position 4 can be replaced by CH 2 OH or C H 2 C H 2 O H . 
However, the Η at position 2 cannot be replaced by NH 2 or C H 3 (67, 
7 3 ) . Some of these observations on the activitv of thiazoles when 
supplied with thiamine pyrimidine are of interest because, in the intact 
molecule of thiamine, replacement of the β-hydroxyethyl at position 5 
of the thiazole ring by β-hydroxypropyl or γ-hydroxypropyl leads to 
loss of activity as this is assessed by the growth of cultured pea and 
tomato roots ( 7 3 ) . The roots can presumably modify the various thiazoles 
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to thiamine thiazole but cannot form thiamine from the thiamine analogs 
mentioned. 

The ability of a mixture of thiazole and pyrimidine to replace thiamine 
strongly suggests that the root cells can directly couple these moieties 
to form thiamine; this also suggests that such a coupling may be the 
last step in thiamine biosynthesis. Direct evidence for this is, however, 
lacking from work with higher plants. When the cultured root is assayed 
for free thiamine and thiamine phosphates, it is clear that similar levels 
of thiamine phosphates are established in the root cells in the presence 
of a fully effective addition of pyrimidine plus thiazole as are established 
with thiamine feeding although the free thiamine level is usually lower. 
This points to the level of phosphorylated thiamine being more im
portant than the level of free thiamine in controlling growth rate. This 
is supported by biochemical knowledge that the active form of this 
vitamin is thiamine pyrophosphate and that this is the coenzyme of 
carboxylase (446) , of a number of other enzyme systems which promote 
oxidative decarboxylation (298, 374, 392, 447) , and also of transketolase 
(339, 590) . To demonstrate, however, that the pyrimidine and thiazoles 
or their phosphates are condensed to give thiamine or a thiamine phos
phate would require the use of labeled molecules, and experiments of 
this kind have not been carried out with plant cells. 

It would also be strong evidence for the in vivo occurrence of such 
condensation if cell-free preparations could be prepared from roots 
which promoted thiamine synthesis from pyrimidine and thiazole. The 
background for any such work would seem to be the studies on thiamine 
synthesis from such precursors by cell-free extracts and enzymes pre
pared from yeast. Studies initiated by Harris and Yavit (309) and 
developed by Camiener and Brown (137, 138), Shimazone, Mano, 
Tanaka, and Kaziro (663) , Leder (410) , and Lewin and Brown (420) 
strongly indicate that, in yeast, a number of enzymes, all activated by 
magnesium ions and including phosphokinases and a specific phospha
tase, are involved in the formation of thiamine pyrophosphate from 
thiamine pyrimidine and thiamine thiazole. The sequence seems to be 
that given in reaction steps ( i ) - ( v i ) . 

( 1 ) pyrimidine + ATP p y r i m i d i n e p h o s p h o k i n a s e > pyrimidine monophosphate + AD Ρ 

( I I ) pyrimidine monophosphate + ATP :—^ r r — r > 
v '  ^ J  f  f  pyrimidine pyrophosphokinase 

pyrimidine pyrophosphate -f AD Ρ 

/ ··· \ M g + + 

( I I I ) thiazole + ATP t h i a z o l e p h o s p h o k i n a s e t h i a z o l e monophosphate + ADP 
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(iv) pyrimidine pyrophosphate + thiazole monophosphate monophosphate — τ :— 
r 1 condensing thiamine monophosphate + pyrophosphate 

(v) thiamine monophosphate phosphatase thiamine + phosphate 

.++ 
( V I ) thiamine + ATP t h i a m i n o p y r o p h o s p h o k i D a s e ^ thiamine pyrophosphate + AMP 

Jones (360) has examined extracts of cultured tomato roots and of 
the roots and leaves of tomato plants (var. 'Sutton's Best of Α1Γ) in an 
attempt to detect a similar group of enzymes. Extracts in a 0.1 Μ 
phosphate buffer (pH 6.0) containing ethylenediaminetetraacetate, 
were prepared either by grinding the fresh tissue with sand or grinding 
liquid-air frozen tissue with solid carbon dioxide. The extracts were 
tested both before and after dialysis for 18 hours at 4°C. Extracts 
were fortified by addition of ATP and magnesium chloride and in
cubated (4 hours at 37°C) in the presence of either thiamine pyrimidine 
plus thiamine thiazole or their monophosphates. However, in no such 
experiments were significant gains in total thiamine detected. Undialyzed 
extracts, particularly leaf extracts, caused hydrolysis of natural thiamine 
phosphates present in the extracts leading to a gain in free thiamine. 
The significance of such negative evidence is always difficult to assess. 
The probability is that inactivation of the enzymes occurred during 
the extraction processes, either denaturation of "soluble" enzymes or 
inactivation by disruption of the structure of cytoplasmic organelles 
(such as mitochondria). It is a chastening, but not uncommon, experience 
that techniques which have been successfully used to demonstrate the 
presence of particular enzymes in microorganisms, or in animal cells, 
are not immediately successful when applied to higher plants and that 
the research worker must, by "trial and error," work out some modifica
tion of the original technique to demonstrate the activity of the same 
enzymes in plants. Only further research can therefore establish whether 
or not the final steps in thiamine synthesis are identical in yeast and 
higher plant cells. 

Bonner (67) working with pea roots, Robbins and Bartley (620) with 
certain clones of excised tomato roots, and Street and Jones (741) with 
their clone of tomato roots found that, although an equimolar mixture 
of pyrimidine and thiazole was an effective substitute for thiamine, 
neither moiety alone stimulated growth nor delayed the cessation of 
growth which occurred in the absence of externally supplied thiamine. 
By contrast Robbins and Bartley (620) reported that other strains of 
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excised tomato roots required only thiamine thiazole for continued 
growth. Interpretation of such observations must await data regarding 
endogenous levels of thiamine pyrimidine and thiamine thiazole in root 
cells, and it is feasible that such levels could be determined by using 
appropriate pyrimidine- and thiazole-less mutants of Neurospora (765) . 

Having recognized that the growth factor requirements of cultured 
organs and tissues are not necessarily the outcome of the complete 
absence of particular enzymes, the question arises whether any thiamine 
biosynthesis occurs in cultured roots, despite the observation that an 
external source of this substance is essential for their continued growth. 
Bonner and Devirian (74) observed that flax (Linum usitatissimum) 
roots can grow through many subcultures and, probably indefinitely, in 
a medium devoid of thiamine. The growth of these roots is, however, 
increased more than tenfold by its addition to the medium. Furthermore, 
Bonner and Bonner (73) have demonstrated that flax roots in culture 
synthesize thiamine to the extent of 0.02 ^g per root per week, while an 
external addition of 2 ng per culture is required for optimum growth. 
White clover (Trifolium repens) roots similarly do not require thiamine 
for continued growth, but their growth is markedly enhanced by its 
incorporation into the culture medium ( 6 8 ) . Boll (60) noted that clones 
of different strains of excised tomato roots differed markedly in the 
speed with which they developed critical thiamine deficiency. These 
observations prompted Street and Jones (741) to examine critically 
whether their clone of excised tomato roots did, or did not, synthesize 
thiamine. First, no evidence could be obtained that thiamine-destroying 
enzymes were responsible for thiamine deficiency. This conclusion was 
in line with the observation that roots fed with a luxury supply of 
thiamine must be taken through several successive weekly subcultures 
in the absence of thiamine to induce a deficiency. Then roots were 
grown for an extended period (3 weeks) in a medium containing ini
tially the minimum effective thiamine addition (1.0 /Ag/l i te r ) , and bal
ance sheets of thiamine content were constructed for the beginning and 
end of the culture period. The highly specific and sensitive thiochrome 
method (353) was used to estimate thiamine. Consistent small gains in 
thiamine content (ca. 0.5 ^g per root per 21 days of culture) were re
corded despite evidence that thiamine is not completely stable in root 
culture medium. These studies indicated that the cultured roots effected 
a slow synthesis of thiamine. 

Such a result poses the question whether the requirement of cultured 
roots for thiamine is a consequence of the conditions of culture or 
whether it reflects the normal dependence of the root upon the shoot 
for a supply of this essential substance. Two lines of evidence support 
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the view that the requirement of the root for thiamine is met at least in 
part by translocation from the shoot. In certain studies with fungi the 
cultural conditions have been shown to modify the extent of thiamine 
accumulation within the mycelium. Thus, Wirth and Nord (860) showed 
that Fusarium lint receiving nitrogen as potassium nitrate contained 
more thiamine than when ammonium sulfate was the nitrogen source 
and that thiamine synthesis in Aspergillus oryzae was enhanced by the 
omission of chlorides from the culture medium and by incubation at 
between 24 and 25°C. Harris (307, 308) has shown that the presence of 
pyridoxine in the culture medium (which is also a constituent of root 
culture media) can inhibit thiamine synthesis in Neurospora mutants. 
There is, however, no evidence from quite extensive experiments that 
the dependence of root cultures upon a supply of thiamine can be 
significantly reduced by variation in the temperature of incubation, il
lumination of the cultures, or changes in the contents of sugar, other 
vitamins, auxins, or inorganic ions in the culture medium. A recent paper 
(213) reports that a tobacco callus culture requiring thiamine can be 
maintained at a low rate of growth in the absence of an external supply 
of this vitamin by supplying kinetin or 6 (γ,γ-dimethylallylamino) purine 
or 6-benzylaminopurine at 500-1000 ^g/liter. In the presence of the 
cytokinin there is net thiamine synthesis and, it is suggested, this is due 
to an activation of the synthesis of an enzyme involved in thiamine 
synthesis. It would therefore be interesting to see whether high levels 
of cytokinins would activate thiamine synthesis in cultured roots. 

A second line of evidence to suggest that roots need to receive 
exogenous thiamine for their growth and development comes from work 
with whole plants. Bonner and Bonner (73) studied, by means of the 
Phycomyces assay, the distribution of thiamine in the tomato plant. The 
shoot apex and youngest leaves were richest in thiamine (15—20 jug/gm 
dry weight). The content decreased progressively with age of the leaves 
(the oldest living leaves contained ca. 4.5 /xg/gm dry weight) and the 
roots had an average content of 6^7 /xg/gm dry weight. A similar pat
tern of distribution of thiamine has been reported in pea (632) , cotton 
(752) , and woody plants. Evidence that thiamine is translocated from the 
shoot to the root was obtained by a girdling technique by both Bonner 
(70) and Burkholder and Snow (122) . Bonner's data pointed to the 
leaves as the centers of thiamine synthesis. Transport of thiamine from 
stem to root occurred only in plants with leaves, and girdling of the 
petioles resulted in accumulation of thiamine on the lamina side of the 
girdle, this accumulation being particularly marked in mature leaves. 
Similarly, Geddes and Levine (272) obtained evidence that thiamine is 
supplied to the developing wheat grain by transport from the glumes, 
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stem, and leaves and that little or no in situ synthesis of thiamine takes 
place within the grain. 

The concept of the plant body as built up of localized regions of 
growth (meristems) and of a number of different kinds of mature and 
functionally specialized tissue cells carries with it the idea of nutritional 
interdependence between tissues and of tissue cells exporting their 
characteristic metabolic products to the dividing and growing cells of the 
growing regions. Evidence that the mature cells of a root culture in
fluence critically the functioning of the apical meristems comes from 
several different lines of enquiry (117, 457, 729, 747, 781) . It does not, 
therefore, seem unreasonable to find evidence that the leaves are the 
main seat of thiamine biosynthesis and that some of this is exported to 
the meristems of both shoot and root. 

b. Pyridoxine (vitamin B e ) . As indicated earlier, the work of Robbins 
and Bartley Schmidt (622-624) and of Bonner (71) showed that a mix
ture of thiamine and pyridoxine would fully replace the yeast extract 
originally used by White to maintain the active and continuing growth 
of his clones of tomato roots. However, White (841) was also able to 
obtain continued growth of excised tomato roots using a synthetic 
medium containing thiamine plus a mixture of nine amino acids, and 
subsequently (844) in a medium containing thiamine plus either the 
single amino acid glycine or a mixture of amino acids which did not 
include glycine. When later, and using other clones of excised tomato 
roots, the ability of amino acids to replace the pyridoxine requirement 
was investigated quantitatively and over several subcultures (61, 6 2 ) , 
it was found that an addition of glycine plus niacin (nicotinic acid) 
was needed to obtain the high growth rate achieved with pyridoxine, 
although glycine alone was fully effective in restoring the growth rate 
or roots cultured in the presence of otherwise clearly suboptimal levels 
of pyridoxine. Using a basal medium containing thiamine and niacin, 
Boll (63) found that a number of single substances could effectively 
replace the need for pyridoxine. The most active substances tested, in 
order of their decreasing efficiency, were dimethylaminoethanol, etha-
nolamine, glycine, choline, DL-norvaline, and L-valine. Several other sub
stances could also partially substitute for pyridoxine; examples of these 
were L-serine, DL-norleucine, and L-methionine. 

Boll (63) found that excised roots growing in a medium containing 
thiamine, as the sole vitamin addition, synthesized pyridoxine although 
the amount present was significantly below that established in roots 
cultured in the presence of the minimum effective pyridoxine addition. 
Roots receiving thiamine plus ethanolamine grew faster than roots re
ceiving only thiamine and they contained a greater total pyridoxine con-
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tent per root but a lower pyridoxine concentration (either as content 
per unit dry or per unit fresh weight). Such roots, therefore, presumably 
contained less pyridoxine per cell. Boll interpreted this as indicating 
that the pyridoxine substitutes did not function by enhancing pyridoxine 
synthesis. 

The essentiality of pyridoxine in cell metabolism is to be acounted 
for wholly or in part, on the basis that it is a precursor of pyridoxal 
phosphate, the coenzyme of the transaminases and the amino acid 
decarboxylases. This led Boll ( 6 4 ) to suggest that the pyridoxine sub
stitutes were active because they exerted a "sparing" action on the 
endogenous pyridoxine by a negative feedback control ( 8 0 2 ) . Such a 
negative feedback control would presumably require the pyridoxine sub
stitute to suppress the activity, or synthesis, of the pyridoxal-activated 
enzyme (s ) involved in its own synthesis and hence to release the limited 
pyridoxine available for activation of other enzymes. Negative feedback 
mechanisms of this kind are known: the suppressions in Escherichia colt, 
of methionine synthesis by methionine ( 1 6 1 , 8 5 7 ) , of ornithine trans-
carbamylase by ornithine ( 2 8 3 ) , and of ureidosuccinic synthetase by 
uracil or cytosine ( 8 6 8 ) ; the suppression of glutamyl transferase by 
glutamine in cultured human cells ( 1 9 7 ) and the suppression of trypto
phan desmolase by tryptophan in Aerobacter aerogenes ( 4 9 5 ) . In line 
with this, Boll suggested that the synthesis of ethanolamine in the roots 
might involve a pyridoxal-activated "serine decarboxylase" (although no 
such enzyme has been isolated from plants) and that exogenous etha
nolamine suppressed the formation of this enzyme with a subsequent 
release of pyridoxal. Certain evidence was then obtained which could 
be interpreted as indirect support for the operation of a feedback 
mechanism of this kind ( 6 4 ) . Low concentrations of certain amino acids, 
which were without growth effect on roots cultured in the presence of 
thiamine plus niacin, were stimulatory to growth in the presence of sub-
optimal levels of ethanolamine. This was held to mean that the amino 
acids supplemented the "sparing action" of the ethanolamine. At higher 
concentrations certain amino acids were significantly more inhibitory 
in the presence of the optimum ethanolamine addition than in its 
absence. This was interpreted as due to enhanced metabolism of the 
amino acids by released pyridoxal. 

The interesting question raised by these studies, and which demands 
direct experimental verification, is whether negative feedback mechanisms 
which involve suppression of enzyme synthesis significantly regulate the 
metabolism of higher plant cells and whether such suppression can lead 
to compensating increases in the activity of other enzymes by release 
of coenzymes or prosthetic groups. 
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6. Growth-Regulating Substances 

This term is used here as an alternative to plant hormones or 
phytohormones because it is still uncertain whether the chemical agents 
discussed can be strictly defined as hormones in the original sense of 
this term as taken from vertebrate physiology. At present such growth-
regulating substances are commonly classified as auxins, cytokinins, and 
gibberellins although with the possible exception of the gibberellins it 
is not certain that these "classes" have each a uniform chemical basis. 
They have been recognized primarily on the basis of biological tests the 
chemical specificity of which is in many cases very low and in other 
cases has not been critically examined. Furthermore, it may be antici
pated that further categories of growth-regulating substances will be 
recognized in plants as research progresses. This is emphasized by the 
recent isolation of the new growth-regulating substance, abscisic acid 
(previously described as "dormin" or as "abscisin I I " ) , which clearly 
differs in physiological and chemical properties from the other classes 
mentioned above (171, 557a) . 

As might be anticipated from the foregoing paragraph, our knowledge 
of the hormonal regulation of root growth and development is very un
satisfactory; the experimental basis of current hypothesis is extremely 
meager. It is true, however, that work with isolated root systems (in
cluding detopped plants) and with cultured roots has provided evidence 
that substances having the biological activity in certain tests of gib
berellins, cytokinins, and auxins are synthesized in roots. 

Consideration of the role of such growth-regulating substances in 
tissue differentiation, lateral initiation, and cambial activity are con
sidered in subsequent sections. Here we are concerned with how far 
such substances are essential to cell division and cell expansion in the 
root and to assess what is known regarding their chemical nature. The 
auxins of roots have been under investigation for well over thirty years, 
and it is mainly in relation to auxin action in roots that root cultures 
have proved to be of some value. This aspect therefore forms the main 
theme of this section. 

Roberts and Street (627) grouped excised roots on the basis of their 
behavior toward externally applied auxins into ( a ) those whose growth 
was either unaffected or inhibited by external auxin, for example, 
Lycopersicon esculentum (342, 745) , and Acer rubrum ( 2 1 ) ; ( b ) those 
whose growth in culture was enhanced by an appropriate concentration 
of IAA or other auxin for example, Pinus sylvestris (677) , Senecio 
vulgaris (152) , Lupinus albus (219) , Pisum sativum (75, 520) , Zea mays 
(236, 366, 367) , and Triticum vulgare (124, 148); ( c ) those whose 
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growth in culture depended upon an external supply of auxin, for 
example, Secale cereale ( 627 ) . The evidence would also suggest that 
external auxin or a suitable auxin precursor may be essential for the 
growth of other cereal roots in culture; for the successful establishment 
of a clone of roots of the Tlilgendorf 6Γ variety of wheat by Ferguson 
(233) required the incorporation of either L- or D-tryptophan, or indol-
3yl-acetic acid ( IAA), or indol-3yl-acetonitrile ( IAN) , or other poten
tial precursors of indole auxin into the culture medium. Furthermore, 
although Roberts and Street (627) , faced with the evidence then avail
able, were justified in concluding that the growth of some cultured roots 
was not enhanced by any external auxin, subsequent work has shown 
that a markedly enhanced growth of such roots can follow upon the 
addition of auxin to a medium of appropriately low sugar content. 

These observations suggest that under any standard regime of culture 
the levels of natural auxin established may vary among the roots of differ
ent species, or between different strains within species, so that in some 
cases growth may be limited by auxin deficiency, whereas in others there 
may be a tendency for auxin to acumulate to inhibitory levels. For in
stance, Charles (152) showed that roots from different geographical 
strains of Senecio vulgaris differed markedly in their growth rates in a 
standard auxin-free medium, yet by appropriate applications of 2-naphth-
oxyacetic acid (2-NOA) they could all be raised to a similar and very 
high level of growth. Furthermore the slow-growing strains required the 
higher concentrations of auxin, suggesting that their growth in the ab
sence of external auxin was determined by their different but in all cases, 
suboptimal levels of this natural growth regulator. In a number of other 
species (Lycopersicon esculentum, L. pimpinellifolium and Senecio vul
garis) a contrasted situation has been revealed for, with the progress 
of growth in culture, a natural auxin apparently accumulates and this 
first inhibits growth and later causes the cessation of activity of the root 
apical meristem. This phenomenon, which has been described as an 
"aging" of the root meristems, is discussed in detail in a recent paper 
(734 ) . 

The fact that an external auxin may be essential to growth in culture, 
when viewed in the light of other experimental work with seedling 
roots and isolated root segments (16, 88, 412) , must be regarded as 
strong evidence for the essentiality of auxin for root growth; so that 
roots obey Went's dictum "no auxin, no growth" (827) . 

Information concerning the factors which regulate auxin synthesis in 
roots is almost completely lacking and cannot expect to develop while 
the present confusion exists (see below) regarding the chemical identity 
of natural auxins. The marked interactions between sugar supply and 
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auxin response may indicate that auxin synthesis is markedly affected 
by carbohydrate level in the root cells. These interactions may, however, 
have a quite different basis, for various studies indicate that auxins can 
enhance the rate of sugar uptake by callus cultures (284-286, 288, 436, 
856) , that auxins direct the flow of sucrose to their site of application 
or accumulation (77 ) , and that auxin and sucrose interact in the control 
of cambial initiation and vascular tissue differentiation (833) . In line 
with such interpretations, Sutton, Scott, and Street (758) reported that 
concentrations of auxin strongly inhibitory to the linear growth of cul
tured wheat roots may actually increase the dry weight per culture, 
largely caused by wall thickening and starch accumulation so leading 
to increase in the percentage dry weight of the root tissues. 

Some recent studies on the growth of excised wheat roots draw atten
tion to a further possible factor which may regulate the auxin level in 
cultured roots. In an auxin-free medium the linear growth, lateral initia
tion, and dry weight of these cultures is markedly enhanced by illumina
tion (737) (Fig. 17) . A similar enhancement of growth can be achieved 
by supplying dark-grown cultures with either "autoclaved" tryptophan 
(25-50 mg/liter) or unheated tryptophan plus a low concentration of 
IAA (0.005 mg/liter) (148, 758) . Furthermore, concentrations of "auto
claved" tryptophan which are stimulatory to "dark"-cultured roots ac
tually inhibit the growth of illuminated cultures. Such observations are 
clearly not incompatible with a light-activated synthesis in the root cells 
of some natural auxin and raise the question whether a photochemical 
reaction may be involved in the pathway of auxin synthesis in the whole 
plant. In this connection it may be recalled that illumination of cultured 
wheat roots enhances protein synthesis in the presence of similar reserves 
of soluble organic nitrogen to those present in dark-grown roots (200) . 
Since it is well known that marked increases in protein occur prior to 
cytokinesis and during the early stages of cell expansion (116, 354, 355, 
701) , it may be that the effect of light on protein synthesis is mediated 
through its effect on auxin synthesis or movement within the root. 

Although under certain conditions auxin may be the "limiting factor" 
controlling cell division and cell expansion in the root, there is a con
siderable body of evidence that auxin interacts with other growth-
regulating substances in the control of these processes; that the balance 
between various natural growth regulators may be determinative in root 
growth and development. Thus it has been shown that lateral initiation 
and growth can be significantly influenced by applied gibberellic acid 
(Fig. 18) , that gibberellic acid can speed up the "aging" of root meri
stems, presumably by acting synergistically with the natural root auxin, 
and that cultured roots contain natural gibberellins one of which seems 



6 . GROWTH IN ORGANIZED AND UNORGANIZED SYSTEMS 6 7 

FIG. 17 . Excised wheat roots (Alson, Elite 5 6 ) cultured in light for 1 4 days in 
White's medium containing 400 mg of casein hydrolyzate per liter. (1) Aerated 
with C 0 2 free air; ( 2 ) Aerated with air containing 5 % C 0 2 . (Photographs by 
Beryl Talbot and Η. E. Street.) 
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to correspond very closely with gibberellin Ai (129, 130) . By contrast 
kinetin acts as an "anti-aging" factor in prolonging the duration of ac
tivity of individual cultured root meristems and can antagonize the 
effect of externally applied gibberellic acid or 1-naphthaleneacetic acid 
( N A A ) . There is now evidence for the synthesis of cytokinins in roots 
leading to export of these regulators to the shoot (147) . Cytokinins are 
concentrated in seedling root apices (824) and can be detected in cul
tured tomato roots (unpublished results). 

Control 1 0 gm/m l Gibberelli c aci d 

FIG. 1 8 . Enhancement of lateral growth by addition of 0 . 0 1 mg of gibberellic 
acid per liter as illustrated by excised tomato roots cultured for 6 days in White's 
standard medium containing 2% sucrose (left) and in this medium containing 
gibberellic acid (right). (Shadowgraphs by D . N. Butcher.) 

In studies with a number of cultured roots, including tomato, it is 
much easier to demonstrate stimulation of root growth from application 
of the synthetic auxins NAA and 2-naphthoxyacetic acid (2-NOA) than 
from application of IAA. These auxins, unlike IAA, will at higher con
centrations cause "aging" of root meristems under conditions which 
otherwise permit the indefinite culture of individual apices (734) . More
over, antiauxins [a- (1-naphthylmethyl-sulfide) propionic acid and 1-
naphthoxyacetic acid], which are effective in antagonizing "aging" under 
conditions of high sucrose supply, will also neutralize the inhibition of 
root growth which results from these auxins, but they are ineffective in 
reversing inhibition caused by externally applied IAA. Although one 
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cannot conclude from such observations that the natural auxin con
trolling cell division and the initiation of cell expansion in root tips is 
a naphthalene derivative (it might, however, be rewarding to search for 
natural compounds of this kind), they do raise the possibility that the 
auxin involved may not be IAA as such. Lahiri and Audus ( 4 0 3 , 4 0 4 ) 
have reported changes in auxin activity during germination at three sites 
(designated, AP i ? APH, and APm) on chromatograms of "acid ether-
soluble" extracts of seedling roots of Vicia faba. One of these sites ( A P U ) 
was at an Rf which would not distinguish it from IAA: activity at this 
site only increased slowly and appeared to be principally located in the 
region of elongation. The region APm (Rf 0 . 8 - 1 . 0 in isobutanol/meth-
anol/water) altered in activity with time in a way which suggests its 
synthesis and accumulation at the main apex meristem, and Lahiri and 
Audus suggested that this corresponded in its properties with the "aging" 
auxin postulated from our studies with cultured roots. The findings of 
Lahiri and Audus have been confirmed and extended in our laboratory 
( 7 3 6 ) . The zone AP^ after some purification ran as a single Ehrlich 
reactive spot when submitted to paper chromatography in isopropanol/ 
ammonia/water (Rf 0 . 8 3 ) , n-butanol/acetic acid/water (Rf 0 . 8 8 ) , 2 0 % 
K C 1 (Rf 0 . 7 5 ) and water (R , 0 . 7 5 ) . When submitted to low voltage 
paper electrophoresis at either pH 8 . 4 or pH 2 . 0 , it moved as a single 
spot toward the cathode. This purified APm not only was a growth 
promoter in the Avena straight growth coleoptile and Avena mesocotyl 
tests, but over a similar range of concentration promoted elongation 
growth in a cultured root test ( 8 5 9 ) . 

The work quoted above raises the problem of the chemical nature 
and biological properties of root auxins, particularly of those which can 
be detected in cultured roots. The studies so far published on the auxins 
which can be detected in cultured and seedling roots serve only to 
emphasize the unsatisfactory state of our knowledge regarding these 
natural regulators ( 7 3 3 , 7 3 5 , 7 3 6 , 7 4 9 , 7 7 5 ) . The difficulty of what is 
being attempted in such studies should not be underestimated. It is 
difficult to obtain large quantities of young growing roots and there is 
evidence that the compounds being sought are present in the cells in 
very minute amounts and are very unstable. The use of large volumes of 
solvents alone poses the problem of introducing impurities in quantities 
which may heavily contaminate the concentrates containing auxin activity. 
The purification techniques must be entirely empirical whilst the chemi
cal identity of the active compounds remains unresolved. 

By utilizing the techniques of paper chromatography and electro
phoresis, thin-layer chromatography, and silica gel columns it has been 
possible to demonstrate that seedling and cultured roots contain a 
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number of substances which when substantially purified are active in 
the standard auxin bioassays, a number of these from their Ehrlich re
action and ultraviolet absorption spectra could be indoles, some of them 
react with ninhydrin indicative of amino acids, some initially ninhydrin-
negative readily yield tryptophan (735) . The active substances which 
have been most extensively purified are the "acidic ether-soluble" sub
stances; none of these are identical in properties with IAA and most 
can be distinguished from known natural indoles. A large fraction of the 
total auxin activity is preferentially water soluble but with the exception 
of tryptophan itself the active water-soluble auxins have not been puri
fied. Our experience coincides with that of Bennet-Clark, Younis, and 
Esnault (40) and of Burnett, Audus, and Zinsmeister (123) ; this is that 
whenever growth active zones inseparable from IAA by common chro
matographic solvents are examined by further techniques they can be 
shown to differ from this auxin. We would anticipate a similar fate for 
the zone reported as IAA on thin-layer chromatograms of methanol 
extracts of roots of Lens culinaris and Phaseolus vulgaris by Collet, 
Dubouchet, and Pilet (163) . If this is correct we must conclude that 
IAA, if a normal constituent of roots, is present at levels which cannot 
be detected by existing techniques. 

Further progress in understanding the auxin regulation of root growth 
must depend upon ascertaining whether the natural root auxins are 
indole compounds exclusively or in part and, if so, upon identifying 
them and studying their interconversions within cells. When this stage 
is reached it will still be necessary to identify which of these compounds 
have a direct growth-regulatory function. We are inclined to think of 
natural growth regulators as simple molecules; this thinking may be 
conditioned by the circumstance that we handle only compounds which 
can act as precursors of the active hormones of plant cells. If this is so, 
then after almost forty years of research in plant hormones, we are very 
far from understanding in chemical terms how they act to regulate plant 
growth. 

7. Growth and Differentiation 

a. The root meristem. The organization of the apical meristem of 
cultured roots as examined by light and electron microscopy corresponds 
well with that of the seedling radicle of the species (313, 740, 744) . 
Lateral apices reach full size and growth activity only after several days 
of growth in culture after their emergence. 

From feeding experiments involving labeled precursors of DNA and 
labeled amino acids, Abbott ( 1 ) concluded that a quiescent center, in 
the sense of Clowes (160) , was probably absent from cultured pea root 
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apices. However studies involving feeding of labeled sucrose and glucose 
to cultured tomato roots have revealed very clearly the outline of a 
region of low 1 4 C incorporation corresponding in form and position to a 
quiescent center (773) , A quiescent center is also clearly delineated 
after feeding with tritiated thymidine (773a) . Electron microscope 
studies of the apex of cultured tomato roots show that cells at the zero 
region (740) are similar in structure to cells of the quiescent center of 
seedling roots. Their endoplasmic reticulum ( E R ) is poorly developed, 
being mainly present near the walls. They contain numerous ribosomes 
almost entirely free in the hyaloplasm. Their mitochondria have small 
cristae, show electron transparent areas and structures interpretable as 
DNA strands. Golgi bodies are few with the cisternae closely packed, 
vesicles few and small. 

Electron microscope studies of the root cap cells of seedling maize 
roots suggest that mature peripheral cells of the cap are secretory cells 
of high metabolic activity (411, 835, 836) . Studies on the fine structure 
of cells of the root cap of cultured tomato roots support this interpreta
tion (Fig. 19) . The cap initials during their differentiation retain a high 
density of plasmadesmata, enlarge greatly, and become highly vacuo
lated. The mature peripheral cap cells have well developed E R profiles, 
often vesicular. Golgi bodies are prominent and have swollen cisternae 
and numerous large vesicles. Mitochondria lack electron transparent 
areas and have well developed cristae. Amyloplasts are rich in starch 
grains, though starch is less prominent than in the middle layers of the 
cap. These fine structural studies on the root cap are of particular 
relevance to the evidence that a release of metabolites proceeds con
tinuously from the apical zone of growing roots (Section II ,C,3,c) . 

The pattern in the arrangement of cells in the apical root system is 
determined by the planes along which division walls are laid down in 
cell division, and by a balanced relationship between cell division, ex
pressed by frequency and distribution within the meristem, and cell 
expansion, expressed by rate and direction within the developing root. 
The orientation of the division walls is, in turn, determined by the shape 
and orientation of the mitotic apparatus which therefore, in its orienta
tion, is a visible expression of the polarity of the meristematic cells. 
When the rate of cell division in root meristems is reduced by auxins, 
this regular polarity is disturbed (2, 124). Hughes and Street (342) , in 
work with excised tomato roots using concentrations of IAA strongly 
inhibitory to extension growth, noted increased numbers of longitudi
nally oriented divisions in cells destined to give rise to vessel units. In 
consequence, more vessels were present in the transverse section of 
auxin-inhibited roots and this was correlated with the individual vessel 
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FIG. 1 9 . Peripheral cells of the root cap of 7-day-old cultured excised tomato 
roots showing intercellular strands across the cell walls (Ca>), a large vacuole 
(V) , Golgi bodies (G) , and vesicles probably of Golgi origin. Key: A, amyloplast; 
ER, endoplasmic reticulum; M, mitochondrion; N, nucleus. Fixed in KMn0 4 , 
stained with lead citrate. (Photograph by F. E. Lois James.) 
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units being abnormally elongated compared with other tissue elements. 
A similar reorientation of division walls in other cells of the meristem 
increased the number of piliferous layer cells, as seen in transverse sec
tion, and the number of layers of cortical cells. Butcher and Street (130) 
noted a similar increased number of cells in the cross section of excised 
tomato roots, using 1-naphthaleneacetic acid (NAA) at concentrations 
ranging from those stimulatory to those inhibitory to extension growth. 
This disturbance of polarity within meristems by externally applied 
auxins suggests the possible importance of diffusion patterns of natural 
auxins in the maintenance of the normal pattern of polarity in the root 
apex. 

b. Cell expansion and differentiation. By studying the growth rate and 
by recording, from microscopic observation, the cell dimensions at 
known distances from the root apex, the time course of cell expansion 
in the different cell layers can be calculated. Growth curves for par
ticular tissue cells can thus be constructed, relating cell dimensions to 
distance from the promeristem or to time. Curves so constructed for the 
elongation of the developing piliferous layer cells of cultured tomato 
roots (744) agree closely with those of seedling roots of Phleum pratense 
(281) and other species. Such curves enable the effect of environmental 
and nutritive factors on cell growth to be analyzed in terms of the 
changing rate with time and the total duration of the expansion process. 
Studies of this kind by Burstrom (126, 127) on wheat roots led him to 
advance the hypothesis that cell expansion takes place in two phases. 
The first phase is regarded as involving a plastic stretching of the wall 
independent of calcium and promoted by auxin; and the second phase, 
calcium-requiring and inhibited by auxin, as involving the deposition of 
cellulose. 

Electron microscope studies of the early stages of cell expansion in 
piliferous layer, cortical and stelar cells at the apex of cultured tomato 
roots shows that for a time expansion proceeds with little increased 
vacuolation; prevacuolar bodies persist but become less dense (740) . 
However, within the first 500 μ from the zero region all tissues show 
increased vacuolation, though this is less marked in the stele than in the 
outer cell layers. The nature of the fine structural changes which ac
company cell expansion can be illustrated by reference to changes in 
cortical cells occurring within 450 μ of the zero region. In these cells the 
E R profiles increase in prominence and associated with this the number 
of bound ribosomes increases. Other ribosomes become organized in 
groups many of which show spiral arrangement. Plastids containing 
starch develop. Microtubules become prominent. Mitochondria show de
creased electron transparent areas and increased numbers of cristae. 
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Golgi bodies become less prominent and in some cells may show hyper
trophy (740) . 

The volume of cytoplasm clearly increases during the early stages of 
cell expansion, and this accords with the marked increase in protein 
nitrogen observed during expansion of root cells (116, 354, 355, 817) . 
The initially low protein content per cell in the promeristem region 
increases during the early stages of radial enlargement of the cells. The 
protein content per cell then levels off or even declines slightly, only to 
increase again very considerably during the period of rapid longitudinal 
elongation. The ability of cultured roots to grow in a medium supplying 
nitrogen entirely as nitrate demonstrates the capacity of the root to 
synthesize all its essential amino acids and proteins from inorganic 
nitrogen. In line with this is the demonstration of nitrate-reducing 
enzymes and their adaptive formation when ammonium is replaced by 
nitrate as the sole source of nitrogen (640, 641, 804) . It is, however, 
more difficult to ascertain whether root cells embarking on expansion 
are self-sufficient as far as the primary synthesis of the amino acids 
required to support the protein synthesis associated with cell expansion. 
There is now a considerable body of evidence, from work with cultured 
root systems, that metabolites are transported from the mature tissues to 
the apical meristems and that these are essential for the maintenance of 
cell division and the normal process of cell expansion in the apices (114, 
457, 577, 578, 729) . Sucrose is translocated via the phloem from mature 
tissues to the apex; it diffuses via intercellular spaces and cell walls 
from the phloem to the growing cells (170, 313, 591, 774) . There is also 
evidence to indicate that both endogenous synthesis and transport of 
amino acids from the older tissues of the root are involved in protein 
synthesis at the apical meristem (200, 556, 556a). 

There is during cell expansion increase in dry weight per cell at least 
part of which is new cell wall material; cell expansion involves synthesis 
of cell wall polysaccharides and pectins. All cell wall fractions become 
heavily labeled in the zone of cell expansion after feeding of cultured 
roots with 1 4C-labeled sugars. Galactose inhibits the extension growth 
of cultured tomato roots, and with concentrations of this sugar causing 
up to 7 0 % inhibition the effect is entirely due to inhibition of cell 
expansion (235, 341a). As previously discussed galactose prevents in
corporation of carbon into all cell wall polysaccharides and particularly 
into the α-cellulose fraction, which comes to represent a diminished 
fraction of the cell wall. 

It is now well established that changes in respiration rate and in the 
activities of particular enzymes accompany cell expansion and differen
tiation in root cells (17-20, 113, 116, 178). Brown and his co-workers 
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( 1 1 1 , 1 1 2 ) from such observations have advanced the hypothesis that 
during cell expansion and differentiation an increasing proportion of the 
cellular protein is enzymatic protein and that a succession of protein 
states are sequentially established. Each such protein state is postulated 
to sustain a catalytic state and to be transformed into the next protein 
state by an appropriate group of enzymes. Such a succession of protein 
complexes implies a succession of RNA complexes. In support of this, 
Heyes ( 3 3 0 , 3 3 1 ) found in seedling roots of Pisum sativum that increase 
in total RNA paralleled increase in protein per cell, and that the RNA 
could be separated into two fractions, one dominant in young cells and 
which tended to decrease during expansion and a second fraction whose 
progressive increase during expansion more than compensated for any 
decrease in the first fraction. Abbott ( 1 ) , working with cultured excised 
pea roots, has also reported a rise in RNA content per cell during ex
pansion, although the expanding and differentiating cells of cultured 
roots had significantly lower contents of total RNA than cells at similar 
stages of maturation in the seedling roots. This suggests that only part 
of the RNA may be of significance in the control of cell expansion and 
differentiation via protein synthesis. This conclusion is supported by the 
demonstration that pea root cells contain an RNA fraction corresponding 
in its properties with the messenger RNA of bacterial cells ( 4 4 5 ) . It is 
changes in the amount and composition of this RNA fraction which 
would be expected to be directly involved in determining the course of 
protein synthesis. 

c. Determination of vascular pattern. The arrangement of the different 
root tissues not only is characteristic of root anatomy in general, but in 
its details is characteristic of each species of root. It is a problem, there
fore, how this pattern is determined. The view has been advanced that 
the preexisting pattern blends itself upward into the region of newly 
formed cells; that the formative influences are transmitted from the 
mature to the young cells. This hypothesis faces the immediate difficulty 
that the original development of the characteristic tissue pattern, both 
in the embryonic root and again whenever a new meristem arises, as in 
lateral initiation, must be explained. 

The alternative hypothesis that the pattern is determined in the apical 
meristem has experimental support. Torrey ( 7 8 1 , 7 8 2 ) was able to grow 
roots of pea in culture from very small root tips ( 0 . 5 mm, which in
cludes the root cap and only about 2 0 0 μ length of apical meristem) by 
increasing the concentration of thiamine and niacin in the medium and 
adding appropriate amounts of certain microelement salts. These tips 
developed roots showing the normal tissue pattern, except that a few of 
the roots were di- and monarch rather than triarch. This apparent 
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simplification was probably the result of trauma during excision of the 
tips because on continuing culture the triarch stelar arrangement was 
reestablished in roots initially showing only one or two xylem poles. 
Torrey (784) also found that, if the apical 0.5 mm was excised from a 
well-developed culture, then the root stump regenerated a new apical 
meristem and the vascular pattern developed in the new growth did not 
necessarily line up with that on the stump. If this new meristem was 
allowed to arise in the presence of 10 ~ 5 Μ IAA the new axis had a 
hexarch vascular pattern (Fig. 20) and this persisted as long as the 
culture was maintained in the presence of this inhibiting concentration 

(A) (B) 

FIG. 20. Vascular pattern in cultured pea roots as seen in transverse section. 
A, triarch root normally observed; B,  hexarch pattern arising during culture in a 
medium containing ΙΟ"5 Μ indol-3yl-acetic acid (IAA). From Torrey (787) . 

of IAA. When the root was transferred to IAA-free medium, linear 
growth accelerated and the normal triarch xylem pattern was re
established. These studies suggest that the distribution pattern of 
growth-regulating substances in the meristem may determine tissue pat
tern differentiation and that meristem size and growth rate may pro
foundly affect such distribution patterns. Some of the problems raised 
here will be further considered in discussing vascularization in callus 
cultures (p. 152) . 

d. Initiation and functioning of the vascular cambium in cultured 
roots. It is not yet possible to define the factors which determine the 
site and time of origin of the vascular cambium, its subsequent func
tioning, and the orderly differentiation from it of secondary vascular 
tissues. Normally, cultured excised roots of dicotyledons, including roots 
which during normal development become fleshy and bulbous like those 
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of carrot, and radish, show only the primary structure of the young 
seedling radicle. 

Dormer and Street (215) , in investigating the anatomy of excised 
tomato roots which had been kept several months in small volumes of 
medium, found no organized development of secondary vascular tissues 
but only disorganized cambial activity within the stele and differentia
tion of additional lignified xylem elements, some of which were clearly 
of secondary orgin. Torrey (779) found that, following decapitation 
of cultured pea roots, cell divisions occurred in the stele of the root 
stump to an extent which could, in individual instances, double the root 
diameter and that such roots contained increased number of xylem 
elements. Root tips taken from seedling peas when cultured in a medium 
containing a relatively high concentration of IAA gave rise to roots in 
which a vascular cambium could be identified. Root tips taken from 
roots which had been maintained in culture for several passages, how
ever, could not be induced to initiate a vascular cambium. The ability 
of certain seedling root tips to produce roots with a vascular cambium 
during their first passage in culture has been confirmed by other 
workers (244, 655) . Fries noted in work with pea seedlings that cultured 
decotylized seedlings did not develop a root vascular cambium. This led 
him to suggest that, in culture, some substance(s) essential for the 
development of vascular cambium of roots are depleted and that this 
depletion is enhanced by the presence of the decotylized etiolated 
plumule. This concept is in line with the observation (361) that cam
bium development in first passage radish roots can be stimulated either 
by application of auxin or by leaving a portion of hypocotyl attached 
to the root. 

The initiation of vascular cambium and differentiation of its products 
into vascular units may depend not only upon the presence of essential 
growth regulators and nutrients in the root, but upon their internal 
distribution. Thus, in excised tomato roots, indolylacetonitrile ( IAN) 
inhibits cell division at the apical meristem and the initiation of lateral 
primordia but does not markedly inhibit cell expansion and causes 
generalized divisions in the pericycle region, leading to an enhanced 
number of cells in the stele, some of which give rise to secondary xylem 
vessel units. By contrast, IAA, at similarly inhibitory concentrations does 
not markedly reduce the rate of cell division at the main tip meristem 
and enhances the initiation of lateral primordia, but strongly inhibits 
cell expansion and does not induce generalized divisions in the pericycle 
(342, 745) . These differential effects of IAN and IAA may be due to the 
different patterns of active auxin distribution resulting from IAN, as 
against IAA feeding. Torrey and co-workers have exploited this concept 
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in some more recent work on vascular cambium initiation and function 
in cultured roots. Torrey (790) , using a modification of the Raggio and 
Raggio technique (591) , cultured 15-mm seedling root tips of pea by 
inserting the basal 5 mm into a separate agar-containing vial while the 
remainder of the root grew on the surface of agar medium in a petri 
dish (Fig. 21 ) . IAA ( 1 0 ~ 5 M ) , which is strongly inhibitory to root 
growth when allowed to bathe the whole root surface, did not inhibit 
linear growth when supplied via the vial in the above technique. By 
feeding both IAA and sucrose via the vial to such first-passage roots, 
a well-developed cambium was formed for some distance along the 

First-transfer roo t ti p 

Medium i n petr i plate 

Medium i n via l 

FIG. 21. Modified Raggio and Raggio technique as used by Torrey (790) to 
study the influence of sucrose and indol-3yl-acetic acid (IAA) upon development of 
secondary xylem in excised pea roots in their first transfer passage (second passage 
from seedling root tip). 

root and well beyond the confines of the vial (Fig. 22 ) . Loomis and 
Torrey (451) , using essentially the same technique, have studied vas
cular cambium function in cultured radish (Raphanus sativus) roots. To 
induce secondary thickening, it was necessary to supply via the vial, 
sucrose, IAA ( 1 0 - 5 M ) or NAA ( 1 0 - G M) and an active cytokinin (1 mg 
of 6-benzylaminopurine per liter was very effective). Cambial activity 
was further enhanced by supplying myoinositol to the basal end in the 
same way (Fig. 23, p. 82 ) . The importance of a cytokinin is in line with 
earlier studies on cambial functions in the pea epicotyl (682) . Applica
tion of auxin, cytokinin, sugar, and mj/o-inositol1 does not permit con
tinued cambial activity in cultured radish roots; the ability to respond 
declines and is eventually lost on subculture. Some additional, and as 
yet unidentified factor, is critically depleted. This factor is apparently 
not a gibberellin, although there is evidence from experiments with 
woody stems that gibberellins are important in cambium function (90, 
822) . 

e. Initial of laterals in cultured excised roots. Lateral root primordia 
normally arise in the pericycle at positions related to the primary xylem 

1 For brief reference to the complex interactions of auxins, myo-inositols cell-division 
factors, casein hydrolyzate and even iron in the regulation of growth and of cell 
division in carrot explants, reference may be made to pages 341-349. 
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poles of the central cylinder. The extent to which laterals are developed 
is genetically controlled and in cultured roots marked differences in the 
extent of lateral formation between species and between strains within 
species are observed (731) . Variation in lateral development between 
strains is well illustrated by root cultures derived from geographic 
strains of Senecio vulgaris (152, 153) . Here, lateral production in the 
strains showing poor lateral development can be very markedly en
hanced by appropriate auxin treatment, both IAA and the synthetic 
auxin, 2-naphthoxyacetic acid being effective. Similarly, cultured roots 
of other species have been found to respond to auxin treatment by 
initiating additional laterals (273, 577, 578, 778, 783) . 

With cultured roots, an initial application of auxin may elicit a posi
tive response, although a subsequent application fails to promote lateral 
initiation (195, 778) . This again suggests depletion, during the con
tinued culture of the roots of some species, of additional factors essential 
to lateral initiation. Other evidence indicates that the mature tissue of 
the root contributes material, other than auxin, which is of importance 
in lateral formation. Fries (243, 245) has shown that additions of argi
nine, ornithine, or hypoxanthine to the culture medium enhance the 
number of laterals formed by cultured pea roots. Skinner and Street 
(670) found additions of lysine and arginine (or ornithine or citrulline) 
had a similar effect on cultured roots of Senecio vulgaris. Under certain 
conditions, gibberellic acid can also markedly enhance, in cultured 
tomato roots, the number of laterals initiated and their early growth 
(130) (Fig. 18, p. 6 8 ) . 

Studies on the initiation of lateral roots in root segments which have 
completed their elongation also emphasize that factors other than auxin 
are essential to lateral root initiation. Torrey (783) , working with seg
ments of pea roots, obtained data indicating that thiamine, niacin, 
adenine, and probably one or more micronutrients were involved, in 
addition to auxin. Later work (789) showed that kinetin was more effec
tive than adenine. The optimum stimulation by kinetin was obtained at 
0.01 ppm (5 X 1 0 ~ 8 M ) ; at higher concentrations kinetin inhibited, and 
at 5.0 ppm completely suppressed, lateral formation. Goldacre (279) 
found that when auxin enhanced the number of laterals developed by 
cultured flax roots, the additional lateral primordia were initiated adja
cent to already emergent laterals. He suggested that active meristems 
may release a cytokinin which in the presence of externally applied IAA 
induces new primordia at the appropriate point along a cytokinin diffu
sion gradient. The hypothetical cytokinin could apparently not be re
placed by kinetin or diphenylurea; neither of these compounds enhanced 
the response to IAA. The recent evidence for the primary synthesis of 



FIG. 22. Photographs taken in polarized light of transverse section of excised 
pea roots receiving 8% sucrose and 10~5 Μ IAA via the base using the technique 
illustrated in Fig. 21. Key: FX, primary xylem; PhF, primary phloem fibers; SX, 
secondary xylem. (A) Section 1.8 mm from base of root showing radial triarch 
pattern of primary xylem with some secondary xylem external to the phloem. (B) 
Section 1.0 mm distal to section A showing typical arrangement of primary and 
secondary vascular tissues. 

80 



FIG. 2 2 (cont.). ( C ) Section 9 . 4 mm distal to section C . ( D ) Section 1 7 . 2 mm 
distal to section A showing only primary vascular tissues. All from Torrey ( 7 9 0 ) . 

8 1 
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cytokinins in roots (397, 444) and probably at the root tips (824) adds 
to the interest of these results. 

The suppression of lateral initiation immediately adjacent to a func
tional main apex and the removal of this inhibition which follows exci
sion of the terminal meristem has led to the concept of endogenous 
inhibitors of lateral initiation (273, 771, 778) . In support of this con
cept, impure preparations, the active chemical compounds of which are 
unknown, have been obtained from roots and shown to be powerful 
inhibitors of lateral root initiation (423, 424, 787) . The physiological 
significance of such substances in lateral inhibition is, however, quite 
uncertain. 

Various observations indicate that light may suppress lateral initiation 
in cultured roots and root segments and that in this respect, red light is 
more active than blue or green light (728, 780) . Recently the phenome
non has been investigated in rather more detail, using root segments of 
pea (248) , and it has been shown, with segments of cultured roots 
(4 -10 mm from the t ip) , that maximum inhibition of auxin-induced 
lateral formation can be achieved by a single exposure to red light of 
10-20 kiloergs c m - 2 . Further it was found that this could be completely 
reversed by far-red irradiation (dose: 120 kiloergs c m - 2 ) . This was re
garded as indicating that phytochrome is involved in the process of 
auxin-induced lateral root initiation. 

8. Variation and Special Growth Requirements of the Roots of 
Particular Species and Varieties 

A detailed discussion of variation in excised root cultures involving 
consideration of interspecific, intraspecific, intrastrain, and intraclonal 
variations has been presented by the author (731) . Such variation is 
revealed by differences in growth habit, growth rate, and persistence of 
growth under various conditions of culture. The cultural variables which 
in particular have revealed these differences are levels of major nutrients 
including the nature and concentration of utilizable carbohydrate and 

FIG. 23. Influence of auxin, cytokinin, and rayo-inositol on the formation and 
functioning of vascular cambium in first-transfer cultured radish (Raphanus 
sativus, L.) roots. Sections cut at the region of maximum root diameter. Scales 
shown all equal 100 μ. Key: px, primary xylem, sx, secondary xylem; PPh, primary 
phloem; SP/ι, secondary phloem. (A) Root provided via the vial a medium lacking 
growth factors; (B) medium lacking cytokinin; (C) medium lacking auxin; ( D ) 
medium containing mt/o-inositol (5 Χ ΙΟ"4 Μ), NAA (10~ θ M) , and 6-phenylamino-
purine (10" 6 Μ); (Ε) medium lacking rayo-inositol. Scale represents 100 μ. (Photo
graphs supplied by J. G. Torrey, Biological Laboratories, Harvard University.) 
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responses to low concentrations of such physiologically active substances 
as vitamins, amino acids, and auxins. In 1957 Street expressed the view 
that the present status of excised root culture warranted a new attack 
on the problem posed by the apparent resistance to culture of the roots 
of many, and probably the majority, of species. It was then postulated 
that such studies were likely to reveal unexpected and interesting aspects 
of root physiology and to yield experimental material particularly suited 
to the study of aspects of root metabolism. A recently published table 
(131) lists the roots for which successful or unsuccessful cultures have 
been reported; this reveals that the number of species and varieties tested 
is still very limited and emphasizes that for many of those examined the 
conditions required for continuous growth in culture have not been 
achieved. The challenge of the resistance to culture of the roots of many 
species remains. In this respect, however, the culture of roots resembles 
that of other organs, for there are many which have proved recalcitrant 
to conventional techniques of plant tissue culture. 

Such a situation invites speculation. It could be that many unsuccess
ful attempts reflect a lack of persistence in adjusting combinations of 
known variables. Here we have in mind such variables as culture 
temperature, illumination, subculture procedure, duration of culture 
periods, gaseous exchange conditions, carbohydrate supply, levels of 
recognized inorganic nutrients, forms of nitrogen, additions of readily 
available vitamins and growth-regulating substances. As examples of the 
importance of an appropriate subculture procedure and passage length, 
reference may be made to the work of Roberts and Street (627) with 
rye (Secale cereale) roots, to that of Skinner and Street (670) with 
groundsel and of Dawson and Street (192) with Trifolium pratense. 
Charles and Street (153) drew attention to the value of alternating two 
different culture media in succeeding passages, and this approach en
abled Bausa Alcalde (36) to culture successfully the excised roots of 
Androcymbium gramineum. Here a medium containing indol-3yl-butyric 
acid was alternated with one containing adenine. Reference has already 
been made to the essentiality of tryptophan, or a related indole, for the 
successful culture of rye roots (627) . Other examples of successful cul
tures which depend upon such supplementation are the reported need for 
an autoclaved water extract of the tubers for the culture of excised roots 
of Solarium tuberosum (151) and of coconut milk for the culture of 
roots of Eucalyptus camaldulensis ( 2 1 ) . Work demonstrating the marked 
enhancement of the growth of cultured wheat roots by low intensity illu
mination (653, 737) and the similar observations by Gautheret (255) with 
roots of Lupinus albus and of Roberts (626) with roots of Lycopersicon 
pimpinellifolium all draw attention to the possible importance of light 
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as a factor. Recent work (761) has also shown that enhanced levels of 
carbon dioxide (up to 1 0 % ) in the air stream increase linear growth and 
development of laterals in wheat root cultures (Fig. 17 p. 6 7 ) . Other fac
tors such as culture temperature, particularly the use of temperature 
cycles, have not yet been fully investigated. The results cited above 
indicate a very strong possibility that more intensive study of subculture 
procedures, of physical factors and of combinations of known available 
nutrients and growth factors would lead to the successful continuous 
culture of many species that are at present regarded as recalcitrant. 

When presenting growth-regulating substances to cultured organs and 
tissues it should be borne in mind that the culture may need to be able 
to convert the chemical available into the endogenous growth regulator 
for which it is acting as an exogenous precursor. Thus kinetin and its 
available synthetic analogs differ markedly in various biological tests 
(750) , and the natural cytokinin zeatin (although this is not known to 
be synthesized by carrot itself) is very much more active in a carrot 
phloem explant test than kinetin (413, 414) . Similarly Steward and 
Shantz (715, 716) have shown that the active cytokinins of coconut 
milk cannot be replaced completely by zeatin, by kinetin, or by their 
synthetic analogs. Thus some tissues may be able, others unable, to 
convert such compounds as kinetin to the cytokinin(s) essential to the 
cultured cells. Similarily the gibberellins of higher plants do not seem 
to be identical with gibberellic acid although this is frequently the only 
gibberellin available for test. The toxicity of IAA to many cultured tis
sues may be due to their ineffective metabolism of this compound to a 
natural indolic growth regulator, whereas for other tissues it is an effec
tive growth factor. 

The margin between success and failure in establishing root cultures 
may not be clear cut. Thus in work with excised roots of 'Atson' wheat 
it was found that, starting with a large number of replicate cultures, 
some few could be maintained at a very low level of growth through 
serial subcultures and for periods exceeding 12 months (737) . Ferguson 
(233) , however, chose a different strain ('Hilgendorf 6 Γ ) and used a 
6-week passage between each subculture and, by so doing, successfully 
maintained clones of wheat roots for 3 % years. These clonal roots had 
a curious growth habit and were slow growing. Confirmatory work in 
our laboratory has shown that on subculture, at the end of the 6-week 
incubation, growth is at first relatively rapid and involves activation 
of preformed apical meristems. However after 10-14 days this linear 
extension ceases and the culture appears to become stationary (an effect 
which cannot be overcome by increasing the volume of culture medium). 
On further incubation bifurcations appear at the apices, and immediately 
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behind these further lateral primordia may be initiated, but these do 
not extend. If this process of organization of new meristems is allowed to 
proceed, then subsequent transfer of the culture to new medium, with 
or without excision into fragments, allows a further limited period of 
linear growth. During the period of extension growth it would seem that 
some factors essential for meristem function are depleted, and that during 
the quiescent period, there is a gradual compensating build-up of this 
factor leading to the origin of new centers whose growth potential is 
expended on transfer to new medium. [These observations are reminis
cent of the sequential treatments that are now being exploited in the 
culture of free cells (see Chapter 8, pp. 360-367).] Just as there is evi
dence that cultured roots can very slowly synthesize thiamine, so here 
we can postulate a critically limiting rate of synthesis of some regulator 
of meristematic activity. If this is indeed so, then a slightly higher rate of 
synthesis or a greater ability to retain meristematic potentiality when 
the factor is depleted enables the roots of the 'Hilgendorf 61' strain to 
be propagated clonally in contrast to other strains of wheat roots so far 
tested. A really successful culture of wheat roots will then depend upon 
either supplying the growth regulator involved or activating its synthesis 
in the root cells. 

Cultured excised roots may be regarded as under unnatural conditions 
insofar as they are bathed over the whole of their surface, not only by 
a solution of inorganic ions, but also by organic metabolites, vitamins, 
and other growth-regulating substances. This may affect membrane 
permeabilities and the normal chemical gradients within the organ. The 
normal growth and structure of successful cultures suggests that these 
considerations are not responsible for examples of resistance to con
tinuous growth. However, studies on the initiation of cambial activity 
in cultured roots using the Raggio and Raggio technique (451, 790) do 
suggest that some morphogenetic gradients are disturbed in culture. 
Therefore new growth-regulators should be tested by applying them, 
not only by the standard technique, but via the mature distal end of 
the growing organ. Also, although there is no evidence that limitation 
of growth in culture is due to the accumulation either in the medium or 
in the root tissues of growth inhibitors, this factor cannot be dismissed 
as a possible cause of the failure of many roots to grow. Accumulation 
of substances could occur if the root is the natural center of synthesis 
of substances that normally are exported to the shoot and if the sub
culture by excised root tips fails to effect the necessary depletion re
quired for the maintenance of root growth. 

It has been rather pointedly remarked ( 9 ) that "the attitude of 
botanists to the root has become stepmotherly. This is perfectly natural 
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since, owing to its burial in the earth, the study of the root is fraught 
with inconvenience but the resulting neglect is regrettable." Work with 
root cultures has done much to alter this. Root growth and metabolism 
are now being so actively investigated that it can be foreseen that this 
will be further stimulated as the roots of more species are successfully 
brought into clonal culture. 

D . OTHER ORGAN CULTURES 

1. Stem Tip Cultures 

The fundamental objective in attempting to culture stem apices can 
be aptly summarized by a sentence from Steward ( 7 0 3 ) : "Therefore, 
one needs to know what it is in the apex of the shoot that turns on and 
off the process of cell division to make it behave in the characteristic 
way that may be observed." Some practical objectives which have 
followed upon work of this kind are the vegetative propagation of 
orchids and the obtaining of virus-free stocks of certain important horti
cultural species. 

Loo ( 4 4 8 ) reported that stem tips ( 5 mm) from sterile seedlings of 
Asparagus officinalis when supported at the surface of a liquid medium 
by plugs of glass wool and illuminated, underwent potentially unlimited 
growth without giving rise to roots. The subculture was effected by 
excising 5-mm apices at intervals ranging from 5 to 2 3 days. Some cul
tures were maintained for 9 months ( 2 0 successive transfers) at a growth 
rate of 0 . 5 - 2 . 0 mm per day. The culture medium contained a balanced 
salt solution ( 7 1 ) and 2 % sucrose. Light was essential for continued 
growth. In the few cases where adventitious roots were initiated the 
growth rate increased 3 or 4 times, an effect which could follow from 
increased uptake of nutrients or could indicate the more active synthesis 
of some limiting metabolites or growth regulators in the roots. Growth 
of the cultured stem tips was not enhanced by the addition of Β vitamins 
or of adenine. In a later paper ( 4 4 9 ) , the continued growth of the 
Asparagus stem tips for 2 2 months was reported and it was found that 
the growth rate and appearance of the cladophylls were both enhanced 
by the use of 0 . 5 agar instead of glass wool to support the cultures. 

Loo ( 4 5 0 ) has also reported the successful culture of stem tips of 
dodder (Cuscuta campestris) on a similar agar medium and in light. 
Growth rate after a fourth or fifth transfer was, however, scarcely 
measurable and could not be enhanced by the addition of a number 
of growth factors. The amount of chlorophyll developed in the stems 
was clearly greater than when dodder grows parasitically on a host. 

Although Loo obtained cultures with flower buds he did not investi-
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gate the control of flower bud initiation in his cultures. Such a study has, 
however been undertaken by Baldev (22) with stem tips of Cuscuta 
reflexa 1-1.5 cm long and bearing 3 -5 vegetative buds. These tips were 
cultured on a modified White's medium solidified with 0.8% agar (Fig. 
2 4 ) . The cultures flowered when maintained either in continuous dark
ness or exposed to 14 hours of daily dark periods, indicating that Cuscuta 
is a typical short-day plant. The presence of 5 % sucrose in the medium, 

FIG. 2 4 . Stem tips of Cuscuta reflexa cultured in darkness. ( A ) Tips at inocula
tion. (B) and (C) Development of flower buds which, by the fifth week of culture, 
were orange-red owing to presence of colored pollen. ( D ) Culture in which flower 
reached stage of anthesis. (E) Cultures in which corolla has abscissed; the ovary 
grew very little after this stage. From Baldev ( 2 2 ) . χ 3 . 
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substituted for the high intensity light exposure normally required for 
short-day plants, strongly indicating that the high intensity light reactions 
are reactions of photosynthesis. It seems that in this plant the bud itself 
is sensitive to photoinduction since induction was not prevented by re
moval of the scale leaves. 

The potential value of cultured stem apices for studies on the transi
tion from vegetative to reproductive development is also indicated 
by work with the short-day plant PeriUa. Chailakhyan, Butenko, and 
Lyubarskaya (149) , working with PeriUa frutescens (as P. ocymoides), 
demonstrated that feeding a mixture of ribonucleosides plus casein, or 
even only kinetin or adenosine, stimulated flowering of apices cultured 
in darkness, in short days, or even in long days. Raghavan and Jacobs 
(595) also working with P. frutescens, found that cultured apices devoid 
of leaves gave rise to sterile conelike structures (termed Stage I ) even 
under long days; in the presence of attached leaves the shoots remained 
completely vegetative under these conditions. The development of spo-
rogenous tissue and normal flowers (Stage I I ) was dependent upon favor
able photoperiods. Evidence was also obtained not only that the leaves 
are involved in short-day induction in that they promote Stage II 
development, but that they produce, particularly under long days, in
hibitors of flowering capable of diffusing from cultured leaves into the 
medium. The work was considered to support the concept of Stage II 
flowering being determined by a balance between a specific promoter 
formed under short days and inhibitors) developed in the leaves under 
all day length conditions. Stage I of the flowering process was also 
regarded as an intrinsic property of the apical meristem, the expression 
of which could be inhibited by leaves exposed to long days. 

The continuing growth of unrooted Asparagus stem cultures reported 
by Loo remains of considerable interest because excised stem apices of 
many other angiosperms have either failed to develop in culture or have 
initiated roots and given rise to plantlets (23, 132, 589, 618, 723, 838) . 
The development of plantlets in this way has proved a useful technique 
for obtaining virus-free stocks of a number of economic plants (372, 
505, 723) . 

Ball (23) cultured small stem tips of Tropaeolum majus and Lupinus 
albus in a medium containing inorganic salts, glucose, and 0.3% agar. 
The apices were obtained sterile by dissection of intact buds after im
mersion for 5 minutes in 1.75% solution of calcium hypochlorite. The 
tips included not only the dome of meristematic tissue, but also the 
three youngest leaf primordia and some subjacent tissue. Many such 
apices when incubated in light gave rise to plantlets bearing roots. In 
a later paper (27) concerned mainly with apices of Lupinus albus, the 
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central dome of meristematic tissue, excluding foliar primordia and sub
jacent maturing stem tissues, was used as the inoculum. Such apices did 
not grow in the basal medium used in the earlier study, nor in this 
medium supplemented with amino acids, auxin, or vitamins. Shoots 
5-10 cm long, and bearing 7-9 foliar primordia were, however, obtained 
using a medium containing coconut milk and gibberellin. On such cul
tures there was some callus development at the base, but roots did not 
develop. Such shoots could not be subcultured. This led Ball to conclude 
that some essential substance(s) normally supplied to the apex by the 
mature tissues was still lacking in the complex medium. It can also be 
suggested that this deficiency could have been due to the failure of the 
cultures to initiate adventitious roots and so to profit from their bio-
synthetic powers. Using the medium supplemented with coconut milk 
and gibberellin, Ball (28) has made time-lapse photographic studies of 
cell division and of the alteration in position of individual cells in cul
tured stem apices by using as cultures vessels Kolle flasks closed with 
sterile cover glasses. 

Wetmore (831) contrasts the ease with which the apices of vascular 
cryptogams can be cultured compared with those of angiosperms. Apices 
only 200-250 μ in length of Adiantum pedatum (832) , SelagineUa willde-
novii, Lycopodium cernuum, and Equisetum hyemale grew into plants 
without difficulty on a medium containing only inorganic ions and sucrose. 
Growth was, however, very significantly enhanced by incorporating yeast 
extract (0.5 gm/liter) into the culture medium and was further stimu
lated by a low concentration of auxin (NAA, 0.05 mg/liter). Apices of a 
number of angiosperms (Syringa vulgaris, Parthenocissus tricuspidata, 
Lupinus albus) grew but little on a medium which was excellent for 
the culture of apices of vascular cryptogams, unless the angiosperm 
apices taken were as long as 0.5 mm. Angiosperm apices, in contrast 
to those of vascular cryptogams, could not use nitrate as an effective 
source of nitrogen. Wetmore, therefore, suggested that angiosperm 
apices might either be heterotrophic for certain amino acids or might 
synthesize such amino acids at a critically suboptimal rate. This led 
Steward, Wetmore, Thompson, and Nitsch (721) to examine in detail 
the free amino acids and the amino acid composition of the total protein 
of growing apices of Lupinus. However, additions to the culture media 
of amino acids and amides shown to be present in the Lupinus meri
stems did not enable small meristems of this plant to be successfully 
cultured. In view of Ball's work it would be interesting to see how far 
the formulated amino acid mixture would have been successful in a 
medium which also contained gibberellin. 

The importance of gibberellin for the growth of angiosperm apices 
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is also emphasized by recent work by Morel ( 5 0 0 , 5 0 2 ) (Fig. 2 5 ) . He 
found that the meristems of tropical orchids (particularly of hybrid 
Cymbidiums) could be cultured on a simple medium containing only in
organic salts and glucose. Such apices give rise to a protocorm (a 
juvenile stage in the normal development of the plant) and the cul
tures can be serially propagated by its division into 3 or 4 fragments at 
each subculture. By contrast, apical meristems ( 6 0 - 8 0 μ in diameter) 
excised from sprouts of Solarium tuberosum and from seedlings of 
Helianthus annuus and transferred to this simple medium produced 
a small amount of callus and their growth ceased, and within 1 - 2 
months the cultures were dead. Addition of 1 0 ~ 7 gm of gibberellic acid 
per milliliter suppressed the development of callus, and normal, although 
chlorotic, shoot development took place to give a culture 5 mm in length. 
The rate and duration of this shoot development were both increased by 
raising the potassium concentration of the medium to 5 0 0 mg/liter. 

It seems that the stem apices of monocotyledons (e.g., Asparagus and 
Cymbidium) and vascular cryptogams are cultured with almost equal 
facility. The nutritional requirements for the culture of the central apical 
dome of dicotyledons are not yet fully worked out although it is clear 
that they profit from reduced nitrogen and an exogenous gibberellin. 
This may be considered alongside what appears to be the reverse situa
tion with regard to the culture of root tips, where the most resistant 
examples to continuous culture are in the monocotyledons. If these 
seeming difference are of significance they may indicate differences in 
the nutritional interrelationships between tissues and organs of members 
of different taxonomic groups. 

2 . Cultures of Isolated heaves 
It has long been known that detached leaves can be maintained alive 

for long periods and undergo some increase in size after they are de
tached ( 8 6 7 ) . Bonner, Haagen-Smit, and Went, as early as 1 9 3 9 ( 6 6 ) , 
reported the limited growth in culture of small whole leaves. The first 
really successful sterile cultures of leaf primordia, however, were ob
tained in work with leaves of various degrees of immaturity dissected 
from the dormant subterranean apical buds of ferns, particularly of 
Osmunda cinnamomea ( 6 9 1 , 6 9 3 , 7 5 4 , 7 5 5 ) (Fig. 2 6 , p. 9 4 ) . These leaves 
were cultured in tubes at 2 4 ° C , received 1 2 hours of illumination per 
day, and were nurtured by a medium solidified with 0 . 8 % agar and con
taining inorganic salts and sucrose. Even small primordia followed, dur
ing development in isolation, a pattern of growth essentially similar to 
that of normal attached fronds except that growth was completed pre
cociously and the resulting leaves were smaller than normal due to re-
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FIG. 2 5 . See legend on facing page. 

duced cell number per leaf (rather than to any reduction in mean cell 
size). The cultured leaves remained healthy for many weeks after com
pleting their development. Additions to the basal medium of Β vitamins, 
auxin, acid-hydrolyzed casein, and coconut milk separately or together 
did not profoundly influence development although the final weight of 
the cultures was increased. Light was important in stimulating the un
coiling of the crozier. Inhibition of crozier uncoiling by high sucrose 
concentration ( 3 % or higher) (Fig. 28C, p. 96) could be overcome by 
adding yeast extract to the medium. 

Since the reduced size of cultured leaves is due primarily to a reduced 
total number of cells per leaf it can be argued that excision induces a 
precocious maturation. Excision may remove some influence (possibly 
of the older leaves or even of the central apex) inhibitory to cell expan
sion or some influence promoting cell division. It could be that both 
such effects are aspects of the growth-regulating activity of a single 
substance reaching the developing primordium. Sussex (753) working 



FIG. 2 5 . Culture of isolated stem apices. ( A ) Solatium tuberosum var. 'Bintje': 
( 1 ) Meristem explant after 1 week in culture; ( 2 ) after 2 months' culture in a 
medium without gibberellic acid; (3) after 4 0 days' culture in a medium con
taining 1 0 " 7 gm of gibberellic acid per milliliter. (B—D) Culture of explants of 
orchid meristems. (B) Cymbidium: ( 1 ) Explant which, after one month in culture, 
has formed a protocorm bearing numerous rhizoids. Such protocorms can be dis
sected into 4 to 6 pieces, each of which will regenerate a new protocorm; ( 2 ) 
culture one month after dissection of protocorm—note initiation of buds in proto
corms; (3 ) a normal plantlet formed from a protocorm after 3 months in culture. 
(C) Group of protocorms developed in culture from a single explant of Cattleya. 
( D ) Numerous leaf shoots developed from a meristem explant of Miltonia after 
1 0 months in culture. (All phototgraphs were supplied by G. M. Morel, Station 
Central de Physiologie vegetale, C.N.R.A., Versailles.) 



FIG. 26. Culture of excised frond primordia of Osmunda cinnamomea L. in 2% 
sucrose medium. (A) Primordium at time of excision (9.7 mm long). (B) After 
2 weeks' culture—crozier formation stage. (C) After 5 weeks' culture—full crozier 
stage. ( D ) After 7 weeks' culture—completion of crozier elevation. (E) Crozier 
uncoiling. (F) After 11 weeks' culture—development complete (average length 
46 mm, average number of pairs of pinnae 9.7). From Caponetti and Steeves (146) . 
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with Leptopteris hymenophylloides has shown that the development of 
cultured primordia does not immediately become one of maturation. The 
primordia show a reduced period of meristematic growth leading to 
crozier formation and the extent of this development is greater with 
young primordia even though the final leaf size attained is inversely 
related to the size of primordia at the time of their excision. Further, 
the normal formation and uncoiling of the crozier indicates that the 
balance between cell division on the abaxial and adaxial sides of the 
frond proceeds normally in cultured leaves ( 1 4 6 ) . 

Not only is the total size and number of cells in leaves cultured from 
excised primordia below that of attached leaves, but the cultured leaves 
complete their development in a shorter time. This is partly due, as in 
Osmunda cinnamomea, to the elimination of dormant periods which 
characterize the course of development of attached leaves, but, even if 
we exclude these, the cultured leaves show accelerated maturation. In 
fern leaves the contrast is not in the duration of the phases of crozier 
elevation, crozier uncoiling, and elongation of the rachis, but in the 
earlier phases of development ( 1 4 6 ) . 

The supply of sucrose markedly affects development of the leaf 
primordia in culture (Fig. 2 7 ) . Sussex (753) found, in Leptopteris 
hymenophylloides that low sucrose favored the formation of small leaves 
of juvenile morphology; and higher concentrations, of larger leaves of the 
adult type (Fig. 2 8 ) . This supports GoebeFs contention (277, 278) that 
the juvenile leaves of ferns are equivalent to adult leaves which have 
been starved during their development. A similar conclusion was reached 
by Allsopp ( 6 ) working with sterile Marsilea plants and by Wetmore 

FIG. 27. Effect of sucrose concentration upon the morphology of pinnae devel
oped during the culture of frond primordia of Osmunda cinnamomea L. Sucrose 
concentrations: (A) 0.006;% (B) 0.025%; (C) 0.10%; ( D ) 3.0%. From Sus
sex and Clutter (754) . 



FIG. 28. Leaves of Leptopteris hymenophylloides (A Rich) Presl. grown in 
culture. (A) Juvenile type leaf with dichotomously branched pinnae, grown in 
medium lacking sucrose ( X 1 .8) (B) Adult leaf form developed in medium con
taining 2% sucrose and 1 .0 gm of yeast extract per liter ( χ 0 . 9 ) . (C) Leaf 
developed in a medium containing a high sucrose concentration ( 4 . 0 % ) but 
lacking yeast extract—note inhibition of crozier uncoiling, ( χ 1 . 7 ) . From Sussex 
( 7 5 3 ) . 
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(831) from studies with cultured stem tips. Sussex and Steeves (756) 
have reported the production of sporangia on cultured fern leaves and 
reported that sporangium formation is promoted by a high sucrose and 
high inorganic nitrogen supply in the medium. The sporangia in all 
cases, however, remained immature, reaching only a premeiotic stage 
of development. 

Steeves (691) worked with excised leaf primordia of Osmunda cin-
namomea which ranged from the first visible primordium ( P i ) , taking 
the form of a flat mound projecting a maximum of 304 μ beyond the 
surface of the apical meristem to P x o primordia slightly over 800 μ long. 
Steeves reported that for a relatively long period the primordia were not 
irreversibly determined as leaf primordia. P i 0 primordia always de
veloped into leaves in culture; P i primordia almost always became shoot 
apices in culture. Primordia of intermediate age at the time of their 
excision were reported to show a decreasing tendency with age to 
develop into leafy shoots. The shoot versus leaf expression of the 
primordia was not influenced by the mineral salt or sugar concentrations 
in the culture medium. A distinct apical cell appeared in the primordia 
in advance of the time after which the cultured primordia appeared to 
be irreversibly determined. The shoot apex was seen to arise from the 
apex of the primordium, but it was concluded that the organization 
from primordia of a shoot apex was not due to an injury associated with 
excision or handling of the primordia. On the basis of these studies, 
Steeves tentatively suggested that the progressive tendency of primordia 
to develop into leaves with increase in their age before excision, and 
the irreversibility of leaf determination at P i 0 , pointed to their determi
nation being the consequence of the gradual buildup in the primordium 
of the concentration of some leaf-forming substance (a view that Julius 
Sachs would, no doubt, have accepted). The determinative role of ac
cumulated leaf-forming substance ( s ) , rather than the development of 
some specific structural organization, was supported by a demonstration 
due to Kuenhart and Steeves (396) . They showed that leaf primordia 
P4-P10 from Osmunda, when split vertically and longitudinally after 
excision, gave half primordia which produced leaves in culture with 
normal morphology and with a similar frequency to the development 
of leaves (rather than leafy stems) from unsplit primordia of the same 
Ρ number. 

The earlier studies of Wardlaw and his associates on Dryopteris 
dilatata (D . aristata), involved isolating incisions into the short apex 
(174-176, 818, 819, 820, 821) . These workers had shown the indeter
minate nature of young leaf primordia and the importance of prevascular 
tissue in the control of primordial development from the stem apex. How-
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ever, these workers concluded that there was a close correspondence be
tween determination as a leaf primordium and the formation of the 
enlarged, lenticular apical cell. This implies a much sharper and earlier 
transition from an indeterminate to a determinate condition than was con
sidered by Steeves to be the case in the primordia of Osmunda. It may be 
of interest here to refer to a recent review by Cutter (177) for its critical 
discussion of the experimental evidence that there is, in Osmunda, a 
gradual build up of determinacy over many plastochrones. 

So far, aseptic leaf cultures have mainly involved work with ferns. 
However, in 1957, Steeves, Gabriel, and Steeves (692) reported the 
successful growth in culture of very young leaf primordia of Helianthus 
annuus and Nicotiana tahacum. Even the smallest primordia used were 
found to be capable of developing into leaves of normal morphology 
although of greatly reduced size when compared with attached leaves. 
A tendency of the cultured leaves to become chlorotic as they matured 
was largely overcome by using ammonium nitrate instead of sodium 
nitrate as the source of nitrogen. Here again, organic growth factors 
were not essential although, particularly with the youngest primordia, 
their addition to the medium caused marked increases in linear dimen
sions and in fresh weight of the cultures. 

Clearly, there still remain many unsolved problems of leaf morpho
genesis. Aseptic culture of excised leaf primordia should prove particu
larly valuable for the study of the factors which at present limit the 
duration of the successive steps in the normal development of the ma
ture leaf form. 

3. Cultures of Isolated Flowers and Fruits 

Experimental studies have contributed, in recent years, to a clearer 
understanding of the extent to which sex expression in flowers can be 
modified by environmental, nutritive, and hormonal factors (323, 408) , 
and to the formulation of model genetic control mechanisms for sex 
determination (324) . One aspect of this interesting field is how far sex 
determination is centered in the developing floral primordium or is a 
consequence of interaction between the primordium and the plant body 
as a whole. Ability to culture excised floral buds to the point where 
their sexuality is expressed would permit of the study of the direct role 
within the bud of endogenous and exogenous hormonal factors. 

Galun (250, 251) has made a study of the effects of auxin and 
gibberellic acid on sex expression in cucumber (Cucumis sativus). In 
this species there are monoecious varieties, which bear male and female 
flowers in proportions which vary in relation to environment and geno
type in a predictable way. Monoecious varieties can be grown to produce, 
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at least for a time, only male flowers. In addition, by suitable hybridizing, 
gynoecious plants (producing only female flowers) and hermaphrodite 
plants (producing bisexual flowers) can be obtained. Such stocks have 
now been used in experiments on the culture of excised floral buds in 
which the morphogenetic effect of IAA and gibberellic acid have been 
studied (252) . 

Contamination of the buds was eliminated by immersion of the stem 
apices for 4 minutes in 1 % hypochlorite, followed by dipping in ethanol 
and rinsing with distilled water. The buds excised at an early develop
mental stage (0.5-0.7 mm) grew considerably during the 20 days of 
culture into buds corresponding to the "advanced embryonic" stage 
(1.0 mm). The culture medium contained salts, sucrose, Β vitamins, 
tryptophan, casamino acids, and 1 5 % coconut milk. These studies showed 
that potentially male buds tended to develop ovaries when cultured in 
this way. Moreover this tendency to produce female flowers was en
hanced by early excision and by addition of IAA to the culture medium. 
The promotion of ovary development by IAA was antagonized by 
gibberellic acid. One difficulty in interpreting this result was that stamen 
development in excised buds was significantly retarded compared with 
that occurring in attached buds, whereas the culture medium seemed 
to supply all that was needed for the development of ovaries. The de
velopment of potentially female and hermaphrodite buds was little 
affected by either IAA or gibberellic acid. Although all flowers are 
initiated as bisexual organs, there was no development of hermaphrodite 
flowers from buds expected to develop into unisexual flowers. A trigger 
mechanism operates in potentially unisexual flowers and auxin caused 
this trigger to operate in favor of ovary development. IAA and gibberellic 
acid failed to suppress stamen development in potentially hermaphrodite 
flowers; IAA at a concentration which converts male into female flowers 
did not cause female flowers to develop from potentially hermaphrodite 
buds. There is no trigger mechanism in the development of the her
maphrodite flowers. 

Tepfer, Greyson, Karpoff, and Gerimonte (768) have also reported, 
so far only in abstract, that excised young floral buds of Aquilegia make 
extensive growth and development in a medium containing vitamins, 
coconut milk, IAA, gibberellic acid, and kinetin. Kinetin was essential 
although it had no distinctive morphogenetic effect. Omission of IAA 
led to abortion of carpel primordia. Gibberellic acid stimulated the 
elongation growth of all organs except the stamens. Normal petal ex
pansion was particularly fostered by the presence of gibberellic acid. 

These preliminary studies strongly suggest that the culture of excised 
floral buds could be pursued further in order to assess the value of this 
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approach to the study of floral morphogenesis and of the chemical 
factors which are involved in sex expression. 

Nitsch (541, 542) initiated studies on in vitro fruit development by 
culturing excised flowers under aseptic conditions. Flowers with pedicels 
sealed with liquid paraifin were sterilized by short immersions (3 -10 
minutes) in a decanted 5 % calcium hypochlorite solution and then 
washed with sterile water. The sealed ends of the pedicels were then 
cut and the flowers were transferred to the culture tubes. With liquid 
media the flowers were supported on filter paper by the technique of 
Heller (314) (Fig. 2 9 ) ; for solidified media 0.7-1.0% agar was in
corporated. Fruit development in a number of species was achieved 
using a simple medium containing inorganic salts and sucrose, always 
provided that the flowers had been pollinated two or more days before 
they were separated from the mother plant. Most such cultured fruits 
contained viable seed although the percentage of seed set was ab
normally low. With nitrogen supplied as nitrate, the sepals were centers 
of nitrate assimilation; in the absence of an external nitrogen source the 
nitrogenous reserves of the sepals were depleted. When excised before 
pollination and transferred to a simple medium, ovaries did not develop 
and no seed was present. However, with some species, such as tomato, 
parthenocarpic fruits could be developed, in culture, from unpollinated 

FIG . 29. Development of tomato ovaries on a liquid synthetic medium. Flower 
trimmed down to ovary (middle). In culture small fruit develops (right). (Photo
graph supplied by J. P. Nitsch.) 
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flowers, either by incorporating auxin into the medium (0.1 mg of 2,4-
dichlorophenoxyacetic acid [2,4-D] or 1.0 mg of 2-NOA per liter) or by 
treating the flowers directly with auxin (one drop of 100 mg of 2-NOA 
per liter), 24 hours before they were excised (543) . Growth of such 
unpollinated tomato ovaries was further stimulated by incorporating the 
juice of both green and red tomatoes into the culture medium (545) . 
The activity of tomato juice appeared to be due to the presence of a 
natural cytokinin, the effects of which could not be reproduced by 
kinetin. 

One feature of all the aseptically cultured fruits described by Nitsch 
(542) was their relatively small size. The ovaries of a Fragaria chiloensis 
X F. virginica cross and of Visum sativum cultured by De Capite (194) , 
those of Tropaeolum cultured by Sachar and Kanta (636) , and those of 
Linaria cultured by Sachar and Baldev (634) also gave diminutive 
fruits. In contrast, natural-sized or even larger than normal fruits, have 
been obtained from flower cultures of Iberis amara (462) , Althaea rosea 
(155) , Allium cepa (295) , Ranunculus sceleratus (635) , and Anethum 
graveolens (359) . Iberis amara flowers, explanted 1 day after pollination, 
yielded normal-sized fruits, or fruits only slightly larger than those 
occurring in nature, when both calyx and corolla were present and when 
the culture medium contained an appropriate mixture of vitamins (in
cluding calcium pantothenate) and IAA. Ovaries of Althaea rosea, ex
cised 3 days after pollination and cultured after removal of the calyx 
did not reach normal size; endosperm development only reached the free 
nuclear stage, and the embryos the heart-shaped stage. With the calyx 
attached, 8 5 % of the fruits reached at least normal size and contained 
viable seed. The beneficial effect of the calyx could not be reproduced 
by feeding indolebutyric acid, IAA, gibberellic acid, or kinetin. The 
studies with Allium, Ranunculus, and Anethum indicated that various 
combinations of the growth factors IAA, gibberellic acid, and kinetin 
promoted the enlargement of the fruit, but the most favorable treat
ments that promoted fruit size were also associated, in Allium and 
Ranunculus, with very low yields of viable seed. The fertility of the 
achenes of Ranunculus was enhanced by the use of casein hydrolyzate 
and coconut milk; in Anethum coconut milk enhanced, and gibberellic 
acid and kinetin reduced, the number of viable seeds which developed. 

The advances in knowledge which have followed from the in vitro 
culture of fruits are clearly limited. However, such cultures have again 
demonstrated the importance of pollination as a stimulus to fruit growth 
and have indicated the involvement of the calyx in both ovary and seed 
maturation. Although ovary expansion can be stimulated by feeding 
auxin, gibberellin, and cytokinin, these growth regulators have in a 
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number of instances proved unfavorable to the early stage of ovule and 
embryo development in isolated ovaries. 

4. The Culture of Isolated Anthers 

The objective of culture work with excised anthers has been expressed 
thus: "A technique which would make possible the development of 
pollen mother cells to mature microspores under controlled conditions 
after the excision of anthers would have wide application in the field of 
experimental cytology" (686) . Such a statement also indicates our in
adequate knowledge of the nature and origin within plants of the 
stimulus that initiates meiosis and of the control of the subsequent 
differentiation of the mature binucleate pollen grains. The work here 
described has used anthers excised at stages subsequent to spore mother 
cell differentiation simply because with existing techniques anthers ex
cised earlier fail to form sporogenous tissue in culture (292, 293) . 

Gregory (294) demonstrated that meiosis went to completion to form 
tetrads when anthers of Lilium longiflorum were excised at the diplotene 
stage of meiosis of the spore mother cells and then cultured in White's 
medium. The tetrads thus formed later degenerated. The developmental 
period was 22 days. In anthers excised at the pachytene stages of meiosis 
the microspore mother cells neither degenerated nor grew into vacu
olated parenchyma. Instead, they remained at pachytene for some time, 
and after 3 months in culture solution had returned to the resting stage. 
Continued development to the tetrad stage, but not beyond, has been 
observed in cultured anthers of Secale cereale excised at pachytene 
(425) . 

Taylor (766) used White's medium containing 4 % sucrose and sup
plemented with casamino acids (300 mg/liter) and found that anthers 
of Tradescantia paludosa excised at zygotene or pachytene regularly 
proceeded through both divisions of meiosis but that differentiation 
stopped at the tetrad stage. Those excised during the tetrad stage or 
later sometimes advanced through to the division of the microspore 
nucleus. However, the microspores failed after this division, and in no 
case was mature pollen obtained. Meiotic divisions occurred in anthers 
excised as early at 3 or 4 days before leptotene but were abnormal; 
some anthers excised at leptotene seemed to proceed to a normal 
metaphase. 

Sparrow, Pond, and Kojan (686) have cultured the anthers of Trillium 
erectum on a modified Bonner's medium containing 1 % sucrose and 
either coconut milk or various combinations of casamino acids, yeast 
extract, and glutamic acid. In this plant the pollen mother cells undergo 
meiotic divisions synchronously in all six anthers of the bud so that a 
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smear from one determined the stage of the other five. This enabled 
anthers to be excised and brought into culture at pachytene, diplotene, 
and diakinesis of the meiotic prophase. Development was in general 
better in the coconut milk medium than in any of the other seven 
experimental media used. This might indicate that the coconut milk 
supplied substances important in the meiotic divisions. It should, how
ever, be emphasized that microspore development is protracted in this 
species; 3 weeks elapse between pachytene and diakinesis, and 1 9 weeks 
between pachytene and microspore mitosis. The coconut milk therefore 
could be effective in maintaining healthy anther tissue over these pe
riods rather than in supplying factors essential to meiosis per se. When 
the coconut milk medium was used, 2 2 % of anthers reached microspore 
mitosis when excised at pachytene; 6 7 % reached this stage if excised at 
diakinesis. Since Sparrow, Moses, and Steele ( 6 8 5 ) had obtained evi
dence that there is an increase in DNA in the spore mother cells 
between pachytene and diplotene, but that no further increase occurs 
through the first and second divisions of meiosis, it was suggested that 
this was the reason for the greater percentage survival in anthers excised 
at diakinesis than in those excised at pachytene. This hypothesis, how
ever, now seems untenable because later studies have indicated that 
there is no DNA synthesis in the spore mother cell during the whole of 
meiosis; this synthesis occurs in the premeiotic cell ( 5 0 8 , 7 6 7 ) . 

However, it may well be that a disturbance of nucleic acid metabolism 
following excision of the anther is a critical factor which limits develop
ment of the pollen. The work of Taylor and McMaster ( 7 6 7 ) and Moses 
and Taylor ( 5 0 8 ) indicates that DNA synthesis takes place at three 
specific stages; prior to the leptotene of meiosis, shortly before division 
of the microspore nucleus and in the generative nucleus after the 
microspore mitosis. It is also clear that both tapetal and sporogenous 
cells are rich in RNA and that mature pollen is also rich in this form 
of nucleic acid. Further, from studies on the development of the germ 
cells in animals it has been suggested that a sufficiently high level of 
RNA is one of the factors which triggers off meiosis. Vasil found that 
anthers of Allium cepa, excised at leptotene-zygotene or at diplotene-
diakinesis, could be cultured to the stage of the formation of tetrads and 
uninucleate microspore (with a well developed exine) by the use of a 
White's medium supplemented either with kinetin plus gibberellic acid 
( 8 0 6 ) or with RNA or DNA ( 8 0 7 ) . In Allium cepa and in Rhoeo 
spathacea (R. discolor) the best development of the anthers and the 
highest degree of survival of microspores was achieved in the medium 
supplemented with RNA. This medium did not permit of microspore 
mitosis although this was later achieved by Vasil ( 8 0 8 ) in anthers of 
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Allium excised at the uninucleate microspore stage by using a medium 
supplemented with a mixture of the four nucleotides of RNA. 

In reviewing these studies of the culture of anthers, one is struck by 
the relatively scant attention paid to tapetal development and function. 
Enzymes, hormones, nutrients [including nucleotides (430)] reach the 
spore mother cells as a fluid secretion of the cells of the tapetum. The 
tapetum plays a special role in exine formation (150, 324, 630, 668) . 
Abnormalities in tapetal development are correlated with death of spore 
mother cells or microspores and with development of sterile pollen (232, 
386, 472, 690, 806, 855) . The failure of microspore mother cells to 
undergo further development in Lilium longiflorum if anthers are excised 
before diplotene may well be related to the fact that in this species the 
tapetum is immature prior to this stage. The problem of achieving dif
ferentiation from spore mother cells to functional pollen would seem to 
be that of providing to the tapetum the nutrients and growth factors 
that reach this tissue in situ from the shoot axis. It may also be profit
able to examine the role of the atmosphere within the flower bud on 
the development of anthers. 

5. Cultures of Isolated Ovules 

Studies on the culture of ovules removed before fertilization, or 
within several hours or days after fertilization, have been undertaken by 
a group of workers in the Department of Botany of Delhi University in 
the period since 1958. N. Maheshwari (461) first succeeded in rearing 
ovules of Papaver somniferum which contained a zygote (or 2-celled 
proembryo) and a few endosperm nuclei, into viable seeds; this was 
done by the use of Nitsch's medium (542) supplemented with 0.4 ppm 
kinetin. More recently, Kanta, Ranga Swamy, and P. Maheshwari (368) 
have cultured, in the same vial, ripe pollen and ovules of this species 
and have observed all the stages from germination of pollen to double 
fertilization to development of mature seeds (Fig. 30 ) . 

Sachar and Kapoor (637) cultured ovules of an unidentified species 
of Zephryanthes using as a basal medium that of Nitsch supplemented 
with Β vitamins and calcium pantothenate. Ovules removed before 
pollination, and cultured in this medium containing gibberellic acid, 
developed into seeds with normal testas, but they lacked embryos and 
endosperm and were about half the normal size. Ovules excised 2 days 
after pollination (zygote stage with undivided primary endosperm nu
cleus) when cultured in the above medium grew up to the formation 
of a late globular embryo, but the endosperm development was in
hibited. Further development was not achieved by additions of kinetin, 
auxins, or gibberellic acid. However, ovaries excised at this stage and 
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FIG. 3 0 . Cultures of ripe pollen and ovules of Papaver somniferum, leading to 
normal double fertilization in culture and the development of mature seeds. (A) 
Whole mount of ovule from a 3-day old culture showing germinating pollen grains. 
(B) 7-Day-old culture—the white bodies are developing seeds. (C) Globular 
embryo dissected from developing seeds in a 9-day-old culture. ( D ) Fully formed 
embryo of a seed in a 22-day-old culture. From Kanta, Ranga Swamy, and 
Maheshwari ( 3 6 8 ) . 
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cultured in the basal medium gave seeds with fully differentiated em
bryos, thus indicating that the ovary wall contributes certain substances 
which are essential for the normal differentiation of the embryo. If 
excision of the ovules was delayed until 4 - 5 days after pollination 
(when they contain a young globular proembryo and a free nuclear 
endosperm) normal differentiation of the embryo occurred in culture 
and the seeds germinated in situ. Differentiation of the embryo required 
simultaneous endosperm development. In a later paper, Kapoor (369) 
showed that normal development of viable seed could be achieved from 
ovules excised 2 days after pollination if the culture medium was 
supplemented by coconut milk and casamino acids. The casamino acids 
could be replaced by either histidine or arginine at appropriate concen
tration. The importance of endosperm for embryo differentiation is also 
indicated by the studies of Chopra and Sabharwal (156) with Gynan-
dropsis gynandra. Ovules of this plant could only be raised to maturity 
if they had, at the time of excision, a globular proembryo, and a few 
endosperm nuclei. When cultured at this stage and in a medium sup
plemented by IAA and casamino acids (but not coconut milk), it was 
found that the rate and extent of development and size of the embryo 
were all increased by leaving the ovules attached to placental tissue. 
Mature seeds raised in vitro did not become dormant (as occurs in vivo) 
but could germinate immediately. 

The Delhi School have also studied the behavior in culture of excised 
Citrus ovules in which embryos can arise adventitiously from cells of the 
nucellus (nucellar embryos). In some species, such as Citrus mitts (C. 
microcarpa), polyembryony occurs naturally in this way. In 1961, and 
using this species, Ranga Swamy (598a) split the ovules open and 
obtained a callus of nucellar origin in continuous culture. The callus 
gave rise, in its growing upper part, to embryolike structures which were 
termed "pseudobulbils," and from these, plantlets arose (Fig. 3 1 ) . Sab
harwal (633) cultured ovules, nucelli, and embryos of a second species, 
C. reticulata, in which nucellar embryos also arise. Callus arose from 
proembryos in the ovule and from the nucellar tissue and both types of 
callus gave rise to pseudobulbils and to weakly seedlings. Such callus 
cultures therefore represent tissue "banks" capable of initiating clones of 
adventive embryos, a phenomenon of both practical value and theoretical 
interest. 

Ovoid embryos (0.5-1 mm) in Cuscuta reflexa, cultured in White's 
medium supplemented with IAA and casamino acids, were found by 
P. Maheshwari and Baldev (463) to give rise to adventive embryos. 
From older embryos of this species a continuously growing callus cul
ture was obtained which, on each subculture, gave rise to a fresh crop 
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FIG. 31. (A) A callus culture derived from the nucellus of Citrus mitis forming 
pseudobulbils and plantlets; (B) Stages in differentiation of pseudobulbils into 
embryos. (C) Longitudinal section of a fully formed embryo from the nucellar 
callus. From Ranga Swamy (598a). 
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of adventive embryos. Similarly a callus obtained from globular pro-
embryos of Dendrophthoe falcata (358) gave rise to numerous adventive 
embryos. These studies, together with the induction of embryos from 
cultured phloem cells of carrot (710) and more prolifically from dis
persed carrot embryo cells (709) clearly demonstrate that the capacity 
to develop into a new plant does not reside in the zygote alone (cf. 
Chapter 8 ) . Although embryonic development can be initiated from 
somatic cells, it seems that the physiology of cells in growing tissue 
aggregates recently derived from the embryo or nucellus is particularly 
favorable for the expression of this totipotency of the cells of higher 
plants. 

6. Cultures of Immature Embryos 

Studies of the growth in culture of isolated immature embryos seek 
to define the special environment of the zygote and developing embryo 
in chemical terms. The fertilized egg is not unique in its developmental 
capacities, but only in its situation. This, in practice, means attempting 
to identify the nutrients and growth factors needed for the normal 
growth and differentiation of the embryo. Technical difficulties have 
limited such studies to immature embryos. It has not yet been possible 
to study the initiation and progress of cell divisions starting with the 
isolated uninjured fertilized egg. 

A pioneer study was that of the embryologist Hannig, who in 1904 
(305) carried out extensive investigations on the culture of embryos of 
Raphanus and Cochlearia. He showed that almost fully formed embryos 
could be successfully cultured in a medium containing mineral salts 
and sucrose but that less mature embryos germinated precociously to 
give abnormally small seedlings. Subsequent studies indicated that the 
less mature the embryo at the time of its removal, the more difficult 
it was to obtain by culture a viable seedling. Workers such as Dietrich 
(212) and LaRue (409) found that embryos below a certain size could 
not be successfully cultured. 

A stimulus and to some extent a new orientation followed from 
Laibach's (405) successful use of embryo culture to raise embryos of 
Linum hybrids which otherwise aborted in situ. Subsequently, and with 
improved techniques, embryo culture has been quite extensively used 
to obtain various hybrids otherwise difficult or impossible to grow [among 
many papers the following may be cited: Jorgensen (362) , Tukey (795, 
798) , Wercmeister (828) , Brink, Cooper, and Aushermann (108) and 
Blakeslee and Satina (59 ) ] . The frequent failure of hybrids may be due 
to breakdown in the development of the endosperm or to incompati-
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bility between endosperm and embryo, both of which can be overcome 
by culture in a satisfactory medium. 

In most studies, the culture medium has included a balanced mixture 
of inorganic salts, including microelements. Sucrose has, in general, 
proved superior to all other carbohydrates tested, a high concentration 
of sucrose often proving particularly important in the culture of im
mature embryos as evidenced by studies with embryos of Datura ( 6 0 9 , 
6 3 8 ) , Capsella ( 6 1 1 ) , and Hordeum ( 5 5 5 , 8 7 2 ) . The importance of high 
sucrose concentration to promote development and prevent precocious 
germination (particularly as indicated by cell enlargement) has been 
ascribed, at least in part, to the establishment of a high osmotic value 
in the medium. The recent studies of Raghavan and Torrey ( 5 9 6 ) with 
globular embryos of Capsella (ca. 8 0 μ long) have shown, however, that 
broadly similar development can be achieved either by high sucrose 
content ( 1 2 — 1 8 % ) or enhanced levels of macronutrient ions or additions 
of growth factors (kinetin, adenine, IAA) to the medium (Fig. 3 2 ) . 
Such results suggest a controlling influence of the intracellular sucrose 
level in certain pathways of biosynthesis within the embryo. 

Although nitrate has, in general, proved to be a satisfactory source 
of nitrogen for mature embryos, immature embryos and even mature 
embryos during the initial stages of germination profit from reduced 
forms of nitrogen. Thus amino acids [Sanders and Burkholder ( 6 3 9 ) with 
Datura] and glutamine [Rijven ( 6 1 1 ) with Capsella and later ( 6 1 2 , 6 1 3 ) 
with embryos of a number of genera, Paris et al. ( 5 7 5 ) with Datura, 
and Norstog and Smith ( 5 5 5 ) with Hordeum] have proved particularly 
effective as nitrogen sources. Spoerl ( 6 8 7 ) found ammonium nitrate, 
arginine, or aspartic acid effective for the growth of certain orchid 
embryos. Similarly, Raghavan and Torrey ( 5 9 7 ) and Raghavan ( 5 9 4 ) 
have shown that seedlings of the orchid Catileya cannot utilize nitrate 
(nitrate reductase is only slowly developed during germination) but 
can utilize as effective nitrogen sources ammonium, arginine, ornithine, 
or urea, and somewhat less effectively, γ-aminobutyric acid or proline. 

During their early development in situ, embryos are nurtured by the 
surrounding endosperm and nucellus, and evidence from culture work 
with small embryos emphasizes that they are highly heterotrophic. To 
culture such small embryos successfully it is usually necessary to supple
ment a basal medium containing inorganic ions, sucrose, and an effec
tive form of reduced nitrogen. Early observations showed that mature 
cereal embryos could be grown by sealing them to the surface of cereal 
endosperms with gelatin ( 1 1 0 ) and that embryos of one species often 
germinated better on the endosperm of a second cereal species ( 7 2 2 ) . 
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FIG. 3 2 . Photographs of whole mounts of embryos of Capsella hursa-pastoris 
Medic showing the stages at which they have been cultured. (A) Stage 1. Early 
globular embryo, including the suspensor. Embryo itself is 54 μ long. These 
embryos failed to grow in a basal medium containing inorganic salts, thiamine, 
pyridoxine, and sucrose. Growth was achieved when the basal medium was sup
plemented with IAA (0.1 mg/1), kinetin (0.001 mg/1), and adenine sulfate 
(0.001 mg/1) or alternatively when the sucrose concentration of the medium was 
raised to 1 2 % , or the major inorganic salts were added at 10 times the standard 
concentration. (B) Stage 2 . Early heart-shaped embryo including the suspensor. The 
embryo itself is 81 μ long. These embryos developed slowly into small plantlets in 
the basic medium, passing through the normal stages of embryo development 
(Stages 3 and 4) . (C) Stage 3. Intermediate stage embryo, 450 μ long. ( D ) Stage 
4. Torpedo-shaped embryo, 660 μ long. (E) Stage 5. U-shaped embryo, 1636 μ 
long. The embryo at stages 3 and 4 grew more rapidly than at stage 2 when cultured 
in the basic medium. When stages 3 and 4 embryos were cultured in light (12-hour 
light—12-hour dark cycle), formation of the primary root was suppressed; this was 
not the case when U-shaped embryos (Stage 5) were cultured. (Photographs were 
supplied by V. Raghavan and J. G. Torrey.) 
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Lampe and Mills (406) reported success in growing immature maize 
embryos by using an extract of maize kernels, and Ziebur and Brink 
(872) obtained seedlings from Hordeum vulgare embryos as small as 
0.5 mm by supplying them with a diffusate from their endosperm. Li 
(421) and Li and Shen (422) also succeeded in culturing Ginkgo 
embryos by adding to the medium an extract of Ginkgo endosperm. In 
1942, van Overbeek, Conklin, and Blakeslee (568) found that untreated 
coconut milk (liquid endosperm of Cocos nucifera) permitted the growth 
in culture of heart-stage Datura embryos (embryos of initial length 0.15 
mm growing up to 8 mm in 7 days). Milk from mature coconuts also 
enabled seedlings to be obtained from sugar cane (Saccharum officinale) 
embryos of 66 μ length (823) and from Hordeum embryos of 125 μ length 
(553, 554) (Fig. 3 3 ) . To promote the growth of isolated coconut em
bryos it was necessary to use coconut milk obtained from immature 
green nuts ( 3 ) . Coconut milk, although now widely used as an additive 
to media for embryo and tissue culture, is not always the most effective 
natural extract for the growth of particular immature embryos (299, 
471, 678) and when coconut milk is effective other natural extracts may, 
or may not, have similar activity (59, 569) . Substances having, like coco
nut milk, what van Overbeek termed, for want of knowledge of chemical 
identity, "embryo factor activity" include malt extract, yeast extract, and 
certain ovule and endosperm extracts. 

The natural consequence of these observations has been an intensifi
cation of attempts of prepare strictly defined culture media capable of 
supporting the development of immature embryos. Evidence was early 
obtained that Β vitamins may be important in the nutrition of immature 
embryos (67, 72, 566) , and thiamine, pyridoxine, and niacin have been 
incorporated into most synthetic media. The activity of auxins (IAA 
and NAA) is controversial. Some workers have reported enhanced 
growth from auxin additions (409, 611, 638) , but in other cases auxin 
has been inhibitory or has induced callus formation. Thus, Raghavan 
and Torrey (598) report that in immature (heart-shaped or older) 
embryos of Capsella hursa-pastoris, IAA at 1 0 - 4 and 10~ 3 mg/liter 
promoted growth of the primary root, hypocotyl, and cotyledons and 
induced, in both light and darkness, initiation of embryonic leaves. 
Higher concentrations were less effective, and at 1.0 and 10.0 mg/liter 
IAA induced callus formation. Gibberellic acid has been reported to 
enhance root and shoot growth in excised Hordeum embryos (649) 
and to be more effective than auxin in promoting root and hypocotyl 
growth but inhibitory to shoot initiation in Capsella embryos (598) . 

The action of such substances as auxins, gibberellins, and cytokinins 
added singly may be misleading as regards their significance. Embryo 
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FIG. 33. Semidiagrarnmatic drawings of excised and cultured barley embryos of 
various sizes, a = embryo as excised; b and c = embryos after culture for 
periods indicated along the arrows. 1 =: full-term embryo from mature grain; 
2, 3 = embryos cultured on White's medium; 4, 5, 6, and 7 = embryos cultured on 
White's medium supplemented with 20% coconut milk. 1-5 are on same scale; 
6 and 7 more enlarged. Note: radial symmetry of embryos 5c and 6b; 7b still 
undifferentiated; 7c embryo with root and shoot primordia; other "embryos" derived 
from 7a showed only root initiation from the mass of otherwise undifferentiated 
tissue. Key: a = shoot apex; c — coleoptile; e = epiblast; I = leaf primordium; 
lig — ligule; r — root primordium. From Norstog (554) . 
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III. Tissu e Cultures : Th e Growt h o f Tissu e Explant s 

A. INTRODUCTION 

Following wounding of a plant organ (stem, petiole, root), living 
parenchymatous cells adjacent to the wound frequently become meri-
stematic and form a mass of "undifferentiated" cells. Such a prolif era ting 
tissue is often called callus. At least during the early stages of its forma
tion, callus cells may show irregularities of growth and rate of cell divi
sion and the mass lacks any internal organization into distinctive tissue 
systems. This tissue may, however, have the potentiality for normal 
tissue differentiation, and this potentiality is often expressed as wound 

development may well depend upon the balance between hormonal fac
tors of this kind, and several studies point in this direction ( 1 9 6 , 6 0 9 , 
6 1 1 ) . It is therefore of very considerable interest that Raghavan and 
Torrey ( 5 9 6 ) successfully cultured globular Capsella embryos ( 6 0 - 8 0 μ 
long) only when they incorporated IAA, kinetin, and adenine sulfate 
into their basal medium. Still younger embryos (down to 2 0 μ long) 
could not be cultured in such a medium ( 5 9 8 ) whereas older embryos 
(heart, and torpedo, and walking-stick embryos) prematurely developed 
into small plantlets in the absence of these hormonal factors (Fig. 3 2 ) . 

The present position is therefore that only in some very few species 
can markedly immature embryos be cultured in defined media and that 
for any synthetic medium hitherto prepared there is a lower limit of 
embryo size below which such a medium is inadequate. In view of this 
and the technical difficulties of dissecting out very young embryos from 
ovules and seeds, it may well be that, in the immediate future, progress 
toward understanding the initial stage of embryo development will come 
more from studies of the "embryonic development'' of cultured cells 
( 3 0 0 , 7 0 9 - 7 1 1 ) than from excised embryo culture as such. Or as Steward 
says: "Paradoxically it is now easier to restore otherwise native cells 
to the zygote state and to recapitulate embryology than it is to remove 
a zygote from an ovule and rear it to a plant. One has however to reflect 
that the best success along these lines has followed from the use of cells 
furnished with a near approximation of the normal nutrient environment 
of the zygote." The many arbitrary mixtures which have proved effective 
in special cases may have achieved this in more or less degree. The 
course of development in this field should, however, follow a discussion 
of the proliferative growth of tissue explants to which it was sequel 
(see p. 1 6 1 et seq.). 
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healing proceeds. It has also the potential to develop organs (shoots or 
roots) after appropriate chemical stimulation. 

Callus development can often be induced in response to chemical 
stimuli as well as by physical damage (wounding), and substances 
which have currently proved effective include synthetic and natural 
auxins and cytokinins. With the aid of such stimuli, callus formation 
has been induced in many organs (including floral organs and embryos) 
which do not normally develop callus in response to injury. Such tissues 
when separated from their "mother" source can often be caused to con
tinue their growth on the surface of a solidified culture medium to give 
more or less compact masses of parenchymatous cells and to continue 
growth indefinitely by periodic fragmentation and transfer to new tubes 
of culture medium. Such cultures, of which the first was established by 
Gautheret (257) from roots of Daucus carota, are frequently referred to 
as callus cultures. Insofar as these cultures are, at least when actively 
growing, composed predominantly of parenchymatous cells they have 
been described as tissue cultures. "On 9 January 1939, Gautheret pre
sented before the French Academy of Sciences the results of studies 
constituting a combination of his own previous work with that of 
Nobecourt. Using a Knop solution supplemented with Berthelot's mix
ture of accessory salts, glucose, gelatine, thiamin, cystein hydrochloride 
and indole acetic acid . . . he had cultivated fragments of carrot . . . 
they showed little or no differentiation beyond the formation of occa
sional lignified cells . . . they grew slowly and without any indication 
of diminution of growth rate. This record, though brief, if taken with 
Gautheret's earlier work, is sufficient to justify the conclusion that he 
has obtained cultures satisfying both major criteria of a plant tissue 
culture—potentially unlimited growth and undifferentiated growth—so 
that there need be no further doubt as to the real success of his efforts" 
(848) . The cells of such cultures do not, however, correspond strictly 
with any tissue of the plant body in morphology or physiology or bio
chemistry. At least some of the cells of the culture retain and display 
the capacity to divide but differ from the cells of organized plant 
meristems (271) . The cells, in general showed greater heterogeneity in 
size than the parenchymatous tissues of plant organs, and, within the 
callus culture, zones of differentiation, including vascularization, can 
develop in response to artificially induced or naturally arising gradients. 
Under appropriate conditions, organized meristems can also arise in 
such cultures leading to the initiation of roots and shoots or even of 
embryolike structures which develop into plantlets. 

Cultures differing in their physiology and powers of morphogenesis 
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from cultures of callus origin have also been established from various 
kinds of plant tumors. Tumors arise spontaneously in certain hybrids, 
for instance in hybrids between Nicotiana glauca and Nicotiana langs-
dorffii ( 3 9 3 ) . Such genetic tumors, which resemble histologically wound 
callus ( 4 1 8 , 8 3 7 ) , formed the source of the first plant tumor culture 
established by White in 1 9 3 9 . Tumors may also arise when plants in
fected with certain viruses are injured as by leaf detachment or root 
emergence, or as a consequence of insect attack as exemplified by the 
attack of Phylloxera vastatrix on Vitis vinijera, or from unknown causes 
as exemplified by the tumors arising on Picea glauca and Picea sitchensis. 
Tissues from these different kinds of tumor have now also been estab
lished in culture. Finally and most extensively studied are the cultures 
derived from tumors induced by the crown gall bacterium, Agrobacterium 
tumefaciens, but containing only cells that are free of the causative 
bacterium. 

The transformation of normal cells to crown gall cells requires both 
a wounding reaction (similar to that initiating callus development) to 
"condition" the cells and the intercellular presence of a virulent strain 
of the causative bacterium to effect "induction" (cf. Braun, Chapter 
9 of this volume). The bacteria, in presence of sap from wounded 
cells, release a metabolic product (the tumor-inducing principle), the 
chemical nature of which is uncertain but which is destroyed at 3 0 ° C 
or above. This tumor-inducing principle, provided it is allowed to act 
for a minimum time, produces incipient tumor cells, which stimulated 
to divide by auxin (it is not certain whether the normal origin of the 
auxin is from the bacteria, from adjacent host cells, or from the incipient 
tumor cells themselves) become "promoted" or "transformed" cells. Such 
cells do not contain bacteria, and the growing tumor tissue can be freed 
from its intercellular bacteria by a variety of techniques including 
appropriate heat treatment ( 9 5 , 1 0 2 , 6 4 7 , 6 4 8 ) . Alternatively, bacteria-
free crown gall tissue can be isolated from secondary tumors, which often 
arise in infected plants and which are sterile ( 4 7 , 1 0 4 , 8 5 3 ) . 

The crown gall tumor cells show uncontrolled or autonomous growth 
within the plant; they proliferate independently of the normal restraints 
which govern the growth and differentiation of normal somatic cells. At 
the cellular level the crown gall disease presents two outstanding prob
lems; first that of the mechanism of transformation and second that of 
the precise metabolic changes which confer its autonomy. Tumor tissue 
cultures immediately open up the possibility of characterizing the bio
chemical differences between normal and tumor cells. Tumor cultures 
will grow vigorously on simple culture media incapable of supporting 
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the growth or supporting only a very low rate of growth of callus of 
the same species; certain synthetic pathways are unmasked or intensified 
in the tumor cells as compared with the normal cells. 

Two discoveries have added further interest to such comparative 
studies. By controlling the temperature during transformation or by 
limiting the duration of transformation, or by using low virulence strains 
of the bacterium or by application of antimetabolites during transfor
mation, Braun (96-99) and Klein (381, 382) have obtained partially 
transformed crown gall tissues intermediate in growth rate and growth 
factor requirements in culture between normal cells and fully trans
formed tumor cells. Secondly, Gautheret (261, 264, 266, 267) and Morel 
(498) have described under the term "anergie" (translated as "habitua
tion' in American writings) how certain callus cultures which required 
a supply of auxin for growth when first isolated have, particularly under 
the influence of a high auxin level in the medium and an appropriate 
temperature of incubation, developed the capacity for indefinite growth 
in the absence of external auxin. Such tissues may differ from the more 
usual callus in having a higher growth rate, in being more translucent, 
in having a reduced compactness to the cell mass (they are more friable), 
and in their reduced capacity to initiate organs or show internal dif
ferentiation. Such tissues have, in several instances, been demonstrated 
to produce tumors when grafted into the parent plant (426) . Both the 
partially transferred crown gall tumor tissues and these "habituated" 
tissues add to the interest of studies in the comparative biochemistry 
of tissues of common plant origin. 

The phenomenon of habituation presents an opportunity to determine 
the mechanism underlying a possibly irreversible modification of cellular 
metabolism such as is involved in the transformation of tumor cells. Un
fortunately, it is not known whether habituation is comparable with 
enzymatic adaptations [the view taken by Gautheret (266)] , or whether 
it involves selection from within an already heterogeneous cell popula
tion, or whether it is a consequence of somatic mutation [the view 
advanced by White (851) , DeRopp (205) , and Kandler (365) ] . This 
latter suggestion, in turn, raises the controversial question of how far 
plant tissues in culture are genetically stable or are subject to continuing 
alteration by mutation. This subject will be more fully discussed in 
considering the recent results of establishing in culture, tissue clones of 
single-cell origin (p. 164) and of studies on the nuclear cytology of 
cultured callus cells (p. 165). For our present purpose it is sufficient 
to stress that the characteristics of so-called "normal" callus cultures 
from the same species or variety do not seem to depend on the particu
lar tissue or organ from which they are initiated but may differ at both 
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the nuclear and cytoplasmic levels as a consequence of their cultural 
history. 

These general considerations, briefly discussed in this introduction, 
form an essential background to the more detailed sections now to be 
devoted to the nutrition, metabolism, and morphogenetic responses of 
plant tissue cultures. 

B. CULTURAL TECHNIQUES 

The general methods of asepsis adopted in plant culture work have 
already been described (see Section II , B ) . The present section therefore 
deals only with those aspects of technique developed for work with 
tissue cultures, including surface sterilization of the sometimes delicate 
plant organs, initiation of the callus, isolation of the initial transplants 
and their serial propagation in sterile culture. 

Callus cultures are most commonly grown in Pyrex tubes ( 1 inch in 
diameter) containing a culture medium solidified with agar ( 0 . 6 - 1 . 0 % ) . 
When liquid medium is used the tissue is either supported on ashless 
filter paper ( 3 1 4 , 3 1 5 , 8 5 2 ) (Fig. 3 4 ) or alternatively immersed in the 
medium and exposed to air using a special rotating tube or culture 
vessel such as that designed by Steward and as used by Steward, Mapes, 
and Smith ( 7 1 1 ) (Fig. 3 5 ) . In this technique the cultured explant is 
alternatively exposed to air and submerged in the liquid nutrient. 

Culture vessels are usually sealed with aluminum foil or "parafilm" 
rather than with cotton wool plugs in order to reduce desiccation of the 
medium during long periods of culture. 

Some callus cultures can grow in a simple medium containing inor
ganic salts and a utilizable sugar (sucrose is usually the most effective 
carbon source). In other cases, the medium must be supplemented 
by the addition of vitamins, or auxin, or amino acids, or purines and 
pyrimidines, or combinations of such substances. In still other cases the 
only effective media contain a natural extract or fluid of incompletely 
understood composition, such as yeast extract, malt extract, or coconut 
milk. White's basal medium, introduced for the culture of roots ( 8 4 9 ) 
has been widely used as the base for tissue cultures. It is now clear that 
the inorganic salt composition of this medium is suboptimal, for many 
tissue cultures and media have recently been introduced containing 
higher levels of potassium and nitrogen and, to a less extent, of phos
phorus ( 1 2 1 , 5 1 6 , 5 4 7 , 8 6 3 ) . The use of ferric ethylenediaminetetra-
acetate, as with root cultures, has proved of value in maintaining the 
availability of iron to tissue cultures ( 3 8 3 , 5 1 6 ) . 

When attempting to bring into culture a new tissue, one should test 
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FIG. 34. Growth of explants supported on ashless filter paper above liquid 
medium. (A) Position before autoclaving (ashless paper above the liquid). (B) 
Just after transfer of explant. (C) At the end of the culture period. (By courtesy 
of R. Heller.) 

first a simple medium containing inorganic salts and sucrose (2—3%) 
(738) . If this fails, then media supplemented with defined constituents 
known to be effective in other cases should be tried. Resort to media 
containing natural extracts and fluids is best justified when simpler 
media are ineffective or quantitatively inadequate. The auxins most 
commonly used are indol-3yl-acetic acid ( IAA) , α-naphthaleneacetic acid 
(NAA), and 2,4-dichlorophenoxyacetic acid (2 ,4-D), and initially these 
should be tested over a wide concentration range (0.01-10.0 mg/liter). 
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FIG. 35. Growth of carrot phloem explants and suspension cultures. (A) Rotating 
wheels (1 rpm) in culture room, upper wheels carrying large culture flasks with 
a large number of explants and free floating cells in the ambient liquid (shown 
close up in C) . Lower wheels carrying culture vessels of type shown in ( Β ) . ( Β ) 
Key: a, explant; cotton plug; c, clip-on wheel; d, culture medium. Arrow shows 
direction of rotation of wheel. From Steward et al. (711) . 

Such auxins may be ineffective alone but may show strong synergistic 
interactions with other growth factors, such as kinetin (187, 671) , or 
with coconut milk (707) . Kinetin itself should also be tested over a wide 
concentration range (0.1-10.0 mg/liter) (187, 105). Casamino acids 
(acid-hydrolyzed casein), over the concentration range 200-800 mg/liter 
as a supplement will usually reveal whether the tissue has a requirement 
for organic nitrogen. When endeavoring to replace such as incompletely 
defined nitrogen source by defined compounds, those which may be 
tested first are urea and L-arginine (697) , L-glutamine (616) , L-asparagine 
(724) , and the dicarboxylic amino acids (glutamic and aspartic acids). 
Although many callus tissues are autotrophic for the Β vitamins, an 
external supply of thiamine has been shown in some cases to be 
essential for growth (531, 573) . Certain tissues have requirements for 
an external supply of the purine and pyrimidine bases involved in 
nucleic acid synthesis or for their nucleosides (322, 428, 537, 672, 
856, 863) . 

The use of 5 - 2 0 % of coconut milk has served to bring many tissues 
into culture. For most tissues the milk of mature nuts, deproteinized 
by boiling and subsequently sterilized by autoclaving, is effective. The 
chemical composition of coconut milk is incompletely known; it is ex-
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tremely complex and changes in composition as the coconuts mature 
(583) . 

When endeavoring to work out the growth requirements of a tissue, 
it should be borne in mind that the growth requirements may change 
as subculture of the tissue proceeds, either because of gradual depletion 
of essential substances carried over in the initial callus fragment or 
because the tissue has developed an enhanced ability to synthesize par
ticular substances during its growth in culture. It is therefore important 
to initiate test cultures by transfer of explants close to the critical mini
mum size. It should also be recognized that certain requirements may 
not be absolute; the tissue will continue growth in the absence of an 
external supply, but will grow much more vigorously in its presence. 
Thus a defined medium may sustain growth, but at a much lower level 
than that which occurs in a medium supplemented by a natural extract 
or fluid. Rigorous definition of growth requirements is difficult to achieve. 
It requires determination of the simplest effective medium using highly 
purified constituents. 

The internal tissues of healthy plants are usually regarded as being 
sterile (although the possible occurrence in such tissues and particularly 
in the cell walls of nonpathogenic bacteria has not always been critically 
tested). The problem of sterilizing plant material to be used as a source 
of callus is therefore considered to involve killing fungal and bacterial 
spores on the outer surface without injury to the living tissues within. 
Bromine, because of its high toxicity, can only be used to sterilize sur
faces of certain dry seeds. Calcium hypochlorite (which yields chlorine) 
is much less toxic and often proves suitable for sterilizing seed surfaces 
and the surfaces of stem, roots, buds, and fruits. Rapid rinsing with 
ethanol can assist the sterilizing action of hypochlorite or mercuric 
chloride, provided the surface is not easily permeable. The effectiveness 
of a sterilizing agent can often be enhanced and the period of exposure 
of the tissue reduced by incorporating a wetting agent (a number of 
commercially available detergents are nontoxic and are good wetting 
agents). Antibiotics (penicillin, bacitracin, terramycin) are relatively 
nontoxic to plant cells and may be of value when attempting to sterilize 
delicate tissues. They are, however, restricted in the range of their 
bactericidal activity and should therefore be used only where more 
effective sterilizing agents prove too toxic. The development of a satis
factory technique for sterilizing any given tissue or organ must be 
worked out experimentally. If one wishes to surface sterilize a woody 
stem, a storage root, or a flower bud, then one starts by trying a tech
nique already known to be successful with a similar plant structure. 

The objective is not only to initiate a culture free from contamination 
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with microorganisms but to keep it so. Infected cultures are easily de
tected when using a complex medium excellent for the growth of a wide 
range of microorganisms. When using simple, defined media of pH 4 . 5 -
5.5 infection may pass undetected, due to the slow growth of the micro
organism, and be spread by subculture. Such cultures or portions of them 
should therefore periodically be transferred to a rich medium to test 
their sterility. 

Callus may be (and often has been) initiated by the use of an appro
priate culture medium from aseptically germinated seeds, segments of 
stem and root, or excised fragments of parenchyma or tissue explants 
which contain cambium, fruits, flower buds, floral organs, embryos, even 
pollen and endosperm, i.e., potentially any living cells of the plant body 
may be used. The presence of an auxin (such as 2,4-D) may be impor
tant, and the concentration most favorable for initiating the growth of 
callus de novo may be above the optimum for its subsequent prolifera
tion. This is illustrated by the studies of Torrey and Shigemura (792) , 
who obtained pea-root callus by placing sterile excised seedling root tips 
first in a medium containing 10"" 5 Μ IAA when the vascular cambium 
was stimulated to divide and then transferring small segments of the 
root consisting mainly of stelar tissue and vascular cambium to a medium 
containing yeast extract ( 1 gm/liter) and 2,4-D ( 1 0 - 6 M ) . There are 
obviously a great many such ad hoc procedures which may prove, or 
have proved, successful but these only lead to useful generalizations 
inasmuch as one understands where the limitation to growth in the 
quiescent tissue lies and the actual causal agent in the treatment by 
which it is alleviated (cf. Chapter 8 ) . 

Callus usually develops either from primary or secondary meristems 
or from parenchyma adjacent to such meristems or to secondary vascular 
tissues. The larger the tissue explant, the more complex the range of 
cells and cell types it contains, the more diversified may be the relation
ships between the "host" tissue and any initiating cell or cells from 
which the callus tissue arises. It may be convenient, therefore, when 
attempting to initiate callus growth from excised tissue fragments that 
the fragment explanted be not below a critical size. The size of the 
explant can often be smaller when it contains several types of tissue 
cells than when it is uniformly parenchymatous. In particular, the initia
tion of callus from parenchyma or from cambial tissue is often promoted 
by the presence in the explant of some mature vascular tissue (30, 348) . 
But one really comprehands fully the nature of the stimuli to growth of 
quiescent cells only when these can be related either to single free cells 
or to very uniform small aggregates of cells, and for recent progress in 
this field reference should be made to Chapters 8. 
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Many tissue or organ fragments initially show polarity, with the result 
that callus tends to form at only one surface. For instance, with many 
stem segments callus is formed most vigorously from that surface which 
in vivo was directed downward toward the root. Because of its polar 
transport, the presence of auxin may accentuate this polarity. The ex
pression of polarity in the explant is often modified by the effect that 
callus tends to develop from surfaces not in contact with the medium 
and particularly from surfaces not immersed in a solidified medium. Thus 
stem segments inverted so that the morphologically apical (upper) sur
face is in contact with an auxin-containing medium often initiated callus 
much more profusely from the surfaces in air than when placed upright 
in the medium (Fig. 36 ) . A detailed treatment of this complex subject 
can be found in Gautheret (268) . 

Just as callus is most easily initiated on explants above a critical size, 
so it is also most easy to achieve successful subcultures of callus tissues 

FIG. 36. Segment of tobacco stem placed inverted in a solidified medium con
taining 10~7 gm of NAA per milliliter. Photograph taken after 2 months shows that 
a compact callus has developed at the cut surface in air (the morphological base 
of the segment) and a soft translucid callus just above the air-medium junction. 
(Photograph from G. M. Morel, Station Central de Physiologie vegetale, C.N.R.A. 
Versailles, France.) 
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by the transfer, on each occasion, of a sufficient mass of healthy tissue. 
As a general guide, the inoculum for a new culture should be 5-10 mm 
in diameter and of 20-100 mg fresh weight, and subsequent transfers 
should be undertaken every 28 days when using culture tubes containing 
30 ml of culture medium. Inevitably, however, such large inocula transfer 
much endogenous material, and it is for this reason that the procedures 
by which inocula can now be reduced to a few free cells are so valuable 
(cf. Chapter 8 ) . Many established callus cultures will, however, remain 
healthy, continue a slow rate of growth, and be capable of subculture 
for much longer periods than 28 days, particularly if the more usual 
incubation temperature of 25°C is lowered, e.g., to 15—20°C. Caplin 
(143) has reported the preservation of callus cultures for very long 
periods without loss of viability by covering them with a layer of mineral 
oil. 

The ability of callus cultures to continue growth indefinitely in dark
ness has not been critically tested. The balance of evidence, however, 
is in favor of the view that the growth of many cultures, particularly of 
those which form chlorophyll, is stimulated by low intensity illumination. 

Quantitative studies on the growth of callus cultures require a high 
level of replication and statistical treatment to measure the variability 
encountered between the growth rates of the replicate cultures covering 
each experimental treatment. But even more they require the close con
trol of the many variables which impinge upon the growth to affect its 
rate (707a) . Variability arises as a consequence of variation in the cell
ular composition of the individual fragments obtained by subdivision of 
a parent culture which are used to initiate the experimental cultures. Cell 
division in callus cultures is often localized in meristematic layers or 
nodules which do not necessarily occur uniformly throughout the growth 
of the cultures. As the callus mass increases in size, its relative growth 
rate declines. As the mass of tissue increases a decreasing proportion 
of its cells are involved in cell division, and its growth, as assessed by 
increase in weight or volume, often becomes more a reflection of cell 
expansion and the deposition of cell wall material and reserves of food 
substances, like starch, than of cell multiplication. The division of such 
a tissue mass for subculture inevitably yields fragments differing from 
one another both as regards the absolute number of cells present and 
the proportions of meristematic to expanded cells. 

The quantitative studies on the growth of callus cultures which have 
been reported, have, in general been of limited value due to the paucity 
of growth data recorded. In a number of studies only the initial fresh 
weight of the inoculum and the final fresh weight of the culture have 
been measured (230, 315, 852) . Less frequently, final dry weight (drying 
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to constant weight at 60-80° C ) has also been determined. Clearly, more 
attention should be given both to expressing growth in terms of increase 
in cell number per culture and in cell size and to following the progress 
of growth with time (714) . Das, Patau, and Skoog (187) attempted to 
estimate cell numbers from counts of the nuclei in slices of the tissue. 
A much more promising technique would be to work out a suitable 
maceration procedure permitting cell counting in the resulting suspension 
by the hemocytometer as utilized by Steward and Shantz (714) in their 
carrot assay system for testing natural extracts for growth-promoting 
activities. Insoluble (protein) nitrogen is also a useful criterion of 
growth (275) . 

Various workers have calculated from their data a "growth value/' 
Nickell (534) defined this as the final volume or weight divided by the 
initial volume or weight. 

Caplin (142) calculated the "relative growth rate" from the expression 

loge (S|/S„) 

where St = final size, S 0 = initial size, and t — time. However these 
indices are poor substitues for growth analysis (see Chapter 1 in Volume 
VA by F. J . Richards). 

For a fuller account of conventional techniques of callus culture the 
reader is referred to Gautheret (268) . The specially standardized tech
niques evolved by Steward and his co-workers for the intensive study 
of the growth of tissue explants and of cell suspensions derived from 
them and which have been applied to carrot and other materials are 
considered in some detail in Chapter 8. 

C. CALLUS CULTURES 

Many nutritional studies have been concerned to establish actively 
growing cultures rather than to define, still less to explain in metabolic 
terms, their nutritional requirements. In consequence, there is a vast 
amount of nutritional data scattered through the literature of plant 
tissue culture, much of which is neither easy to tabulate nor capable of 
immediate interpretation. 

The nutritional requirements of plant tissues in culture will obviously 
reflect their biosynthetic activities (cf. Chapter 7 ) . However, it is much 
less clear how far such requirements are directly dependent on the par
ticular conditions of culture and would, in fact, be significantly different 
under another regime. Early investigators expected that tissues derived 
from chlorophyllous organs would, in culture, possess the faculty of 
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growing without an organic carbon source. Callus cultures growing 
in vitro and in light have, however, not proved autotrophic in relation 
to carbon. The growth of callus rich in chlorophyll, even under high light 
intensity, normally depends upon an adequate external supply of sugar 
(336a) . Frequently, tissues originally green become, in culture, very 
pale green or almost completely lacking in pigment. Conversely some 
tissue explants, previously free from chlorophyll, may when appropriately 
nourished turn green and develop perfect chloroplasts; this is true of 
carrot root explants (344) . This seems to indicate that callus cells in 
culture are often more or less deficient in some constituents or enzymes 
essential for active chlorophyll synthesis or the development of func
tional chloroplasts. The chemical or physical conditions of culture in 
such cases appear to debar the formation of fully functional photo-
synthetic cells. More detailed studies of how effectively cultured cells 
carry out photosynthesis, and of the correlation of this with the fine 
structure, are urgently required. Of particular interest in this connection 
is the recent demonstration that suspension cultures of a particular 
variety of Nicotiana tabacum when cultured in presence of NAA instead 
of 2,4-D increase in chlorophyll content and in photosynthetic activity 
to the point where they may be capable of growth with C 0 2 as their 
carbon source ( 4 4 ) . 

As earlier emphasized, although callus cultures are described, with 
justification, as tissue cultures, they do not correspond either in the 
morphology of their cells or in their physiology to any particular tissue 
of the plant body. In fact the difficulty of recapitulating in culture 
the characteristics of the tissue in situ remains one of the outstanding 
problems in this field. Callus tissue cultures are species specific in that 
those derived from different genomes usually differ recognizably from 
one another. The typical callus cultures of the genome can, however, 
be successfully established from several distinct tissues of the plant 
body. 

Certain cells of higher plants (such as the cells of the piliferous 
layer of the root) seem especially adapted for the absorption of inor
ganic ions through their external surfaces. Many of the essential nutri
tive elements which thereby enter the plant body as inorganic ions are, 
however transported to other cells, possibly in organic combination, 
and via the protoplasmic continuity that is characteristic of plants (i.e., 
via plasmodesmata). Sugars arise within the photosynthetic cells of the 
leaves and green stems and are then transported to the nonphotosynthetic 
tissues via plasmodesmata and phloem conducting cells. In contrast to 
this situation in situ, cultured cells and tissues may be presented exoge-
nously, not only with inorganic ions and sugars, but also with other 
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"essential nutrients," such as amino acids, vitamins, auxins, and cyto
kinins and these must enter the cells directly through their external 
membranes. Furthermore, these essential substances must be presented 
at a sufficiently high external concentration to maintain a rate of uptake 
compatible with active growth and development. This situation may, 
therefore, present problems of cell permeability and lead to the estab
lishment of abnormally high concentrations of biologically active sub
stances at certain sites in the cell and particularly in the hyaloplasm. 
Cell growth may thus be limited by deficiency of some metabolites at a 
particular site in the cell, but attempts to correct this deficiency by in
corporating this metabolite in the culture medium may be unsuccessful, 
owing either to permeability barriers or to profound disturbance of 
normal function at other sites of cellular activity. This problem of 
endogenous versus exogenous presentation, and of cellular compartmen-
tation, may therefore seriously complicate the conclusions that can be 
properly drawn from studies of the nutritional requirements and re
sponses to biologically active compounds of plant tissue cultures. 

Sterile plant tissue cultures, however, do have certain obviously attrac
tive features for those interested in the fields of plant nutrition and 
cellular physiology. The aseptic conditions of culture allow the feeding 
of organic molecules which would suffer changes in the presence of 
microorganisms, and they enable one to detect both inorganic and 
organic substances that may be liberated by the cultures into the sur
rounding medium. The closed nature of the system and the absence of 
microorganisms permits the construction of balance sheets showing the 
total chemical changes occurring in the tissue-medium system. By 
utilizing large volumes of medium, or one of the techniques permitting 
intermittent or continuous renewal of the culture medium, organic com
pounds can be applied at low concentrations without significant deple
tion of their supply by absorption. 

The following quotation from Risser and White (617) summarizes the 
ethos of many studies on tissue culture nutrition: "The nutrient used 
was largely empirical, complex and the growth obtained was uncertain, 
uneven and not great in magnitude . . . we shall present studies aimed 
at reducing the nutrient to its lowest possible number of ingredients 
and providing optimal concentrations of those ingredients." Such studies, 
by standardizing conditions compatible with a high rate of growth and 
by exposing differences in growth requirements between different cul
tured tissues, form the basis from which studies in comparative metabo
lism can be developed. 

The dilemma and the challenge is, however, that all higher plants 
start off at two stages (spores and zygotes) as free cells bathed by 
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exogenous and clearly complex fluids. In both cases the early growth 
for these initiating cells is intensely heterotrophic. Thereafter, as growth 
and development proceed the structure as a whole becomes autotrophic, 
but, in the division of labor that obtains, there are complex interrelations 
between cells, organs, and tissues both in respect to the nutrients fur
nished and received and in the regulatory stimuli that determine their 
utilization. It may therefore be a self-defeating objective to try to reduce 
nutritional requirements of small tissue explants and cells to very simple 
terms, for it is at this point that they are essentially complex. Con
versely the maximum simplicity is achieved when the system that has 
grown itself becomes complex and acquires division of labor among its 
parts with the ultimate end that it acquires the full autotrophy of a 
complete green plant. (In fact, when starting from cell cultures this can 
now be achieved in cell aggregates which are minute compared to most 
proliferated tissue cultures). This being so, it is always a dilemma to 
decide how far one should assess the inorganic requirements for growth 
in advance of a full knowledge of the organic stimuli which may deter
mine the nutritional demands for inorganic ions: obviously organic and 
inorganic nutrition are the two complementary faces of the same coin 
and each should be interpreted in the light of the other. Some knowledge 
gained from the study of the inorganic nutrition of cultured tissues, 
regarded as an end in itself, will, however, now be mentioned. 

1. Inorganic and Nitrogen Nutrition 

The inorganic salt solutions now used to supply essential mineral ele
ments to plant tissue cultures have been developed by modifying the 
solutions used by Gautheret (255, 256) and by White (849) in their 
pioneer work on the conditions necessary for the continuous growth in 
culture of tissues of callus origin (738) . A number of workers demon
strated that the inorganic salt additions of White and Gautheret were 
suboptimal (121, 315, 336, 516) ; in particular enhanced growth of a 
number of tissues was obtained by using considerably enhanced levels 
of potassium and nitrogen and some increase in the level of phosphorus 
(121, 516, 547, 863) . Consideration of the extent to which these enhanced 
levels of potassium, nitrogen, and phosphorus promote growth through 
activating certain biosynthetic potentialities of the cultured tissue will 
be deferred to a later section of this chapter, where attention is directed 
to differences in physiology between normal, habituated, and crown gall 
tissue cultures of the same plant origin.2 

2 In this area the same problems that have beset those who interpret mineral 
nutrition of rooted plants also arise. Among these are the distinctions, not always 
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Determination of which mineral elements are essential for callus 
cultures and descriptions of the effects of deficiencies of these elements 
have been undertaken by Heller and his associates. Heller (315) worked 
with tissues capable of active growth on a defined medium and dispensed 
with the use of agar (which is a source of calcium, magnesium, and a 
number of microelements). The cultures were supported at the surface 
of the liquid culture medium by ashless filter paper (Fig. 34, p. 118) . 
Growth was enhanced if good contact was ensured by interposing, be
tween the tissue and the paper, a film of silica gel. A modification of this 
technique, which permits of intermittent renewal of the culture medium, 
still further enhances growth, apparently mainly by renewing the gas 
phase in the culture tubes (317) . 

Using this liquid medium technique, Heller has demonstrated (not 
unexpectedly) that callus cultures (like whole plants) require nitrogen, 
potassium, calcium, magnesium, phosphorus, sulfur, iron, zinc, boron, 
manganese, and copper. The question of requirements of chloride and 
iodide does not seem to have been examined critically. Sodium only 
slightly delays the death of tissues deprived of potassium. The other 
established requirements were similarly shown to be specific. 

As in the case of cultured roots, sulfur can be effectively supplied 
not only as sulfate but alternatively as sulfite, sulfide, cysteine, gluta
thione, or methionine (316) (see p. 15 et seq.). It is claimed that phos
phorus can be suplied not only as inorganic orthophosphate but as vari
ous sugar phosphates, although the possibility does not seem to have 
been excluded that such organic phosphates may suffer degradation in 
the external medium (607) . 

Riker and Gutsche (615) , Nickell and Burkholder (536) , and Heller 
(315) have reported that nitrogen is required as nitrate and that their 
callus cultures cannot, even at neutral pH, utilize nitrite or ammonium 
as effective sole sources of nitrogen. In view of recent studies on the 
utilization of ammonium by cultured roots (p. 23 et seq.), this conclusion 
should probably be submitted to more critical study. Shantz and Steward 

clear, between effects due to total supply and to concentration of a solute in 
question and the way absorption may be affected by aeration of the medium, 
renewal of the solution at the absorbing surface, as well as by the metabolic 
activity of the absorbing cells. By their innate ability to accumulate ions (cf. Chap
ter 4, Volume II) , cells, and roots, are often able to absorb them from great 
dilutions; nevertheless the access of ions to growing tissue may be much affected 
by the relative proportions of tissue to nutrient medium, and whether the tissue 
is grown in liquid, agitated or otherwise, or stationary on agar proliferating in air. 
Lacking analyses of the initial tissue and of the tissue as grown, it is not always 
easy to distinguish, unequivocally, which has occurred or by what factors it may 
have been regulated. (Ed.) . 
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( 6 6 0 ) found that urea could act in lieu of the most eifective combination 
of nitrate and amino acids for the growth of explanted carrot tissue. 
Steinhart, Standifer, and Skoog ( 6 9 7 ) found that urea was an efficient 
source of nitrogen for spruce (Picea) tissue. The possibility that the 
activity of urea as a nitrogen source does not necessarily involve its con
version to carbon dioxide and ammonium has been raised ( 6 6 0 ) . Riker 
and Gutsche ( 6 1 5 ) found that the following single amino acids, although 
inferior to nitrate, could support the growth of sunflower (Helianthus) 
normal and crown gall tissues: alanine, glycine, arginine, glutamic acid, 
aspartic acid, and asparagine. Nitsch and Nitsch ( 5 4 8 ) reported that 
callus cultures of Helianthus tuherosus grew as well with alanine, γ-
aminobutyric acid, glutamic acid, aspartic acid, glutamine, or urea as 
with nitrate during a 21-day growth period; and Demetriades ( 1 9 9 ) 
found for several normal callus cultures that aspartic acid and some
times glutamic acid or arginine could effectively replace the nitrate 
requirements. It must, however, be emphasized that for many cultured 
tissues single amino acid or amino acid mixtures are either completely 
ineffective as sole sources of nitrogen or are markedly inferior to nitrate. 

Any seeming ineffectiveness of amino acids cannot be due to inability 
of the cultured tissues to absorb amino acids, for when supplied as 
1 4 C-labeled compounds they are readily absorbed and metabolized. The 
results suggest rather that the absorbed amino acids may not always 
be actively deaminated or that their deamination does not yield am
monium at sites where it can be effectively used for the synthesis of 
such primary products of nitrate assimilation as glutamic acid. An alter
native explanation, particularly where amino acid mixtures containing 
key amino acids like glutamic acid, aspartic acid, alanine, and arginine 
are ineffective, is that the cells have an absolute requirement for nitrate 
(note the evidence quoted above for the ineffectiveness of ammonium) 
because certain intermediates in nitrate reduction are involved in the 
biosynthesis of other essential nitrogenous constituents. Balanced amino 
acid mixtures ( 3 0 8 , 6 3 9 ) , or particularly individual amino acids, them
selves ineffective as sole sources of nitrogen, may be significantly or 
quite dramatically stimulatory to growth in presence of nitrate ( 5 2 6 , 
5 4 8 , 5 7 4 ) . 

It is a general experience with cultured carrot tissue that it responds 
to casein hydrolyzate, even in the presence of nitrate, if the growth 
factors present stimulate growth to its maximum (Chapter 8 ) . It has been 
argued, in such cases, that growth with nitrate alone is limited either 
by the level of particular amino acids or by the rate of synthesis of 
amino acids, like glutamic acid, which occupy a central role in the 
synthesis of other amino acids and of other nitrogenous cell consti-
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tuents. Clearly, to test such hypotheses it is necessary to combine ob
servations on growth with analysis of the tissues and the use of iso-
topically labeled compounds to test the biosynthetic potentialities of 
cultured versus normal tissue, a subject which is dealt with in Chap
ter 7. This is especially true when considering the nitrogen nutrition 
of plant tissue cultures, and in the attempt to assess how far their par
ticular nitrogen metabolism is a consequence of in vitro culture, i.e., 
of the transition from the quiescent state to actively growing cells 
(Chapter 4, Vol. IVA) . Papers there cited, going back even to the metab
olism of aerated potato slices have constantly stressed that the quiescent 
state of storage organs (potato tuber, carrot root, artichoke [Helianthus 
tuberosus] tuber, etc.) is often characterized by a high content of non
protein (amino acid and amide) nitrogen which may represent one-half 
to two-thirds of the total. The early events of growth induction (cf. 
Chapter 4, Vol. IVA) commonly reduce this to much lower levels and, as 
the cells grow and synthesize protein, they retain a qualitatively different 
composition of nitrogen compounds in which asparagine and arginine 
are often less conspicuous whereas glutamine, alanine, and often y-
aminobutyric acid persist. These considerations are also to be discussed 
later (Chapter 8 ) . 

Menoret and Morel (482) also concluded, from studies with carrot 
root explants, that the conditions of tissue culture caused profound 
changes in their free amino acid composition. The tissue at the time 
of excision from the carrot root was rich in arginine, glutamine, aspara
gine, and glutamic acid. After a period in culture the tissue did not con
tain a detectable level of arginine, the amounts of the amides and of 
glutamic acid had markedly decreased relative to other amino acids and 
the alanine content had risen to account for 4 0 % of the free amino 
nitrogen of the tissue. Duranton (225) found that the tuber tissue of 
Helianthus tuberosus was extremely rich in arginine (300 mg per 100 gm 
fresh weight) but that the amino acid composition changed very rapidly 
when the tissue was excised and placed on culture medium. Arginine 
disappeared and the levels, particularly of proline but also of hydroxy-L-
proline, glutamic acid, the amides, and alanine, also increased. This 
utilization of the store of arginine by tissue initiating growth in culture 
follows a different course than that of arginine utilization in the develop
ing shoot or seedling, where proline does not accumulate and its carbon 
becomes incorporated in newly synthesized organic acids, sugar, and 
chlorophyll pigments (226-228) . Again arginine metabolism follows a 
still different course in crown gall tumor tissue of the same species, 
giving rise to various monosubstituted guanidines (see page 175). If 
amino acid metabolism is subjected to such marked modifications as a 
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consequence of growth in culture, further study of these changes and 
of the changing activities of the enzymes involved may represent a 
promising experimental approach to the investigation of differentiation 
and of the control mechanisms involved in cellular metabolism (cf. 
Chapter 7 ) . Some reservations must, however, be made here, for 
Morel ( 5 0 1 ) found with normal tissues of Helianthus tuberosus that 
if kinetin was added to the culture medium used by Duranton (which 
contained auxin as the only growth factor added), then not only was 
growth enhanced but the metabolism of arginine followed much more 
closely the pattern observed during seedling growth and neither proline 
nor hydroxyproline accumulated. 

Heller and Richez ( 3 1 8 ) and Devillers-Anson ( 2 1 1 ) in their studies on 
the iron nutrition of callus cultures have drawn attention to the influence 
of released metabolites on iron availability. It has been stressed in a 
previous section that to meet the iron requirement of roots cultured 
in media of pH above 5 . 2 it is necessary to add an effective chelating 
agent such as ethylenediaminetetraacetic acid ( E D T A ) (see Section 
II, B ) . This is not the case for the callus cultures studied by Heller, 
which released unidentified substances capable of chelating iron. Addi
tion of "spent" medium which had supported the growth of such callus 
cultures effectively substituted for EDTA in maintaining iron availability 
to cultured tomato roots at pH values of 6 . 0 or above. 

This brief summary of some of the more interesting observations made 
on the inorganic and nitrogen nutrition of callus cultures indicates that 
their use has not hitherto made distinctive contributions to our under
standing of the involvement of mineral elements and simple organic 
nitrogen compounds in metabolism or of the mechanisms of solute up
take by plant cells. 

2. Carbon Nutrition and Metabolism 

The carbohydrate requirements of a callus culture were first studied 
experimentally by Gautheret ( 2 5 8 , 2 6 0 ) , who examined the ability of 
various sugars to support the growth of carrot root callus. Similar studies, 
involving normal and tumor tissues of a number of dicotyledons, were 
subsequently made by a number of workers ( 3 1 9 , 3 3 4 , 3 3 5 , 5 3 6 ) . Straus 
and La Rue ( 7 2 6 ) studied the carbohydrate requirement of a culture 
derived from corn endosperm, and Ball ( 2 5 , 2 6 ) of a Sequoia callus. The 
above studies revealed that most cultures grow best when supplied with 
sucrose, glucose, or fructose. Galactose has proved ineffective in most 
cases, although for normal and tumor tissue of Catharanthus roseus 
(Vinca rosea) ( 3 3 4 , 3 3 5 ) and normal tissue of Sequoia sempervirens 
( 2 5 ) it is reported to be a very satisfactory carbon source. Studies of 
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galactose metabolism in these tissues would be of considerable interest 
(see Section II , C, 4, b ) . The Sequoia callus is also unusual in that it 
grows well when suplied with mannose, for, in general, this sugar is a 
very poor or quite ineffective carbon source. With the exception of xylose, 
which is claimed to be an effective carbon source for carrot tissue (290) , 
pentoses and methylpentoses have failed to support the growth of callus 
cultures. Different callus cultures differ markedly in their ability to 
utilize raffinose and maltose. Natural polysaccharides are, in general, not 
utilized although Hildebrandt and Riker (334, 335) have reported utiliza
tion of pectins, dextrin, and soluble starch by tumor cultures of Cathar-
anthus roseus (Vinca rosea) and Chysanthemum frutescens. Soluble 
starch is also said to be effective as a carbon source for virus tumor 
tissue (see Section III , D, 2 ) of Rumex acetosa (91-93, 536) , for corn 
endosperm tissue (726) ; and for callus tissues of Rubus fruticosus (371) 
and Juniperus communis (164-166) (Fig. 3 7 ) . There is evidence that 
the utilization of starch, of the trisaccharide raffinose, and of the disac-
charide maltose by tissue cultures is dependent upon the secretion into 
the culture medium of the appropriate hydrolytic enzymes. Gautheret 
(262) has reported that carrot callus can be cultured indefinitely with 
glycerol as the sole carbon source, and subsequently Hildebrandt and 

F I G . 37. Callus of Juniperus communis was placed on a starch-containing agar 
medium for 7 days, the callus was removed (note central irregular area where 
callus made contact), and the medium was treated with KI-I 2 solution. Area 
around and beneath the position of the callus is now free from starch. (Photo
graph by F . Constabel.) 
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Riker ( 3 3 4 ) and Nickell and Burkholder ( 5 3 6 ) obtained evidence for 
its acting as a carbon source for other tissues. Other polyalcohols have 
proved inactive as sole carbon sources for callus cultures. 

Callus cultures derived from different species or varieties differ, often 
quite dramatically, in their ability to utilize different carbohydrates as 
their sole sources of carbon and energy. Such cultures, therefore, may 
offer scope for comparative studies in carbohydrate metabolism, particu
larly through the use of 1 4 C-labeled sugars. However, these potentialities 
have not been extensively exploited. Goris ( 2 8 8 ) showed that carrot 
callus readily interconverts glucose and fructose and synthesizes sucrose 
when supplied with either of these monosaccarides. Similar synthesis 
and interconversion has also been demonstrated in other callus tissues, 
and Bove, Bove and Raveux ( 8 7 ) have found that such sucrose synthesis 
in culture of Citrus Union (C. limonum) is markedly reduced under con
ditions of potassium deficiency. Analyses of culture media have shown 
that sugars synthesized in callus cells may be in part released into the 
surrounding medium ( 3 3 ) . Doubtless this is in part a function of the 
activity in growth of the culture and in part of the number of senescent 
cells it may contain. 

The soluble carbohydrate composition of cultured tissues often differs 
markedly from that of the plant tissues from which they are derived. 
This is also true of almost every class of metabolite. The presence or 
absence of added auxins or other growth-regulating substances in the 
culture medium greatly influences the content of soluble sugars and 
of other (e.g., nitrogenous) metabolites. Studies have been made of the 
influence of auxins on the rate of sugar depletion in callus cultures trans
ferred to sugar-free medium ( 1 7 3 , 2 8 4 - 2 8 6 ) and of sugar accumulation 
in response to additions of auxins to sugar-containing media ( 2 8 7 , 2 8 8 , 
4 3 6 , 8 5 6 ) . Such studies point to enhanced rates both of uptake and of 
metabolic utilization of sugars in response to auxin. There is also evidence 
that light, quite apart from its involvement in photosynthesis, promotes 
sugar uptake and metabolism in certain cultured tissues ( 5 1 8 ) . Goris and 
Duhamet ( 2 8 9 ) also found, in work with carrot cultures, that the sucrose 
level increased and the relative level of reducing sugars correspondingly 
decreased as the amount of coconut milk in the medium was pro
gressively increased. 

Interesting observations such as those outlined above require to be 
followed up by modern biochemical techniques if they are to lead to 
advances in knowledge of sugar metabolism and of its regulation by 
auxins and other growth-active substances. The mere recording of 
changes in the carbohydrate content of cultured tissues in response to 
nutritional variables and to culture conditions is not in itself rewarding. 
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3. Protein Metabolism 

Steward, Thompson, and Pollard (720) working with explants from 
the carrot root reported that rapidly proliferating tissue has a higher 
protein : soluble organic nitrogen ratio than nongrowing tissue and that 
this is due primarily to a lower content of amino acids and amides 
(especially of glutamine, asparagine, and arginine) in the growing tissue 
(the only amino acid whose content rose as proliferation became more 
rapid was γ-aminobutyric acid) (Table V I ) . The rapidly growing cells 
were also characterized by the presence of combined hydroxy-L-proline 
in their protein fraction (Table V I I ) . Pollard and Steward (584) sub
sequently reported that actively growing cells of carrot and of other 
tissues synthesize a characteristic cytoplasmic moiety which is meta-
bolically inert (has a low "turnover' rate) and is rich in hydroxy-L-
proline. They drew a parallel between the synthesis of this protein and 
the synthesis of collagen (also rich in hydroxy-L-proline) during wound 
healing in animals ( 1 5 ) . It was considered that proline residues were 

T A B L E VI 

C O M P A R I S O N O F T H E N I T R O G E N O U S C O M P O S I T I O N O F T H E A L C O H O L - S O L U B L E F R A C T I O N 

O F M A T U R E , N O N G R O W I N G , A N D T I S S U E - C U L T U R E D P L A N T T I S S U E S " , & 

Potato tissue Carrot tissue 

Amino acids 
Non-

growing Cultured 
Non-

growing Cultured 

Aspartic acid 1 1 . 2 2 1 . 4 4 2 5 . 9 1 . 2 

Glutamic acid 1 6 . 9 5 1 2 . 7 3 4 2 . 0 4 . 5 

Serine 8 . 8 1 7 . 2 8 1 7 . 0 1 . 5 

Glycine 5 . 1 5 8 . . 0 0 1 . , 7 0 . 4 
Asparagine 2 9 1 . 5 0 . 0 1 5 3 . 3 0 . 0 

Threonine 1 1 . , 8 3 4 . 5 0 1 1 . , 8 0 . 7 
Alanine 2 0 . , 7 5 2 1 5 0 9 3 . 0 1 0 . 4 

Glutamine 5 7 9 . . 0 1 5 . 7 2 7 7 . 8 0 . 0 

Lysine 1 2 . 1 2 . 6 2 0 . 5 0 . 0 

Arginine 1 1 4 . 5 1 5 . 4 6 3 5 . . 2 0 . 0 

Methionine 7 . , 7 4 0 0 2 , . 6 1 0 . 0 

Proline 0 . 0 0 . 0 4 . 2 0 . 1 

Valine 2 9 . 1 6 . 3 1 8 . . 6 0 . 9 

Leucines 1 1 . 1 5 8 . 0 5 7 . . 8 0 . 7 

Phenylalanine 1 1 . 7 1 6 . 1 8 1 3 . 3 0 . 0 

Tyrosine 9 . 3 8 3 . 6 6 1 . 6 0 . 0 

7-Aminobutyrie acid 4 0 . 7 5 8 8 . 3 1 8 . 4 2 . 3 

° From Steward et al. ( 7 2 0 ) . 
6 Ν per amino acid per gm fresh weight. 
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T A B L E VII 

C O M P A R I S O N O F T H E A M I N O A C I D C O M P O S I T I O N O F T H E B U L K P R O T E I N S O F C A R R O T 

R O O T A N D P O T A T O T U B E R W I T H T H A T O F T I S S U E C U L T U R E S D E R I V E D F R O M T H E M 0 ' 6 

Potato tuber (variety 
Ka tahdin) Carrot root 

Active Active 
Original tissue Original tissue 

Amino acids tissue culture tissue culture 

Aspartic 9 . 2 7 . 0 9 . 6 9 . 3 
Glutamic 1 0 .2 8 . 0 1 1 .5 9 . 0 
Glycine 7 . 6 6 . 7 8 . 9 7 . 7 
Serine 3 . 6 5 . 5 5 . 5 5 . 2 
Threonine 2 .6 3 . 2 3 . 4 4 . 7 
Alanine 7 . 1 6 . 6 7 . 6 8 . 0 

Lysine 1 1 . 2 1 3 .6 6 . 1 5 . 5 

Arginine 1 4 .0 1 1 .8 5 . 0 7 . 0 

Methionine 1.0 1 .4 0 . 56 0 . 8 1 

Proline 3. 1 3 . 9 3 . 4 7 . 1 
Valine 6 . 7 5 . 8 8 . 1 7 . 8 
Leucines 1 3 .6 1 2 .0 1 8 .2 1 3 .5 

Phenylalanine 7 . 8 5 . 8 5 . 9 2 . 8 
Tyrosine 2 2 4 . 0 2 . 9 2 . 5 

Hydroxyproline 0 . 0 4 . 8 3 . 6 9 . 2 

° From Steward et al. ( 7 2 0 ) . 
b All data represent amino acid nitrogen as percentage of total proteii η nitrogen. 

incorporated into the polypeptide chains and that some of these were 
transformed into hyroxyproline in situ. The presence of hydroxyproline-
containing proteins in other cultured cells has subsequently been demon
strated, but in these cases its cellular location and function are in debate. 
Dougall and Shimbayashi (217) and Lamport and Northcote (407) 
have reported the occurrence of a hydroxyproline-containing protein 
primarily concentrated in cell walls. It is also not clear whether such 
proteins are a distinctive feature of dividing as against nondividing 
cells. 3 

Steward, Bidwell, and Yemm (706) and Steward and Bidwell (704) 
undertook an investigation to trace the metabolic fate of labeled sugars, 

3 A recent paper by Steward, Israel, and Salpeter (708a) describes the location 
of proline-3H and its derived hydroxyproline in cultured carrot cells by methods 
which combined electron microscopy and autoradiography. The results seem to 
show unequivocally that in the carrot cells the products of proline incorporation 
are not concentrated in the cell walls, are present in both ground cytoplasm and 
nucleus, and, in fact, accumulated first in the nucleus and nucleolus. 



136 Η . Ε . STREET 

glutamine, and γ-aminobutyric acid in carrot tissues stimulated to active 
growth in a coconut milk medium. The primary objective of the investi
gation was to compare the metabolism of amides in growing and non-
growing cells and so to determine the extent to which glutamine fur
nishes nitrogen and carbon for protein synthesis. From this study it 
emerged that incorporation of the 1 4 C of sugar into certain amino acid 
residues of the protein occurred much faster than would be expected 
from the net gain in protein; that feeding glutamine- 1 4C promoted a 
continuing increase in the glutamine content of the cells, but with time 
this cellular glutamine progressively declined in specific activity; that 
1 4 C of sugar was only slowly incorporated into free glutamine. From 
these and ancillary observations certain interesting conclusions were 
drawn. First, that in actively growing cells, as compared with non-
growing cells, protein synthesis was more active and that this was cor
related with a higher rate of protein turnover as indicated by the in
creased rate of production of nonradioactive glutamine. Secondly, that 
the free amino acids which occur in quantity in plant cells (probably 
to a major extent in the vacuoles) are not to be regarded as the im
mediate precursors of protein but rather as stored products which have 
largely originated from protein breakdown. Further, that protein syn
thesis takes place readily from sugar entering the cells, that the carbon 
skeletons of the amino acids which are precursors of protein are derived 
from the entering sugar, and that such "transitory" amino acids are not 
free to mingle with the general pool of soluble organic nitrogen com
pounds. Finally, that a very significant part of the carbon dioxide of 
respiration arises only indirectly from sugar after oxidation of amino 
acids and amide units liberated by the continuous breakdown of protein. 
The design of these experiments by Steward and his co-workers was 
novel and productive of interesting data. The problems raised are of 
such general interest that it may be anticipated that similar studies will 
be undertaken with other callus cultures and with cell suspensions. An 
interesting critical evaluation of some of these data has been presented 
by Yemm and Folkes (869) , and its interpretation has been discussed 
further by Steward and Bidwell (705 ) . 

4. Growth-Regulating Substances 

Callus cultures, in contrast to root cultures and certain other organ 
cultures, often do not require for growth the addition of recognized 
vitamins to their culture media. Pyridoxine (862) and niacin (617) 
rarely seem to be essential, and, in many cases, there is no convincing 
evidence that additions of these Β vitamins significantly enhance growth 
of callus cultures. Thiamine is reported to be required for culture of 
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callus of Nicotiana tabacum ( 431 ) . The response of callus tissue derived 
from Nicotiana tabacum var. 'Wisconsin No. 38' to thiamine is particu
larly interesting. At least 400 /Ag/liter is required for maximum yield, and 
the yield increases linearly relative to the log of the concentration of 
thiamine over most of the range 0.5-400 />tg/liter. It has now been re
ported that this tissue can grow slowly in the absence of an external 
supply of thiamine if the medium contains a high level (500-1000 
/xg/liter) of kinetin (213) and that this level of kinetin activates thia
mine synthesis in the culture (Fig. 3 8 ) . Thiamine was reported (531) 
to be essential for the culture of wound-virus tumor tissue of Rumex, 
but more recently this tissue has been described as now thiamine-
autotrophic (535) . The argument has been advanced that the tissue has 
now acquired the ability to synthesize this vitamin in culture (see Sec
tion III , D, 4 for discussion on habituated tissues), although this hy
pothesis has not been critically tested. Czosnowski (179a) demonstrated 
that the growth of certain callus cultures was not enhanced by external 
thiamine as they contained this vitamin; the concentrations reported 
were the order of 5 X 1 0 ~ 2 jug per milliliter fresh volume of tissue. 
While not essential for continuous growth in culture, thiamine additions 
do enhance the growth of a number of callus tissues (179, 572) ; pre
sumably in such cases the endogenous production of thiamine is limiting, 
as in the 'Wisconsin No. 38' stain of tobacco tissue receiving kinetin. 

Pantothenic acid is described as enhancing the growth of normal 
callus of Crataegus (497) and of crown gall tissues of Datura innoxia 
(647, 648) . Ascorbic acid enhances the growth of Picea glauca tissues 
(604) . Following the isolation of hexitols from coconut milk it has been 
shown that externally supplied cyclitols (particularly mt/o-inositol) are 
frequently stimulatory to the growth of callus cultures (431, 519, 583, 
617, 695) . In fact the hexitols, as indeed also auxin, form part of 
synergistically active systems that cause both carrot and potato explants 
to grow to their maximum (Fig. 39) (see Chapter 8 ) . 

Gautheret (265) summarized many studies undertaken on the re
sponses of callus cultures to auxins and concluded, "The only irrefutable 
result is that while some tissues can be cultured without auxin, others 
require a substance of this type." As will be discussed in a later section 
(Section III , D, 3 ) , most crown gall tissues not only proliferate freely 
in culture in the absence of an external supply of auxin, but their 
growth is not enhanced by such additions (202, 203, 263, 333, 498) . 
Gall tissues which arise as a result of insect attack may, however, 
require auxin for their growth in culture, as shown by the work of 
Demetriades (198) on insect gall tissue from Salvia pomifera. Many 
normal tissues require auxin for their growth in culture, and media 
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F I G . 39. Growth response of explants from carrot roots (values from 8 dif
ferent roots shown for each treatment) to the active fraction (AF) and the neutral 
fraction (NF) from coconut milk, in the presence (solid histograms) and absence 
(white histograms) of casein hydrolyzate. Basal = basal medium, CM = whole 
coconut milk. The neutral fraction contains rayo-inositol, ocy/Zo-inositol, and sorbitol. 
From Pollard, Shantz, and Steward (583) . 

employed for their successful culture have usually contained one of 
the following, usually within the concentration range 1 0 - 8 to 1 0 - 5 

gm/ml: indol-3yl-acetic acid ( IAA), α-naphthaleneacetic acid (NAA), 
2,4-dichlorophenoxyacetic acid (2 ,4-D) , parachlorophenoxyacetic acid, 
or 2-naphthoxyacetic acid (2-NOA) (265) . As in other aspects of nutri
tion and metabolism, callus tissues from different varieties of the same 
species may show different auxin requirements for continuous culture. 
Thus, some workers have been able to culture carrot root callus without 
auxin (264) , others by the addition of auxin as the only growth factor 
(419, 550, 551, 856) , and others again, after the observation of Caplin 
and Steward (144) , have found an addition of coconut milk essential 
(206) . Similarly, while Morel (498) found NAA essential for the growth 
of Virginia creeper (Parthenocissus quinqtiefolia) tissue, Bertossi [re
ported by Gautheret (265)] isolated a callus strain of this species having 
no auxin requirement. 

What now seems clear, however, is that the growth of quiescent cells 
may need to be stimulated by a complex array of substances which 
compose a series of systems, and any or all of these may in their turn 
be endogenously limiting. Thus carrot clones may be selected which 
emphasize exogenous requirements for such diverse substances as 
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auxins (natural or synthetic), inositols, and, if growth is to be pushed 
to its maximum, those substances (natural or synthetic) which in
dependently or synergistically promote cell division and enlargement. 

Because the growth of many callus cultures is dependent upon the 
incorporation of an auxin into the culture medium it has been possible 
to study the comparative activities of natural and synthetic auxins 
and related substances in meeting this requirement. Gautheret and 
Bouriquet have published a series of papers (80-86, 599, 600) on the 
responses of cultured callus tissues, particularly of callus from Helianthus 
tuberosus, to a wide range of synthetic auxins and of indole com
pounds which could act as precursors of IAA. Thus tissues vary in 
their ability to convert substances like indole, tryptophan, and tryptophan 
precursors (anthranilic acid, etc.) into an active auxin, and certain 
synthetic auxins may be of high relative activity because, unlike IAA, 
they are less susceptible to enzymatic destruction within the tissues. 

Callus tissues and crown gall tissues which are auxin-autotrophic 
have been shown to contain detectable levels of endogenous auxin (49, 
51, 321, 398, 429) , although the chemical nature of these natural auxins 
has in no case been determined. Crown gall tumor tissues often con
tain a higher level of extractable auxin activity than normal tissues of 
the same species. Henderson and Bonner (321) , working with Helianthus 
tissues, considered that this was due to an enhanced rate of synthesis 
in the tumor tissues. However, Bitancourt (51) had interpreted his 
results on the basis that the difference is due to a lower activity of 
auxin-destroying enzymes in the tumor tissues. 

Lachaux (399-402) , Nickell (530) , and Lioret (432-435) have re
ported that auxins stimulate the respiration of callus cultures. Reference 
has been made previously (p. 133) to the evidence that auxins enhance 
both sugar uptake and sugar utilization. Menoret (481) has studied the 
effects of 2,4-D on the nitrogen metabolism of callus cultures of carrot. 
This auxin reduced the level of soluble organic nitrogen as a con
sequence of inhibiting the assimilation of nitrate and at the same time, 
and particularly at a high concentration, promoting protein synthesis. 
When the cultures were deprived of an external source of nitrogen, 
2,4-D at a concentration of 1 0 - 6 caused a marked enhancement of the 
protein nitrogen relative to the soluble organic nitrogen of the cells. 

Galston (249) has reported that additions of 2,4-D or IAA cause a 
fall in the catalase activity of various callus and tumor tissues and 
concluded that their rate of proliferation is inversely related to their 
catalase content. Morel and Demetriades (503) found that IAA and 
2,4-D enhanced the activity of peroxidase and polyphenoloxidase in 
cultures of Helianthus tuberosus, and Bryan and Newcomb (119) that 
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auxin enhanced pectin-methylesterase activity in cultured pith tissues 
of Nicotiana tabacum. These few and rather fragmentary observations 
with cultured tissues make a very limited contribution to our knowledge 
of the metabolic effects of auxins. Like many other similar studies 
using detached organs, organ fragments, or tissue slices, they do not 
alone provide critical data regarding the mechanism of action of auxins. 

Following upon the discovery of the gibberellins, and particularly 
following the detection of natural gibberellins in the tissues of higher 
plants [for a review, see Brian, Grove, and MacMillan ( 1 0 7 ) ] , a number 
of workers have tested their effects upon the growth of cultured tissues. 
The material ("gibberellin'') used has in some cases been highly 
purified but of undefined chemical composition ( 4 1 , 3 2 0 , 5 2 4 , 5 2 5 , 5 3 8 ) . 
Other workers have used pure samples of gibberellic acid (gibberellin 
A 3 ) (GA) or other defined gibberellins. Netien ( 5 2 4 , 5 2 5 ) tested "gib
berellin" against normal tissue cultures of Helianthus tuberosus, Rubus 
sp., and Daucus carota and against crown gall tissue of Scorzonera. The 
gibberellin was without effect or was slightly inhibitory to growth. 
Various types of auxin used in conjunction with the gibberellin did not 
change the response. Henderson ( 3 2 0 ) found his cultures of Helianthus 
tuberosus similarly insensitive to gibberellin and contrasted this with 
the stimulatory effect of gibberellin, particularly when used in con
junction with IAA, in inducing the initial development of callus on 
explants of mature tissue. He cited, in particular, the studies of Schroeder 
and Spector ( 6 5 0 ) on the induction of callus from mature fruit tissue 
of citron. Nickell and Tulecke ( 5 3 8 ) found that of 5 9 strains of callus 
(derived from 2 5 different species), all those of monocotyledonous 
origin and most of the remainder were inhibited by incorporating into 
their culture media 1 0 ppm of a gibberellin (described as Pfizer Lot. 
No. 7 6 0 8 8 , "a mixture of gibberellins A and X " ) . The growth of a few 
of the tissues was enhanced by gibberellin; the enhancement varied 
from + 6 % (Sohnum tuberosum tissue) to a + 8 4 % (Melilotus stem 
wound virus tumor tissue) of control growth. A survey of this kind 
involving an arbitrary concentration of gibberellin applied to tissues 
growing in a variety of culture media (some containing an auxin and 
some auxin-free) is, however, of strictly limited value and does not 
permit of any general conclusions. 

Straus and Epp ( 7 2 5 ) have reported that an external supply of 
gibberellic acid ( 0 . 5 - 2 . 0 mg/liter) is essential for the growth in culture 
of tissue derived from the staminate cones of Chamaecyparis funebris 
(Cupressus funebris). This is to be contrasted with the continuous 
growth in culture of several other gymnospermous tissues in media 
lacking gibberellins ( 2 4 , 3 1 , 6 0 5 ) . Murashige and Skoog ( 5 1 6 ) , in their 



142 Η . Ε . STREET 

work with callus derived from the stem pith of Nicotiana tabacum, 
found, using a basal medium containing White's inorganic salt solu
tion, sucrose, IAA, kinetin, thiamine, niacin, pyridoxine, glycine, myo
inositol and pancreatic digest of lactalbumin that growth was not 
enhanced by additions of gibberellic acid. However, when the growth 
rate of the cultures was improved by alteration of the mineral salt 
solution (involving enhanced levels of potassium, calcium, magnesium, 
zinc, nitrogen, and phosphate), then additions of gibberellic acid (1 
mg/liter or higher concentrations) markedly enhanced the fresh weight 
increase of the cultures (512a) (Fig. 4 0 ) . This growth-promoting ac-

Κ Γ 7 1 0 " 6 

GA i n mediu m Μ 

F I G . 40. Influence of gibberellic acid (GA : ?) on the yield of tobacco callus 
(var. 'Wisconsin No. 38') cultured in Murashige and Skoog (516) medium con
taining per liter 2 mg of IAA and 0.05 mg of kinetin. Molar (M) concentration 
of GA.i indicated. From Murashige (512a). 

tivity of GA was not observed if IAA was omitted from the modified 
culture medium. These observations with Chamaecyparis (Cupressus) 
funebris and Nicotiana tissues are consistent with the view that, if 
gibberellins are essential for the growth of plant cells, the endogenous 
levels established in callus cultures are rarely markedly limiting. If 
this is so, it may be expected that as the growth rate of cultures is 
enhanced by the development of more effective culture media, more 
cases of growth stimulation from externally applied gibberellins will be 
revealed. 

When substantial pieces of pith removed aseptically from segments 
of tobacco stem (Nicotiana tabacum var. Wisconsin No. 38') are placed 
on the surface of an agar medium containing mineral salts, sucrose, Β 
vitamins, and glycine, some callus tissue develops at the morphologically 
basal (basipetal) surface. However, the development of this callus 
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does not continue and fragments cannot be successfully subcultured on 
to this medium. Addition of IAA augments the amount of callus pro
duced but does not prolong the period of its growth. Adding coconut 
milk or yeast extract in combination with IAA, maintains callus growth 
and permits subculture (750) . However, in a search for substitutes for 
the yeast extract or coconut milk, it was found that autoclaved slurries 
of sperm DNA were effective and in 1955 an active crystalline com
pound was isolated from the DNA (489) . This material was termed 
kinetin and shown to be 6-furfurylaminopurine (489, 490) . Not only 
kinetin but a number of its analogs (750) were shown to be capable of 
maintaining growth in culture of the tobacco callus on the original 
synthetic medium, but only when it was supplemented with IAA. As 
indicated, IAA alone failed to maintain cell division; it caused, par
ticularly at high concentration, the development of abnormally large 
cells. Kinetin and its active analogs caused the excessively large cells to 
divide internally. Miller (485) therefore proposed that this group of 
substances, because of their promotion of cell division, should be 
termed kinins. Thimann (771) has now drawn attention to an earlier 
use of the term kinin by animal physiologists and proposed the alterna
tive names cytokinins or cytomins. The active synthetic cytokinins seem, 
in general, to be 6-substituted purine derivatives. The furfuryl group 
attached to the NH 2-group at position 6 can be replaced by a rather 
wide variety of substituents without loss of activity (benzyl, phenyl, 
pyridyl, naphthyl, piperidyl, etc . ) . Many 6-alkylaminopurines are active. 
Bisubstituted purines are generally less active than those substituted at 
position 6 only. Kinetin is not the most active compound when tested 
against tobacco callus. The 6-isomer of a natural alkaloid, triacanthine, 
i.e., 6-(γ,γ-dimethylallylamino) purine shows greater activity in the to
bacco callus bioassay in the range 0.0001-0.01 μΜ compared with 
0.001-0.01 μΜ for kinetin (39, 629) . Triacanthine (substituted in posi
tion 3) is inactive, but is activated by autoclaving during which the 
6-substituted isomer is formed. Recently, Hamzi and Skoog (301) have 
shown that the l-(γ,γ-dimethylallylamino)adenine and 1-benzyladenine 
have activity as cytokinins when tested against the 'Wisconsin No. 38' 
strain of tobacco pith tissue and suggested that they may be active as 
such and not as a consequence of conversion to the 6-derivatives. Until 
recently, it seemed that an intact purine ring was essential for cytokinin 
activity (486) . However, Shantz and Steward (659a) found that the 
biological activity of Ν,Ν'-diphenylurea, isolated by them from coconut 
milk, would justify its classification as a cytokinin. Subsequently, Bruce, 
Zwar, and Kefford (118) have tested a wide range of urea and thiourea 
derivatives and have found that a large proportion of these compounds 
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have consistent cytokinin activity. The activity of these compounds sug
gests that a purine nucleus per se is not necessary for activity. This is 
supported by the cytokinin activity of 8-azakinetin (in which the carbon 
at position 8 in kinetin is replaced by a nitrogen atom) and by the 
isolation of substances from Zea (659b, 716a) and Aesculus (660a) , 
which are glycosides and which promote cell division in conjunction with 
inositol. 

Kinetin was discovered in work on the growth requirements of 
'Wisconsin No. 38' tobacco callus, and it was shown not only to promote 
cell division in the tissue but, as will be discussed later, dramatically 
to affect organ initiation from the callus (674) . More recently, Fox 
(239) has described the isolation from this 'Wisconsin No. 38' callus 
of two variants (0 -1 and X - l ) , one ( X - l ) requiring only auxin and 
the other ( 0 - 1 ) requiring neither an auxin nor a cytokinin. A water 
extract of the strain 0 -1 tissue was shown to be able to meet the 
cytokinin requirement of the normal parent callus and to be active in 
the soybean test for cytokinins (487) . It also contained material active 
in the Avena coleoptile straight growth test for auxins. It was therefore 
suggested that this strain had developed the ability to meet its auxin 
and cytokinin requirements endogenously. 

Kinetin has been shown to enhance substantially the growth of a 
number of callus cultures including those derived from carrot root 
phloem (659) , soybean cotyledon tissue (485) , pea root cortex (785) , 
cocklebur (Xanthium) stem pith (240) , and Helianthus tuberosus tuber 
tissue ( 4 ) . Here, as in our discussion on gibberellins, the hypothesis 
can be advanced that a natural cytokinin is one of the growth factors 
essential to all plant cells and that those callus tissues which respond to 
an externally supplied substance with cytokinin activity are limited in 
growth and development by the rate of endogenous synthesis of their 
natural cytokinin. 

Even prior to the discovery of kinetin, it was clear that many plant 
tissues yield extracts with cytokinin activity (714) , but the isolation 
and chemical classification of the active natural compounds involved 
has proved difficult. Miller (487) working with Zea mays, and Letham 
and Bollard (415) and Letham (413) working with immature plum 
(Prunus) fruitlets, isolated and partially purified active compounds 
having ultraviolet spectra compatible with a N6-substituted adenine. 
Later, Letham (414) reported the isolation from immature seed of 
Zea mays (sweet corn variety) of a crystalline material (zeatin) with 
high cytokinin activity. Zeatin has now been shown (416) to be 
6-(4-hydroxy-3-methylbut-2-entyl) aminopurine, and its structure con
firmed by synthesis (661) . Such discoveries suggest that there is a 
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class of natural cytokinins which are 6-substituted purines and that 
urea and thiourea derivates may be precursor molecules. 

Studies of metabolic changes resulting from applications of gibberellins 
and cytokinins to cultured tissues have so far not yielded data which 
enable firm conclusions to be drawn regarding the mechanism of 
action of these growth regulators. This situation is complicated because 
of the known interactions in growth and metabolism between these 
substances and the auxins, and their possible interactions with other 
and, as yet, unidentified growth regulators. Gibberellins and cytokinins 
resemble auxins in having a number of biological effects depending 
upon the nature of the test plant material and the environmental con
ditions. Thus, gibberellins not only promote cell expansion and cell 
division but can exert profound effects on plant development by sub
stituting for vernalization and for long photoperiods (see Chapter 4 ) . 
Cytokinins not only induce cell division and interact with auxins and 
gibberellins in their effects on cell expansion but exert effects on seed 
germination, organ initiation, and the onset of senescence in leaves (see 
Chapter 4 ) . This raises the question whether uniformity of metabolic 
action in plant materials is to be expected since they respond in different 
ways to a particular growth regulator; and whether, for instance, studies 
of the changes which occur during the delay of senescence in leaf cells 
treated with kinetin are relevant to understanding how kinetin promotes 
cell division in callus fragments. At the present time, the general hy
pothesis that natural growth regulators, despite their diverse effects on 
growth and development, each owe their activity to an action upon 
some specific metabolic reaction ("master reaction") cannot either be 
rejected or regarded as established. This can be illustrated by reviewing 
briefly some recent observations indicative of the mechanism of action 
of cytokinins. 

Guttman ( 2 9 6 ) , Jensen and Pollock ( 3 5 7 ) , and Olszewska ( 5 5 8 ) have 
obtained evidence that kinetin causes an increase in the nucleic acid, 
and particularly in the ribonucleic acid (RNA) of onion (Allium cepa) 
root cells. Woodstock and Skoog ( 8 6 4 ) have obtained data indicating 
that the amount of RNA synthesis in the cells of the Zea mays root 
apex determines the subsequent rate of elongation of the differentiating 
tissue cells. Other studies indicate that the influence of kinetin on RNA 
synthesis in roots may result in a changed pattern and rate of protein 
synthesis and that this may be reflected in changes in the activities of 
particular enzymes. Thus, Steinhart, Mann, and Mudd ( 6 9 6 ) have 
shown, in studies with seedling barley roots, that kinetin treatment 
causes an increase, along the whole length of the roots, in the activity 
of the enzyme tyramine methylpherase (the enzyme mediating the 
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synthesis of N-methyltyramine). Kinetin did not affect the activity levels 
of four other enzymes present in the roots. The kinetin-induced rise in 
tyramine methylpherase activity was prevented by the simultaneous 
addition of inhibitors of protein synthesis, a result suggesting that 
kinetin promoted an enhanced rate of synthesis of the enzyme protein. 
Previously, Thimann and Laloraya (772) had shown, using isolated stem 
segments of 'Alaska' pea seedlings, that application of kinetin plus IAA 
doubled the amount of protein synthesized per segment as compared 
with application of IAA alone. It is also known that agents that induce 
growth and cell division also alter the complement of proteins in the 
cells they affect, as shown by gel electrophoretic studies (cf. Volume 
IVA, Chapter 4 ) . 

From the time of their excision, detached leaves decrease in their 
ability to incorporate amino acids into proteins. In 1957, Richmond 
and Lang (608) found that both chlorophyll degradation and protein 
loss were retarded by dipping the petioles of excised leaves of Xanthium 
pensylvanicum into a solution of kinetin. Later, Osborne (563) used 
excised leaves and leaf disks of this species and found that kinetin 
maintained both the RNA : DNA ratio and the protein level and en
hanced the rate of incorporation of leucine- 1 4 C into protein and of 
orotic acid- 1 4 C into RNA. A similar maintenance of chlorophyll and 
protein content was observed on leaf blade areas of Nicotiana tabacum 
sprayed with kinetin solution (509) . Amino acids absorbed via the 
petioles migrated to the sprayed areas. Both protein synthesis and RNA 
synthesis have subsequently been shown to be enhanced in detached 
tobacco leaves after kinetin application (571, 751, 861) . Kinetin similarly 
maintains the synthesis of protein, RNA, and DNA and suppresses the 
activities of ribonuclease (RNase) and deoxyribonuclease in excised 
barley leaves (689) . 

These studies, which point to an influence of kinetin on RNA synthesis 
and in consequence upon protein synthesis, do not establish either the 
specificity of these effects or that they are the basis of all the physio
logical consequences of kinetin treatment. Thus, kinetin is unsuccessful 
in maintaining the chlorophyll content and protein level of detached 
leaves of Prunus serrulata whereas auxin is effective in both these 
respects (562, 564) . Evidence that auxin can promote RNA synthesis 
and that the effectiveness of auxin in promoting cell expansion is re
duced by RNase has been obtained by Masuda in studies upon the 
Avena coleoptile (468, 469) and tuber tissue of Helianthus tuberosus 
(470) . In line with this, Key and Shannon (379) have reported that 
auxin enhances 1 4C-labeled nucleotide incorporation into RNA in excised 
soybean hypocotyls. The expansion of the hypocotyl cells, which is pro-
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moted by IAA, is inhibited by actinomycin, puromycin, and 8-azaguanine. 
The activity of these inhibitors suggests that the expansion process is 
controlled by a DNA-dependent RNA synthesis and by protein synthesis. 
This has now been followed ( 3 4 3 ) by the separation from the hypocotyl 
tissue of an RNA-fraction having a high content of adenosine monophos
phate (AMP) and a low content of guanosine monophosphate (GMP) 
and an AMP : GMP ratio similar to that of soybean DNA. This frac
tion of the RNA has a high rate of synthesis and a high turnover rate 
(mean life of about 2 hours) as indicated by its gain and loss of 
radioactivity following the supply to the cells of a pulse of 3 2 P-labeled 
phosphate. It corresponds, therefore, with the class of messenger RNA 
(mRNA) which is considered to carry information from the DNA to 
the site of protein synthesis ( 3 4 9 ) and evidence for which has been 
advanced from other plant cells ( 3 4 1 , 4 4 5 ) . It is now important to know 
whether, when auxin and kinetin promote RNA and protein synthesis, 
they simultaneously enhance nucleotide incorporation into this mRNA 
fraction. However, the idea that the primary actions of auxins and 
cytokinins are on RNA synthesis should at present be regarded as a 
working hypothesis. From observations on the effects (separately and 
jointly) of auxin, kinetin, and gibberellic acid (GA) on Helianthus 
tuberosus tissue Masuda ( 4 7 0 ) concluded that the primary effect on 
RNA synthesis might be mediated, not by auxin or kinetin, but by GA. 
All three types of growth regulator may act via some key aspect of 
metabolism, such as RNA synthesis, since it is the balance between 
them that determines certain aspects of tissue differentiation and the 
initiation of organized meristems in callus cultures (see Section III, C. 6 ) . 

Certain callus cultures cannot yet be satisfactorily maintained on 
culture media of completely known composition. Their successful cul
ture is dependent upon the incorporation into the medium of a natural 
extract or fluid of uncertain composition. Coconut milk has been par
ticularly effective and hence widely used for this purpose ( 1 0 , 1 4 5 , 
2 0 6 , 2 2 0 - 2 2 4 , 3 2 2 , 4 9 9 , 5 2 9 , 8 5 6 ) . Often the crown gall tissue obtained 
from the same species and variety will grow on a simple defined medium 
whereas the normal callus tissue grows satisfactorily only in a medium 
containing coconut milk. This has been interpreted as indicating that 
the coconut milk supplies essential substances whose synthesis is im
paired or suppressed in the normal tissue. 

At maturity the fruit of the coconut (Cocos nucifera) contains a 
very immature and undifferentiated embryo embedded in a solid (cel
lular) endosperm. Within the solid endosperm is a liquid endosperm 
(known as coconut milk or coconut water), containing some free cells 
and free nuclei. This liquid endosperm nourishes the embryo during its 
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subsequent differentiation and growth, and its characteristic growth-
promoting properties persist in the mature nut until it is depleted by 
the invasion of the absorbing cotyledon of the embryo. Recognition that 
coconut milk could promote the growth and development of the im
mature embryos of other species followed from the studies of van 
Overbeek, Conklin, and Blakeslee (567, 568) on the culture of immature 
Datura embryos. Its importance in inducing growth in differentiated tis
sues isolated from higher plants was first reported by Caplin and 
Steward (145) working with 2 mg carrot root phloem explants cut 
at some distance ( 2 - 3 cm) from the cambium. Such small explants 
increase very little in weight or in cell number when transferred to 
White's basal culture medium. However, after the addition to such a 
medium of 5 - 1 0 % coconut milk (by volume) the explants increased 
80- to 100-fold in fresh weight in 21 days and the cell number (initially 
25-28,000) increased to 2-3 χ 10 6 in the same period (714) . 

Following upon this demonstration of the growth-promoting properties 
of coconut milk, Steward and his collaborators have used their standard 
carrot root phloem explants as test objects in the search for similar 
activity in other plant materials. A warm water extract of lyophilized 
immature fruits of corn (Zea mays) has high activity reaching a maxi
mum about 2 weeks after pollination (526, 708) . This activity dis
appears as the grain matures (144) . An active fluid can be withdrawn 
from the vesiculate embryo sac (cf. 442) of the immature fruit of 
Aesculus woerlitzensis collected at Ithaca, New York between mid-July 
and mid-August (714) . Other extracts, active in the carrot assay as 
performed in Steward's laboratory, were obtained from immature fruits 
of Juglans (708) , the innermost layer of the pericarp of young fruit of 
banana (Musa) (717) , and from the female gametophyte of Ginkgo 
(708) . Subsequently similar growth-promoting activity has been demon
strated in extracts of immature apple (Malus) and plum (Prunus) 
fruits (413, 415, 873) . 

As already indicated, work with extracts of maize grains collected 
at the milk stage and with immature plum fruitlets has shown that they 
contain 6-substituted aminopurines and that these are responsible for 
at least part of their growth-promoting activity as revealed by bioassay 
with either tobacco stem pith tissue or carrot root phloem tissue. How
ever, the chemical basis of the growth-promoting activity of coconut 
milk although studied by various workers has not yet been accounted 
for completely. The substances which have been isolated in pure form 
do not account for the total activity or all the properties of coconut 
milk. A mixture of the known constituents of coconut milk (801) does 
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not have the growth-promoting activities of coconut milk (this subject 
is discused in greater detail in Chapter 8 ) . 

One important aspect of the work with coconut milk is the finding 
that components inactive or of low activity on their own may have high 
growth-promoting activity when added along with another component. 
This has led to the view that the properties of coconut milk are due not 
only to as yet unidentified cytokinins but to interactions between them 
and between such hormonal factors and other constituents of the milk. 
Coconut milk is not only a fluid containing substances specifically active 
in initiating growth, but one whose effectiveness is in part the outcome 
of its complex composition of growth factors and metabolites which nor
mally nourish an immature embryo. 

5. Tissue Differentiation 

Tissue differentiation in growing plant organs takes place in a pre
cise manner to give sharp tissue patterns characteristic of the organ 
and the species. This implies that cells adjacent to one another may 
differentiate along quite different pathways. Differentiated cells can, 
under appropriate stimuli, return to a meristematic state and give rise 
to tissue masses or organs in which again a diversity of differentiation 
manifests itself. It may, therefore, be concluded that differentiation 
normally involves not genetic change but the expression for each type 
of tissue cell of a selected part of the genome. The activation and 
repression of genes underlying differentiation would appear to be de
termined by an intracellular process of regulation, itself controlled, in 
turn, by extrinsic factors whose patterns of intensity foreshadow the 
patterns of tissue differentiation. Physicochemical patterns established 
within organs or culture tissue masses have their morphological expres
sion in visible differentiation. 

The general problem of tissue differentiation can be dissected into a 
number of separate problems; identification of the extrinsic factors; 
identification of their origin and of the factors controlling their distribu
tion; the metabolic role of these factors within cells and particularly 
whether they act directly in metabolism or function as, or in the syn
thesis of, the particular molecules which repress or activate genes; 
tracing of the changes in metabolism which follow once the pattern of 
gene expression is determined. Work with callus cultures has added to 
our knowledge of such extrinsic growth regulators, of the factors con
trolling their distribution, and of the metabolic events which underlie 
such visible expression of differentiation as lignification. 

Gautheret has stressed that callus tissues are never built up entirely 
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of dividing cells but that restricted meristematic regions are dispersed 
in a ground tissue, cells of which show at least differentiation into highly 
vacuolated parenchyma. The extent of this differentiation is markedly 
affected by the size and form of the callus mass and by the environ
mental conditions under which it is maintained. This serves to underline 
the fact that callus cultures always have a degree of internal organiza
tion and differentiation which makes it misleading to call them tissue 
cultures; they are not a uniform culture of tissue cells. 

The cambia which arise in callus cultures though limited in extent 
are often not clearly delimited. Frequently, such cambia arise at lines 
of discontinuity, at external or internal surfaces or at the limit of some 
group of tissue cells (12, 271) . Factors which promote proliferation by 
cell division, such as auxins, often promote the formation of recognizable 
cambia. These cambia normally appear to be equivalent to vascular 
cambia insofar as the cells to which they give rise frequently give rise 
to tracheid-like cells (xylem) and, under appropriate conditions, also 
to ' phloem." Kauppert (375) has, however, described a cambium ap
parently equivalent to cork cambium in tissue cultures of Cyclamen 
persicum. 

The origin of such cambia often involves the initiation of cell division 
in otherwise "differentiated" cells. Such dedifferentiation leading to the 
development of meristematic "nodules" or sheets of dividing cells can 
occur in large, highly vacuolated parenchymatous cells (576) , in cells 
with highly lignified walls (777) , and in young phloem cells of the 
initial explant. Cell division can often be induced in such cells by use 
of such factors as coconut milk, natural and synthetic cytokinins and 
auxins (particularly 2,4-D). 

Gautheret (268) has described in great detail and for many different 
callus cultures the imperfectly organized differentiation of isolated 
lignified fiber-cells, isolated tracheid-like cells, and vascular strands and 
nodules made up either of xylemlike elements only or containing 
both xylem elements and sieve tubes. The vascular aggregates and 
strands when they contain both xylem and sieve tube units may have 
either a central or a peripheral group of phloem. 

Gautheret and his associates have described numerous observations 
which indicate the influence of environmental factors on the differentia
tion in callus cultures. With a callus of Jerusalem artichoke (Helianthus 
tuberosus), Gautheret (269) observed that vascular strands were absent 
when the cultures were grown below 17 °C and that within the range 
17—31 °C increase in temperature enhanced the formation of vascular 
strands. With the same tissue it was observed that low concentrations 
of auxins enhanced and higher concentrations suppressed vasculariza-
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tion ( 2 7 0 ) . Gibberellic acid enhanced the vascularization occurring in 
presence of a low auxin concentration. The supply of sugars also clearly 
influences the formation of tracheid-like elements in callus cultures of 
both normal and crown gall origin ( 8 0 5 ) . The concentration of sugar 
in the culture medium may determine whether only xylem or both 
xylem and phloem are differentiated ( 8 3 3 ) . 

Studies such as those briefly referred to above have shown that the 
extent of histologically visible differentiation in callus cultures de
pends not only upon the interplay of such measurable environmental 
factors as light, temperature, and composition of the initial culture 
medium but on the origin of the callus, its period in culture (number 
of subcultures from the initial explant), and the age, size, and previous 
history of the callus mass examined. Many experiments of this kind can 
be subjected to the criticism that they have been based upon the 
examination of very few individual cultures and that, where large num
bers of replicate cultures have been sectioned, they have revealed a 
very high degree of histological variability within replicates receiving 
the same experimental treatment. Furthermore, the histological observa
tions upon which conclusions have been based have frequently been very 
cursory and incomplete. Thus, Karstens ( 3 7 0 ) points out that publica
tions concerned primarily with callus anatomy make frequent reference 
to phloem but do not describe its structure in proper detail, so that 
no assessment can be made of how far it corresponds to the normal 
primary or secondary phloem of the species. Reviewing studies from 
both his own laboratory and that of Gautheret, he concludes "nothing 
is to be found in the literature, in either text or pictures, concerning 
the cytological characteristics and the anatomical composition of the 
phloem reported in established tissue cultures." It is now clear that the 
frequent descriptions of structures observed in callus cultures as xylem-
phloem complexes and even more the use of the term vascular bundles 
may not be justified. 

One must therefore conclude, somewhat reluctantly in view of the 
numerous published paper involved, that histological studies with callus 
cultures have added little to our knowledge of the processes of determi
nation and subsequent development which result in cellular differentia
tion. This may well be the consequence of inadequate experimental 
designs and the qualitative or even subjective nature of the histological 
observations made, rather than a true indication that callus cultures, 
properly used, are unsuited for definitive work in this field. Two recent 
experimental approaches show that valuable data on differentiation may 
yet be obtained from studies with callus cultures. 

The first of these was initiated by a study by Camus ( 1 3 9 ) of the stim-
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ulus to vascular differentiation which occurred when buds of Cichonum 
were grafted to storage or cultured tissue masses of this species. Vascular 
strands were initiated below the bud and developed to connect the 
vascular tissue of the bud to other vascular strands in the storage tissue 
or explant. No graft union was necessary and the stimulation from the 
bud could pass a cellophane membrane, an observation indicating the 
action of a diffusible substance. A similar study was undertaken by 
Wetmore and Sorokin (834) using cultured callus of Syringa vulgaris 
into which, after making V-shaped incisions, they grafted buds of this 
species and into which they also introduced agar-solidified auxin solu
tions or culture media. With bud grafts there was an immediate induc
tion of mitosis which gave rise to short vertical columns of cells in the 
callus. As the graft union developed these columns of cells differentiated, 
giving lignified and pitted xylem elements. Where an auxin (NAA, 0.01 
mg/liter) was also fed via the V-shaped incision this vascularization 
was enhanced. However, by increasing the auxin concentration (to 1.0 
mg/liter) the site of the vascular strands was altered—they arose farther 
from the positions of the graft incision and nearer to the outside of the 
callus mass. 

More recently, Wetmore and Rier (833) using a number of callus 
cultures derived from both woody and herbaceous dicotyledons and 
Jeffs and Northcote (353a) using a callus from Phaseolus vulgaris have 
extended these studies. By supplying an auxin (both IAA and NAA were 
used) and sugar (specifically sucrose and certain a-glucodisaccharides, 
e.g., trehalose) at an incision, they have successfully induced, without 
inserting buds, the development of vascular strands in otherwise paren
chymatous callus masses (Fig. 4 1 ) . In these experiments both xylem and 
phloem were differentiated, and the balance between them could be 
controlled by the concentration of sugar applied. When the callus masses 
were sectioned transversely to their vertical orientation during the ex
periment, the vascular strands were arranged in a roughly circular 
pattern, and the diameter of this circle increased with the auxin con
centration applied via the centrally placed incision (Fig. 4 2 ) . Xylem 
was characteristically oriented toward the center and phloem toward 
the periphery as in the vascular pattern of stems. Here there is clear 
evidence that sugar supply and auxin level are factors which control 
cambial activity and the differentiation of vascular elements and that 
their spatial distribution within the callus mass may control the sites 
at which cambial activity is initiated. In support of this it has been 
demonstrated that IAA and sucrose move through the callus mass by 
diffusion and establish a diffusion gradient from the V-shaped incision 
(Fig. 43 ) . Further work is clearly required to identify all the factors 
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F I G . 4 1 . Diagram to show the arrangement of the induction wedge in the callus 
block and the region in which vascular tissue differentiation occurs. From Jeffs and 
Northcote (353a). 

essential to the development of a cambium, to distinguish those which 
determine whether the new cells formed shall differentiate into xylem 
or phloem and to identify what factors control the rate at which this dif
ferentiation shall proceed. Nevertheless, an experimental approach to 
these problems which is of considerable promise has been developed. 
Inasmuch as these observations impinge upon the study of development, 
they are to receive especial discussion, from the standpoint of the mor
phological problems they raise, in Volume VI (see chapter by Wetmore 
and Steeves). 

The second approach arises from two observations; the first is an 
observation by Robert and Barnoud ( 6 2 5 ) that lignin and substances 
demonstrated to be lignin precursors in cultured tissues ( 2 9 , 3 2 , 8 1 3 , 
8 1 4 ) can be detected in a number of callus cultures which show no 
histological evidence of lignification. The second is an observation by 
Koblitz ( 3 8 7 , 3 8 8 ) that kinetin enhanced lignification in cultured carrot 
callus while coconut milk and auxin antagonized this effect. Here then 
we have the possibility of studying the control of lignin synthesis and 
of the apparently separate steps by which lignin becomes deposited in 
cell walls. This chemical approach to the study of differentiation may 
reveal the initial metabolic events which initiate particular lines of dif
ferentiation and bring to bear the quantitative methods of analytical 
chemistry and plant physiology. While we shall here outline recent work 
on lignin synthesis, this chemical approach could profitably be applied 
to the study of other specific synthetic capacities arising during differ
entiation (see Chapter 7 ) . 
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F I G . 42. Vascular differentiation induced in callus blocks. (A) Diagram showing 
transverse view through a callus block of Syringa vulgaris showing the ringlike 
distribution of the vascular nodules and the formation of a definitive cambium 
(solid line) involving the nodules and becoming more or less continuous across the 
interfascicular regions. Cellular regions laid down by cambial activity are shown 
by radial parallel lines. Section 450 μ below surface of a 54-day-old callus; 
induction wedge containing 4% sucrose and 0.5 mg NAA per liter. From Wetmore 
and Rier (833) . (B) Meristematic nodule in Phaseolus vulgaris callus induced 
by a wedge containing 0.1 mg IAA per liter and 2% sucrose. Section stained with 
safranin picric aniline blue. Xylem cells can be seen at the center, and by the 
use of fluorescence microscopy phloem sieve plates were detected at the perimeter. 
An active cambium-like layer can be seen between the xylem and phloem. From 
Jeffs and Northcote (353a). 
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F I G . 43. Spread of sucrose- 1 4C from an agar wedge placed in a block of 
Phaseolus vulgaris callus (as in Fig. 41) . Movement was allowed to proceed for 
2 days. From Jeffs and Northcote (353a). 

Since the metabolism of callus and cell cultures is often restricted, 
when compared with the relevant organ in the whole plant, there is 
here a challenge to discover the extrinsic factors which, in the whole 
organism, open up synthetic pathways which are repressed in culture. In 
other cases a particular synthetic pathway may proceed in a plant cul
ture but is either there less active ( 7 4 1 ) or modified compared with 
that operating in the whole organism. It is clear from a number of studies 
on callus cultures that their lignins rarely correspond chemically with 
those typical of the whole plant ( 3 3 , 3 4 , 3 3 2 , 3 5 1 ) ; the synthetic path
ways are modified in culture though the biochemistry of the changes 
has yet to be elucidated. 

The enhancement of lignin synthesis by kinetin, first reported by 
Koblitz ( 3 8 7 , 3 8 8 ) using carrot callus, has now been further investigated 
by Bergmann ( 4 2 , 4 3 ) using a callus culture of Nicotiana tabacum var. 
'Samsun' (Fig. 4 4 ) . Kinetin enhances in tobacco callus not only lignin 
synthesis but also the synthesis of scopoletin, its glycoside scopolin, and 
chlorogenic acid ( 6 4 2 , 6 7 5 ) . Earlier studies by Higuchi and Ishikawa and 
Hasegawa ( 3 3 2 ) have indicated incorporation of 1 4 C into lignin by a 
Finns strobus callus following feeding with glucose-1- 1 4C and shikimic 
acid-G- 1 4 C. These observations suggest that kinetin may actually be en
hancing shikimic acid synthesis which could be the starting point for the 
synthesis of the phenylpropane units required for the synthesis of lignin 
and scopoletin. The most probable precursors of shikimic acid are 
enolphosphopyruvate arising by sugar glycolysis via the Embden-
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F I G . 44. Effect of kinetin and 2,4-D on the fresh weight (A) and lignin content 
(B) of callus of Nicotiana tabacum var. 'Samsun' cultured for 24 days. From 
Bergmann (43) . 

Meyerhof scheme and erythrose-4-phosphate arising via the pentose 
pathway. 

fructose-6-phosphate + 2 -glyceraldehyde-3-phosphate > 
3-erythrose-4-phosphate 

Cell-free plant extracts will convert a mixture of erythrose 4-phosphate 
and phosphopyruvate to dehydroquinic acid, and there is evidence that 
sedoheptulose phosphate is an intermediate in this conversion. A num
ber of plants can further convert dehydroquinic acid to shikimic acid 
with the intermediate formation of 5-dehydroshikimic acid 

COOH 

OH 

5-Dehydroshikimic acid 
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It is interesting therefore that Bergmann has reported that kinetin, 
within the concentration range which promotes lignin formation, reduces 
the oxygen uptake of his tobacco cultures. This reduction of oxygen 
uptake can be restored by the simultaneous addition of pyruvate, succi
nate, or α-ketoglutarate, and the enhanced oxygen uptake is then as
sociated with an increase in the RQ above unity. Kinetin inhibits the 
ability of the tobacco callus to effect an anaerobic breakdown of glucose 
as measured by carbon dioxide evolution. Kinetin acts by reducing the 
rate of glycolysis rather than by inhibiting the citric acid cycle or termi
nal oxidation. In the absence of kinetin, 0 . 1 Μ malonate causes 5 0 % , and 
0 . 0 2 Μ arsenite causes 8 0 % , inhibition of oxygen uptake by the tobacco 
callus. In presence of kinetin, oxygen uptake is much less sensitive to 
these inhibitors; the malonate causes only 2 5 % and the arsenite 2 2 -
3 0 % inhibition. Bergmann has taken this as evidence that glucose is 
oxidized via the pentose pathway to a much greater extent in the pres
ence of kinetin than in its absence. On this basis Bergmann has postu
lated that kinetin alters the balance in the tobacco cells between the 
two alternative pathways of respiration in a way which promotes via 
shikimic acid the synthesis of phenylpropanes and hence of lignin. 
Clearly, such a hypothesis is extremely speculative and much further 
work will be required to explain the induction of lignin synthesis. 

Lipetz ( 4 3 9 , 4 4 0 ) has shown that a high calcium content in the cul
ture medium can suppress the appearance of lignifled walls in sun
flower crown gall callus. The high calcium content also enhances the 
release of peroxidase from the cultures. Peroxidase can be demonstrated 
cytologically in the cell walls, and is retained by a crude wall fraction 
when it is exhaustively washed in buffer. This bound peroxidase is re
leased from the wall fraction by divalent cations, particularly calcium. 
From the evidence that peroxidase is involved in the synthesis and 
deposition in a suitable matrix of lignin ( 6 5 6 - 6 5 8 ) , Lipetz has sug
gested that the high calcium suppresses lignin deposition by promoting 
the leaching of the essential enzyme, peroxidase, from the cell walls. 

These preliminary studies of Bergmann and Lipetz offer some promise 
and have exposed systems worthy of more intensive study. 

6. Development of Menstems and Organs 

The initiation of roots from callus cultures first reported by Nobecourt 
( 5 5 1 ) in work with carrot callus has since been shown to be a fairly 
widespread phenomenon occurring not only in normal but also in virus-
tumor tissues ( 5 3 2 , 5 3 3 ) . Incorporation of auxin into the culture medium 
or increase in the auxin concentration if this is already an essential 
factor for callus growth may very markedly enhance the production 
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of roots. Root initiation may also be markedly affected by sugar supply 
and illumination of the cultures (683) . In many cases organ initiation, 
including root initiation, occurs freely from newly initiated callus still 
attached to the initial organ transplant or during the first few subcul
tures, but as subculture proceeds the initiation of organs no longer 
occurs (350, 352, 473, 488, 489) . Old-established callus cultures which 
retain the ability to initiate organs, even under conditions known to be 
stimulatory, are, therefore, at present exceptional (260, 506) . The loss 
of ability of callus cultures to initiate roots may in some instances be 
correlated with cytological and genetic changes in the callus (515, 791) . 

White (843) showed that callus tissue derived from the tobacco hybrid 
Nicotiana glauca χ Ν. langsdorffii which remained uniformly paren
chymatous when cultured on an agar medium underwent differentiation 
when transferred to a liquid medium and gave rise, at its surface, to 
leafy buds. Skoog (671) , working with the same strain of callus, con
cluded that high light intensity, high temperature, and a solid medium 
favored the growth of an undifferentiated callus whereas low light in
tensity, relatively low temperature, and liquid medium favored bud 
formation. With this tobacco callus of White, any roots which appear 
apparently arise adventitiously from the stem buds, not directly from the 
callus. Some callus cultures, including some tobacco cultures, can how
ever give rise either to shoot or root meristems according to the experi
mental conditions (352, 552, 581, 673) . 

Interest in the initiation of organs from callus cultures was stimulated 
by the studies in Skoog's laboratory at Wisconsin which led to the dis
covery of kinetin (489) . As earlier indicated, a medium containing 
mineral salts, sucrose, Β vitamins, glycine, auxin, and yeast extract was 
found to be necessary to obtain an actively growing callus from pieces 
of the stem pith of Nicotiana tabacum var. 'Wisconsin No. 38'. Study of 
the requirement for yeast extract led to the isolation from nucleic acid 
of crystalline kinetin (6-furfurylaminopurine). This substance fully re
placed the need for yeast extract. The earlier studies of Skoog (671, 676) 
with the hybrid tobacco culture of White had shown that bud develop
ment could be suppressed by the auxins IAA or NAA and enhanced by 
the purines adenine or adenosine. Now the new callus strain of tobacco, 
'Wisconsin No. 38', was tested for its responses to different mixtures of 
auxin and kinetin (674) (Fig. 4 5 ) . The tissue grew as a parenchymatous 
callus in a medium containing per liter 2.0 mg of IAA and 0.2 mg of 
kinetin. When the ratio of auxin to kinetin was decreased either by in
creasing the concentration of kinetin (2.0 mg/liter IAA : 0.5-1.0 mg/liter 
kinetin) or by lowering the concentration of auxin (0.03 mg/liter IAA : 
0.2-1.0 mg/liter kinetin) the cultures initiated leaf shoots. By contrast, 
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buds were suppressed and roots initiated with a sufficiently high ratio 
of auxin to kinetin ( 2 . 0 mg/liter IAA : 0 . 0 2 mg/liter kinetin). With a 
medium containing an auxin : kinetin ratio favorable to bud initiation it 
was further observed that addition of casein hydrolyzate ( 3 gm/liter) 
or of the single amino acid, tyrosine ( 2 1 0 mg/liter) enhanced bud initia
tion and promoted the subsequent growth of the buds. The morphogene
sis of the tobacco callus was being controlled by growth factors of 
known composition, and it appeared that the balance between them 
was determining the organization of the meristem and its subsequent 
development. In work with a number of other plant cultures, evidence 
was obtained of the morphogenetic activity of kinetin, particularly of 
its involvement in bud formation and of its interaction with auxin in 
morphogenesis ( 7 6 , 1 8 5 , 2 9 1 , 4 9 2 , 7 8 6 ) . However bud initiation in many 
other plant cultures could not be induced by kinetin-auxin mixtures. 
With the discovery of the natural occurrence in higher plants of some 
substances which are closely related chemically to kinetin, and the 
demonstration of their similar activity in promoting cell division and 
organogenesis when tested against responsive callus cultures (see 
p. 1 4 3 et seq.), the view has developed that the tobacco callus, 'Wisconsin 
No. 38 ' , is markedly deficient in some natural cytokinin. This implies 
that both kinins and auxins are involved in meristem initiation and that 
in the tobacco callus they are the particular factors whose low endoge
nous levels prevent spontaneous bud development. On this hypothesis 
the observation by Sastri ( 6 4 3 ) , with callus derived from Armoracea 
rusticana, that auxin additions promote and kinetin additions suppress 
bud formation imply that this callus has a critically low endogenous 
auxin level relative to its endogenous level of a natural cytokinin. 

Clearly where additions of kinetin and auxin fail to induce shoot initia
tion in callus we may postulate either that kinetin is unable to substitute 
for a limiting native cytokinin or IAA is an ineffective precursor of the 
native auxin or that additional factors are involved in the control of 
meristem initiation and function. The stimulating effect of tyrosine noted 
by Miller and Skoog ( 6 7 4 ) indicates that, in presence of appropriate 
levels of kinetin and IAA, a third factor becomes limiting to bud initia
tion and growth. Additional factors may however operate either as limit
ing factors or as suppressors of bud formation. The studies of Murashige 
( 5 1 3 , 5 1 4 ) on the influence of seven gibberellins on the growth and 
morphogenesis of the tobacco callus 'Wisconsin No. 3 8 ' show that gib
berellins, used at levels which increase the fresh weight of the culture, 
effectively suppress both shoot (Fig. 4 6 ) and root initiation, and that 
this suppressor action cannot be overcome by kinetin or auxin or "anti-
gibberellin." 
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F I G . 45. See legend on facing page. 
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F I G . 46. Influence of gibberellic acid (GA 3 ) on shoot development in tobacco 
callus (var. 'Wisconsin No. 38') cultured in Murashige and Skoog (516) medium 
containing per liter 2 mg of IAA and 2 mg of kinetin. Molar (M) concentration 
of GA 3 indicated. From Murashige (512a) see also Fig. 40. 

A rather special aspect of morphogenesis has been described from 
work with certain callus and cell culture strains of carrot. The recogni
tion that carrot cultures could give rise to embryolike structures followed 
from pioneer studies in Steward's laboratory (702, 710) . When cell sus
pension cultures (see Chapter 8 ) derived from carrot phloem explants 
were allowed to continue growth in a culture medium containing coco
nut milk, multicellular masses visible to the naked eye arose. When these 
masses were allowed to remain in the liquid medium, root meristems 
formed and roots emerged. If, however, the multicellular aggregates were 
removed from the liquid medium prior to the emergence of roots and 
transplanted to the surface of medium solidified with agar, they formed 
buds and leaves. Examination of the friable multicellular masses before 
leaves were recognizable revealed the presence at the "meristematic 
nodules" of plantlets very closely resembling developing carrot embryos. 
These embryos could be withdrawn uninjured because they had no 
organic connection with the cell mass in which they had arisen. 

Later Reinert (602, 603) found that root development took place when 
his carrot callus grown on a medium containing 7% coconut milk ( C M ) 

F I G 45. Organogenesis in tobacco callus ('Wisconsin No. 38'). Effects of in
creasing IAA concentration at different kinetin levels and in the presence of casein 
hydrolyzate (3 gm/liter) on the growth and organ formation in tobacco callus 
cultured on a modified White's nutrient agar. Age of cultures 62 days. Note root 
formation in absence of kinetin and in presence of 0.18 and 3.0 mg/liter. IAA and 
shoot formation in the presence of 1.0 mg of kinetin per liter, particularly with 
IAA concentrations in the range 0.005-0.18 mg/liter. From Skoog and Miller (674) . 
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and IAA ( 1 0 ~ 5 gm/ml) was transferred to auxin-free medium or allowed 
to deplete the added auxin by prolonged growth without subculture. 
When the cultures were grown on a complex synthetic medium contain
ing auxin (605) , they at first showed an enhanced capacity to form 
roots on transference to auxin-free medium. However, callus maintained 
for 2 -3 months on the synthetic medium underwent a change in texture 
and morphology, the outer surface becoming covered with "horny 
nodules," and when such cultures were transferred to auxin-free medium 
they produced shoots (not roots) of two kinds ("larger" and "smaller"). 
The "smaller" shoots when examined were found to correspond "except 
for a more or less marked fission or splitting of the cotyledons . . . to 
normal bipolar carrot embryos." 

A study by Pilet (581) showed that different strains of carrot tissue 
in culture differed in their powers of organogenesis. Using a strain 
derived from a Muscade variety (strain M) and first isolated by 
Gautheret, he showed that shoot development could be achieved by 
incorporating into the medium appropriate concentrations of kinetin 
and IAA. Study of cultures growing under conditions promoting the 
development of shoots and roots revealed the presence of plantlets. 
These cultures, like those described by Steward, contained superficial 
giant cells (420 μ X  160 μ) and cell masses which apparently had arisen 
by internal divisions within such cells. There could also be detected 
larger cell masses which clearly seemed to bridge the gap between 
these initial cell masses and the plantlet stage. The evidence of Steward, 
of Pilet, and of Kato and Takeuchi (373) , also working with carrot 
tissue, though not conclusive strongly suggests that the carrot plantlets 
arise in the cultured tissue masses, from single cells by a sequence closely 
resembling the normal embryology of the carrot embryo. 

Konar and Nataraja (389) have recently described how young flower 
buds of Ranunculus sceleratus when transferred to a medium contain
ing coconut milk and IAA give rise to a callus in the surface of which 
arise numerous embryolike structures which continue to grow either in 
situ or when excised and transferred to fresh medium (Fig. 4 7 ) . The 
seedlings derived from these embryoids were observed to initiate numer
ous new embryoids all along their stem surfaces, starting at the base of 
the hypocotyl. It was clear from detailed histological study that these 
embryoids arose from single epidermal cells of the stem, passing through 
the 4-celled, 8-celled, globular-cordate, and torpedo stages of the 
embryology. Such embryoids arose equally freely on seedlings derived 
from callus grown in a purely synthetic medium free from IAA. In a 
later paper Konar and Nataraja (390) described the establishment of 
liquid shake cultures derived from the friable flower bud callus. There 
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F I G . 4 7 . Origin of embryoids from callus cultures derived from a flower bud 
callus of Ranunculus sceleratus L. (A) Embryoids on a 10-week-old callus culture 
grown on a modified White's medium supplemented with 1 0 % coconut milk and 
1 mg of 2 , 4 - D per liter. (B) Late globular embryoid on surface of callus. (C) 
Mature embryoid on callus. (Photographs were supplied by R. N. Konar and K. 
Nataraja.) 

developed in such suspension cultures small globular masses of cells 
and embryoids formed in these masses were liberated into the culture 
medium. Here again all stages in embryology could be observed by 
examining the cell masses histologically. The embryoids had their origin 
in individual peripheral cells of the cell aggregates. When the cell sus
pensions were plated on agar, before the development of cell masses, 
and incubated, colonies visible to the naked eye appeared and embryoids 
arose in some of these colonies. 

Cotyledons of cultured mature embryos of the gymnosperm Platycladus 
orientalis (Biota orientalis) have been reported, under certain condi
tions, to proliferate and from the in situ cotyledonary callus, embryoids 
have developed showing cotyledons and stem apex equivalent to the 
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normal seedling (391) . These embryolike buds appear, however, not 
to be associated with a hypocotyl and normal primary root. 

The possibility raised by these studies that the cells of embryos or 
very young seedlings, whether of normal or callus origin, are able more 
readily than the cells of more mature vegetative organs to express their 
ability to act like the zygote and embark upon embryogenesis is under
lined in the most recent work with carrot. Steward, Mapes, Kent, and 
Holsten (709) have found that cell aggregates recently derived from 
the cells of the carrot embryo, initiated embryos on solidified media 
with a very high frequency. The frequency of embryoid development 
in liquid shake cultures derived from embryo callus of Cichorium endivia 
(809) also supports this view. 

The demonstration of the totipotency of plant cells, here exemplified 
by the ability of cells to behave like the zygote, raises a number of 
problems. The technique of callus culture releases cells from the con
trolling factors which operate in plant organs and leads to the induc
tion of rapid cell division within meristematic nodules. Both of these 
may be necessary preliminaries to the expression of totipotency. The 
special activity of coconut milk in inducing embryo development also 
suggests that certain hormonal stimuli or special metabolites are also 
required. These questions are however, more appropriate deferred for 
more detailed discussion to the chapter devoted to the culture of free 
cells and their role in morphogenesis (Chapter 8 ) . 

7. Cytology and Variation 

From many recorded observations there is evidence of some morpho
logical and cytological instability in callus cultures; this is, however, 
neither general nor inevitable. Pigmented callus cultures frequently 
give rise, during growth, to sectors paler than normal or colorless. On 
subculture these sector regions have shown variable stability (variable 
tendencies to revert to normal pigmented tissue) ( 5 8 ) . Cultures which 
for a time respond to appropriate stimuli by initiating roots or buds may 
on prolonged subculture lose this ability and show changes in growth 
rate and morphology. This situation has been described in some detail 
by Torrey (787, 791) for clones of pea root callus. Since the develop
ment of techniques whereby clones of callus can be established from 
single cells (512) , it has been shown that these single-cell clones can 
differ from one another in color, texture, and growth rate (14, 515, 666, 
763) . Furthermore, after a time, separation of distinctive single-
cell clones can again be achieved, using as parent tissue a clone 
itself originally of single-cell origin (510) . Blakely and Steward ( 5 8 ) , 
in their studies of factors controlling the origin of colonies of carrot 
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F I G . 48. Friable and compact cultures of Haplopappus gracilis. ( 1 ) Friable 
callus; (2 ) compact callus; (3 ) friable callus in section; and (4 ) compact callus 
in section. From Blakely and Steward (58a) . 

cells following plating out of cell suspension on agar medium, showed 
that although nearly all colony formation was suppressed by 0.5 ppm 
of acriflavine, occasional colonies arose with varying degrees of resistance 
to this substance. 

The evidence that more or less stable changes can occur in cultured 
tissues has raised the questions of how far these have their origin in 
somatic mutations and how far they are accompanied by visible cytologi-
cal deviations from normality. Evidence of the widespread occurrence 
of polyploidy in cultured tissues come from both cytological studies 
(58, 168, 207, 208, 210, 493, 498, 785) and determination of DNA con
tents expressed on a per nucleus basis (570 ) . This finding has now to 
be considered against the evidence that endopolyploidy is of very fre
quent occurrence in the differentiated tissues of higher plants. 
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D'Amato (183) considers that endopolyploidy arises during tissue dif
ferentiation either by (a ) endomitosis [in the sense reported by Gertler 
(274) and by D'Amato (181, 182)] , in which the stages of mitosis occur 
within the intact nuclear membrane leading to chromosome doubling, 
or by ( b ) endoreduplication (417) , which involves chromosomal repro
duction during interphase and is made manifest by the presence of 
"diplochromosomes" (4-chromatid chromosomes), "quadruploid chromo
somes" (8 chromatids), or "polychromosomes" ("polyteny") (181) . 
D'Amato regards this latter process of endoreduplication as the most 
widespread mechanism of somatic polyploidization in plants. A number 
of workers have reported endoreduplication to be a normal process in 
the differentiation of root tissues. In the onion root, the epidermis is 
2 η and 4 n, the cortical and endodermal cells are mainly 4 η though, 
a few remain 2 η and a few are 8 n. Most of the cells of the central 
cylinder are 4 η but, the xylem vessel units frequently have a higher 
ploidy (8 η or higher). The meristem, the pericycle, and the very 
young procambium are uniformly 2 η (184) . Such a situation, however, 
apparently is not found in all roots. Thus although endopolyploidy has 
now been reported in 140 species, in a further 39 species no somatic 
polyploidy could be detected (794) . In stems, polyploidization is also 
associated with differentiation, often only the meristem and cambium 
remaining consistently diploid (162, 201, 214, 477) . Distribution of 
polyploidy in the stem cortex is apparently often related to distance 
from the nodes being of low frequency at or near a node and of higher 
frequency in the middle of the internode. Again, however, polyploidy 
is not uniformly frequent in stems, and in some species, such as 
Helianthus tuberosus, there is no evidence of its occurrence (570) . 

The fact that differentiation of tissue cells can occur without endo-
polyploidization shows that the process is not an essential step in any 
differentiation program; rather polyploidization may be regarded as a 
common side effect of differentiation unable to disrupt the normal 
course of this process. Such a statement may, however, be an over
simplification of the situation. Thus Resch (606) in a study of the 
cytology of the phloem of Vicia faba stem obtained evidence suggesting 
that endopolyploidy might exert a controlling influence on the extent of 
cell expansion. In the protophloem each sieve tube unit was associated 
with a single companion cell and both underwent endoreduplication 
prior to disintegration of the sieve tube unit nucleus. In the metaphloem 
each sieve tube unit was associated with 2 or 4 superposed companion 
cells and none of the nuclei showed endoreduplication. Bradley and 
Crane (90) similarly showed that the increase in fruit volume induced 
in apricots by application of 2,4,5-trichlorophenoxyacetic acid was due 
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to increased size of the pericarp cells associated with their higher degree 
of endopolyploidy. More recently List (443) has reported that the 
growth of vessel unit cells may be described as a fluctuating alternation 
of the growth of the cell and nucleus. When, for a number of roots, cell 
volumes of metaxylem cells were plotted on a logarithmic basis the 
points fell in clusters. For size classes in the nuclei there were as
sociated cell volume classes. If endopolyploidy permits a prolongation 
of cell expansion this association may be involved in the development 
of giant cells in callus and suspension cultures. 

A further possible significance of endopolyploidy may be that it 
represents a block to future mitosis. The cytological recognition of 
endopolyploidy as a feature of differentiated tissue cells has required 
the induction of mitosis in such cells by the application of high con
centrations of auxins, concentrations markedly inhibiting to normal 
growth. Further, at least in roots, such endopolyploid cells can rarely 
be induced to undergo more than one mitosis (184) . 

In line with all this, various writers have shown that root meristems 
initiated from highly polyploid cultured tissues are normally diploid 
(493, 494, 710, 787) ; this suggests that conditions compatible with 
organogenesis are compatible with division in diploid cells, but much 
less so with continuing division of polyploid cells. This again draws 
our attention to the fact that cells which are normally destined to 
undergo active division, such as pericycle cells and procambial cells, 
later giving rise to the vascular cambium, remain diploid although 
surrounded by cells showing varying degrees of endopolyploidy. 

These findings from studies on plant organs suggest that causative 
in the widespread occurrence of polyploidy in cultured tissues may be 
the preferential promotion of division in polyploid cells (either present 
in the original explant or arising during normal cell expansion) and 
that this promotion may be a function of the culture medium. If root 
segments of pea are induced to give a callus in presence of the synthetic 
medium of Murashige, the entire population of dividing cells is diploid. 
However, in presence of yeast extract and 2,4-D (787) or kinetin (787) 
tetraploid divisions predominate and in time the tissue culture is com
posed of cells which are polyploid. This selection of polyploid cells may 
be reinforced by endopolyploidy induced by the suppression of mitosis 
(particularly in 2 η and 4 η nuclei) and the promotion of "abnormal" 
cell enlargement (521) . There is evidence that single-cell clones initially 
diploid or tetraploid may increase in ploidy in culture (167) . There is 
also the case of the haploid shoot tissue of Antirrhinum ma\us, cultured 
by Melchers and Bergmann (476) , which remained haploid only for a 
limited number of passages. Stabilization at the initial level of ploidy 
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(particularly at the haploid or diploid condition) is clearly important 
in many lines of experimentation. To achieve this, not only should the 
influence of medium composition on the development of polyploidy be 
more intensively investigated, but we should examine how far tissues, 
derived from plants where endopolyploidy does not occur during 
normal development, will manifest a built-in resistance to the develop
ment of polyploidy in culture. Such experimental studies might also 
indicate how far polyploid cells can give rise to diploid or even haploid 
cells; how far endopolyploidy is reversible. 

Cultured tissues have been found not only to contain polyploid cells, 
but also to show, more or less infrequently, various chromosomal aberra
tions. Mitra, Mapes, and Steward (493) have described di- and tricentric 
bridges from mitotic figures of cultured carrot cells. Similarly nuclei 
showing "pseudochiasmata," chromosome breaks, reunions, and bridges 
were observed in suspension cultures of Haplopappus gracilis by Mitra 
and Steward (494) . Blakely and Steward (58) have described how 
these stock cultures of Haplopappus can give rise to growth and pigment 
variants at least some of which appear to have altered karyotypes. In 
one case chromosome 2 of the variant cells lacked the characteristic 
satellite of the chromosome and had additional chromatin on the short 
arm. Torrey (785, 787, 788, 791) in his studies on polyploidy in pea 
root callus found that, in older cultures maintained on media contain
ing yeast extract or kinetin, there could be detected not only various 
degrees of ploidy up to 12 η but aneuploids (especially around 4 
η + 1) and cells showing anaphase bridges, chromosome loops, and 
rings. In many cases these old cultures not only lost their ability to 
initiate roots but showed differences in morphology and growth rate 
from those recorded in the passages immediately following callus initia
tion. Whether such chromosome abberrations arise more frequently in 
culture than in aging tissues is uncertain, but it does seem probable 
that division, and consequent multiplication of such aberrant nuclei, is 
promoted in culture. If single-cell clones of such chromosome variants 
could be established, the resulting biochemical modifications could be 
studied. Greater interest would attach, however, to the study of point 
mutations in cells maintained in the haploid condition by an appropriate 
culture technique. The possibility of such studies is opened up by the 
establishment of cultures (the haploidy of which awaits confirmation) 
from the pollen of some species (799, 800) and by the evidence that 
haploid species are not uncommon in nature and that haploidy can be 
experimentally induced by colchicine, X-rays, and appropriate hybridiza
tion in other species (380) . 
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D . CULTURE OF TUMOR TISSUES 

Great interest attaches to the study of plant tumor cells from the 
belief that the tumor problem (the general problem of neoplastic or 
cancerous growth) is a cellular problem cutting across the frontiers 
between the plant and animal kingdoms. Certainly in the nature, trans
mission and mechanisms of expression of the genetic material and in the 
basic patterns of metabolism there are compelling similarities between 
plant and animal cells. The subject of plant tumors will be discussed 
in greater detail in the chapter on abnormal growth by A. C. Braun 
(this volume, Chapter 9 ) . Here certain aspects of the growth in culture 
of tumorous tissues are also discussed but from the points of view de
veloped in the earlier sections of this chapter. 

As already indicated, the culture, under defined conditions, of tumor 
cells, habituated cells, and normal cells from the same plant species 
offers unique opportunities for studies in their comparative cytology 
and physiology. Further, the practicability, particularly from plant tumor 
cultures ( 5 1 1 ) of obtaining tissue clones of single cell origin can assure 
the uniform tumor nature of the tissue (excludes possible admixture 
with normal cells) and thereby permits the critical testing of how far 
transformation to the tumorous condition is permanent or reversible. 

1. Tissue from Genetic Tumors 
Genetic tumors occur regularly in certain interspecific hybrids within 

the genus Nicotiana ( 3 9 3 ) , and, as already indicated, White ( 8 4 5 ) 
obtained tumor tissues in culture from the cross between Nicotiana 
glauca and N. langsdorffii. When seeds of this hybrid are grown, the 
resulting plants usually remain free from tumors during their period of 
active growth unless damaged. However, once the plants reach maturity 
and cease terminal growth, a crop of tumors invariably develops on all 
parts of the plants. The tumors form earlier and in greater numbers on 
irradiated plants ( 6 8 4 ) . Hybrid tumors of this type have their counter
parts in animals ( 2 8 2 ) . 

The tumor tissue of the hybrid N. glauca χ N. langsdorffii grows 
rapidly and has a characteristic pattern of growth in White's medium. 
Tissue taken from young plants of the hybrid which do not have tumors 
can also be grown in culture as a callus. It grows more slowly than the 
tumor tissue and in appearance and growth rate resembles a callus 
culture from N. glauca. However, starting with a small fragment of 
normal tissue from the hybrid and continuing growth in vitro, it is 
observed that the culture shows a spontaneous increase in growth rate 
and comes to resemble the tumor tissue. Further, it now resembles tissue 
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derived directly from in vivo tumors in that it can be implanted and 
continue growth as a tumor within the tissues of a plant of N. glauca. 
The transformation from normal to tumorous tissue is spontaneous, not 
being the result of the action of some identifiable agent and it can 
occur in an isolated tissue fragment growing in culture. 

Tumorous tissue in culture has not shown any clear reversion to the 
normal state, but, nevertheless, its properties do not appear to be entirely 
stable. The spontaneous tumors arising on the hybrid plants usually 
show no differentiation although, exceptionally, they give rise to shoots 
and such shoots have been known to flower. The tumor tissue when 
first isolated and cultured by White ( 845 ) showed a marked tendency 
to develop shoots and leaves and could still exhibit this property on 
transference to liquid medium after some 14 4 subcultures ( 6 7 1 ) . Sub
sequently, its ability to differentiate has markedly declined and it can 
now no longer be successfully implanted into N. glauca to give tumor
like growth. The cause of these changes is uncertain but they could 
involve a modification of the potentialities of the tumor tissue as a result 
of somatic mutations at subsidiary loci rather than at the primary locus 
conferring the potentiality to develop tumor physiology. 

The potentiality for spontaneous tumor development is genetically 
controlled. Hybrids having all chromosomes of N. langsdorffii but not all 
chromosomes of N. glauca do not produce tumors. A tumor-free mutant 
was isolated by X-irradiation of an amphidiploid N. glauca χ N. langs
dorffii hybrid (42 chromosomes made up of two sets of 1 2 N. glauca and 
two sets of 9  N. langsdorffii chromosomes). This mutant crossed with 
tumor-forming hybrids gave F i plants all lacking tumors (the tumor 
condition is recessive to normal) and showed Mendelian segregation in 
F 2 ( 3 4 7 ) . The genetic constitution confers the tendency for the sponta
neous change to tumor physiology to occur; there is, however, no 
evidence that genetic change (somatic mutation) is in any way involved 
in the initiation of the transformation process. Under appropriate en
vironmental conditions, the genome expresses itself in the change to 
tumor physiology. 

Comparative study of the physiology of normal and tumor tissue from 
these genetic hybrids has not been undertaken. There is, however, some 
evidence to indicate that the tissues of the N. glauca X  N. langsdorffii 
tumor-producing hybrids contain more free auxin and have a higher 
activity in converting tryptophan to IAA than tissues of the tumor-free 
parent species ( 3 7 6 ) . 

These genetic tumors do not release any substance which by trans
mission across a graft union can induce tumors in species of Nicotiana 
which are effective parents in producing tumorous hybrids (346 , 3 7 6 ) . 
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This, combined with the fact that spontaneous transformation can occur 
in isolated cultured tissue fragments means that there is no evidence for 
a tumor-inducing principle (T- iP) such as appears to be involved in 
the tumor transformation associated with the invasion of plant tissues 
by the crown gall bacterium (see p. 1 7 7 ) . 

Apparently, spontaneous tumors have been reported in Picea glauca 
and P. sitchensis along the western coast of North America and from 
Picea glauca in Germany, Canada, and the North Atlantic Seaboard 
( 8 5 4 ) . While the causative agent of these tumors remains unknown, the 
possibility exists that they are also of genetic origin. Normal and tumor 
tissues from Picea glauca were first cultured in vitro by Reinert and 
White ( 6 0 5 ) , but these workers failed to define any differences in 
physiology between the two tissues because of the erratic behavior of 
the tumor tissue fragments in culture and the extreme complexity of the 
synthetic medium used. Using a somewhat improved culture procedure 
and a simplified cultured medium, DeTorok and Thimann ( 2 0 9 ) found 
that the normal tissue grows relatively slowly and that its growth is 
neither dependent upon, nor enhanced by the addition of IAA. By con
trast, the tumor tissue did not continue growth except in presence of 
an external supply of auxin, but when receiving adequate auxin it grew 
faster than the normal tissue. More recently, higher and more repro
ducible growth rates of the tumor tissue have been recorded using a 
still more simplified medium ( 6 1 7 ) . The growth factors now retained in 
the medium are limited to glutamine, raf/o-inositol, thiamine, niacin, and 
the synthetic auxin 2 ,4 -D. The discovery here that external auxin is 
essential for tumor tissue growth and is not essential for normal tissue 
growth is of considerable interest because, in all other known cases 
where auxin is an essential constituent of the culture medium, it is 
needed to maintain growth of the normal, but not of the tumor tissue 
( 9 4 , 2 0 4 , 4 9 8 ) . In line with the discussion on crown gall tissues to be 
developed later in this chapter, it can be suggested that transformation 
to tumor tissue in Picea involves activation not of auxin synthesis, but 
of the synthesis of other growth hormones. In consequence, the relative 
auxin level becomes critically low in such tumor cells, whereas in normal 
cells growth rate is limited not by auxin, but by the other hormones 
whose synthesis is activated during transformation. 

2 . Tissue from Virus-Induced Tumors 

The virus disease known as wound tumor was discovered by Black 
( 5 2 , 5 3 ) . It is characterized by irregular vein enlargement in the leaves 
and the development of tumors on the roots and less frequently on the 
stems. Among the hosts which produce the most vigorous tumors are 
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Rumex acetosa and Melilotus alba. The tumors develop usually in re
sponse to wounding, either accidental wounding or wounds due to leaf 
abscision or root emergence. The wounding reaction, as in crown gall 
tumor formation, probably involves the release of a wound or growth 
hormone, and Black and Lee (57) have demonstrated that the applica
tion of synthetic auxins can promote tumor initiation and development 
in infected plants. The virus has been considerably purified, and its 
morphology and serology have been studied ( 5 6 ) . The virus in nature is 
transmitted by leafhoppers, can be readily transmitted by grafting, and 
with difficulty transmitted by injection of fresh extracts of the vigorous 
tumors developed on Melilotus. 

Tissue from three root tumors of this disease in Rumex acetosa have 
been grown in culture (54, 55, 532, 533) on White's basic culture 
medium. Normal tissue, in contrast to the virus tumor tissue of this 
species proved incapable of growth in this medium ( 5 5 ) . The tumor 
tissue in culture is friable and consists of loosely cohering meristematic 
nodules. When grown in darkness it is colorless, when grown in light 
it is green. The tissue isolated by Black when grafted back into sorrel 
plants gave rise in two plants to the disease symptoms. At that time 
(some 11 months after isolation) the tissue clearly carried the virus. 
However, some 14 years after isolation, the tissue cannot be successfully 
grafted into plants or seedlings so that the continued presence of virus 
cannot be established. The tissue, however, retains its ability to grow 
on the simple medium and to exhibit certain other interesting charac
teristics associated with the original isolates. 

The virus tumor tissue requires, for continuous growth, a medium 
containing only inorganic salts, sucrose, and thiamine. The sucrose can 
be replaced by glucose, fructose, raffinose, or soluble starch (532) . The 
utilization of starch by this tissue seems to involve the extracellular 
activity of α-amylase, and convincing evidence has been obtained that 
this is released into the culture medium by living cells of the culture 
to an activity level equivalent to that of 0.1 μg of crystalline barley 
α-amylase per milliliter ( 9 1 - 9 3 ) . This enzyme does not seem to be 
developed adaptively in response to external soluble starch because it is 
released in similar amount into a medium containing sucrose as the 
carbohydrate source. Brakke and Nickell (93) report that certain crown 
gall tissues can utilize soluble starch, presumably following amylase re
lease. Karstens and de Meester-Manger Cats (371) reported that both 
a- and /^-amylase are released by callus cultures of Rubus fruticosus 
and by crown gall cultures of Nicotiana tabacum, and Constabel ( 1 6 4 -
166) reported that the enzymes amylase, maltose, and raffinose are 
secreted by normal callus cultures of Juniperus communis (Fig. 37, p. 
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1 3 2 ) . Barnoud ( 3 3 ) , working with callus tissues derived from the cambia 
of several tree species, has reported secretion of the enzyme sucrase. This 
evidence that healthy plant cells can release enzymes is of interest in 
relation to the general problem of the movement into and out of plant 
cells of large molecules. Jensen and McClaren ( 3 5 6 ) and McClaren, 
Jensen, and Jacobson ( 4 5 9 ) have demonstrated the entry of proteins 
into root cells of barley and onion using 1 4 C - and 3H-labeled ribonuclease 
(RNase) , lysozome (chosen for its resistance to proteolytic enzymes), 
and hemoglobin. These proteins were found to penetrate the cell wall, 
plasmalemma, and cytoplasm, but not the central vacuoles of the cells. 
Bhide and Bracket ( 4 6 ) have obtained evidence that the uptake of 
RNase by onion root cells is apparently by a similar mechanism to that 
occurring in animal cells. The most satisfactory hypothesis for the entry 
of this enzyme into cells is that it becomes bound to the negatively 
charged plasmalemma and subsequently enters the cells by the ingestion 
of the membrane i.e., by pinocytosis ( 6 5 1 ) . Although plant cells with 
their rigid cellulose wall cannot display the active and visible formation 
of pinocytosis vesicles seen in amoebae and other animal cells, this 
would not preclude ingestion (or release) of their outer membranes by 
a process of micropinocytosis. The ultrastructure studies of the plas
malemma of root cells reported by Buvat and Lance ( 1 3 6 ) and Buvat 
( 1 3 5 ) show invaginations of this membrane and even constrictions at 
the base of these invaginations to give micropinocytosis droplets. The 
circumstantial evidence that carnivorous plants possess glands concerned 
with the secretion of digestive enzyme suggests that fine structure studies 
of such glandular cells should be undertaken and that more critical 
evidence, from aseptic culture, should be obtained that enzyme release 
takes place from undamaged secretory cells of this kind. The view, 
expressed by Brachet ( 8 9 ) , that "those text-books that state in a dog
matic way that proteins are unable to cross the cell membrane barrier 
have not only been wrong but harmful, because they have hampered 
scientific progress" should perhaps be heeded in thinking of mechanisms 
of solute transport in plants. 

Reference has already been made to the wound reaction involved in 
the origin of virus and crown gall tumors. This raises the question 
whether the wounding is necessary for entry into the cells of the wound 
tumor virus and of the tumor-inducing principle of the crown gall 
bacterium. Wildman ( 8 5 8 ) discussing the mechanism of virus infection, 
with special reference to tobacco mosaic virus, states that the virus gains 
access to host cell protoplasm only as a result of a wound that exposes 
the host protoplast and permits the infectious material to surmount the 
otherwise impenetrable barrier of the cell wall. The possibility should, 
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however, not be overlooked that wounding releases, from injured cells, 
hormones which may modify the permeability or behavior of the plas-
malemma of uninjured cells so that they ingest the massive ribonucleo-
protein virus particles. 

Two special aspects of the physiology of the wound virus tissue may 
be related to the presence of the virus. One is the high optimum 
phosphate concentration which is up to 100 times that in White's basic 
medium (121) . The second is that the growth of the tissue can be 
enhanced by hydrolyzates of ribonucleic acid and by purines and 
pyrimidines having a keto group at position 6 (532, 537) . 

3. Tissues from Crown Gall Tumors 

Cells isolated from crown galls or tumors on many different species 
have now been grown in aseptic culture. Recognition of similarities 
between these crown gall tumor tissues and animal cancer tissues has 
stimulated studies of their morphogenetic and biochemical potentialities. 
Further, the concept that these plant tumor cells are cancerous cells 
has given particular interest to the study of the process whereby the 
normal cells of the flowering plant host are transformed to tumor cells 
following bacterial invasion (see Chapter 9 ) . 

Crown gall cells in many cases cannot be distinguished with cer
tainty from normal cells by morphological or cytological features. In 
particular cases the crown gall cells may differ from normal cells by 
such features as loss of chloroplasts and of starch, appearance of crystals, 
presence of tannins. Buvat (133, 134) and Fogelman, Struckmeyer, and 
Roberts (237) have described changes in mitochondria associated with 
transformation, but these seem to be related to the dedifferentiation of 
mature parenchyma to the meristematic state rather than specifically to 
a change from normal to tumor physiology. Tamaoki, Hildebrandt, 
Burris, Riker, and Hagihara (762) found that crown gall tissue mito
chondria had lower oxidative activities for NADH and Krebs cycle sub
strates, as measured by oxygen uptake, than mitochondria from normal 
callus of tomato, and Tamaoki, Hildebrandt, Burris, and Riker (763) 
confirmed that crown gall mitochondria had lower activities for NADH-
oxidase, NADH-cytochrome c reductase, cytochrome c oxidase, and 
diaphorase than mitochondria from the normal cells. The differences 
between the isolated mitochondria were quantitative, those from the 
crown gall tissue having a lower level of oxidative activity and a lower 
phosphorylating efficiency (lower Ρ : Ο ratio). There was no evidence 
of significant differences in the electron transport pathway. More re
cently, Spurr, Hildebrandt, and Riker (688) have found greater activity 
of ascorbic acid oxidase and of tyrosinase in cultures of crown gall than 
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in normal callus cultures of tomato and obtained some evidence that 
activation of these enzymes occurs both during the wounding reaction 
and the induction phase of transformation to the tumorous condition. 
The physiological significance of these oxidases is still uncertain, but 
they have been considered to act as terminal oxidases and, to be in
volved in a reducing system involving glutathione and NADP (464) . It 
is, however, not clear how far these studies on the oxidases and the 
earlier studies with isolated mitochondria are indicative of differences 
in the in vivo energy metabolism between crown gall tumor cells and 
normal cells. 

Crown gall tissues can usually be readily cultured on a defined and 
simple culture medium. Where the normal callus of the species does 
not have additional requirements for continued growth in culture, the 
crown gall tissue usually grows at a much higher rate on the minimal 
medium. More commonly the normal tissue requires for culture, growth 
factors for which the crown gall tissue is autotrophic. In a number of 
such cases equally vigorous growth of the normal tissue has been 
achieved by the use of a medium more complex in composition than 
that required for optimal growth of the crown gall tissue-

Crown gall tissues can effectively utilize nitrate as their sole nitrogen 
source and do not seem to differ in a consistent way from normal tissues 
in their ability to utilize organic sources of nitrogen. Lioret (437) has 
detected a characteristic acid amine in a number of crown gall tissues 
and not in the corresponding normal tissues. This has been identified 
(438) in crown gall tissue of Scorzonera hispanica as lysopine, which 
has the following structure: 

H 2N—(CH 2) 4—CH—COOH 
I 

NH 
I 

CH 3—CH—COOH 

Morel and Duranton (504) have shown that 1 4 C - and 1 5N-labeled 
arginine is actively converted to proline, hydroxyproline, glutamine, and 
glutamic acid in callus cultures of Helianthus tuberosus. By contrast, 
when 1 4 C-labeled arginine was fed to crown gall tumor cultures of this 
species, proline was very weakly labeled, hydroxyproline could not be 
detected, and there appeared a number of monosubstituted guanidino 
compounds including γ-guanidinobutyric acid (in which much of the 
1 4 C of metabolized arginine was recovered) and a-hydroxy-8-guanidino-
δ-valerianic acid. Menoret [via Morel and Duranton (504)] working 
with "habituated" carrot callus appears to have encountered a similar 
situation in which feeding with 1 4 C-labeled arginine gave heavier labeling 
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in γ-guanidinobutyric acid than in proline. These studies may indicate 
a modification, in tumor cells, of amino acid metabolism, but the sig
nificance of any such modification is at present obscure. 

A number of workers have observed that crown gall tumor tissue is 
richer in phosphorus compounds than normal tissue (100) . Tsac and 
Whaley (793) found that 3 2 P from phosphate accumulated much more 
in the tumor tissue than in the normal tissue of Kalanchoe (Bryophyl-
lum). Maciejewska-Potapczyk (458) found that tumor tissue of Datura 
stramonium contained much higher levels of acid-soluble phosphorus, 
RNA-phosphorus, and DNA-phosphorus and higher activities of the 
enzymes, RNase, DNase, and glycerophosphatase than normal stem 
tissue. The significance of all these observations is, however, limited 
because growing tumor tissues have been compared with mature (non-
dividing) stem and root tissues. In view of the evidence from work 
with mammals that cancer tissues are richer in RNA and DNA (109, 
297) and in phospholipid material (48) than normal tissues, compara
tive studies should be undertaken on phosphorus-containing constituents 
and related enzymes using cultured crown gall and normal callus tissues 
growing at similar rates as assessed by increase in cell number and 
increase in weight. 

The growth of cultures of fully transferred crown gall tissues is not 
stimulated and is usually inhibited by auxins. By contrast, callus tissues, 
with rare exceptions, have an absolute requirement for an external 
supply of auxin for continued growth in culture. Crown gall tissues 
cultured on an auxin-free medium contain a nonlimiting or even supra-
optimal concentration of auxins; they are, therefore, often described as 
hyperauxinic. As with other plant tissues, the auxin composition of 
crown gall tissues has not been defined satisfactorily in chemical terms. 
It is clear, however, that a number of auxins are present, of which the 
most prominent seems to be IAA (50, 159, 546, 652) . Two hypotheses 
have been advanced to explain the auxin autotrophy and often high 
auxin content of tumor as against normal tissues. The first, and less well 
established, view is that tumor tissues have an enhanced capacity for 
IAA synthesis either from tryptophan (321) or other indolic precursor 
molecules (544) . The second hypothesis is that tumor tissues are less 
active in auxin destruction. In support of this is the evidence that some 
tumor tissues lack auxin oxidase (49, 50) or that they contain, in 
greater amount than in normal tissues, substances inhibitory to auxin 
destruction by this oxidase (441, 582) . These studies, together with 
more recent work (628) , suggest strongly that the balance between 
auxin production and destruction is modified by transformation to the 
tumor condition. 
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When a plant tissue is wounded, juices from the ruptured cells acti
vate cells in the region of the wound leading to their division, and it 
is a result of this activation that the cells become susceptible to the 
action of a tumor-inducing principle (T-iP) derived from the bacterium. 
In Kalanchoe daigremontiana it has been shown that susceptibility to 
the action of T-iP rises progressively during the first 6 0 hours after 
wounding (the peak of susceptibility at 6 0 hours corresponds to the 
first large increase in the number of mitotic figures) ( 1 0 2 ) . Thereafter, 
as wound healing progresses toward completion the cells become pro
gressively more refractory to transformation. Infection of the cells by 
T-iP must occur during the relatively short period when susceptibility 
is high if full transformation to rapidly growing tumor cells is to be 
effected. It is probable that susceptibility to the crown gall disease is 
determined by the effectiveness of the wound juice in conditioning un
injured cells. The chemical constituents of wound juice responsible for 
conditioning have not been identified. The juice probably not only 
effects a change in metabolic pattern from that characteristic of non-
dividing tissue cells to that of actively dividing cells, but causes a 
change in cell permeability permitting the entry of the T-iP. 

The second or inductive phase of transformation requires the presence 
of a virulent strain of the bacterium. The T-iP released by the bacteria 
must act for a minimum period ( 1 0 - 1 2 hours) on the conditioned cells 
(that means for 3 0 - 3 5 hours after wounding in presence of bacteria) 
in order to effect some degree of transformation. Full transformation 
required the T-iP to act for some 3 0 - 6 0 hours in the conditioned cells 
(for some 6 0 - 7 2 hours after wounding in the presence of bacteria). 

The nature of the T-iP is still unresolved despite very active study 
during the last fifteen years. The possibility that it is a DNA has been 
neither rigorously excluded nor proved. 

The development of secondary crown gall tumors free from inter
cellular bacteria and separate from the primary tumors has been in
terpreted as indicating that crown gall cells can release a transmissible 
T-iP and that this, therefore, must be in the nature of a virus ( 2 0 4 , 
3 7 7 ) . Undoubtedly, crown gall bacteria can carry lysogenic phage 
( 3 7 , 3 8 ) , but this does not seem to be essential for development of 
the crown gall disease. There is, therefore, at present no convincing 
evidence that the T-iP is a virus. 

Reference has been made above to the obtaining of partially trans
formed crown gall tissues by controlling the duration of action of the 
T-iP ( 9 6 - 9 9 ) . Using Catharanthus roseus (Vinca rosea) and a virulent 
strain of bacterium, stem cells were submitted to 3 0 - 3 4 hours, 5 0 hours, 
and at least 7 2 hours of transformation before the bacteria were selec-
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tively destroyed by heat treatment. The three tumor tissues obtained 
were all able to grow on White's basic culture medium. They showed 
in this medium persistent differences in growth rate; the 30-34-hour 
tissue had the lowest growth rate, the 72-hour tissue had the highest 
growth rate. Normal stem tissue of Catliaranthus roseus cannot be 
maintained in culture on White's basic medium. When this basal medium 
is supplemented with auxin (1 mg of NAA per liter) and a cytokinin 
(0.5 mg of kinetin per liter is effective), normal tissue can be maintained 
in culture growing at a rate similar to that of 30—34-hour tumor tissue 
on basic medium. To make the normal tissue grow as fast as the fully 
transformed (72-hour) tumor tissue, the culture medium must contain, 
in addition to auxin and cytokinin, the following growth factors (each 
100 mg/liter): asparagine, mj/o-inositol, cytidylic acid, and guanylic 
acid. To achieve the same growth with the 30-34-hour tumor tissue, all 
these growth factors except the cytokinin were required; with the 
50-hour tumor tissue the full growth rate was achieved on a medium 
supplemented with only three of these factors (inositol, glutamine, 
and auxin). These studies by Braun (99) indicated that a number 
of distinct growth substance-synthesizing systems become progressively 
activated during the transformation process and that the activation of 
these systems confers upon the transformed cell the ability to grow 
rapidly on an unsupplemented medium. Braun concluded that it was 
the synthesis of these growth-controlling factors in optimum or excessive 
amount by the tumor cells which conferred upon them the power of 
uncontrolled and autonomous growth in vivo. 

Subsequent work with normal and tumor tissues of Catharanthus 
roseus (Vinca rosea) (105, 863) has shown that: (a ) normal tissue can 
be raised to the growth rate of fully transformed tissues (itself on 
White's basic medium) by using a medium containing only the three 
growth factors auxin, kinetin, and mj/o-inositol provided that the con
centrations of three of the salts (KC1, N a N 0 3 , and N a H 2 P 0 4 ) of White's 
medium are substantially increased; ( b ) a culture medium with these 
enhanced salt levels and containing auxin as the only growth factor sup
ported a rate of growth of the partially transformed (50-hour) tumor 
tissue approaching that achieved by this tissue in White's basic medium 
supplemented with auxin, mt/o-inositol, and glutamine; ( c ) normal tissue 
could be grown and subcultured and shown to synthesize mi/o-inositol 
in a medium containing auxin and kinetin as the only growth factors 
provided enhanced levels of KC1, N a N 0 3 , and N a H 2 P 0 4 were incor
porated; (d) normal tissue could be grown and subcultured in the 
absence of auxin and shown to synthesize auxin in a medium containing 
enhanced levels of four salts [KC1, N a N 0 3 , N a H 2 P 0 4 , and ( N H 4 ) 2 S 0 4 ] 
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plus kinetin and myo-inositol (the growth factors alone were ineffective 
in replacing the auxin requirement); ( e ) the requirement of the normal 
tissue for kinetin cannot be overcome by altering salt concentrations 
and supplying other growth factors. 

These observations have been interpreted as indicating that the syn
thetic systems activated during transformation (with the exception of 
the system synthesizing the natural cytokinin of the tissue) can also be 
independently activated by the presence of high concentrations of cer
tain ions in the external medium. From this the argument follows that 
changes in membrane permeability occurring during transformation lead 
to activation of growth factor-synthesizing systems; the T-iP progressively 
modifies membrane structure. If this is so, the ability of cells to syn
thesize any particular growth factor must be critically governed by its 
ability to maintain an effective concentration of certain ions at the 
intracellular site of synthesis; tumor cells are not necessarily endowed 
with enzymes absent from normal cells, but rather with the power to 
maintain the necessary ionic environment for the active functioning of 
such enzymes. 

4. Cultures of Habituated Tissue 

Gautheret ( 2 5 9 ) observed that strains of normal carrot tissue capable 
of culture in the absence of added IAA gradually altered in their response 
to this auxin. The proliferation of freshly isolated explants was stimulated 
by additions of IAA at appropriate concentrations. However, after a 
period of culture in the presence of IAA, the tissue no longer responded 
in this way. Later, Gautheret ( 2 6 1 ) found that tissues of Scorzonera 
when first isolated had an absolute requirement for auxin if they were 
to grow in culture. However, after numerous transfers in a culture 
medium containing auxin, there arose sectors in the cultures which 
possessed the ability to grow continuously and rapidly in an auxin-free 
medium. Their growth was not further enhanced by adding auxin to 
the culture medium. These modified tissues differed from the normal 
tissues, not only in their insensitivity to IAA but in being translucent, 
friable, and incapable of initiating roots. Various other investigators 
( 3 1 9 , 3 6 5 , 4 9 8 ) have reported, in work with various other callus tissues, 
a similar change in response to auxin. Gautheret referred to this phe
nomenon first as "accoutumance a l'auxine" ( 2 5 8 , 2 6 1 ) and later as 
"anergie a Tauxine" ( 2 6 6 ) . American and British authors have generally 
used the term habituation. 

Kulescha ( 3 9 8 ) has shown that such habituated tissues contain a 
higher content of free auxin than normal tissues although the auxin 
composition of such tissues has not been satisfactorily described in 
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chemical terms nor has it been established whether the higher auxin 
content is a consequence of an enhanced rate of auxin biosynthesis. 
Furthermore, there is evidence that stable changes affecting other aspects 
of metabolism can occur in cultured tissues and that the phenomenon of 
habituation should not be conceived of as restricted to auxin metabolism. 
Thus, Gautheret (264, 266) cites the case of a willow (Salix caprea) 
tissue which was at first cultured successfully only by using a complex 
medium but which became able to grow actively without several of the 
growth factors initially important for its proliferation; in particular, the 
tissue lost its need for an external supply of pantothenic acid. Similarly, 
the virus tumor tissue of Rumex acetosa has recently been reported 
(535) no longer to need thiamine. Normal tissue of Catharanthus roseus 
(Vinca rosea) has a requirement for some seven growth factors. How
ever, Braun (101) has now reported that from a large number of frag
ments of such tissue transferred to White's basal medium in which the 
content of each inorganic salt was raised sixfold, a tissue fragment has 
been obtained capable of continued growth in such a medium. This 
tissue was incapable of culture on unmodified White's basal medium. 
It could, however, be grown on this medium modified by raising the 
concentration of only a single salt, potassium iodide. Similarly, it could 
be cultured in the presence of the normal inorganic salt mixture pro
vided the basic medium was supplemented by either 1 : 3 diiodotyrosine, 
kinetin, or cytidylic acid. The modified tissue no longer required for 
growth an external supply of auxin, rat/o-inositol, or a source of reduced 
nitrogen, such as glutamine or asparagine. This modified tissue during 
serial propagation in White's medium containing the enhanced content 
of inorganic salts has now yielded a further sector which no longer re
quires either additional iodide or any growth factor. It grows well on 
unmodified White's basal medium like fully transformed crown gall 
tumor tissue of Catharanthus roseus. 

Habituated tissues show more or less developed tumor-forming prop
erties as evidenced by grafting into plants of the species from which 
they are derived (103, 140, 319) . In tobacco the tumor-forming property 
of habituated tissue has been particularly well demonstrated; it was 
more malignant than the crown gall tissue (426) . The rather weak tumor-
forming properties of certain other habituated tissues may reflect the 
degree of habituation involved, for both Morel (498) and Gautheret 
(264) have emphasized that there are degrees of habituation, and Braun 
(101) clearly obtained both partially and fully habituated tissues of 
Catharanthus roseus. 

Gautheret (266) has postulated that habituation is a form of enzymatic 
adaptation since its reproducibility, particularly in certain tissues, seems 
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to preclude somatic mutation or selection of cells with a special geno
type. Evidence that enzymatic adaptation occurs in cultured organs has 
already been discussed (page 2 3 ) . Gautheret agrees with Braun in ex
cluding mutation as the cause of the altered state and suggests that 
habituation may be reversible under appropriate conditions yet to be 
discovered. Since fully habituated tissue can be regarded as a form of 
tumor tissue, it follows that transformation to the tumorous state does 
not necessarily involve the intervention of an external agent (bacterial 
product or virus). From this it can be suggested that such tumor-
inducing agents act indirectly to create a physiological state which can 
also be induced by the accumulation or depletion of natural cell con
stituents. 
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