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I. Introduction : Concept s o f Fre e Cell s an d Thei r Growt h 

This section is concerned with what has been learned about the 
requirements for growth and morphogenesis by studying the conversion 
of isolated tissues of higher plants into free cell cultures. Its general 
purpose is to explore the factors that cause cells of angiosperms to 
grow, to divide, and to develop into organized structures. Although 
this subject has developed rapidly in recent years in work from various 
laboratories, the account here given is in large part based on the 

1 This work developed during a program of research which has been supported by 
grants from the National Institutes of Health, Bethesda, Maryland, latterly GM 09609. 
During this work, and for some years, the responsibility for the aseptic cultures has 
been taken by Mrs. Marion O. Mapes, and in this account the illustrations are 
largely her work. From time to time other research assistants and graduate students 
(e.g., L. M. Blakely and Ann E. Kent), working under the direction of the senior 
author, have also made their contribution and, currently, P. V. Ammirato has 
contributed substantially to the account presented here in Section III. Section 
II is based on work done in this laboratory with Dr. Ε. M. Shantz. 
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work of this laboratory with sufficient citation to relate it to other 
similar investigations. 

In all angiosperms there are two crises in development at which 
the organism is reduced to a free-celled condition: this occurs at spore 
formation and in the formation of gametes. Spores, which originate at 
meiosis, initiate the gametophytic phase of the angiosperm life cycle, 
which in due course culminates in the formation of male and female 
gametes in anthers (pollen grains) and ovules (embryo sacs), respec
tively. But the spores and the gametes differ fundamentally, in that 
the former can separately and individually grow, whereas the gametes 
commonly grow only after syngamy, the fusion of the male and female 
sex cells. This contrast poses the still essentially unanswerable question 
of what it is that predisposes cells to divide. 

Much may now be said about how cells multiply and about the 
factors that control their division, but it is difficult to stipulate why 
cells divide. It is as though the zygote has some mysterious "growth 
energy," a "built-in capacity to grow," which is not inherent in the 
gametes but which predisposes the fertilized egg to divide. At each 
subsequent division, new form and order is created out of random 
molecules, so entropy is reduced. One may, therefore, see the pro
pensity of cells to multiply as a function of their ability to reduce 
entropy, and one might visualize a "negative entropy scale" of num
bers which would express the cell's propensity to grow ( 8 9 ) . How
ever, there seems to be no known way of making measurements on 
cells which will express why one cell of the plant body may be able 
to divide, while another may not. Nor can one easily see what feature 
of the daughter cells during interphase "winds them up" for an en
suing division, for this is only in part a function of the new substances 
they create. 

Although angiosperms, as organisms, are typically autotrophic, their 
constituent cells are often heterotrophic. In the division of labor of the 
plant body, the cells of growing regions rely on other organs for much 
of their nutrients and upon the exogenous stimuli for their division. 
This is especially true of the fertilized egg, which in its normal environ
ment is commonly nourished by a complex array of substances in 
endosperm—substances which are, in turn, derived from the parent 
sporophyte via the nucellus. Significantly, therefore, it has been shown 
( 1 0 3 ) that the vicinity of immature embryos is a potent source of 
substances that stimulate and regulate growth and the effects of these 
substances may be made apparent even when they are applied to more 
adult tissue cells. 

In microorganisms it is, of course, the rule that cultures may be 
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derived from single cells or single spores. However, it was Haberlandt 
who, in 1902 ( 2 5 ) , had the insight to see that one day the growth of 
higher plants from their constituent living cells should also become 
possible. But, remarkably enough, Haberlandt went further, for, as 
recently recognized ( 9 0 ) , he also visualized that one should be able 
to make "artificial embryos" out of free, living angiosperm cells ( 2 5 ) . 
This remarkable prophecy, without foundation in anything that Haber
landt could achieve with isolated cells in 1902, has been recently 
verified, but over sixty years later (97-100, and references there cited). 
But one may safely assume that Haberlandt made his prophecy secure 
in the knowledge of many cases of apomictic development, in which 
distinctive cells of the plant body do give rise to embryos without 
the necessity of the complex apparatus of meiosis and syngamy, for 
he devoted much of his subsequent writing to studies of these events 
(27, 27a, 2 8 ) . 

Like many subsequent workers, Haberlandt commenced with those 
mature cells (like those of potato tuber, cf. Chapter 4, Volume I I ) 
that have some residual capacity to divide which is displayed during 
the phenomenon of wound healing. In fact, Haberlandt postulated 
a "wound-hormone," which supposedly "triggered" this division and 
believed it emanated from phloem cells in the tissue mass ( 2 6 ) . 
Haberlandt also implicated the hypothetical wound hormone in the 
early stages of the morphogenetic events by which cells so stimulated 
to divide may lead to parthenocarpy (27a) and to adventive embry-
ogeny (27, 2 8 ) . From these origins derives the philosophy that under
lies all the subsequent work with explanted tissue and later that with 
free cells: this is that a complete knowledge of the nutritional require
ments of cells and of their responses to stimuli should permit one to 
cause them to recapitulate, in isolation, their behavior in situ in the 
plant body. 

II. Th e Biochemistr y o f Growt h Inductio n 

A . T H E NUTRIENT REQUIREMENTS FOR GROWTH OF CELLS AND 
TISSUE EXPLANTS 

There is nothing intrinsically unique about the inorganic nutrients 
that nourish explants of angiosperms or the free cells that may be 
derived from them. One may turn here to Volume III of this treatise, 
which is devoted to the problems of mineral nutrition, or to the 
chapters in this volume. Just as there is no "best" nutrient solution for 
any given angiosperm under all conditions (for requirements surely 
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vary with the environment and the stage of development), it is 
equally to be questioned whether there is any "best" solution for the 
culture of all tissue explants or all free cells. Thus, the practice of 
identifying supposedly distinctive nutrient solutions by name is not 
really to be encouraged, for it is evident that the various solutions 
so distinguished are rarely unique for the responses that they elicit. 
One may, however, make the following general statements about 
such basal nutrient solutions. 

Prior to modern knowledge of trace elements (especially boron, 
manganese, cooper, zinc, and molybdenum), a chief preoccupation of 
those who considered the mineral nutrients for cultured tissues or 
cells was to supply the then known major nutrient elements (nitrogen, 
phosphorus, sulfur, potassium, calcium, magnesium, iron) in suitable 
form. All the problems of concentration, the mutual relationships of 
the individual nutrient elements, the suitable salts by which they may 
be supplied, the purity of the water in which they are dissolved, 
and the presumed insolubility of their containers, which historically 
vexed those who worked with plants in water culture, have applied 
equally to those who have essayed the separate culture of the organs, 
tissues and now free cells of angiosperms. Thus at any point in time 
the mineral content of solutions for the isolated culture of tissue 
explants and of cells has reflected the then current status of knowl
edge of mineral nutrition generally. Early preoccupation with pH, the 
need to keep iron and later manganese both soluble and available at 
near neutral reactions, which is affected by the possible role of organic 
matter and later of the chelating agents, have also engaged attention 
in the tissue culture field. The alternative uses of nitrate, ammonia, and 
organic nitrogen (whether in the form of glutamine or casein hydrol-
yzate) with the now added prospect that the needs for molybdenum 
and manganese may be affected by the form in which nitrogen is 
supplied, all raise questions in particular cases, but not more than in 
other nutritional situations (Volume III ; and this volume, Chapter 6 ) . 
These and other similar questions could, and perhaps later should, 
be entirely reinvestigated for the growth of isolated free cells of 
angiosperms. 

However, the point of departure for the present chapter must be as 
follows. It is to be presumed that there is an ultimate requirement of 
isolated cells and small tissue explants for any and all of the essential 
nutrient elements, and the smaller the inoculum, down even to a few 
free cells, the more critical is the exogenous nutrient balance at the 
outset of their growth. The need for simultaneous supply of all the 
essential nutrients in the same proportions throughout the growth 
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is commonly presumed, but there is no valid proof—perhaps there are 
even some disturbing indications to the contrary, for the optimal 
nutrient requirements may change sequentially with the developmental 
status of the material being cultured. [For example, carrot (Daucus 
carota var. sativus) phloem explants will tolerate low calcium levels 
that certainly would not suffice for their roots.] Nevertheless, the 
presumption now is that the organic requirements for the essentially 
heterotrophic growth of tissue explants and cells could be added to 
almost any complete, dilute mineral nutrient solution, if this is done 
without secondary consequences to the solubility or availability of its 
essential constitutents. Thus the basal nutrient solutions of White 
(112-116) , Heller (31, 3 2 ) , or Gautheret (18 -20) or their many named 
successors have, consciously or accidentally (as sometimes occurred 
in the cases of molybdenum) often supplied the essential minerals 
in ways that supported growth. This is not to say that some plant 
tissue and cells will not profit by higher potassium, or higher total 
salt concentrations, or ammonium versus nitrate, etc. The point is 
rather that the chief preoccupation in this chapter must be the organic 
requirements for heterotrophic growth and principally with those 
accessory, regulatory substances which, singly or collectively, catalyze 
the growth of otherwise mature or quiescent cells. There is every rea
son to believe that when these organic, accessory, nutrient substances 
are fully known they will involve, and interact with, the essential 
mineral elements. In fact, the cell division factors of coconut milk, 
early known to act at sites vulnerable to cyanide and carbon monoxide 
(108) are also now known to interact strongly and critically with iron 
[work of Neumann (62a, 103a) in this laboratory]. The supplements re
quired to render a basal nutrient medium (such as that of White) able 
to support the most rapid growth of angiosperm tissue explants should 
now be summarized, although no attempt will be made to deal 
exhaustively with all the relevant, or even all the conflicting, evidence. 

The major organic nutrients are all dealt with more fully by Street 
(Chapter 6 ) . The preferred exogenous source of carbon seems to be 
sucrose, probably because it contains fructose in the furanose form. 
In general, therefore, the nutritional requirements for carbon may be 
met by sucrose and those for nitrogen by nitrate. Even so it is often 
found that enzymatic casein hydrolyzate (or even glutamine) may 
stimulate growth by furnishing reduced nitrogen, or even catalyze 
growth because it furnishes special products (certain amino acids) 
or other substances (e.g., those derivable from trytophan when it is 
autoclaved). 

It is axiomatic that the cells and tissues of angiosperms grow more 
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rapidly on agar or in liquid cultures if they do so heterotrophically. 
If the development of chloroplasts in callus tissue, or free cells, is 
poor or lacking even when the cultured tissue originated from shoots 
and is grown in the light, fully autotrophic growth is, of course, im
possible. Nevertheless, many angiosperm cells which are green, will 
(like Chlorella), grow even better in the light as heterotrophs than 
as autotrophs. 

There are, therefore, two distinct questions. One concerns the 
efficiency of green plant photosynthesis to furnish cultured cells or 
tissue explants with carbon compounds for their growth, in comparison 
with the exogenous supply of sugars; the answer here is usually, and 
overwhelmingly, in favor of exogenous sugars and a heterotrophic mode 
of nutrition. The other question, however, is whether green chloroplasts 
in the light contribute anything which favors the growth and nutrition 
of the cells, which cannot easily be duplicated by the exogenous supply 
of sugar. This question is not as easy to answer. Suffice it to say, how
ever, that in general those treatments which cause tissues or free cells 
to turn green invariably enhance their growth, even in the presence 
of sugar, and they also seem especially conducive to morphogenesis. 
In fact, one of the special features of the coconut milk growth 
factors in the culture of carrot explants and cells is the facility 
with which normal green chloroplasts develop (33, 34 ) , so that one 
does not believe that an artificial, or isolated, source of the growth 
stimulus duplicates that of coconut milk until it also encourages the 
tissue to turn green in the light. All this may merely mean that green 
plastids in the light either furnish catalytically active carbon com
pounds, not easily derived from exogenous sugar, or may act by supply
ing readily usable energy as ATP from photosynthetic phosphorylation. 

Having recognized the probably nutritional, as well as photomorpho-
genetic, role of light (mediated by plastids when they are present in 
cultured cells and tissues), other external factors become relevant. 
Commonly cells and tissue explants are cultured under relatively 
constant conditions; these may range from continuous darkness to 
continuous light at constant temperature, or perhaps a fixed diurnal 
light-dark cycle. The more nearly the external medium becomes fully 
competent to support the full range of activity of the cells, the more 
important it may become to utilize their responsiveness to prescribed 
fluctuations of light and dark with corresponding "day" and "night" 
temperatures. Eventually these fully programmed sequences may be 
expected to be as effective in controlling both metabolism and morpho
genesis of cultured tissue and cells as they are now proving to be in 
the interpretation of the behavior of whole plants (cf. Went and 
Sheps, Chapter 5, Volume VA) . Before this stage can be usefully 
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reached, however, the main limitations to growth which can be met by 
exogenous substances which function as accessory, nonnutrient, growth-
regulating substances need to be known. 

B. ACCESSORY, NONNUTRIENT, GROWTH FACTORS FOR ANGIOSPERM CELLS 

There have been many indications, over the years, that organic 
accessory growth factors and stimulants regulate the ability of angio
sperm cells to engage their intrinsic abilities for growth and cell 
division. These range from the stimuli for the growth of orchid 
gynaecia, which was well known in 1909 to Fitting ( 1 7 ) , and the 
wound hormone of Haberlandt (26) to many examples in which fer
tilization, or pollination, also stimulate the growth of somatic tissue in 
fruits (cf. 13, 2 4 ) . Bottomley's ill-fated concept of auximones ( 6 ) 
probably anticipated much later knowledge of vitamins, for it became 
well recognized in the 1930's that such substances could limit the 
heterotrophic growth of explanted angiosperm cells and organs as well 
as that of microorganisms. Thus vitamin supplements, made either 
specifically or generally in the form of yeast extract, have become 
standard features of cell and tissue culture media (cf. Street, Chapter 
6 ) . But the concept of a specific growth substance or substances, over 
and above salts, sugars, vitamins, etc., which have a strictly nutritional 
role, really dates from the recognition of auxins as a class, and of 
indoleacetic acid in particular. At the present time, however, plant 
physiologists recognize an array of growth-regulating substances, both 
natural (cf. Thimann, Volume V I ) and synthetic (cf. Wain and Fawcett, 
Chapter 4, Volume VA) , and their relationship to the problems of 
growth of isolated tissues and cells arises. 

The classes of accessory growth-regulating substances commonly 
recognized are the auxins, the gibberellins, the inhibitory substances 
which may work antagonistically against them (such as antiauxins, 
like coumarin, irans-cinnamic acid or p-chlorophenoxyisobutyric acid, 
and the abscisins, or the dormancy-inducing factors, like dormin or 
abscisic acid as it is now called), and also the multiplicity of sub
stances, or combinations of substances, which collectively induce cell 
division and for which such terms as kinins, cytokinins, or phytokinins 
have been recommended and are now being widely used. 

C. FACTORS WHICH M A Y L I M I T THE GROWTH OF TISSUE EXPLANTS 

The growth of tissue explants and cells involves many distinctive 
steps or processes, any one of which may be rendered limiting and 
therefore make regulation possible; this regulation could be mediated 
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by the exogenous supply of a missing factor, or by the endogenous 
presence, or disappearance, of an inhibitor. All can agree that chemical 
regulatory control of the powers of growth that are inherent in all 
cells is the crux of the problem. However, the multiplicity of terms to 
describe the substances by which this chemical control is regulated 
may not always be illuminating. Too often the terminology of growth 
factors has been linked to a type of observed response, and not to a 
known mechanism of action, and rarely to the chemical configuration 
of the active substances which has become known only long afterward. 

Ultimately, it should be recognized that even an essential element, 
whether potassium or iron, may discharge the functions of a cytokinin 
if it alone is the key limiting factor in a given situation. Likewise, 
there are also many examples of the catalytic role of oxygen (no 
doubt mediated by a variety of oxygen carriers) in the induction of 
growth, wholly or partially, as in the phenomena of wound healing. 
If the roles of auxins, or gibberellins, are often predominantly (but in 
their respective ways) to stimulate cell enlargement, it is equally 
obvious that, having done so, they may set in train events which may 
lead to cell division, so that they trespass on the preserves of cyto
kinins. And there are abundant examples of substances [like 2,4-di-
chlorophenoxyacetic acid ( 2 , 4 - D ) or naphthaleneacetic acid (NAA)] 
which are commonly recognized as synthetic auxins and which un
doubtedly can stimulate cell enlargement; in the context of situations 
in which they act synergistically these may be very potent substances 
that "trigger" cell division ( 3 , 9 1 ) . 

In short, in this difficult field, in which one needs to consider the 
growth of cells as intact organizations, performing all the functions of 
growth, metabolism, and development, the terminology should remain 
flexible; it should not set up rigid categories which often tell more 
about the limitations of certain test systems than about the role in 
growing plants of the substances tested. This idea develops from the 
stimuli which induce growth and development in explanted angiosperm 
cells and tissues. The salient point is that no single substance 4 unlocks 
the door of cell division," for the growth and development of cells is 
controlled by many categories of exogenous growth-regulating sub
stances which act both synergistically and sequentially to "tell" the 
cells how to harness their nutrients so as to express their intrinsic, 
genetically determined, powers of growth ( 9 1 ) . 

D . GROWTH FACTORS FOR C E L L DIVISION 

The reality of supplementary, nonnutrient factors for cell division 
was evident after the observation by Caplin and Steward ( 8 ) of the 
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effect of coconut milk (or coconut water, i.e., the liquid endosperm 
of the coconut) when it was added to an otherwise complete nutrient 
medium (White's basal medium) for tissue cultures. The tissue tested 
consisted of small (2.0-2.5 mg) explants of the secondary phloem of 
carrot root, which were cut at a distance ( 2 - 3 mm) from the cambium 
so that the cells they contained would not normally have divided again. 
In the absence of the coconut milk, or casein hydrolyzate, the carrot 
tissue only made sluggish increase of fresh weight even under the 
optimal conditions for growth. The addition of the coconut milk ( 5 -
1 0 % by volume) to the basal medium resulted in an eightyfold 
increase of fresh weight in almost 20 days, and an even greater relative 
increase in the number of cells (8, 104) . The effect of the coconut milk 
was increased by, but not dependent upon, the presence of casein 
hydrolyzate (as a source of reduced nitrogen compounds) in the me
dium. The role of the coconut milk, when discovered, was shown to 
be over and above anything which auxin (i.e., IAA) alone could 
accomplish ( 8 ) . Later observations showed that the normal environ
ment of immature embryos in the ovule commonly contained such 
stimuli to cell division which were assayable in the carrot assay system. 
Such activity was detected (93) in extracts of immature corn grains 
(Zea mays) (less than 2 weeks after pollination), in the liquid from 
the vesiculate embryo sacs of walnut (Juglans regia), and of a species 
of horse chestnut (Aesculus woerlitzensis) as well as in a comparable 
situation in a gymnosperm (Ginkgo biloba) represented by an extract 
of the female gametophyte. The formative layer in the parthenocarpic 
fruit of banana (109) , the genetic tumors on tobacco hybrids (Nico
tiana glauca Χ IV. langsdorffii), the crown gall tumors of Kalanchoe, 
all yielded extracts capable of stimulating cell division and so causing 
a recrudescence of growth in otherwise quiescent carrot secondary 
phloem cells ( 9 4 ) . 

Thus a variety of extracts which fostered active growth furnished 
the evidence for growth-stimulating mechanisms; and others, in which 
it was repressed (extracts of dormant tubers, bulbs, and buds) fur
nished equally dramatic evidence of inhibitors that could counteract 
the effect of the coconut milk ( 9 2 ) . In retrospect, the use of carrot 
root phloem, under the standardized conditions described, was fortu
nate in that this tissue seems to be more free of growth inhibitors 
than the tissue of many other storage organs that might have been 
used, and it also responded to the stimulus of coconut milk without 
requiring a synergist like 2,4-D and NAA. Much knowledge has been 
gained by exploiting this carrot assay system and by fractionating the 
materials which coconut milk and other effective extracts contain. 

The substances in question whether isolated from whole coconut 
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milk, from an alcoholic extract of immature corn grains, or from the 
content of vesicular embryo sacs of Aesculus, are both heat stable and 
water soluble. Although they may, or may not, contain nitrogen, they 
have ring configurations so that modes of action seem linked to the 
molecular architecture into which they fit. 

Compounds A, B, and C (as well as a later one designated F ) 
emerged from large-scale mercuric acetate precipitations of the active 
cell division components of coconut milk ( 7 7 ) . Only compound A, sym-
1,3-diphenylurea was fully identified ( 7 8 ) . Although these crystalline 
compounds, with distinctive recorded analyses and properties, were, 
together with casein hydrolyzate, unquestionably able to cause cell 
division in carrot explants, their activity varied somewhat with the 
carrot strain or root in question. Even if these substances existed as 
such in the original coconut milk and had not been, in part, modified 
during the long course of isolation, their content would not account 
for more than a part of the total activity. 

All the endosperm extracts examined are rich in the phenolic bodies 
known as leucoanthocyanins which, by chemical change, may give rise 
to the anthocyanin pigments of plants ( 7 9 , 1 0 4 ) . The importance of 
this class of substances in the induction of cell division became obtru
sive when liquid-liquid separations were made of the contents of 
Aesculus fruits. Although difficult to purify, and more difficult to 
synthesize, active substances isolated had chemical properties consistent 
with the formula shown (Fig. 1 ) , and the sugar and cyanidin moieties 
which arise on hydrolysis were also isolated and identified. The recog
nition of this kind of substance as a component part of a growth 
regulating complex led to interest in, and tests of, a large number of 
phenolic substances and flavonoids, and many of these which occur 
naturally were found to be more or less active ( 7 9 , 1 0 4 , cf. p. 1 8 3 , 1 0 5 ) . 
These ranged from protocatechuic acid, to catechins, to naturally oc-

(A ) (B ) 

OH 

H ^ O H 

C H — \ - 0 H 

(glucose) 

w , 2 

FIG . 1. Molecular formulas of leueoanthocyanin ( A ) based on Robinson and 
Robinson (72A); and with ring closure (Β) after Bauer et al. ( l b ) and Swain 
(109a). The materials isolated from Aesculus were consistent with these formula
tions (104, 106). 
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curring leucoanthocyanins from various other sources. The presence 
in these molecules of catechol groups suggests that they may play a 
role as hydrogen donors, or acceptors. Prominent and specific claims 
have also been made that the amino acid tyrosine may have a distinc
tive role to play in such responses (72, 8 5 ) . In fact, some active 
substances isolated from Aesculus were so similar to, if not identical 
with, chlorogenic acid that this again directed attention to both the 
ring configuration and phenolic character of these active substances 
(108) . 

Although many substances which would not induce cell division 
when used in lieu of coconut milk in the carrot assay were isolated 
from immature corn grains, an active substance was obtained which 
proved to be a compound of one molecule of indoleacetic acid with 
one molecule of arabinose (80, 108). Although the constitution of the 
substance is to this extent known, it has not yet been possible to con
firm it by synthesis. Alongside the activity of this naturally occurring 
complex of indoleacetic acid, one may place the frequently observed 
activity of the synthetic 2-benzthiazolyloxyacetic acid, which has a 
remarkable ability to induce cell division in carrot and many other 
systems, in some of which it works as a synergist (104) . It is now 
known ( 7 ) , however, that the substance originally thought to have 
the constitution shown at Fig. 2A really contained the substance shown 
at Fig. 2B and that the original active substance designated BTOA 
was probably active because it contained the substance shown at 
Fig. 2B. 

Ν > | N - C H 2 -  COO H 
II L II J L 

(A)(m.p . 16 1 °-162°) (B ) (m.p.l76°-177°) 

F I G . 2. Structure of (A) 2-benzthiazolyloxyacetic acid, and (B) 2-oxobenzo-
thiazolin-3-ylacetic acid, after Brookes and Leafe ( 7 ) . 

The later work of Letham (49, 5 0 ) , Shaw and Wilson ( 8 4 ) , and 
Miller (56) on zeatin (Fig. 3 ) provides evidence of an adenyl com-

C H 3 

I 3 

"1ST 

FIG . 3. Structural formula for zeatin as isolated by Letham et al. (50) and as 
synthesized by Shaw and Wilson (84 ) . 
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pound, isolated from corn grains, which induces cell division in carrot 
cells in the presence of indoleacetic acid, and which is also active on 
cells of other plants. Zeatin may also occur as its riboside. Although 
kinetin itself (6-furfurylaminopurine) may not be a frequent, naturally 
occurring, constituent of fluids that induce cell division, it is neverthe
less the prototype of the class of active substances to which zeatin so 
obviously belongs. As mentioned later (p. 344 et seq.), these substances 
seem to work synergistically with indoleacetic acid. 

The isolation of a still incompletely identified substance from Aescu
lus which comprises indoleacetic acid and a sugar moiety (containing 
rhamnose and glucose) adds yet another to the list of complex com
pounds of indoleacetic acid which induce cell division in quiescent 
cells ( 8 3 ) . So far as is known, however, the increasing number of 
known amino acid-indoleacetic acid complexes in plants ( l a , 76) are 
as yet inactive in this respect. Great interest, however, attaches to 
indoleacetic acid-inositol complexes, which have been recognized and 
which are even now being tested ( 4 5 ) . 

The conference on naturally occurring growth substances held at 
Gif in 1963 (82, 107) summarized the then known evidence with respect 
to coconut milk (Fig. 4 ) , corn extract (Fig. 5 ) , and Aesculus (Fig. 
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FIG. 4 . Scheme for fractionation of coconut milk. After Shantz and Steward ( 8 2 ) 
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F I G . 5. Scheme for fractionation of extracts of immature grains of Zea. After 
Shantz and Steward (82) . 

6 ) . A later review (76) supplemented this information, and a still 
later conference in Ottawa (83) added to the existing stock of knowl
edge. Thus, it should be clear that the exogenous control over growth 
by cell division that is exerted by nonnutrient regulatory substances, 
whether seen in terms of the induction of growth in otherwise quies
cent cells, or in its suppression in otherwise growing cells, is extremely 
complicated. However, one should not attribute, unequivocally, all 
the regulatory activity to a single master molecule, or even class of 
molecules. 

A more rational approach recognizes the diversity of effects involved 
in growth, the variety of salient points at which the control of growth 
may be exercised, and the very great diversity of substances, combina
tions of substances, and even sequences of substances that may exer
cise growth-controlling effects, because they, or reactions triggered by 
them, are endogenously limiting in a given situation. 

E . COMPONENTS OF GROWTH-PROMOTING SYSTEMS: SYNERGISMS 

All the materials mentioned from the environment of young embryos 
(coconut milk, corn extract, fluid from Aesculus fruits) owe their 
effectiveness to combinations of substances, not to single substances. 
In addition to the nonspecific, but nutritionally valuable, materials 
that they contain (potassium, magnesium, phosphorus compounds, 
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FIG. 6. Scheme for fractionation of extracts of immature fruits of Aesculus. After 
Shantz and Steward ( 8 2 ) and later modified ( 8 3 ) . 

carbohydrates, reduced nitrogen compounds, etc.) , their effectiveness 
is due to: 

1 . The composite fraction termed in this laboratory the active frac
tion ( A F ) which contains the several substances which stimulate cell 
division per se. 

2 . A composite fraction, here termed the neutral fraction ( N F ) , 
which provides substances which synergistically respond with the A F 
to promote growth and cell division. The neutral fraction (free of the 
obvious carbohydrates which furnish carbon in bulk) owes its effec
tiveness to hexitols, of which four have been isolated and identified: 
myo-inositol, scyllitol, sorbitol, and mannitol, but which are replace
able by mj/o-inositol ( 6 6 ) . 
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3. Having combined the effectiveness of an isolated active fraction 
( A F ) with an isolated neutral fraction ( N F ) , a further response to 
enzymatic casein hydrolyzate may often be obtained ( 8 1 ) ; the casein 
hydrolyzate here acts mainly as a source of reduced nitrogen, but 
possibly also as a source of specific amino acids, e.g., possibly tyro
sine, phenylalanine, or substances derivable from tryptophan. 

4. When the active fractions and neutral fractions are represented by 
their more purified constituents, it becomes evident that there are two 
categories of active cell division stimulants in the active fraction, and 
these are distinguished by different degrees of synergistic response to 
indoleacetic acid or to inositol. 

The interactions of the categories of substances mentioned to pro
duce highly significant synergisms, over and above their additive 
effects, is conveniently illustrated by Fig. 7 for the subfractions ob
tained from Aesculus fruits. Similarly, the evidence for two categories 
of cell division substances, distinguished by their dependence upon 
exogenous indoleacetic acid or inositol, is to be seen in Fig. 8 and in 
Table I. Even when the entire coconut milk system is present, the 
proliferative growth of some tissue, such as that of potato (Solarium 
tuberosum) tuber, may require the further action of other synergists, 
e.g., 2,4-D or NAA (Fig. 9 ) , whose structure is sensitively related to 
the growth response elicited (88, 91 ) . 

160 

Portion o f growt h respons e whic h i s greate r tha n additive singl e AF C 
responses an d i s du e t o synergistic interactio n 

FIG. 7. Growth-promoting effects and interactions of casein hydrolyzate, indole
acetic acid, rayo-inositol, and Aesculus active fraction concentrate on carrot phloem 
explants. After Shantz and Steward (82) . 
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0 5  1 0 
(controls) Fractio n numbe r 

Fractions wer e teste d a t 5. 0 pp m i n basa l mediu m alon e an d i n combination wit h 
corn neutra l fractio n a t 2 5 0 p p m , / ^ - i n o s i t ol a t 25pp m o r indoleaceti c 
acid a t 0. 5 pp m 

Original weigh t o f explant s =3.0m g Growt h perio d =  1 8 day s 

FIG . 8. Growth-promoting effects on carrot root phloem explants of fractions 
obtained from the alcoholic ammonia eluate of charcoal-adsorbed corn extract by 
countercurrent partition between butanol and water. After Shantz and Steward (82) . 

The consequences for growth of the interactions between otherwise 
quite different categories of growth-regulating substances complicates 
the task of isolation, discourages the overemphasis upon any one sub
stance or category of substances, and also complicates the nomenclature 
of growth-regulating substances. Nevertheless, it draws attention to 
the degree to which the growth and behavior of angiosperm cells may 
be regulated exogenously by applied chemical substances; these must 
have their counterpart in the endogenous substances which regulate 
the growth and behavior of the cells in situ. 

The most difficult and still incomplete task is the final identification 
of all the exogenous substances which, especially in natural extracts, 
may contribute to the growth of the test tissue. 

The substances that induce growth in carrot tissue explants and 
which do so in synergistic interaction with indoleacetic acid includes 
a category of substances which are adenyl compounds. These include 
the prototype, kinetin, which arose in the work of Skoog and Miller 
from aged or autoclaved nucleic acids (57, 58, 85 ) , and its naturally 
occurring counterpart, zeatin, isolated from corn grains ( 5 0 ) . Another 
category of substances includes those which act in synergistic asso
ciation with inositol, and these include at least two which are glyco
sides having combined indoleacetic acid (e.g., an indoleacetic acid-
arabinoside from corn; a rhamnoglucose-indoleacetic acid compound 
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T A B L E I 

COMPARISON OF E F F E C T S OF ZEATIN AND K I N E T I N WITH E F F E C T S OF ACTIVE C O N C E N 

TRATES D E R I V E D FROM COCONUT M I L K AND Aesculus LIQUID, IN P R E S E N C E 

AND A B S E N C E OF I A A AND/OR INOSITOL IN THE MEDIUM** 

Treatment Expt. 292Α Expt. 292B 

Basal medium 15.3 12.3 
+ Zeatin 13.2 15.8 
+ Kinetin 9.6 11.5 
+ C M factor 19.1 20.0 
-f- Aesculus factor 37.7 36.9 

Basal medium + I A A 31.9 42.4 
+ Zeatin 101.0 85.2 
+ Kinetin 19.3 67.2 
+ C M factor 72.1 101.2 
+ Aesculus factor 63.2 84.8 

Basal medium + inositol 31.5 26.5 
+ Zeatin 37.4 36.6 
+ Kinetin 24.0 21.7 
+ C M factor 84.2 59.9 
+ Aesculus factor 87.6 66.1 

Basal medium + I A A + inositol 63.4 70.5 
+ Zeatin 138.3 98.3 
+ Kinetin 89.0 68.6 
+ CM factor 157.4 105.0 
+ Aesculus factor 164.8 118.7 

Basal medium + 10% C M 240.6 143.8 

α After Shantz and Steward (83). 

from Aesculus). The activity of such fluids or extracts as those from 
the coconut, from corn, or from Aesculus fruits is, therefore, the 
resultant of the action of these different systems. Indeed, even other 
substances, like the phenolic compounds to which activity has been 
ascribed (e.g., the leucoanthocyanins which are abundant in endo
sperms, and some simpler phenolic compounds which resemble chloro-
genic acid) also play a part. It is still too soon to state simply how 
all these different parts of the growth-promoting system act, separately 
or in combination. Parenthetically, it may be noted here that the best 
combinations of the adenyl growth substance zeatin (as isolated from 
corn grains, and later synthesized) or of kinetin with IAA, will not 
fully equal the growth that whole coconut milk stimulates ( 1 4 ) . That 
part of the coconut milk system ( Α ¥ τ ) which interacts with inositol is 
now referred to in this laboratory as System I; that part ( A F 2 ) which 
interacts with indoleacetic acid (IAA) is being referred to as System II. 
But even the combination of System I ( A F i X  inositol) and System II 
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Basal + 1 0 %  I  2  3  4  5  6  7 
medium C M 

8 

FIG. 9. Effectiveness of various synthetic growth-regulating compounds as syner
gists with coconut milk in promoting the growth of potato tuber explants. Average 
growth response of 5 replicate cultures for each treatment grown for 28 days. Treat
ments: basal medium -f coconut mi lk - f - ( l ) a-(2-naphthoxy)phenylacetic acid, 
1.0 ppm; (2) indoleacetic acid, 1.0 ppm; (3) a-(2-naphthoxy)propionic acid, 6.0 
ppm; (4) a-(2,4,5-trichlorophenoxy)propionic acid, 6.0 ppm; (5) 2,4-dichloro-
phenoxyacetic acid, 6.0 ppm; (6) 1,2,3,4-tetrahydronaphthoic acid, 30 ppm; (7) 
indolebutyric acid, 1.0 ppm; (8) naphthaleneacetic acid, 1.0 ppm. From work of 
Shantz and Steward; for data see Shantz et al (83a) and Steward (88) . 

( A F 2 X  IAA) in association with casein hydrolyzate ( C H ) will not 
fully equal the effect of whole coconut milk. 

F. SOME LIMITATIONS TO THE GROWTH OF TISSUE EXPLANTS 

Tissue explants that are relatively inactive in growth in the basal 
medium may be limited by their endogenous production or utilization 
of: ( a ) One or other members of the groups of active cell division 
substances (AF X and A F 2 ) that interact with inositol on the one hand 
or with indoleacetic acid on the other, ( b ) Indoleacetic acid or inositol 
or both, ( c ) Some constituent or constituents of casein hydrolyzate. 

While explants from all carrots tested respond to whole coconut milk, 
nevertheless, explants from given roots may display different degrees 
of responsiveness to the different categories, and combinations, of sub
stances mentioned above. The ubiquitous response of carrot explants 
to whole coconut milk, and to this plus casein hydrolyzate, may conceal 
the fact that explants from different carrots of the same stock have a 
"built-in" responsiveness to indoleacetic acid or to inositol, or to both 
which, when alleviated, allows them to achieve varying amounts of 
growth; this response will be in accord with the extent to which the 
cells in situ in the roots were limited endogenously by the counterparts 
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T H E GROWTH ( M I L L I G R A M S , F R E S H W E I G H T ) OF CARROT E X P L A N T S ( I N I T I A L L Y 2 . 5 MG) 

DURING 1 8 DAYS IN A BASAL M E D I U M WITH VARIOUS S U P P L E M E N T S " 

Treatments6 No C H 

Type of response 

I 

Plus C H 
II 

Plus C H 

Β 7 . 8 1 2 . 5 2 0 . 1 

Β + IAA 9 . 6 1 9 . 2 2 9 . 0 

Β + Inos 7 . 5 1 3 . 2 1 9 . 8 

Β + AF 7 . 9 1 0 . 2 5 5 . 0 

Β + Zeat 8 . 3 1 2 . 7 2 9 . 7 

Β + AF, IAA 7 . 1 1 1 . 8 4 8 . 1 

Β + AF, Inos 5 7 . 1 1 5 2 . 4 4 7 . 9 

Β + Zeat, IAA 6 . 6 1 8 . 1 7 4 . 6 

Β + Zeat, Inos 1 0 . 2 5 7 . 3 2 7 . 0 

Β + C M 1 5 7 . 0 1 8 2 . 6 1 0 6 . 1 

° From Degani and Steward ( 1 4 ) . 
b Key: Β = basal medium; C H = casein hydrolyzate; IAA = indoleacetic acid ( 0 . 5 

ppm); Inos = wi/o-inositol ( 2 5 ppm); AF = cell division factor from Aesculus fruits 
( 0 . 1 ppm); Zeat = synthetic zeatin ( 0 . 1 ppm); C M = coconut milk ( 1 0 % by volume) 

These represent extremes of behavior in which the growth induction 
of the phloem explants from the carrot root is sharply distinguished by 
their responses to Systems I and II, respectively. Explants from the 
carrot root selected of type I, and in the absence of casein hydrolyzate, 
show that their clear response is to the interaction between the Aesculus 
cell division factor and inositol (i.e., to System I ) and there was no 
observed response to System II (i.e., zeatin + IAA). By contrast, the 
explants from the same carrot root again responded strikingly to System 
I in the presence of casein hydrolyzate, producing 8 3 % of the growth 
induced by coconut milk, but in addition they were also enabled to 
respond to some extent to zeatin. Thus casein hydrolyzate broadened 

of these growth substances. One can in fact distinguish individual carrot 
roots according to their lack of either indoleacetic acid, or of inositol, 
which should, therefore, be supplied in the medium. 

On the basis of work compiled by Degani (14) and later trends in 
this work, carrot roots may be identified in terms of their respective 
responses to inositol and to IAA. This in turn reflects the relative im
portance of Systems I and II in the determination of their growth 
responses. Typical examples from the records of this laboratory are 
given in Table II. 

TABLE II 
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the base of response to these cell division factors and their interactions 
with inositol. The carrot selected for type II showed the clearest re
sponse to zeatin and IAA, (i.e., System I I ) in the presence of casein 
hydrolyzate though with some lesser response to System I. Thus, the 
responses of these carrot explants to growth-inducing substances is not 
clear cut. Even in the presence of casein hydrolyzate a major response 
to a growth-promoting system (e.g., System I or I I ) may well be appar
ent but, in addition, the casein hydrolyzate also brings into play some 
interactions which otherwise might have been ineffective. Some con
stituent of the casein hydrolyzate may therefore act as a link between 
the two otherwise distinctive growth-inducing systems. 

The baffling array of substances that "trigger' cell division to some 
degree in carrot tissue explants, exposed to an otherwise complete 
nutrient medium, has thus been recognized. These substances are at 
present more distinguished by the range of their chemical configuration 
than by any singly recognizable functional group to which their activity 
may be ascribed. In this respect the problem resembles that of carcino
gens. In short, there are so many possible endogenous limitations to 
growth, and so many different tasks that a universal exogenous growth-
promoting system needs to perform to cover all contingencies, that 
chemical uniformity and simplicity is neither encountered, nor is it to 
be expected. This is compatible with the many distinctive ways in 
which the activated cells respond when observed at the level of the 
electron microscope (33, 3 4 ) . What can be said, however, is that, in 
angiosperms, zygotes are commonly highly heterotrophic cells and, by 
the time their cotyledons have emerged in the light, the whole com
plicated course of embryogeny and seedling development has been run. 
The mineral requirements for this growth must have been furnished 
exogenously via the parent sporophyte, while the organic requirements 
for the growing regions are furnished in different ways at different 
stages of development, at which different degrees of specialization 
become possible. At the level of the zygote (i.e., of a single free dividing 
totipotent cell) there is maximum dependence for growth on the content 
of the bathing medium both for organic nutrients and for cell division 
and morphogenetic stimuli. It is here that the role of liquid endosperms 
—the contents of vesicular embryo sacs—the specialized environment of 
the developing embryos is paramount and indisputable. (Thus, the 
more effectively one can subsequently reduce an angiosperm growing 
system to a similar free cell state, the more probable it is that it will 
again display similar limitations and requirements.) Later, as specialized 
deposits are stored in cotyledons, in endosperm, in hypocotyls, etc., 
they provide in distinctive ways for the heterotrophic requirements of 
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the cells of the growing regions they nourish which, by then, have 
moved a long way from the unrestricted totipotent requirements of the 
proembryonic cells from which they were derived. However, the larger 
the tissue piece, or even the whole organ that is cultured, the more 
the dividing cells will have had access to stored deposits from previous 
autotrophic growth. Hence it is the more likely that wholly, or in part, 
their requirements will be met and that the exogenous requirements 
may seem, in consequence, to be simplified. It was a fortunate circum
stance that the carrot root phloem system proved so capable of growth 
in the form of small (2.0 mg) explants and, later, as the free totipotent 
cells which simulate the zygote itself. Thus, specifically, one needs to 
know more concerning the biochemical consequences of growth induc
tion, for these release the essential totipotency of otherwise quiescent 
cells. 

G . GROWTH INDUCTION: A SUMMARY 

This subject has been dealt with to some extent elsewhere in this 
treatise—in Chapter 4, Volume IVA in connection with nitrogen metabo
lism, and in Chapter 4, Volume II in connection with cell physiology. 
For the purposes of this chapter, the stimuli that induce growth in 
otherwise resting cells act primarily as follows. They cause protein to 
be synthesized at the expense of endogenous reserves of nonprotein 
nitrogen-rich compounds. They reactivate cells in terms of water and 
solute uptake. They increase respiration and invoke respiratory path
ways that are strongly aerobic and, in submerged cells, cause them to 
be oxygen saturated only at partial pressures far greater than those 
needed to saturate the cytochrome system. The agents that cause growth 
induction also stimulate protein synthesis and turnover. In the outcome 
carbon moves over a cycle of protein metabolism, into which it is drawn 
from sugar, and from which it eventually emerges as carbon dioxide. 
Meanwhile the need of growing cells for usable and coupled energy as 
ATP exercises a regulatory role over respiratory metabolism which, to 
this extent, like protein metabolism "follows the lead of growth." Cells 
which are metabolically activated by exposure to external nutrients, to 
appropriate temperatures, and to oxygen, but which lack the stimulus 
to divide, can nevertheless synthesize nucleic acid in the form of ribo
somes, although they obviously lack the means to make these effective 
in protein synthesis and growth (100) . But the agents that put all this 
metabolic machinery into gear, so that growth ensues, simultaneously 
cause the formation of a hydroxyproline-rich, alcohol-insoluble, struc
tural nonmetabolizable moiety which, when inhibited, also suppresses 
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all growth and morphogenesis. While the nature of this essentially 
structural moiety is not yet fully known, it seems to reside elsewhere 
than in the cell wall [cf. recent work of Steward, Israel, and Salpeter 
(96) on the location of tritiated proline-labeled compounds in cultured 
carrot cells]. The proteins synthesized in growing cells seem to be 
different in other ways (e.g., in their behavior under acrylamide gel 
electrophoresis) from those of mature resting cells. And throughout the 
cells there are evident signs of cytoplasmic activity, signs which extend 
from intensified protoplasmic streaming to changes in all the cytoplasmic 
organelles as seen under the electron microscope ( 3 3 ) . 

It is against this background that the growth and development of 
free cells of angiosperms now needs to be evaluated. 

III. Fre e Cell s o f Angiosperm s 

A. TECHNIQUES 

From Haberlandt's original prophecy (25) many years were to elapse 
before useful work was done with free cells of angiosperms. Many 
observers had noted that cells sloughed off from root caps could survive. 
In the period when micromanipulations were in vogue, surviving cells 
dissected from such fruits as Symphoricarpos or Ligustrum or various 
hair cells were popular subjects for such investigations (10, 11, 74, 7 5 ) . 
Curiously, such work as that of de Ropp (16) on free carrot cells, which 
might conceivably have anticipated the later work on the growth and 
embryogenesis of such cells, reached the diametrically opposite conclu
sion, namely that the free, isolated, vacuolated cells never divide. Even 
surviving protoplasts in isotonic solutions were successfully manipulated 
by Plowe (65) and later by others, who even stripped off the outer 
cytoplasm to leave freely suspended, osmotically responsive, vacuoles. 
Such work anticipated the later observations of Cocking (12) on free-
living plant protoplasts. Although the earlier work established the 
isolated protoplasts as osmotically stable systems, remarkably little has 
been accomplished by the use of isolated protoplasts, for as yet they 
do not grow. These naked angiosperm protoplasts do not fuse. However, 
there is a reported case of fusion of naked moss protoplasts ( 2 ) . This 
brings to mind the observation of fusion of animal cells in culture, 
which, lacking a cell wall, can occur more readily than in plant cul
tures. Remarkably, cultured mouse and human cells have been seen 
to fuse ( 3 0 ) . 

However, for the study of isolated plant protoplasts, the various 
members of the Siphonales, which normally undergo what Boegesen 
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( 5 ) called segregative cell division to give naked protoplasmic masses 
that readily form plants, are far more versatile systems for investigation 
( 8 6 ) . 

Although some use pectinases to digest middle lamellae, or low 
calcium concentrations to avoid the formation of rigid cementing mate
rials, by far the most effective way of obtaining active free cell suspen
sions is as follows. The first step is to obtain very rapid growth at the 
surface of small tissue explants. In this laboratory, this is best achieved 
by the use of a basal tissue culture medium supplemented with coconut 
milk, with or without an auxin (e.g., naphthaleneacetic acid) synergist 
according to the material in question. The very gentle abrasion of the 
cultured tissues as they grow in slowly rotated ( 1 rpm) culture tubes 
or flasks ( 1 0 4 ) permits some of the actively growing surface cells to 
float off into the ambient liquid in which they continue to grow and 
from which they can be subcultured. In fact, violent horizontal or 
rotary shakers are not to be recommended if angiosperms cells are to 
be grown as free as possible from cellular debris and fragments. In fact, 
such techniques may lead to unusual, even anomalous effects. By hori
zontal motion, a clone of long filaments was cultivated in which subse
quent growth was predominantly by transverse division ( 4 ) . 

B. C E L L GROWTH AND C E L L DIVISION IN SMALL TISSUE EXPLANTS OR 

F R E E CELLS 

One might have expected that Sachs' law of equal masses, or Errera's 
law of minimal surface of new walls, would have led to readily predict
able forms when it became possible to observe the growth of free cells 
into cultured masses. The form of such cultured masses might even 
have been anticipated from the multiplication of liquid systems with 
their boundary surfaces, like soap bubbles, in equilibrium. Or one 
might have expected that the cell shapes which uniformly and most 
efficiently partition space might have predetermined their arrangement 
in tissue cultured masses. Before the observed results are described, 
one may give the essential conclusion. 

When cells grow within the intact plant body, attached to each 
other, they are subjected to certain constraints due to their position in 
a given organ; thus their responses are dictated (in large part from 
without) and their innate potentialities are, in these circumstances, to 
a large extent restricted. The laws of Sachs and Errera apply to cells 
which are more or less in equilibrium with their surroundings, and 
which are not subjected to markedly asymmetric stimuli. These laws 
are especially adapted to cells in which the partitioning walls may be 



3 5 2 F . C . STEWARD, M . O . MAPES, AND P . V . AMMIRATO 

likened to liquid films. Thus, although the rules of Sachs and Errera 
might seem to apply to free angiosperm cells, this in fact is often not 
the case. The growth of free cells produces an entirely unexpected 
range of cell forms. These include some hitherto unsuspected means 
by which cells multiply and grow and some very different cell morphol
ogy in comparison with cells in situ. An important result is that free 
cells, unlike their counterparts which are in organic connection in the 
"parent" tissue, become able when they grow, to reexpress the original 
totipotency of zygotes, and hence recapitulate, more or less faithfully, 
the normal course of embryogeny. 

If fertilized eggs are surrounded by much food material and if they 
grow freely in all directions to partition space uniformly and efficiently 
by units of the same size, then they should grow in a characteristic 
fashion. Glaser (21) analyzed this method of growth as follows. Since 
the similar units which fill space completely and most efficiently have 
fourteen sides, any free initiating cell, growing equally in all directions, 
should eventually surround itself with 14 cells in the first layer, with 
50 in the second, and 110 in the third (hence the numbers of cells in 
the nth layer = 1 + % [(2 η + 1 ) 3 — (2 η — l ) 3 ] . Or the colony should 
comprise Sn cells where Sn = 1 + /4 [ (2 n - f l ) 3 ] cells [i.e., log S n = 3 
log (2 η + 1) — 0.301] where η is the number of cell layers. But Glaser 
also pointed out that the cells, which begin to grow in such a way that 
they multiply exponentially with time according to a compound interest 
law, soon fall short of this rate of increase by amounts that are also a 
function of time. An empirical expression fitted this type of growth in 
avian eggs: this states that the rate of increase at, say, 5 days is a [1/ 
( 6 2 - 5 2 ) ] , at 6 days a [ l / ( 7 2 — 6 2 ) ] , and at t days is 

1 

From this Glaser made the approximation that the growth rate obeys 
the expression 

dw/dt a ^ ^ 
(t + l ) 2 - t2 ~ 2 t - 1 

so that log w = Κ log (2 ί + 1) + C. The formal similarity between 
these two logarithmic expressions leads to the following expectation. 
Cells which grow in this way into colonies, unlimited by nutrient supply 
and so unrestricted that they partition space effectively by units which 
are all of the same size, produce equal numbers of cell layers in equal 
intervals of time. The test for such growth is that the log of cell number 
is a log (2 t + 1 ) , so that this log-log plot should be a straight line. 



8. GROWTH, MORPHOGENESIS IN TISSUE, F R E E C E L L CULTURES 353 

Small carrot explants (though initially very far from the single cell 
units with which Glaser's analysis began) nevertheless obey this growth 
pattern approximately from about 4 to 10 days, if the tissue explanted 
is subjected to completely uniform conditions and is supplied with a 
fully competent nutrient medium which, in this case, contains coconut 
milk ( 8 7 ) . However, even this kind of growth does not persist indefi
nitely, for the growth of the cultured explants soon becomes super
ficially localized into small active centers as the tissue mass enlarges. 
But it might have been supposed that free single carrot cells would 
grow in the manner to be anticipated from Glaser's analysis. However, 
this does not occur. The individual, freely growing, cells immediately 
express their innate characteristics, produce organs readily, and as they 
do so, they do not necessarily obey any of the classical rules which 
predict the planes of cell division. 

C. T H E BEHAVIOR OF F R E E CELLS OF CARROT 

Free cells of carrot, obtained as described above and maintained by 
subculture in liquid media, were obviously viable for they exhibited 
prominent cytoplasmic strands and active protoplasmic streaming which 
was readily visible under the phase microscope (Fig. 10) . Although 
often large and highly vacuolated, such cells nevertheless divided. Cells 
grown in the freely suspended state acquired a form very different 
from that of similar cells in situ ( 8 7 ) . (In fact, it has not yet proved 
possible to superimpose the general morphology of the cells in the 
storage organ upon the free cells.) Colonies arose, not by cell aggre
gation (as in sponges), but from cells which, having divided, remained 
attached ( 8 7 ) . Depending on their origin and period in liquid culture, 
free cells could adopt very different routes to multicellular colonies. 
A number of these were described ( 8 7 ) . Some giant cells (300 μ X  5 0 -
75 μ) became multinucleate and then divided internally by walls which 
formed along discrete visible cytoplasmic strands to produce a tight 
moruloid mass of growing cells which then grew out at the surface. 
Some large cells even formed tubules which grew at their tips and 
divided transversely to produce algalike filaments. Long filamentous 
cells, which became more abundant by growth on horizontal shakers, 
divided transversely ( 4 ) . Some more or less isodiametric cells were 
seen to produce papillae which budded like yeast cells. Some small 
groups of densely protoplasmic cells were reminiscent of sporocytes, 
for they occurred in groups of 4 or 8 to form tight globular masses 
( 5 9 ) . Isodiametric cells of medium dimensions often divided equa-
tionally and symmetrically and, having established planes of division 
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FIG. 10. Freely suspended carrot cell photographed under phase-contrast micro
scope showing nucleus with nucleolus (n) and cytoplasmic strands (st) with 
mitochondria ( t ). 

from a "mother" or initiating cell in one direction, they later divided 
in a plane at right angles (Fig. 11) . 

The factors which cause any given cell to grow in any one of the 
possible ways indicated cannot be specified: the growth observed is 
to be regarded as a response to innate characteristics of the cells rather 
than to extrinsic factors. In fact, it is a major problem to explain why 
similar cells in culture exhibit such different behavior. This even extends 
to marked differences between the attached cells that arise from the 
same division. An example of this is the heavy anthocyanin pigmenta
tion that may occur in one cell of a Haplopappus culture while the 
adjacent cell remains either unpigmented or sometimes even has green 
chloroplasts ( 9 5 ) . It has long been known that within multicellular 
proliferated masses limited internal differentiation may occur, as seen 
by the presence of false tracheids (20 ) , which are perhaps more prop-



8 . GROWTH, MORPHOGENESIS IN TISSUE, F R E E CELL CULTURES 3 5 5 

F I G . 11. Carrot cells originated from a "mother" cell, showing divisions in the 
"wing cells" (photographed with interference microscope). After Steward et 
al. (102) . 

erly to be regarded as idioblasts or stone cells. These multicellular 
masses may also organize spontaneously to give rise to root and shoot 
apices, from which plants can be grown. To this extent, the cells that 
grow free in suspension culture behave as totipotent units, and thus 
resemble zygotes for they give rise to "embryoids" or adventive em
bryos, i.e., plantlets which differ from zygotic embryos only in their 
origin from somatic cells without the events of sexual fusion. 

D . T H E GROWTH OF F R E E CELLS AND EMBRYOGENESIS 

The parallelism that can often be seen between the growth that arises 
from free cells and that which is familiar in embryogeny was brought 
prominently to attention by the behavior of carrot cells that had been 
kept in long-continued suspension culture in a medium which contained 
coconut milk ( 1 0 1 , 1 0 8 ) . This particular example of morphogenesis in 
a free cell system, which in point of fact occurred spontaneously, was 
particularly noteworthy because it demonstrated that Haberlandfs pre
diction of 1 9 0 2 could, in fact, be realized. Nevertheless, it also empha
sized that the spontaneous organization into root and shoot with the 
formation of an embryonic axis occurred in what was first a multi
cellular colony. Subsequent investigation showed that, in this cultured 
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strain, organization took the form of a nodule, i.e., a globular mass of 
cells somewhat "walled-ofF' by a pericyclic-like mass of cells within 
which the growth was integrated and controlled. From this point on, 
random cell proliferation was suppressed and the organized growth of 
root and shoot became dominant. At this stage, numerous isolated 
"embryoids" could be removed from the cultured mass and separately 
and successfully grown to plants ( 1 0 1 ) . 

The key events which determined morphogenesis were, and still are, 
( 1 ) the growth in isolation of cells which are removed from organic 
contact with the cells of the "parent" organ, and ( 2 ) the provision of 
the best means for them to grow and undergo morphogenesis. It will 
be shown later that the second requirement may be provided in two 
steps; for the conditions that foster the first and essential rapid cell 
multiplication may not necessarily be the conditions which are most 
conducive to the morphogenesis which is to follow. 

The following general observations were made on cells from carrot 
phloem explants subjected to liquid culture conditions. First, the cells 
grew in organized ways more readily if the cloned culture from which 
they derived had not been subjected to long-continued subculture. 
Secondly, it was frequently observed that a composite culture of cells 
contained cell clusters which resembled, in a manner too startling to 
be overlooked, the appearance of embryos. Attention was drawn to this 
as early as 1 9 5 8 ( 1 0 2 ) . In fact, carrot cells frequently exist in a two-
celled state, or in a filamentous condition, which so closely resembles 
the similar appearance of developing carrot zygotes in ovules that this 
could not be overlooked ( 1 0 8 ) . 

All this prompted the view that the zygote is only a special or unique 
cell in the sense that it is where the genetic constitution is determined; 
thereafter it, or any somatic cell capable of behaving like a zygote, may 
be regarded as "a cell which contains the requisite genetic information, 
which can grow and which is in a medium which makes it grow and 
is in an environment which permits it to grow." In this sense, the ovule 
is dispensable if the appropriate nutrients and stimuli can be made 
available to cells which also retain this "built-in capacity to grow." 

Long prior to this, isolated culture of preformed embryos had become 
familiar. Much work had been done on the excision of immature em
bryos, even proembryos, to show the continuation of their development 
to maturity in culture without premature germination ( 4 8 , 7 1 ) . Suc
cessful rearings of immature zygotic embryos have included those of 
orchids ( 4 0 ) , and much more recently, Capsella bursa-pastoris ( 6 7 ) 
and barley (Hordeum vulgare) ( 6 3 ) . It is only possible to mention 
here the fascinating problems of excised embryo culture, especially 
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since this topic has been reviewed recently ( 6 2 ) . Even despite the work 
done on isolated culture of preformed embryos, the fact remains that 
the difficulties of ensuring their survival greatly increases, the younger 
the embryos are when removed from the ovule. (The case of orchids 
is a special one because the very immature embryos grow into a proto
corm before they form plants.) Paradoxically, however, it proved to be 
easier to make somatic cells grow like zygotes than to isolate zygotes 
from ovules and grow them in isolation. This result came about in the 
following way. 

Principally in the laboratory of Maheshwari at Delhi, cultures of 
floral organs and floral parts had been achieved (22, 23, 37, 52, 53, 6 8 -
70, 73.) Proliferated callus had also been obtained from embryos (54, 
55, 68, 7 3 ) . The idea arose that the callus derived from embryos might, 
in these plants, be readily capable of giving rise to cells that, with 
appropriate nutrients and stimuli, would again resort to an embryonic 
development. Although cells derived from a longstanding subcultured 
clone of tobacco callus of embryo origin, which was obtained from 
Delhi, failed to fulfill this hope it was nevertheless a step in the follow
ing chain of events. 

It was an obvious requirement to demonstrate that the carrot plants, 
grown from cells, and which flowered, could in fact form normal em
bryos in their turn. This was hardly in doubt when it was shown that 
all the plants so grown were normal diploids (59) even though some 
of the cultured free cells exhibited chromosomal abnormalities, including 
polyploidy and aneuploidy. [It has been the general experience that 
clones of cells and cultured tissue which become uniformly and very 
highly polyploid or aneuploid often lose their ability to organize (60, 
61, 111).] Therefore, embryos were isolated from immature seeds borne 
on plants grown from free cells, and these were successfully germinated 
in flasks containing the usual culture medium, i.e., plus coconut milk. 
While these embryos grew to plantlets, cells sloughed off from the 
hypocotylary region also gave rise to embryos when they grew on the 
surface of the agar medium (99, cf. Fig. 2, p. 246) . The embryos so 
formed from somatic cells were very faithful heart- and torpedo-shaped 
replicas of normal zygotic embryos. This result, therefore, drew atten
tion to what has become a powerful technique. 

There is a greater morphogenetic propensity if proliferated free cell 
cultures are established from embryos (really young plantlets from 
immature seeds), well before their tissues have acquired during devel
opment the strong, perhaps inhibitory, controls of mature organs; such 
controls later restrict the otherwise totipotent cultures that grow, spon
taneously, in an organized embryonic way. Having realized this possi-
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bility from work on a given carrot cultivar, it was promptly achieved 
for the wild carrot Daucus carota L., i.e., the Queen Anne's lace. A 
single embryo, dissected from an immature seed, subjected to the condi
tions of culture that allow it to form copious cells in free suspension, 
yielded a filtered aliquot which, when spread upon agar in a petri dish, 
produced an estimated 100,000 organized structures. Among these were 
numerous faithful replicas of globular, heart-shaped, torpedo, and 
cotyledonary embryos (Fig. 12) . The result was overwhelmingly sig
nificant and could only mean that virtually every cell of the suspension 
was potentially capable of an organized, embryonic development. Pro
ceeding along the above lines, it is now possible to rear, consistently, 
very large numbers of embryos and plantlets from various free cell 
suspensions ( 1 ) . Figure 13 shows a culture of Stum embryos and plantlets 
(A) in its flasks, the crop as harvested after about 4 weeks ( B ) poured 
into a petri dish and ( D ) filling a 250-ml beaker. An aliquot of it in a 
petri dish ( C ) shows individual structures. In the case of the carrot, 

FIG. 12. The development of carrot plantlets from free cells, showing a globular 
form (A) , and heart-shaped (B) , torpedo (C) , and cotyledonary ( D ) embryolike 
stages. The later growth of plantlets and mature plants derived from free cells, 
showing a plantlet in a culture flask ( E ) , a plant with inflorescence ( F ) , and 
detail of an inflorescence (G) . After Steward et al. (97) . 
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F I G . 1 3 . The development of Sium suave plantlets from free cells, showing a 
culture of Sium embryos and plantlets (A) in its flask, the crop as harvested after 
about 4 weeks (B) poured into a petri dish, (C) showing individual structures, 
and ( D ) the crop filling a 250-ml beaker. Unpublished work and photographs 
of Ammirato and Steward. 

starting with 3 ml of a filtered cell suspension, as many as 2 0 0 0 large 
green plantlets (and more smaller embryoids) have been grown in 
2 1 days in 2 5 0 ml of medium, in a "crop" weighing approximately 5 0 g. 

The conditions that elicited the totipotency of carrot cells were first 
that they were grown free and second, that they were grown in a 
medium which, for the carrot, most nearly resembles the environment 
of its embryo in the embryo sac. Because carrot cells respond to coco
nut milk without the need of additional synergists and because they 
are, even in the storage organ, relatively free from inhibitors of their 
growth, the carrot plant again proved, somewhat fortuitously, to be an 
extremely favorable plant for such studies. 

There are numerous other examples to be cited in which one embryo 
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has been induced, either by mechanical means or by factors in the 
medium, to give rise to several embryos. Outstanding examples include 
Datura ( 5 1 ) , Cuscuta ( 5 4 ) , Dendrophthoe ( 3 5 , 3 6 ) , Citrus ( 7 3 ) , Eran-
this ( 2 9 ) , Zamia ( 6 4 ) , Platycladus (Biota) ( 4 4 ) , and Solanum ( 1 1 8 ) . 
Even more relevant is the production of embryoids from developed or 
mature plant organs, such as the stem and anthers of Ranunculus ( 4 1 -
4 3 ) , the anthers of Citrus ( 7 0 ) , and the pollen grains of Datura ( 2 3 ) . 

However, principles were to be established that have enabled, in this 
laboratory, the same sort of embryonic development from somatic cells, 
as seen in the case of Daucus to occur from a number of other plants. 
This came about as follows. 

E. C E L L MULTIPLICATION AND MORPHOGENESIS: T H E SEQUENTIAL E F F E C T 

A remarkable feature of cultured free cells is their great similarity 
to each other when they are grown under conditions conducive to their 
most rapid growth (Fig. 1 4 ) . In this respect, they resemble eggs in 
embryo sacs, which are also very much alike wherever they are seen 
(Fig. 1 5 ) . A particular cell strain of asparagus had been cultured over 
a long period on the medium in which it was first successfully cultured, 
namely the basal medium ( B ) , supplemented with both coconut milk 
( C M ) and naphthaleneacetic acid (NAA). On such a medium ( Β + 
C M -)- NAA) many cells proliferated very freely. This culture, however, 
grew only slowly and its cells failed to show the signs which had come 
to be associated with incipient morphogenesis (i.e., active streaming 
along prominent strands; embryolike patterns in small cell clusters). 
Fortuitously this culture was transferred to a medium in which the 
NAA was replaced by 2,4-dichlorophenoxyacetic acid ( 2 , 4 - D ) . Although 
at the outset, the cell culture had not prospered under the influence of 
C M + 2 , 4 - D , it did so after prior growth on CM and NAA. In fact, it 
then became an extremely vigorous culture, containing cells and cell 
clusters which had all the features now associated with a morpho-
genetically active culture ( 9 8 , p. 3 2 9 ) (Fig. 1 6 ) . But this result drew 
attention to what has been termed the sequential effect ( 3 9 ) in the 
application of growth regulating and morphogenetic stimuli. 

To ascertain the balance of growth factors which is most conducive 
to cell multiplication on the one hand, or to organization on the other, 
one now uses combinations of treatments arranged as in a "Latin 
square." A frequent combination consists of a range of coconut milk 
concentrations on the one hand, and of NAA on the other. In a given 
case of a tobacco (Nicotiana suaveolens) callus there was an obvious 
preference toward proliferation with C M + NAA and an equally ob-
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F I G . 1 4 . Similarity in the form of freely suspended, actively growing cells from 
different plants, grown in liquid media. (A) cell of artichoke from a culture which 
originated from a tuber; (B) cells (recently divided) from a culture of Haplo-
pappus gracilis which originated from the stem; (C) cell of Kalanchoe daigre
montiana from a culture which originated from the stem; ( D ) cell of Pellionia 
from a culture which originated from the tissue of a leaf; ( E ) and ( F ) cells of 
Nicotiana tabacum from a culture which originated from the pith of a stem. (All 
photographed under phase contrast microscope by M. O. Mapes.) 

vious incipient tendency to organization under the influence of the basal 
medium plus coconut milk. Therefore, one could establish a very vigor
ous clone of unorganized, free tobacco cells on the basal medium 
supplemented with coconut milk and napthleneacetic acid ( Β -f- C M 
+ N A A ) and then transfer a filtered aliquot from such cultures to the 
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same type of medium but lacking the NAA (i.e., to B + C M ) . When 
this was done, organized growth readily occurred in what otherwise 
would have been unorganized proliferations; and to make a long story 
short, mature tobacco plants were grown from what were, at the outset, 
free somatic cells ( 9 8 ) . 

By the use of this sequential procedure ( Β - f CM + NAA —» Β + 
CM) abundant plantlets have been grown from cells in the case of 
Sium suave (the water parsnip), Coriandrum sativum (the coriander), 
Arabidopsis thaliana, and Cymbidium sp. (an orchid) to mention but 
a few prominent examples. It is instructive that an orchid (Cymbidium), 
in which the cells (started on B - f CM + 2,4-D) were of meristem 
origin, also passed through a normal type of embryogeny for that plant, 
for the cells in culture formed small, green protocorms on which the 
buds appeared and from which aerial roots developed and plants have 
been grown (Fig. 17) . 

The sequential, as well as synergistic, application of growth-regulating 
substances and stimuli is now a powerful tool in morphogenetic studies. 
It obviously relates to a concept of differentiation according to which 
the otherwise totipotent cells are progressively restricted, or lose their 
original capacity to grow, by events impressed upon them from without 
and which occur in an orderly sequence in time. Thus to reverse the 
process, i.e., to pass from the cells in the status they have in the mature 
organ to that of the originally totipotent zygote may need an equally 
sequential series of steps. Thus it is not enough to understand "the 
digits in the combination lock to the door of cell growth and cell divi
sion," for one needs also to know the correct sequence in which to 
apply them and perhaps also the amount of time that ought to elapse 
between the different stimuli to which the cells are subjected. 

Therefore, in the proper programming of sequential series of growth 
regulating stimuli, there are powerful, and as yet largely untapped, 
means to control the morphogenetic development of angiosperm cells 
in culture. The treatments already exploited have made use of con
trasted stimuli which broadly affect cell division (through the use of 
coconut milk) and cell enlargement (through naphthaleneacetic acid). 
However, the known complexity of the coconut milk stimulus, its de
pendence on the constituents of what has been called its "active frac
tion" ( A F ) , its interactions with its neutral fraction (NF, or inositol), 
with auxin (IAA) and with casein hydrolyzate ( C H ) leaves much 
room for other sequential programming of stimuli to cell growth and 
division. 

However, despite the sequential effect, the story is still very incom
plete. This is illustrated by the numerous examples of free cell cultures 
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for which there is no known treatment (sequential or otherwise) to 
promote their return to the zygotic condition. Thus, many free cells of 
both dicotyledons and monocotyledons can now be grown, but their 
subsequent organization or embryogenesis still remains to be achieved. 
In short, the lengthening list of free plant cells which do display orga
nized growth into plantlets is still a short one compared to those which, 
though successfully cultured, have proved morphogenetically recalci
trant. 

But there are still other, though obvious, parameters to be considered 
for the alternating diurnal cycles of day and night length and of tem
perature may also condition the response of the cultured cells, and 
these may interact with the other variables which have been described. 
Inasmuch as the gibberellins may replace the effects of certain environ
mental treatments ( 4 6 , 4 7 ) , or even act in their own right, they are 
to be considered as other elements of potentially useful programmed 
series of sequential stimuli in the control of growth and morphogenesis 
in free cell cultures. Wright ( 1 1 7 ) expressed a very similar point of 
view in his approach to the interpretation of the role of hormones in 
normal development. 

For clarity and continuity of the narrative, the summarized evidence 
has been presented above principally in the way that it emerged in the 
writer's laboratory. In doing this, it is not implied that other labora
tories have been inactive in this field, or even that no dissimilar views 
have been expressed. Once the possibilities in free cell culture became 
apparent, they attracted many workers and many papers have been 
written. Even to cite all of these would comprise an extensive list, a 
list in which the names of Ball, Butenko, Halperin, Hildebrandt, Lam
port, Maheshwari, Mohan Ram, Muir, Northcote, Reinert, Riker, Torrey, 
various Japanese workers (including Kato, Takeuchi, and Yamada), and 
others would necessarily find a place. 

Similarly, there is a growing literature of nonangiosperm tissue cul
tures, which include almost all the major groups of vascular plants: 
Lycopsida (Lycopodium, SelagineUa), Coniferae, Cycadales (Zamia, 
Cycas), Gnetales (Gnetum, Ephedra), and the Filicinae. Inherent in 

FIG . 16. ( A - D ) Freely suspended cells and cell clusters of Asparagus officinalis 
(of stem origin) as grown in a medium supplemented with coconut milk plus 
naphthaleneacetic acid ( Β -f- CM + NAA); these cultures were slow-growing with 
many small similar cells but with few cytoplasmic strands and few signs of organ
ization. ( E - H ) Growth of cells transferred from Β -f- CM + NAA to a medium 
in which the NAA was replaced with 2,4-D ( Β -f- CM + 2,4-D). Note more cell 
contents, visible strands along which active streaming occurred, embryolike clusters 
(F, G) , and the beginnings of organized growth. After Steward et al. (98 ) . 



F I G . 17 . Stages in the development of plantlets of an orchid. (Cymbidium sp.) 
from free cells, showing (A) cells of Cymbidium which originated in the shoot 
apex, as grown in a liquid medium containing coconut milk and 2 , 4 -D; (B) devel
opment of protocorms from cell clusters in a culture tube containing coconut 
milk and NAA; (C) several protocorms developing from a cluster, grown in medium 
containing coconut milk; ( D ) a plantlet developing from a single protocorm 
transferred to a solid medium [note shoot and large root ( | ) ] ; and (E) a larger 
plantlet, showing leaves and roots, both aerial and submerged (T). After Steward 
et al ( 9 7 ) . 
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the work on the lower vascular plants is the possibility of the easy 
culture of both gametophytic and sporophytic tissue, with the resulting 
study of their organization, of apospory and apogamy, of haploidy ver
sus diploidy, of vascular differentiation, and so on ( 1 5 ) . Such work on 
cultured tissues and organs of lower plants may be expected, increas
ingly, to lead to work on free cell cultures. 

Equally as extensive would be a list of cultured plant materials and 
experimental systems which have been used in morphogenetic studies 
including such observations as the formation of adventitious roots, 
shoots (110) and even the occasional formation of flowers on cultured 
plant materials. 

If one indulged in such a comprehensive and inclusive reference to 
all that may have been written, one would inevitably become involved 
in the minutiae of discussions that center around many questions to 
which the answers are rarely categorically "yes" or "no." In the array 
of interacting variables that impinge upon the problem as here dis
cussed there are many points at which, at this stage, the broad conclu
sion is more valuable than the minute detail. The significance of the 
fact that so much can be accomplished by the use of fluids from the 
environment of the embryo (coconut milk, corn extract, Aesculus fluid, 
etc.) is not obscured by the fact that some similar results can some
times be achieved by other means; indeed, when the chemistry of these 
fluids is fully understood, all that nature accomplishes by their use will 
obviously be replaceable. Similarly, one does not have to do everything 
with just one free cell to demonstrate their totipotency for the statis
tical value of the responses of the many contributes proof enough. The 
use of large tissue explants, or large inocula, or the vagaries of different 
culture media and technique all introduce their complications, and 
sometimes these will even lead to useful developments. When long
standing cultures have been maintained and frequently subcultured, 
under what are necessarily incompletely controlled conditions, it is 
often the case that essential stimuli are introduced unwittingly. In this 
account, therefore, the main ideas and results that have flowed, largely 
in the one laboratory, from the observations on the culture first of 
tissue explants and later of free cells, have been presented in ways 
which permit them to be clearly seen, even though in so doing much 
other work is not discussed here in detail. 

F . STIMULI TO C E L L GROWTH AND C E L L DIVISION IN RELATION TO 
DEVELOPMENT AND MORPHOGENESIS 

The ultimate aim of free cell culture is to be able to prescribe the 
successive stimuli and controls which impinge upon the zygote and its 
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derivative cells throughout development. The lesson from the preceding 
sections is clear; namely, that the integrity of the genetic information 
in the zygote, and of the cytoplasm by which it is transcribed, is con
servatively preserved in all the living cells throughout the entire process 
of development. It is controlled, not destroyed, and may be restored 
to activity. 

Since free cells from the storage root of the biennial carrot plant 
may recapitulate the growth of the whole plant, without recourse to 
the sexual process which normally occurs in the second cycle of growth, 
one may now construct a "life cycle" diagram for the carrot plant in 
which the sexual event is bypassed, although in each such cycle the 
plant is reduced to the level of free cells. Such a diagram is shown in 
Fig. 1 8 and was composed (97) to emphasize the fact that, at every 
passage through the storage root, the resultant explants yielded cells 
that, under the prescribed conditions, always reorganize and form new 
plants. But it was not so if the cells were continuously and indefinitely 
subcultured in the free cell stage, for they lost first the ability to form 
shoots and then the ability to form roots (99, p. 244) . The discovery 
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F I G . 1 8 . The morphogenetic responses of free cells of Daucus carota as deter

mined by their origin and culture. After Steward et al. ( 9 7 ) . 
I . Excised Embryos: in the later stages of embryogeny all isolated embryos grow 
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V . Free Cells in Suspension: when derived from any young embryo they readily 
recapitulate embryogeny on Basal Medium -f- Coconut Milk (CM); when de
rived from mature organs they are more restricted in response, requiring an 
intermediary or prior growth stimulus. 
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of the "sequential effect" aroused the hope that the clone of cells which 
still grew vigorously, but which failed to organize, might recover this 
ability if it received the appropriate stimuli in the appropriate order. 
Accordingly, the culture which had been maintained for years on a 
basal medium plus coconut milk was transferred to one supplemented 
with naphthaleneacetic acid ( B + CM -f- NAA) and then, afterward, 
transferred again to the coconut milk medium ( B + C M ) . By these 
means, organization was restored, for roots now readily developed ( 9 9 ) . 

Thus one now expects that in any developmental or morphogenetic 
sequence of events, there will be external chemical controls that im
pinge upon the cells where they are to determine what they do. The 
unrestricted cell division, fostered by the cell division factors, whether 
adenyl compounds or other substances, utilizing successive interactions 
with hexitols (inositols) or indoleacetic acid, may be increasingly 
brought under control by the appropriate inhibitors. The diagram of 
Fig. 1 9 , used to illustrate the communication of Kent and Steward ( 3 9 ) 
and quoted from Kent ( 3 8 ) expresses the general idea that gradients 
along the axis exist, and in accordance with these gradients, explants of 

Embryo cells , when free, respond t o coconu t 
milk factors b y division an d embryogenesis. 

Hypocotyl an d upper par t o f th e roo t respon d 
to th e coconu t mil k stimulus a s above ; 
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Living cell s fro m an y tissue o r orga n wil l 
 ̂respon d i n culture b y growth an d proliferation} 

restrictions hav e bee n interposed durin g 
development o n their morphogenetic behavior . 
In order that embryogen y ma y b e recapitulated, 
these restrictions nee d t o b e overcome. 

F I G . 1 9 . Gradients of activity determined during development as expressed by 
growth and morphogenesis in cultured tissues and cells. After Kent and Steward ( 3 9 ) . 
( 1 ) During development the totipotency of embryonic cells becomes restricted: this 
restriction can be viewed as due to a balance between factors that promote the growth 
of cells in the embryo and factors that control this during development. (2) The 
restrictions develop basipetally and may therefore be associated with the basipetal 
flow of auxin. Such gradients have been shown for the growth of phloem ex-
plants in relation to their position within the carrot root. ( 3 ) Mature tissue 
can be restored to the freely dividing state when placed in an environment 
like that of the zygote (CM). However, the restrictions on morphogenesis 
encountered in the mature organs still exist. (4 ) IAA and "unnatural" growth 
regulators (NAA, 2,4-D) may intervene by affecting this balance, freeing the 
cells from the previous restrictions which arose during development. 
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tissue respond with ease or difficulty to the stimuli that arouse their 
growth. 

One can recognize some regions in the plant body from which the 
free culture of cells is fraught with special difficulty; the fully developed 
green cells of the leaf in the light is a case in point. But from the same 
plant, the almost colorless cells which may be freed from the hypo-
cotyl may often readily grow and develop. The onset of dormancy 
with its inhibitors of growth, the advent of vernalization by which 
their effects are neutralized, are both problems which obviously lend 
themselves to investigation by these means. So much of the problem of 
flowering resolves itself into the localized activity of growing regions. 
In some cases, the stimulus may be seen in terms of cell activity of 
otherwise quiescent regions of the shoot ( 1 0 3 ) ; in others, elongation of 
an axis to convert a rosette habit of the shoot into an elongated one, 
are the prominent features. Thus one can see regulatory roles for cell 
division factors on the one hand, and of gibberellins (which replaces 
the need for cold) on the other. In fact, Chailakhian now sees the 
stimulus of flowering as the combined effect of "anthesin" and "gibber
ellin/' respectively ( 9 ) . 

Therefore, it must suffice that the stimuli to growth and development 
which are here described, because of their impact upon isolated tissue 
explants and free cells, represent also the kind of stimuli which may be 
brought to bear upon the cells in situ to determine how they act. In 
fact, Skoog (85) had already recognized this and had made substantial 
progress by showing the range of morphogenetic behavior that could 
be obtained by controlling the supply of ( a ) a cell division factor, 
supplied as kinetin, and ( b ) an auxin, supplied as indoleacetic acid, 
to proliferating callus of tobacco. 

All this means that over and above the nutrients that nourish the 
growth of heterotrophic cells, there is in plants an array of regulatory 
substances which exogenously determine how the metabolism, sup
ported by that nutrition, shall be canalized toward growth. This is in 
fact the heart of the problem of morphogenesis, that is of the means 
by which diversity is achieved from essentially totipotent cells. This is, 
in turn, one of the great outstanding problems that modern cell biology 
must attempt to solve. 
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