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I. INTRODUCTION

Many students of microbial physiology are
dedicated to the idea that a cell is a cell is a cell.
They hope that what is learned of a bacterium
will be applicable, with appropriate reservations,
to other cells. This approach has been fruitful
in some instances, notably in the study of inter-
mediary metabolism. It remains to be seen
whether such concepts can be extended with
profit and any degree of impunity to discovery
of the fundamental relationships between struc-
ture, form, and function in living cells. Begin-
nings have been made; microbial genetics, for
example, has added significantly (if sometimes
confusingly) to our information on the mecha-
nisms of hereditary transmission and control of
the life-process. It now seems legitimate to in-
quire whether studies with bacteria and other
microorganisms may not similarly cast some
light on the most complex, though fundamental,
of all biological phenomena: growth and morpho-
genesis. It is not the purpose of this review to
attempt an inclusive cataloguing of all the past
experiments with protists having possible signifi-
cance in this context, but to call attention to
some illustrative and provocative data which
may indicate those areas of current general
hypothesis most susceptible to analysis by the
microbiologist.

II. A COMPARATIVE PHYSIOLOGY OF
GROWTH

Microbes are at least superficially parallel to
more complex organisms in their growth be-
havior. Microorganisms in culture produce
distinet growth patterns, divisible into recog-
nizable phases on the basis of changes in pro-
liferation rates and physiological activity of the
cells (58). The sigmoid curve obtained when
this growth-time relationship is plotted is of
course not unique, but is characteristic of bio-
logical growth in general. Furthermore, patterns
of culture growth essentially similar to those of
microorganisms are shown by isolated mam-
malian cells when they are cultivated in vitro
under like experimental conditions (56). Such
patterns occur also when mammalian cells are
grown tn vivo (29). Observations of the effects
of inoculum size on growth patterns in cultures
of microorganisms (85) are paralleled by reports
of similar effects with in vivo implantation of
sarcoma cells (29). The requirement for cell
division of a high concentration of available
sulfhydryl groups, and the general effects of
—=SH in growth and morphogenesis of the higher
metazoans (6), have analogies in reports that
—SH is required for cell division in yeast (63,
71) and that both cellular reducing activity (42)
and —SH content (60) are greatest during
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periods of active proliferation in cultures of
bacteria.

Experiments with the slime molds (9, 36, 84)
have illustrated mechanisms of environmental
and genetic control of morphogenesis, providing
another analogy. Anomalies in genetic control
of morphogenesis provide most of the markers
used in genetic studies with plants and animals,
and environmental—especially chemical—inter-
ference with morphogenesis is a classic technique
of experimental embryology. Slime molds are
considered particularly favorable for such studies
because of a fortuitous dissociation in these
organisms between growth and morphogenesis,
so0 that it is often possible to analyze one process
without complications being introduced by the
presence of the other.

Another such dissociation, this time between
growth and cell division, has been exploited in
numerous studies with bacteria and yeasts. A
variety of agents (53) are capable of selectively
inhibiting cell division in microorganisms;
growth continues virtually at unaltered rates,
with the formation of elongated, filamentous
cells. Such filaments have been compared with
normally dividing cells (38, 63, 64, 67, 80) by
workers in search of clues as to the mechanism
of cell division.

It is perhaps unfortunate that much of the
study of growth and morphogenesis in micro-
organisms has been based upon the thesis that
some of the complex, interrelated phenomena
involved could thus be studied in isolation from
the rest. It is sometimes stated, for example,
that bacteria provide a good test system for the
study of growth because in these simple forms
of life the growth process is uncomplicated by
the superimposition of differentiation and
morphogenesis. Yet phenomena at least re-
sembling morphogenesis do occur among bac-
teria. The fruiting bodies of myxobacteria
constitute a primitive morphogenetic structure,
and all bacteria when grown on the surface of
solidified culture media produce colonies which
are distinctive, recognizable morphological en-
tities. Even in liquid cultures, as Henrici (33)
pointed out long ago, bacteria show phases of
cytological and physiological development
analogous to those occurring in cells of more
complex organisms.
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III. MECHANISMS OF GROWTH CONTROL
A. Growth vs. Differentiation

Progress from embryonic to differentiated
cell states in complex organisms apparently
involves the development of new metabolic
patterns directed toward elaboration of spe-
cialized products rather than simply toward
quantitative increase of protoplasmic mass.
Possibly this process includes changes in the
quantitative contributions of fermentation and
respiration to energy metabolism (57, 87). After
proliferation has ceased in cultures of bacteria,
substrates continue to be utilized and the cells
show changes in composition and physiological
response which might be attributed to further
growth unaccompanied by cell division (50). But
there is no significant change in protoplasmic
mass during this period (2), indicating that any
alterations in cell behavior must result from the
functioning of metabolic pathways which utilize
nutrient materials for processes other than
growth and cell division. At the end of active
proliferation in cultures of Escherichia cols,
there is in fact a shift in carbohydrate dissimila-
tion from apparent predominance of a hexose-
monophosphate pathway to greater quantitative
importance of the Embden-Myerhoff pathway
(2). Such shifts are noted also in yeasts and
molds at a comparable period in culture de-
velopment (7, 32). Selective inhibition of cell
division with 5-diazouracil does not precipitate
a similar metabolic change (2).

The “morphogenesis” induced in yeast or
bacteria by interference with cell division is
filamentation, not true morphogenesis in the
sense of the development of differentiated
metabolic patterns and structures. Filamentous
bacteria are metabolically like normally dividing
cells in most respects (38, 63, 64, 67). Differ-
entiation thus appears not to be simply an
altered ratio between rates of growth and cell
division, which ordinarily are nearly equivalent.
Even though normal growth and division may
alternate in some cyclic fashion (15, 73, 82), in-
hibition of the division phase of this cycle
neither interferes substantially with growth nor
triggers a metabolic shift to a more differ-
entiated state. Although they are not totally
incompatible, there doubtless is a certain amount
of antagonism between differentiation and
morphogenesis on one hand and growth and cell
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division on the other, probably because of
competition for energy between the alternative
metabolic pathways involved. These pathways
may share some common intermediates; possibly
both are functional at all times and chemical
transitions from ‘“growth” to ‘‘differentiation”
are largely quantitative in nature.

B. Factors Limiting Growth or Promoting
Differentiation

1. Nutrient availability. Without at the
moment inquiring further into details of the
chemical nature of these postulated alternative
metabolic routes, we may now seek a clue as to
the mechanisms by which readjustments in
their quantitative use by the cell might be
initiated. A number of factors have been im-
plicated as having controlling influences on
growth; nutrient availability is one of these.
Thus, exhaustion of a limiting nutrient has been
suggested as the cause for cessation of growth in
cultures of bacteria (11, 47) and protozoa (14),
and as an initiating factor for morphogenesis in
yeasts and slime molds (64, 84). Sussman (84)
has reported, in fact, that myxamoebae from any
stage of the growth cycle may be induced to
begin aggregation and morphogenesis simply by
subjecting them to nutrient deficiency. The
same sort of nutrient deficiency could easily
occur in tissue cells of more complex organisms,
for example by a cytoplasmic screening which
controls the nutrient concentration available to
the nucleus (25) or by changes in permeability
of cell membranes. The latter could be a con-
sequence of new molecular configurations at the
cell surface, resulting from stereochemical in-
teractions 'with molecules on adjacent cells (89)
or from the presence in the cell cortex of sub-
stances which, accumulating with age, even-
tually interfere with transport of materials
across the cell membrane (43).

Probably the deprivation of nutrient need
not be complete in any case; it has been sug-
gested that the ability of bacteria to continue
growth is a function of the per cell concentra-
tions of limiting nutrilites (22, 34). The further
utilization, in bacterial cultures, of amounts of
a limiting nutrient which were insufficient to
support continued proliferation is accompanied
by a spectrum of cellular changes in physio-
logical response, suggesting that growth and
certain other processes (differentiation?) are
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subject to different chemical equilibria (50).
Growth may thus cease (or slow) and differen-
tiation commence (or increase) as a result of new
equilibrium states brought about by limitations
in the number of available molecules of nu-
trient. These equilibria may be sensitive to
changes in relative as well as absolute concen-
trations of certain substrates. Both the degree
of physiological change and the extent of shift
in glucose dissimilative pathways in cultures of
bacteria upon cessation of growth are more
marked when growth is limited by the concen-
tration of carbon substrate than when nitrogen
is limiting (2, 50). In Neurospora (35) and in
yeast (63), morphogenesis is reported to proceed
more readily if the nitrogen supply is low in
comparison to carbon.

The specific metabolic steps subject to these
postulated equilibria are of course not known,
but such controlling processes have been ob-
served experimentally in bacteria; it is reported
(83), for example, that when the supply of two-
carbon units available for oxidation is drastically
reduced, there occurs an accumulation of oxal-
acetate which prevents the conversion of suc-
cinate to fumarate, blocking the tricarboxylic
acid cycle and conserving these metabolites
against future need. At any rate, once such
equilibria had been established as a result of
nutrilite limitations brought about either by
the influence of external environment or by
cortical changes in the cells themselves, there
would be an opportunity for development of
new enzymatic patterns subject to different
equilibria and leading to differentiation rather
than growth. Spiegelman (79) and Stanier (81)
have presented models, based upon studies of
enzyme induction in microorganisms, showing
that changes in the available nutrient sub-
strates may induce new enzyme systems in
genetically unaltered cells, culminating through
sequential induction in an entirely new meta-
bolic pattern.

These relationships can be quite complex.
Not only do relative concentrations of the sub-
strates and products of key reactions influence
equilibria and the elaboration of new enzyme
systems through induction, but accumulation of
“normal” metabolites may have more direct
effects. In microbial systems, products of certain
metabolic sequences sometimes act as competi-
tive antagonists of earlier metabolites in the
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same pathway, effectively lowering enzyme ac-
tivity and exerting a ‘“negative feedback” effect
on metabolism (24a, 93). Furthermore, the end
products of some metabolic pathways actually
inhibit formation of enzymes required to com-
plete earlier steps in the reaction sequence.
This phenomenon has been observed both with
bacteria (24a, 93) and with cultured mam-
malian cells (24b).

2. Availability of hydrogen acceptors. Oxygen
tension (or the availability of hydrogen ac-
ceptors) appears also to affect both microbial
and mammalian cells in similar fashion. Many
workers have suggested that oxidation-reduction
effects exert a controlling influence on growth
and morphogenesis, with high potentials selec-
tively favoring differentiation whereas more re-
duced conditions are most favorable for growth
(57, 87). High oxygen tensions are apparently
inhibitory to growth of bacteria, especially
during early culture growth (3, 24, 41) or when
nutriments are in short supply (17, 91). Even
under normal conditions, growth of bacteria
(48, 61) and protozoa (13) is optimum at inter-
mediate rather than high aeration levels. The
optimal oxygen tension appears to be charac-
teristic for a particular cell clone, with various
species and strains of bacteria showing widely
different patterns of response to variations in
rate of oxygen supply (48). The selective action
of changing oxygen availability on mixtures of
cell types will be discussed later.

Shifts in metabolic patterns or cell composi-
tion as a result of changes in oxygen tension are
fairly commonplace among microorganisms
(e.g., 62, 72, 75). It is not difficult to imagine
that characteristic differentiated patterns could
result from local concentration gradients of
oxygen or other hydrogen acceptors occurring
in tissue masses of more complex cell communi-
ties (57). Similar concentration gradients of
metabolically produced carbon dioxide have
been suggested as a controlling factor by Loomis
(52) on the basis of the demonstrated effects of
this substance on growth and differentiation in
Hydra and other organisms. A possibly similar
effect of carbon dioxide on differentiation in the
mold Blastocladiella has been studied by Cantino
(19), who believes that metabolic accumulation
of carbon dioxide prevents decarboxylation in
the citric acid cycle, halting growth and causing
accumulation of ketoglutarate which then
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serves as a hydrogen acceptor in a new series of
reactions leading to formation of melanin, a
characteristic product in differentiated cells. It
is interesting, though not necessarily pertinent,
to note at this point that a large-colony variant
(i.e., presumably one with an increased growth
potential) of the pneumococcus has reduced
respiratory capacity and produces endogenous
CO. only in the presence of added glucose (27).

3. Autospecific cell products. There are in-
dications also that cells may produce more or
less autospecific inhibitory or stimulatory sub-
stances which control their own growth. The
literature abounds with reports of possible
growth-limiting factors being produced in cul-
tures of bacteria (e.g., 23, 37, 92) and protozoa
(78), in mammals during wound healing (5),
and perhaps even in plant tissue cultures (20).
Although the information in these reports has
been somewhat contradictory, the general
consensus of opinion is that such materials are
dialyzable, diffusible, extremely thermolabile,
nonfilterable or only partially filterable, and are
destroyed by most organic solvents. They appear
to inhibit the growth of the cells which produce
them, and to inhibit other (often related) cells
to varying degrees. Unfortunately no one has
yet isolated or characterized chemically such an
autoinhibitory agent, and some workers (cf. 49)
are not convinced that they even exist. Never-
theless it is not possible entirely to dismiss them.

Other investigators have reported the produc-
tion of two diffusible, antagonistic substances—
one inhibitory and one stimulatory—by protozoa
(39) and by echinoderm larvae (70), whereas still
others (1, 51) believe that bacteria and yeasts
produce a diffusible inhibitory material and an
antagonistic, intracellular, stimulatory sub-
stance which is released only upon disruption or
injury of the cell. These observations are strik-
ingly similar to Weiss’s general theory of growth
control (90) based upon the presumed existence
of specific, intracellular growth “templates” and
diffusible, antagonistic “antitemplates.” A single
cell product which is stimulatory at low concen-
trations and inhibitory at high concentrations
has been reported (54) to control- the charac-
teristic pattern of growth in Chilomonas, whereas
a single substance produced by yeast cells (86)
perhaps either stimulates or inhibits growth de-
pending upon a dynamic equilibrium involving
the cells and the culture medium.
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4. Complex interactions. This last notion sug-
gests that it may not be necessary to decide
which of the factors mentioned thus far controls
growth, but rather to determine the nature of
the interaction among some or all of them.
There is evidence that such interactions do exist.
Reports that the effects of oxygen tension on
growth are altered under conditions of low avail-
ability of nutrients were mentioned earlier; this
effect is manifested during carbon deficiency but
not when the cells are starved for nitrogen (17),
indicating again the importance of carbon to
nitrogen ratios as well as absolute concentra-
tions. Failure of bacteria to grow further in
“staled” cultures, whether attributed to ex-
haustion of nutrient (11) or to the presence of
inhibitory cell products (92), is reported to be
more marked on agar media than in broth. This
could easily be a result of the greater avail-
ability of oxygen on an agar surface, similar to
the situation wherein rough mutants of Brucella
become established in broth cultures but not on
agar where lack of available oxygen does not
become a selective factor (4). Staled agar media
will support further surface growth, in fact, if
incubated under conditions of lowered oxygen
availability (49) though not if incubated anaero-
bically. Oxygen tension appears to mediate
the inhibitory effects of a number of agents; for
example, the toxic effect of copper ions on
enzyme activity in rat heart homogenates is
intensified at high oxygen tensions (31), car-
cinogenic chemicals are more toxic for bacteria
under anaerobic than aerobic conditions (12),
and bacteria under conditions of low nutrient
availability require lowered oxygen tensions for
aerobic growth under environmental stresses
such as above-optimal temperatures or exposure
to sunlight (17). It is likely that the growth
process depends upon a quite complex equilib-
rium involving any or all of the agencies sug-
gested above, and may be controlled in particu-
lar cases by manipulation of any of a number of
seemingly unrelated factors.

IV. ABNORMAL GROWTH

A. Implications for the Study of
Normal Growth
It is not fashionable to omit from a discussion
of growth phenomena some mention of the
Cancer Problem. Hirschberg (36) has reviewed
some of the contributions of microbiology to
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cancer research. Much of this work has been
limited to the use of microorganisms for screen-
ing of potentially carcinostatic agents or for
working out biochemical details of the mode of
action of these agents and the mechanism of
cellular resistance to their toxic effects. But he
points out that indirect benefits may accrue from
other, more fundamental studies such as the
investigations of morphogenesis in slime molds.
Although it may not be necessary to explain
life before we can understand the cause of
neoplasia (88), it is perhaps not wise to invert
the statement. Study of the unique properties
of tumor cells can contribute much to our under-
standing of normal growth.

Neoplastic cells do possess unique patterns of
metabolism (30, 87). Such patterns could be
the result of a new response to the complex
equilibria mentioned above, making the cell
less likely to shift from “growth” to ‘“differen-
tiation” pathways and thus endowing it with an
increased growth potential and lessened capacity
for differentiation. The neoplastic change could
consist of blocking of one of the alternative
pathways, as by respiratory impairment (87);
or quantitative overemphasis of one pathway, as
by the acquisition of nutritional autonomy via
increased ability to synthesize a critical metabo-
lite available exogenously only in rate-limiting
quantities (40); or metabolic by-passing of a
process especially sensitive to one of the con-
trolling variables, such as carbon dioxide (52).
None of these needs be the exclusive means by
which normal cells acquire neoplastic properties;
it would be possible for different tumors to arise
in different ways, or for more than one of these
mechanisms to be involved in the origin of a
single tumor. All these changes, however, could
produce strikingly similar metabolic conse-
quences, so that one might study “THE metabo-
lism of THE tumor cell” (16) without regard
for possible diversity of initial causes.

B. Origin of Tumor Cells

As to the origin of such altered cells, one
popular hypothesis is that they arise by a

~ somatic mutation. Studies with microorganisms

have provided examples of the sort of changes
which may occur. The mutagenicity of known
carcinogenic agents applies also to bacteria (77),
and in at least one case bacteria which had
survived treatment with potent chemical car-
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cinogens were shown (12) to possess altered
growth characteristics. Tumors are presumed to
develop after the original mutational event by a
selective process, in which the tissue environ-
ment—be it deficient in critical nutrilites (40),
deficient in oxygen (87), oversaturated with
carbon dioxide (52), or simply unsuitable for
maturation in a general sense (8)—confers an
advantage on the few mutant cells present and
permits them eventually to predominate. Selec-
tion of mutant types in heterogeneous cell
populations of bacteria has been widely studied.
Lederberg has demonstrated (44) the selective
advantages accruing to nutritionally autonomous
cells by analogy with selection of prototrophic
mutants in cultures of bacterial auxotrophs, and
has provided a possible link from such phe-
nomena to the virus theory of tumor etiology
with his suggestion (46) that virus-induced
genetic modification may constitute the original
alteration. The availability of oxygen or other
hydrogen acceptors is also an important selec-
tive factor in mixed bacterial cultures (4, 21,
28). Furthermore, both bacteria in pure culture
(55) and free sarcoma cells growing in the mouse
peritoneal cavity (29) appear spontaneously to
produce cells with an increased growth potential
in the prevailing environment; these cell types
soon become predominant in the culture. The
appearance in vitro of apparently malignant
cells among populations of cultured mammalian
cells is commonplace (76). In bacteria, the
change in growth potential was shown to be
under genetic control, with separate loci govern-
ing growth rate and the total attainable popu-
lation density (55).

V. CONCLUSIONS

From the foregoing it is possible to indicate
some areas of investigation which show promise
for future research. Many lines of experimenta-
tion already in progress will continue to yield
useful data. Studies with filamentous cells were
cited earlier; such investigations are providing
important information regarding the chemical
mechanisms of cell division in yeast (65, 66, 68).
Techniques for achieving synchrony of division
in cultures of microorganisms are being con-
stantly improved (18) and may be expected to
contribute to our knowledge of the growth
process, as will the work being done with micro-
organisms in continuous culture (69). Study of
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the genetic control of morphogenesis, and its
physical and chemical mechanisms, is progress-
ing rapidly in work with the amoeboid slime
molds (9, 84) and with water molds (19, 26).
Undoubtedly similar attention will be devoted to
the slime bacteria and to colonies of eubacteria
(10). Since morphogenesis and tumor develop-
ment are essentially problems in cellular ecology,
regardless of whether individual differences
originate with genetic change or with less funda-
mental metabolic modifications, we may antici-
pate further significant contributions from
investigations, similar to those cited above,
which deal with cell-cell interactions among
bacteria in a selective environment, with direct
or virus-mediated genetic exchange, and with
the plasticity of metabolic response in geneti-
cally unaltered cells under the influence of a
changing environment.

Some important questions—concerning the
nature of complex equilibria such as those
postulated earlier, the biochemical details of
subsequent shifts in metabolism, and the in-
fluence on these of genetic and environmental
factors—seem especially susceptible to analysis
with the techniques of microbiology. But, since
the most obvious advantage of working with
microorganisms is the greater degree of experi-
mental control which can be exercised by the
investigator, an attractive alternative is to apply
microbiological methodology to the study of
other kinds of cells. Such applications have in
fact been made in work with ascites tumors
(40, 45), in growing mammalian cells in sub-
merged culture (56), and in the ingenious ex-
periments of Puck (74) with clonal isolates of
cultured mammalian cells. This type of ap-
proach is still in an early stage of development,
however, and suffers sometimes from a lack of
strict definition of experimental conditions, espe-
cially with regard to control of nutritional en-
vironment (59). The fact that it has been easier
to achieve something approaching full control
of the experimental material in microbial sys-
tems suggests that microorganisms themselves
are less complex, with the growth process
stripped of superficial trappings and reduced to
only its more fundamental manifestations.
Growth of bacteria might thus be limited and
controlled by the same factors, and “differen-
tiation” may proceed along essentially similar
lines, but to a less chemically elaborate final
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result than in the development of, say, a chick
embryo.

It has been said that biological research
methods consist essentially of substituting easy,
unimportant problems for difficult, important
ones. We must accept this risk; perhaps there
exist no “blueprints” for life, perhaps the proc-
ess of growth with its associated phenomena is
not quantitatively but qualitatively different in
protists and in the complex, higher metazoa.
Subject to this note of caution, the possibilities
for comparative studies are obvious, and clearly
a need is indicated for continuing liaison among
those who investigate growth in the various
forms of life. The healthy scepticism (or sus-
picion) with which each of us tends to regard
practitioners in other disciplines can be relied
upon to impose a decent circumspection on any
temptation to progress prematurely toward the
eventual goal of a unified concept of biology.
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