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I. Introduction

Synchronous cell differentiation refers to the occurrence of simultaneous
cellular transformations throughout a population of cells. Although the induc-
tion of cell division synchrony may be a prerequisite for such an experimental
situation, it need not be the primary concern of the investigator. In fact, the
motivating force for studying a synchronously differentiating system is that it is
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only through the amplification of specific biochemical and morphological changes
that analytical methods of cell biology will be successfully employed. We will
then be closer to achieving an understanding of the controlling mechanisms in
cell specialization.

Various diverse processes presently are being investigated in the field of cellu-
lar morphogenesis. One may include the replication of the genetic apparatus,
encystment and excystment, sporulation, and germination, as well as certain
cases of transient structural and physiological adaptation to environmental shifts.
In this discussion we are not concerned with those cases of cellular differentiation
commonly found in the embryonic or regenerating systems of metazoan organisms
involving a limited number of cells at any given time, but will consider mainly
those cellular communities in which synchrony has been induced experimentally
throughout the entire population.

It is of some value to consider if cell differentiation as seen in metazoan cells
is irreversible (Bell, 1965). That is to say, is there a loss of morphogenetic
totipotency which relegates the differentiated cells to a specialized state until its
death? Recent nuclear transplantation experiments give strong support to the
concept that even in highly differentiated cells the nucleus still retains the toti-
potency of genetic expression when it is placed into a new and more favorable
cytoplasmic environment (Gurdon, 1964). Conversely the stability of the differ-
entiated state, which had been assumed to be maintained only under conditions
which preclude cell division, has been found in clonal myogenesis experiments
to be independent of the rate of cell division or the total number of divisions
(Konigsberg, 1963). On the other hand, dedifferentiation in cultured chondro-
cytes, characterized by the loss of recognizable form or ability to synthesize
chondroitin sulfate, has been demonstrated, although the authors do not cate-
gorically state that this is a totally irreversible process (Holtzer et al., 1960).
Thus, the extent of irreversibility in the differentiated state is open to question.
Perhaps it is the continued interaction between the nucleus, the cytoplasm, and
the environment which determines the irreversibility of the differentiated state
rather than loss of genetic totipotency. Indeed, most of the examples of cell
differentiation which are discussed in this review demonstrate complete rever-
sibility upon appropriate manipulation of the environment.

It is generally assumed that there are universal principles underlying the
regulation of the cell state. Such an assumption is most often implicit and derives
partly from the mounting evidence that biological systems display the same
genetic mechanism for the control of biosynthetic processes, such as the syn-
thesis of specific enzymes, and informational macromolecules, or the develop-
ment of complex cellular organelles (Bonner e 4., 1965; Rutter, 1965; Sager,
1965). A distinction should be made, however, on the level of differentiation
being considered. There is no question that all cells from prokaryotic to eukary-



SYNCHRONOUS CELL DIFFERENTIATION 3

otic types can alter their internal or subcellular organization to meet environ-
mental shifts. For example, the kinetics of bacterial enzyme induction and
chromosome replication are radically modified by conditions of growth (Latk,
1966). Likewise, it has been shown that photosynthetic cells can reduce their
chloroplast complement to a proplastid level in the absence of a light stimulus.
Both of these instances represent what may be called “‘subcellular differentiation.”
It is in this area of experimentation that naturally and experimentally synchronized
cell systems have been used most successfully (Cameron and Padilla, 1966,
Padilla e al,, 1968). As expected, much information is being gathered with
synchronized cells whose major macromolecular and biosynthetic events are
displayed in a well-directed time sequence (Lark, 1966; Sueoka, 1966; Halvorson
et al., 1966a). We want to focus attention in this review, however, to a second
level of differentiation, that involving the entire cellular complement. This may
be called “cellular differentiation,” examples of which are described in this
review. Perhaps in time we may extend the use of synchronized cells to a study
of the evolutionaty aspects of gene action in the acquisition of cellular specializa-
tion (Moses and Calvin, 1965). For the present we hope that this review will
help to widen the scope of the biologist who is interested in cell differentiation
and will also introduce him to cellular systems he may not have previously
considered.

II. Bacterial Systems

Subcellular differentiation has been studied in synchronously dividing bacteria
at three related but distinct levels: (4) Gene-directed enzyme induction or
activation, (4) chromosome replication and segregation, and (¢) sporulation-
germination-outgrowth sequence. We shall consider these areas as they are
related to the mechanisms of differentiation.

A. GENE-DIRECTED ENZYME INDUCTION OR ACTIVATION

This constitutes one of the most fertile areas of investigation linking genetics
to subcellular differentiation. For instance, it has been demonstrated that the rate
of synthesis of repressed enzymes doubles once every cycle in correspondence
with a doubling of the genes that govern their formation. Although repressed
enzymes may be induced at any given time in the cell cycle, the potential for
synthesis of a nonrepressed enzyme most likely also changes discontinuously at
a characteristic time in the cycle but not necessarily in direct relation to the time
of DNA synthesis. However, the cyclical recurrence for the expression of this
potential may still reflect the linear array within the genetic map assigned to the
control of a given enzymic function. The timing may be modified by internal
as well as external constraints (Goodwin, 1966; Masters and Donachie, 1966;
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Masters et al., 1964; Donachie, 1965; Kuempel et al., 1965; see Donachie and
Masters, 1968; Helmstetter, 1968; for current reviews). While genes are repli-
cated in an orderly sequence, most likely only once during each cell cycle, it has
been also suggested that transcription need not be simultaneous with replication
(Masters and Donachie, 1966). Periodic synthesis of an enzyme, which is not
being artificially repressed, may also be the outcome of the phenomenon called
“end-product repression.” That is to say, oscillatory phenomena arise through
the interaction of the intracellular concentration of enzymes and their end
product (see Goodwin, 1966, Donachie and Masters, 1968, for a full discussion
of this subject). These various phenomena are of special significance to our
understanding of the mechanism of cellular differentiation, since the elaboration
of complex cellular structures ultimately depends on the activation or induction
of enzymes involved in the manufacture of specific proteins. Let us now consider
the question of chromosome replication; it relates more directly to the elabora-
tion of subcellular subunits in the cytoplasm.

B. CHROMOSOME REPLICATION

Much of the work dates back to the utilization of mutants of Escherichia coli
that require specific amino acids and nucleic precursors for their growth (Barner
and Cohen, 1955). The demonstration (Cairns, 1963) that the bacterial chromo-
some is in fact a circular structure amenable to analysis by radioautographic
techniques has led to the acquisition of much experimental data on the
mechanisms of chromosome replication. Lark (1966) recently discussed a model
that relates the rate of DNA synthesis and cell division to the processes of
chromosome replication and segregation in synchronized cultures of E. coli. This
model was developed through a mathematical and experimental analysis of
the distribution of radioactive precursors of DNA following manipulations of
the growth of these bacteria in a variety of experimental conditions. It was shown
that the patterns of chromosome replication and segregation may be drastically
altered by factors which alter the rate of cell division. The sequence of replica-
tion of the bacterial chromosome begins by its attachment through one DNA
strand to a proteinaceous cell membrane complex; “the replicator.” The other
strand of DNA breaks prior to the initiation of replication and becomes tem-
porarily attached to a second membrane site called the “proreplicator” which in
turn is linked to a protein complex, the “initiator.” (The initiator is thought to
be a heritable portion of the chromosome and may also be located in the mem-
brane.) The double DNA helix is thus opened and replication proceeds with
the characteristic unwinding of the DNA strands. At the completion of replica-
tion the ends of the chromosome attached to the “initiator” are joined at the
proreplicator site, The initiator is now converted into the replicator and is



