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Introduction 
The problem of chromosome reproduction is an old and honorable 

one, but it retains its challenging freshness because of its pertinence to 
our understanding of the role of the cell in growth and development, 
and because the newer techniques of microscopy, enzyme digestion, 
labeling, and whole chromosome isolation continue to offer intriguing 
hopes of solution. If we restrict our attention to the chromosomes of 
eucells as we shall here, we realize immediately that the problem of re-
production is neither circumscribed by, nor synonymous with, DNA rep-
lication, although the two processes are coincident, or very nearly so, in 
time. DNA replication is of course, a crucial part of chromosome repro-
duction, and it may well be, as Prescott (1964) argues, that all other 
elements in the chromosome are indentured to DNA. The relative ease 
with which the replicative process may be followed experimentally, 
however, should not blind us to the fact that the chromosome is more 
than a strand of DNA and that the other molecular species, which must 
also be formed and put into place, are necessary to the chromosome in 
its role as a maneuverable, functioning organelle of the cell. Further-
more, as Mazia (1961) has discussed at length, and as Stebbins (1950) 
points out in his consideration of aberrant meiosis in apomictic plants, 
the proper progression and tempo of events in chromosome reproduc-
tion are as important to the final success of cell division as is the proper 
completion of each individual reproductive event. In focusing our at-
tention on chromosome reproduction, therefore, our object is to view 
it as an integral part of the more complex phenomenon of cell division, 
and to search for those correlative events which lead to and stem from 
chromosome reproduction. 

The following discussion will be couched in general terms, avoiding 
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experimental detail where possible, and will be concerned with three 
aspects of the problem. We will first consider replication as a process; 
then we will examine the reproduction of the chromosome as an or-
ganelle from the point of view of functional and genetic necessity; 
finally, using the meiotic cell as a model, we will consider the conse-
quences of chromosome reproduction on those cellular events which dis-
tinguish the meiotic from the mitotic cell. Reference should be made 
to Moses and Coleman (1964) for the most recent and detailed review 
of chromosome function and organization. 

Replication As a Process 
Throughout the following discussion, we have adopted the sense of 

replication defined by Pollock and Mandelstam (1958); that is, as "poly-
valent autocatalysis . . . there is freedom of copy, i.e., the same system 
has the potential ability to copy more than one species of prototype 
molecule, and what it actually produces is determined by the prototype 
which initiates the process." In the chromosomes of eucells then, we 
may refer with propriety only to DNA as a replicating species; other 
constituents are dependent upon heterocatalytic activity. Even intimately 
associated molecular species such as histones must be synthesized by 
derivative action of the prototype system. 

Since our discussion is focused upon chromosomes, we are led to the 
conclusion that linearity of structure is a necessary (but hardly suffi-
cient) prerequisite for replication; that is, biological structures of a 
nonlinear kind are synthesized but not replicated. We must clearly re-
serve judgment on the extension of the principle to centrioles, plastids 
and mitochondria until clarification of the mode of reproduction of 
their non-nucleic acid components has been achieved. The chromosome 
of the eucell, however, is a sensibly linear entity which has a replicating 
component derived from a limited assortment of nucleotides produced 
by prior synthetic events. The selection of the appropriate molecules 
from the pool of varied precursor substances is, as Müller pointed out 
as early as 1929, a significant and critical aspect of replicating systems. 
With rare exceptions (and such systems are indeed mutable), the proto-
type and its enzymatic apparatus select only the appropriate nucleotide 
elements suited to the reproducing system. 

For replication (and subsequent heterocatalysis) to occur a number 
of predictable, and to a certain extent experimentally detectable, events 
must take place in an otherwise competent cellular environment. Among 
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these are development of the nucleotide pool for DNA and RNA, de-
velopment of the amino acid pool for selection and incorporation into 
chromosomal proteins, and activation (release?) or induction of the 
pertinent enzymes. In addition, the prototype, DNA, must be brought 
to an activated state, presumably by opening up the double helix 
(Sibatani and Hiai, 1964); (however, see Cavalieri and Rosenberg, 1961, 
for conservative replication of DNA). As a special act of synthesis in 
eucells, replication enjoys precise temporal limits with decisive initiat-
ing and terminating points. Parenthetically, it can be pointed out that 
in an evolutionary sense the decisive termination of replication is a 
necessary feature in multicellular organisms if differentiation is to take 
place. 

Although its regulation displays reproducible variation, replication 
nevertheless seems subject to firm biological control. It is equally 
evident that the process must come to a close by some equivalent mech-
anism involving exhaustion of substrate, enzyme inactivation or destruc-
tion, prototype deactivation, or some other controlling event(s) pres-
ently unknown. These matters have been discussed in detail by Mazia 
(1961, 1963), Stern (1962), and Taylor (1963), and no further comment 
is warranted here other than to point out that no single mitotic or 
meiotic "trigger" for initiation of the reproductive process has been 
identified nor, according to Stern, should one be expected any more 
than one is expected for any other regulated or induced event in the 
life of the cell. Though perhaps less evident, this same stricture holds 
for the termination of the replication events. 

Replication of DNA 

It is usually assumed that the incorporation of radioactive thymidine 
into the chromosome implies the occurrence of the replication process. 
Conceivably, a sequential two-step process could be involved, i.e., the 
assimilation of the nucleotide by the chromosome and its incorpora-
tion into the growing polymer may not be simultaneous processes, but 
in the absence of meaningful evidence to the contrary they can be as-
sumed to constitute a single event taking place during the S period of 
interphase. In eucells at least, and if the nucleus as a whole is consid-
ered, the S period is sharply limited in time. It may be at the begin-
ning, middle, or end of interphase, or it may, as in Tetrahymena 
(Walker and Mitchison, 1957) and grasshopper neuroblasts (Gaulden, 
1956), occupy all or nearly all of the entire interphase period; as a 
rule, however, it is preceded and followed by nonsynthetic periods (the 
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so-called Gx and G2 stages of interphase). In relation to the cell cycle 
as a whole, the S period occupies roughly 35-40% of the time span in 
distinct contrast to the circumstances taking place in a bacterial cell 
during the exponential phase of growth. Here less than 10% of the 
cell cycle is in a nonsynthesizing DNA state (Pachler et al., 1965), and 
Oishi et al. (1964) have provided evidence that one round of replication 
may be initiated in the bacterial chromosome before the preceding 
round has been completed. 

The initiation of DNA synthesis is preceded by protein formation, and 
this presumably is preceded by the formation of RNA derived by tran-
scription from a selectively activated portion of the genome (Maal0e 
and Hanawalt, 1961; Stern and Hotta, 1963). The controls for this appar-
ently inductive system are unknown, although it is possible that the 
migratory proteins described by Goldstein (1963) and Prescott (1963) in 
ameba exercise a regulatory action of this kind. On the other hand, 
proteins formed prior to DNA replication cannot be considered mitotic 
or meiotic triggers which set off a sequence of events necessarily culmi-
nating in cell division. As Stone and Prescott (1964) have shown, DNA 
synthesis can be initiated but not completed in the absence of essential 
amino acids. DNA replication and cell division, although sequential in 
normally dividing cells, are distinct and separable cellular events, each of 
which can take place without the other. DNA replication alone leads to 
polyploidy and/or polyteny, both commonly observed phenomena. Cell 
division without DNA replication has been observed in synchronized 
cultures of Tetrahymena (Zeuthen, 1963, 1964) and must be presumed 
to occur in the cells of the hind gut of the mosquito where somatic 
reductions regularly take place during metamorphosis (Berger, 1938; 
Grell, 1946). 

The duration of time over which DNA and the chromosome replicate 
can vary from a matter of seconds in bacteria to many days in higher 
organisms. If a semiconservative mode of replication is assumed, DNA 
cannot replicate faster than the single polynucleotide strands can unwind, 
and unwinding time increases as the square of the molecular weight of 
the uninterrupted DNA strand (Freese and Freese, 1963). According to 
the calculations of Freese and Freese, the minimum time required for 
a T2 phage chromosome to replicate would be about 7 seconds. A bac-
terial chromosome consisting of a single uninterrupted double helix 
(as indicated by electron microscope evidence) could complete its 
replicative process in about 30 minutes; this is a rate of about 20-30 μ 
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per minute. Chromosomes of eucells, however, require time of a different 
order of magnitude. This is suggested by the amount of calculated un-
winding time (Freese and Freese, 1963, Table III), and is borne out by 
actual observations. We shall return to this problem later because of 
other considerations, but a casual view of replication times in different 
eucells indicates that while the S period occupies roughly 40% of the 
cell cycle, the actual duration in measured time can vary considerably. 

Karyokinesis in Drosophila embryos takes place in less than 15 min-
utes. The portion of the cycle taken up by DNA synthesis is not known, 
but it must be relatively brief. Vicia roottip cells, on the other hand, 
show thymidine incorporation for a period of 7.5 hours out of a total 
of 19.3 hours (Evans and Scott, 1964), and a roughly comparable figure 
of 6 hours out of about 18 hours total holds for human and hamster 
cells (Hsu et al., 1964). A time closer to 15 hours for DNA synthesis is 
found in the microspores of cultured lily anthers (Stern and Hotta, 1963, 
Fig. 3), and it would be of interest to know whether this slower pattern 
is characteristic of the lily or peculiar to the microspores themselves. 
However, the very different rates of cell division in embryonic and 
adult tissues suggest that control of the rate of replication is tissue-
as well as species-regulated. 

A comparison of rates of synthesis in mitotic and meiotic cells has 
been obtained in the grasshopper (Muckenthaler, 1965). The S period 
of spermatogonial cells is of 12 hours duration out of a total of 28 for 
the entire cell cycle. The S period in meiocytes, on the other hand, is 
at a much slower tempo—9 to 10 days out of a total of 28—but once 
again the regulatory control is unknown even though the percentage 
of the cell cycle occupied by the S period is close to the 40% average. 

The extent of the S period has made it possible to show that this 
period in eucells is not only decisively initiated and terminated, but 
that an internal asynchrony of synthesis of a reproducible nature is 
characteristic. Regulation, therefore, must operate intra- and interchro-
mosomally as well as for the nucleus as a whole. The chromosome does 
not simply begin to replicate at one end and proceed to the other end 
as might be expected of a single DNA double helix, nor do all chromo-
somes replicate simultaneously. This theory was first demonstrated for the 
X chromosome of the grasshopper (Lima-de-Faria, 1959). This chromo-
some, as well as heterochromatin in general and euchromatin that has 
been heterochromatinized through differentiation (to give the Lyon 
effect), is late replicating, but euchromatin can also exhibit varying 
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temporal patterns of synthesis. German (1964), in fact, has been able 
to characterize many chromosomes of the human complement by their 
patterns of replication, as have Hsu et al. (1964) in the hamster. 

These facts return us to the considerations of Freese and Freese (1963) 
concerning the time required for the replica tive process. As they point 
out, the minimal time of unwinding of the DNA double helix is a func-
tion of the square of the molecular weight of the DNA strand. If it is 
assumed that the DNA in a single human chromosome of average 
length is in the form of an uninterrupted double helix which must 
unwind in order to replicate, 400 hours would be the minimal replica-
tive time (Freese and Freese, 1963, Table III). Six hours is known to 
be more reasonably accurate. A comparable chromosome in Vicia would 
require 2 χ 105 hours instead of the 7.5 hours indicated by Evans and 
Scott (1964). Consequently, Freese and Freese state unequivocally that 
large chromosomes such as those found in eucells cannot contain all 
of their DNA in uninterrupted strands, at least not throughout the 
period of replication. The data of Plaut and Nash (1964) would seem 
to support this point of view. They have demonstrated that in the X 
chromosome of Drosophila salivary glands a minimum of 50 points of 
discrete DNA precursor incorporation are present, a situation that indi-
cates the presence of that number of "free ends," and suggests further 
that the integrity of the chromosome is not dependent upon a con-
tinuous and uninterrupted DNA strand. However, Plaut and Nash 
(1964) caution, as do Freese and Freese (1963), that discontinuous label-
ing implies discontinuity of DNA strands only during the period of 
replication; the structural nature of the chromosome at other times 
during the cell cycle cannot necessarily be deduced from these observa-
tions. 

The replication of DNA in the salivary chromosomes of Drosophila 
presents an interesting problem in mechanics. Freese and Freese (1963) 
base their considerations of unwinding time on an unrestricted rota-
tion of the DNA molecule, but the growing salivary chromosome in 
its stretched and polytene condition appears to impose rather severe 
restrictions on such movement. Whether the dilemma is real or im-
agined cannot be decided without further knowledge of the arrange-
ment of molecules in the giant chromosomes and their impedance to 
unwinding under such conditions. 

The discrepancy among replication times, i.e., the 6 hours of actual 
time according to Hsu et al. (1964) and the calculated 400 hours of 
Freese and Freese (1963), might be resolvable if the degree of stranded-
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ness is taken into account. If it is assumed that the chromosome con-
sists not of one continuous or tandemly arranged DNA strand, but of 
64 lateral strands of shorter length, then the difference between actual 
and calculated times of replication becomes negligible. If, on the other 
hand, the number of replicons in such chromosomes approaches 64, as 
Plaut and Nash (1964) suggest in the case of the Drosophila chromo-
some, the time discrepancy is also resolved, with only one or two helices 
per chromatid being necessarily present. Obviously our ignorance of 
chromosome structure prevents us from further profitable speculation, 
at least from speculation based on these data. 

The point has been made that the synthesis of DNA in the chromo-
somes of eucells is sharply restricted in time, even though within a 
given genome the process exhibits more or less characteristic patterns 
of asynchrony. A number of early reports (Ansley, 1954; Moses and 
Taylor, 1955) indicated that such synthesis may extend into the early 
stages of prophase, when presumably the chromosomes had already 
entered the beginning of a contraction phase; but since these data 
were derived from spectrophotometric rather than labeling studies, 
they may with reason be viewed with some suspicion. At least two in-
dications of prophase incorporation of DNA precursors, however, are 
worthy of note. Wimber and Prensky (1963) have indicated that spot 
labeling appears to take place during meiotic prophase (pachynema), 
and suggest that this may be related to problems of crossing-over. Their 
photographs show an even distribution of grains over the chromosomes 
with no concentration of grains associated with the distribution of 
chiasmata. It would be of interest to pursue this problem further in or-
ganisms with sharply restricted chiasma distributions (Mather, 1938), 
or in some organism such as the male mantid in which crossing-over 
and chiasma formation are absent. 

McGrath (1963) has also provided evidence to show that grasshopper 
neuroblast chromosomes incorporate thymidine in prophase after ex-
posure to X rays. Such cells tend to revert to earlier stages after ex-
posure to X rays, and the greater the degree of reversion, the greater 
the degree of incorporation of the label. Whether this phenomenon 
relates to the repair of X-ray induced breaks in the chromosomes 
through the action of a "healing enzyme" is problematical, but the fact 
that incorporation does occur indicates that the mechanism for incorpo-
ration is present in prophase, and that partially condensed chromosomes 
are not wholly incapable of DNA precursor uptake. It is well to recall 
here Cleveland's (1949) study on the flagellated protozoa. These or-
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ganisms possess no recognizable interphase; the chromosomes are visible 
at all times and hence are always contracted to a certain extent, yet 
they must reproduce while contracted. In contrast, Stone et al. (1964) 
show that in Tetrahymena, labeled thymidine is taken up only during 
the S period even though a pool of thymidine derivatives persists from 
the end of one period of DNA synthesis to the beginning of the next. 
The pool does not turn over during non-S periods. McGrath's (1963) 
evidence suggests that if such a pool exists in neuroblast nuclei, X-rays 
activate the pool and permit the entry of labeled thymidine. 

Formation of Other Chromosomal Components 

Prescott and Bender (1963a) and Prescott (1963) have stated that DNA 
is the only permanently conserved molecular component of the chromo-
somes of higher organisms. The replication of DNA is therefore of cru-
cial importance in the life cycle of chromosomes, but few cytologists 
would dispute the statement that the chromosome, structurally and 
behaviorally, is substantially more than just an unknown number of 
DNA molecules. Regardless of the degree of stability of the proteins 
and RNA of the chromosome, these molecules must play a significant 
role, and their formation is of necessity a part of chromosomal repro-
duction. 

The histones have been the recipients of adulatory attention during 
the past few years, and apparently with good reason (Bonner and Ts'o, 
1964). Nonetheless, they remain elusive, enigmatic substances in re-
gard to diversity of structure, role in cellular metabolism, and relation 
to chromosomal structure and behavior. Only the latter point will be 
discussed here. 

The histones cannot replicate in the same sense that DNA can; their 
structure, of course, does not permit the formation of complementary 
amino acid polymers analogous to polynucleotide chains. They are, 
furthermore, segregated in a dispersive manner (Prescott and Bender, 
1963b; Prescott, 1963), which again suggests their relative impermanence 
as a substantive portion of the chromosome. On the other hand, the 
time and duration of their synthetic period generally coincides with 
that of DNA in interphase (Bloch and Godman, 1955; Ansley, 1957; 
McLeish, 1959; Umana et al., 1964). However, protein synthesis, together 
with that of RNA, proceeds well into prophase (Hotta and Stern, 1963; 
Das et al., 1964). A conclusion which can possibly be drawn from these 
studies is that the later formed proteins are not histones, but rather con-
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stitute the products of genes concerned with the sequential events of cell 
division up to the conclusion of the process. If this is so, then some sites, 
presumably within the coiled regions of the chromosome, must be capable 
of transcription. Only metaphase and anaphase chromosomes appear to 
be wholly inactive metabolically (Prescott, 1963). 

The relation of histones and their contribution to a changing chromo-
somal morphology is not clear. An equimolar amount of histone is 
thought to be complexed with DNA (cf. Zubay, 1964), although Umana 
et al. (1964) provide data which reveal that the 1:1 histone: DNA ratio 
is characteristic only of dividing cells. Considerably higher ratios of 
varying values were obtained from tissues in which the majority of cells 
were in interphase. Nevertheless, the structural relation of histone to 
DNA is still uncertain. Zubay and Doty (1959) suggested that the his-
tones followed the larger groove in the DNA helix. More recent X-ray 
diffraction patterns require a modification of this hypothesis, and Zubay 
(1964) now believes it more likely that, at least in the gel state, the his-
tones form a sheet-like structure bridging either parallel DNA helices 
or successive coils of a single helix. The long axes of the histone mole-
cules parallel the large groove of DNA, and Zubay (1964) postulates 
that there may be a transition during sol to gel transformation of the 
DNA which causes the histone to shift its position from the large 
groove to the sheet-like arrangement. 

The conclusion seems inescapable that histone, apart from its sus-
pected regulatory action on genetic material, plays a role in the con-
traction of chromosomes and in maintaining the stability of DNA as 
a molecule. The contractile role is suggested by the fact that DNA-his-
tone particles in vitro double their length when the histone is removed 
(Marmur and Doty, 1961). On the other hand, the histones possess sub-
stantial molecular diversity (Busch et al., 1963, 1964); there is no infor-
mation as to the respective roles of the different histones in chromo-
some contractility and morphology. Trosko and Wolff (1965), for 
example, on the basis of pepsin digestion of air-dried Vicia metaphase 
chromosomes (a procedure which renders them alkaline fast green nega-
tive) found that the removal of histones does not alter chromosome 
morphology, and advanced the thesis that these molecules have little 
to do with contractility. 

An understanding of the nonhistone or acidic proteins—chromosomin 
or residual protein—both as to their time of formation and their role 
in chromosome function and morphology, is even more fragmentary 
than it is for the histones (Busch et al., 1963, 1964). Consequently, specu-
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lation endows them with various roles, metabolic and structural. Recent 
enzymatic studies (Trosko and Wolff, 1965) support earlier suggestions 
that the acidic proteins are responsible for maintaining the linear con-
tinuity of the chromosome, a hypothesis in keeping with the latest 
chromosome model of De (1964). Once again, however, the investiga-
tions of Prescott and Bender (1963b) and Prescott (1963, 1964) leave 
little doubt that any protein, basic or acidic, can be considered a "con-
served" element of the chromosome for more than three or four divi-
sions. 

Chromosomal RNA is probably an even more transient molecular 
species (Prescott and Bender, 1963b; Prescott, 1963, 1964) although it 
is regularly associated with chromatin at all stages of the cell cycle 
(Edström, 1964). It is undoubtedly DNA-derived, may be present in 
varying concentrations and base compositions depending upon the por-
tion of the chromosome from which it is extracted (Edström and Gall, 
1963; Edström, 1964), and is destined in all likelihood for cytoplasmic 
sites to play a part in protein synthesis. It does not appear to be in-
volved in a determination of chromosome morphology or reproduction 
in the sense of being an integral element, since RNase does not alter 
chromosomal morphology (Trosko and Wolff, 1965). Its role, therefore, 
appears to be metabolic, not structural. 

Chromosome Reproduction 

Chromosome reproduction involves the formation, by replication or 
synthesis, of all molecular species which give the chromosome form, 
regulate its metabolic activity, and enable it to maneuver during the 
cell cycle. DNA is the only permanently conserved molecule found in 
the chromosome; by comparison, the proteins and RNA are transitory. 
However, when we view the reproduction of chromosomes in a struc-
tural sense, we obviously cannot equate this phenomenon with the repli-
cation of DNA alone. We recognize that the DNA of the chromosome 
is segregated semiconservatively in both mitosis and meiosis, and by 
inference we assume that this follows because DNA is similarly repli-
cated, although Cavalieri and Rosenberg (1961) argue otherwise. The 
same argument cannot be advanced for the proteins and RNA of the 
chromosome. The latter molecule is a transcriptional element that ap-
parently plays no part in chromosome morphology; its position in meta-
phase chromosomes is that of a peripherally bound molecule (Prescott 
and Bender, 1963b). The proteins are dispersively distributed, but they 
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are more intimately bound to the chromosome than is RNA. The 
studies of Goldstein (1963) and Prescott (1963, 1964) have revealed the 
presence of a migratory protein that moves in and out of the nucleus 
during each division cycle, but the relation of this protein to general 
cellular activity remains unknown. Its role in chromosome reproduc-
tion may well be central, although its role in determining chromosome 
morphology (at least of the metaphase and anaphase chromosome) is 
negligible. 

The confirmation of Taylor's early labeling studies by Prescott and 
Bender (1963a), and carried by the latter through four cell cycles, leaves 
little doubt about the semiconservative segregation of DNA (see also 
Simon, 1961; Walen, 1965). To explain these results it is necessary 
to recall that the morphological unit of segregation is the chromatid, 
and that it is also the unit of coiling and crossing-over. What then is 
the unit of replication? Granted, at the molecular level DNA is replicat-
ing, but does the DNA of the interphase chromosome at the time of 
synthesis exist as a single double helix or as some multiple thereof? It 
is so evident from the cytological literature that this question has been 
posed many times and no satisfactory answer given, yet the experimental 
results demand that some unit of the chromosome must behave in singu-
lar fashion prior to the S period, as though it were double after DNA 
synthesis and never, except possibly in polytene chromosomes, in any 
larger multiple of two. 

The simplest hypothesis is the assumption that, prior to replication 
in interphase, the chromosome consists of a single double helix of DNA 
with its associated proteins. Taylor (1963) subscribes to this point of 
view which is supported by several experimental studies on amphibian 
lampbrush chromosomes (Callan, 1963; Gall, 1963). These are meiotic 
chromosomes, but the pattern of DNA synthesis in the S period, ex-
tended over a longer period of time, does not appear to differ quan-
titatively or qualitatively from that in a mitotic cell. Furthermore, and 
despite the fact that lampbrush chromosomes are the longest chromo-
somes of which we have knowledge, they arise from a contracted state 
and at a later time return to this contracted state. Their changing 
length and width, therefore, are functions of the degree of coiling or 
uncoiling since no additional round of DNA synthesis takes place dur-
ing their long period of development. The lateral loops of these chro-
mosomes have been shown, through stretching experiments (Callan, 
1963), to be part of the linear continuity of the chromosome, to con-
tain DNA, and to possess a diameter of about 40 A. The loops are part 
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of the length of a whole chromatid, not of some lesser lateral subdi-
vision. Since they can be digested only by DNase there can be little 
doubt that the chromatid of a lampbrush chromosome contains only 
a single double helix of DNA. The single double helix is, therefore, 
the unit of replication as well as the unit of segregation, coiling, and 
crossing-over. 

This point of view is supported by quantitative considerations (Callan, 
1963; Gall, 1959). A close correspondence should be found between 
the total amount of DNA and the calculated length of the chromosomes 
in a haploid complement. Any discrepancy between these two sets of 
figures should be a reflection of the degree of lateral redundancy of 
DNA double helices. In two species of newts, Triturus viridescens and 
T. cristatus, the total length of the chromatids, counting loop lengths, 
is of the order of 50 cm. Since only one-twentieth of the loops are evi-
dent at any one time, the total length of DNA in the haploid comple-
ment is approximately 10m. Considered in terms of the total DNA in a 
haploid complement, 3 X 1 0 - 5 μ^ the conclusion again seems ines-
capable that a chromatid possesses only a single double helix of DNA. 

The argument presented here does not presuppose or demand that 
the DNA is uninterruptedly continuous from one end of the chromatid 
to the other. Indeed, the mechanical considerations of unwinding (Freese 
and Freese, 1963) and the existence of numerous foci of discrete and 
simultaneous labeling (Plaut and Nash, 1964) suggest but do not prove 
that, during synthesis at least, DNA is discontinuous, i.e., the chromo-
some behaves in replication like a number of more or less independent 
replicons (Jacob et al., 1963). The viability of homozygous inversions 
and translocations in many organisms provides additional support of 
a different kind for the theory that break points can occur between 
rather than within structural genes. Whether linker molecules are pres-
ent, or in their absence, what keeps separate replicons in perfect tandem 
array, genetically as well as structurally, remain as unsolved questions. 

In contrast, Read (1961) and Steffensen (1961) have carried out cal-
culations similar to those of Gall and Callan, but based on the lengths 
of mitotic and meiotic chromosomes of more conventional size. Both ar-
rive at a figure of 200 to 300 for the number of lateral subdivisions in 
the chromatid, but the difference in conclusions can be attributed largely 
to different basic assumptions regarding the length of the DNA mole-
cule when fully extended. The hazards of estimating, rather than di-
rectly measuring, length are obvious when it is realized that a minimum 
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of four orders of coils exist in a normal metaphase chromosome (Inoué, 
1964). 

The single double helix per chromatid hypothesis is attractive for a 
number of reasons: it agrees with the extraordinary exactness of chro-
matid segregation in mitosis and meiosis, and it is in accord with bio-
logical economy achieved through natural selection since excessive re-
dundancy of genetic material is eliminated. If we invoke the principle 
of parsimony, it would not be unreasonable to suppose that the mini-
mum and maximum number of double helices per chromatid would 
be the same. The unit of replication becomes synonymous with the 
unit of segregation, coiling, and crossing-over. There are, however, a 
variety of observations and interpretations which cannot be summarily 
dismissed; the first of these is the fibril revealed by electron microscopy, 
its nature, and its relation to the chromatid as a whole. Sectioned nuclei 
and isolated whole-mounted chromosomes reveal the presence of numer-
ous fibrils longitudinally oriented in the long axis of the chromatid. 
Ris (1962), Kaufmann et al. (1960), and others have interpreted these 
fibrils as linear and parallel components of the chromatid, and there-
fore, suggest that the chromatid possesses a polytene structure. The 
basic fibril has a diameter of about 100 Â, which is resolvable in favor-
able preparations into two 40 A strands apparently plectonemically 
intertwined about each other. The 40 A unit has been equated with 
the DNA double helix and its associated proteins. Ris (1961), in fact, 
estimates that the post-replicative leptotene chromosome of Tradescantia 
contains thirty-two 100 A fibrils, or sixty-four of the 40 A units. This 
interpretation has most recently been disputed by Hyde (1964), who 
subscribes to the simpler hypothesis of one helix per chromatid. The 
fibrils may, in fact, represent successive foldings of one, or at most a 
few, long molecules. 

Radiation studies provide another source of disagreement, although 
not to the extreme extent of the polytenist hypothesis. Half-chromatid 
aberrations, induced by X rays and ultraviolet radiation, have been 
reported by a number of investigators (Swanson, 1947; Sax and King, 
1955; Wilson et al., 1960; Crouse, 1961). The findings of Sax and King 
are of particular interest. Irradiation of Tradescantia microspores leads 
to the induction of chromosome, chromatid, and half-chromatid aber-
rations, and the appearance of each is dependent upon the time of ir-
radiation in relation to the mitotic cycle. Chromosome aberrations are 
induced when irradiation precedes DNA synthesis (however, see Evans 
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and Savage, 1963), chromatid aberrations in the post-replicative G2 

period. The appearance of half-chromatid aberrations following irra-
diation in prophase (post-pachytene in meiotic cells) poses a problem, 
therefore, since no new round of DNA synthesis has taken place. Why 
the chromatid behaves single to X rays in one instance and double in 
another is not clear. Are these visibly evident aberrations, often markedly 
extended in meiotic cells (Crouse, 1961), a double helix in a coiled state, 
or only a single polynucleotide strand? Crouse adopts the latter point 
of view, but the diameter of the strands provides no answer since the 
degree of coiling is unknown. The data of Peacock (1963), based on 
isolabeling of X2 metaphase chromosomes, suggest that prior to replica-
tion the chromatid consists of two helices instead of one, an interpreta-
tion in keeping with the induction of half-chromatid aberrations. The 
existence of half-chromatid aberrations, on the other hand, has been 
challenged by Ostergren and Wakonig (1954), who argue with reason 
that half-chromatid aberrations found in the first (Xx) metaphase after 
irradiation should show up as chromatid aberrations in the subsequent 
(X2) metaphase. Making use of colchicine to induce X2 tetraploid 
cells, they have been unable to find aberrations which they could refer 
back to the half-chromatid aberrations of the preceding metaphase. 
We have repeated this experiment, making use of 5-aminouracil to ob-
tain synchronized divisions, but our results to date are basically in ac-
cord with those of Ostergren and Wakonig (1954). 

A third source of disagreement with the one helix per chromatid 
hypothesis are the observations made with light microscopy. Among 
others, Man ton's (1945) ultraviolet photographs of Todea (a fern) ana-
phase chromosomes are highly suggestive of a multistranded structure, 
as are those of Hughes-Schrader (1940) in the coccid, Llaveiella, and 
those of Trosko and Wolff (1965) on the enzymatically relaxed meta-
phase chromosomes of Vicia. The latter study, if coupled with auto-
radiography, could be crucial in the resolution of the nature of the 
bifurcating fibrils. In fact, until this question is settled at both light 
and electron microscope levels of resolution, the problem of chromosome 
reproduction, as distinct from DNA replication, remains with us. We 
can only state, in summary, that some as yet unidentified element of the 
chromosome must reproduce in such a manner that the chromosome 
can segregate in a semiconservative fashion. If the chromatid consists 
of a single double helix, this element could be DNA; if the chromatid 
is multistranded, then some other molecular species is involved which 
is not only semiconservatively segregated itself, but is so structured to 
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DNA that many laterally arranged DNA molecules behave in a unitary 
fashion. The chromosome model offered recently by Wolff (1965) was 
proposed in order to overcome the difficulties just described, but the 
relation of the model, based on the multistranded concept, to chromo-
somal reality remains uncertain. 

Consequences of Chromosome Reproduction 

The events of replication double the complement of chromosomal 
materials in the cell; the unit replicated, at least in a genetic sense, 
is the chromatid. The consequences when cell division ensues are an 
increase in cell number (with genetic identity) in mitosis, or a reduc-
tion in chromosome number (with genetic recombination) in meiosis. 
Chromosome reproduction, however, is not a necessary event in the 
life of a cell; it has genetic significance only when projected into the 
future, and hence is accompanied by cell division. Repeated replica-
tion without cell division leads, of course, to endopolyploidy or poly-
teny, but we have little understanding of these reproductive events in 
the chromosome and their relation to the concurrent or subsequent 
behavior of the cell. At the most superficial level of understanding, re-
peated replication without cell division indicates a disengagement of the 
coordinate regulation of replication and cytokinesis. Other cells such as 
the nucleated red cell of birds undergo no further nuclear change (Cam-
eron and Prescott, 1963), and it would be of interest to know to what ex-
tent cells scheduled for immediate differentiation do or do not undergo 
DNA replication. The point is that the events of mitosis and meiosis, in-
cluding chromosome reproduction, are dissociable from each other even 
though under ordinary circumstances they are coordinated, in parallel 
or in sequence. It has been demonstrated in Tetrahymena (for example, 
Zeuthen, 1964) that synchronization procedures readily alter the proc-
esses of cell division without any appreciable effect on the rate of 
DNA replication, but it is equally clear that in the cells of multicellular 
plants and animals a high degree of regularity of events is the customary 
pattern, although the separate processes may be individually blocked 
or altered (Stern, 1962; Mazia, 1961). We may then inquire whether 
this degree of regularity demands a parallel degree of dependence of 
one phase of division on another, a question prompted in part by the 
common knowledge that any agent inhibiting DNA synthesis also in-
hibits cell division, although the contrary is not true. 

Complete inhibition of both DNA replication and cell division tells 
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us little of the process. Unfortunately, only a limited number of studies 
on the effect of partially inhibiting the process(es) are available. This 
work indicates, however, that the consequences are recognizable as 
errors in the phasing of events. Stubblefield (1964), for example, has 
shown that late replicating segments of hamster chromosomes entering 
G2 prior to the apparent completion of DNA synthesis, fail to contract 
in normal fashion, and reach the metaphase stage in an extended "pro-
phase" stage. On the assumption that the proteins of the chromosome 
aid in contraction, this would suggest that a completed replication is 
a necessary condition for successful protein attachment. These findings 
recall the earlier studies of Darlington and La Cour (1938, 1940) on 
the differential stainability of chromosomes induced by prolonged cold 
treatment. They referred to the phenomenon as "nucleic acid starva-
tion," a view generally rejected with an argument for constant DNA 
value per chromosome complement. Wilson and Boothroyd (1944) pre-
ferred to view the phenomenon as an example of differential coiling, a 
position expanded upon by Ris (1945) who expressed the opinion that 
any linear differentiation of the chromosome is a function of local coil-
ing patterns. It would now appear that these are not alternative ex-
planations, but that each is a partially correct description of a situation 
in which coiling is dependent on the amount of DNA. La Cour et al. 
(1956) have shown spectrophotometrically that nuclei having differential 
stainability do possess a lowered DNA value. 

That protein is involved in the contraction of chromosomes is also 
suggested by the work of Stern and Hotta (1963). When protein synthesis 
is blocked by selective inhibitors, chromosome morphology is affected 
(the chromosomes are less contracted) without any effect on segregation 
at anaphase. A comparable genetic situation in maize has been described 
by Rhoades (1956) in which a gene (el) modifies the meiotic chromo-
somes in such a manner that they arrive at Μτ and M n in an elongated 
state. Again, segregation is not disturbed, but it would be of interest 
to know whether the protein content of these chromosomes, quanti-
tatively, or structurally, is in any way shifted from normality. The func-
tional integrity and normal behavior of the centromere, at any rate, is 
maintained. 

Another molecular species given very little attention as a chromo-
somal component are the phospholipids. La Cour and Chayen (1958) 
point out that contraction of the chromosome and uptake of phospho-
lipids coincide in time, but whether the correspondence in time is for-
tuitous or not is unknown. 



CHROMOSOME REPRODUCTION IN MITOSIS AND MEIOSIS 123 

A problem worthy of reconsideration in relation to chromosome re-
production is the old one of nondisjunction. Usually viewed as an acci-
dent of segregation brought on, at least in Drosophila, by failure of 
crossing-over, nondisj unction is a regular feature in certain species [rye, 
Muntzing (1946); maize, Rhoades (1952)]. In these two species, the ac-
cessory chromosomes fail to disjoin at the first and second microspore 
divisions, respectively. The centromeres of these chromosomes as well 
as their ends are clearly separate from each other, but the chromatin 
adjacent to the centromeres fails to separate cleanly. Is this due to 
failure of completed replication, or to delayed replication and abnormal 
protein attachment? The problem should be accessible through the 
newer labeling techniques. 

A third problem to be considered here is the relation of chromosome 
reproduction to synapsis in meiotic cells. Ansley (1954, 1957) has in-
dicated that disturbed DNA: his tone ratios are associated with asynapsis, 
suggesting that these two molecular species, normally synthesized nearly 
together and in equal amounts, must be in the proper proportion if the 
events of meiosis are to follow in their normal sequence. The ready 
availability of asynaptic forms in both plants and animals should permit 
a further penetration into what has continued to be an enigma of 
chromosome behavior. The genetic anarchy to which this form of mis-
regulation leads is evident. 

Last, we wish to make a comparison between mitosis and meiosis, 
not so much from considerations of chromosome reproduction—for we 
see no immediate relevancy—but mainly in relation to the problem of 
differentiation. Stern (1962), in his provocative review of chromosome 
structure and function, has advanced the thesis that "the whole phenom-
enon of chromosome reproduction can be denned as a special instance 
of cell differentiation in which induced changes are not stabilized but 
are transient and recurrent." When this theory is applied only to the 
problem of chromosome reproduction we find no cause for disagree-
ment. Except for the longer duration of the S period in meiosis, there 
is little to distinguish between the reproductive events occurring in 
mitotic and meiotic chromosomes. Whether this longer synthetic period 
of meiosis is responsible for, or permits, the subsequent events of synap-
sis and crossing-over is not known, although the "retardation" hypothe-
sis of Beasley (1938) is predicated on this basis. Furthermore, as Steb-
bins (1950) points out, apomictic plant species in which meiosis is 
greatly disturbed are generally characterized by an altered pace of 
meiotic events; they are either much retarded or greatly speeded up. 
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A proper timing of events is important. However, we believe that em-
phasis should be given to the fact that although mitotic and meiotic 
cells pass through a similar cycle of chromosome reproduction, they 
possess quite different characteristics. In the mitotic cell, differentiation 
(used in the conventional sense) follows cell division; the literature on 
growth and development suggests that these are mutually exclusive proc-
esses. The meiotic cell, on the other hand, is a differentiated cell. Once 
formed, it is irrevocably committed to a given course of action. Any 
of the events of meiosis—synapsis, crossing-over and chiasma forma-
tion, lack of division of centromeres, first division or second division— 
can be eliminated naturally or experimentally, but unlike the mitotic 
cell the meiotic cell can neither be induced to revert back to a premeiotic 
state, nor can it be deterred from completing its destined role, however 
aberrant the products of meiosis might be. It would appear, at least 
at first sight, that the increased duration of the S period and the three-
fold increase in nuclear volume (Beasley, 1938) in meiotic cells, are 
reflections of this differentiated state, not necessarily the initiators of it. 

One of the absolute and critical consequences of meiotic differentia-
tion, however, is the separation of chromosome replication from cyto-
kinesis. Indeed this may be the crucial differentiation, and has been 
suggested by the events taking place in Neurospora (Westergaard, 1964). 
In this fungus, meiosis immediately follows caryogamy. The time of 
chromosome reproduction is unknown. Synapsis occurs when the chro-
mosomes are in a condensed state; the chromosomes uncoil to assume 
a typical pachytene appearance after which diplotene and the later 
events of meiosis follow in customary order. Two possibilities exist with 
regard to chromosome reproduction: Either DNA synthesis occurs at 
pachytene when chromosome length is at its maximum, or chromosome 
reproduction takes place prior to caryogamy, in which case DNA repli-
cation and crossing-over are unrelated events. It would appear that 
despite the cytological difficulties of Neurospora, this might well be 
a system in which the perplexing problems of synthesis and crossing-
over might be profitably attacked. 
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