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During the past two decades, an ever-increasing
body of scientific workers, drawn not only frqm
genetics and cytology, but from chemistry, physics
and mathematics as well, have been engaged in
the fascinating game of attempting to unravel the
intricacies of the genetic material. As a consequence
of their efforts, the most remarkable chapter in the
history of biology is presently being written. Part
of the interest surrounding the problem arises from
the knowledge that its solution will bring man
much closer to understanding the origin and nature
of life itself; and while the origin of life may
“only represent a definite milepost along the gen-
eral historic road of the evolution of matter,” as
Oparin so aptly put it, yet to man this constitutes
a particularly intriguing milepost.

One phase of this work necessarily involves a
study of the chromosome, for it is in these bodies
that the genetic material of most organisms is
found. The story of the chromosome begins in the
last century with the discovery of deeply staining
material within the nucleus which displayed char-
acteristically complex behavior when the cell divi-
ded and to which Waldeyer in 1888 gave the name
“‘chromosomes.” Actually, the christening came a
little late, for Flemming had observed and de-
scribed the mitotic process six years earlier. Two
other events, the formulation of the laws of inheri-
tance by Mendel in 1865 and the discovery of nu-
cleic acid in the nuclei of pus cells by Miescher
(1869) were to provide function and substance to
these bodies, but the implications of these dis-
coveries were not immediately apparent. Mendel’s
findings, which in point of time preceded the dis-
covery of the chromosome, were ignored until 1900.
Yet it was only two years after their rediscove
that Sutton suggested that the physical basis of the
laws of heredity might be found in the behavior
of chromosomes during meiosis. The vast body of
knowlec!ge that has accumulated since that time
concerning thé inheritance of chromosomes and
their component parts, the genes, constitutes the
science of genetics. The information derived from
genetic sources must play an essential part in
concepts of chromosome structure.

Recognition of nucleic acid as the primary
genetic material was much slower in coming. Cas-
persson (1936) presented evidence for the nucleo-
protein nature of the gene based on UV-absorption
studies with the salivary gland chromosomes of
Drosophila melanogaster. Shortly afterward, Hol-
laender (1939) and Emmons and Hollaender (1939)
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demonstrated that the UV action spectrum for
mutation was similar to the UV absorption spec-
trum for nucleic acid, a finding that strongly im-
plicated nucleic acid as the genetic material. In
1944, Avery, MacLeod and McCarty isolated the
factor causing genetic transformation of characters
in bacteria (the transforming principle) in nearly
pure form and identified it as deoxyribonucleic
acid. Probably this discovery, above all else, served
to focus attention on the chemical nature of the
gene and to usher in the modern phase of chromo-
some research.

There is currently an almost bewildering fund
of information concerning various aspects of chro-
mosome structure, chemistry and function. The
task of organizing this material into a reasonably
coherent picture is complicated by wide gaps in
knowledge on the one hand and frequent conflicts
of opinion on the other. In the following discussion,
the chromosome is considered first at the gross,
visual level, as revealed by the light microscope;
next, at the molecular level concerning which there
exists a wealth of biochemical, biophysical and
chemical-genetic studies; and briefly, at the electron
microscopy level, the meeting ground for chemical
and visual information. Finally, an attempt is made
to examine the various proposals for chromosome
models in the light of the most cogent information

and evaluate their suitability as working hypothe-
ses.

Gross LEVEL MORPHOLOGY

. Description of chromosome morphology, except
In rare instances, is limited to the chromosomes of
cells in the process of division because interphase
chromosomes are diffuse and unresolvable. At the
beginning of prophase, the mitotic chromosome is
maximally extended and consists of two chromatids
that are loosely wound about one another and that
can only separate freely by a rotation of their distal
ends (plectonemic coiling). At this stage one sees
in the chromosome a loose spiral (relic coil) that
is the remnant of a tighter coil that traces back
to the prophase of the previous division. The relic
coil is soon eliminated and the chromosome under-

goes a new coiling cycle (somatic or standard coil).

As prophase progresses, the gyres of the somatic

1. This work was done while the author was a holder
of a US. Public Health Service Special Research
Fellowship, GF-10, 916-Cl. . .

2. Operated by Union Carbide Corporation for the US.
Atomic Energy Commission.
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of chromosome chemistry may be .nymhﬁiim‘
variety of ways. One method is ‘qgﬁuon of nuclei
chemical analysis following mass BORGT S forn
and chromosomes. This type of proc calf thymus
loyed by Minsky and Ris (1947) un?&s were sepa-
R’mphocytes. The isolated chromost‘l;) “°h contained
rated into two fractions, each of lein 1 M NaCl
nucleoprotein. The fraction soluble in & and con-
consists largely of deoxyribonucleohiston -
stitutes 90-92% of the chromosome mat, % -
and histone being present in the rxmol I(e)d tl;e ;‘esx
spectively. The insoluble residue, al he chro-
ual chromosome, accounts for 8-10%, of ‘of DNA
mosome and consists of 12-149; RNA, 2:3% d4 Ris
and 83-86%, non-histone protem. Mirsky an was
considered that the form of the chromosome_d ]
due primarily to the protein thread of the resi uend
chromosome " and that either the genes form
part of its substance or alternately that they were
organized around it. .

A second approach that the cytochemist may
take is to determine the effect of specific enzymes
on chromosomes. The use of purefied enzymes
in combination with various staining procedures
affords a reliable method for identifying the chro-
mosomal components and determining their pattern
of association. Kaufmann, McDonald_ and_ Gay
31951) found that treatment of cells with ribonu-
clease did not affect stainability with Feulgen but
did destroy stainability with methyl green (an RNA
stain) demonstrating that the chromosome contains
both RNA and DNA, Treatment with deoxyri-
bonuclease showed that this enzyme effaces staina-
bility with Feulqle_n, thereby serving to locate chro-
mosomal DNA. The use of ribonuclease and acidic
dyes, sgecific for protein, demonstrated that RNA
is combined with protein. Treatment with ribonu-
clease and dilute" HCl (the acid impairs staina-
bility of the histone component by acidic dyes) pre-
ceding the use of acidic Syes indicates that the pro-

tein moiety of the chromosomal ribonucleoprotein
is probably a histone. Treatment with DNase and
dilute HCI before staining with acid dyes showed
that the DNase releases from the chromosomal de-
oxyribonucleoprotein a non-histone protein in ad-
dition to histone. Kaufmann studied the cffects of
groteolyuc enzymes on salivary gland chromosomes.
tructural deformation of the chromosome did not
occur in aqueous solution of t psin but was in-

duced by subsequent treatment with phosphate buf-

fer and ‘was attributed to the swelling o artiall
degraded nucleoproteins in the res%nce poE elecy-

trolytes, since removal of DNA in ibited the swell-
ing. This study did not support the view that tryp-
sin causes degradation of the chromosome by
digesting those bonds essential o the maintenance
of structural integrity. Mazia et al, (1947) found, by
contrast, that pepsin caused a distinct shrinkage of
e chromosome, possibly by the removal of pro-
wln';':clt;l aculillc properties.
act that nucleic acids are major cel] .
ronenu suggested that thcz were invoived in :;:Tc
mportant biological role but with 4 single excep-
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ion, there had been no proof of a specific biologs
::infunction‘pcrformcd by a pol nucleotigde, lT -
highly significant exception was the case in cll:
DNA was demonstrated to be the bacterig) tran
forming rinciple. Boivin et al. ) ‘mons‘
others, in errc;l from ldns {)l;elnonixgnon thay 8

t be very close to the actual genic materjy) 7y s
:‘(11:; led (hczn to the test the following hypomle;il; h“{
DNA does in fact constitute genic material, ﬂlen‘il
distribution should run {mrallel to that of lh“
chromosome and gene cycle. They isolateq ma N
of nuclei from various beef organs, determineq fire
the total amont of DNA in each mass and then ‘;t
counting an aliquot, }he number of nuclej in !;nch
organ sample. In this way they showed that
amount of DNA per nucleus was Very nearl
same for the different organs, and furthermore that
approximately one-half this amount was founq in
the haploid nuclei of the bull sperm,

Pol\)ister et al. (1951) apf)roachcd the question
of the DNA content of nuclei in a different wa
Quantitative analysis of the amount of DNA witl);:
in single cells may be obtained by fpectrophotome.
tric means. This procedure depends upon the
Feulgen reaction. The amount of light absorbeq
by a stained nucleus is translated into the amount
J DNA present within the nucleus. The values
obtained are not absolute but are multiples of
unit amount corresponding to the amount of DNA
present in the haploid chromosome set. The studies
of Pollister and coworkers have demonstrated that
a close correlation exists between the number of
chromosome sets and the number of units of DNA
present in any nucleus,

The identification of nucleic acid as the most
probable carrier of genetic material radically al.
tered the beliefs held up to that time. Before 1940
most cytologists and geneticists, if queried as to the
chemical nature of the gene, would have selected
protein as its prime constituent since it alone ap-
peared to possess the specificity necessary for this
role. Nucleic acid, which had proved highly re
fractory to detailed analysis, was in a convenientl
simplified manner conceived to consist of four dil:
ferent bases present in equimolar proportions and
structurally arranged as regular repeating units of
tetranucleotides. Ke new approach to the study of
nucleic acids was made possible through the de-
velopment of chromatographic techniques for
auamitative estimation of the purines and pyrimi-

ines. In 1948, Visher and Chargalf and Hotchkis’,
through the introduction of these methods, were
able to show that the four bases do not occur in
equimolar proportions as postulated by the tetranu-
cleotide hypothesis (Levine and Bass, 1981) and it
became possible to consider the nucleic ac_ldﬂ_“
substances comparable to protein in specificity.
These studies, and those of Avery, have led to 3
complete reappraisal of the structure and function
of DNA and ll{)NA. o of

The evidence that supports the hypothesis 0
DNA as genetic material comes from a variety oy
sources, 8ne line of evidence is based on the cor
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jon between the properties of DNA and those
l;;l;e"ro\:tic material. 'l'gms, if DNA is the chief _con-
stituent of genes, it should be located exclusively
within the chromosomes and its quantity should be
portional to the number of chromosome sets.
Eifl(:e chemical studies noted above have demonst-
rated that (1) DNA is found almost entively within
the nucleus, (2) its amount is quantitatively cor
related with the number of chromosome sets. Ex-
riments indicated that DNA, once formed, is
metabolically inert. This property is consistent with
its role as a repository of genetic information. A
correlation was shown to exist between the UV
absorption spectrum for nucleic acids and the UV
action spectrum for mutation. Thls’reh\_uo? has
been interpreted to mean that nucleic acid is the
target molecule (Hollaender, 1_989: Emmons and
Hollaender, 1939). Also, experiments with 5-bro-
mouracil have shown that where this analogue of
thymine is incorporated imq the DNA ol: a cell, its
rate of mutation is greatly increased (Litman and
Pardee, 1956). :
The best cvidence comes, however, from genetic
experiments with microorganisms. In 1928 Griftith
first observed transformation in pneumococcus.
Pneumococcus exists in two forms: a smooth one,
which possesses a type-specific polysaccharide cap-
sule, and which is virulent; and a rough one, whic
lacks virulence and the polysaccharide coat. Grif-
fith showed that when living rough forms and
killed smooth forms are mixed and injected into
mice, living smooth forms could be removed and
these continued to produce smooth progeny. In
1914 Avery et «al. identified the substance respon-
sible for the transformation as DNA. Recently
Hotchkiss and Marmur (1954? showed that when
wild-type pneumococci are placed in a medium
which contains pure DNA from pneumococci that
carried two genetic markers, three types of trans-
formed pneumococci could be recovered, those
transformed for each marker and those transformed
for both, The frequency of double transformation
was much lg‘reau:r than the product of the {requen-
cies of both single transformations, indicating that
these were not independent events but that there
was a linked transfer of two units in a single event.
Further evidence that genetic continuity resides
in the nucleic acids comes from studies with bac-
teriophage. Phage particles consist of a head made
uF of a protein membrane surrounding a packet
o l)l:IA and a tail exclusively protein, ershey
and Chase (1952) labelled the protein of the B’h“gc
with §no and the DNA with P%, The P way
translerred into the bacterium and subsequently
80-509%, of it was recovered in tt

he phage progeny.
Only 39, of the protein was found to enter the
bacterium

and none of the $9% Jabel appeared in
the progeny.

Finally, experiments with plant viruses demon-
strate, perhaps most convinclngly. that it is the
nucleic acid portion that carries genetic specilicity,
Plant viruses differ from most bacterial viruses
and from cellular organisms in that they contain

no DNA. Fraenkel-Conrat and Williams (1955)
were able to separate tobacco mosaic virus (TMV)
into two components, protein and RNA and 10
reconstitute inlective particles from them. In 1956
Fraenkel-Conrat and Gierer and Schramm succeed-
ed in showing that only the RNA is infective.
Since different strains of TMV are known that
possess different and identifiable proteins, it was
ible to reconstitute particles cnrrym&r‘:o(ein
m\ one strain and RNA from another. par-
ticles so reconstituted always had the genetic prop-
erties of the strain from which the RNA came
(Fraenkel-Conrat and Singer, 1957).

The realization of the key role of nucleic acids
in heredity led to a concerted elfort to establish
a structural model for the polynucleotides since
an understanding of their function is predicated
to a large extent upon the way the nucleotides are
joined together. The study of DNA structure, both
the moleculm composition and the arrangement
of the component parts in three dimensions, con-
stitutes one of the most absorbing chapters in bio-
chemical history. Initially, sedimentation and light-
scattering studies had shown that the molecular
weight of DNA wa: very large, somewhere between
5 and 10 million or greater, while viscosity and
electron microscopy studies indicated the molecule
was long, thin, and fairly straight. Such studies,
however, told nathing of the detailed arrangement
in space of the atoms within the molecules. For
this it was necessary to use Xeray diffraction, and
elegant studies alonﬁ these lines were carried on
in England by Franklin and Gosling (1953), Wil-
kins and -Randall (1958) and others. Their work
showed that the Xoray patterns of DNA from
different sources were remarkably similar, The
suggested that a uniform molecular pattern for al
DNA existed. They also showed that DNA struc-
ture could take two forms depending on the water
content of the molecule. In relatively high humid-
ity, the DNA molecules gave a paracrystalline pat-
tern showing the molecules were packed in a rather
irregular manner; when the humidity was lowered
and the fibers contained less water, they decreased
in length by about 309, and the protein became
crystalline, indicating that the molecules were
aligned regularly in all three dimensions. Finally,
the Xeray pictures disclosed that the repeats in
the crystallographic pattern came at much longer
intervals thin the chemical repeat units in the
molecule, i.e., the distance from one nucleotide to
the next was about 7 A, whercas the crystullographic
repeat cime at intervals of 28 A in the crystalline
formn and 34 A in the paracrystalline form.

Titration studies indicated the polynucleotide
chains in the DNA molecule were joined together
through bonding between the base residues. Fur.
thermore, analytical studies by Chargaff (1951) of
DNA samples from a host of biological sources
established the [ollowing regularities in the ratios
of the buses: (1) a stoichiometric equality between
the sum of the purines and the sum ol the pyri.
midines, (2) an equivalence in the content of
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Support for a double helix structure of DNA
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sww). Thomas followed the enzymatic degrada-
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weight determined by light-scattering and viscosity
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evidence of tr\e two-stranded ::u':::lr); I’fl', il«lditlum.]
recently been 'pruvldcd by the ”l"'l’le, DNA g
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and Line (1960), Doty found thiy, w, o o
of bacterial DNA were denatured |, fn tolugn
then cooled, two different mulc(:uluyr nlf iting yng
be recovered in emsentinl] pure form ﬂlm ol
prim'ilpully on the rate of cooling, O “epending
tuined by fast cooling, had alouy o: l’]“'w‘ b
molecular weight of the original H)NA unc‘lg' o e
ol single strandw, ‘I'he other state, oluuincd“i;mhmI
cooling, consisted of recombined strandy unly l|lw
i complementary base-pulring over mon urm| b
length. “T'he laver form, whicli hay much lb;,clr
of ity original transforming uactivity, iy Exllizd
natured whereas the quickly cooled, single ntrundrTl
form iy practically inactive und is called (l(:llﬂlur:f.l
l)ot{ was able to demonstrate, bz means of dengity
radient experiments using N' and N1 p; wf.'
NA, the existence of hybrids in the DNA reng:
tured from the mixture, Krlurmur and Lane (1960)
enﬂ:lored genetically marked DNA to form hyﬂ)rldm
DNA Irom Diplococcus pnevanoniae bearing stre
tomycin-resistant and streptomycin-sensitive’ (wild-
trpe) markers were heated together and then cooled
slowly, The increase in biological activity of the
hybrid DNA ay evidenced by the increase in it
transforming ability ~ (streptomycin - sensitive 1o
streptomycin-resistant) over renatured, nonhybrid,
mutant DNA was dependent upon the amount of
excess homologous wild-type DNA present and x}H-
l:cnrcd to result from the formation of hybrids
etween strands of marked and wild-ly]lle NA.
In the process of hybridization the duA) icute st
of genetic information in the native DNA molecult
ol the mutant strain is distributed umonf a greater
number of renatured molecules in which in many
cases only one strand now carried the mutant I
formation, These results strongly suggest that gen¢
tic information can be carriecF by a single sualt,
The implication that genetic information c'x:
be carried in a single strand is Conﬁlsﬁem-wlc.
the recent discovery of two viruses with 2 ?“Sn
stranded DNA structure. These are ®X 17 gﬂto
S-18, originally suspected by Tessman (195)
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le on the basie of thelr susceptibility in
},:ac':lr:'gtlon by P# decay, Both viruses display an
efficiency of one Imactivation per disintegration
which I8 about 10 times greater than the efticiency
of (nactivation of the doublestranded phage DNA,
Sinsheimer (IQM); has confirmed the singlestranded
nature of their DNA by (1) formaldehyde studies,
which Indicate thelr hydmgcn bonding Is similar
1o RNA and denatured DNA, but not 1o native

DNA; (2) by their UV-absorption properties; fﬁg
by thelr ‘curve of molecular weight dccaz wit
DNase and (1) in the case of OX 174, by the

demonstration “of the absence of stoichiometric
equality hetween adenine and thymine and between
uanine and cytosine, Instead, the four bases, as
5¢Lcrmlned by enzymatic digestion to nucleotides,
are found In the ratio of 1.00:1.58:0.98:0.76, re-
spectively,

Elucidation of the Imthway of DNA synthesis
Is, of course, of great interest, It was not known
whether a free base (adenine, guanine, thymine,
cytonine), supplied o an organism, could be in-
corporated Into its DNA or if Instead, it was nec
ewiiry o supply the base combined with a sugar
molety, L.e, the nucleoside (adenosine, guanosine,
thymidine, cytldlnel) or finally, whether the phos.
phorylated nucleoside, ie., the nucleotide (uden}'-
le acld, guanylic acid, thymidylic acid, cytidylic
acid) was required. Plent] and Schoenheimer (1944)
showed that the free N'"labeled bases, guanine
and thymine, are not utilized in the synthesis of
DNA. Bendich et al. (1949) obtained the same
negative results using cytosine as the isotopic pre
curkor, Hammursten et al, (1950) found that cyti-
dine was lnco;f)orutcd to some extent and later
Reichard and Esthorn (1951) observed that deoxy-
cytidine was lncorrorated into cytosine and thy-
mine, that thymidine was incorporated into thy-
mine, but that deoxyhypoxanthosine was not in-
corporated into smr1 DNA base. Mc(?unde et al
(1965) compared the induction of aberations in
onion_root tips treated with CGi4-labeled thymine
and G thymidine and corroborated the findin
that thymidine but not thymine is a precursor o
DNA. Apparently free adenine can be i}:lcor orated
into polynucleotides, for Brown et al, ‘Sl 18) re-
covered both labeled guanine and labeled adenine
from the nucleic acid of rats fed isotopically labeled
adenine. The most remarkable work concerning
DNA synthesis was the discove by Kornberg
(1957) of an enzyme in E. coli, DNA polymerate,
which catalyzes the condensation of deoxyribonu.
cleotides, in the presence of DNA primer, to form
large polydeoxynucleotide chains with the libera-
tion of pyrophosphate. The amazing property of
the system is that the composition okP the newly
synthesized polymer displays approximately the
same [E)urme and pyrimidine base composition as
that of the primer in ?itc of the initial equality
In concentration of the four triphosphates. Absence
of any one of the four nucleotides reduces the
reaction rate to about 1% of its maximum. The
activity of the primer is increased by heating, indi-

cating that it is a single strand of DNA which
serves as u model,

The Meselson-8tahl experiment followed the
distribution of DNA for several generations at the
molecular level, an equivalent experiment which
followed DNA distribution at the chromosome level
had been |i;er[nrm¢d carlier by ‘Vaylor et al, (1957),
Use of tritiated thymidine in their radioautographic
stidies provided excellent resolution since tritium
emits g particles of rather low energy resulting in
localized” film blackening that permits accurate
identification of the labeled portions, ‘The experi.
ments were done with Vicla faba root tips grown
on tritiated thymidine for one generation and then
removed Lo a medium containing colchicine but
lacking thymidine, The distribution of Jabel within
the chromosome was determined at intervals
autoradiography, Since colchicine blocks cell divie
slon but presumably does not affect chromosome
replication, the number of chromosome sets within
a cell indicates the number of post-transfer mitotic
divisions that have occurred, "T'he results were full
consistent with those expected on the Watson-Cric
model if the chromosome carries only one double
helix of DNA, After one generation in label all
chromatids were labeled; after one generation in
the absence of label, only one chromatid of each
chromosome was labeled; finally, alter two genera.
tions in the absence of label, as far as analysis
permitied, it appeared that u‘)proximulely one-half
of the chromosomes were unlabeled and the other
hall had one labeled chromatid, There is not
unanimous agreement concerning the mode of DNA
replication envisioned by Watson and Crick, Cava-
lieri and Rosenberg (1961) believe that the DNA
molecule, as it exists in proliferating cells, is bi-
unial, “This means it consists of two double helical
units that are laterally attached to one another.
The nature of the bonds linking the two double
helices is unknown but it is conzidered to be much
weaker than the hydrogen bonding linking the
two strands of the double helix. At the beginning
of replication, the biunial molecule is thought to
split and each double helix to synthesize a new
partner so that just before cell division two biunial
molecules are present in the cell, one of which
goes to each daughter cell. Since the two strands
remain together at cell division, the replication of
the double helix is conservative, whereas the repli-
cation of the biunial molecule is semiconservative.

Autoradiographic studies of chromosome dul:li-
cation have been of value in respect to another
aspect of chromosome behavior, For many years
cytologists had observed that condensed chromo-
uomc:ﬁ'md a high concentration of Feulgen-stainin
material, whereas early prophase chromosomes di
not. As a result of this observation it was generally
believed that DNA was increasing durinﬁ prophase.
Studies during the past 10 years, utilizing two
new techniques, the cytophotometric measurements
of dye content of individual nuclei and autoradio-
grap‘{ly, have revealed that previous concepts con-
cerning time of DNA and chromosome replication
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wsm hotometric measurement of F;u g:mem At
Qt?p uantitative changes 10 DN Cbryos -
:eoll‘nc agying cell division in mouse egn[ e
Ambystoma larvae, obtain c!ear_ cchromosome
that )i)NA replication in the mltotl:rd S
occurred during inte‘rphase.‘ Hm:mi Ll
(1951a), using autoradiographic techniq es Lo e
sure the time required between incorp
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chromosomes, 3158‘3 Ptll":c't"d ?o 5
nd show! a
f}?:;;,:wmes did not il:lcprporate P aytlg:
(1958) obtained similar eyx_dencc conccrzmg e

incorporation of P3* in Lilium and Tradesca
microspore nuclei. Since the time of Fhron}osomhe
duplication need not necessarily coincide with the
time of DNA synthesis, Howard and Pelc (1951b) at-
tempted to determine the time of protein synthesis
by measuring the uptake of §%° in Vicia root cells.
They found it was incorporated at the same time
DNA synthesis occurred. The time of histone syn-
thesis is a better criterion for chromosome dupli-
cation since this protein has about the same con-
stancy as DNA. Both Alfert (1956) and Bloch and
Godman (1955) showed cyt(lz-iwhotometrlcally. using
fast n at an elevated pH, a reaction which is
specific for histone, that synthesis of basic protein
and Dli\lA occurred simultaneously during mitotic
interphase.

Evidence concerning the time of duplication of
the meiotic chromosome, has shown that here again
the earlier concepts were incorrect. Swift (1 50)
determined cytopﬁotomctrically that in the mouse
spermatocyte DNA synthesis was practically com-
Plete by the beginning of leptotene, Incorporation
of P** into DNA during meiosis of Liltum was
shown by Taylor (1953) to cease before leptotene;
in the case of Tradescantia (T aylor, 1953), it ex.
tended into early leptotene but ceased well before
zygotene pairing. To test the assumption that
Incorporation of P32 was correlated with a net in-
crease of DNA, Taylor and McMaster (1954)
combined the cytophotometric and autoradio.
graphic techniques, E;‘he two events were show:
to occur at the same time during the ioti
intezphase in Lilium micmsporgc tes P:vcli;!lmm'lc
Tradescantia, Moses and Taylor (1555' fo l(f t}l\n
events coincided during leptotene. T eseun le
were seriously questioned by somé neti uts
the grounds that both the Bellj M Do on
hypotheses for cromm, overer;n%iandd.Darlmgton
duglication to occur afster zZyto) (l]le Il;eairinrgm’?‘:o:gf-
and Taylor (1958) have since own, by dctcrm¥na-

s Poration in the meiotic
mosomes of Lilium, that the bulk of protein
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way that the time of DNA syntheyjs . .

and subsequently shown to be jneg . infe
alternatives are possible that woulq invalig Severy)
lor's conclusion. ate Tay.

Autoradiographic and cytophg .
niques have provided a means l(JOr t,?]’:;mg tegh,
synchrony as well as the time of DN A anl(lirmg the
replication. The first evidence of ay orie Protej,
chrony in the duplication of chr(mmmedas ;
found in Crepis capillaris by Tayl, Oines Wag
gradient in the labeling of these chromoscs 958), i
tritiated thymidine indicated DNA Synthme-s With
ceeded from the tip of the chromoson, E5is g,
centromere region. Gall (1959) studieq fh_to :
nomenon in the ciliate, Euplotes euryggp, > Phe
protozoa possesses a ribbon-like macronugleys M
pinches in half amitotically at each cell l:ls Which
Several hours before division, two ij htl 1Vision,
reorganization bands appear at the enssStaEmng
nucleus and approach each other sloy| (f" the
meeting near the middle. Autoradiogray'h_mally
photometric observations showed that theptrl'c'a"d
thymidine is incorporated only in a limited 1iateq
immediately distal to the bands ang th:fgm"
average amount of Feulgen dye boung by th the
cleus rise concomittantly reaching two time: nllll.
presynthesis value by the time the bands meetl e
similar rise in alkaline fast green dye is obser;,:i
in the duplicating nuclei. Tﬁesc data support th
hypothesis that DNA histone synthesis takes lac:
in a sequential fashion starting at the tips of the
nucleus and proceedings toward the middle,

In male grasshoppers, of the genus Melanoplus
the early prophase meiotic chromosomes are visibly'
differentiated into the euchromatic autosomes and
heterochromatic sex chromosomes. Lima-de-Faria
(1959) injected tritiated thymidine into males dur.
ing the last nymphal stage and studied the labeling
of the chromosomes during early meiotic prophase.
He found the sex chromosome was synthesizing
DNA at a different period of time than the auto-
somes. Since there is a developmental sequence of
spermatocyte cysts along the testicular tube, it was
possible to show that the heterochromatin synthe:
sizes DNA later than euchromatin. In order to
determine if asynchrony was characteristic of hetero
chromatin in general, Lima-de-Faria studied uptake
of tritiated thymidine in Secale. The chromosomes
of rye have a large proximal block of heterochro-
matin while the median and distal portions are
euchromatic. Here asynchrony was found to occur
within each chromosome, corresponding to the
cuchromatic and heterochromatic blocks, although
it was not possible o order the sequence. Taylor
(1960) found in the case of cultured cells of the
Chinese hamster, studied by following the uptake
of tritiated thymidine, that five of six chromosomes
of the complement have segments that duplic®
late, including the heterochromatic Y and long an
cl the X. Taylor believes that asynchrony in dup®
cation is genetically controlled and that it W
have a functional significance.
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CHROMOSOME MODELS

If we pause now to reassess the information
that has been descriped above, several facts s_tand
out. First, and most important, has been the iden-
tification of nucleic acid rather than protein as
the genetic material. Although histones, judging
from their position and_thelr constancy, may Pl.ay
a fairly important r_ole in heredl_ty, the pOSS.l.blllty
of protein alone acting as the primary genetic ma-
terial seems to be cqnclpswely ruled out. Second,
duplication of the mitotic chromosome occurs dur-
ing interphase and of the meiotic chromosome
before zygotene pairing. This necessitates a revamp-
ing of earlier concepts regarding crossing over, but
the picture is far from clear at the present time.
Third, there is now available an excellent model
of DNA in molecular terms that satisfies its require-
ment as a genetic tem&late._ The glreat gap that
remains lies between the visible chromosome at
the level of the light microscope and the chromo-
some at the molecular or macromolecular level
of DNA. How is the nucleoprotein joined together
to produce the integrated structure we call a chro-
mosome? Electron microscopy, which was expected
to be of great value in clarifying this problem, has
proved so far to be fairly unrewarding. Chromo-
somes are recognizable as dense accumulations of
granular material without membranes. In the case
of the spermatocyte, Moses (1956) has observed
what he terms “synaptinemal complexes” which
may be involved in the Fairing of leptotene chro-
mosomes. These consist of thread-like elements with
delicate side chains extending laterally, and while
the dimensions of the side chain are consistent
with a DNA double helix, their association with
chromosome structure remains rather tenuous.

In order to provide some sort of working hypo-
thesis in terms of structure, several chromosome
models have recently been proposed. At this stage,
the best we can hope to do is to postulate the
simplest working model not inconsistent with what
is known genetically, biochemically, and cytologi-
cally. What, then, is known for certain? The
sreatest body of information comes from genetic

ata. These data tell us in unequivocal terms that
the genes are arranged in a linear sequence along
the chromosome. Equally important, they tell us
that each gene acts in a unitary fashion. We know
from chemical and genetic evidence that infor-
mation resides in the DNA. Ultraviolet and chem-
ical studies tell us that the structural integrity of
the chromosome probably resides in the nucleic
acid. We know that the DNA is arranged accordin
to the Watson-Crick model of a double helix an
that, at least for microorganisms, a single strand
of the DNA helix can carry information. Beyond
this, we know very little.

Of the four models that will be considered, only
one assumes that more than two duplicate strands
of DNA are present in a chromosome. The evidence
for a multistranded chromosome ccmes lar, ely
from electron micrographs in which many fibrﬁlae
are observed. A fibril was originally estimated to

have a diameter of 500 A. Ris (1961) has now
resolved the fibril into two double helices of 40 A
each, and found that upon removal of their grw
tein, they fit precisely the 20 A width of DNA.
That the fibrillae observed in electron micrographs
of nuclei are DNA and that they are separate
strands rather than part of a continuous, closely
packed single strand is only inferred. The dilficulty
of packing a meter or more of length of DNA into
a chromosome is readily apparent, but whether
more information is present in a unitary amount
or less information is present multiply seems im-
material to the solution. On the other hand, a
multiple-stranded chromosome presents almost in-
surmountable difficulties functionally, because it
is inconsistent with genetic data. Crossing over,
which is inferred to occur by breakage and reunion
of two strands at identical points, would require
breakage and reunion of perhaps hundr of
strands, all precisely at the same nucleotide. In
the case of mutation, each strand would have to
be simultaneously altered in the same way in order
for the mutation to show so that the probability
of obtaining a point mutation would decrease with
the number of strands involved. If one assumes
that instead of remaining together, the strands
segregated so that each one, ultimately in some
generation gave rise to all identical DNA strands,
delayed mutation should then be the rule. Irradi-
ation of Drosophila would, on this assumption,
producepredominantly mosaic flies, yet the frequen-
¢y of mosaics is about 79, of the total mutants
recovered éAltenburg and Browning, 19612. With
respect to uglication. the distribution of label to
the chromatids, observed by Taylor et al. (1957),

oints to the bipartite nature of the chromosome
m which each half could correspond to a single
strand of the DNA helix. Finally, Marmur and
Lane (1960) have shown that in bacteria, the
genetic material is present as a DNA double helix
and that the information is carried independently
in each strand. Unless some compelling reason for
a multistranded chromosome appears, models based
on this premise must be considered genetically
unsatisfactory,

Taylor et al. (1957) had considered a model in

which many Watson-Crick helices, each representin,

a gene, are attached at right angles to a centra
protein core. This arrangement would not be ex-
pected to give, for intragenic crossing over, the
strictly one-dimensional recombination that is fene
tically observed, Moreover, Stadler and Uber (1942)
have demonstrated that the UV spectrum for chro-
mosome breakage is closely correlated with the UV
absor&liun spectrum for nucleic acids while Callan
and Macgregor (1958) have shown the chromo-
some’s structural integrity depends on its core of
DNA, so that a chromosome built on a protein
backbone seems to be inconsistent with the [acts.
Taylor’s model is predicated on a single-stranded
chromosome and is in accord with his chromosome
labeling results if the chromosome is, in fact, single
stranded.
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