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SUMMARY
Some aspects of current researc~ are viewed in an attempt to
The observations
anticipate major trends in the next few years.
indicate that geneticists in general are becoming more problem- than
organism - oriented and are making more extensive use of interdisciplin The techniques and instrumentation available now
ary techn iques .
seem sufficiently powerful to resolve extreme biological details i f
the geneticist possesses the ingenuity to pose the right questions.
There seems to be a shift of concern from analysis to synthesis, and
the next decade may be characterized by increased biological rather
than molecular approaches, as a better understanding of the architec ture of living systems is reached and new types of interactions with During this forthcoming
in cells, tissues and organs are rev ealed .
period human cellular and subcellular genetics is expected to achieve
great prominence.

The organizers of the symposium asked me to talk about genetics
research of the future. I think it will be useful to talk about the
future not in terms of the brave new world of 1984 and beyond, but in
terms of the next five to ten years.
At the outset it is worth commenting on the unpredictable path
of genetics progress in the recent past; unpredi ctable because there
have b.een rapid advancements in some unexpected areas while there has
been some unexpected delay of progress in other areas. For example,
1o·years ago very few geneticists would have thought that we would
soon decipher the genetic code. Yet that was accomplished quickly.
On the other hand , consider the set-back in our understanding of DNA
replication . Five years ago we thought we understood more about the
process than we think we do today. At that time we assumed the DNA
polymerase discovered by KORNBERG was responsible for DNA replication,
but when CAIRNS discovered dividing cells that lacked this enzyme, we
knew this assumption was not valid, and our understanding of DNA
replication seemed more obscure (CAIRNS 1969). Progress in this area
has been unpredictable and progress in the future in other areas will
probably be just as unpredictable. Indeed unpredictability is a
constant element in the history of our science, and it is worth
keeping this fact in mind while we discuss trends in genetics
research.
Trends in genetics research are hard to discuss with an audience
such as this one . It would be easier to talk on this topic to an
audience of non- geneticists. What can I tell this audience of
geneticists that is not already obvious to you? Not much, surely.
And I don't want to discuss things you will hear more authoritatively
from other speakers later in this symposium , who will cover most of
the moving edges of genetics : the biochemistry of cell division,
chromosomal engineering, mitochondrial inheritance, differentiation,
neurobiology and the green revolution. But perhaps since my view of
the field is from a different vantage point than that of active
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researchers, I can express some obvious observations in a perspective
which might stimulate some fresh thinking. Most of; what I shali say
will deal with patterns and trends of genetics progress and will deal
with generalities, not specifics.
( 1)
They are:
I shall di•s cuss four general observations.
changing patterns in the organization of genetics research, (2) the
declining role of new technologies, (3) the shift from an analytic to
a synthetic thinking as we focus on higher levels of organization,
and (4) the use of cells of human origin as the experimental system
of choice for genetics research.

CHANGING PATTERNS IN ORGANIZATION OF GENETICS RESEARCH
My first general observation deals with the changing patterns
in the organization of genetics research, and notes that genetics
today is in a dynamic phase of its history with respect to the type
and amount of knowledge being generated and in the way research
And what is true for genetics is also true
activity is organized.
for biology as a whole for gene ti cs has bee·n a pace-setter for the
Consider what has happened to the boundaries
whole field of biology.
that separate geneticists from other types of scientists and separate
These boundaries have
different types of geneticists from each other.
always been arbitrary and there always were investigators who could
comfortably· cross back and forth or straddle the borders; but today
the boundaries have become so ambiguous that they are to a great
extent disappearing . At one end of the spectrum the interests of
some geneticists overlap w·ith those of physical scientists, and at
the other end of the spectrum the interests of other geneticists
overlap with those of social scientists. We may consider the physical
and social sciences as opposite ends of a spectrum, but through
genetics there is a connecting link throughout the continuum. We
can readily identify researchers whose interests have broadened in
To cite but a few cases we can look
time over the entire continuum.
at the evolving interests of S. BENZER, C. LEVINTHAL or G. STENT.
The first two were each trained in physics, the latter in physical
chemistry, each made major contributions to molecular genetics and is
currently interested in genetic approaches to behavior. Their
evolving interests followed a logical pathway in which the powerful
tool of genetic analysis is used to dissect complexity.
Within the area of genetics we can distinguish essentially
(1) interest in the transmission of
three basic areas of interest:
genes, (2) interest in the expression of genes and (3) interest in
how genes behave in populations. In the past, most geneticists could
readily pursue successful research careers confining their focus to
just one of these areas of interest. But this is becoming less and
less true and now for many research programs as progress is made
In other
there is an extension into the other areas of interest.
words, the boundaries that subdivide geneticists are becoming less
meaningful and are disappearing. The essence of the point I wish to
make is that genetics in the narrower sense and biology in the broader
sense have become a unified science, not a mere collection of
disciplines.
My reason for pointing out the disappearance of interdisciplinary barriers is that this fact will have an obvious impact on our
approach to research. We are in a transitional period, changing from
a discipline-oriented to a problem-oriented science, using multidisciplinary approaches to attack complex problems. The old labels
of identification as biochemical, or physiological, or· developmental
or corn or Drosophila genetics are giving way to other identifications
such as interests in differentiation, macromolecular synthesis,
In many cases a single lab masters the
regulation, or speciation.
techniques or tools of several disciplines; but in increasing numbers
we are taking on bigger challenges requiring collaboration between
This has consequences in the kind of training we give our
labs.
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students, and the kind of communication lines we must think about. I
have been very much impressed at the interdisciplinary nature of some
very useful conferences I have attended recently . To cite one
example, earlier this month I attended a meeting on the molecular
basis of genetic dise ases at which about half the participants were
clinicians and half biochemists and geneticists. There was very
meaningful exchange of information and ideas. A meeting as useful as
this could not have taken place a number of years ago, but I suspect
there will be many such meetings in the years ahead. We must
encourage this trend . We must plan to offer students versatile
multidisciplinary curricula and research problems, and we must plan
our professional meetings to bring together people with differing
approaches to common interests.
THE DECLININ G ROLE OF NEW TECHNOLOGIES
Now let ' s move on to a second generalization which can be
stated succinctly . It is that great leaps in the future understanding
of genetic phenomena are not dependent on the development of new
types of instrumentation or technologies.
I believe that the major
limiting factor in securing greater and greater understanding of
genet i c phenomena is our ability to ask the right questions. We
already have sufficiently powerful instrumentation and methodology,
as the work of BENZER and YANOFSKY show, to resolve single base
changes with genet i c analysis (BENZER 1957, YANOFSKY 1964). The work
on the lambda and lac repressors by PTASHNE and GILBERT demonstrate
that it is possible to do biochemistry on target proteins only a few
molecules of which are present in each cell (PTASHNE 1967, GILBERT
1966). By citing these examples I don ' t mean to imply that further
development of instrumentation or techniques will not be useful.
Indeed, methods for automating karyotype analysis or automated
nucleotide sequencing and microscopy with resolving power at atomic
dimensions will be great catalysts for enhancing the rate of progress
of genetic research. It is not obvious to me, however, that such
tools can lead to new conceptual developments comparable to those
resulting from the development of isotope labelling techniques,
chromatography or electronmicroscopy. I must admit that I could be
quite wrong in suggesting that we have all the technology we need,
because I realize that 30 years ago one might have made the same kind
of generalization prior to the r ealiz ation that radioisotopes,
chromatographic methods or electron microscopes were about to be
developed. Since 30 years ago we weren ' t even aware of the kinds of
quest i ons these tools would enable us to ask, it would have been
possib l e then, to observe that we had all the sophisticated methodology we needed to solve all genetic problems and that we needed only
the ingenuity to ask the right questions, the right way. Yet I think
the research situation is different in 1972 than it was in 1942
because now our major challenge is synthesis , not analysis. This
leads directly to the next generalization.
SHIFT TO FOCUS ON HIGHER LE VE LS OF ORGANIZATION
My third general observation is that within genetics research
we are about to see a shift in thinking from analysis to synthesis.
It is clear that until now the general direction of progress in
genetics research has been from the gross to the minute, from the
more complex to the simpler levels of organization. In order to
understand complex levels of organization we have analyzed the components of systems. Then the components in turn had to be analyzed
in te rms of their components for fuller understanding, and so on down
to the molecular level . We now have sufficient understanding of
i mportant molecular and genetic phenomena to consider how interacting
sets of them dete rmin e specifications at higher levels of organization
including systems of cells. I have in mind seeking new ways to think
about such problems as the formation of patterns, the organization of
such structures as membranes, cellular differentiation including the
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integration and functioning of the nervous system and the immune
system. First let me illustrate the trend of genetics in its analytic
phase and then I shall illustrate some of the possibilities in the
synthetic phase or organization at higher levels.
THE

ANALYTIC PHASE OF GENETICS RESEARCH

Prior to MENDEL, biologists by and large focused on species and
races and tried to explain the differences they observed between such
taxonomic groups . The transmission geneticists focused on families
The next generation of geneticists focused their
and individuals.
attention on nuclei and gross chromosomes. They were followed by the
cytogenticists who analyzed chromosome structure and behavior by
focusing on parts of chromosomes as centromeres, telomeres, duplications, inversions and translocations. Today biochemists are extending
such studies by carrying out analogous analysis on DNA molecules.
When the gene was an abstraction and we had few biochemical
handles available for analysis, we talked about gene action which was
also an abstraction. When genetic and biochemical resolving power
increased with the analysis of genetically determined blocks in
metabolic pathways in fungi, we developed the concept of "one gene:
one enzymatic activity." This was further refined to "one gene: one
enzyme" with the enhanced genetic and biochemical resolving power
The use of
offered by the use of bacteria as experimental systems.
viruses for genetic studies with which it became possible to deal
with events that occurred once in tens or hundreds of millions of
virus particles provided precise definition of the gene and the
further refinement of "one cistron : one polypeptide chain." And now
we can relate a specific codon or triplet in the nucleic acid sequence
of a gene to a specific amino acid in the peptide sequence that gene
determines.
Until now the search for cause and effect relationship led us
to further and further genetic and biochemical dissecting of systems.
Genetics and biochemistry were necessary complementary partners in our
progress, and advances in each field leap-frogged each other.
Unknown steps in metabolic pathways were discovered when mutations
Likewise specific genes were sought
affecting these steps were found.
and found when knowledge of biochemical pathways indicated such genes
should exist. Even further, when refined biochemical analysis
revealed that single enzymes that had been thought to be determined
by a single gene were really composed of different subunits, addiLikewise the discovery that more
tional genes were sought and found.
than one gene affected a very specific biochemical event has led to
more refined biochemical analysis.

FOCUSING ON HIGHER LEVELS OF ORGANIZATION
In a sense then, history has followed a spiral-like pattern.
That is, periodically we have asked the same general types of question
while the development of new methods of analysis have permitted us to
direct our questions to lower levels of complexity in successive
turns of the spiral. But the time' has now come when we can begin to
go up the down spiral staircase. We now have sufficient understanding of phenomena at the molecular level of organization that we can
begin to think about interacting sets of those phenomena to seek
understanding at higher levels of organization. More and more we
shall be able to cope with such ph,enomena as organization, orientation, shape and long distance influences within and between cells. As
the last 20 years has been labeled the era of molecular biology, so
the next 20 years may be recognized as the era of cell biology. Our
present knowledge of molecular biology indicates that to assemble a
single particle of a structural protein may require a million chemical
steps using at least seventy different components repeatedly but in
uniquely arranged sequences. Each of the unique steps is controlled
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by a gene. We also know that innumerable such sets of sequences
occur in precisely controlled manner in each cell. But the cell is
not just a vessel of floating macromolecules and we can now extend
our thinking to the next step between macromolecules and structure
and function.
The assembly, shape and spatial arrangement of cell
components is more than merely an extension of our present thinking
to a supra-molecular level. We must learn much more about the ultrastructure of cells from the molecular level to the level of microscopically visible aggregates.
But these particles can be viewed as
bricks and mortar and we must begin to look for the architecture that
may reveal the walls and gates that divide the cell into compartments
and channels.
To make matters more complicated, we shall also have
to cope with the fourth dimension: time. Recent studies indicate
the outer cell surface is probably fluid-like in that components seem
to have great mobility and undergo continuing reorganization. There
is no reason to believe that inner surfaces or interfaces are not
also always undergoing dynamic changes. We must ask our questions in
new ways and be alert for new principles.
In the past the questions we asked about why cells differ by
and large dealt with regulation of the synthesis of informational
macromolecules, nucleic acids and proteins.
The biochemical differences we observe between cells may be good descriptive biology but it
may not lead to meaning at higher levels. When we think about the
geometry of cells or the forces involved in the observed pheno~ena
that led the classical embryologists to the concepts of fields,
gradients and induction or commitment, programming and polarity to
use somewhat newer terms, the principles of molecular biology or
biochemistry may not be too helpful. However, in dismantling these
problems of long distance influences into such problems that are
manageable it is likely we may uncover variables that interact with
variables we presently understand. For example, we will undoubtedly
soon learn a great deal about the genetic system of mitochondria and
the interaction between this system and the nuclear genetic system
should be very illuminating about localized events in the cytoplasm.
Spatial orientation, formation as well as maintenance, may be related
to sites of synthesis or biochemical reactions, and specificity may
be written into different regions of cells.
If we ask the proper
questions I see no reason why this kind of relationship should not be
detectable through mutant analysis, particularly conditional lethals
that permit us to detect the most vital and universal processes.

INTERACTING INTRACELLULAR SYSTEMS
As a matter of fact, we already have substantial starts in this
~irection: Let me cit~ several examples: the first, an example
illustrating that the information coded in the nucleic acids of
different genetic systems can interact to produce a common product·
and the second, an example of genetic approaches to compartmentali~
zation.
There are a number of studies demonstrating the roles of the
host cell genome and the infecting virus nucleic acid in the production of new viral particles.
I want to tell you about some recent
work in which it was shown that three host cell genes and one virus
gene jointly provide the specification for a single enzyme.
This
work may have added significance for a reason I shall point out in a
moment.
One of the phages that infects E. aoZi has no DNA only RNA
and is known as QS. When this phage infects a bacterial c~ll it
'
induces an enzyme called QS replicase which cat·a lyzes the replication
of phage RNA.
This enzyme has been studied extensively in several
laboratories and is known to consist of four non-identical polypeptide
chains, designated subunits I, II, III, and IV.
Subunits I, III, and
IV are host-coded polypeptides, and subunit II is coded for by the
phage genome. Very recently it has been shown that subunits III and
IV are identical to the protein synthesis elongation factors Tu and
Ts, respectively (BLUMENTHAL et aZ., 1972). The former is the binding
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protein that forms a complex with amino acyl-tRNA's and GTP and the
latter facilitates the removal of bound GDP from the ternary comp l ex
In other
by forming a Tu-Ts complex (LUCAS-LENARD and LIPMAN 1971 ).
words, if these proteins function in the QS replicating system in
role in
a
play
vivo as they do in other systems, subunits I I I and IV
translation . Subunit III would transfer charged t-RNA's to the riboIn the process GTP would be converted
some by binding it with GTP.
to GDP+ Pi and the GDP bound to subunit III would be re l eased. Subunit IV then would bind with subunit III catalyzing the GDP removal .
The precise roles of subunits I and II are not known, but the enzyme
copies phage RNA, i . e., QS "plus" strands, so the replicase in some as
yet undetermined way is probably also involved in the transcription
process . If it can be conclusively demonstrated that the replicase
has a dual role in transcription and translation, this would be
important. Logic or intuition tells us that there should be a link
between the two processes, but no one has been able to demonstrate
this yet . If this is so, it would likely be through a single function, i . e ., a common step in two processes such as positioning a
nucleic acid for a subsequent step.
Let us now turn to evidence of spatial organization, or compartmentalization, of biological events. The example I shall cite demonstrates the channeling of the products of identical enzymes involved
This is the case of the utilization of carbamyl
in different pathways.
phosphate in Neurospora. It has been shown that carbamyl phosphate
Two
occurs in the anabolic pathways for arginine and pyrimidines.
carbamyl phosphate synthetases occur in Neurospora, one of them
normally serves for arginine biosynthesis and the other serves for
pyrimidine biosynthesis. It has been shown biochemically that s.eparate
pools of carbamyl phosphate are derived from each of these enzymes
(WILLIAMS et al . 1970) . Recently, the physical evidence for compartmentalization was provided. Electron microscopic cytochemical studies
revealed arginine - specific carbamyl phosphate synthetase is located
entirely in the mitochondria, and the pyrimidine specific synthetase
is located entirely in the nucleus (DAVIS 1972).

USE OF CE LL S OF HUMAN ORIGIN AS THE EXP ERIMEN TAL SYS TE M OF
CHOICE FOR GENE TI CS RESEARCH
Now we c.ome to my final observation, the use of cells of human
origin as the experimental system of choice for genetics research .
Man as a biological system has been extensively studied by geneticists,
by analysis of populations and pedigrees, but by and large other
species have been used to pursue basic principles requiring experimental manipulation at the cellular level. The development of
techniques for studying cells of human origin in culture will change
I believe that such cells will become a very popular
this fact.
experimental system and will make possible the analysis of problems
that cannot be attacked with micro-organisms and lower eucaryotes.
The human cell is several orders of magnitude more complicated than
the bacterial cell and some of this complexity offers a tractable
challenge to geneticists . Somatic cell genetics offers us a way to
study biological phenomena that can only be studied in human systems
and should not be viewed as just a way to get around the sexual
process . Usually when thinking about man as a subject for genetic
long life cycle, small familystudies we think of the barriers:
size, and dependence upon fortuitous marriages. However, there is a
tremendous advantage in studying humans that we have not yet fully
exploited . This is the tremendous resource of recognizable genetic
variability, much of which is screened and described by the practiIn most species we cannot
tioners of medicine throughout the world.
distinguish very subtle differences in appearances between individuals
But with
and we group similar phenotypes together as the wild type.
man we have no difficulty in distinguishing each individual .
Furthermore, through the science of medicine we have learned to
describe many phenotypes with physiological measurements a step
closer to biochemical explanation than morphological description.
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Some of these phenotypic differences are due to single Mendelian factors, most probably are not, some are the result of little environmental influences, some the result of much such influence.
But the
measuring goes on at all times, all over the world, and involves a
large portion of the world's population.
With proper education,
cooperation and communication, I see no reason why all material of
genetic interest cannot be channeled to laboratories doing basic
research in genetics.
By genetically interesting material I mean
blood samples or skin biopsies of patients endowed with genetic
anomalies, for the purpose of starting cultures of cells for analysis.
While I don't believe we will achieve ideal cooperation in getting
all genetically interesting material from clinicians to lab scientists in the next 5-10 years, I do think there will be sufficient
cooperation to provide enough genetic markers to permit a great deal
of progress in human genetics using the techniques of somatic cell
genetics.
Just using the tec hniques presently available I believe
we will make great progress in localizing genes to chromosomes and
developing extensive linkage relationships.
I think we will uncover
the molecular or biochemical basis responsible for a number of inborn
errors of metabolism.
I think during the next ten years we shall
develop methods for the detection of heterozygotes for many metabolic
diseases.
Most of this basic research will have obvious and quick
application to health problems.
SOMATIC CELL GENETICS AND THE STUDY OF GENE FUNCTI ON
Developing the genetic map and analyzing genetic markers at the
biochemical level are obvious first things to do using the tools of
somatic cell genetics.
More challenging experiments will soon follow.
A major goal of somatic cell genetics is to develop an understanding
of the regulatory mechanisms present in the cells of higher organisms.
Many of the critical questions of gene function can only be answered
by such techniques.
For example, are the genes that code for proteins
involved in the same biochemical pathway found in contiguous parts of
the chromosome in human cells as they are in bacteria? Can the operon
concept be extended to human cells: that is, are there groups of
proteins under common regulatory control and transcribed on the same
message? Are there in human cells regulatory elements analogous to
the operators, promoters and repressors found in bacteria? Are human
genes subject to positive and negative regulation? What novel types
of regulatory mutants and new types of regulation will be found in
human cells? Do redundant DNA sequences hold any clues about regulation? What is the role of histones in the regulation of gene function?
How are RNA messages transported into the cytoplasm? How is post~
translational regulation manifested:
that is, how does the cell
regulate the modification of synthesized polypeptides by cleavage into
smaller polypeptides, activation and assembly into fw1ctional proteins,
inactivation and degradation? It is likely that there are a number
of regulatory mechanisms at different levels in human cells.
Regulation may differ between structural proteins and specialized proteins
produced in the same or different types of cells.
The presence of
especially finely tuned regulatory mechanisms in human cells is
emphasized by the fact that individual parts such as ribosomes and
some mitochondrial enzyme systems (cytochrome oxidase and mitochondrial
ATPase) are under the dual genet ic control of mitochondrial and
nuclear genes.
It is almost certain that much attention will be
devoted to these p r oblems in the next few years using the techniques
of somatic cell genetics.
I believe that animal viruses will serve as
important tools for studying regulation in human cells, in much the
same way that phage have been used to study bacterial systems.
That
is, analyses of RNA and protein synthesis in cells of human origin
infected by viruses will be instructive about normal cellular processes.
I also think that sooner or later we will find transducing
viruses among the viruses harbored by human cells.
Transduction will
greatly expedite genetic analysis of the host cell as it has done in
bacteria and will provide the basis for a fine structure genetic
analysis of the human genome.
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The analysis of gene function using the techniques of somatic
cell genetics can be carried out using cells of any higher eucaryote;
however, I believe that cells of human origin will be the most extenThis is because of the obvious relevancy and because
sively studied.
To young scientists in particuthe challenges are more intriguing.
lar, this system and their viruses have the appeal that bacteria and
phage had to their mentors a generation earlier. The techniques are
being improved rapidly and a momentum is building up.

DIFFICULTIES WITH IN VI TRO STUDIES
Although I am imp,ressed with the possibilities that wi ll likely
become available for studying the nature, control and functioning of
the human genome through somatic cell genetic analysis, I have no
illusions that progress will come easily or rapidly. Working with
human cells in culture in general is slow and expensive as compared
with micro-organisms and there are a number of barriers that must be
overcome . The major barriers at the present time are the paucity of
good selective markers, the inability to control the process of
chromosomal segregation and rearrangement and the lack of a good
method for detecting recombination between genes on the same chromosome. As I indicated earlier, these are the areas where much effort
is needed now.
An irony we must cope with in somatic cell genetics is diploidy.
On the one hand, unless a somatic cell is diploid we can't consider
it normal, but if it is a normal diploid, recessive genes are not
Methods have been developed which
expressed unless homozygous.
should increase the number of genetic markers available but they are
For example, a method for isolating
limited because of diploidy.
nutritional deficiency mutants has been developed (KAO and PUCK
1968). In this method, cells are mutagenized and nutritionally
deficient mutants are selected on the basis of differential susceptibility to visible light of di vi ding cells which have 5-bromodeoxyuri dine incorporated into their DNA. In practice such mutants can be
detected in heteroploid lines which are effectively monosomic for some
Similarly, X chromosome mutant cells obtained
of the chromosomes.
from males can be screemed and selected. If it were possible to clone
haploid cells of germinal tissue origin, this would be helpful in many
ways.
We still must be very cautious in somatic cell genetics and
learn to distinguish between genetic and epigenetic phenomena. While
the techniques and approaches developed with bacteria can be extrapolated to study human cells in culture, we must be cautious when
extrapolating concepts, particularly regulatory concepts, from
Several examples are known in which
bacterial to human systems.
genes are expressed in vitro that are not expressed in vivo. For
example, uncultured human leukocytes contain no detectable cystathionine synthase, but the addition of phytohemagglutinin to short
term lymphocyte culture results in significant induction of enzymatic
activity (GOLDSTEIN et al. 1972). This same enzyme also is present in
active form in cultured fibroblasts, but there is no enzymatic activity
in" the original skin biopsy from which the culture is started. Long
discussion can be held on whether or not cells of human origin but
grown in culture are really normal. It may be a prerequisite for in
vitro growth that only those cells grow that mutate and adapt to culture conditions by natural selection. The micro environment of a
culture with respect to pH has recently been shown to be very important (CECCARINI and EAGLE 1971). Do alterations of the medium induce
parts of the genome to be expressed that are not expressed in vivo?
What complications arise from the fact that many studies are done on
interspecific hybrids? How can we distinguish a new expression of a
gene from mutation, i.e. DNA alterations? Distinguishing genetic
from epigenetic phenomena is something we will have to resolve before
Perhaps we
too much effort is expended in somatic cell genetics.
shall have to use more frame shift mutagens, CRMs, complementation
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tests, etc. to verify DNA changes: That w: are dealing with curious_
phenomena of expression of genes in cells in c~lture ha~ be:n shown in
a recent experiment on mutation rates in somatic cells in vitro
(HARRIS 1971). Using fluctuation tests of the LURIA-DELBRUCK type,
HARRIS examined the frequency of spontaneous variation in cultures of
diploid tetraploid and octaploid Chinese hamster cells. As markers
he used'resistanc e to 8-azaguanine and altered response to heat shock.
He found that there is essentially no difference in the rate o~ mutation in 2N 4N and SN cells which is not what we would expect if we
assume nor~al dominant, co-dominant and recessive expression of gene
changes.
As indicated earlier I am emphasizing .in this presentation the
use of cells of human origin as the experimental system, but many of
the questions I have raised can be a~swered using cell~ of other
I also wish to point out that~ believe som:
mammalian origin.
interesting studies using the techniques of somatic cell genetics
I don't know why_
will be carried out using cells of plant origin.
development of these techniques is going so slowly, but_I am particularly impressed with the possibilities offered by starting cultures
from pollen grains .
STRUCTURE AND ORGAN! ZATI ON OF HUMAN CHROMOSOMES

Another area where I believe much attention will be focused
during the next few years is the structure and organization of human
The chromosomes of higher organisms, particularly those
chromosomes.
of man, are very complex. They contain much more DNA than bacteria
and much of this consists of nucleotide sequences that are repeated
many hundreds or thousands of times (BRITTEN and KOHNE 1968). The
significance of these repeated sequences is an intriguing puzzle.
Repeated sequences in DNA are recognized by their reassociation rate
after experimental separation. The degree of repetition varies
Thermal stability studies of
greatly from species to species.
reassociation molecules indicate that within a species there are
families of repeated DNA sequences and that members of a family are
similar but not identical. Some families of repeated sequences are
common to the DNA of different species, other families seem to be
unique. Repetitive sequences of DNA are found throughout the genome
(PARDUE and GALL 1970). Do these regions code for certain proteins?
Do they have a special role in DNA replication? Do they have a
special role in RNA synthesis? Do they have a special role in the
mechanics of chromosome movements? Are specific genes replicated
many times in differentiated cells in order to increase the number of
DNA molecules coding for specific proteins? How are mutations manifested in tandomly repeated genes? Almost nothing is known about the
function of redundant DNA but an attractive model has been suggested
by BRITTEN and DAVIDSON that the repeated sequences are the genetic
regulatory elements of eucaryotic cells (BRITTEN and DAVIDSON 1969).
The genes for ribosomal RNA, tRNA, 5 sRNA and probably histones are
present in cells in multiple copies but they make up a small portion
of the redundant DNA of somatic cells (BIRNSTIEL et al. 1970, RITOSA
and SPIEGELMAN 1965, BROWN and WEBER 1968).
Almost nothing is known about the mechanism or the enzymology
of DNA replication in human cells, but it is known that each chromoIn other
some contains many sites of initiation of DNA synthesis.
words the unit of replication in higher organisms is much smaller than
the chromosome. These units are called "replicons" and attention
should be given to tqeir nature. This will involve detailed chemical
studies of whole chromosomes and the DNA molecules isolated from
Cell-free systems will have to be developed to study DNA
them.
replication and the DNA polymerases, exonucleases, endonucleases,
ligases, etc. involved in human DNA metabolism.
In the chromosomes of higher organisms the DNA is complexed
with basic proteins, histones and protamines. Little is known about
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the coupling between synthesis of the histones and DNA. The histones
have been known as components of chromosomes for a long time, but
their role in chromosome structure and function is still a mystery
and insight into their role will be rewarding. Understanding of the
supramolecular organization of chromosomes may hold the answers to
chromosome folding, contraction, extension and separation and movement
during cell division. It seems likely that chromosome movement is
directly involved with spindle microtubules. More attention should
be given to the chemical nature and structure of mic~otubules, and
how they interact with chromosomes. This could include studying the
interaction of isolated microtubule subunit protein with isolated
chromosomes or their components to determine the nature of the
chromosome substructure that interact with the spindles.
Finally, we can ask what is the meaning and chemical basis of
heterochromatin.
CONCLUSION

In closing let me state that the problem areas I have mentioned
are selected areas and no attempt was made to indicate priority
ranking with respect to importance. All of them are of major significance . I identified those problems that I believe will provide marked
challenges to geneticists and that I believe will be most attractive
to younger investigators. This list was oriented to problems at the
sub - cellular and cellular l eve l. This is not to imply that problems
at the individual or population l evel are not challenging or significant. They are. But I think they will receive less attention than
the problems I mentioned. You will notice that I never referred. to
the solution of problems, only better understanding. This is because
we are concerned with systems that by and large the more we learn
about, the more we realize there is more to learn.
By way of summarizing let me highlight those problems in which
I think we will get considerable understanding in the next 5-10 years,
some of which I referred to only by innuendo earlier. More progress
will be made with problems at the sub-cellular level than at the
cellular level. At the subcellular level these are understanding of:
(1)
(2)
(3)
(4)

(5)
(6)
(7)
(8)

the replication of DNA
the structure of chromosomes
the significance of redundant DNA
the meaning of nucleic acid sequences as punctuation and
control elements
regulation of the expression of genes
the structure of mitochondria and understanding of its
genetic system
the structure of membranes and understanding of genetic
and epigenetic variab le s
how antibody variety is generated.

At the cellular level these are understanding of:
(1)
(2)
(3)
(4)
(5)
(6)
(7)

mechanism and control of cell division
intracellular geometry
immune tolerance
cell recognition
genetic programming of patterns
influences that produce and maintain gradients
genetic programming of neural synapsis and their modification.

Some of these problem areas may seem
biology than genetic biology but I believe
disappear during the next 10 years. There
has a decade of exciting discovery to look

more in the domain of cell
these distinctions will
is only one biology and it
forward to.
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