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This publication is issued in commemoration of the late Lewis John Stadler,
Professor of Field Crops at the University of Missouri and geneticist for the U. S,
Department of Agriculture. Dr. Stadler died on May 12, 1954, after 4 prolonged
illness. On February 3, 1955, the Missouri Chapter of Sigma Xi, in collaboration
with Gamma Sigma Delta, the honorary society of agriculture, held a *Stadler
Memorial Lecture” with Dr. G. W. Beadle as the chief speaker. This lecture on
“Gene Structure and Gene Function” and Dr. Stadler’s last paper on *The Gene"
are presented in full.

It was thought appropriate and desirable to print also a foreword given at the
lecture by Dr. H. E. Bent, Dean of the Graduate School, University of Missouri,
and a biographical statement of appreciation of Dr. Stadler by one of his former
students, Dr. Jobn R. Laughnan, Chairman, Department of Botany, University
of Wlinois. A complete bibliography of Dr. Stadler's publications is appended,

A. E. Murneck, President
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The Career of Lewis John Stadler

by Jobn R. Laughnan, Chairman
Department of Botany, University of Illinois

Lewis John Stadler, geneticist extraordinary, died in Barnes hospital in
St. Louis, May 12, 1954. During his career, the end of which is the more
tragic for its brilliance, Stadler designed and executed genetic experiments
which were remarkable for their scrupulous attention to detail and distingu-
ished by the fundamental nature of the problems under investigation. The
briefest of conversations with him sufficed to impress one with the gravity
of his thoughts and the singular degree of mental and verbal acuity which
he brought to bear on their expression. Many were the discussions in learned
groups to which he lent orientation and improved focus and it is doubtful
whether there are any geneticists who did not experience in his presence a
serious challenge to their powers of imagination and reasoning.

Stadler came to the University of Missouri in 1917 from the University
of Florida where he received his B.S. degree in Agriculture. His research
activities during, and shortly after, his graduate years (1917-1922) at Mis-
souri dealt primarily with breeding methods in corn and small grains and
with test-plot design and error analysis as applied to these crops. Following
these studies his research pursuits turned abruptly toward the investigation
of more fundamental genetic problems, the first of which dealt with the vari-
ability of crossing over in maize, published in 1925 and 1926. At this time
Stadler was engaged in the initial studies on the genetic effects of X-rays in
barley and maize which were pursued concurrently with those by H. J.
Muller in Drosophila. The co-discovery of the mutagenic effects of X-rays
was hailed widely for its significance in both basic and apgl ied areas in
genetics, but Stadler’s own inspiring researches over the next decade carried
on primarily with maize, were to indicate that X-ray induced genetic changes
in maize are extragenic in nature and are not to be confused with gene
mutations. The subtle differences which in many cases distinguish the X-ray
induced mutants as extragenic events are reminiscent of the anomalous
situation which existed for so long in the cases of the Oenothera mutations.
Under the scrutiny of one less gifted they could easily have gone unrecog-
nized. It was these subtle differences whose elucidation required detailed
and exhaustive analysis at specific loci which convinced Stadler that the
statistical approach to the study of gene mutation carried on en masse at
large numbers of loci is fraught with serious dangers of misinterpretation.

While Stadler retained a research interest in the problem of the nature
of X-ray effects, the consistent recovery from this source of derivatives which
could be excluded as having an extragenic origin led him and his coworkers
to investigations of the genetic effects of ultraviolet radiation. With F. M.
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Uber he showed that the acrion spectrum for genetic changes in the ultra-
violet corresponds closely with the absorption spectrum of nucleic acids.
With ultraviolet radiation he obtained rare mutations at specific loci which,
under critical analysis, could not be distinguished from gene mutations.
Even so, because of the preponderance of extragenic effects from this source,
he was not convinced that these rarer types were in fact gene murations. For
this reason his research endeavors during the later years of his career turned
toward intensive analyses of spontaneous mutation at specific loci, notably
A and R in maize. His earlier published data on spontaneous muration rates
at certain selected loci in maize are classical and still widely quored; yet his
own later studies indicating that the muration rate at the R locus is strik-
ingly influenced by modifiers, the first evidence of its kind in maize aside
from mutable gene systems, lent a more dynamic aspect to the problem of
gene mutation.

In recent years, and at the time of his death, Stadler’s attention was
given to an analysis of the clustered genic elements at the R locus which,
because they are associated with rare crossovers, are a confounding influence
in the studies on spontaneous mutation. His final work, “The Gene,” which
he completed shortly before his death, is a summing up of his explorations
in pursuit of the nature of this fundamental biological entry and of the
elusive changes which it undergoes.

Perhaps because he was so persuasive in his arguments in support of
fundamental research, genericists are not generally aware of Stadler’s con-
tribution in the applied area. He was primarily responsible for the discovery
and development of Columbia oats, which for two decades since its release
in 1930 has been a superior oat variety in the southern Corn Belt. More
recently, Stadler innovated the gamete selection method in the development
of inbred lines of corn, a technique designed to rake advantage of crosses
to present elite lines in selecting superior gametes from varietal populations.

It is difficult to assess adequately Stadler’s influence in genetics and
elsewhere in scientific circles; moreover, an account of this sort directed to
geneticists would be superfluous. My own high regard for his contribution
to our science is rivaled only by the personal admiration I feel for him.

Dr. Stadler is survived by his wife, Cornelia Tuckerman Stadler, five
sons, Tuckerman, Henry, David, John and Eliot, and daughter Joan.
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Dr. Stadler’s Contribution
to University of Missouri

A Foreword by H. E. Bent,
Dean of the Graduate School
University of Missours,

The magnitude of the contribution of Professor Lewis J. Stadler to the
the program of the University of Missouri and especially to the Graduate
School, makes most appropriate the recognition by the University in some
formal way of its great debt to one of its distinguished scientists.

The life of Lewis Stadler reminds us most pointedly of the nature of a
great University. In the hurry and worry, in the complexity and endless
detail of modern life it is all too easy to forget the essential features which
go to make up a great institution.

It is difficult to imagine the operation of the University of Missouri
withourt a president and many administrative and business officials. Yert these
do nort constitute the real University. It is impossible to imagine a university
carrying on without buildings and equipment, both books and scientific
apparatus. But these are inert objects until brought to life by the touch of
a human mind. It would be a strange institution which did not have a large
body of students with their endless activities, social life, recreation, lectures
and final examinations. But none of these constitute a great university or
even a part of a great institution until it has a company of scholars compos-
ing an outstanding faculty.

Lewis Stadler reminds us that the real University of Missouri is essen-
tially a company of scholars, that all administration, all buildings and books
serve merely to make these scholars more effective. Thar all students who
come to the campus for an education come here for the influence which
faculty can have upon them—upon their abilities to observe and reason, to
- form judgements and choose values and to put these together in effective,
creanve ﬂCthltY.

These are the important functions of a university, but are slow to be
achieved, and at no time are conspicuous. Hence, the importance of giving
them the greatest possible emphasis by exemplifying their achievement in
the life work of an individual.

Lewis Stadler’s great contribution to the University of Missouri was
the stature which he achieved as a scholar and as a scientist. No higher con-
tribution to the University can be made by any individual. He was recog-
nized as an authority in Genetics, not only on this campus but throughout
the nation and the world. This is not simply a proud boast of the University
of Missouri bur is substantiated by the fact that he was called upon to serve
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on narional and international commissions. The National Research Council
frequently called upon him to serve on important committees. His election
to the National Academy of Sciences and to the Presidency of Sigma XI
were awards of the highest honor. Participation in the International Con-
gress of Genetics indicated the high esteem in which he was held by foreign
scientists. Scientists frequently came to our campus for the purpose of dis-
cussing their research problems with one who was able to grasp quickly the
significance of problems and difficulties outside his own field and to make
constructive suggestions of great value. As a scientist his stature is seldom
equalled.

The University of Missouri may well take great satisfaction in these
achievements of 2 man who is almost unique in having been identified so
continuously with one institution. True, he taught or studied for a short
time at outstanding institutions such as the California Institute of Technolo-
gy and Harvard University. Bur essentially Lewis Stadler was of the Univer-
sity of Missouri. He came here as a student and devoted almost his entire life
to teaching and research on this campus.

More specifically, he acted as an important advisor for many aspects of
our graduate work. For many years he was a member of the Board of Editors
of The University of Missouri Studies. As Dean of the Graduate School, I
am happy to express my own debt to his good judgment and unfailing wil-
lingness to render assistance in connection with the graduate program of
the University. My need for counsel and advice very frequently took me to
Lewis Stadler’s office where I met with a cordial welcome and received the
sound judgment and wise counsel which I came to expect from such visits.

Most conspicuously on the campus, we observe the program which
Professor Stadler established in the field of Genetics. Only a handful of
institutions can boast of comparable work supported by such able scientists
as are at the University of Missouri. In any institution, the development of
such a program is a great achievement. At the University of Missouri it is
particularly noteworthy when for a number of years it has been difficult to
receive the kind of financial support which would make such development
easy. Only those intimately familiar with the organization and finances of
the Institution can appreciate the competition for funds, the pressures for
support of new programs as well as for those long established, and the
limitations of finances which made the development of a new program next
to impossible. Only by continued effort within the Institution and the at-
traction of outside financial support could this program have been accom-
plished. This achievement is a tremendous tribute to the perseverance of
Lewis Stadler and the soundness of his research program. He left us with a
building and equipment adequate for the support of important research, and
a reputation not only to be proud of but also to serve as a high standard to
stimulate our best efforts for the future.
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Perhaps the most significant contribution which Professor Stadler made
to the graduate program of the University of Missouri was in his clear
perception of the proper role of research in a University program. With a
steadiness of purpose seldom equalled, he pushed forward the development
of the science of Genetics by work of the most fundamental characrer.

Although far from indifferent to human needs or the value of applied
research, still he never allowed these distractions to interfere in any serious
way with his major activity. In this he demonstrated his poise and good
judgment when confronted with one of the distressing paradoxes of life,
namely, how to remain sympathetic to human needs and the insistent de-
mands for solutions for practical problems while at the same time keeping
clearly in mind that ultimate success in the solution of all of our human
problems depends upon keeping our eyes fixed upon a more distant goal.

His was a strong and abiding belief in the dignity of scientific investiga-
tion as the greatest expression of the human spirit, and a confident belief in
the eventual importance of the development of the science of Genetics. This
significance was never narrowly interpreted only in terms of dollars and
cents or even in immediate increased human comforts, but more widely to
include a richer intellectual life in the broadest sense for the entire com-
munity.

This emphasis of Lewis Stadler’s is particularly significant at 2 time
when society is placing great pressure upon investigators and when the need
for immediate results tends to distort the normal growth of a science. These
pressures come from many directions. At the moment, the most insistent
pressure arises from the conflict of ideologies which places us in a peacetime
state of preparedness never before experienced by our country. Added to
this is the need to increase food production at a time when the world’s pop-
ulation is increasing more rapidly than our ability to produce and we have
an imposing force in the direction of diverting research to immediate results,
Finally, there is the ever-present desire to justify to society the investment
of large sums of money in fundamental research.

The total of these demands produces a compulsion which only the most
resolute investigator with great confidence in his ability to produce impor-
tant fundamental work can resist.

It is not possible to sum up in a brief statement the achievement of
Professor Stadler. To a remarkable degree his whole life and all of his ener-
gies were devoted to his scientific activities. Only a description of his entire
life would do justice to his achievement. The University of Missouri is
fortunate in having had Lewis Stadler as a member of its faculty and will
long remember his achievements and profit by his influence.
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The central problem of biology is the physical nature
of living substance. It is this that gives drive and zest to the
study of the gene, for the investigation of the bebavior of
genic substance seems at present our most direct approach to
the problem.

Lewis J. Stadler, 1954

Gene Structure And Gene Function®

A LECTURE DEDICATED TO DR. STADLER

by George W. Beadle
California Institute of Technology
Pasadena, California

Biology teaches that a living creature can
be at least partly understood in terms of a
large number of molecules and macromole-
cules intricately organized spatially and cap-
able of raking part in numerous chemical re-
actions by which the integrity of its strucrure
is maintained and by which it carries on its .
many life processes. Unlike a non-living sys-
tem it has the ability to requisition selectively
and systemarically from a suitable environ-
ment a heterogencous array of raw materials
and a supply of energy which are used for its
repair, operation, and reproduction.

Modern genetics holds that the primary guidance of the delicately
balanced and elaborately interrelated processes of development and function
comes from genetic material carried in the microscopic thread-like chromo-

*It is with a deep sense of humility thar the author dedicates this lecture to the mem-
ory of Lewis J. Stndlir. Science and the society of which it is a part owes much to him.
He devoted a large part of his remarkable intellecrual ability and energy to investigations
on the nature ofgtijc heredirary marerial. His contributions are of great sigrificance. He
was critical in his judgments and impatient with intellectual looseness. In his writin
and speaking he was clear and honest. He added to these basically fine qualiries a fricncE
liness, modesty and warmth that those who had the privilege of knowing him can never
forger.

& This published version of the Stadler Memorial Lecture has been considerably modi-
fied and added 1o as compared with that presented orally at the University of Missouri
on February 3, 1955.
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somes of the cell nucleus. What this material is, how it is reproduced, the
manner in which it functions, the mechanisms of its transmission from one
generation to another, and what its role is in the process of organic evolution
are basic questions in the science of genetics (25). Progress in answering
them has been so rapid in recent years that concepts fundamental to all of
biology require revision.

The Austrian abbot, Gregor Mendel, who published the results of his
studies on inheritance in the garden pea in 1865, laid the foundations of
modern genetics. To account for varietal differences in this plant, he post-
ulated a series of discrete hereditary units, now called genes.

The geneticists and cytologists who followed him —beginning with
the “rediscovery” and full appreciation of his work in 1900—have shown
that the rules he so clearly formulated apply in principle to many kinds of
organisms. In fact, it now seems a reasonable assumption that if one allows
for differences in life cycle, the hereditary material is basically similar in all
living things—peas, corn, flies, molds, protozoa, bacteria and even viruses.

In all of these forms the hereditary material is arranged in microscopic
or even submicroscopic thread-like bodies called chromosomes.

In maize (Zea mays), to take as an example the organism with which
Stadler worked, there are present in nuclei of all cells of the plant ten kinds
of chromosomes. In the cells of the sporophyte of corn (the plant we see),
there are two sets of ten. In spore formation, the number is reduced from
two sets to one by two special cell divisions known as the meiotic divisions.
Gametes—egg and sperm nuclei—also contain one set each. On union of
egg and sperm nuclei ar fertilization, two sets of ten again come rogether in
a single nucleus.

In each chromosome there are many genes, probably hundreds or thou-
sands, each of which appears to occupy a fixed and special position known
as a locus. These positions are defined in two ways. The order and spacing
of the genes in a single chromosome is found by techniques of detecting
linkage and measuring recombination frequencies that are so simple in prin-
ciple they are regularly taught in beginning biology courses. That these
positions are correct and referable to chromosomes as seen under the micro-
scope can be verified by slightly less simple methods of correlating visible
chromosome abberations—such as deficiencies, duplications, translocations
and inversions—with genetically detectable aberrations in gene behavior.
For example, absence of a specific small segment of chromosome can some-
times bé causally related to absence of a specific gene.

The existence of a specific gene can be inferred genertically only if it
exists in two forms (alleles) that have detecrably different effects on the or-
%‘anisrn. In maize, for example, the R gene is known to be necessary for the

ormation of a purple anthocyanin pigment in the endosperm of the kernel
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because this pigment fails to appear if in all cells of the endosperm of the
kernel the r allele is substituted for its dominant counterpart. A study of
the linkage relations of the R gene shows it is always located in a specific
place in the renth chromosome. '

Like many other genes, the R allele is known to be murable (31). If
thousands of descendants of chis allele are investigated in a suitable manner
an occasional instance will be found in which R has apparently spontane-
ously changed to an 7 allele. This particular mutant change lends itself to
investigation because it is detectable in the seed stage and hence many thou-
sands of individuals can be observed for possible mutations. The frequency
of the change varies from strain to strain.

So far we have used the term gene rather loosely. Can we define it pre-
cisely? This is a question to which Stadler devoted much attention. As we
shall see the answer is not easy to arrive at although there are several ways

of approaching it.

The Gene as a2 Unit of Crossing Over

The R gene can be defined in terms of its location in the 10th chromo-
some. In this way it can be distinguished from other genes that influence
anthocyanin synthesis in the endosperm. Thus the gene C is also essential
for the formation of this pigment in the endosperm. If its recessive allele ¢
is substituted for C. no anthocyanin pigment is produced. C can be shown to
be located in chromosome 9. Hence if both R and C are segregating in a
single plant, they do so independently. By virtue of their different locations
they can be said to be different genes. The same experimental method can be
used to differentiate genes within a single chromosome, even when they are
only a fraction of a crossover unit apart. On this basis genes can be said to
be entities that behave as units in recombination, whether they segregate in-
dependently or are linked.

The Phenotypic Tests for Allelism

If one has two strains of maize with no anthocyanin in the endosperm,
both differing from a colored strain by a single recessive gene, the question
of whether they differ from the colored strain by the same or different genes
can be determined by crossing the two colorless lines. If they both carry
recessive alleles of the same gene, the first generation hybrid is expected to
be colorless. But if they carry recessive alleles of different genes, a colored
seed is expected to be produced in the first generation. Using genes Rand C,
these two results are symbolized as follows:
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Alleles: CCrr x CCrr
(whire-1) (white-2)

CC rr (white)

Separate genes: CCrr x «RR
(white-1) (white-2)

Ce Rr (colored)

Although there are notable exceptions, this test usually gives the same
answer as the location test—that is, genes occupying different loci are not
allelic by the phenotypic test for allelism, whereas those found by the posi-
tion test to be at the same locus are alleles.

Multiple Alleles

Early in the history of genetics is was discovered that some genes can
exist in several allelic states. A classical case is that of white eye in the fruit
fly Drosophila. There are a series of recessive eye-color mutants, ranging
from the dark red of the wild fly to white, that by both the location and alle-
lism test are differentiated from the normal red eyed fly by different alleles
of the same gene. These alleles can be arranged in a graded series both with
respect to eye pigmentation and dominance. Alleles that give more pigment
are dominant to those with less. But no combination of two murants gives
complete wild-type pigment. '

As more refined methods of detecting differences in end effects become
available, so many examples of multiple alleles are found that one is tempt-
ed ro generalize that all genes can exist in many allelic states.

The R Locus

Early in his studies on plant pigment inheritance, Emerson (9) found
that there exist at the R locus different states of the genetic material that in
some ways behave as different genes and in other ways as multiple alleles.

In addition to the R 7 pair of alleles concerned with kernel pigmenta-
tion, there was found a closely related pair of alleles concerned with antho-
cyanin formation in the stem and certain other parts of the plant. When the
simple allelic test is made by crossing a plant with green stems and purple
kernels with one possessing red stems and white kernels, the first generation
kernels are purple and give rise to red-stemmed plants. This suggests sepa-
rate genes for pigmentation in the two parts of the plant.
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But early location tests showed that both genes are in the same place
in the chromosome and either do not separate by crossing over or do so with
a frequency so low as to be experimentally difficule to detect. Thus the
hybrid between purple-seeded, green-stemmed and white-seeded, red-
stemmed strains produced only two types of gametes, not four as would be
expected if two genes were involved. The recombinant gametes expected
(for color in both or neither of the two plant parts) if the two genes were
located in separate positions, were apparently either very rare or did not
oCour.

In spite of this absence of crossing over there are found among the
many varieties of maize that have been investigated the combination in
which both seeds and stems are colored and that in which both are colorless.
In these also the two pairs of genes are inherited as units.

In general it is found that the several alleles of a single multiple allelic
series are concerned with the same character. Partly because of this and part-
ly because little or no crossing over was found between seed and plant color,
the genes concerned were treated as multiple alleles and given the following
symbols:

Kernel Stem
R* colored red
R*¥ colored green
r colorless red
r colorless green

Actually, several additional states of the locus are known and these too
have been interpreted as being R alleles. We see, therefore, that the use of
the # allele in the phenotypic test for allelism with R* and 7* results in an
interesting ambiguity. R®/7% has colored endosperm and green stems, thus
indicating allelism. /7 has colorless endosperm and red stems, again in-
dicating allelism. But it will be recalled that the R¥/r" combination has color
in both endosperm and plant stem, thus indicating separate genes. All re-
sults are formally consistent with the assumption that there are two closely
linked but non-allelic genes with 7% being inactive for both, i.c., 2 double
murtant.

In part because of results like those just described Stadler selected the
R locus as one of several that he and his associates investigated in derail in
their attempts to learn more about the nature of the genic material. Some of
the resules will be summarized below.

Gene Mutation

One method of finding out about genes is through a study of their
mutational properties. The frequency with which genes mutate spontancous-
ly is variable from species to species, from one genetic type to another within



RESEARCH BULLETIN 588 15

a species, from gene to gene within a species, and from one environment to
another for a given gene in a particular species. The development of meth-
ods of measuring mutation rates quantitatively was an important step in
genetic studies. H. J. Muller and Stadler were pioneers in this; Muller used
Drosophila as experimental material and Stadler used maize.

Stadler was one of the first to measure spontaneous rates of mutation
for specific genes. For this he used a series of genes affecting endosperm
characters. In this way he was able to obtain the necessary large populations
without inordinate labor and expense. Recently, methods have been develop-
ed for measuring mutation rates in microorganisms in which, by using
enrichment culture techniques, even larger numbers can be used than with
flies or maize.

Excluding so-called unstable genes, spontaneous muration rates are
found to vary from more than 1 mutation in a thousand genes per life cycle
to less than 1 in a billion.

It has now been known for more than a quarter of a century that mura-
tions can be greatly increased in frequency by high energy radiacion. This
finding, which opened the way to many significant advances in genetics,
was made independently and almost simultaneously by Muller and by
Stadler. More recently it has been found that murtation frequencies can be
increased by treatment with a number of chemical substances (8).

The results of early experiments on the mutagenic effects of high energy
radiation were interpreted at first in terms of the so-called single hit hypo-
thesis—that ionization or excitation in or very near a gene was necessary
and sufficient to induce 2 mutant change. This interpretation, plus a con-
sideration of the observed effect of temperature, leads to the elaboration of
a physical model of the gene. In this there were two important sources of
error that initially were not recognized.

First, it is now known that genetic effects of radiation are at least partly
indirect. X-rays and ultraviolet, for example, produce extensive formation
of highly reactive free radicals throughout the protoplasm of the cell. These
may then produce secondary effects including changes in genes. A second
source of error that has been particularly stressed by Stadler (33) is the fact
that many of the murations produced by ionizing radiation involve mechan-
ical rearrangements of the genic material. Many of these—large transloca-
tions, large inversions and large deficiencies, for example —can be detected
fairly readily genetically or, in favorable material, by cytological examina-
tion. As Stadler has insisted, however, there is at present no known way of
distinguishing such mechanical effects from true gene mutation, especially
in those cases where the former are very small. The experimental evidence in
maize, the life cycle of which is very favorable for screening out certain cate-
gories of mechanical rearrangements, suggests that very few or perhaps no
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gene mutations of the kind that involve slight qualitative changes are pro-
duced by X-rays. Evidence from other organisms does not seem entirely
consistent with such an extreme view but Stadler’s point is nevertheless well
taken that there is no experimental way known at the present time of dis-
tinguishing true gene mutation from less subtle mechanical effects.

For these reasons Stadler emphasized the desirability of studying muta-
tions that arise spontaneously.

Mutation Studies on the R Gene

If at the R locus there are two genes so closely linked that they rarely
separate by crossing over, one concerned with plant pigmentation and the
other with pigment formation in the endosperm, they might well be expect-
ed to show independence as regards mutation. With qualifications Stadler
(31, 32) found this to be the case. If spontaneous mutations of the R” allele
are obrained in appreciable numbers, it is found that they are to 7" or R®
alleles in the great majority of cases, not to 7%

This suggests separate units that are independent in their muration.
But in 2 furcher experiment in which crossing over was followed between
markers on the two sides and close to the R locus at the same time the R
murtants were detected (34, 35), the significant finding was made that R”
mutation to R® or to 7" is frequently accompanied by crossing over at or near
the R locus. Stadler and his coworkers have interpreted this in terms of a
model in which R" consists of two adjacent units, called P (for plant color)
and S (for seed color), that are sufficiently closely related strucrurally and
oriented properly to permit pairing and crossing over between them. Al-
though both are somehow related to anthocyanin synchesis, they cannot be
functionally identical because they are active in different parts of the plant.
The crossover mutations of R™ to R® and »" are postulated to occur by process
of unequal crossing over as follows:

S (R®)

PPS (R7)



RESEARCH BULLETIN 588 17

P ()
PS
""" —
PS
PSS (R*)

If this interpretation is correct, the § crossover mutant (R*) should not
be able to give an #* mutant by crossing over with PS (R") but the R"— 7"
mutant should occur by crossing over in the same combination. Limited
results so far reported from experiments designed to test this prediction are
consistent with the hypothesis (34).

Because not all mutants of R” are accompanied by crossing over it seems
necessary to assume that both P and § are capable of mutating to che so-
called “null” forms p and s in a conventional gene mutation manner, iLe.,
without crossing over (33).

A somewhat similar situation has been known for many years in the
case of unequal crossing over at the Bar locus in Drosophila. This phe-
nomenon was postulated by Sturtevant on purely genetic grounds and later
verified cytologically by Bridges. In the original Bar mutant, which arose in
an experimental culture, the duplicate segments are presumed to be identical.
But through a subsequent genetic change, one of the segments became mod-
ified through what is assumed to be point gene mutation. Thus in the
secondary mutant, known as Infrabar, the duplicate segments are funcrional-
ly somewhat different bu still Synapnca]ly equivalent.

A second locus in maize that is in some ways like the R locus has been
investigated in detail by Laughnan (20), a former student of Sradler’s.
Using essentially similar methods, Laughnan has postulated that at this
locus there are two segments, called & and 8, concerned with pericarp pig-
mentation and with anthocyanin formation in the endosperm and other
parts of the plant. In this case, too, unequal crossovers occur with a fre-
quency of about one per thousand chromosomes.

In all of these cases, thorough study of the mutation process has added
significantly to our knowledge of the hereditary material. The question as
to how general are cases of this kind in which tandem duplications permit
unequal crossing over cannot be answered at present. In addition to the Bar
tandem duplication, there are several cases in Drosophila that are known or
suspected of being similar in principle. All of these arose in the laboratory
as mutant types. This plus the fact that the R and A loci were initially select-
ed for study because of their unusual properties, suggests that tandem dupli-
cations that give unequal crossing over may not be of frequent occurrence in
normal populations.
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Pseudoallelism

There are found in Drosophila and a number of other organisms (21,22)
instances in which genes with what appear to be closely related functions
lie veey: close together in the chromosome but are still separable by crossing
over. Unlike the R and A loci in maize they do not give unequal crossing
over. The members of certain such clusters have been called position pseudo-
alleles by Lewis, who interprets them in terms of separarte genes, the func-
tions of which are related in a way that requires them to be physically close
together. For this reason if mutant pseudoalleles that are contiguous are
carried in the separate chromosomes of a pair, they result in a mutant pheno-
type. Thus if A and B are pseudoalleles of this type, the so-called trans-

double hcttrazygmte,ﬁwiﬂ be of a mutant appearance, while the cis-
Ab

B . ..
, is often normal or more nearly so than is its trans-coun-
ab

genetic type,

ter part.

In Drosophila in which somatic pairing of chromosomes normally oc-
curs the A and B pseudoalleles in the trans-configuration can be still further
separated if somatic pairing is reduced by a chromosome rearrangement.
When this is done, the deviation from normal of the trans-type double
heterozygorte is often increased.

In the bithorax series of pesudoalleles, Lewis has demonstrated five
units separable by crossing over. Experimental estimates of the map dis-
tances between adjacent members give values of 0.003 to 0.01 units, i.e., in
normal flies one crossover is expected per 10,000 to 33,000 chromosomes.

It is postulated that the normal alleles of the five members function
in the control of an equal number of steps in a sequence of reactions neces-
sary for normal development. Each reaction is assumed to require as a re-
actant the product of the immediately preceding reaction in the chain. All
reaction products except the final one are believed to be labile or limited in
diffusibiliry to the extent that to serve as a substrate for succeeding reactions
the next reaction in sequence must occur in the immediate vicinity. Thus if
the gene that controls the reaction by which a given substrate is transformed
does not lie adjacent to the gene responsible for its production, the over-all
reaction sequence will be slowed down enough to interfere with the de-
velopment of a normal phenotype.

How frequent are such pseudoalleles within a smglf: species and how
widely distributed are they among different groups of organisms?

In Drosophila, a total of about ten cases of what appear to be pseudo-
alleles are known or suspected (22). Even in the series of alleles of the white
eye gene, mentioned earlier as the classical textbook example of multiple
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alleles, there is now evidence that there are at least two elements separable
by crossing over. As in other cases mentioned, there are two interpretations
possible: the one, advocated by Pontecorvo (28), that the white gene isa
single functional unit capable of mutation at two or more sites separable
by intragenic crossing over, or that of Lewis which postulates two or more
physically adjacent genes that are functionally closely related but separable
by intergenic crossing over.

In at least half a dozen other organisms, including higher plants, fungi,
and mammals (22) gene clusters are known that in one or more significant
respects suggest pseudoallelism. As we shall see later new methods have
recently been developed for the experimental study of the phenomenon in
bacteria and viruses.

Pseudoalleles of this type may well be related in origin to the tandem
duplications discussed in the previous section, but they differ in that they are
no longer synaprically equivalent and hence do not give unequal crossing
QvEr.

The Lewis interpretation assumes that the members of a pseudoallelic
group are separate genes in the sense that they are separable by crossing
over or chromosome rearrangements, that they are not equivalent synapti-
cally, that they are independently mutable, and that they possess different
funcrions. Their only special property is that their cooperative action re-
quires close physical proximity. It is this property that causes the phenotypic
test for allelism to break down when it is applied to them.

According to the interpretation advocated by Pontecorvo and others,
pseudoallelic clusters of the kind just discussed represent mutational changes
at different levels in a single functional unit. On this basis the murant na-
rure of the trans-heterozygote requires no special explanation for it assumes
that no normal allele of the gene in question is present. This hypothesis
preserves the validity of the phenotypic test for allelism but requires that
crossing over within the gene be possible. It forces one to make an arbitrary
choice as to whether to define the gene in terms of function or in terms of
units indivisible by crossing over. As will be made clear later the same op-
tion is presented by experimental evidence on gene structure derived in
other ways. It is entirely possible that for different situations both interpreta-
tions may be correct.

From the standpoint of the origin of new genic material in a species,
Bar, the R alleles, and the position pseudoalleles of Lewis might well be
representative of three stages in an evolutionary series. Starting with a tan-
dem duplication like Bar in which the component parts are functionally and
synaptically alike, one can readily visualize gradual divergence in function
through mutation in the duplicate segments to the stage represented by the
R case. Such duplications provide a mechanism by which new genically
conrrolled functions can be acquired through muration without the sacrifice
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of existing ones. Finally, it is not unreasonable to expect synaptic incom-
patability to arise either through accumulation of gene mutations or struc-
tural differences in the two segments.

Gene Function

Before considering further the question of gene structure it will be ad-
vantageous to consider briefly the matter of gene function. Early in the cen-
tury it was several times suggested —for example, by Bateson, Garrod.
Moore, Hagedoorn, Goldschmidt, Troland, Haldane, Muller and Wright—
that genes might function directly as enzymes or by producing enzymes.

One of the earliest cases of the genertic control of a specific chemical
reaction was that of a rare metabolic disease in man called alcaptonuria.
In affected individuals alcapton (2,5-dihydroxyphenylacetic acid) is excreted
in the urine (12). The disease seems to be inherited as a simple recessive.
In the absence of the normal allele of the gene concerned, the initial step in
the series of reactions by which alcapton is oxidized through aceto acetic
acid to CO, and H,O fails to take place, presumably because of lack of ac-
tivity in a specific enzyme. The evidence suggested a gene-enzyme-chemical
reaction relation to Garrod but the interrelations could not be more clearly
defined because little was known at the time about either the nature of genes
or that of enzymes.

Subsequently many additional instances were discovered and described
in which similar relations appeared to hold. These included such processes
as anthocyanin formation in plants, melanin formation in mammals, oxida-
tion of xanthophyll in mammals, eye pigment formation in insects, atro-
pinesterase activity in the rabbit, amylase activity in the silkworm. linam-
erase activity in clover, and a number of others. Systematic studies of strains
of molds, bacteria and other microorganisms with genetic defects in ability
to synchesize such essential metabolites as vitamins, amino acids, purines,
pyrimidines. etc. have indicated that a great many biochemical reactions are
normally dependent on the activity of specific genes.

As a generalization from investigations of the many metabolically de-
fective mutant types that differ by single genes from the type from which
they arose and that can be interpreted in terms of lack of activity of 2 parti-
cular enzyme, the so-called one gene-one enzyme hypothesis was formulated
(17). This holds that aside from duplicating itself, the activity of a given
gene consists solely in directing the specificity of an enzyme. Or in 2 more
general form, the hypothesis holds that genes are unifunctional and serve
to determine the specificities of macro-molecules such as proteins.

No attempt will be made to review the evidence for and against the
unifunctional hypothesis of gene action. This has been done elsewhere (6,
13, 17). Regardless of whether it is correct or not—or is a much oversimpli-
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fied but basically correct view —this hypothesis has abundantly demonstrat-
ed its usefulness in experimental work in chemical genetics.

Genes and Hemoglobin

An example of a gene in man that appears to function in controlling
a particular protein is that concerned with sickle cell disease (26, 27). In this
disease, largely confined to populations in central Africa, southern India and
a region of Greece, or descendants of these peoples, there is present an ab-
normal form of hemoglobin (called S) that differs from normal hemoglobin
(called A) in its electrophoretic mobility (27). In terms of their adult hemo-
globins the following three genotypes are known:

55 normal A hemoglobin
5s mainly S hemoglobin
Ss both A and S hemoglobin

S hemoglobin appears to possess 2 to 4 less free carboxyl groups per
molecule than does A hemoglobin (30).

Since § § individuals do not often live to reproduce unless given very
special medical care, including rather frequent blood transfusions, there is
strong selection against the § allele. Until recently, therefore, it was difficult
to understand how the incidence of § 5 individuals could be as high as 40%
in certain tribes of central Africa. If mutation from s to § were responsible,
the rate would have to be very high in certain small populations and very
low elsewhere.

The explanation now appears to be that § 5 individuals are more re-
sistant to malaria than are normal 5 5 persons. Allison (2) and others have
demonstrated this experimentally and have shown that there is a close cor-
relation berween incidence of § s individuals in a population and presence
of malaria in the region in which the population lives. Although it cannot
be accurately determined what the frequency of § 5 individuals was among
African negroes brought to the United States in slave days, the present in-
cidence is reduced by approximately the amount expected on the basis of
estimates of the original incidence, extent of outcrossing, and number of
generations in a malaria-free environment.

It thus appears that in malarious regions the § allele has a selective
advantage in the heterozygous form that balances its disadvantage in ho-
mozygous form. In other words, in each generation the excess deaths among
s s individuals from malaria are assumed to counterbalance the reduction in
frequency of S alleles in the population resulting from the death of § § per-
sons from sickle cell anemia. The § mutant gene is thus favorable in malar-
ious regions and unfavorable in the absence of malaria.

Why cells containing S hemoglobin provide an unfavorable environ-
ment for the protozoan that causes malaria is not known. It may well be that
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the same factor that results in the distortion (sickling) of the red cells of
S s individuals at low oxygen tensions makes these cells unfavorable for the
entrance, survival. or multiplication of the protozoan.

Sickle cell disease is of particular interest genetically because it indicates
that the gene concerned determines the charge in the hemoglobin molecule.
Experimental evidence indicates that it is the protein part of the molecule
that is affected, but it is not yet known with certainty whether S and A
hemoglobins differ in amino acid composition or only in physical configura-
tion.

There are now known in man half a2 dozen abnormal hemoglobins as-
sociated with various hereditary anemias (5, 19). Because hemoglobin is
readily obrainable in large quantities, is easily prepared in pure form, and is
relatively simple to characterize by such properties as crystal structure and
electrophoretic mobility, these hereditary traits provide particularly favora-
ble marterial for characterizing molecules that may well be directly depend-
ent on gene action. Unfortunately genetic investigations in man are not
easily made. As a result, it is not yet known how the various anemias are
genetically related. Knowledge of this kind will be of very grear significance
in increasing our understanding of protein synthesis and structure in rela-
tion to the gene.

Tyrosinase Activity

Melanin, a high polymer pigment widely distributed in the plant and
animal kingdoms, is formed through a series of oxidative reactions from the
amino acids phenylalanine and tyrosine. In the oxidation of tyrosine to its
3 4-dihydroxy analogue and subsequently in the reaction sequence by which
melanin is formed, the enzyme tyrosinase serves as a catalyst.

In animals, melanin serves as a screening pigment and in some cases
is clearly important in protective coloration. In many animals, including
man, albino forms are known in which melanin is absent from hair, skin, and
eyes. Often albinism is inherited as a simple recessive genetic trait. The
pink-eyed white rabbir is a good example. Pigmented breeds crossed with
albinos give pigmented first generation hybrids which show segregation in
the subsequent generation in the classical mendelian manner.

As in a number of other species in which melanin pigmentation has
been studied genetically, the albino gene in the rabbir exists in several al-
lelic states. In addition to an allele for full pigmentation and one for com-
plete albinism, there is a third allele, recessive to the full pigmentation al-
lele, which has the phenotypic effect of determining that the pigment-form-
ing process will be temperarture sensitive. The so-called Himalayan breed is
pure for this allele. In animals of this breed pigment does not form at nor-
mal body temperarures but is produced at temperatures a few degrees lower.
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As a result, the extremities of 2 Himalayan rabbit—nose, ears, feet and rail—
are pigmented whereas the compact parts of the body are not. A similar
situation exists in the Siamese cat.

A clue to the explanation of the temperature sensitivity of the pigment-
forming system of the Himalayan rabbit and the Siamese cat is found in the
mold Neurospora. In this organism melanin is formed. There is known a
strain in which, like the Himalayan rabbit, pigment formation shows a
strong temperature effect. Temperature lability of the process is genetically
differentiated by a single gene from temperature stability (16).

Cell-free tyrosine-containing preparations of the two strains of Neuro-
spora show quite clearly that their different responses to temperature can be
referred to different temperature stabilities of cheir tyrosinases. The tyrosi-
nase of the temperature-sensitive mutant is much less stable # vitro at 35° C.
than is a similarly prepared extract of the normal strain.

Here, as in the case of normal and sickle cell hemoglobins, qualitatively
different proteins are presumed to be specified by two different alleles of the
same gene.

An analogous case is known in the bacterium Escherichia coli in which a
mutant strain is known in which the vitamin pantothenic acid is synthesized
normally at low temperatures but at a low rate or not at all ar a higher tem-
perature (23). Here, too, an enzyme with abnormal temperature sensitivity
has been implicated.

Chemical Nature of Chromosomes

The chromosomes of higher plants and animals are known to consist
of desoxyribonucleic acid (DNA) and protein bound together in the form
of nucleoprotein. Direct chemical analyses of isolated chromosomes, staining
reactions of chromosomes, ultraviolet absorption, and digestion experiments
with the enzyme desoxyribonuclease or with proteolytic enzymes bear out
this conclusion.

Recently Mazia and his associates (24) have shown that following treat-
ment with meral chelating agents such as citrate, chromosomes placed in
distilled water separate into segments about 4000 Angstrom units long. The
suggested interpretation is that these units are normal structural parts of
chromosomes and that iz vive they are held together linearly by bridges of
divalent magnesium and calcium ions. It is further suggested that these
units may represent individual genes and that crossing over somehow occurs
at the calcium-magnesium ion connections that normally hold them in a
fixed linear order.

Action Spectrum of Murtation

Indirect evidence consistent with the assumption that nucleic acid is 2
part of the genic material, or important to it, comes from experiments in
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which the effectiveness of different wave lengths of ultraviolet radiation in
producing murations is measured. One of the earliest and most careful ex-
periments of this kind was made by Stadler and Uber (36) using corn pollen
as the treated material. After rather elaborate corrections were made for ul-
traviolet absorption by the cell wall of the pollen grains and the cytoplasm
lying berween the source of radiation and the sperm nuclei, it was g::-und
thart per unit of incident energy, the wave-length effectiveness in producing
muration followed as closely as could reasonably be expected, the ultraviolet
absorprion spectrum of desoxyribonucleic acid, with a peak near 2600 A.

These studies indicate that the energy of ultraviolet effective in produc-
ing murtations is absorbed by DNA.

Transforming Principles

A more direct indication that DNA is an important gene constituent
comes from knowledge of so-called transforming principles. Evidence for
these was first obrained in experiments on type transformations of pneumo-
coccal strains (3).

Essentially the experimental evidence is this:

The pneumococcus (Micrococcus) that causes lobar pneumonia in man,
and is virulent to mice, is found in many serological types. Type specificity
is based on differences in antigenic properties of the polysaccharides that
encase the bacterial cells.

Virulence is associated with presence of a capsule, for all strains that
lack a capsule also lack virulence. Virulent strains occasionally murate spon-
taneously to forms that lack a capsule and are avirulent. Such strains can be
distinguished from their virulent parent by the appearance of the colonies
they form ona suitable arrificial medium—capsulate strains are called
“smooth”, acapsulate ones are designated “rough”.

If a rough mutant originally derived from a smooth of serological type
IT back murates to smooth, as it sometimes spontaneously does, the reverted
smooth is normally of type II like the original smooth from which it came.
Bur if the muration back to smooth occurs in the presence of a very little
DNA prepared from a smooth strain of type III and under other conditions
thar are reproducible, the smooth may now be of type IIL. The significant
factor in “directing” the mutation is the DNA. This can be made as pure as
it is possible by the presently available methods of enzyme chemistry and
physical chemistry.

Corresponding to each type specific strain from which such DNA di-
recting preparations have been made there apparently is present a specific
DNA.

Transforming principles have now been demonstrated in pneumococcus
for a series of characters such as amount of capsule formed, resistance to
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penicillin, resistance to other antibiotics, ability to utilize specific sugars,
and presence of specific proteins. Each of these is a specific DNA. The phe-
nomenon has also now been demonstrated in other bacteria.

A simple interpretation of the experiments on transforming principle
assumes that DNA is the material responsible for gene specificity and that
when a loss mutation occurs, such as smooth type III to rough, the specific
DNA associated with type III polysaccharide is lost or inactivated. In the
process of transformation, this defective DNA is replaced from the outside
by a genetically homologous active DNA.

This interpretation is strongly supported by experimental evidence of
Ephrussi-Taylor (10) who has shown that for some characters there are series
of murtually exclusive DNA units, corresponding to allelic forms of a single
gene, whereas for other characters DNA units show all possible combina-
tions as do independent genes. In studies of the incidence of simultaneous
transformations by pairs of “non-allelic” DNA units, Hotchkiss and
Marmur (18) have reported what appears to correspond to genetic linkage
for one particular pair.

Bacterial Viruses

Identification of DNA with the hereditary units of the geneticist in-
dicated by the evidence from transforming principles is supported by an
impressive body of evidence from recent investigations of viruses (bacterio-
phages) parasitic on the colon bacillus Escherichia coli (14, 13).

Before presenting this it is desirable to review briefly the significant
points of the life history of one of these viruses. The ones designated T2
and T4 will serve as examples. These are radpole-shaped structures with
polyhedral heads about 800 A long and a tail slightly longer. The head con-
sists of a protein coat and a desoxyribonucleic acid core. The DNA core can
be removed from the coat by osmotic shock (1).

If virus and susceptible bacteria are placed together in 2 suitable medi-
um, the virus particles are adsorbed to the surface of the bacterium by the
tips of their tails. Presumably the initial step in this acrachment involves
complementary patterns of electrostatic charges on the bacterial surface and
on the tips of the virus tails. These are believed due to ionization of free
NH, and COOH groups of proteins (29).

Shortly after adsorption, infection occurs by injection of viral DNA in-
to the host, the virus particle acting as microsyringe. This is shown by ex-
periments in which viral protein is labelled with radioactive sulfur or phos-
phorous, §** or P*?, by growing the viruses in host bacteria which were in
turn grown on labelled sulfate or phosphate (15). After infection protein
coats can be knocked off the bacterial cells in a Waring blendor and sepa-
rated from the cells by centrifugation. If the protein is labelled with §°° in
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such an experiment, the radioactivity remains with the coats. Bur if the
DNA carries a P*% label, the radioactivity goes with the bacterial cells.

After injection of viral DNA into the host cell, there is a latent period
of 10 to 15 minutes during which viral DNA is reproduced as much as
several hundred fold. Thereafter viral coats are fabricated of protein synthe-
sized by the host cell but of a kind not made by an uninfected bacterial cell,
After 20 to 30 minutes the host cells are lysed with the liberation from each
of some hundred infectious virus particles. If uninfected bacteria remain, the
process is repeated.

Bacterial viruses are mutable in several respects. Mutant strains differ-
ing from the parental strain in host range occur spontaneously and can be
selected by growing a large population of viruses on bacterial cells resistant
to the parental type of virus. Types showing characteristic differences from
the parental form in size of plaques (clear circular colonies) formed in a layer
of bacteria growing on the surface of an agar nutrient medium.

That mutant strains of virus differ from their parents genetically is
easily demonstrated by infecting single host cells with two mutant strains
of the virus. If the two viruses carry genetically different mutants, recombi-
nation types occur although the “mating” process in viruses is in some ways
less simple than that in higher forms. The frequency of recombinations
indicates genetic map distance apart of the two genes. In this way many
genes have been mapped in T2 and T4.

Obviously if bacterial viruses have genes, and only viral DNA enters
the host cell, genes of the virus must consist of DNA.

In multiplying inside the host, viral genetic material must use the
metabolic machinery of the bacterial cell as a source of energy and the sub-
stance of the bacterium as building material. In addition it must somehow
carry the information used by the host cell in synthesizing specific viral coat
proteins. How these two processes are accomplished is suggested by the
structure of DNA.

Structure of DN A

A structure of DNA that has great interest and significance to biology
was recently proposed by Watson and Crick (37). On the basis of evidence
from conventional chemical methods of analysis, electron microscopy, X-ray
diffraction techniques of investigating molecular structure, and the model
building approach, these workers suggest that DNA occurs in the form of
long double right-handed helices in each unit of which two polynucleotide
chains are wound around a common axis in such a way that their sugar-
phosphate backbones form uniform helices with the purine and pyrimidine
bases directed inward (Fig. 1). :

The two chains are hydrogen bonded together through their purine
and pyrimidine bases. These lie in planes to which the longitudinal axis of



Fig. 1 —Diagrammatic representation of the Watson-Crick DN A structure.
P, phosphate; §, sugar; A, adenine; T, thymine; G, guanine; C, cytosine. Horizontal
parallel lines symbolize hydrogen bonding between complementary bases. From
Watson and Crick (37) with modifications.

the helix is perpendicular. A most significant feature is that structural con-
siderations dictate that the base pairs consist of the purine adenine (A) hy-
drogen bonded to the pyrimidine thymine (T) or the purine guanine (G)
similarly bonded to the pyrimidine cytosine (C). This means that the two
chains have complementary base sequences. If a segment of oneis A- T -
G -C the paired one must have the sequence T-A-C-G to form the
sequence of paired bases

AT G C
T A C G

where hydrogen bonds are represented by dots and the sugar phosphate
backbones are indicated by dashes.

Direction is given to the polynucleotide chains by the orientation of
the sugar units. The carbon atoms by which these are linked through oxygen
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to the phosphorous atoms of the chain are numbered 3 and 5 as one pro-
gresses alcng the chain in one direction. In this sense the two parallel chains
run in opposite directions.

. The diameter of the Watson-Crick double helix is 20 A, ts pitch is
34 A and the distance along the axis between base pairs is 3.4 A. There are
thus ten base pairs per turn of the helix.

DNA Specificity

In the structure just described, specificity is presumed to be determined
by the sequence of base pairs. Assuming no restrictions on the proportions
in which the four bases occur in a single chain, it is clear that the number
of different DNA structures that are possible will be 4" where n is the num-
ber of nucleotides in the chain. Since the DNA in T2 and T4 bacterial
viruses is equivalent to about 200,000 base pairs it is obvious that, even with
considerable restriction on the proportions in which the four bases occur
in a given chain, the opportunity for variability in the DNA of such a virus
is practically unlimited.

It is clear thart in such a structure the specificity of one polynucleotide
chain will be the complement of the other and that the double helix will
carry no more informarion than either component chain alone. The stitua-
tion is not unlike a Morse code and its complement in which dots are re-
placed by dashes and dashes by dots.

If the essential genetic material of a bacterial virus is DNA and the
Watson-Crick structure is correct, genetic specificity in this form must re-
side in the base sequence of its DNA.

Replication of DNA

One of the respects in which the Watson-Crick structure of DNA is
so satisfying from a biological standpoint is that it is the only molecular
model so far proposed that provides a reasonable basis for understanding
how in principle a complex and highly specific molecule can be systemarical-
ly replicated from an appropriate array of building blocks. On the basis of
this model it is assumed that during the replication process the complemen-
tary polynucleotide chains separate by breakage of hydrogen bonds and that
the single chains then acquire partners by selecting at each base level build-
ing blocks carrying the appropriate complementary bases. How the process
occurs in derail and in just what form the building blocks are collected from
the cell environment in which the replication occurs is not yet known.

In symbolic form the process can be indicared as follows:
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A T C G-sA T C G

/ T A_G C
\ A T C G

T _A_G_C —T_A_G_C

It is not yet understood how the partners of the double helix separate
at the time of reproduction —whether by untwisting (37), by systematic
breakage and reunion (7), or in some other way. The problem is not a sim-
ple one, for molecular weight determinations of DNA indicate that the
helices must have a length of at least 1000 turns. In the multiplication of
a bacterial virus DNA equivalent to some 20,000 turns of the helix must
duplicate once every minute and a half. At the end of this period each of the
100 or so descendant sets of DNA must be packed inside a virus head the
diameter of which is about one thousandth the total length of the DNA,
that s its quota.

The DNA Model and Spontaneous Mutation

Watson and Crick (37) suggests a mechanism by which mistakes could
occur in the replication of a DNA unit. In its most stable, and hence most
probable, tautomeric form an adenine base in the DNA helix forms hydro-
gen bonds with thymine. But a less probable tautomer will form such bonds
with cytosine rather than with thymine. It is therefore suggested thar if
adenine is in the less probable state at the exact moment its complement is
selected, cytosine will replace thymine in the daughter chain of a double
helix and in the next replication a cytosine-guanine base pair will replace an
adenine-thymine pair. In a similar way other substitutions might be made.

If this is the mechanism by which spontaneous mutations occur, the
probability of an error in copying one base pair in a single replication pro-
cess must be exceedingly small. Considering that a unit of DNA corres-
ponding to a gene in the functional sense probably contains at least hun-
dreds of base pairs and that spontaneous mutations for particular genes may
occur with a g:equenc}r of less than 107 per generation, the chance of error
llzrer base pair per replication must often be two or three orders of magnitude

ess.



30 MI1sSOURI AGRICULTURAL EXPERIMENT STATION

Presumably there are also other ways in which murational changes can
occur —by loss of base pairs, inversion of sequents, etc.

DNA and Gene Function

If, as the virus evidence suggests, DNA is the primary genetic material,
then obviously the information carried by it must somehow be used in the
process of gene function. It seems 2 good guess that this is accomplished by
a transfer of specific information to macromolecules of other kinds. From
various lines of evidence it seems reasonable thar this transfer involves ribo-
nucleic acid (RNA) as a first step.

Unfortunately no structure of RNA has yet been proposed that seems
as plausible on either chemical or biological grounds as the Watson-Crick
DNA double helix. There has therefore been little progress made in at-
tempts to understand how the transfer of specificity of DNA to RNA is
made.

A second likely step in gene function is the utilization of the informa-
tion contained in RNA for protein synthesis. Again knowledge of the details
of the process is meagre. An attractive possibility is that segments of RNA
serve as templates on which specific proteins are constructed (11).

On the basis of these suggestions, functional genetic units would be
those segments of DNA that, through RNA, correspond to specific pro-
teins. Depending on the relation of number of nucleotides in such a unit
to the number of amino acids in the corresponding protein, a functional
gene might perhaps consist of a few hundred to a thousand or so base pairs.

Such an identification of DNA segments with functional genetic units
or genes seems plausible enough for bacterial viruses where the experimen-
tal evidence indicates that during one stage of the life cycle, DNA is stripped
bare of other material. But how about the stituation in higher forms? In
bacteria, too, the case for the essential genetic material being DNA seems
good from both the transforming principle evidence already summarized
and the facts about transduction that will be presented later. 1

In the chromosomes of higher plants and animals protein is found as-
sociated with DNA in all phases of the cell division cycle at which chromo-
somes are easily investigated. During these stages the chromosomes are of
an entirely different order of magnitude in cross sectional area from the
DNA helices of bacterial viruses. While it is temprting to believe that the
primary genetic material in these organisms is also DNA, the evidence for
this is not as direct. Also one cannot be at all sure that the mechanism of
generic recombination of linked genetic material in the DNA of virus is
basically the same as that between homologous chromosomes at meiosis
in higher forms. Again the temptation to look for 2 single explanation is
grear. It is conceivable that in the so-called resting nuclei of cellular forms
the genetic material may be reduced to the state of bare DNA.
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What about the primary genetic information in those viruses that ap-

ear to contain RNA but no DNA —tobacco mosaic virus, for example?

Presumably RNA is capable of carrying such informarion. If so, is RNA

capable of direct replication or is it multiplied only indirectly via host cell

DNA manufactured in response to viral RNA? Until more is known about

the structure and function of RNA there seems little point in speculating
further about questions of this kind,

Fine Structure of the Gene

Two recent lines of evidence promise to add greatly to our knowledge
of the interrelations of gene function, mutation and recombination. Both -
are extensions of the approach so strongly advocated by Stadler—intensive
study of individual genes.

The first involves an investigation by Benzer (4) of a series of mutant
types of T4 virus of the colon bacillus. The members of this group of mu-
tants are related in two ways. First, each of them differs from the original
“wild type” virus by change in a single segment of their genetic material
that is only about four percent of the total genetic map. Secondly, all mem-
bers of the series are phenotypically alike. The members of the group are
designated #II mutants. '

To appreciate the evidence, it is necessary to understand the relation
of wild type and #II mutant strains of virus to three strains of host cells
designated B, K and S. On Petri dish cultures of all these hosts wild type
virus produces characteristic normal plaques (circular clear areas in which
bacterial cells have been lysed). On B cells, mutant viruses produce larger
plaques with sharper margins than those of wild type viruses, whereas on
S hosts, they produce normal plaques. On K hosts #II mutant viruses result
in very few or no plaques at all; infected K cells are killed but usually release
few or no infective viruses.

Because #II mutants grow normally in 8 hosts but produce no plaques
(except by back mutation) on K hosts, it is simple technically to detect low
frequencies of wild type recombinants produced by “crossing” two different
#II mutants in an S host and subsequently plating on a K host. Recombinant
viruses that are wild type will produce plaques whereas non-recombinants
or double mutant recombinants will not. Therefore map distance is simply
measured as twice the percentage of total virus particles (assayed on B or
S hosts) that are capable of forming plaques on K host cells.

When many mutants of the #II group—distinguished from r mutants
of other groups by their behavior on the three hosts mentioned—are studied
carefully, it is found that they show variability in three respects, viz., (1)
map position, (2) transfer coefficient (number of K cells that liberate virus
—with some mutants of the rII group a few K cells do liberate a few viruses
but in general plaques are not produced on K plates), and (3) reversion
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index (proportion of reversions to wild type viruses per generation), which
varies from 1 to 17,000 x 10°%,

The more than 50 #II murants studied in these respects are located at
various places along a segment of generic material about 8 map units long,
the total map distance represented by all genetic material being estimated
to be about 200. Within this region they fall into subgroups or microclus-
ters. Recombination values as low as 0.013 map units have been measured
with such subgroups.

A test essentially like the phenotypic test for allelism in higher forms
can be made by infecting K hosts with two rII mutants of independent
origin in such a way that most individual cells will be simultaneously in-
vaded by both types. By the interactions observed in this way the Il genetic
material can be divided into two contiguous segments, one about five units
long and one about three. If two murants located in a single segment on
the basis of recombination data, simultaneously infect a given K cell. no
lysis resules. But if the two mutants lie in separate segments, lysis does re-
sult.

This mutual interaction is comparable to that observed.in the double
heterozygote involving two non-allelic recessive genes of a higher organism.
Evidence that the rII mutants behave as recessives in such double infections
is shown by the fact thatr a K cell so infected with wild type and rI/I mutant
viruses releases both kinds of virus on lysis.

The evidence suggests two functional units in the #IT cluster, corre-
sponding to the two segments. Not only are the two units separable from
cach other by recombination but it is necessary to assume that mutant
changes ar different levels within one functional unir are capable of showing
recombination. The shortest distance measured between two separable units
is about one-twenty thousandth of the estimated total genetic material.
Since there are abour 20,000 turns of DNA helix in a virus of this type this
distance presumably corresponds to about one turn of ten nucleotides. The
limit of resolution of the method used by Benzer has almost surely not been
reached. Conceivably in favorable cases it may be capable of measuring the
genetic distance between adjacent nucleotides.

The functional genetic unit as determined by recombination data and
the interaction test for allelism is about 4 map units long or about 4000
nucleotides. If all such functional unirts averaged this length, the total DNA
would provide for 50 of them in a bacterial virus—assuming all DNA to
be genetically active.

A significant feature abour the #II mutants of Benzer is that they do not
all behave in recombination studies as point lesions with the functional unit.
Instead some suppress recombination over a considerable fraction of such
a unit. It seems !iEﬁI}' that these may represent what could be called intra-
genic structural rearrangements if the gene is defined as a functional unit.
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They might well be micro-deficiencies or inversions. Such micro-rearrange-
ments are, it will be recalled, just what Stadler predicted. And the evidence
for them comes from the kind of study he so strongly advocated—intensive
study by all available methods of specific genetic units.

Transduction in Salmonella

A second new approach to a genetic study of the internal structure of
functional genetic units is based on the phenomenon of transduction as
worked out in Salmonella, a relative of the colon bacillus, by Zinder and
Lederberg (38).

In transduction, genetic material is transferred from one bacterial strain
to another by means of a temperate virus, that is, a virus capable of reproduc-
ing in a provirus stage (as DNA) synchronously with its bacterial host and
without apparent damage to the host. Occasionally such carried viruses
spontaneously begin rapid multiplication, produce complete infective proge-
ny, and lyse the host. Such “induction” of latent virus can also be brought
about by certain experimental treatments such as ultraviolet irradiation.

If such a temperate virus is grown in a host of a given genertic type,
recovered following lysis, and introduced into a host of another genetic type,
it is found that one in ten thousand or so of the recipient bacteria will be
changed genetically to correspond to the donor. If the two bacteria differ in
two or more genetic traits usually only one is transferred at a time.

It is assumed that the transferring virus often carries, along with its
own DNA, small segments of genetic material, presumably also DNA, of
the donor cell. On establishment of the virus in the new host this carried
genetic material is introduced into the recipient bacterium where it may
replace homologous genetic material of the recipient.

The transduction phenomenon provides a sensitive test for determining
whether bacterial mutants of suspected identity are located in identical posi-
tions in the genetic material. If they are, transductions between them will
not be possible. But if they are located in separate places, one will be able
to transduce the other with a frequency that decreases from an easily measur-
able value to zero as they approach each other in position.

Demerec and coworkers (8) have made extensive use of this method
in investigating the fine structure of genes of Salmonella. Since the evidence
indicates the foreign segment of genetic material is incorporated by a process
like crossing over, the method is in some respects like that used by Benzer
in his studies of #II mutants of T4 virus.

First a large number of biosynthetically defective mutants were obrained.
These were categorized according to the system of biosynthesis affected.
Thus at one stage in the study there were 40 strains unable to synchesize
cysteine, 11 that required tryptophane, plus nine other categories.
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Systematic tests were then made for transductions within categories.
The cysteine-requiring murants fell into four groups. Transductions between
members of different groups were frequent, but berween members of a single
group they were either much lower in frequency or did not occur at all.

With the tryptophane-requiring murants four groups were identified by
the same method.

The synthesis of tryptophane is known to involve the following steps:

| A

Anthranilic acid

| B

Unknown intermediate

|«

Indole
| o
Tryptophane

All mutants of group A were found to be blocked prior to anthranilic acid.
Those of group B were found to be blocked between anthranilic and che
unknown intermediate. In the same way all group C mutants involved the
next step and all D mutants the final step.

Linkage Detection by Transduction

If a strain of Salmonella carrying two mutants is transduced with virus
grown in a wild type host, the frequency of double transductions will be
low —approximately the value expected by coincidence of independent
events—if the two mutants are genetically independent or loosely linked.
Bur if they are closely linked the incidence of double transduction increases
presumably because a single segment transferred from the donor can readily
replace both mutants. Such evidence indicates that the transferred segments
are small on the average. In addition to its use in detecting close linkage, the
frequency of double transductions provides a method of determining the
closeness of such linkage. Using donor and recipient strains differing from
each other in three non-identical closely linked units, the order of these units
can be inferred. This is true whether the units under study belong to a single
group or to two or three.

In this way it has been determined that the three functional units
(groups of murtants) tryptophane A, cysteine B and tryptophane D, are
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linked in that order. One, eleven, and six independently obtained members
of these three groups have been reported.

The Salmonella transduction work of the Demerec group indicates that
in this bacterium there are many functional units corresponding to those
of Neurospora and other organisms. Many of these are evidently concerned
with the production of specific enzymes and, through them, with particular
chemical reactions. These groups clearly correspond to what have been
called genes in other organisms.

But, as in the case of Benzer’s #II murtants in bacterial virus T2, these
functional units are capable of being resolved into finer units by the trans-
duction method. Thus in the seven cysteine mutants of group A, transduc-
tion tests for allelism show that there are five units capable of giving trans-
duction in all combinations of two. A sixth murtant type gives no transduc-
tion with any other member of the group. These results indicate that the
functional unit can be modified at any one of many levels and that from two
such units modified at different levels a normal unit can be reconstrucred.
Some modifications (e.g., the cysteine murant that gives no transduction
with any other member of its group) involve a large fraction of the func-
tional unit. Cases of this kind probably correspond to the Benzer rII mutants
that show no recombination with other mutants in the same group. And
like the rII mutants, these may well represent intragenic rearrangements
such as deficiencies or inversions.

Transduction studies promise to contribute much more than they al-
ready have to our knowledge of gene structure and gene function. For
example, there would seem to be no reason why there cannot be found in
Salmonella an enzyme favorable for experimental study that is controlled
by a functional unit capable of resolution by the transduction method. In
this way investigation of the gene-enzyme relation can be extended to a
comparison of fine-strucrure differences in both.

Conclusion

What, then, is a gene?

A consideration of available evidence suggests that the primary genetic
material of many organisms is desoxyribonucleic acid. The polynucleotide
chains of this material seem to consist of successive segments of perhaps
several hundred nucleotides, each segment constituting a functional unit
that serves to direct the specificity of a macromolecule such as a protein. In
viruses and bacteria, evidence from recombination studies indicates chat
modifications can occur at different levels within such a unit. It is possible
that the so-called pseudoalleles of higher forms represent a similar situation.

The question of whether non-specific material —for example, the
calcium-magnesium bridges that Mazia assumes to hold segments of chro-
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matin together —separates one functional unit from another cannot be
given a final answer at present.

Evidence from studies of #II mutants of the T2 bacterial virus and of
transduction, hints that the minimum unit of recombination, structural
rearrangement, and mutation may be a single nucleotide. How then do we
define a gene? If it were necessary to answer the question without additional
information, the choice would have to be an arbitrary one. Possibly the time
is approaching when additional terms will have to be coined to designate
genetic unirts of different types. In the meantime it is important to make
perfectly clear, as Stadler did, just what one has in mind in a particular case.

REFERENCES

1. Anderson, T. F. The morphology and osmotic properties of
bacteriophage systems. Cold Spring Harbor Symp.
Quanticat. Biol. 18:197-203. 1953.

2. Allison, A. C. Protection afforded by sickle-cell trait against
subtertian malarial infection. Brit. Med. Jour. No. 4857,
Pt. 1, p. 290-294. 1954,

3. Avery, O. T., McLeod, C. M., and McCarty, M. Studies on
the chemical nature of the substance inducing transfor-
mation of Crncumﬂcoccal types: Induction of twansforma-.
tion by a desoxyribonucleic acid fracrion isolated from
Pneumococcus type III. Jour. Exp. Med. 79: 137-158.
1944.

4. Benzer, S. Fine strucrure of a generic region in bacterio-
phage. Proc. Nat. Acad. In press.

5. Chernoff, A. I., Minnich, V., and Chongchareonsuk, 8.
Hemoglobin E, an hereditary abnormality of human
hemoglobin. Science, 120: 605-606. 1954.

6. Davis, B. D. Biosynthesis of the aromatic amino acids. In
Amino Acid Metabolism, W. D. McElroy and B. Glass
Eds. Baltimore: Johns Hopkins Univ. Press (in press).

. Delbruck, M. On the replication of desoxyribonucleic acid
(DNA). Proc. Nat. Acad. Sci. USA 40: 783-788. 1954.

8. Demerec, M. What is a gene? —twenty years later. Amer.
Nat. 89: 5-20. 1955.
9. Emerson, R. A. The genetic relations of plant colors in
maize. Cornell Univ. Agr. Exp. Sta. Mem. 3y: 1-156.
1921.
10. Ephrussi-Taylor. H. Genertic aspects of transformations of
pneumococci. Cold Springs Harbor Symp. Quantirar.
Biol. 16:445-455. 1951.
11. Gale, E. F. and Folkes, J. P. Promotion of inco?crzrion of
amino acids by specific di- and tri-nucleotides. Nature
175: 592-593. 1955.
12. Garrod, A. E. Inborn errors of metabolism. 2nd Ed. Frowde
and Hodder and Stoughton, London, p. 216. 1923,

=l



13.
14,

15.

16.

17.

18.

19
20.

21,
22,

23.

24.

25.
26.
27.

28,

29.

31.

32.

RESEARCH BULLETIN 588

Haldane, J. B. S. The biochemistry of genetics. New York:
The Macmillan Co. p. 144, 1954,

Hershey, A. D. Inheritance in bacteriophage. Advances in
Genetics 5: 89-106. 1953.

Hershey, A. D. Functional differentiation within particles
of a bacteriophage T2. Cold Spring Harbor Symp.
Quantitat. Biol. 18:135-139. 1953.

Horowitz, N. H. and Fling, M. Genetic determinarion of
tyrosinase thermostability in Neurospora. Genetics 38:
360-374. 1953.

Horowitz, N. H. and Leupold, U. Some recent studies bear-
ing on the one gene-one enzyme hypothesis. Cold Spring
Harbor Symp. Quantitat. Biol. 16: 65-71. 1951.

Hotchkiss, R. D. and Marmur, J. Double marker transfor-
mations as evidence of linked factors in desoxyribonu-
cleate transforming agents. Proc. Nat. Acad. Sci. USA
40: 55-60. 1954,

Irano, H. A. Human hemoglobin. Science 117: 89-94. 1953.

Lau§hnan, { R. Structural and functional aspects of che
A® complexes in maize. I. evidence for structural and
functional variability among complexes of different
geographic origin. Proc. Nat. Acad. Sci. 41: 78-84. 1955.

Lewis, E. B. Pseudoallelism and gene evolution. Cold
Spring Harbor Symp. Quanritac. Biol. 16: 159-172. 1951.

Lewis, E. B. Some aspects of position pseudoallelism. Amer.
Nart. 89: 73-89. 1955.

Maas, W. K. and Davis, B. D. Production of an altered
pantothenate-synthesizing enzyme by a temperature-
sensitive murtant of Escherichia coli. Proc. Nat. Acad. Sci.
38: 785-797. 1952,

Mazia, D. The particulate organizarion of the chromosome.
Proc. Nat. Acad. Sci. USA 40: 521-527. 1954.

Muller, H. J. The gene. Proc. Royal Soc. B. 134: 1-36. 1947.

Neel, J. V. and Schull, W. J. Human heredity. Chicago:
The Univ. of Chicago Press, p. 361. 1954,

Pauling, L., Itano, H. A., Singer, S. J., and Wells, I. C.
Sickle-cell anemia, a molecular disease. Science 110:
543-548. 1949.

Pontecorvo. G. Genetical analysis of cell organization.
Symp. Soc. Exg). Biol. 6: 218-229. 1952.

Puck, T. T. The first steps of virus invasion. Cold Spring
Harbor Symp. Quantitat. Biol. 18:149-154. 1953.

Scheinberg, 1., Harris, R. S., and Spitzer, J. L. Differential
titration by means of paper electrophoresis and the struc-
ture of human hemoglobins. Proc. Nat. Acad. Sci. 40:
777-783. 1954,

Stadler, L. J. Spontaneous muration at the R locus in maize.
L. The aleurone-color and plant-color effects. Genetics
31: 377-394. 1946.

Stadler, L. J. Problems of gene structure. I. The interde-
pendence of the elments (S) and (P) in the gene R" of
maize. Science 114: 488 (only) 1951,

37



38

MISSOURI AGRICULTURAL EXPERIMENT STATION

33. Stadler, L. J. The gene. Science 120: 811-819. 1954.

34, Sradler, L. J. and Emmerling, M. Problems of gene struc-
ture. III. Relacionship r:f unequal crossing over ro the
interdependence of R™ elements (5) and (P). Science
119: 585. 1954.

35. Stadler, L. J. and Nuffer, M. G. Problems of gene structure
I1. Separation of R™ elements (S) and (P) by unequal
crossing over. Science 117: 471-472. 1933,

36. Stadler, L. J. and Uber, F. M. Generic effects of ultraviolet
radiation in maize. IV. Comparisons of monochromaric
radiations. Genetics 27: 84-118. 1942,

37. Wartson, J. D. and Crick, F. H. C. The structure of DNA.
Cold Spring Harbor Symp. Quantirat. Biol. 18: 123-131.
1953.

38. Zinder, N. D. Infective heredity in bacteria. Cold Spring
Harbor Symp. Quantitac. Biol. 18: 261-269. 1953.



The Gene

L. J. Stadler

University of Missouri
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Columbia, Missouri

HE central problem of biology is the physical

nature of living substance. It is this that gives

drive and zest to the study of the gene, for

the investigation of the behavior of genie sub-
stance seems at present our most direct approach to
this problem.

Current knowledge of the behavior of living ecells
presents two striking pictures. The first is the almost
ineredibly delicate balance of chemical reactions oc-
eurring in the living cell, by which energy is made
available and by which the syntheses proceed that pro-
vide the materials for growth. The second is the be-
havior of the genic substance, which apparently guides
these reactions. It is carried in the chromosomes in fine
strands, which together make up only a minute por-
tion of the substance of the cell. These strands are dif-
ferentiated along their length into hundreds of seg-
ments of distinctive action, and, therefore, presumably
of distinctive constitution, which we speak of as the
genes. The genic substance is reduplicated in each cell
generation. Its distinctive segments, in many known
cases, determine whether or not a specific chemical re-
action will oceur, presumably, in some cases at least,
by determining the production of a specifiec catalyst.

The great bulk of the substance of the cell appar-
ently consists of materials produced by the afore-

Dr. Stadler, before his death on 12 May, asked that
this paper be sent to Science. It is the valediction, and
a remarkable one, of a great geneticist.—EDITORS.

Reprinted from SCIENCE, November 19, 1954,
Vol, 120, No. 3125, pages 811-819.



mentioned guided reactions. The nature and behavior
of these materials, so far as we know them, do not
require the assumption that they have properties es-
sentially different from those of nonliving matter,

The genic substance, on the contrary, appears to
have properties quite different from those with which
we are familiar from our knowledge of the physical
science of nonliving matter. Modern physical science
gives us no model to explain the reduplication of the
gene-string in each cell generation, or to explain the
production of effective quantities of specific enzymes
or other agents by specific genes. The precise pairing
and interchange of segments by homologous gene-
strings at meiosis also suggest novel physical proper-
ties of this form of matter. These facts indicate that
a knowledge of the nature and properties of the genie
substance might give clues to the distinctive physiecal
mechanisms of life.

The difficulties in the study of the genie substance
are obvious. It cannot be isolated for chemical analysis
or pure culture. The possibility of direct analysis of
specific segments or individual genes is, of course, even
more remote. The properties of the genes may be in-
ferred only from the results of their action,

Furthermore, a critical study of the effects of a sin-
cle gene may be made only by comparing individuals
wholly comparable in genotype except for a difference
in the one gene concerned. This means that gene muta-
tions are essential for such comparisons, since it is
only by gene mutation that we ecan identify individuals
differing only by the effects of a single gene. The pros-
pect of determining the properties of the gene is,
therefore, dependent upon the development of valid
methods for the study of gene mutation.

It is appropriate to cite here the monumental con-
tributions of H. J. Muller to the investigation of this
problem. More than 30 years ago he recognized clearly
the unique significance of gene mutation in the study
of the physical nature of life (1) and boldly attacked
the imposing technical problems that blocked its ex-
perimental investigation.
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The difficulties of analysis that have been men-
tioned are not different in kind from those involved
in other problems in which the properties of hypo-
thetical elements must be iriferred from their effects—
for example, in the problems of molecular or atomie
structure. In such studies, the investigator proceeds by
constructing the simplest model that will fit the known
facts and then attempting to apply every significant
experimental test of the predictions that may be made
from the model. By a series of suecessive approxima-
tions, the model finally evolves to a form that seems
to provide the most plausible mechanism for the be-
havior observed. The study of the physical nature of
the gene from purely genetic evidence is closely com-
parable to this. '

These difficulties of analysis are mitigated in some
degree by the possibility of parallel investigation of
certain problems of mutation through direct observa-
tion of the chromosomes. Although the gene-string
itself is below the limit of mieroscopic visibility, its
behavior is such that it provides a visible shadow, so
to speak, in the chromosome. Some alterations of the
oene-strings are readily detectable by visible altera-
tion of the echromosomes. The eytogenetic analysis of
individual mutations provides a wholesome check on
hypotheses derived from the statistics of mutation
frequencies.

An illuminating example of this is afforded by cer-
tain interpretations of the evidence on mutation rate
as affected by x-ray treatment and by temperature. At
an early stage in the study of x-ray-induced mutations,
Delbrueck (2) constructed a tentative “atomie physics
model” of the gene, as inferred from the frequency of
point mutations observed under varying physiecal con-
ditions. This has become widely known through its
application and discussion in the engaging little book
What Is Life? (3), published several years later by
the eminent theoretical physicist, Erwin Schrodinger.

In this view, the gene is considered a molecule, and
the observed mutations are considered to represent its
transitions from one stable state to another, as a re-
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sult of thermal agitation or the absorption of radiant
energy. The linear-dosage curve and the constancy of
mutation yield, regardless of wvariation in the time
factor, show that the x-ray-induced mutations result
from single “hits”; the constant proportionality of
mutation yields to ionization, regardless of variation
in wavelength, shows that the unit “hit” is an ioniza-
tion. Caleulation of the volume within which these
hits must occur to aceount for the mutations observed
provides a basis for estimating the average size of the
gene-molecules postulated. This turns out to be of the
order of 1000 atoms. The relative frequency of spon-
taneous mutations at different temperatures permits
the caleculation of the activation energy required for
the occurrence of a mutation, which turns out to be
about 1.5 ev. Unstable genes are assumed to have cor-
respondingly lower activation energies, and the fact
that temperature affects their mutation rate less than
that of normally stable genes is in agreement with ex-
pectation on this basis. The energy spent in one ioniza-
tion is about 30 ev, and it is therefore to he expected
that irradiation will cause the mutation of any of the
genes, regardless of their relative stability under nor-
mal conditions. The proportional inerease in mutation
rate will, therefore, be much less for genes distinectly
unstable at ordinary temperatures than for genes of
normal stability. These expectations also are realized.

This is an impressive picture, but it has been evident
for many years that it has no valid relationship to the
experimental data from which it was derived. The de-
tailed analysis of individual cases among the x-ray-
induced mutations has shown clearly that many of
these result not from a structural change in a gene but
from some alteration external to the gene, such as
physical loss or rearrangement of a segment of the
gene-string. We have no basis for estimating the pro-
portion of such extragenic mutations among the total
of mutations observed and no ground for assuming
that this proportion is the same among the mutations
observed under the various experimental treatments.

The basis of the model is the assumption that the
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statisties of observed mutation are in fact the statisties
of structural alteration of the molecules that constitute
the gene-string. The investigations of specific muta-
tions contradiet this assumption and show that the
model has no basis in reality.

It is interesting to reflect that if the determiners of
heredity had chanced to be of a lower order of magni-
tude, below the level at which the experimental study
of individual cases is possible, we might still be con-
structing more and more refined models of the gene on
this pattern. As the predictions made from the model
were contradicted by experimental results, we would
change the various numerical values, or introduce ad-
ditional variables, or perhaps, if necessary, even
create additional hypothetical units. But the model

would remain essentially an imaginary construet in-
ferred from mere numbers of mutations, for we would

have no possibility of contradicting the plausible as-
sumption that one mutation is as good as another,

YWhat Is a Gene?

The early studies of gene mutation were concerned
mainly with problems of technique arising from the
extreme rarity of the phenomenon. Although the muta-
tions of Oenothera, on which the mutation theory was
hased, had proved illusory, it soon became evident
that mutant alterations do occur that are inherited as
if they were due to changes in individual genes. The
comprehensive genetic analysis of Drosophila by Mor-
gan and his ecoworkers showed numerous cases of this
sort—in faet, almost all the loci shown on the gene-
map represented the mutant ocecurrence of visible
alterations which, on subsequent tests, proved to be
inherited in typical Mendelian fashion. These were as-
sumed to be due, in each case, to a change of the wild-
type gene to an alternative form, producing a recog-
nizably different phenotypic effect. The frequency of
these mutations, however, seemed far too low to permit
experimental investigation of the conditions affecting
their occurrence,

Muller (4) pointed out in 1917 that gene mutations

43



resulting in inviability (“lethals”) are probably more
frequent than mutations permitting survival with
modified phenotype (“visibles”). In experiments ex-
tending over the next 10 years (5), he developed vari-
ous special techniques by which it was possible to
determine the total number of lethal mutations for all
loei within a given chromosome or region. These total
frequencies proved to be high enough to permit sig-
nifieant experimental comparison of mutation frequen-
cies under different temperatures. The loei yielding
lethal mutations were distributed over the chromosomes
approximately as expected from the distribution of
loci for visible mutants, and it was coneluded that the
lethal mutations might legitimately be used as an in-
dex of gene mutations in general.

Meanwhile, many attempts to increase the frequency
of genetic alterations by external treatments had been
made, including studies with various chemical, radio-
logical, and serological treatments, and studies in
which various plant and animal forms were used. None
of these experiments gave coneclusive proof of an effect
of any experimental treatment on the frequency of
mutation, although in several of the experiments there
were genetic alterations that may have been induced
by the treatment. The failure of proof was due to two
difficulties: (i) that of proving that the genetic altera-
tions observed in the progeny of treated individuals
were in fact due to the treatment rather than to some
genetice irregularity present in the treated strains, and
(i1) that of showing statistically convincing inecreases
in the frequeney of mutations in the treated group.
What was needed was a genetic technique suitable for
the detection of mutations in adequate numbers in an
organism in which the gene-determined inheritance of
the mutant characters could be readily demonstrated.

The “C1B” technique with Drosophila, designed by
M:ller, was admirably suited to this purpose, and
x-ray experiments with this technique (6, 7) demon-
strated beyond question a very strong effect of x-ravs
on the frequeney of mutation. The total frequency of
lethals in the X-chromosome was increased more than
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100-fold. In addition, many visible mutations were
found, including dominants as well as recessives, and
ineluding mutants previously known from their spon-
taneous oceurrence as well as many mutants not pre-
viously observed.

These experiments were promptly followed by others
designed to test more critically the genie nature of the
induced mutations. The mutant lethals might be sus-
pected of being deficiencies; even the visibles could
conceivably be due to short deficieney or gene destruec-
tion. But if the treatment could induce mutation to a
variant allele and could, in further applications, in-
duce reverse mutation to the parental allele, it was
argued, the two mutations eould not both be due to
gene loss. Induced mutation and induced reverse muta-
tion at the same locus were shown to oceur in a number
of loei of Drosophila in experiments by Patterson and
Muller (8) and by Timoféeff-Ressovsky (9).

Subsequent experiments with a wide variety of
forms among the higher plants and animals and with
mieroorganisms showed the broad generality of the
effects of ionizing radiations upon the frequency of
mutation. In later experiments, ultraviolet radiation
and various chemiecal treatments were also shown to
affect mutation frequency.

The analysis of the induced mutations, however,
soon indicated that the accepted definitions and eri-
terions related to genes and gene mutations needed
reconsideration.

The purpose of experiments with gene mutation is
to study the evolution of new gene forms. The tech-
niques for studying gene mutation are, therefore, de-
signed to measure the frequency of these changes in
the genes. But a change in the gene may be recognized
only by its effects, and it soon became eclear that
various extragenic alterations might produce the ef-
feets considered characteristic of typical gene muta-
tion (10).

Thus the working definition of mutation necessarily
differs from the ideal definition. It is this working
definition that must be considered in generalizing
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from the experimental evidence. The mutations experi-
mentally identified as gene mutations may include not
only variations due to alterations within the gene but
also variations due to losses of genes, to additions of
genes, and to changes in the spatial relationships of
genes to one another. To identify these mechaniecal
alterations, certain tests were applicable. But there
was no test to identify mutations due to a change
within the gene; it was simply inferred that the mu-
tants that could not be identified as the result of
specific mechanical caunses were, in fact, due o gene
mutation in the ideal sense (171).

When we conclude from an experiment that new
genes have been evolved by the action of x-rays, we
are not simply stating the results of the experiment.
We are, in the single statement, combining two dis-
tinet steps: (i) stating the observed results of the ex-
periment, and (ii) interpreting the mutations as due
to a specific mechanism. It is essential that these two
steps be kept separate, because the first step repre-
sents a permanent addition to the known body of
faet, whereas the second step represents only an in-
ference that may later be modified or contradicted by
additional facts. When the two steps are uncon-
sciously combined, we risk confusing what we know
with what we only think we know.

The widely held belief that the frequency of gene
mutation may be greatly accelerated by x-ray treat-
ment was an illusion of this kind. Its basis was the use
of the term gene mutation with two distinetly differ-
ent meanings. Gene mutation was thought of as a
change in the constitution of a unit of the genetic
material, producing a new gene with altered gene
action. Gene mutation was identified in experiments
by the occurrence of a mutant character inherited as
if it were due to a change in a gene.

The mischief involved in the use of the same term
for the two concepts is obvious. To insist that x-rays

induce gene mutation because the mutants induced
satisfy all the accepted criterions of gene mutation,

and that these mutants represent qualitative changes
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in specific genes because that is what we mean by gene
mutation, is to adopt the dictum of Humpty Dumpty
in Through the Looking-Glass. “When I use a word,”
Humpty Dumpty said, “it means just what I choose
it to mean—neither more nor less.”

Now our concept of the gene is entirely dependent
upon the ocecurrence of gene mutations. If there were
no gene mutations, we could not identify individual
genes, because the total genetic effect of a single chro-
mosome would be inherited as a unit. If the mutations
we interpret as gene mutations are in fact due to
alterations affecting groups of genes, then the entities
that we will recognize as genes will be in faet the
corresponding groups of genes. The significant am-
biguity is not in our definition of gene mutation but
in our definition of the gene itself, because any defini-
tion of gene mutation presupposes a definition of the
gene.

The diseussion of these difficulties and of the pos-
sibility of remedying them by more rigorous definition
of experimental concepts is only an application to
biology of the operational viewpoint that has become
commonplace in modern physies, largely as a result of
the eritical studies of P. W. Bridgman (12). As Bridg-
man notes, this sort of eritical reconsideration, made
necessary in physies by the development of relativity,
is essential in scientific thinking if the methods are to
be made elastiec enough to deal with any sort of facts
that may develop. The essential feature of the opera-
tional viewpoint is that an object or phenomenon
under experimental investigation cannot usefully be
defined in terms of assumed properties beyond experi-
mental determination but rather must be defined in
terms of the actual operations that may be applied in
dealing with it. The principle is not a new one; it has
been recognized, at least implicitly, in the work of
individual scientists from an early period. William
James stated it essentially in his lectures on pragma-
tism (13), illustrating it with a quotation from Wil-
helm Ostwald:

Chemists have long wrangled over the inner con-
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stitution of certain bodies called tautomerous. Their
properties seemed equally consistent with the notion
that an instable hydrogen atom oscillates inside of
them, or that thev are instable mixtures of two bodies.
Controversy raged but never was decided. “It would
never have begun,” says Ostwald, “if the combatants
had asked themselves what partiecular experimental
fact could have been made different by one or the
other view being correct. For it would then have ap-
peared that no difference of fact could possibly en-
sue; and the quarrel was as unreal as if, theorizing
in primitive times about the raising of dough by
veast, one party should have invoked a ‘brownie’
while another insisted on an ‘elf’ as the true cause
of the phenomenon.”

What is a gene in operational terms? In other words,
how can we define the gene in such a way as to sepa-
rate established fact from inference and interpreta-
tion? The definition may take into aceount not merely
the evidence from experiments on the occurrence of
mutations but also the evidence from experiments on
the inheritance of genetic differences of any kind, or
from any other experiments that bear on the nature
of the zene. The definition may specify attributes of
the gene that ean be determined by recognized experi-
mental operations, whether these are attributes already
established in past experiments or attributes that
might be determined in future experiments.

Operationally, the gene can be defined only as the
smallest segment of the gene-string that ean be shown
to be consistently assoeiated with the occurrence of a
specific genetie effect. It ecannot be defined as a single
molecule, because we have no experimental operations
that ean be applied in actual cases to determine
whether or not a given gene is a single molecule. It
cannot be defined as an indivisible unit, because, al-
though our definition provides that we will recognize
as separate genes any determiners actually separated
by crossing over or translocation, there is no experi-
mental operation that ecan prove that further separa-
tion iz impossible. For similar reasons, it cannot be
defined as the unit of reproduction or the unit of
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action of the gene-string, nor can it be shown to be
delimited from neighboring genes by definite boun-
daries.

This does not mean that questions concerning the
undetermined properties mentioned are meaningless
questions. On the contrary, they are the all-important
questions that we hope ultimately to answer by the
interpretation of the experimental evidence and by
the development of new experimental operations. The
operational definition merely represents the properties
of the aetual gene, so far as they may be established
from experimental evidence by present methods. The
inferences from this evidence provide a tentative
model of the hypothetical gene, a model that will be
somewhat different in the minds of different students
of the problem and will be further modified in the light
of further investigation.

The term gene as used in current genetic literature
means sometimes the operational gene and sometimes
the hypothetical gene, and sometimes, it must be con-
fessed, a curious conglomeration of the two. The re-
sulting confusion may be strikingly illustrated in seem-
ingly contradictory statements by two such gifted and
clear-sighted geneticists as Richard Goldsehmidt and
A. H. Sturtevant. Goldschmidt, after reviewing the
evidence on position effect, states that genes do not
exist (I14), or at any rate that the classical theory of
the corpuscular gene must be discarded (15). Sturte-
vant, citing the evidence that chromosomes are region-
ally differentiated, that particular regions are neces-
sary for particular reactions in the organism, and
that these particular regions behave as units in cross-
ing over, states “These propositions . . . prove the
existence of genes” (16).

Goldschmidt is essentially correet if, by the gene,
we mean the hypothetical gene, and the particular
hypothetical gene that he has in mind. His positive
conclusion that the gene does not exist is prone to
misinterpretation but apparently means only that this
hypothetical gene does not exist. His contention that
the properties commonly aseribed to “the classieal,
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corpuscular gene” go far beyond the evidence is, I
think, fully justified.

Sturtevant is correct if, by the gene, we mean the
eoene of the operational definition, sinece this implies
no unproved properties. If it were true that there are
no diserete units in the gene-string, Sturtevant points
out, the most direct way of establishing the faet ex-
perimentally would still be by studying the properties
and interrelationships of these distinguishable regions,
These are the genes of the operational definition.

What is the operational definition of gene mutation?
We have recognized that our studies of gene mutation
have signifieance for the major problem only to the
extent that they identify and analyze the mutations
that represent the evolution of new hereditary units.
But it is obvious that no operational definition of gene
mutation in this sense can now be formulated—for
these hereditary units are not the genes of the opera-
tional definition; they are the hypothetical genes pos-
tulated in our interpretation of the experimental evi-
dence. To say that no operational definition is now
possible is only to repeat in different words the fore-
going statement that we have no positive eriterion to
identify mutations caused by a change within the gene,
and that the alterations interpreted as gene mutations
in experiments are merely the unclassified residue that
cannot be proved to be due to other causes. The major
objective in further investigations must be to develop
such eriterions.

Study of the Mutation of Specific Genes

The main purpose of this paper (17) is to empha-
size the unpleasant fact that significant progress in
our understanding of gene mutation requires the in-
vestigation of the mutation of specific genes. The fact
is unpleasant because the various technieal difficulties
that arise from the very low frequency characteristic
of mutation are at their worst when the study must
be made on single genes, particularly on the spon-
taneous mutation of single genes. The unpleasant state-
ment is a fact because, as we have seen, it is hopeless
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to identify and exclude the spurious or extrageniec
mutations in experiments on mutation rates at miscel-
laneous unspecified loei.

The chief advantage in focusing the study on the
single gene is that this makes it possible to substitute
the direet experimental analysis of specific mutants
for the application of generalizations assumed to ap-
ply to mutations at all loci. Each mutant studied may
add to the background of detailed information avail-
able for the diagnosis of other mutants of the same
gene,

An important further advantage is that the specific
loci selected for study may be loei with unusual tech-
nical advantages for the recognition and analysis of
their mutants. For example, the genes R" and A? in
maize, like other known genes.in various species, yield
spontaneous mutants that are clearly distinct from the
forms produced by recognizable short deficiencies at
these loei. This does not prove that the spontaneous
mutants are not due to still smaller deficiencies, but
it supplies a convenient screen for identifying a large
class of deficiencies without further investigation.
Another very useful aid in diseriminating between
gene loss and gene alteration is available for the reces-
sive allele a. This allele, although phenotypieally dis-
tinguishable only by the loss of A4 action, may be
distinguished from gene deficiency by its response to
the mutagenic gene Dotted (Dt), in the presence of
which it reverts sporadically to the dominant allele A.
The retention of the Dt response provides a criterion
to exclude gene loss in the interpretation of experi-
ments on spontaneous and induced mutation of 4. A
technical advantage of a different sort is provided by
the R alleles. The phenotypic effect of R is such that
a large number of alleles may be objectively distin-
guished by very slight differences of plant color in-
tensity and pattern. A gene with equally variable
allelic forms, if identified only by its effect on some
all-or-none response, would seem to have only two
alleles, and its mutations would not be detectable ex-
cept for those that crossed the line between these two
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distinguishable levels of action. Another advantage of
great practical importance is that both R and A are
genes affecting endosperm characters and are, there-
fore, suitable for the identification of mutations in
large populations. Both are apparently genes of such
trivial effect physiologically that their mutants survive
with no detectable loss of viability.

The effective analysis of the diverse genetic phe-
nomena that may result in the origin of a Mendeliz-
ing variation may not be impossible in intensive studies
of the mutations of suitable selected genes, despite the
faet that it seems hopeless in studies of mutation at
miscellaneous, unspecified loei.

These considerations are of no account if the fre-
quency of spontaneous mutation of the single gene is
actually too low to permit effective experimental study.
We cannot safely avoid this difficulty by selecting for
study the genes of unusnally high mutation frequency,
because there is no assurance that the mechanism re-
sponsible for the behavior of “unstable genes” is rep-
resentative of the mechanisms concerned in typieal
gene mutation. The use of microorganisms that per-
mit effective sereening for mutants in virtually unlim-
ited populations would remove the difficulty, but un-
fortunately these do not provide the critical genetic
backeround essential to the study.

A technique for determining the spontaneous fre-
quency of mutation of specific genes is practicable in
maize for mutation rates ranging as low as about one
per 1 million gametes (18). A test of eight genes,
unselected except for the technical advantage of show-
ing their effects in the endosperm, yielded mutations
in all but one of the genes tested, the mutation fre-
quencies ranging from about one to about 500 per 1
million gametes tested (79). The genes that yielded
mutations in sufficient numbers to permit the eom-
parisons showed rather wide variation in mutation
frequeney in different cultures. The gene R, for ex-
ample, vielded no mutations in large populations in
some cultures, but its mutation rate in other cultures
ranged as high as 0.2 percent. Later studies have shown

52



that such differences are due in part to differences in-
trinsie to the R allele concerned and in part to differ-
ences caused by factors modifying the mutation rate
of R (20). Such factors are apparently quite common,
since a study in which only strong effects could be de-
tected indicated the occurrence of such modifiers in
three of the seven regions marked (21).

The average mutation rates determined are rather
low for effective experimental investigation of factors
affecting the mutation rate and even for the extraction
of adequate samples of mutants for individual study.
However, the fact that mutation rates are so readily
affected by diverse modifiers makes it feasible to ex-
tract strains in which the mutations of specific genes
may be made frequent enough to permit direct ex-
perimenal study.

Detection of Spurious Gene Mutations

The development of ecriterions for identifving gene
mutatious of evolutionary significance is difficult even
in the study of selected genes of the most favorahle
properties. In past studies, the problem has heen
eiven a disarmingly simple appearance hy various as-
sumptions, some of which were unwarranted, and some
of which have been invalidated by later discoveries.

For example, we tend to feel that some of the mu-
tations detected in our experiments must be qualita-
tive changes in the genes concerned, for surely quali-
tatively altered genes have arisen in the course of
evolution. This is mainly responsible for the wide-
spread belief that, even though some of the apparent
gene mutations identified are demonstrably false,
“true” gene mutations must be included in the un-
classified residue.

This belief is fallacious. Granting that qualitatively
changed genes must have been evolved by mutation at
rates high enough to permit experimental investiga-
tion, there is no assurance that the steps in their evolu-
tion are represented in the mutants that are found in
our mutation experiments. When we set out to iden-
tify mutants in a mutation experiment, we must eon-
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fine ourselves to mutations of relatively large effect,
large enough to set the mutant beyond the range of
varying expression due to environmental and genetic
modifiers, If mutant changes occur within the nar-
rower range, we have no way of identifying them.
There is no good evidence against the occurrence of
such subliminal mutations. The assumption of the high
constancy of the gene is backed by evidence only con-
cerning the rarity of the distinet mutations. If con-
vineing evidence were adduced tomorrow to show that
genotypes breed true only as a statistical result of
sampling in each generation in populations of genes
genetically fluctuating over an imperceptible range,
there is nothing in our present knowledge that would
contradicet this eonclusion.

A study of R alleles of diverse origin showed the
common occurrence of minute differences in the level
of plant-color expression (£22). Such allelic differences
would not be expected if the only source of variation
in this gene were mutation of the type that we study
in our experiments, but they would be expected as a
result of subliminal mutation.

If subliminal mutations oceur, it is possible that this
type of mutation accounts largely or wholly for the
evolution of new gene forms in nature. Thus it is quite
possible that the sharply distinet mutations identified
in our experiments may be exclusively the result of
extragenic phenomena.

A second assumption, or group of assumptions, is
concerned with the possibility of distinguishing gene
mutation from gene loss. It was originally supposed
that induced recessive “visibles” could safely be con-
sidered gene mutations, on the assumption that all
genes were essential to survival. This was contradicted
by various instances of cytologically demonstrable de-
ficiencies viable in haploid tissue or in hemizygous in-
dividuals, or viable as homozygotes in diploid indi-
viduals. Sueh eases were relatively few, but since both
the cvtological and the genetie eriterions of deficiency
approach the limit of their range of effective applica-
tion as the deficient segment becomes smaller, there is
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reason to suspeect that physical loss may be responsible
for observed mutations also in cases in which deficiency
cannot be demonstrated. As we have become better ac-
quainted with individual genes and their functions, the
assumption that genes, as a rule, are individually
essential to life has lost its plausibility.

Mutation to an intermediate allele is sometimes eon-
sidered evidence against loss mutation. This involves
another assumption, that of the unitary nature of the
gene—an assumption made consciously and with care-
ful consideration in the early development of gene
theory, but one that must be seriously questioned in
the light of later evidence. It is only on the hypothesis
that multiple alleles are variant forms of a single unit
that we may exclude the possibility of their occurrence
by loss mutation. On the hypothesis that they repre-
sent different mutations in a complex of closely linked
genes, we could account for mutation to different levels
by the loss of different segments of the chain.

The basis for the choice of the unitary hypothesis
is perhaps best shown in the considerations underlying
the classical eriterion of allelism, These were stated by
Morgan in 1919 (23) as follows:

Probably the most important evidence bearing on
the nature of the genes is that derived from multiple
allelomorphs. Now that proof has been furnished that
the phenomena eonnected with these cases are not due
to nests of closely linked genes, we ecan probably ap-
peal to these as crucial eases. . . . The demonstra-
tion that multiple allelomorphs are modifications of
the same locus in the chromosome, rather than cases
of closely linked genes, can come only where their
origin is known. . . .
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Fig. 108 [in part]. Diagram illustrating mutation in a
nest of genes so closely linked that no erossing over takes
place.

Let the five circles of Fig. 108, A represent a nest
of closely linked genes. If a recessive mutation oceurs
in the first one (line B, a) and another in the second
gene (line B, b), the two mutants a and b if crossed
should give the atavistie type, since a brings in the
normal allelomorph (B) of b, and b that (4) of a.
. . . Now this is exactly what does not take place
when members of an allelomorphie series are erossed
—they do not give the wild type, but one of the other
mutant types or an intermediate character. Evidently
independent mutation in a nest of linked normal genes
will not explain the results if the new genes arise di-
rectly each from a different normal allelomorph,

It will be noted that the test rules out the existence
of the nest of closely linked genes only on the assump-
tion that each mutation must be an alteration of a sin-
gle number of the group. If, instead, each mutation
were a loss of one or more contiguous numbers of the
group, the fact that crosses between them might com-
monly show them to be allelic would not rule out the
“compound gene” as the basis of the multiple allelie
series. This is illustrated in the following diagram-
matic arrangement:
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The “compound gene” is in a sense a contradiction

in terms, for the hypothetical gene is unitary by defi-
nition. But the genes identified in our experiments can-

not be made unitary by definition. The five genic ele-
ments represented in the diagram are not actually
parts of one gene; they are five genes. But if certain
multiple allelic series have a basis of this type, it
would be possible to establish the fact experimentally
only in the cases most favorable for analysis. Accord-
ingly, there might be many cases in which the segment
of the gene-string identified experimentally as a single
gene might actually be a cluster of genes of identical
or similar effect.

The notion of the compound gene, or some equivalent
unit, may prove to have significance, since there may
he special relationships among the clustered elements
that mark them off as a group from adjoining unre-
lated elements. One of these may be interrelationships
in gene action between the clustered elements, which
could lead to the occurrence of position effects when
members of the cluster are separated by crossing over
or translocation. This may be a basic factor in the
explanation of position effect in general. Another re-
lationship to be expected is synaptic equivalence, lead-
ing to the opportunity of unequal crossing over. It
is the latter that coneerns us here.

A striking example of minute deficiencies simulat-
ing gene mutations is provided by the “erossover-
mutants” of R’. Certain R" alleles consist of at
least two independently mutating genic elements: (P).
determining anthoeyanin pigmentation of certain plant
tissues and of the pericarp, and (S), determining an-
thoecvanin pigmentation of the endosperm and em-
brvo. The ecrossover-mutants R? and +" result from
unequal crossing over and must, therefore, involve the
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loss of (P) in the one case and of (S) in the other.
They give no cytological or genetic indication of defi-
ciency, and they are wholly normal in development in
the haploid gametophyte, as is shown even by the very
sensitive test of competitive pollen-tube growth in the
transmission of the mutant through male germ cells.
The crossover-mutants are wholly indistinguishable in
appearance and genetic behavior from the noneross-
over mutants occurring in the same cultures.

The occurrence of unequal crossing over within the
R complex yields some interesting indications of the
genetic nature of multiple allelic series and of the
possible role of gene losses in relation to seemingly
qualitative mutations. In addition to (P) and (8),
there are other phenotypically recognizable geniec ele-
ments of the R complex. In certain R’ alleles of dilute
pigmentation, both plant and seed color are dependent
upon a single genic element (D). In various R alleles
of unusually strong pigmentation, there appear to be
additional elements determining certain aspects of
plant-color expression. In addition, there are various
distinguishable aleurone-color types such as “Stip-
pled,” “Marbled,” “Navajo-spot,” and so forth, some
oceurring with plant color and some without. Each of
the distinguishable complexes may be regarded as one
of a long series of multiple -alleles of the gene R.

Let us pause a moment to clear the terminology. To
avoid confusion I shall refer to the recognized alleles
of R under their customary italicized designations
(R", R ", R¥, and so forth), although the analysis
shows that several of these so-called ‘“‘alleles” are ac-
tually complexes of two or more genes.

The term genic element will be used for any gene-
like constituent identified as a component of one of the
R alleles. The use of this term does not, in the absence
of further evidence, necessarily imply that the element
is unitary. The genic elements are designated by sym-
bols not italicized, such as P, S, D, and so forth.

In addition to the crossover mutants there are nu-
merous noncrossover mutants. A noncrossover '
mutant is presumably of constitution “P s” rather than
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merely “P.” The postulated element (s) is a “null”
element phenotypically but presumably would funection
synaptically in the samle way as “S.” These postu-
lated elements are designated “s,” “p,” “d,” and so
forth.

The complex may, of course, include other null ele-
ments from past mutations in which the parental
elements are unknown. These as a class are desig-
nated as “n.”

In several instances noncrossover mutants to inter-
mediate levels of seed-color expression occurred in-
cluding various dilution and pattern types. These are
designated “S9,” “Ss%,” and so forth.

Once any two of these genic elements have become
established in neighboring positions in the same chro-
mosome, an opportunity is provided for unequal eross-
ing over, which may ultimately lead to the development
of more complex gene clusters. For example, the afore-
mentioned crossover mutants resulted from inter-
changes as follows:

P S 258 P 8 7 P S S

The crossover-product “S” was recognizable as a
crossover mutant R? and the crossover-product “P”
as crossover mutant +". The erossover-produets “P P S”
and “P S S” were not recognizable, but these repre-
sented the produection of potential new alleles carry-
ing three genic elements instead of two. By using dis-
tinguishable forms of S or P in the original ecompound,
the addition-crossovers may be made recognizable, and
by this means it is possible to produce such new syn-
thetic alleles as R (Stippled-Navajo), and so forth.
In this manner, it would be expected that more com-
plex clusters would develop by successive steps, unless
the gene is one whose action sets a closer limit on the
viability of its duplications.

The great variety of genotypes that might be ex-
pected to represent possible members of the allelic

29



series may be illustrated by a few examples as fol-
lows:

1) S S p n
2y S P P n S
3) D

4D S P

5) 8 P D

Alleles (2) and (4) would be of the standard R’ type,
(3) would be of the dilute R" type, (1) would be of the
R? type, and (5) would be a spotted aleurone type
with plant color. In general, the differences between
the alleles are due to extragenie, rather than intra-
genie, alterations, but this is not necessarily true of
the phenotypic difference between (4) and (5).

With regard to the relationships between the genic
elements of the complex, the concepts of allelism and
locus have little meaning. All members of the complex
are homologous with one another; presumably all have
arisen through a long series of mutations from some
single ancestral gene. In a sense, all may be considered
allelic to one another. For example, the question “Is
S® (the seed-color element in RY/) allele to S?” has
no significance, because there is no way in which S"
can be shown to have any different relationship to S
than to P or to any other element of the complex. The
same is true of such a question as “Is the element (D)
proximal or distal to (P) ?” It may be proximal in one
stock and distal in another; in a stock in which it is
proximal, a short series of unequal ecrossovers will
suffice to move it to a distal position.

Although different alleles may have widely different
numbers of genic elements, none is actually a defi-
ciency. In terms of the postulated origin of the cluster,
all of those with more than a single element may be
considered duplications. On the other hand, when we
arbitrarily take as the standard type an allele carrying
several genic elements, other alleles with fewer ele-
ments will appear as deficiencies, and the mechanisms
that produce them as mutants from the standard type
will be mechanisms of gene loss.
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The same mechanisms proceeding in the case of a
gene-complex whose separable elements are identical
in action might produce only a linear series of multiple
alleles showing various grades of dilution, or they
might produce no multiple series of alleles at all.

The inereasing number of cases in which clustering
of genes of identical or similar effect is proved or in-
dicated (24-27 and others, 28 and 29 for references)
suggests that unequal crossing over may be a signifi-
cant factor in the production of seeminglv qualitative
allelie differences.

Another simplifying assumption was that mutant
changes in gene effect must represent some transfor-
mation of the gene itself rather than some alteration
affecting its expression. It was this assumption that
made the demonstration of x-ray-induced mutation
and reversion of the same gene seem eritical proof of
the induction of intragenie alterations. The assump-
tion was definitely contradicted by the evidence of
position effect. This evidence showed conclusively that
a mutation did not necessarily represent a transforma-
tion or loss of the gene concerned; instead, it eould
be the result of a translocation affecting the expres-
sion of the unchanged gene.

The remarkable studies of MeClintock (30, 31) on
mutational behavior in maize, as affected by the intro-
duction of a chromosome-9 undergoing the breakage-
fusion-bridge eyecle, have shown the far-reaching im-
portance of this limitation in the experimental study
of gene mutation. In the presence of this structurally
unstable chromosome, many of the type genes present,
including genes in chromosome-9 and genes in other
chromosomes, show mutation to unstable recessive
forms characterized by various types of chromosomal
irregularity. The study of the unstable mutants and
their reversion leaves little doubt that the phenomenon
1s due to some reversible inhibition of the expression
of the genes concerned.

In some cases the mutations are accompanied by
detectable chromosomal aberrations at or near the
locus showing instability, but in other cases no eyto-
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logically detectable chromosomal alteration is associ-
ated with the oceurrence of the mutation. In many
cases the instability of the recessive mutant and the
oceurrence of the associated chromosomal irregulari-
ties are dependent upon the presence of a complemen-
tary factor designated “activator” (Ae), and when this
factor is removed the mutant behaves as a stable re-
cessive with normal chromosomal behavior.

MecClintock has also shown that the control of re-
verse mutation of the recessive a by Dt (Dotted) may
be a reaction of the activator type. In the presence of
the aberrant chromosome-9 and in the absence of Dt,
the standard a allele has given occasional endosperm
dots apparently due to mutation to 4. This strongly
indicates that the standard a is a repressed 4, and, if
s0, its reversion under the influence of D must also be
due to some modification of conditions affecting gene
expression.

‘Whether or not there is acceptance of the hypothesis
that these manifestations of unstable gene behavior
are brought about by the transposition of invisible bits
of heterochromatin to the locus of the gene affected,
this brilliant investigation clearly shows that expres-
sion effects may be the actual cause of apparent gene
mutations, even when the mutation ohserved shows no
indication of a change of position or of any associated
chromosomal alteration.

The resulting difficulty in the analysis of observed
mutations further emphasizes the necessity for carry-
ing on the analysis with the advantages of the detailed
study of mutation at specific loci. If we think of these
results in terms of the generalizing assumptions char-
acteristic of the study of mutation en masse, we may
be ineclined to apply the findings to the nature of gene
instability in general, or even to the nature of mutant
alleles in general. If we think of them against the
background of diverse mutations of some intensively
studied gene, we are inclined to make detailed com-
parisons of the mutants of this category with those of
other types and other modes of origin in the hope of
developing criterions that distinguish mutants of dif-
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ferent kinds.

Meanwhile, in the study of gene mutation, we are for
the present in an anomalous position. A mutant may
meet every test of gene mutation, and yet, if it is not
capable of reverse mutation there is ground for the
suspicion that it may be due to gene loss, while, if it
is capable of reverse mutation, there is ground for the
suspicion that it may be due to an expression-effect.
The only escape from this dilemma is through the more
intensive studyv of the mutations of specific genes se-
lected as best suited to detailed genetic analysis, in the
hope of developing more sensitive criterions for the
identification of gene mutations.
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