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INTRODUCTION

THIS book is based on the Jesup Lectures delivered in April, 1956,
in the Department of Zoology of Columbia University in the City of
New York. A portion of the text is unchanged and the colloquial
style gencrally retained.

The title—for short, “Trends in Genetic Analysis”’—is an obvious
overstatement: there was no intention, of course, of dealing in six
lectures with all the directions along which genetics is advancing.
The treatment was confined only to those ficlds with which the
author has firsthand acquaintance. Cytoplasmic inheritance, bio-
mectrical genetics, and even the detailed study of mutation were
completely omitted. Yet no one, least of all the author, will main-
tain that there are no trends there. These are all frontier fields ex-
panding very vigorously. The scope of the lectures was a reappraisal,
on the basis of present knowledge, of the theory of the gene.

A by-product of recent research is the realization that sexual re-
production—i.e., a regular alternation of karyogamy and meiosis as
shown in higher organisms—is by no mecans the only process for the
pooling and reassorting of genetic information from different lines of
descent. Though known so far only in microorganisms, novel proc-
esses of genetic recombination make it clear that some modernized
version of the theory of the gene is applicable in organisms or situa-
tions in which sexual reproduction (the basis of the original theory)
does not occur. The two closing chapters of this book deal precisely
with these novel processes.
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To put the content of this book in its correct historical perspec-
tive, we have to remember a few landmarks. Bateson and Punnett
discovered linkage in 1906. In 1912 Morgan and his group at Colum-
bia University correlated the recombination of linked genes with the
occurrence of reciprocal exchanges between homologous chromo-
somes at meiosis, which had been demonstrated by Janssens in 1909.
The linear arrangement of genes and the first linkage map by Sturte-
vant soon followed in 1913. The next landmark is the series of papers
by Muller on the mechanism of crossing over, published in 1916.
With this work and with that by Bridges on “non-disjunction,” all
the elements for the theory of the gene had been gathered, though
this wording was used by Morgan only in 1917. The theory was ex-
pounded by the Columbia University team in 1915 as “The Mech-
anism of Mendclian heredity.” The term “gene,” coined by Johann-
sen in 1911, has already become established.

It is no exaggeration to say that beforc about 1940 what was
known on the nature and the mode of transmission of genetic speci-
ficity—1.e., what was known about chromosomal heredity—was but
a series of developments of the theory of the gene.

First came the studies of mutation started by Muller about 1920
that led in 1927 to the discovery by Muller and by Stadler of the
mutagenic effects of radiations. It took about fifteen ycars before
chemical mutagenesis was demonstrated by Auerbach and Robson
and a vast new ficld opened up.

Second, in the 1920s Wilson, Belling, and later Darlington
unificd Mendelian inheritance and chromosome cytology. About the
same period witnessed another major success: the unification of
Mendelism and Darwinism, which the theoretical work of Fisher,
Sewall Wright, Haldane, and Tchetverikov made possible. It also
witnessed a substantial beginning : the analysis of the effects of genes
in terms of biochemical and developmental processes, in which
Haldane, Goldschmidt, and later Ephrussi played leading roles.

Third, in the years immediately preceding World War II, some-
thing quite new happened: the introduction of ideas (not tech-
niques) from the realm of physics into the realm of genetics, particu-
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larly applied to the problems of the size, mutability, and self-replica-
tion of genes. The names of Jordan, Frank-Kamenetski, Friedrich-
Freska, Zimmer, and Delbriick, with Muller and Timofeef-Ressov-
sky as their biological interpreters, are linked to this development.
Though this first application of physical ideas to a particular set of
problems did not work out too well, the whole outlook in theoretical
genctics has since been perfused with a physical flavour.

The debt of genetics to physics, and to physical chemistry, for
ideas began to be substantial then, and it has heen growing steadily
all the time. Techniques from physics and physical chemistry, on the
other hand, have contributed very little to genetics. This is in sharp
contrast to the relations of genetics with chemistry and biochem-
istry, which have contributed innumerable techniques and facts, but
few, if any, ideas.

The historical landscape sketched here is what appeared to the
writer in 1939 when, at an age older than is usual for a neophyte, he
started learning the elements of genetics. No doubt the picture is
blurred and incomplete: some landmarks are forgotten and others
are given too much prominence. But the main point, which can be
hardly controversial, is thc one made above, that up to 1940, or
thercabouts, genetics was essentially a development of the ‘“Theory
of the Gene.” Its impact has been profound, and has remoulded the
present ways of looking at living things and investigating the living
world. Its impact on politics of the extreme “left” or the extreme
“right” has also had far-reaching results, but few would say for the
better.

Since about 1940 there has been a gradual change in the outlook in
genetics. One reason for this change is the realisation that the theory
of the gene, though still indispensable in everyday genetics, is no
longer of heuristic value at levels of further refinement, especially
when it comes to the enquiry of what the genetic materials are and
how they work. The analogy here—and it is almost a platitude—is
with classical physics versus quantum mechanics. Unfortunately the
quantum mechanics of genetics is not yet with us.

Another reason is technical: the developments brought about by
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the use of microorganisms in genetics. This has enormously in-
creased the resolving power of genetic analysis and has stimulated
very fruitful gencral ideas from the study of rclatively simpler
genetic systems.

A third reason is the closer relationship between biochemistry and
genetics. For this we are indebted mostly to Beadle and Tatum,
who, quite independently, rediscovered Garrod’s idea of “inborn
errors of metabolism” and applied it to biosyntheses in microorgan-
isms. By doing so they provided a technique of immensc and versa-
tile power: suffice it to say that most of the development of microbial
genetics is based on this technique. Unfortunately, by and large,
this technique has not been put to the best possible use in onc of the
directions for which it has exceptional value, i.e., the study of the
primary actions of the genetic material and their relations to its fine
structure. In this respect, it has been made mainly into a tool for the
uncxciting description of intermediary metabolism, for which it
compctes or cooperates with half a dozen other more traditional
techniques. Only occasionally has it been used for the study of the
hiochemical system of which the genetic material is one component.
1t is still full of promise but has not yet made fundamental achieve-
ments. The large amount of information collected since 1940 on
the genctic control of biosyntheses has so far only descriptive
value.

A fourth reason is the impact of ideas from information theory,
cspecially in relation to molecular structure. It is too soon to assess
its results, but I have no doubt about its decisive importance.

Clearly, if we are to free oursclves of the fetters of purely formal
genctics, of genetics based on abstractions—though valid abstrac-
tions—of genetics as merely the mechanics of hereditary transmis-
sion, there is no doubt that we have to give physical, chemical, and
physiological content to the processes of heredity, variation, and
differentiation. We have to express such concepts as gene, allele,
mutation, crossing over, dominance, etc., in terms of precise proc-
esses taking place in or on structures of the cell.
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So far there is a certain reluctance both in approaches and in
techniques to giving structure to the chemical processes within the
cell: i.e., trying to do something about the fact that spatial arrange-
ment at the megamolecular or even higher levels is an essential part
of the game. Coupled reactions on surfaces, relations of molecular
structure to biological activity, arrangement of reactants in micro-
vessels, are the things that matter for our purpose, rather than the
elegant unravelling of pathways of intermediary metabolism. This
is why physicists and physical chemists have contributed decisively
to biological thought. This is why attempts like those of Watson
and Crick, Pauling, Szent-Gyorgy, and Astbury, have such great
appeal.

The fundamental problems in genetics with which we are faced
are still the same as those which Muller so clearly stated in his Pil-
grim Trust Lecture, “The Gene,” at The Royal Society in 1945:
among these, the nature of the self-duplicating process of genetic
structures, the nature of gene effects, and the nature of the recom-
bination process.

As to the first two, but not the third (see Chapter IV), we can now
state the problems more specifically, and there are some testable
models. For instance, on the one hand we can now test whether or
not the atoms of an existing genetic structure are distributed at ran-
dom between the two structures resulting from its self-duplication.
The brilliant experiments with isotopes by Levinthal (1956) with
bacteriophage, and by Plaut and Mazia (1956) and Taylor (1957)
with chromosomes, show that they are not.

On the other hand Watson and Crick (1953) and Kacser (1956)
have introduced an idea which does not seem to have occurred be-
fore (for example, see Muller, 1947a, p. 21), i.e., that the self-dupli-
cating structure itself has a complementary architecture like a pos-
itive and a negative photograph face to face.

According to this idea, the duplication process of a structure sym-

* * *
bolised as AB (* indicates parental structure) consists in A com-
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bining with B’s building blocks to give a “daughter” AB, and 1§

combining with A’s building blocks to give a “daughter” A]§.

Watson and Crick applied this idea to the molecular (double
helix) structure they proposed for DNA: in this case A and B stand
for nucleotides able to pair by hydrogen bonds. Kacser applied it to
a protein-DNA complementary architecture of supramolecular size
in which the genetic specificity is a property of the interface be-
tween the two constituents.

Penrose and Penrose (1957 and unpublished), however, in a note
which deserves more consideration than it has received, have shown
that it is possible to devise even large mechanical models which are
self-duplicating. An essential feature of these models is a symmetri-

cal structure say IUX, which can duplicate cither by accretion on
each side followed by splitting (A;\AA - AA + ;\A) or on onc side

only (AAAA 5 AA + AA).

Models of these kinds have predictable consequences, and it is not
too optimistic to belicve that experiments of the types already men-
tioned will soon be able to discriminate between them.

As to the nature of gene effects, Beadle and Tatum’s technique
has provided material at will. The most promising line seems to be
the analysis of cases in which a heterozygote produces both sub-
stances, say proteins, cach of which is produced by cach of the two
homozygotes. Horowitz’s work on tyrosinases in Neurospora is one
of the best examples of this kind.

The identification of the precise difference between the two sub-
stances may give a clue as to what the primary gene action is. For
instance, Ingram (1957) has shown that the haemoglobin of individ-
uals homozygous for sickle cell anaemia (a gene-determined abnor-
mality) differs from normal in one out of its 300-odd aminoacid resi-
dues. The heterozygotes have both types of haemoglobin.

The next fascinating step is that of finding out what it is, in the
gene “code,” that determines this difference. Again this aim is not as
fantastic as it would have been in 1945. It requires the combination
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of work like that of Ingram on a gene-determined protein with work
like that of Benzer (1957) or Pritchard (1955) on the fine structure

of a gene.
Certain aspects of these problems of genetics are the main sub-

ject of this book.



CHAPTER |

GENETIC ANALYSIS AND ITS
RESOLVING POWER

“ANALYSIS,” in the Oxford dictionary, is defined as ‘“‘resolution
into simple clements.” In genetic analysis we must be clear about
what we resolve and into what simpler clements.

Classical genetic analysis is based on the results of breeding and
by means of them resolves the genome into linkage groups, and each
linkage group into loci. By also making use of cytological techniques
and combining them with breeding techniques it goes further: it
cstablishes on which chromosome cach linkage group has its struc-
tural hasis and to which small section of the chromosome each locus
corresponds.

Mainly as a consequence of the development of microbial genetics,
genetic analysis has increased enormously its resolving power in
recent years, so much so that it now goes beyond that of physical
or chemical techniques applied to biological organisation. I hope to
substantiate this contention and make it more precise than was
possible in 1952 when it was first put forward.

The essential process on which genetic analysis is based is recom-
bination. Consider the analogy with microscopy, which is based
instead on diffraction. The resolving power attained in microscopy
depends on the quality of the microscope and on other technical
details, but we know that it has a theoretical limit set by the wave-
length of the light used. So far, in genetic analysis the resolving
power has been limited only by the refinement of techniques. What
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the ultimate limit is we do not know, nor can we deduce from theory.
Recent advances make it possible to venture a few guesses.

Recombination can be defined as any process which gives origin
to cells or individuals associating in new ways two or more heredi-
tary determinants in which their ancestors differed: for instance,
cells with determinants Ab or ¢B descending from other cells with
AB or ab.

Until less than fifteen years ago, only two processes of recombina-
tion were known: sexual reproduction and infection. Now we know
that there are more. For instance, transformation by means of
desoxyribonucleic acid (Avery, MacLeod, and McCarthy, 1944)
and virus-mediated transduction (Zinder and Lederberg, 1952) in
bacteria, the parasexual cycle (Pontecorvo, 1954) in fungi, etc.

We recognise recombination by observing in a line of descent
certain cells or individuals—recombinants—which show new asso-
ciations of properties. Recombination of propertics, however, is only
the detectable secondary effect of reassociation of subcellular struc-
tures determining differences in such properties.

In the type of recombination on which classical genetic analysis
is hased, i.e., recombination in sexual reproduction, these structures
are the chromosomes and their linearly arranged elements. The
latter are recognised as genes as a consequence of their specific
activities in metabolism and development.

In sexual reproduction recombination of chromosomes and their
elements takes place at meiosis and it is the result of the indcpend-
ent segregation of nonhomologous chromosome pairs and of crossing
over between members of a chromosome pair, respectively.

Crossing over (whatever its precise mechanism, see Chapter 1V)
can be formally described as the reciprocal exchange of lincar bonds
at corresponding positions along pairs of homologous chromosomes.
These exchanges are microscopically observable in suitable material.
In a population of cells going through meiosis, the incidence of ex-
changes hetween any two given points in one chromosome pair is
highly correlated with the physical distance between these two
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points. This incidence can vary from an average of over five ex-
changes per cell per chromosome pair to none.

In the analysis of the results of breeding experiments we recog-
nise recombination not by microscopic examination of cells in
meiosis but by the proportion of recombinant individuals in later
gencrations of a cross. From the fraction of recombinant individ-
uals one can calculate the fraction of recombinant gamctes from
which those individuals originated. The two coincide, of course, in
the casc of haploid organisms.

If the proportion of the recombinant gamctes formed—e.g., Ab
and aB—is smaller than that of gametes with the ancestral associa-
tions—AB and ab (“parental’”’)—we say that there is linkage be-
tween the two genes A/a and B/b. This is almost the same as saying
that along a chromosome pair between the position of the difference
A versus a and that of the difference B versus b there is an incidence
of less than one exchange as the average of a large number of cells in
meiosis.

The measure of linkage is based on the fraction of recombinant
gametes out of the total tested. If the two positions just mentioned
are cither on different pairs of chromosomes or so far apart on one
pair that there are on the average one or more exchanges hetween
them, the recombinant gamctes are formed in ecual proportions
with the “parental” gametes. In this casc we say that there is “frce
recombination” between thc two genes A/a and B/b.

Three or more genes closely linked two by two (i.e., showing much
less than 509, recombination) reveal the additiveness of recombina-
tion fractions. If the recombination fraction between A/a and B/b
is, say, .05 and that between B/b and C/c is .04, that between A/a
and C/c will be approximately either the sum of (.09) or the differ-
ence between (.01) the other two. This additiveness makes it pos-
sible to represent the recombination fractions graphically as seg-
ments in a linear sequence—A/a, B/b, C/c in the first case, or 4/a,
C/c, B/b in the second case—with the length of the intervals pro-
portional in suitable scale to the recombination fractions.

Overlooking certain refinements required by the occurrence of
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multiple exchanges, interference, etc., which lead us to correct the
recombination fractions and turn them into ‘“‘crossover values,”
a linkage map consists essentially of this. The “position” of a gene
on the linkage map is called its locus.

Thus, by means of breeding experiments, we measure the inci-
dence of recombination between a group of linked loci and we re-
solve a linkage group into crossover values between loci. This gives
a valid but rathcr abstract picture. We do not make it much more
concrete by representing the crossover values graphically as a link-
age map. In the same way we do not make more concrete the tabu-
lation of volumes versus pressures of a gas if we turn it into a graph,
though for certain people like me it is easier to grasp the meaning
of a graph than that of a table or an equation.

Because of the approximate additiveness of recombination frac-
tions, linkage maps are quite meaningful but are still only graphic
expressions of certain numerical relationships. They are more mean-
ingful than the analogy of pressures and volumes because the ma-
terial structure—the chromosome—which underlies the relations ex-
pressed in the map actually has a lincar arrangement at least at
first approximation.

The concepts and the methods which have led to the construction
of linkage maps in organisms with a standard sexual cycle have been
of tremendous value in extending genetic analysis to systems in
which recombination is not based on meiotic crossing over. The re-
sults of these new adventures are evident in the successful mapping
of bacteriophages and bacteria, and in the use of mitotic analysis in
fungi (Chapter V). Furthermore, in bacteria, mapping has made use
of a refreshing varicty of natural and artificial processes: transfor-
mation, transduction, conjugation, and finally mechanical or radia-
tion-induced fragmentation of the ‘“chromosome.”

The combined work of cytology and genetics in higher organisms
over the last fifty years has led to a substantial understanding of the
relations between linkage map and chromosome, and in particular
between recombination fractions and incidence of crossing over at
meiosis. It has also taught us to be aware of the limitations of
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genetic maps as pictures of the actual spacing of loci on the chro-
mosomes. One has only to keep in mind how different the results are
if we compare, for example, the loci in the X chromosome of Dro-
sophila melanogasler mapped: 1) cytologically in the mitotic chro-
mosomes by means of X-ray breakage; 2) cytologically in the sali-
vary gland chromosomes; 3) genetically by means of meiotic cross-
ing over, and 4) genetically by means of mitotic crossing over.
This difference becomes embarrassing if we compare the meiotic
maps of the male, in which crossing over does not occur, with those
of the female.

In spite of these obvious limitations we must attempt to give a
concrete meaning to the numerical relationships expressed in link-
age maps. This means that we must aim at a description in chemical
and physical terms of the chromosomes and of the processes taking
place in them. Among these processes the most prominent are repli-
cation, crossing over, and the part played by the chromosomes in the
metabolism of the cell. We are, of course, very far from this ambi-
tious end. There arc eminent geneticists who think that this is no
concern of the geneticist but of the biochemist, the biophysicist, and
the physiologist.

RESOLUTION AT THE INTER-GENIC LEVEL

As mentioned above, genetic analysis resolves pairs of loci not too
far apart by detecting recombination between them and measuring
its amount. The closer the two loci, the smaller the amount of re-
combination. Consequently the detection and measurement of re-
combination between two loci very close to cach other requires the
classification of a large number of products of meiosis: as long as we
are below the ultimate limit—wherever it may be—the resolving
power is determined only by the size of the sample that we are able,
and are prepared, to classify.

Remarkable increascs in resolving power have resulted in recent
years precisely from increases in the size of the analysable samples.
This is mainly the consequence of the introduction of microorgan-
isms in genetical research and the development of selective tech-
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niques which pick out automatically rare recombinants from a mass
of nonrecombinant cells. The result is that recombination fractions
of one in a million have been measured. But larger samples can still
be handled. There should be no insuperable technical difficulty in
actually reaching the ultimate limit. Perhaps it has already been
reached in the analysis of recombination in bacteriophage (Benzer,
1957) and Salmonella (Demerec ef al., 1956).

Let us first consider the resolving power of genetic analysis using
cxclusively results from breeding experiments, as if we did not know
of the existence and significance of chromosomes and as if we had no
clue as to their chemistry. Table 1 gives examples taken from the
literature of the closest linkages recorded between different genes in
five organisms, ranging from a mammal to fungi. Tam using here the

TABLE 1

EXAMPLES FROM FIVE ORGANISMS OF THE CLOSEST LINKAGES
RECORDED BETWEEN GENES PRESUMABLY NOT RELATED
IN PHYSIOLOGICAL ACTION

Recombination
as fraction X 10*
Organism Total map units Pairs of genes % of total map

DROSOPHILA 280 w and rst (T) 0.2 7
sp and bl (II) 0.3 1
ey and ci (IV) 0.2 7
MAIZE l,g‘s’g,i o, and shs 0.25 2

MOUSE i:ggg& seand d 0.16 0.8

ASPERGILLUS 660 y and adI6 0.05 0.8
adl5 and pabal 0.5 9
NEUROSPORA 380 ¢0l4 and org2 04 5
800* g and lys 0.5 6

* Indicates total maps calculated by multiplying the chiasma frequency by 50.
Other total maps calculated by adding the lengths of all linkage groups. For those
organisms for which both estimates are available, the larger has been used, as more
likely to be nearer the true value. In the case of close linkages the recombination
fractions, expressed as %, are equivalent to map units. (References: Mouse—Carter,
1955; Gruneberg, 1952; Slizynski, 1955, Aspergillus—Pritchard, 1955; Calef, 1957;
Kafer, 1958; Neurospora —Singleton, 1953; Barratt, Newmeyer, Perkins, and Garn-
jobst, 1954; Maize—Darlington, 1934; Rhoades, 1950.)
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term “gene” in the vague classical meaning based on the tacit and
wrong assumption that the ultimate units of transmission and of
difference in heredity are one and the same thing. This matter will
come up for closer scrutiny in Chapter IL.

In the examples given in Table 1, the two members of each pair
of closely linked genes considered have quite different effects on
the phenotype. It is reasonable to suppose that members of each
pair are relatively independent in the part they play in metabolism
or development. Their recombination fractions vary from 5 in 10
to 5 in 10%. These recombination fractions represent from about 1
to 10 ten-thousandths of the total map for each organism.

We could follow Muller (1916, 1926) and usc these ratios to make
a minimal estimate of the total number of genes in each organism.
It would be minimal, of course, because on the one hand there is no
reason why the closest linkage found so far in any one organism
should be just the closest occurring in that organism. On the other
hand, as the detailed genetic analysis of an organism proceeds, the
total identified map increases. In Drosophila, however, this analysis
is so advanced that the map has not increased in the last thirty
years or more. This means that the outermost genes of each linkage
group already identified are really very near the ends.

RESOLUTION AT THE INTRA-GENIC LEVEL

When Muller made his estimates the following facts were not
known. A gene, defined as a unit of physiological action (the matter
is discussed later in this chapter and more fully in Chapter IT) may
have its chromosomal basis on a section of chromosome of con-
siderable length and containing a number of “sites” of mutation
(Pontecorvo, 1952), each separable from the others by recombina-
tion.

The work by Green, E. B. Lewis and Mackendrick with Droso-
phila, that by Roper, Pritchard, Forbes, Calef and others with
Aspergillus, that by Giles with Neurospora and, foremost, the re-
markable work by Benzer with phage T4 and by Demerec and co-
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workers with Salmonella, all point the same way. Recombination
(be it by means of reciprocal exchanges as in crossing over or by
other processes) resolves not only genes but also mutational sites of
one and the same gene.

We have at present no evidence that the processes which recom-
bine two sites within a gene are necessarily different from those
which recombine two sites, one in each of two adjacent genes (see
Chapter 1V). In one case (Pritchard, 1955) there is an example of
the recombination fraction between two sites in one gene being
greater than that between one of these sites and another in a dif-
ferent gene nearby. The fact that we do not have evidence to the
contrary does not exclude, of course, that there may actually be a
difference between inter- and intra-genic recombination; a problem
well worthy of a considerable rescarch cffort at the present moment
(see Chapter 1V).

In the majority of the cases analysed in Aspergillus and in Dro-
sophila recombination betwcen alleles of one gene does occur as a
rare but regular event, not as an exception. The two complementary
expected types of rccombinants do arisc and in some cases these
complementary types have been recovered from one cell, ie., they
originate as a consequence of one recombinational event. It seems
legitimate, therefore, to consider these cases as examples of crossing
over between alleles. However, there are features of this intra-
genic crossing over, and in general of crossing over within small in-
tervals, which are not yet clear (see Chapter IV).

The examples of unidirectional transfer in heterozygotes described
by Lindegren (1953)—who called them “conversion”—and Roman
(1956) in yeast, by M. Mitchell (1955) and Case and Giles (1957)
in Neurospora, by Strickland (1958) in Aspergillus, by Demerec
(1928) in Drosophila virilis, and perhaps some of those described by
Laughnan (1955) in maize, are very interesting though still com-
pletely obscure. They are unquestionably a source of confusion in
certain cases of analysis of intra-genic crossing over. However, they
are examples of something different from the intra-genic crossing
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over analysed in at least six allelic series in Aspergillus, and at least
four in Drosophila. They are also different from the intra-genic
recombination analysed by Benzer (1955) and Streisinger and
Franklin (1956) in phage, by Morse, Lederberg and Lederberg
(1956) in Escherichia coli, and by Demerec and co-workers (1956) in
Salmonella. The difference is clear even on a purely formal analysis
(Chapter 1V). It would become even clearer if the results by H. K.
Mitchell (1957) of differential effects on crossing over and conver-
sion by temperature shocks were confirmed and extended.

We have now to consider the resolving power of recombination
when it takes place between mutational sites within one gene (i.c.,
between allclic mutants) rather than between mutational sites of
different genes (i.e., between non-allelic mutants).

When we test for recombination two mutants originated by dis-
tinct mutational cvents and allelic with cach other, we are of course
trying to resolve very closely linked sites, so much so that up to a
few years ago crossing over between alleles was not known to occur.
In some cases presumably the linkage may cven be complete (a
point hard to prove): mutation will have actually recurred at the
‘“same” site, or there may be a minute structural rearrangement
which prevents recombination.

It is not surprising that the examples of closest linkage so far de-
tected come from tests between alleles. Table 2 gives examples of
recombination fractions measured betwcen alleles in various organ-
isms. The smallest recombination fractions so far measured be-
tween alleles are of the order of 107® in Aspergillus and of 10~ in
Drosophila.

We can now attempt a minimal estimate of the total number of
mutational sites in one organism from the ratio between the total
map length and that of the smallest recombination fraction meas-
ured, following in this the argument used by Muller (1916, 1926)
for estimating the total number of genes. There is here at least one
assumption which must be made explicit. It is that the incidence of
recombination between two adjacent mutational sites is the same
along the whole map. The well-known fact that the distribution of



RESOLVING POWER 17

TABLE 2

EXAMPLES FROM FOUR ORGANISMS OF THE RATES OF
RECOMBINATION BETWEEN MUTATIONAL SITES OF
ONE GENE (CISTRON)

Sum of Inferred
recombination  Recombination minimal
Mutational Jractions Jraction number of sites
Organism, sites so fur  between the two  between the two per cistron
gene and identified oulermost sites closest Ratios
reference No. (a) () ae/b  a/b*
DROSOPHILA
1. bx 5 3 X 104 3 X 108 10 37
2. Is 3 14 X 1073 6 X 104 2.5 187
3. w 4 5.6 X 104 8 X 10-¢* 70 70
ASPERGILLUS
1. b 3 1X 1072 4 X 10~ 2.5 1000
2. ad8 6 1.8 X 10~ 15 X 10— 360 1800
3. paba 2 1X 10-¢*
4. pro3 2 1X10-¢*
PHAGE T4
1 r(JDA 39 43X 102 1.3 X 10—+ 330 330
2 r(JI)B 18 3.5 X102 1x10° 35 269
3. h 6 2.0 X 102 2 X 104 100 153
SCHIZOSACCHAROMYCES
POMBE
1. ad2 3 4 X 10~ 1.5 X 104 2.5 65
2. ad7 9 1.5 X 1073 6 X 10-¢* 251 251

* Indicates the smallest recombination fraction so far measured in each organism.

References: Drosophila—1 Lewis, 1954, 2. Green and Green, 1949, 1956; 3 Mac-
kendrick, 1953 and unpubhshed; Aspergillus—1 and 3. Roper, 1950 and unpublished;
2 Pritchard, 1955, 4. Forbes, 1956, Phage T4—-1 and 2. Benzer, 1955, 1957, 3 Streis-
inger and Franklin, 1956; Schizosaccharomyces Pombe—1 and 2. Leupold, 1937.

The data of Demerec and co-workers on Salmonella do not lend themselves to the
treatment used in this table. They are very relevant, however, for the numbers of
sites already identified as separable by recombination in transduction, e.g., 11 sites
in the A gene (Hartmann, 1957); 12 sites in the cysB gene (Clowes, quoted by
Demercc, 1956). The same can be said of the data of Roman (1956) with yeast, who
has identified from 4 to 26 alleles as diffcrent in each of seven loci; out of a total of
83 independently arisen mutants at these loci, 73 were different as shown by the tests
of complementary repair (see Chapter IV).

crossing over per unit of physical length of the chromosome is de-
monstrably not uniform does not necessarily make nonsense of this
assumption. The chromosome may be, in fact, it probably is (Ris,
1957), differently packed along its length, so that the lengths meas-
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ured under the microscope (e.g., Rhoades, 1950; Gall, 1956) may
not have a uniform relation to lengths of the ultimate fibre.

The argument is as follows: on the assumption just made, the min-
imum recombination fraction so far mecasurgd in an organism can
only be equal to, or an intcger multiple of, the ultimate fraction,
i.e., that occurring betwcen two adjacent mutational sites. Clearly
this estimate of the total number of sites—if the method is valid at
all—can only be in error by defect : the smallest fraction so far meas-
ured is not necessarily the smallest occurring, and the map so far
measured can only be smaller than or equal to the real total map.
The results for three organisms are given in Table 3.

TABLE 3

MINIMAL ESTIMATES OF THE TOTAL NUMBER OF
MUTATIONAL SITES IN THREE ORGANISMS

Total map Smallest recombination fraction Total number
units measured of sites
0(}
(a) ®) (a/b)
DROSOPHILA 280 wB-y' 8 X 104 3.5 X 108
ASPERGILLUS 660 pabal-pabab 1X 10~ 6.6 X 108
PHAGE T4 800 r1155-r11247 1.3 X 102 6 X 10*

References: Drosophila—Mackendrick, 1953 and unpublished; Aspergillus—Roper,
unpublished; Phage T4—Benzer, 1957, p. 91. The total map in phage is an extrapola-
tion of the estimates from detailed mapping of a small region to the whole genome.

The conclusion is that the total number of mutational sites may
well be of the order of ten million in organisms like Aspergillus and
Drosophila and of ten thousand in organisms like bacteriophage
(Table 3).

By the same sort of reasoning we can now go further and estimate
the number of sites making up a gene. But before doing this we shall
have to introduce some terminology, anticipating its full discussion
in Chapter II.

In place of the term “gene,” and to avoid its vague meaning, in
previous publications (Pontecorvo, 1955; Pontecorvo and Roper,
1956; Pontecorvo, 1956) the terms ‘“region,” ‘“‘section of allelism,”
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or “set’’ have been used. They were meant for a portion of the link-
age map, and, by extrapolation, of the chromosome, containing the
mutational sites at which recessive mutants are allelic with one an-
other. In its turn “allelism” was considered to be a purely func-
tional relation, the operation for identifying which is perfectly clear
(Pontecorvo, 1952, 1955): two recessive mutants ml and m2 are
allelic to one another when they are not complementary, i.e., when
the heterozygote m1/m2 has a mutant phenotype. Non-complemen-
tarity (which denotes unity of function) usually goes with the cis-
trans (or Lewis) effcct, i.c., the double heterozygote in irans is mu-
tant but that in cis is not.

Benzer (1957) has adopted these two functional criteria and has
proposed the term “cistron” for the map segment underlying a uni-
tary function, as shown by non-complementarity and cis-irans
effect of a set of recessive mutants. This very acceptable term will be
used here instead of the term gene in every case in which it is less
cquivocal. It should be stated emphatically, however, that the cri-
teria of allelism (and therefore those for defining a “cistron”) as
given above are not absolute. There are relationships between reces-
sive mutants which are intermediate between allelism and comple-
mentarity. In addition, of course, those criteria cannot operate in
the case of dominants (see Chapters II and II1).

The number of sites in a gene or cistron can be estimated the same
way as the total number of sites in the genome, i.e., dividing the
total “length” of a cistron by the smallest interval measured, the
assumption being again that the amount of recombination in any
measured interval is either equal to or an integer multiple of an ulti-
mate unit of recombination which, in its turn, is that between two
adjacent mutational sites.

In cistrons in which more than two mutational sites have already
been identified and located we can obtain this estimate by dividing
the measured “length” of the cistron by the smallest element in that
cistron. This would give an even greater underestimate of the total
number of sites in that cistron than if we divided that “length” by
the smallest element measured in the whole genome (marked with
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an asterisk in Table 2). Even this very conservative estimate gives
figures of tens or hundreds of mutational sites per cistron. The less
conservative estimate (last column in Table 2) gives figures reaching
even into the thousands. In both these ways of estimating the num-
ber of sites per cistron, both the identified part of the cistron and the
smallest segment within it are measured in a way which can only
produce an error by defect: we are testing for recombination a small
sample of mutants of independent origin of each cistron, and the
probability is small that we have picked up in this sample both the
two outermost sites of that cistron and two which are the closest
together possible. For this reason the estimates arc interesting only
in the cases of high values: 360 sites in the ad8 cistron of Aspergil-
lus, 70 in the w cistron of Drosophila, 330 in the r/1A cistron of
phage T4, and 251 in the ad7 cistron in Schizosaccharomyces pombe.

How representative arc these estimates for all the cistrons (genes)
in the genome? Apart from the small number of different cistrons on
which our conclusions are based, there is one important fact which
suggests caution. The cistrons analysed for recombination between
alleles of independent mutational origin are, obviously, cistrons of
which a number of mutants were available. It is conceivable, to say
the least, that cistrons with many mutational sites arc precisely
those more likely to yicld mutants: our sample could very well be
strongly biassed in favour of cistrons with an unusually high number
of sites. As T suggested some years ago (Pontecorvo, 1952) we must
keep an open mind and be prepared to find genes with all degrees of
complexity, from those bascd on thousands of mutational sites to
those based on few.

For this reason it does not seem very profitable at present to go
one step further with speculation and calculate, from the total num-
ber of sites and the mcan number in the two or three cistrons so far
measured in three organisms, the total number of cistrons in an or-
ganism. If we wished to indulge in this, the results would be: 3,500 in
Drosophila; 5,000 in Aspergillus, and 100 in phage.

But the important conclusion that at least some genes may have
many mutational sites is supported from another angle, i.e., the pro-
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portion of independently arisen mutants which represent recur-
rence of mutation at the same site of a cistron, or in other words, the
proportion of allelic mutants which, with a given resolving power,
have not been found to be distinguishable from one another by
means of recombination. Here the conclusion is wholly opcrational.
In Drosophila, in which the classification of 10* gametes is already
hard work, Green (1955a) and Green and Green (1956) for the /z and
f cistrons, and Mackendrick (1953) for the w cistron, have failed to
obtain recombination between quite a number of pairs of allcles. So
has Dunn (1956) in the case of the f system in the mouse, and so
have all the workers on human and animal antigens. But in Asper-
gillus experiments with a resolving power of 107° have so far never
failed to yield recombinants between any two allelic mutants of in-
dependent origin. This statement is based on 23 mutants belonging
to 7 cistrons:

Cistron Alleles Lested
No.

ad8 6
bi 3
adg 6
pror 2
pro3 2
paba 2
Acr 2

Total 23

Dr. H. Levene has kindly calculated for me that the probability of
obtaining by chance a distribution like this would be less than one
in a million if there were no more sites in each cistron than those
alrcady identified; it would become about one in fifty for seven sites
per cistron, and about one in four for fifteen sites per cistron, on the
basis of equal probability of mutation per site and an equal number
of sites per cistron.

If the mutability varied greatly from one site to another (as it
certainly does) the results obtained would indicate an even greater



22 RESOLVING POWER

number of sites. In fact, the finding, in Aspergillus, that out of nine
intervals measured, three are extremely small (Table 2) shows that
there are micro-regions of very high mutability: the “hot spots” of
Benzer (1957). The work of Benzer (1957) and Streisinger and
Franklin (1956) with phage, and of Z. Hartman (1956) and P. E.
Hartman (1956) with Salmonella, and of Giles (1956) with Neuro-
spora suggests that different sites of one cistron do differ grossly in
mutation rates and that sites with high mutability may be clus-
tered.

If the number of sites varied greatly from one cistron to another,
again the results obtained would underestimate the number of sites.
As to the extent of this variation in number of sitcs between cistrons,
we have no clue.

Another way of estimating the number of sites per cistron could
be that of comparing the average ‘“distance” between two sites
taken at random in a cistron with the average ‘“distance” of two
sites taken at random one in cach of two adjacent cistrons. The
greater the number of sites within a cistron, the greater the ratio of
the average distance between two sites in one cistron to the average
distance of two sites one in each of two adjacent cistrons. Unfor-
tunately the extreme values of these ratios (for the calculation of
which I am again indebted to Dr. H. Levene) are 2 in the case
of only two sites per cistron and 3 in the case of an infinite num-
ber, the latter value being already attained for about twenty
sites. This mecans that an analysis of this kind is not very sensitive
and could give some information only if we had many more examples
of analysis of several sites in a cistron and for many more adjacent
cistrons.

Going back to Table 1, we have seen that most of the recombina-
tion fractions between neighbouring cistrons so far measured are of
the order of 1073: though that between m and dy in Drosophila
(Table 8) is as low as 10~° (Slatis and Willermet, 1954). With one
exception in Aspergillus (y to ad16: 0.0005; ad16 to ad8: 0.0014,
Pritchard, 1955, see map on Table 10) these recombination fractions
are larger than those measured between sites of one cistron, and this
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by a factor of the order of 10. The argument just developed suggests
that the maximum ratio between average inter-cistron recombina-
tion and average intra-cistron recombination should be 3, for the
case of very many sites per cistron, and provided that recombina-
tion between the two contiguous sites one of each of two adjacent
cistrons were of the same kind and of the same frequency as that be-
tween any two contiguous sites of one cistron. The discrepancy be-
tween the expected factor of 3 and the found factor of 10 is obviously
not significant for a number of reasons not only statistical, but it
will be wise to keep it in mind.

The conclusions to be drawn so far are that genetic analysis has
already resolved the linkage maps down to fractions of the order of
a ten-millionth of the map. The results of measurements of this kind
and of the location of mutants of independent origin suggest that the
total number of mutational sites separable by recombination within
a section of chromosome in which recessive mutants are allelic to
each other (a cistron or gene, for short) may well be in the order of
hundreds or thousands. Let us see whether we can give structural,
or even better, chemical meaning to these conclusions.

RESOLUTION AT THE MOLECULAR LEVEL

This discussion so far has been based exclusively on the results of
breeding experiments: the resolving power has been expressed ex-
clusively in terms of recombination fractions as fractions of the total
map, also based on recombination. Six years ago, repeating the
pioncer attempt by Muller (1935), I tried to translate the meagre
measurements of minute recombination fractions available then
into lengths of chromonema. This required using recombination
fractions from one organism (Aspergillus) and length of the presum-
ably fully stretched chromonema from another one (Drosophila,
salivary gland chromosomes). We can do better now that Benzer’s
(1955, 1957) brilliant analysis of the /T4 cistron in bacteriophage
T4 has shown what can be done. For a few organisms besides phage,
we know the DNA content of the haploid complement or particle,
and we can express the smallest recombination fractions measured
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as fractions of this DNA content (Pontecorvo and Roper, 1956).

The underlying assumptions are disputable even in the case of
phage. They are rash in the other cases. We attempt these calcula-
tions only because they may be useful in bringing to light what the
problems are, and in thinking out experiments. The assumptions
are (Benzer, 1955; Pontecorvo and Roper, 1956): 1) that DNA con-
stitutes the structural backbone of the linkage map and that all the
DNA is in this backbone; 2) that recombination involves exchanges
of nucleotide linkages either by a process of breakage and reunion or
by one of change in copy-choice (Lederberg, 1955); 3) that cach
nucleotide linkage, or small multiple of nucleotide linkages, has the
same probability of taking part in recombination as any other one;
and 4) that mutational sites are separated from onc another, along
the whole length of the chromosome, by one nucleotide linkage
(better, a pair in the Watson-Crick model) or by a fixed small mul-
tiple of pairs of nucleotide linkages.

In the case of bacteriophage T4, on which Benzer’s analysis was
based, there is at least some evidence that the first assumption is
approximately true, though Levinthal’s (1956) experiments suggest
that not all the DNA qualifics. If the genetic information in phage is
contained in the DNA, it is also possible that nucleotide linkages
are actually those involved in recombination.

The results of Table 4 are for five organisms, for which measure-
ments of total linkage map, of total DNA per genome and of very
small recombination fractions are available. They confirm Benzer’s
suggestion for phage by cxtending it to other organisms on the as-
sumptions made above. The smallest recombination fractions meas-
ured to date would, for at least some organisms, represent only a few
nucleotide pairs. This appears to be the case not only in phage, but
also in Escherichia coli and Aspergillus nidulans and perhaps Dro-
sophila, and it is conceivable that it could be so also for the mouse
and maize if only the resolving power of recombination were in-
creased sufficiently.

The next step in this speculation, still following Benzer, is that
the ultimate unit of crossing over is a single nucleotide bond (3.4 A.)
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TABLE 4

SMALLEST RECOMBINATION FRACTIONS MEASURED IN SIX
ORGANISMS EXPRESSED AS FRACTIONS OF THE TOTAL DNA

Minimum (a) as

recombi- fraction

Total Total  Nucleotide nation (a) as of total
linkage DNA in  pairs per  fraction  fractions DNA in
map  nucleotide map unit measured  of total  nucleolide

unils puirs (a) map pairs
1. PHAGE T4 800 2X 105 25X 102 1X 10~ 1X 10 2
2. ESCHERICHIA
COLI 2,000 1X107 5X 108 2X 107 13X 10°° 10

3. ASPERGILLUS 660 4 X107 7X10¢ 1X10°¢ 15X 1077 3
4. DROSOPHILA 280 8X 10" 3X 105 8X10°¢ 23X 107* 40

5. MOUSE 1,054 5X10° 3X 108 2X 103 13X 10~ 500.000
6. MAIZE 1,350 7X 100 8X10° 2X10-* 23X 10~* 350000

References: Phage T4—Benzer, 1957, Escherichia coli—Jacob and Wollman, 1958;
Aspergillus—Pontecorvo and Roper, 1956, brought up to date; Drosophila — Kurnick
and Herskowitz, 1952; Machendrick, unpublished; Mouse—Vendreli, 1955; Grune-
berg, 1952; Maize—Rhoades, 1950; Ogur and Rosen, 1950.

or perhaps a fixed multiple of nucleotides, say ten, i.e., one complete
turn in the Watson-Crick double helix or 34 A. A further speculation
is that a mutational site is the scgment of duplex DNA helix be-
tween two nucleotide linkages relevant for crossing over, i.e., one
nucleotide pair or a small number of nucleotide pairs, say ten. A
cistron or gene would then work out to be based on a length of helix,
say, 1,000 nucleotide pairs long. Perhaps this is what is nceded to
determine the specific arrangement of aminoacids in a protein (cf.
Ingram, 1957; Crick, 1958). In terms of only one Watson-Crick
duplex helix as the basis of the linkage map, the length of a cistron
would work out as some 3,400 A. and correspondingly less if the
basis of the linkage map were a multi-stranded structurc made up
of several Watson-Crick helices.

The trouble in all this—apart from the unwarranted assumptions
on which it is based—is that our analysis measures the internodes
between mutational sites and we are now identifying the separators
with the separated. Even in phage, where it looks as if nothing but
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the DNA carried the genetic information, this is a rather hazardous
step. In higher organisms it is completely gratuitous. Let us examine
some of the difficulties to which it leads.

In closely related groups, like the Anura and the Urodeles, the
DNA content of the nucleus differs by a factor of 20 times: does this
mean that there are 20 times more genes, or that genes are 20 times
more complex, or that the bulk of the DNA has nothing to do with
linkages involved in crossing over, or that the multiplicity of DNA
helices of the chromonema can vary as much as from one to twenty
between two groups of organisms even closely related taxonomi-
cally?

Another point: Table 4 shows that the amount of DNA per unit
of recombination increases by a factor of 10,000 times when we con-
sider a series of organisms starting with phage and ending with the
mousc or maize. This matter will come up again in Chapter IV. It
certainly shows that the relations between recombination and DNA
are not direct and simple.

Clearly the attempt to give chemical content to the resolving
power of genetic analysis is useful in the case of bacteriophage but
perhaps not yet in the case of higher organisms. We do not know, in
chemical terms, what we are trying to resolve and into which ele-
ments. Yet, in purely genetical terms we can express the resolving
power of genetic analysis quite validly: this resolving power is at
present of the order of one ten-millionth of the linkage map. Even if
the whole material of the nucleus went up to make nothing but the
linear bonds which we resolve, this resolving power would still be
astonishing.

Genetic techniques turn out to be more sensitive than biochemical
ones, as I contended at the beginning of this chapter. They make
profitable use of the enormous amplifying system of the organism.
Biochemistry, however, is beginning to catch up and attempt to give
structure, i.e., spatial organization, to chemical reactions within the
cell. Dr. Hotchkiss, my predecessor in the Jesup Lectures, has shown
that genetic analysis of transforming principles of Pneumococcus,
which are pure DNA, detects by means of recombination differences
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between two parts of a macro-molecule. Biochemistry cannot yet do
so when, as in the case of transforming principles and genes, that
macro-molecule is one out of thousands of not very different ones, or
better, is a part of an enormously greater aperiodic complex (Schré-
dinger, 1943). Surely there is a casc for joining forces in the field of
the fine structure of the genetic materials.

The present chapter contains a number of statements of faith and
day-drcams rather than documented inductions or deductions. The
documentation is reserved for later chapters, but some of the state-
ments of faith will remain such. Science would not be able to ad-
vance as it does if it had to rely exclusively on the scientific method.



CHAPTER I

ALLELISM

THE ambitious theme of this chapter is no less than to discuss what
the ultimate units of heredity are. This is, of course, a theme which
has been in the foreground of theorctical discussions from the be-
ginning of genetics. Its clear formulation, however, is not so old: it
was put into a nutshell by Muller about twenty years ago (Raffel
and Muller, 1940) in a discussion on the divisibility of the genetic
material.

I shall consider two theses. One is that the idea of a single entity
—the gene—with the simultaneous properties of unit of hereditary
transmission, unit of mutation, and unit of function, is no longer
adequate. I do not imply that this idea has not been or is no longer
uscful: it is such a good approximation of the truth that it has made
possible the whole development of genetics. It can still be used for
advancing fundamental and applied genetics in practically all but
one direction: it is past use as a working model when we wish to
understand the fine organisation of the genectic material (Gold-
schmidt, 1955). The fallacy is analogous to that of considering a
nation as an entity which occupies a particular territory, belongs to
a particular race, and has a particular culture.

After discussing in what ways the three properties mentioned
above are not coextensive, i.e., they are not properties of one and the
same thing, the second thesis will be the following. The three prop-
erties themselves can be defined exactly (e.g., Benzer, 1957) but the
examples found experimentally show a range of situations which
make the definitions not applicable to all, or even most, cases.

It will be wise, therefore, to keep an open mind. The examples
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which we investigate, because they fit best the definitions, could
represent only one type—the simplest—of organisation of the ge-
netic material, and there may be others more complex.

RECOMBINATION AND FUNCTION

The gene was supposed to have three properties: indivisibility in
heredity, specificity of function, and ability to mutate. More in de-
tail the gene was supposed to be 1) an ultimate unit in inheritance,
i.e., not further subdivisible by either recombination or chromosome
breakage; 2) an ultimate unit of phenotypic difference, i.e., asso-
ciated with a single primary specific function in metabolism or
development, a function not further divisible, and 3) an ultimate
unit of mutation, i.e., the smallest part of a chromosome which,
when changed, would be replicated in the changed form.

“Allelism” was a special relation between two elements of the
genetic material descending from the three properties just men-
tioned. Any two forms of a gene, differing from one another accord-
ing to 3) were called “alleles” of one another. This implied, accord-
ing to 1), that two alleles could not recombine; they had to segregate
from one another at gametogenesis in a heterozygote and they could
not he both in the same chromosome. It also implied, according
to 2) that they would determine a difference in one primary func-
tion.

We shall see first what the difficulties are as to the presumed non-
recombinability of alleles, and second as to the presumed specificity
of functions.

Let us start with recombination. Consider two haploid strains of
yeast, one requiring arginine for growth, and one, from which the
former was derived by mutation, not requiring it. We combine the
two into a diploid and the diploid does not require arginine; i.e., the
requirement is recessive. We cross the two sexually and tetrad an-
alysis shows a perfect 1:1 scgregation, i.e., each of a large number of
asci gives two ascospores which develop into strains not requiring
arginine and two ascospores which develop into strains requiring it.
In practise we would conclude that the two original strains differed
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at a single locus, the requiring strain having a recessive allele and the
other a dominant allele at that locus. We would reach the same con-
clusion if, instead of analysing all products of each ascus, we classi-
ficd a large number of strains originating from a random sample of
ascospores. This is, of course, the procedure more generally used, in
fact exclusively used, in higher animals and plants.

That conclusion could be incorrect, as an example will show. Con-
sider a case in which it is known that one difference in phenotype is
the result of interaction between two non-allelic recessives. Suppose
we had a true breeding strain of Drosophila with white eyes, be-
cause homozygous for ¢z and bw, and we crossed it to the wild type,
getting an F, all wild, and backcrossed the F; males. We would again
get a 1:1 ratio of white to wild because of the absence of crossing
over in the male. If, on the other hand, we backcrossed the F; fe-
males we would get, of course, the four types, red, white, cinnabar,
and brown in about equal proportions. But if the c# bw strain had a
suitable rcarrangement preventing crossing over between the two
markers, even the backcross of the females would give 1:1 ratios.
Alternatively, if cn and bw were very closely linked, again the back-
cross of the females might give a 1:1 ratio.

There are operations, thus, which can exclude the possibility that
a difference in phenotypes is determined by only one difference be-
tween two homologous chromosomes, but there is no operation that
will tell us that it is determined by just one. In other words, we can
have positive evidence of non-allelism, but not of allelism—if our
criterion is that of recombination.

We could, of course, call “‘allelic” any localised difference in ho-
mologous chromosomes which did not recombine in a test of 10°
gametes or of any other arbitrary number upon which an appro-
priate International Committee would agree.

Thus a first point is clear: the criterion of recombination does not
discriminate between allelism and non-allelism. It would become an
absolute criterion if the ultimate frequency of recombination were
known and the experiments were designed to classify a number of
gametes well in excess of what would be required by this ultimate
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frequency. A situation of this kind has perhaps already arisen in
phage (Benzer, 1957) and Salmonella (Demerec, 1956).

There is another criterion which we can use: the functional test of
complementarity. In Drosophila ¢z is recessive, and dw is recessive:
a cross between homozygous ¢z and homozygous bw gives a double
heterozygote which has the double dominant phenotype, i.e., red.
This test can apply only to recessives. It becomes more illuminating
if applied to recessives determining similar phenotypes.

For instance, let us take the example of the adenine requiring
mutants of Aspergillus nidulans (Pontecorvo, 1956). Many strains
of this type are available and the bulk of them are qualitatively
indistinguishable from one another at the crude level of growth
response to substances metabolically related to adenine. About fifty
have been tested in crosses and each turned out to differ from the
wild type at one locus as determined by a test of the type just de-
scribed. The mutants fall into eight groups. The members of cach
group—with one interesting exception to be discussed presently—
are complementary to those of the other seven but not so among
themselves. Two groups are not yet located; two (ad! and ad3) are
very closely linked (0.1 percent recombination); the other four are
not. All six groups alrcady located fall into two out of the cight
(Kifer, 1958) linkage groups of Aspergillus nidulans (Table 5).

In this classification we find that, with the exception of ad’ and
ad3 just mentioned, the location of the mutants agrees, in first
approximation, with their subdivision into the six groups on the
functional basis of complementarity. That is, a crude location of the
mutants (by measuring the recombination frequency of each rela-
tive to other markers the locations of which are already known)
gives five positions corresponding to the six complementary groups.
We can then test for recombination, two by two, the mutants
within each group, and we find that out of a sample of, say, a few
hundred products of meiosis, there are no adenine independent
recombinants. We would conclude in classical genetics that, with the
exception of adl and ad3, the mutants in each position are allelic
because: 1) they are recessive, and in heteroallelic (Roman, 1956)



TABLE 5

LINKAGE MAPS OF ASPERGILILUS NIDULANS
(as of November 1, 1957)
CHROMOSOME 1
sulad20 ribol anl adl4 30 pro3  prol ad9 pabal y ad8 bil
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CHROMOSOME I1
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CHROMOSOME III

sm phen2 Su-lpro panto s12 st Sulpro
l [N l | 1

11 22 45 9 3 35
CHROMOSOME 1V
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CHROMOSOME V
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CHROMOSOME VI
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[ 1 1

35 ?

CHROMOSOME VII
nic8 cho

43

CHROMOSOME VIII
co ribo2 cys2

—_——
40 ?

Mapped total genome 660 units. Tdentified total loci: 41.

Figures betwecen symbols of genes indicate recombination fraction 9% based on
Kafer’s (1958) summary. Cases of close linkage (<1 unit) are indicated with heavy
line. Cistrons analysed in detail are indicated by arrows.

Symbols: o = centromere; acr or Acr = acriflavine resistance (recessive or semi-
dominant); ad = adenineless; an = aneurinless; bi = biotinless; cho = cholineless;
co = compact colony; cys = cystineless, Jys = lysincless, meth = mecthionineless, ni =
unable to reduce nitrate; nic = nicotinicless; orn = ormthincless; paba = p-amino-
benzoicless; panto = pantothenicless; phen = phenylalanineless; pro = prolineless;
pu = putrescincless; pyro = pyridoxinless; ribo = riboflavineless; s = unable to rc-
duce sulphate; sm = small colony; Su or su = suppressor dominant or recessive, fol-
lowed by symbol of suppressed gene; thi = “thiazole”-less; y = yellow conidia; w =
white conidia (epistatic to y/+).
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combinations in a diploid they determinc the recessive phenotype;
and 2) they are located in the chromosomes at the same position. In
other words, within the resolving power of the sample, we are unable
to detect any difference in position.

Yet, if we pushed the analysis further, this second conclusion
would turn out to be premature. If instead of 500 we test 50,000 or
500,000 products of meiosis, we would find among them, from com-
binations of two mutants of the same group, the two classes of re-
combinants: wild type and double mutant. I shall explain in
Chapter IV how wild type and double mutant are recognised and
how it is shown that they arc indeed the two reciprocal products of
recombination.

Thus the functional criterion of non-complementarity, i.e., that
the diploid heteroallelic for two recessive adenine-requiring mutants
is adenine-requiring, tells us that the two mutants are allelic, but the
recombination criterion tells us that they are not.

One important fact, however, is clear: functional allelism (or non-
complementarity) goes with approximately identical location, or, in
other words, very close linkage, i.e., usually less than one in a thou-
sand recombination. But the reverse is not neccssarily true as shown
by adl and ad3: these two recessives are located very close together,
again with recombination of the order of one per thousand, and yet
they are fully complementary. The compound ad! +/+ ad3 has the
dominant phenotype (sce map, Table 5).

Pairs of recessives having presumably unrelated cfiects and show-
ing complementarity and close linkage (with recombination of the
order of one per thousand) are quite common. Table 1 gave cxamples
of this kind of relation. In the chromosome segment studied by
Pritchard (1955) in Aspergillus ¥ and adl6, two complementary
mutants—one affecting the colour of the conidia, the other deter-
mining a nutritional requircment—are closer than ad16 and ad8, two
mutants which are functionally allelic, i.e., noncomplementary.

Thus complementarity is compatible with close proximity down
to the point of no resolution by recombination. Similarity of effects,
down to the point of apparent identity (Fincham and Pateman,
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1957), is also compatible with complementarity. This is clearly
shown by the extensive work on: the ¢ series in the mouse (Dunn,
1954); rITA and 1B in phage (Benzer, 1955); adl and ad3 (Ponte-
corvo, 1952), prol and pro3 (Forbes, 1956), and adl5 and adi7
(Calef, 1957) in Aspergillus; pdx and pdxzp (Mitchell, 1956), am?
and am*’ (Fincham and Pateman, 1957), B3 and B5 (Case and Giles,
1957) in Neurospora; and numerous examples in Drosophila, Sal-
monella, etc. (See Table 8, Chapter III).

In Drosophila, particularly notable is the example of m and dy
where the recombination fraction of 5 X 10~° (Slatis and Willermet,
1954) is the lowest (other than 0) measured between complementary
gencs. On the other hand, the highest recombination (0.5 percent)
so far measured between two noncomplementary (i.e., functionally
allelic) recessives in organisms higher than phage is that found by
Koske and Maynard-Smith (1954) between two ar alleles of Dro-
sophila subobscura. 1 am indebted to Professor J. B. S. Haldane for
calling my attention to this case.

We come to the conclusion then, that while complementarity of
pairs of recessive mutants (with related or with unrelated effects)
may or may not go with close linkage, non-complementarity always
goes with it. As far as it is known, non-complementarity also always
goes with related and often indistinguishable cffects, as exemplified
by the ad alleles of any one of the six groups mentioned before.

Summarising, pairs of recessive mutants are known showing any
one of the following relations:

Recombination
Effects other than 0
Complementarity similar or not ~ down to 5 X 10~®
Non-complementarity similar up to 5 X 103

These relationships could be taken to suggest (Pontecorvo, 1955)
that the only objective criterion for classifying as allelic or non-
allelic closely linked mutants with similar effects is that of non-com-
plementarity or complementarity, i.e., phenotypic and functional.

But here we are faced with an additional fact. The distinction be-
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tween complementary and noncomplementary is not an absolute one
even for the case of recessives; and, of course, is meaningless in the
case of dominants.

For example, in the ad9 series of adenineless mutants of Asper-
gillus, Calef (1957) and Martin-Smith (1958) have found the follow-
ing situation. Six independently arisen mutants—all recessive to the
wild type both in the heterozygote and heterokaryon, all “iso-
allcles,” i.e., phenotypically indistinguishable—are located 0.3 units
from another marker. Mitotic recombination (sce Chapter V)
between the ad9 mutants occurs in all the fifteen diploids hetero-
allelic for two-by-two combinations of these six mutants and gives
this tolerably linear order:

adl3
ad33 — w9 adl17 — ad15 — ad32.
(The position of ad9 relative to ad3 is not yet known.)

The peculiarity of this case is that two out of the fifteen hetero-
allelic combinations in diploids are inconsistent with a simple system
of functional allelism of all six mutants. Precisely, ad17 is semi-
complementary to ad15 (Calef, 1955) and fully complementary to
ad32 (Martin-Smith, 1958):i.e., the heteroallelic diploids ad17/ad15
and ad17/ad32 are near to or indistinguishable from the wild type,
while all the other thirteen heteroallelic diploids, including combina-
tions with ad17, are adenine-requiring. It is interesting to notc that
the two aberrant relations involve three sites which at the present
stage of analysis are contiguous and terminal. The situation is dif-
ferent from that found by Green and Green (1956) in the lozenge
series in Drosophila. Here two mutants (50e and 49k) are comple-
mentary to all the fourteen others: there are no pairs of inconsistent
relations.

Clearly, even the functional criterion of complementarity does not
permit us to draw an absolute distinction between allelism and non-
allelism. If we consider examples of inheritance with manifestation
of both alleles in a heterozygote, like those which are the rule in the
inheritance of antigens, this conclusion is even more obvious.
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In the case of alleles with manifestation in the heterozygote,
controversies such as those of whether or not the various Rk types
are examples of multiple allelism or close linkage have always been
operationally meaningless. We realise now that they would be mean-
ingless even if the supposedly critical operation—a test of recom-
bination—were feasible. If recombination between, say, D and C
were actually observed, this would no more help to decide for or
against the label of multiple allelism than the many analogous cases
in Drosophila, Aspergillus, phage, and Salmonella, in which it has
been observed (cf. Whiting, 1950). What is vague is, of course, the
concept of allelism itself. Also to be noted is the following fact. In
the case of Rk the sensitivity of the phenotypic comparison (sero-
logical) is very great, but that of the recombination test is practi-
cally nil. In the other examples in Drosophila, Aspergillus, phage
and Salmonella, the sensitivity of the phenotypic comparison
(visible difference or difference in growth response) is very crude,
but the recombination test very sensitive.

From all this semantic confusion something constructive emerges;
there are all possible intermediate situations between two extremes.
At the one end we have two recessives located in two minute seg-
ments wide apart on the same chromosome pair or in two different
chromosome pairs, and determining apparently unrelated pheno-
typic effects; the dominant allele in one chromosome complements
the recessive in the homologue and vice versa. Examples of this in
classic genetics are any pair of genes unlinked or loosely linked
affecting different ““characters.” At the other end we have two re-
cessives within one minutc segment at homologous positions on
each member of a chromosome pair. The mutants show noncomple-
mentary and phenotypically indistinguishable effects; recombina-
tion between them may be obtained, but if so usually only with a
high resolving power. We could use the term “allelism” for func-
tional relations of this second kind with the understanding that we
are dealing with one extreme of a distribution.

Demerec (1956) has proposed the useful term “nonidentical
alleles” for pairs betwecn which recombination has been obtained.
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The nonidentity refers to the fact that each represents mutation af
a different site, as shown by recombination. Another useful term is
“heteroallelic,” proposed by Roman (1956) for combinations of two
alleles of different mutational origin which yield the wild type by
recombination or other mechanisms.

THE CISTRON

Most of the cases of allclism, in the sense now defined, which have
been studied thoroughly—and they number about twenty in organ-
isms ranging from phage and Escherichia coli to Drosophila, Asper-
gillus and the silkworm—show what E. B. Lewis (1951) calls
“position pseudoallelism” and what I prefer to call noncommittally
the “Lewis effect” (Pontecorvo, 1955). That is, a heterozygote
having two different allelic recessives (arisen by independent muta-
tions), one on one chromosome and the other on the homologous
chromosome (frans or repulsion arrangement), has a recessive
phenotype, or a more ncarly recessive phenotype than the corre-
sponding double heterozygote with both recessives on one chromo-
some and a normal homologue (cis or coupling arrangement):

m . m
m + has a more nearly recessive phenotype than — .

+ my + +

Incidentally, the terms cis and #rans which arc now in commeon
usage, were introduced into genetics by Haldane (1942) in place of
the Batesonian “coupling” and “repulsion” in crosses involving
linked segregations. They were later applied by me (Pontecorvo,
1950) to problems of the kind under discussion.

The cis-trans effect, or “position pseudoallelism,” or ‘“Lewis
effect,” clearly indicates a strictly localised functional integration
between two or more closely linked elements of the genetic material.

That this is not merely a matter of proximity but of some special
type of functional integration is shown in examples like the one
already mentioned of the relations between y and the mutant alleles
of the ad8 series in Aspergillus (Pritchard, 1955, 1958). The reces-
sive y determines a change in colour of the conidia from wild-type
green to yellow. The mutants of the ad8 series determine require-
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TABLE 6

EXAMPLES OF ALLELIC SERIES IN WHICH THE CIS-TRANS
EFFECT HAS BEEN LOOKED FOR AND FOUND

Organism, cistron and reference No. of siles so far resolved

DROSOPHILA

Star (Lewis, 1945)

Stubble (Lewis, 1951)

bithorax (Lewis, 1954)

losenge (Green and Green, 1949)

white (Mackendrick and Pontecorvo, 1952; Lewis, 1952;

Judd, 1957)

forked (Grecen, 1955a)

vermilion (Green, 1954)

singed (Ives and Noyes, 1951; Hexter, 1955)

garnet (Chovnick, 1957)

dumpy (Carlson, 1957)
SILKWORM

E (Tsujita and Sakaguchi, 1953)
ASPERGILLUS

ad8 (Pritchard, 1955)

ad9 (Calef, 1957; Martin-Smith, 1958)

bi (Roper, 1950)

paba (Roper, unpublished)
ESCHERICHIA COLI

Gal (Morse, Lederberg and Lederberg, 1956)

Lac (1. Lederberg, 1952; J Lederberg, 1951)
PHAGE T4

r174 (Benzer, 1957) 39
rIIB (Benzer, 1957) 18
h (Streisinger and Franklin, 1956) 6

WRWWNND WU N

N
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ment for adenine; y is, of course, complementary to all alleles of the
ad8 series. The recombination between y and one of the nearest
mutants (ad6) of the said series is 0.05 = 0.05 percent and that
between the latter and another mutant of that series (e.g., ad8) is
0.14 == 0.04 percent.

In other words, the “distance” between two genes, which are
different on all criteria (recombination, complementarity, and
gross phenotypic effects), is not greater, in fact, is almost certainly
smaller, than that between two sites of one of them. Yet, the pheno-

type of the heterozygote _'1_-—0-%_12 is the same (wild type) as that
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of the heterozygote h%’ whereas those of the heterozygotes
a¢_ilf6 a-!d-é’ and a(-l|f6 ai8 are quite different, the former being mutant
and the latter wild type (Roper and Pritchard, 1956).

Thus in the cis-trans test we have an additional criterion to that of
non-complementarity for concluding that the degree of functional
integration between the sites of one gene is more intimate than that
between the sites of two genes. We have, in fact, an objective test,
purely genetical and not requiring any biochemical analysis, for
defining a unit of function in heredity. As far as it is known, a unit
of function defined by the cis-trans test has usually a structural basis
not overlapping that of its adjacent neighbour; but this is not
general.

In what precisely the unity consists is a matter for speculation
which will be discussed later. There is, however, considerable attrac-
tion in the hypothesis that it has to do with the synthesis of indi-
vidual proteins: in other words, with some modified form of the “one
gene-one enzyme” hypothesis of Beadle (1945).

As mentioned in Chapter I, to the ensemble of mutational sites
at which mutants are noncomplementary to each other and show the
cis-trans effect, Benzer (1957) has given the name of “cistron.” This
operational definition of a functional unit seems to be the only ob-
jective one possible at present. Even though already it does not fit
all the known examples (see, e.g., the ad9 series), it fits most of them
well enough (Table 6), and it is likely to be useful.

Let us consider the alternatives, and the difficulties into which
they lead. As one alternative, one could take identity at the crude
level of phenotypic comparisons as denoting identity of impaired
function between independently arisen mutants. This would lead to
the absurdity, e.g., that genes operating on successive steps of de-
velopmental or biochemical reactions would be classed as having the
“same” function, if our phenotypic comparison were at the level of
the end-product. For instance, the eight different groups of adenine-
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less mutants in Aspergillus would be classified as being impaired in
the same function.

Even considering only the cases of close linkage between mutants
of this kind, the difficulty remains. It leads to such contradictions as
the following one (Green and Green, 1956, cf. pages 709 and 7 14):
The recessive amx, which determines a phenotype similar to /228
(complementary and about 0.1 unit away), is considered “‘unrelated
to the mutants of the Iz pseudoallclic array and should not be in-
cluded as part of the array.” On the other hand, the recessive J2%0%,
which again determines a phenotype similar to /z%5, to which again
it is complementary, but with which it has not yielded recombin-
ants, is considered to be “truly allelic.”

As a second alternative, one could beg the question of the one
genc-one enzyme hypothesis and consider as involved in a single
primary function two or more mutants which are impaired in the
synthesis of the same protein. 1 am aware of only one example so far
of thorough chemical analysis of a gene-induced change in a specific
protein: sickle-cell anaemia in man (Ingram, 1957). There are in
addition about ten examples (Horowitz, 1956) from Neurospora,
and about as many from Esckerichia coli, of mutational loss of activ-
ity of specific enzymes or change of characteristics in the activ-
ity of specific enzymes. Clearly, research of this kind is what is
needed, provided it goes as far as that on the sickle-cell haemoglobin.

1f it does not, we are always left in doubt. For instance, Fincham
and Pateman (1957) have found that two Neurospora mutants
(am®? and am*") show no detectable glutamic dehydrogenase activ-
ity. Crosses involving the two have so far failed to yield unquestion-
able recombinants. The two mutants, however, are complementary.
Clearly only the isolation and complete analysis of the enzyme
could exclude the possibility that we are dealing with two proteins
working as a unit. Until this is done (and it is a difficult requirement
if we exact it as a routine) we cannot conclude anything about the
primary function or functions impaired in the two mutants.

In conclusion, for the time being the only simple, objective, and
workable definition for a gene-dctermined unit of function lies in the
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empirical test of non-complementarity and the correlated cis-trans
cffect. In applying this test we must remember again that it is prob-
ably not absolute.

What does non-complementarity of recessive mutants (and the

usually associated cis-trans effect) imply? In a heterozygote % the
1

normal, dominant structure (4) is capable, at least qualitatively,
of carrying out the function in which the mutant, recessive struc-
ture (m,) fails. In a double heterozygote between complementary
+omy M
m + + +
respect, is capable of carrying out the function which fails in the
other and vice versa.

If m, and m, are noncomplementary it means that the normal
part of the structurc defective in 7, and that of the structure defec-
tive in m, cannot compensate reciprocally for the impairments. How-
cver, when the arrangement is such that one structurc is defective in
both m, and m. and the other is completely normal, compensation
takes place. We take it that this defines operationally “one func-
tion.”

By analogy—suggested by certain remarks of Hotchkiss (1957)—
if I have four cars, two Cadillacs and two Chevrolets, and one Cad-
illac and one Chevrolet have broken down, the other two can still
function and tow the defective ones to the nearest garage. But if I
have only two Cadillacs and the distributor of one and the carbu-
retor of the other have broken down, transport will come to a stand-
still. Tt can continue if I make one good car from two defective
ones by moving the good carburetor to the car with the good dis-
tributor. I can now tow the doubly defective Cadillac by means of
the now functional one. The fact that the ability to tow is restored
only by moving the sound parts from one Cadillac to another defines
the two cars as functionally alike, i.e., Cadillacs, as distinct from
two cars functionally different, i.e., a Cadillac and a Chevrolet.

Joing back to the mutants 7, and m; we could say that the dif-
ference between allelism and non-allelism arises at the transition

mutants » the part of one structure, normal in one
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between complementarity only in the cis arrangement, and comple-
mentarity irrespective of arrangement.

This transition defines the “cistron” in the case of recessive mu-
tants. We shall discuss later how to fit into this scheme the case of
genes with manifestation of both alleles in the heterozygote, e.g.,
genes determining antigenic differences, enzymatic differences
(Horowitz and Fling, 1956), and other protein differences (Pauling,
Itano, Singer and Wells, 1949; Ingram, 1957).

RECOMBINATION AND MUTATION

The mutational sites of one gene or cistron identified by recom-
bination are likely to be many, as shown in Chapter 1, though dif-
ferent cistrons may well differ in this respect. There are a number of
questions relevant to allelism arising from this conclusion, and some
will be considered now.

One concerns the relationships between mutational sites resolved
by recombination and the ultimate units of mutation. As mentioned
in Chapter I, the way in which we resolve mutational sites tells us
nothing of the sites themselves, but only something of how they are
joined to each other: e.g., that they are in a linear order.

The conjectural picture of the backbone of the chromonema as
one duplex Watson-Crick fibre of DNA would imply the possibility
of loss or change in a single nucleotide pair or in a number of nucleo-
tide pairs or change in the sequence of nucleotide pairs anywhere,
with recombination also liable to occur at any nucleotide linkage.
A mutational site could be, then, one nucleotide pair and a cistron
would be based on anything up to 1,000 or more such nucleotide
pairs separable by recombination and each capable of change,
among other ways, perhaps via the tautomeric changes suggested by
Watson and Crick.

A change of bases, or loss of one nucleotide pair or a rearrange-
ment, including deletion, in the sequence of nucleotides, either
minute (i.e., within the cistron) or gross (i.c., with one break within
the cistron and one elsewhere) would constitute a mutation. The
result, if still compatible with replication, would yield a mutant cis-
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tron, behaving as a functional allele of that from which it arose and
of other mutants of that cistron.

To be more cautious and use instead the less committal picture of
a linear series of mutational sites not better specified in chemical
terms, we could say that a cistron may include at least tens of muta-
tional sites, cach capable of change, possibly in more ways than one,
or of change in arrangement relative to other sites of the same as
well as of other cistrons. Either type of change if replicable would be
a mutation and “point” mutations would be, as we all know they
are, indistinguishable in results from minute rearrangements.

There scems to be sufficient evidence in the case of phage and
Salmonella (Benzer, 1957; Demerec, 1956), that one site can mutate
in more ways than one from the wild type. On the other hand,
Streisinger and Franklin’s (1956) work, again on phage, suggests
that a mutant at one site has usually only one way of mutating back
to wild. This, however, may not be gencralisable in view of the
possibility of what we could call “intra-cistron” suppressors de-
scribed further on.

The study of the mutational pattern of individual genes is linked
pre-eminently to the name of Stadler (summary: Stadler, 1951). His
great contribution, both in experiments and ideas, has had a power-
ful stimulus, not consciously realised by most research workers, in
canalizing research towards the analysis of the fine organisation of
individual genes.

The result is already most rewarding with microorganisms,
especially phage, Escherichia coli, yeasts and Aspergillus, but per-
haps less so with higher organisms, where the resolving power is
much smaller. It is therefore inevitable, though regrettable, that an
analysis of the mutation pattern as refined as that at the 4 and R
loci in maize (Stadler, 1951) cannot be linked up with an equally re-
fined analysis of the recombination pattern. The same applies to
D. Lewis’s (review: 1954) analysis of mutation at self-incompat-
ibility loci in higher plants, and to the admirable work of Giles
(1956) in Neurospora.

In Drosophila where, thanks to the extensive work of E. B. Lewis
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(review: 1955), Green and Green (1955, 1956), Mackendrick (1953),
Carlson (1957), and others, the recombination analysis is more
advanced than in any other higher organism, unfortunately a mu-
tation analysis correlated with the former would find almost in-
supcrable quantitative limitations.

We are therefore left with no alternative but to venture general-
isations on the basis of work on three microorganisms: Neurospora,
phage, and Salmonella. In the Neurospora work of Westergaard and
his group (e.g., Jensen et al., 1951; Westergaard, 1957) and Giles
(1951, 1956), the mutation analysis is remarkably advanced, but the
recombination analysis not so. It is alrcady clear (Giles, 1951, 1956),
however, that in respect of spontaneous or induced back-mutation
individual sites of the in (ositol-less) cistron differ markedly from
one another.

In phage and Salmonella both the recombination and the muta-
tion analysis have reached an outstanding degree of refinement. A
refinement like this is attainable, at a slower but still workable pace,
with other microorganisms which have a chromosomal apparatus
(Aspergillus and Neurospora, and perhaps yeasts) like that of higher
organisms. For higher organisms the outlook is not promising, until
genetic analysis bascd on mitotic recombination in tissue cultures
(Chapter VI) becomes a practical proposition.

In Salmonella, Z. Hartmann (1956) found that among cight
galactose-nonfermenting mutants (representing probably eight dif-
ferent sites of one cistron) the spontaneous mutation rate towards
fermentation was about twenty times greater for the mutant with
the highest than for that with the lowest non-zero mutability.
Among fourteen serineless mutants in the same cistron this ratio was
about 300.

In the analysis of a portion of the r/74 cistron in phage T4,
Benzer (1957) found that out of 145 mutants distributed among
eleven sites, 123 occurred at one site, and fell into three classes
clearly distinguishable by their reversc-mutation rates.

Finally, Streisinger and Franklin (1956) found in phage T4 that
the reverse-mutation rates from individual #* mutants, representing
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individual sites of one cistron, to the wild-type & varied over several
orders of magnitude.

There is another point worth mentioning. It looks as if the dif-
ference in mutation rates between different sites is a property of
groups of neighbouring sites rather than of individual sites. In other
words, within a cistron there are small segments, extending over
several sites, with higher mutability. When we isolate mutants we
are more likely, of course, to collect them from these “hot spots”
(Benzer, 1957): hence the anomalous distribution of recombination
fractions along a cistron noted in Table 2 and earlier: hence also the
non sequitur in Green and Green’s (1956) argument that it is likely
that there are only about three sites in the lozenge cistron in Dro-
sophila because the twenty mutants tested seem to be grouped in or
around three positions.

Finally, if there is any reality in the picture of the gene as an
array of mutational sites, and if there is any reality in the picture of
this array as a stretch of DNA duplex in which each site is a nucleo-
tide pair, there is open to experimental probe a very attractive
possibility. That is, the use of antagonists specific for cach of the
four kinds of nucleotide may produce specific mutations at the cor-
responding sites.

It is conccivable that an approach of this kind may permit the
identification, in a well mapped cistron, of the sites sensitive to
adenine and thymine antagonists and of those sensitive to guanine
and cytosine antagonists. If this were possible, the sequence of nu-
cleotides in DNA—which chemical analysis is at present not able to
determine—could be established by genetical means.

Work on this approach is in progress with phage and should be
attempted with other microorganisms such as Salmonella and Asper-
gillus. It would probably require a mapping of over 100 sites in a
cistron in order to begin to tell something. However, even if with
much less labour it only showed that some sites are sensitive to both
adenine and thymine analogs, and others to both guanine and cyto-
sine analogs, the implications would be far reaching enough.
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CONTINUITY AND DISCONTINUITY OF THE GENETIC MATERIAL

We have seen that mutational sites within a cistron can recom-
bine as, of course, sites of different cistrons can. This makes the old
assumptions about the triple nature of the gene unnecessary, and
suggests the adoption of three different units, defined empirically.

However, the question of whether or not there is discontinuity,
either or both structural and functional, between one cistron and a
ncighbouring one, still stands. The problem can now be restated,
and it is that of whether genes, though based on more than one
" ultimate unit of recombination, are still discrete, in the sense that
the bonds which recombination resolves between them are of a
different nature than those which recombination resolves within
them.

We have seen furthermore that the functional criterion of non-
complementarity between recessives of one cistron and complemen-
tarity between those of different cistrons is not an absolute one.
However, it is still conceivable that a cistron usually has definite
boundaries, i.e., includes a definite group of mutational sites, none of
which are shared with its neighbours, and what seems to be the case
in the much quoted example of ad9 is the exception.

If two contiguous cistrons usually did not sharc mutational sitcs,
recombination between two contiguous sites could still be one and
the same process irrespective of whether the sites belong to one or to
two cistrons, but the two cistrons would be functionally quite dis-
tinct. This is, of course, a possibility which has to be set aside until
we have some idea of how to tackle the problem of the primary
function of a gene, otherwise than with the empirical cis-irans test.
In this context, however, it is worth mentioning a possibility.

Brenner (1957), Crick et al (1957), and Crick (1958) have de-
veloped models of how a structural code made of a continuous array
of elements could still determine along its length functional singu-
larities which do not overlap. Their suggestion is in relation to the
problem of how a continuous sequence of nucleotides may carry the
information for a continuous sequence of aminoacid residues with-
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out any overlapping betwcen contiguous nucleotide sequences. T
wonder whether the problem of discontinuity at the next higher
level—between cistrons—could be approached in a similar way. The
problem is that of finding a model which permits discontinuity of
activity without structural discontinuity along the sequence of sites
at the transition from one cistron to the next. The model would have
to suggest how, e.g., a protcin or RNA being synthesised along the
sequence “knows’” where its place starts and where it finishes. My
guess is that a good look at the configurations in the lampbrush
chromosomes of amphibia, both at the visible and at the electron-
microscope level, may give some clue (see Callan, 1955; Gall, 1956).

In any casc, the interposition between cistrons of short sequences
of elements with no functional significance (“nonsense” sequences,
as Crick et al. would say) could be sufficient to establish functional
discreteness between cistrons without any need for actual discon-
tinuities in the kinds of elements which make up the linear structure
of the genetic material.

The absence of any cvidence, for or against, lcaves it an open
question for the time being whether or not there are two different
types of bonds along one chromosome, i.e., bonds between cistrons
and bonds betwcen sites within one cistron. Mazia (1954) showed
that the chelating agent EDTA, presumably by removal of calcium
or magnesium, breaks in vitro the chromosome thread into sections
of about 4,000 A., and Steffenscn (1955) showed a parallel effect
of calcium deficiency in vivo. This might suggest a differentiation,
and so does Ambrose and Gopal-Ayengar’s (1953) suggestion of
longitudinal hydrogen bonds. So far, the work to test these sug-
gestions has been limited and inconclusive (e.g., Levine, 1955;
Eversole and Tatum, 1956), and the original interpretation of Mazia
is probably based on a fallacy (Kaufmann and McDonald, 1956).

Clearly, if the bonds between cistrons were, e.g., cations and the
cistrons were nucleoproteins (or any other distinction which may be
more plausible), we may be able sooner or later to find differential
effects of specific treatments on recombination between cistrons as
compared with that between sites of one cistron. The experimental
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prerequisites for tests of this kind are already available in Asper-
gillus.

The problem, however, is in two parts: first, whether or not there
are, along the chromosomes, longitudinal bonds of two kinds; and,
second, in the affirmative, whether or not the two kinds are inter-
and intra-genic respectively.

THE SPECIFICITY OF MUTATIONAL SITES

Keeping in mind that there is a whole range of recombinational
and functional relationships between chromosome segments, we can
still try to make a picture of a few, arbitrarily chosen, types. The
extremes of the range are: 1) pairs of recessive mutants with related
or indistinguishable phenotypic cffects, located extremely close
together (up to the point of no separation by recombination), non-
complementary, and showing the cis-trans cffect; 2) pairs of reces-
sive mutants determining unrelated phenotypic effects, located far
m + "y me
T

apart, and complementary, i.e., the heterozygotes

are both phenotypically 4.

One question is how far we can go in differentiating between the
effects of mutation at different sites in cases like 1). Here the litera-
ture is rich in examples. Among organisms with standard chromo-
somes we can choose from Mackendrick’s (1953 and unpublished)
work on w, Lewis’s (1955) on bx, Green’s (1956) on Iz, v, and f,
Carlson’s (1957) on dp, or Hexter’s (1956) on sn, all in Drosophila;
from Roper’s (1950) work on bz and paba, Pritchard’s (1955) on ad8,
Forbes (1955) on pro, Calef’s (1957), and Martin-Smith’s (1958)
on ad9 in Aspergillus; and from Giles’s (1951) work in Neurospora.

These are all examples, with the possible exception of ad9, of
mutants belonging to one cistron and bearing to each other relation-
ships of identical, similar, or related phenotypic effects and non-
complementarity.

To these examples it would be most instructive to be able to add
those from the remarkable work of Stern and his school on the
phenogenetics of ¢z in Drosophila. This would provide, among



ALLELISM 49

others, unique information on wild-type “isoalleles” (Stern and
Schaeffer, 1943), i.e., alleles at the opposite extreme of the scale from
those considered here. However, the work on ¢ has not been con-
cerned with the differentiation of alleles by means of recombination.
Hence there is no way of relating the phenogenetics of the ci alleles
to the differentiation of sites in that cistron.

Among organisms with an unknown structural basis for linked
inheritance, the outstanding example is that of the rIIA4 cistron in
phage. Others are available in Escherichia coli and, thanks to the use
of “abortive transduction” by Ozeki (1956), some are on the way
from Salmonella.

A good example is that of the ad§ cistron in Aspergillus studied by
Pritchard (1955, 1958). Here seven recessive alleles of independent
origin fall into at least six mutational sites. Five alleles are pheno-
typically indistinguishable from each other but are distinguishable
from two other alleles quantitatively, i.e., on the basis of the extent
to which they can grow even without adenine. By tests of recom-
bination, including the recovery of the two complementary products
of crossing over from one nucleus (Chapter 1V), the allcles can be
located in a linear order. There are two known recessive suppres-
sors—one on the same chromosome but over 100 units away, and
another one on a different chromosome—which act specifically on
one of the alleles but not on the others. The order of the mutants is:
ad20 — adl16 — ad12 — adll — ad8 — adl0 plus one not yet lo-
cated but certainly left of ad11.

The two specific suppressors restore the phenotype of ad20 strains
to wild type but have no effect on the other alleles. This is similar to
what Green (1955) found for the » and f cistrons of Drosophila, and
Yanofski and Bonner (1955) for #d in Neurospora. On the other
hand, Forbes (1955) has found several nonspecific, semidominant
suppressors of proline-requirement in Aspergillus which act not
only on all the allcles of one cistron, but also on those of a nearby
complementary cistron with similar phenotypic effect. Examples of
nonspecific suppressors are known in the Drosophila literature.

A significant situation in the case of the suppressor of v is that
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while, as Green (1955) has shown, it is site-specific for mutants of the
v cistron, it also “suppresses” mutants of completely different cis-
trons. This means that the suppressor acts by modifying some cell
condition to which the changed products of several genes are all
sensitive, though only those changed in particular ways. In terms
of enzymes, as gene products, any alteration, c.g., of pII, would
affect all the cistrons within which some mutants produce a corre-
spondingly pH-scnsitive enzyme. In terms of sites, the altcrations of
this kind need not be based on many, but only on one or a few,
hence the specificity.

Even more interesting examples of specificity arc the only two so
far found of partial suppressors within one cistron. They are both in
Drosophila. One (Lewis, 1951) is a partial suppressor within the
Stubble cistron. The other (Mackendrick, 1953) is a partial suppres-
sor within the white cistron. In both these examples, the intra-
cistron partial suppressors are alleles which in certain multiple
combinations with other recessive alleles of the cistron determine a
less mutant phenotype than singly.

1f the effect of these suppressors within a cistron were complete—
in the sense of restoring the normal phenotype—we would have
here examples of how the wild type can be restored by further muta-
tion within a cistron, though at a site different from the one of the
“forward”’ mutation. A situation of this kind is likely to occur in
some of the cases of apparent “true” backmutation. It is inter-
esting to speculate on how many combinations of forward and sup-
pressor mutations (besides true backmutations) may be possible in
a cistron. However, in this connection we must remember that
Streisinger and Franklin’s (1956) analysis of backmutation in the
k cistron in phage found evidence of backmutation only at the site
of the “forward” mutation.

The case studied by Mackendrick (1953 and unpublished) is as
follows. The “spontancous” Drosophila mutant w*f (apricot eye
colour, Edinburgh strain) turns out to be mutant at two sites.
Crossing over in a heteroallelic cross w*?/+ separates out an ex-
treme mutant phenotype (white).
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Mackendrick has also confirmed what was clear from the work of
Lewis (1955) and Green and Green (1956), i.e., that phenotypically
distinguishablc alleles can be obtained by combining or scparating
by means of crossing over two or more mutant sites, and that the
same phenotype may be determined by different combinations of
mutant sites. In other words, there can be a variety of interactions
between alleles depending on which and how many are combined in
one chromosome pair in the two or more possible arrangements be-
tween the two homologous chromosomes. IFurthermore, ‘“new”
alleles arise regularly by crossing over. The results obtained so far
arc given in Table 7, in which alleles indicated in the same column
are those for which evidence of reccombination is not available,
cither because it was not obtained in a certain sample or because it
has not been tested.

({3

TABLE 7
ANALYSIS OF THE » CISTRON IN DROSOPIILA MELANOGASTER
Do not Suppress
suppress sesle zesle

16
2
5

} 9
/
\,

///X

n---X
N

Bz 20 w’ 0.8 "

The alleles tested are indicated omitting, in all but three cases, the hasic symbol w.

Phenotypes: w = white; w’ = white; weC = apncot (CalTec); uw't = blood; wh =
cherry; w® = eosin; wP = coral (Paris); w* = 1vory, w" = honey; @' = unknown;
wBwr = brownex; w"'w = white; wblw'w’’ = white; w'w'’ = apricot (w"F).

The lines connecting the symbolb of two alleles indicalc which tests of recombina-
tion (5,000 to 50,000 progeny) have been done The figure along each line indicates
the recombination fractions X 10-* obtained.

Source: Mackendrick and Pontecorvo, 1952; Lewis, 1952; Mackendrick, 1953 and
unpubhshed; and Judd, 1957.
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The alleles, which may or may not be distinguishable by their
effects on colour, can also be classified on the basis of 1) Muller’s
balance compensation, i.e., identity or otherwise of colour in the
hemizygous male as compared with the homozygous female, and 2)
dominant suppression of the sex-limited closely linked recessive
gesie (Gans, 1953).

Mackendrick examined the relations between these two features
and the position of each mutant in the cistron. The results are con-
sistent with a difference in position between mutants which suppress
zeste and those which do not suppress it: the former are all on the
“right hand” of the cistron. In view of the cxistence of site-specific
mutants subject to suppression, it is not surprising that there might
be regional specificity within a suppressor cistron. The example just
given shows regional differentiation, rather than site-differentiation,
in the w cistron: it is possible, to say the least, that further work with
the three mutants w, w’ and w”, which all suppress zeste, would show
them to represent mutations at three sites. On the other hand,
Mackendrick did not find consistent relations between position and
presence or absence of balance compensation.

As pointed out by Goldschmidt (1955), the idea of a one-to-one
relation between each mutational site of a cistron and a specific ef-
fect in the mutants is nothing but the classic particulate gene which
would now re-enter through the back door and become equated to a
mutational site with the embarrassing addition of the “position ef-
fect.” This idea is likely to lead to the same fallacies, in spite of some
initial apparent successes, as did all previous attempts to find a one-
to-one correlation between locus and character. The point is that one
cannot use a breeding operation (which defines, by means of recom-
bination, a structural element) and expect it to give one-to-one
relations with a physiological analysis (which defines a functional
element).

Clearly this idea implies that as we analyse a chromosome seg-
ment, we shall resolve it not only into further and further structural
elements by crossing over, but also into an increasing mosaic in
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which each part has a distinguishable specific function which is not
merely the consequence of its spatial relations to the others.

As Pritchard (1955) has stressed, the very fact that mutational
sites appear to be many, at least in some cistrons and in some organ-
isms, suggests that this approach is unlikely to be fruitful. I should
not like to go so far as to say that it is conceptually quite meaning-
less. By analogy, changes in specific groupings of a molecule have
specific effects on its properties: these properties are the result of the
molecule as a whole and not of the sum of its parts. Yet it is not
wholly unprofitable or meaningless to inquire as to the specific
effects that changes in specific groupings have on the properties of
that whole. This is in fact one of the hobbies of thosc working on
chemical mutagenesis or on chemical carcinogenesis.

In view of the large array of situations alrcady mentioned, it is
possible that we shall find a whole range of situations even in respect
of the functional individuality of sites or parts of a cistron. We
should add the complications introduced by the structural suppres-
sion of recombination by means of minute rearrangements. This can
produce systems—*‘super genes” as Darlington and Mather (1949)
call them—like that of the ¢ series in the mouse (Dunn, 1956) of
self-incompatibility in plants (D. Lewis, 1954), and several other
examples.

A most fruitful result of the rcappraisal of the theory of the
gene that is going on at present is precisely that we begin to be aware
of this variety of situations. In respect of the particular subject of
this chapter—allelism—it is clear that neither of the ways in which
it can be defined (function or position) has general validity. We can
use this concept only as an expedient provided that we know its
limitations, and provided that we use empirical and unequivocal
criteria to define our tcrms.



CHAPTER 11l

STRUCTURE AND FUNCTION OF THE
GENETIC MATERIAL

THE theory of the gene assumed autonomy in action of each gene
which was supposed to be a distinct small portion of a chromosome
linked to others by bonds at which, and at which only, crossing over
took place. The beads-on-a-string picture, sophisticated as it may
have become later, considered essentially two different entities: the
gencs and the intergenic connexions. The primary action of cach
gene was supposed to be independent of the proximity of other
genes, though not the secondary and further removed effects of this
activity. Position effects were considered to be changes brought
about in these secondary interactions by changed neighbourhood
(e.g., Muller, 1938).

The preceding chapter gave the reasons why this model is no
longer tenable. It is good enough, I repecat, for almost all routine
genetics. It is not good enough when we begin to ask what the gen-
etic material is, and how it works.

LEVELS OF INTEGRATION

What are the relations between localised activity of the chromo-
somal material and its architecture, and in particular its linear
differentiation? This is another question which has been in the fore-
ground since the earliest times of genetics.

In the picture which is taking shape at present, the chromosomes
cannot be subdivided into units which are at the same time the
ultimate units of activity and of crossing over. Rather, the chromo-
somes are seen as made up of a linear series of elements, or sites,
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which—in groups of variable numbers—are integrated in activity:
mutation is any change in quantity or quality or arrangement of the
sites which is still compatible with replication.

The chromosomal section including all the sites integrated for one
activity we now call a gene or a cistron. However, we cannot yet say
whether or not there is sharp discontinuity between one cistron and
another, and if there is, whether it is a general feature of all cistrons:
the example of ad9 given in Chapter IT suggests that it is not. It is
quite possible that some cistrons overlap or are intermingled with
others, and that one and the same site may ‘‘belong” to one cistron
in respect of one activity and to another one in respect of a different
activity. In relation to changes during development, Mather (1948)
has suggested something of this sort.

Besides these primary systems of integration there are serics of
secondary ones. Goldschmidt (1955) has pictured this situation by
speaking of a hierarchy of fields. Changing his designations to use
the terms which 1 have used throughout:

SITES 12345617 89 10 11 12 13 14 15 16 17
(nucleotide —— —\— \ L L\ —
pairs?)
CISTRONS a b c d e
(primary fields) \ / \ /
HIGHER FIELDS I(a+c) 11 (d + ¢)

The present picture is much less clear cut than the older one but
it lends itself to probing in various directions. In particular, one can
imagine experiments capable of disproving the linear continuity of
the genetic material, should there actually be discontinuity. Winge
(1955) and Taylor (1957) suggested independently that a chromo-
some may have side branches and that recombination between
branches need not involve crossing over along the central axis. This
matter will come up again in Chapter 1V.

Furthermore, one can imagine experiments for detecting the
number of, and the part played by, the individual sites at different
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hierarchical levels; and experiments on ““time of action” (Haldane,
1932) of the genetic material in terms of the epigenetic (Wadding-
ton, 1956) emergence of new ficlds during development or as a con-
sequence of experimentally changed external conditions (Beale,
1954).

Tt should be clear that in the majority of cases in genetic analysis
we are usually considering phenotypic effects which are epigencti-
cally far removed from the primary action of cistrons. And it may
well be that a search for this primary action has little meaning, in
the same way as it would have little meaning to ask what is the pri-
mary action of a particular group of aminoacid residues in the activ-
ity of an enzyme molecule.

Let us consider a segment of the genctic material of a chromo-
some as composed of a structure, the function of which is to supply
the information for the synthesis of a protein. The ultimate function
of this material would be specified perhaps by the sequence of groups
of, say, three nucleotide pairs, each determining which aminoacid is
going to join with another to form a dipeptide. But why may it not
be the sequence that determines a pentapeptide? Why may it not be
the sequence that determines the whole polypeptide chain of the
protein?

We have seen that cistrons, i.e., fields of allelism or genes, could be
based on a chromosome length of the order of, say, 1,000 nucleotide
pairs. The fact that recessive mutants within some such structure
do behave as alleles reveals some sort of unitary activity. Unfortu-
nately we have also seen that this unitary activity cannot
constitute an absolute criterion. We alrecady know of examples which
suggest a gradual passage from one activity, expressed as allelism
(i.e., non-complementarity and cis-trans effect) of two closely linked
mutants, to two activities expressed as non-allelism or complemen-
tarity.

GROUPING OF PHENOTYPICALLY RELATED GENES

This said, we can look in the classical way at the relations between
arrangement and localised activity of the genetic material. We can
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then seec whether they can be reappraised, perhaps more fruitfully,
in the light of more recent views.

We shall start from using, and adding to, the data collected by
Griineberg (1937) and Komai (1950) on close linkage between com.
plementary genes affecting the same character, or as we should say
now, complementary cistrons. Some of the cases in Komai’s list can
now be removed and classified as cases of allelism (e.g., in Dro-
sophila: Star-asteroid; Stubble-stubbloid; bithorax-bithoraxoid; in the
silkworm: the E series [Tsujita and Sakaguchi, 1953] and others).

The examples listed in Table 8 are of complementary genes, very
closcly linked and having phenotypic effects which are indistin-
guishable or obviously related.

TABLE 8

EXAMPLES OF CLOSE (OR COMPLETE?) LINKAGE BETWEEN
COMPLEMENTARY GENES WITI SIMILAR OR RELATED
PHENOTYPIC EFFECTS
Organism, total linkage map identified, Linkage  Recombination
No of genes mupped group Jractions

DROSOPHILA MELANOGASTER
(280, over 500 genes)

chlorotic, yellow, silver, pallid I

yellow 2, yellow N 1

achaete, scute I

lozenge, almondex I 0.001

lozenge 50e, other alleles of I I

raspberry and vermilion I 0.008

miniature, dusky I 0.0005

bright, purple, light, lightoid II 0.02

bloat, puff, bloated II 0.003

arch, archoid 1I 0.002

blistered, balloon II 0.001

tetraltera. ophthalmopedia 1I 0.003

maroon, rosy, karmoisin III 0.02

glass, glass-like III 0.009

cardinal, white ocelli III 0.005
ASPERGIILLUS NIDULANS

(660, 40 genes)

prol, pre3 (prolincless) I 0 005

ad15, ad17 (adenineless) I 0.0001

adl, ad3 (adenineless) II 0.001

s1, s12 (requiring sulphite) III 0.03
NEUROSPORA CRASSA

(800, 80 genes)

all, ai2 (albino) I 0.02
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TABLE 8 (Continued )

Organism, total linkage map identified, Linkage  Recombination

No. of genes mapped group Sractions

arg3, B312 (argininelcss) I 0.03

hist2, hist3 (histidincless) I 0.05

pdx, pdxp (pyridoxineless) v

1vl, 102 (isoleucine-valineless) v 0.03

pan2 B3, pan2 B5 (pantothenicless) VI 0.005

am32, am47 (no glutamic dehydrogenase) ? 0.0000

SALMONELLA (?, 42 genes)

tryA,B,C,D

hiA,B,C,D

cysC, cysD

(details of three other examples referred to by
Demerec, 1956, have not been published)

ESCHERICHIA COLI (2,000, 20 gencs)

ind, Lacl, Lac4 (lactose permease and lactases) —_ 0.001
Gall, Gal2, ctc. (UDP-transferase and galactokinase) — 0.001

PHAGE T4 (800, 10 genes)
rIIA, r11B (plaque morphology) - 0.02

MOUSE (1954, 50 genes)
T, Fu! Ki (brachyury and other tail abnormalities) X 0.05
T, ©0-¢%4, tw'g217 (brachyury) X 0

SILKWORM (338, 56 genes)

9, S (larval patterns) II 0.02

E, Nc¢ (extra larval legs, reduced semi-lunar patterns) VI 0.01

ae, be (amylasc in body and digestive fluids) VII 0.01
COTTON

M, G, S (presence and distribution of anthocyanins) ?

Refcrences: Drosophila—Bridges and Brchme, 1944; Slatis and Willermet, 1953;
Komai, 1950; Aspergillus—Kafer, 1958; Neurospora— Barratt et al., 1954; Newmeyer,
1957; M. Mitchell, 1955; Chase and Giles, 1957; Fincham and Pateman, 1957; Sal-
monella—Demerec el al., 1956; Demerec, 1956; Escherichia coli—Lederberg, 1951;
Morsc et al., 1957; Kalckar et al., 1956; Phage T4—Benzer, 1955; Mouse—Dunn,
1954, 1956; Silkworm—Tanaka, 1953; Cotton—Yu and Chang, 1948.

Do these examples suggest some orderly relation between position
and effect of genes? For a number of reasons it is difficult to state the
question preciscly for a statistical analysis. Attempts to determine
whether the distribution of genes along and between chromosomes
is not random in respect of their effects are not new, and one of the
earliest was by Dunn and Caspari (1945).
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Let us take again the example of the adenineless mutants in
Aspergillus reported earlier. Out of a total of cight identified loci
at which recessive mutants determine adenine requirement, two
(ad! and ad3) are very close together (0.001 recombination). With a
total map of more than 660 units assuming the distribution of iden-
tified mutants to be random, the probability that one adenineless
mutant is located in a segment 0.1 of a unit on either side of another
adenineless mutant to which it is complementary, would be 2 X
0.1/660 = 3.3 X 107

Since there are seven groups of adenincless mutants identified as
complementary in addition to the one in question, the probability
that the one in question be as near as 0.1 units to any onec of the
other seven is 7 X 3.3 X 1074 The probability that any one of the
eight is near any other one is 28 X 3.3 X 10~ = 0.009. The same
argument could apply to two complementary proline requiring mu-
tants (recombination 0.005) out of two groups identified (Forbes,
1955). The probability here would be 2 X 0.5/660 = 0.001, and so
on.

In other words, the two known examples in Aspergillus of very
close linkage between complementary gencs with related effects
cannot be due to chance if the distribution of genes is random in
relation to their phenotypic specificity.

The examples from Neurospora are even more striking than those
from Aspergillus: therc are seven known pairs of closely linked com-
plementary genes determining different blocks in the same chain of
reactions. In one case (am32 and am47) the two mutants seem to
determine a loss of the same enzyme activity (Fincham and Pate-
man, 1957).

Only a much broader test on many different groups of mutants in
many organisms could give a precise idea of how big this departure
from randomness is. The impression from the data on Table 8 is
that there is a rather strong tendency for genes related in effects to
be near to one another.

There are cases, of course, in which the grouping of genes with
related functions is obviously the consequence of a special situation.
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For instance, the distal portions of both long and short arms of the
Y chromosome in Drosophila melanogaster are required to be intact
for sperm motility in the male. Neuhaus (1939) has identified at
least fourteen positions at which mutation determines a recessive
failure of motility, all complementary to cach other. Clearly one of
the solutions, in fact the one mechanically simplest for a chromo-
somal determination of a male sex-limited property, is that of a
specialized Y chromosome. In this case the linkage need not be rel-
evant to the functional dependence on proximity of the genes in-
volved but only to the mechanisms of hereditary transmission.

The question of how, in the evolution of the chromosomes, ar-
rangements like this or of any other kind may have arisen is an inter-
esting onc but not the onc which we are considering herc. We are
enquiring into the relevance of the position of genes to their function
rather than into the historical processes which have brought about
any non-random arrangements of gencs. Not keceping these two
points distinct has led to confusion such as the idea that “pscudo-
allelism,” as it was called, or allelism as it should be called, is the
consequence of duplication of genes (Lewis, 1951). Though allelism
may have arisen after duplication, at least in some cases, this does
not help at all in understanding why two recessives should show
functionally allelic relations.

We have to keep in mind again that when we are attempting to
group genes according to their effects, we do so at a phenotypic level
which is likely to be very far removed from what happens at the
chromosome surface, and there might be more order at this ultimate
level than meets the eye. All told, however, we can say that though
in several organisms therc arc many more cases of proximity of
genes with related effects than would be expected by chance, the
proportion of these cases is relatively small and does not suggest any
generalisation.

That no simple generalisation is possible arises also from con-
sideration of “suppressors.” These are mutants restoring the normal
phenotype when in combination with other complementary mutants
which by themselves determine a departurc from normal. The dis-
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tribution of suppressors does not seem to bear any spatial relation to
the chromosome sections which they “suppress.” This is probably a
more objective test of functional relationships than one merely
based on similarity of phenotypes.

The case of Salmonclla, studied by Demerec and his collaborators
(1956), requires consideration by itself even conceding that tests of
linkage based on transduction may be open to reappraisal. The
examples published are quite striking. Mutants determining nutri-
tional requirements for tryptophane, histidine, cystine, adcnine,
and leucine (presumably because blocked in the syntheses of these
metabolites) are grouped in a very specific way. Four cistrons, cach
with many mutational sites alrcady identified, determine trypto-
phanc requirement with blocks at four successive steps in its syn-
thesis: these four cistrons are adjacent to each other and in a
linkage order corresponding to that of the temporal sequence of
steps in the synthesis. The same is true for four cistrons in which
mutants determine requirement for histidine. For nine steps in the
synthesis of purines, of which blocked mutants are available, there
are nine cistrons, two and three of which, respectively, are closely
linked. For four steps in the synthesis of leucine, the two corre-
sponding cistrons are closely linked. Finally, two out of five cistrons,
mutants in which control five steps in the synthesis of cystine, are
closely linked. For seven other gene-controlled sequences of essential
metabolites the corresponding cistrons are not linked. In a total of
twenty-four cistrons involved in five sequences of reactions, seven-
teen are grouped; and eighteen other cistrons involved in seven
other sequences are not grouped.

This is undoubtedly an impressive example of non-random
arrangement of cistrons. It is preciscly of the type postulated
(Pontecorvo, 1950) in the now untenable picture of an assembly
line of genes controlling successive steps in biosynthesis of an effec-
tively limited metabolite. It is not clear, however, what part in it is
played by the method of asscssing linkage, i.e., transduction. We do
not know if the transduction method is comparable in resolution to
that based on meiotic or mitotic recombination. For instance, in
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Aspergillus (Table 5), if the map were full of blanks and recombina-
tion very low, we would consider as closely linked four out of the
eight known cistrons controlling steps in purine synthesis, and three
out of four cistrons controlling steps in the reduction of sulphate.

However, as has been suggested by various authors, it is also con-
ceivable that these examples of linkage in Salmonella imply that
functions carried out by special cytoplasmic organelles in higher
organisms are carried out in assembly-line fashion by chromosome-
like structures in this bacterium. In other words, the dclegation of
routine metabolism by the nucleus to the cytoplasm has not pro-
gressed much in this group.

The close proximity of genes controlling related or sequential
biochemical steps, which is the exception rather than the rule in
other organisms, is less of an exception in Salmonella.

The preceding analysis of close linkages between complementary
genes related in function raises one point which does not seem to
have been appreciated. In genetic mapping one encounters close
linkages more often than would bhe expected on the basis of a uni-
form distribution of genes (Pontecorvo, 1956). This affects pairs of
genes obviously related in action (like those controlling successive
steps of a biosynthesis) as well as pairs of genes not so obviously
related.

For instance, the 1957 map of the eight chromosomes of Asper-
gillus nidulans (Table 5) is at least 660 units in length. There are
about forty identified loci and among them as many as five pairs of
loci are 0.5 or less units apart: ad and ad3; prol and pro+; ad9 and
pabal; y and ad8; pyro and orni. The same situation is apparent
from a look at the linkage maps of organisms as diverse as the mouse
and Neurospora. What underlies it?

Two suggestions come to mind: 1) a non-random distribution of
crossing over, with a number of small chromosome segments in
which its incidence is well below average; 2) a non-random distribu-
tion of mutation rates, with localised small regions of high muta-
bility.

The former is quite possible but so far there is no evidence either
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way. In the latter case the excess of close linkages would be a reflex-
ion of the fact that the markers which one uscs are more likely to
come from regions of high mutability. We have already seen that
this is a likcly explanation for the parallel excess of very close link-
ages found betwecn sites at the intra-cistron level.

On the whole the excess of close linkages, be it between genes
related in action or otherwise, could well be mainly another aspect
of the fact that linkage maps give a highly selected picture of the
genome.

FIELDS OF HIGHER ORDER

We have scen that by and large there is no more than a tendency
towards an assembly-line arrangement of cistrons affecting the
steps in a sequential process (Pontecorvo, 1950). We have now to
ask how widesprcad and important may be spatial integrations in-
volving chromosome regions further apart: the “higher order” fields
of Goldschmidt (1955). The question here is not concerned with epi-
genetics but with structural integration at the chromosomal level.
A theoretical discussion by Sewall Wright (1953) is very pertinent
in this context.

The information available is very meagre. The best known ex-
amples of higher fields, apart from sex determination, arc the homo-
eotic mutants in Drosophila and the brachyury system in the mouse.
It is possible, in addition, that what McClintock (1956) calls “con-
trolling elements” in maize are precisely examples of “higher fields.”

The mutants in Drosophila are polycomb 45, proboscipedia 48,
tetraptera 51, aristapedia 49, bithorax 59, all located in the third
chromosome in a section of about fifteen units, and all affecting
segmentation and segmental homologies. Others in Drosophila are
tetraltera and ophthalmopedia in the second chromosome, three
units apart.

The case of K7, Fu, and T in the mouse, studied by Dunn and his
collaborators, in particular Gluecksohn-Waelsch, is another perhaps
more striking example: it has been reviewed recently (Dunn, 1954,
1956) and for details the reader is referred to these reviews. There is
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here a system of genes (K%, Fu and T) extending over about five
units, the mutants of which block differentiation in the posterior
axial system at various stages. Two of the three have been separated
by crossing over.

Furthermore, the T series by itself is an example of a very com-
plex situation at a level which it is difficult to classify as inter- or
intra-genic. A large number of mutants, mainly recessive, which are
complementary to each other is known: the test of complemen-
tarity tells that so far about thirty are different. The test of recom-
bination, on a substantial basis, has not resolved them. This is
probably only a foretaste of what we are likely to find when we pass
from the analysis of “‘simple” genes, like those providing the infor-
mation for such a minor matter as the mere synthesis of an enzyme
(probably represented by most of the examples on Table 6), to the
genetic organisation necessary to carry the information for morpho-
genetic processes.

Tt is a sobering reflexion that while we begin to have some specu-
lative ideas of the amount and the kind of information required for
protein synthesis (e.g., Crick, 1958), we have no idea of what may be
required even for the simplest of morphogenetic processes.

Granted that the present knowledge of “higher ficlds” is meagre,
it could be argued that the routine techniques with which we isolate
mutants are of a type which tend not to pick up cases of this kind.
Perhaps an analysis of the genetic fine structure and developmental
effects of lethals could reveal some of these integrations at a dis-
tance. The phenogenetic basis begins to be available (Hadorn, 1955).

In routine isolation of mutants we have no means of identification
for a system of the following kind, which is one of those expected in
a hypothetical case of integration at a distance: 1) a recessive mu-
tant ¢ in a region of a chromosome produces a certain effect; 2) a
recessive mutant b differently located, or even in a different chromo-
some, produces an indistinguishable effect; 3) the two act as func-
tionally allelic, in the sense of being noncomplementary: the double-
heterozygote has a mutant phenotype.

Apart from the cases described by McClintock in maize, the only
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clear example of this kind is the one of transition from allelism to
complementarity in the ad9 system in Aspergillus mentioned earlier.
In this example, however, the recessives a and b (corresponding, e.g.,
to adl13 and ad32) are cxtremely closely linked and it is only the
knowledge that other sites, e.g., ad17 and ad15, with different func-
tional relations are interposed between them that makes the case
unusual.

If only two mutants, e.g., ad17 and ad15, had been investigated,
this would be only an additional example, with nothing unusual, to
be added to the list (Table 8) of closely linked complementary re-
cessives, indistinguishable phenotypically.

Perhaps there is a maximum critical distance for allelic relations
to operate, and this could be just less than the mean distance be-
tween two points within the resting nucleus, cach on one of two
homologous chromosomes. There is nothing on which to base specu-
lations about this distance, because we do not even know what
structure and arrangement the chromosomes have in the interphase
nucleus.

In this respect there is a point worth considering, and I am in-
debted to Dr. Pollister for having called my attention to it. We do
not know what sort of arrangement the chromosomes have in the
interphase nucleus, in which presumably the genetic material is in
active state. It is possible that the chromosomes are not distributed
in a disorderly way within the nucleus and are not moving about at
random. They may have orderly foldings and regions of “‘ectopic”
juxtaposition (Slizynski, 1945), both along one chromosome and
between non-homologous ones. There may even be some sort of re-
petitive juxtaposition like that along successive gyres of a helix. All
this might result in proximity between segments quite apart along
the chromonema, or even belonging to different chromosomes. In
diploids or higher polyploids (but not in haploids) juxtapositions
involving different segments of one chromosome pair could take
place both between two segments of one member of the pair or be-
tween two scgments, one on each of the homologous chromosomes.

Techniques for detecting structural-functional relationships of
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this sort have not yet been worked out, but they should not he im-
possible to design. The crucial question would be whether between
two segments far apart on one chromosome, or on different chromo-
somes, there may be relationships similar to those of allelism. It will
be worth while to start thinking of ways to investigate these prob-
lems. The “higher fields” could have a structural basis quite dif-
ferent from the one earlier implied, which is cssentially a “super-
genic” linear arrangement along one chromosome or part of a
chromosome. They could be based on structural integrations be-
tween chromosomes, or chromosome parts, which are not revealed
by ordinary crossing over analysis.

The outstanding work in maize (review: McClintock, 1956) on the
relations between genes, at more or less fixed chromosomal posi-
tions, and transposable elements which dectermine phenotypic
changes and transmissible changes, is probably very rclevant here.
Unfortunately 1 do not understand the details of this work well
enough to put my finger on what may be particularly significant.

In McClintock’s words “Controlling elements appear to reflect
the presence in the nucleus of highly integrated systems operating to
control gene action.” In some at least of the systems analysed by
McClintock two controlling clements, at widely different (and
changeable) positions in the linkage map, intcract to determine both
the activity and the mutability of one or more particular genes.
Apparently the “controlling elements’ have no direct phenotypic
action, but they affect that of the genes.

Any onc of these systems reveals itself only under very special
circumstances; hence they passed unnoticed in maize for a long time.
Now that some of these circumstances are understood, new systems
are added to the list rapidly. It is conceivable that they are of gen-
eral occurrence and importance and that they have not yet been
discovered in other organisms precisely because one did not know
how to look for them. However, it is also conceivable that they
are peculiar to maize and, as Dr. Mangelsdorf has explained to me,
that they result from the presence in the maize genome of par-
tially homologous duplications derived from the Teosinte genome.
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Evidently some of the “higher fields,” postulated above, may be
systems like those discovered by McClintock in maize. Furthermore,
there is a connexion worth considering. We noted the enormous in-
crease between lower and higher organisms in DNA per unit map.
Let us keep in mind that this increase might reflect that of “control-
ling elements.” In other words, the number of genes, and therefore
the number of different proteins, need not be several orders of mag-
nitude greater in a mammal than in a bacterium, but the number of
“controlling elements” may be. Iivolution may have taken place by
finer adjustments of reactions rather than by an incrcase in the
number of different molecular species.

If there is anything in this idea, the difference in the amount of
DNA per nucleus between, e.g., Urodela and Anura, or between
Dipnoi and other fishes, could represent an orthogenetic trend which
has led almost to the extinction of the Urodela and the Dipnoi. Too
much of “controlling elements” may be at least as embarrassing as
too big a size or too long a tooth or too branched an antler.

A discussion on the relations between arrangement and activity of
the chromosomal material should, of course, include a consideration
of heterochromatin. The trouble here is that the study of hetero-
chromatin is at a prescientific level (e.g., Pontecorvo, 1944). We
have no alternative but to ignore it.

CONCLUSIONS

For the time being, we must restrict a working model of the ge-
netic material to the level for which there begins to be some solid
ground, i.e., the intra-genic level. Summarising again:

1) The chromosome is subdivided in sections within which reces-
sive mutants are noncomplementary to one another. Thesec sections
of allelism—the genes of classical genetics—are called cistrons
(Benzer, 1957).

2) A proportion of the mutants of a cistron represent changes at
individual positions which can be recombined by crossing over and
which are in a linear arrangement; the positions within a cistron
separable by crossing over are called (mutational) sites (Pontecorvo,
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1952); pairs of recessive mutants at different sites show the cis-trans
difference in phenotypes when combined in a heterozygote (Lewis,
1945).

3) Within one cistron the occurrence of mutations at the same
site, i.e., not recombinable by crossing over, is uncommon.

4) The fact that independently arisen mutants of a cistron often
turn out to represent mutations at different sites, and calculations
based on the ratio of the total recombination in a cistron to the min-
imum between two sites of that cistron, suggest that a cistron may
be based on hundreds of mutational sites separable by crossing over.

5) The non-complementarity of mutants of a cistron and the cis-
trans effect, which denotes highly localised functional intcgration,
suggest a unitary activity of the cistron as a whole.

This last conclusion, as stressed in the previous chapter, should
not be taken as absolute: there arc intermediate situations between
non-complementarity and complementarity. On the whole it looks
as if the beginning of an insight into the relations between arrange-
ment and activity of the genctic material is more likely to be found
at the ultimate level of organisation—that of sections of unitary
activity, the genes or cistrons.

Is there any working model of a gene which we can make more
definite than that of a linear series of sites integrated into a specifi-
cally active section? Schmitt (1956) has proposed one such picture,
based on the ideas which derive from the relations between struc-
ture and activity in collagen, myosin, and other biologically active
fibrous proteins. In these the full chemical and biological activity is
the property of supramolecular units, say 20 A thick and several
thousand long, which result from specific adlineation of macro-
molecules. Schmitt’s idea is that the genes are not individual macro-
molecules or parts of individual macro-molecules but that they
result from the specific juxtaposition of two or more macro-mole-
cules.

According to Schmitt a number of specific juxtapositions could
arise, as they do in the aggregations which form collagen, as a con-
sequence of a number of specific conditions in the nucleus. In differ-
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entiation new juxtapositions would arise as a result of the previous
history of the cell and would in their turn determinc conditions for
further juxtapositions.

This last is, in more precise chemical terms, the same idea which
I tried to convey very crudely some years ago, that is that new inte-
grations (i.e., genes) would arise epigenetically as a consequence of
minor changes in chromosome spiralisation resulting from previous
activities. These changes were supposed to bring about new juxta-
positions of sites in the chromosomal material.

Another model, which again emphasizes supra-molecular organ-
isation, is that proposed by Kacser (1956). He suggests for the
chromosome the structure of an adsorption complex with an inter-
face generated by the complementary surfaces of the two moieties,
which are paracrystalline DNA and parocrystalline protein respec-
tively. The part that matters, from the point of view of genetic
activity and specificity, is the adsorption surface. Kacser’s model
also cnvisages a plausible mcchanism of sclf-replication for the
specific adsorption interface.

T am sure that ideas like Schmitt’s and Kacser’s will have decisive
importance in the future. Up to the present, however, a more heu-
ristic model of a gene which has been devised is that derived on the
one hand from the ideas of Watson and Crick (1953) on the structure
and replication of DNA, and on the other hand from ideas based on
the analysis of the fine structure of minute sections of the genome
mainly in phage, Aspergillus, Drosophila, and Salmonella.

Bricfly, this model is that of a duplex DNA helix some 1,000
necleotide pairs long carrying in the sequence of nucleotides the
information for the synthesis of a protein some 300 aminoacid resi-
dues long. With this model, the cis-trans effect is the consequence of
the fact that between two differently damaged homologous helices
there is no possibility of reciprocal repair in the act of transfer of the
information; i.c., two diffcrently defective proteins are synthesized.
This is more or less the same as saying that the information of each
of the homologous structures is transmitted en bloc. Thus, no trans
effect is expected nor is it, in fact, found, when we recognise the
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activity of the gene by identifying the proteins themselves as, pre-
sumably, we do (Table 9) with antigens (c.g., Barish and Fox, 1956),
enzymes (e.g., Horowitz and Fling, 1956; Fincham, 1957) and hae-
moglobins (e.g., Pauling, Itano, Singer and Wells, 1949; Ingram,
1957).

TABLE 9

EXAMPLES OF DIFFERENCES IN PROTEINS, INCLUDING LOSS OR
CHANGE OF ENZYMATIC ACTIVITY, DETERMINED BY
DIFFERENCES IN SINGLE GENES

Organism and condition Enszyme or other protein Nature of the detected change

MAN

sickle-cell anaemia haemoglobin substitution of one valine
for one glutamic acid resi-
due
MOUSE
haemoglobins haemoglobin electrophorctic mobility
SHEEP
AB hacmoglobins haemoglobin electrophoretic mobility
NEUROSPORA
1. amination defi- glutamic dehydrogenase a) loss of activity
ciency glutamic dehydrogenase b) temperature sensitivity
2. argimnincless arginosuc cinase loss of activity
3. tyrosinase tyrosinase a) loss of activity
tyrosinase b) thermostability
4. isoleucine- dihydroxyacid dehydrase loss of activity
valineless
5. nitrateless nitrate reductase a) loss of activity
nitrate reductase b) pII sensitivity
6. tryptophanless tryptophan synthetase a) loss of activity

tryptophan synthetase b) thermostability

ESCHERICHIA COLI

1. gall
2. gal2

References: Man—Ingram, 1957; Mouse—Gluecksohn-Waelsch et al., 1957; Sheep—
Evans et al, 1956; Neurospora—1a. Fincham, 1954; 15. Fincham, 1957; 2. Fincham
and Boylen, 1957; 3a and b. Horowitz and Fling, 1956; 4. Myers and Adeclberg, 1954;
5a and b. Silver and McElroy, 1954; 6¢ and b. Yanovsky and Bonner, 1955; Escherichia
coli—1 Morse et al., 1957, 2. Kalckar et al., 1956.

Numerous other cases of mutational change or loss of enzyme activity in E. coli
and Neurospora (c.g , Davis, 1955) and the differences in lactoglobulins (Aschaffenburg
and Drewry, 1955) in cattle, are not included because not yet analysed genetically to
a sufficient extent. In the many known cases of genetically determined differences in
antigens, the nature of the difference has so far been established only immunologically.

UDP-transferase
galactokinase

loss of activity
loss of activity
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1t is also implicit in this model what some of the cases of partial
dominance may imply. They would be cases in which onc allele
carries the information for a protein structure different from the
other, and both proteins affect the phenotype rather than only one
being active. Outstanding examples of this are sickle-cell anaemia
in man (Pauling ef al., 1949) and the heterokaryons for normal and
thermolabile tyrosinase in Neurospora (Horowitz and Fling, 1956).
In cases like this it would be most interesting to compare a frans
heterozygote for two differently altered proteins with the corre-
sponding cis heterozygote. The prediction is (Pontecorvo, 1955)
that the cis heterozygote should in some cases produce two molec-
ular species, one of which is normal: the properties of the other
would not be predictable from those of the two proteins in the
irans heterozygote.

Whatever the merits of a working model like this, it has already
stimulated experiments of great elegance like those of Levinthal
(1956) on the mechanism of replication of bacteriophage, and those
of Plaut and Mazia (1956) and Taylor (1957) on the mechanism of
replication of the chromosomes. Thus it is a {ruitful model, even if
it is an oversimplification. 1t may be good enough for the analysis
of the simplest systems of genetic information, such as those re-
quired for the synthesis of an enzyme or other protein. We should
not expect it to work in this simple form when the information re-
quired is the vastly larger one presumably demanded by a morpho-
genetic process.



CHAPTER IV

RECOMBINATION

THE analogy was suggested that recombination is to genctic analy-
sis what diffraction is to microscopic analysis, i.e., the phenomenon
on which the analysis is based. The analogy stops there: we are in
the appalling position that our knowledge of the mechanisms of
recombination is very limited. To be sure, we can define preciscly
recombination, namely, the formation of a genome in which parts
originating from different cell lineages have become reassorted. We
have also a substantial understanding of one of the processes of
recombination —that which Mendel discovered. At meiosis, or even
at mitosis in certain cases (Chapter VI), the members of nonhomol-
ogous chromosome pairs segregatc more or less independently be-
tween the two poles. We know now, however, that this process is
only one, and a relatively unimportant one, of those at work. Be-
yond this, the knowledge of the processes of recombination is largely
conjectural: this applies in particular to the most important of them,
crossing over.

Among the processes of recombination some, like meciotic or
mitotic crossing over, are definitely reciprocal, i.c., one event of
recombination between two homologous chromosomes yields two
chromosomes between which corresponding parts have been recipro-
cally exchanged. Others are, or at least appear to be, nonreciprocal:
transduction and transformation in bacteria, gene-conversion
(Lindegren, 1953; Roman, 1956; M. Mitchell, 1955; Strickland,
1958) in organisms with standard mciosis, recombination in bac-
teriophage (Levinthal, 1954). In these cases only one recombinant
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product is recovered from one event of recombination. The two
complementary products may be obtained, but only from separate
events.

The distinction between reciprocal and nonreciprocal recombina-
tion is based at present mainly on the failure to recover the comple-
mentary products from one event. In some cases there has been a
tendency to extrapolate from this negative kind of evidence back
to the nature of the process of recombination itself, ¢ g., in phage.

Obviously it is a fallacy to infer that a process of recombination
does not involve reciprocal exchanges on the basis of failure to re-
cover or recognise the reciprocal products of one event. For instance,
in obgenesis only one of the four products of meiosis forms the egg
nucleus. Thus, the complementary products of crossing over are not
usually recovered in one zygote. Yet, by using, for example, at-
tached-X Drosophila, they can be recovered (c.g., Beadle and
Emerson, 1935). They can also be recovered in mitotic crossing over
(Roper and Pritchard, 1955), in gamctogenesis of polyploids, and
they are recovered in the overwhelming majority of cases in tetrad
analysis as will be shown later.

Most of the types of recombination in which the reciprocal prod-
ucts of one event are not recovered have come to light in recent
years. They raise a number of important qucstions which will be
considered in this chapter. The central one would be whether recom-
hination of linked genes has fundamentally the same basis from
phage to man, and the obvious differences are cither spurious (cf.
Fmerson, 1956) or not esscntial. It is no use, however, to ask a ques-
tion too big for experiment.

In spite of this, we should be well aware that the attempts to
unravel the various processes of recombination may start from two
opposite working hypotheses: unity or multiplicity of basic mech-
anisms. To my mind the hypothesis of unity is more heuristic.

In the discussion at the Oak Ridge Symposium on Genetic Re-
combination in 1954, Crick (1955) made the justified remarks that
there is an appalling lack of knowledge on the structure of the chro-
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mosomes as soon as we get above the molecular scale, and that
geneticists are unable to state clearly what the problems of chromo-
some replication and recombination are which have to be explained
in terms of physical chemistry.

From the geneticist angle, Sturtevant (1951) had earlier made
substantially the same complaints, though applied to the more
limited field of the details of meiosis, and concluded: “We shall have
to wait for the cytologists to produce a more coherent and satisfac-
tory picture before we can hope for an inclusive description of the
process of mciosis, and until that is available it hardly seems pos-
sible to plan any experimental analysis of the physical forces at
work. Mcanwhile there remains much for the geneticist to do in
studying the mechanics of segregation and crossing over by his own
precise methods.”

In the following sections 1 shall summarise some of the recent
results obtained by the geneticist’s “precise methods,” which throw
new light on recombination, and hope that they may help to state
more clearly what the problems are. These results come from the
following types of investigation: 1) recombination analysis in tetrads
from heterozygotes with many intervals marked in one chromosome
pair. This has been done extensively only in Neurospora (Perkins,
1956) and Aspergillus nidulans (Strickland, 1958b). In the case of
Neurospora it has been preceded by extensive backcrosses to elimi-
nate structural and other heterogencity. In the case of Aspergillus,
all the strains used stemmed from a single onc; 2) recombination
analysis of minute chromosome segments. This shows remarkablc
consistency between organisms as different as phage, Escherichia
coli, Salmonella, Schizosaccharomyces pombe, Aspergillus nidulans,

and Drosophila; 3) analysis of mitotic crossing over, almost exclu-
sively in Aspergillus nidulans.

. Simultaneously with the new information from the genetic angle
there has been a fruitful crop of new approaches from the physical
and biochemical angle: 1) the study of the relations between syn-
thesis of DNA and inferred time of chromosome duplication in both
the mitotic and the meiotic cycles (e.g., Pollister et al., 1951 ; Howard
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and Pelc, 1951; Taylor, 1953). The main conclusions (Taylor, 1957)
are that DNA and chromosome duplication coincide, that they
occur before prophase both in mitosis and meiosis, and that there-
fore any theory of crossing over which requires chromosome dupli-
cation after zygotene pairing (e.g., Belling, 1931; Darlington, 1937)
is untenable; 2) the study of the mode of duplication of genetic
structures (phage, chromosomes) based on the distribution of
(labelled) atoms of an existing structure between “daughter” struc-
tures (Watson and Maalde, 1953; Levinthal, 1956; Stent, 1958;
Plaut and Mazia, 1956; Taylor, 1957).

TETRAD ANALYSIS: THE RECOVERY OF RECIPROCAL RECOMBINANTS

In organisms with cytologically observable chromosomes and with
standard meiosis, the complementary products of exchanges occur-
ring at meiosis in one nucleus can be recovered by the use of special
techniques—attached-X Drosophila, polysomics, and tetrad analy-
sis. The complementary products of mitotic crossing over can also be
recovered together (Table 14) in certain cases.

Tetrad analysis is possible in a number of organisms in which the
four products of a single nucleus which has gone through meiosis are
kept in a group. There is a vast literature to which I shall not refer
(see review by Perkins, 1955). A point to be stressed is the ex-
traordinary precision of the results of meiosis which tetrad analysis
brings out.

First, an overwhelming proportion of tetrads shows normal 1:1
segregations, i.e., for each heterozygous locus, two nuclei of each
tetrad carry one allele and two carry the other. Second, an over-
whelming proportion of tetrads in which crossing over between
linked loci has occurred show for each exchange two, out of the four,
products of meiosis carrying the correspondingly exchanged seg-
ments. Third, in tetrads in which more than one exchange has oc-
curred, the multiple exchanges may involve only two or three or all
four products, but only two of them are involved at each point of

exchange.
All these features had long been inferred from genetic analysis
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based on random samples of products of meiosis as well as from
cytology. Tetrad analysis brings home vividly how correct these
inferences were.

1 shall give herc a few examples from Strickland’s (1958b) exten-
sive tetrad analysis in Aspergillus nidulans to support this conten-
tion. In this species the four nuclei arising from meiosis divide
mitotically again and the eight are then included each in a haploid
ascospores; the eight ascospores (four genotypes) are kept together
in an ascus. Isolation of the ascospores from the asci requires the
micromanipulator. In one of Strickland’s crosses 577 asci were
classifiable out of a sample of 611 from zygotes marked as follows in
chromosome 1:

pro3 + + + + bil
+ prol adl5 pabal ¥ +

Standard map
units 0.5 8 0.3 16 6
Interval I II 111 v \Y

Out of these 577 asci only two had unexpected constitutions. In
both, seven out of the cight spores germinated and the genotypes
were as follows:

Ascus 16
pro3 + + + + bil (3 spores)
pro3 + + + Y + (2 spores)
+ prol adl5 pabal + bil (1 spore)
+ prol adl5 pabal y + (1 spore)
Ascus 17
pro3 + + + + bil (2 spores)
pro3 + + + + + (1 spore)
+ prol adl5 pabal ¥ bil (1 spore)
+ prol adl5 pabal y + (3 spores)

As Strickland points out, these two unexpected asci could have
been normal asci, broken and with one spore lost. One of the three
spores pro3 bil of Ascus 16, and one of the three spores prol adl5
pabal y of Ascus 17, could have been intruders, i.c., picked up acci-
dentally from thc mass of free ascospores during dissection. Spores
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of each of these fully parental genotypes constitute about 35 percent
of the total in this cross. Asci in which only six out of the eight spores
germinated were 136/611 = 25 percent in this cross. The product of
these two probabilities is about 9 percent for each of the two cases.
We cannot gauge how often, in dissection, a broken ascus loses one
spore and picks up another one from the spore suspension surround-
ing it. But it looks as if between the maximum probability of 9 per-
cent possible for the occurrence of each of these two asci and the
actual 1/577 = 0.17 percent with which they occurred in this
experiment, there is a sufficient margin for a technical mistake.

Some such argument has permitted Strickland to ignore 11 out of
17 unusual asci found in a total of 1,642 fully classified asci from
nine crosses (of which that given above is one) involving a total of
fifteen loci. The remaining 6 unusual asci constitute less than 0.4
percent of the total. Emerson (1956) has stressed that before taking
unusual tetrads seriously, one should eliminate all the spurious cases
or those which can be explained as special cases on classic theory.
We shall see that the 6 unusual asci remaining after selection are
interesting cnough without the chaff of the other 11 probably
spurious ones. One good case of abnormal tetrad is more fruitful
than dozens disputable.

We shall ignore asci 16 and 17 and look instead at the other 575 of
the above cross. They were classifiable as follows in respect of re-
combination between the markers:

Tetrads with no exchange 340
Tetrads with one exchange

inl 3

in IT 49

in III 2

in IV 105

inv 32 191
Tetrads with two exchanges

in IT and IV 18

inIlTand V 4

inIVand V 8

both in IT 3

both in IV S 38
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Tetrads with three exchanges

inIl,IVand V 3
two in IT and one in V 1
one in IT and two in V 1 5
Tetrads with four exchanges
one in II, one in V and
two in IV 1 1
575

In every one of the 235 asci in which exchanges were recognisable,
the two reciprocal products of each exchange were represented: this
means that the numerical data and the genotype of the zygotes
given earlier, contain all the information required for reconstruct-
ing every one of the 575 tetrads. Particularly intercsting are the
threc exchanges in interval I and the two in interval I1I, both less
than one unit long. In all five of these tetrads the reciprocal products
were present.

This remarkable precision of crossing over even down to minute
regions is something with which some of those engaged in the analy-
sis of the newer types of recombination (transduction, phage recom-
bination, etc.) are not quite familiar. Only three years ago, in my
laboratory, one of the most brilliant investigators of phage rccom-
bination, on a fleeting visit, spent a whole afternoon examining with
fascination the protocols of an experiment on tetrad analysis.

INTERFERENCE

Classification of tetrads as to no-exchange, one, two, etc., ex-
changes, is an arbitrary affair, as Perkins (1953, 1955), Whitchouse
(1956), and others have amply discussed. Certain types of exchange
cannot be classified with certainty, e.g., within one interval three-
strand doubles are indistinguishable from single, and two-strand
doubles indistinguishable from no-exchange. To make allowance for
this one has to make groundless assumptions on the mechanism of
crossing over, which, incidentally, beg the question.

This applies in particular to the analysis of chromatid and chro-
mosome interference. ‘‘Interference” was the term introduced by
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Muller (1916) for the fact that in Drosophila and maize, recombin-
ant gametes with two exchanges, one in each of two small adjacent
intervals, are produced less frequently than expected from the prod-
uct of the incidences of recombination in each of the two intervals.
This was interpreted as a structural hindrance of one exchange on
another one nearby.

Haldane (1931) applied the same idea to the coincidence of
chiasmata as measurable by cytological observation (“cytological”
interference) and pointed out that there are two types of interfer-
ence, since referred to as “chiasma’ and ‘“‘chromatid” interference.
The former is the occurrence less often (positive chiasma interfer-
ence) or more often (ncgative chiasma interference) than by chance
of two or more exchanges in onc bivalent in individual cells in mei-
osis. The latter is the participation less often (positive chromatid
interference) or more often (negative chromatid interference) than
by chance of the same two chromatids in two, or more, exchanges.

Chiasma interference is an essential feature of Darlington’s
(1937) theory of meiosis, which postulates breakage of homologous
chromatids as a consequence of torsional stresses which are released
by breakage, unwinding, and reunion; the unwinding at one point is
supposed to reduce the stress on neighbouring segments of the biva-
lent so that another break becomes less likely. The fact that in
Aspergillus there scems to be no chiasma interference is hard to
reconcile with that theory.

In Aspergillus nidulans Strickland (1958), in an analysis of 1,231
tetrads from three crosses (one of which is referred to above), found
no chiasma interference between six pairs of adjacent intervals of
sizes ranging from about 5 to 25 units. It is worth keeping in mind
that Aspergillus has much less DNA per map unit than Drosophila,
let alone maize or the mouse. Perhaps chiasma interference is a
feature of genetic structures with a lot of DNA.

Strickland, however, found some evidence, though inconclusive,
of an excess of four-strand double exchanges within individual
marked intervals; in other words an excess of tetrads in which all
four products of meiosis were crossover between two adjacent mark-
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ers. Within an interval, an excess of four-strand doubles is the only
way in which negative chiasma interference or positive chromatid
interference or the occurrence of localised crossing over at the two-
strand stage could manifest themselves in tetrad analysis.

We shall see that other types of evidence suggest a quite unex-
pected feature of crossing over, i.e., the exchanges tend to occur in
small clusters. A consequence of this is that within small marked
intervals (of less than one unit), the smaller the interval the greater
the chance that, if one exchange occurs in it, further exchanges be-
come detectable (Pritchard, 1955). The slight excess of four-strand
doubles within intervals found by Strickland could well be a mani-
festation of the same phenomenon, though diluted by the relatively
large size of the intervals.

As to chromatid interference there are at present formidable
difficulties in assessing it unequivocally. Strickland’s (19585) results
show, prima facie, no chromatid interference. Two exchanges, one in
each of two adjacent intervals in the same chromosome arm, involve
the four chromatids at random. For instance, two-strand, three-
strand, and four-strand double cxchanges were represented in the
575 tetrads mentioned above in 12, 17, and 11 cases, i.e., in propor-
tions not significantly different from the random expectation of
1:2:1. Other crosses gave similar results.

However, the crude data are known to be affected by the inevi-
table misclassifications mentioned before. One could try to correct
for these, but this implies making groundless assumptions (e.g.,
that the strand relationships of multiple exchanges remain the same
cven within small intervals). There seems to be at present no way
out. As Sturtevant (1955) put it “a good many of us have become
suspicious of detailed quantitative analyses of the phenomenon of
interference.” These analyses are better put in cold storage until
some entircly new approach makes them meaningful. This does not
contradict what will be expounded in the section on “The Clustering
of Exchanges.” The magnitude of the effects described there is
enormous: it does not require any detailed quantitative analysis.
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INTRA-CISTRON RECOMBINATION

The subject of this section has given origin to controversial inter-
pretation. It is one of the most exciting new developments in genet-
ics: the splitting of the gene. According to the definitions given in
Chapter 11, two recessives of independent mutational origin will be
called allelic if the “heterozygote” has a mutant phenotype. If,
among the products of meiosis in the “heterozygote”—but not in the
two homozygotes—an occasional revertant or an allele different
from the two original arises, we conclude that the two alleles are in
some way different. We can adopt Roman’s (1956) terminology and
call the combination ‘heteroallelic’ and the two homozygotcs
“homoallelic.” (Note: We should not call homoallelic a combination
of two recessives of different mutational origin from which revert-
ants have not been obtained.)

And now let us go step-by-step through an example of the kind of
analysis of heteroallelic combinations which Roper first published in
1950 and which led me to the tentative conclusion (Pontecorvo,
1952) that heteroalleles represent mutations at different sites, dis-
tinguishable by recombination within a linearly organised structure,
the function of which was, until last year, called a gene. This tenta-
tive conclusion has become so well-established since 1950, with
evidence coming in from practically every series of alleles investi-
gated with sufficient care in every organism, that Benzer was able in
1956 to propose a new name for the functional unit: the cistron.

In Aspergillus nidulans the most extensively analysed is the ad8
cistron studied by Pritchard (1955, 1958 and unpublished). Seven
adenineless independently arisen mutants are located in chromo-
some I less than one unit distal from y and about five units proximal
to bi (map in Table 5). All seven (ad20, ad16, ad19, ad12, adll, ad8,
ad10) are qualitatively indistinguishable on growth response tests,
but ad16 and ad20 can grow at about onc-half the wild-type rate
even without adenine. For ad20 unlinked specific suppressors are
known. All seven mutants are completely recessive in haploid
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TABLE 10
MAP OF TIIE ad8 CISTRON IN ASPERGILLUS NIDULANS
y ad20 adl6 adl2 adll ad8 adl0 bi
— 5 — - 100 < 860 12 ]
le——890 910
1200 ——
1400 ———»
1600
550
ad19 | 1200 —»
< 150 »
<480 >
< 3800
< 2800 -
«— 3000
< 60,000 —— -

Figures indicate recombination fractions per 10°. The position of ad19 relative to
ad12 is not yet estabhished The order of the mutants is established quahitatively from

crosses two-by-two.
Source: Pritchard, 1955, 1958 and unpublished.

heterokaryotic—(ad) + (ed*)—and in diploid heterozygous—ad/
ad+—combinations with wild type. The haploid heterokaryotic and
the diploid combinations of any two mutants are adenine-requiring
or, in combinations involving ad16 and ad20, intermediate.

Adenine-independent nuclei arise at meiosis from every cross per-
formed (12 out of the 21 possible) between the seven mutants two
by two, and mitotically from the three diploid combinations tested
(ad8/ad11; ad8/ad16; ad8/ad20). Reverse mutation, as occurring in
haploids, cannot account for more than a small proportion of the
wild-type nuclei arising in heteroallelic crosses or in heteroallelic
diploids.

That the wild-type nuclei from heteroallelic combinations arise
from crossing over (meiotic or mitotic) was shown by Pritchard in
three ways:
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1) The closely linked markers y and bz, 5 units apart astride the
ad$ cistron, and particularly ¥ which is less than 1 unit away, define
the order of any two ad alleles, and this order is consistent over the
whole series of seven. For instance (see map, Table 10), of the 365

ad* haploid ascospores selected from the cross L“_L, 355 were

y and 10 were y*, suggesting the order y ad/1 ad8 bi. From the cross
v ad8 +
~+ ad16 bi

. : . y adll +
yt, suggesting the order y ad16 ad8 bi. From the cross T edls b

of the 57 ad* haploid spores 46 were y and 11 were y*, suggesting the
order y adl6 adll bi. Thus the order of the three ad mutants con-
sidered together is y ad16 ad11 ad$ bi. The segregation of the outside
marker b on the other side confirmed the qualitative conclusions
based on the more closely linked outside marker y. For some of the
heteroallelic combinations the order has also been confirmed by
means of mitotic crossing over. For instance, a heterozygote

+ ac-il;6 ai___«?__;l; (or of corresponding arrangement in other heteroal-

lelic combinations) is adenine-requiring. A heterozygote in frans of
this type should produce a heterozygote in cis with arrangement
+ adl6 ad8 +
y + + I
V) and segregation of the complementary products to the same pole.
This type of segregant is expected to be adenine-independent. A
number of adeninc-independent segregants were obtained and anal-
ysis of some of them by means of haploidization (Chapter VI)
showed them to have the segregant genotype indicated above, and
in particular to carry both ed mutants on one chromosome.
2) Two mutants (e.g., ad16 and ad8) in cis as just mentioned
could be separated by crossing over in crosses to wild type.
3) Crosses carrying three ad mutants, two in one chromosome and
one in the homologue (Pritchard, 1958) gave among the ascospores
selected for recombination between two of them the appropriate

» of the 139 ad* haploid spores 133 were y and 6 were

as a consequence of mitotic crossing over (Chapter
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y ad20 4 ad8 +
+ + edll 4 bi
of ad8+ adl1* ascospores gave 2,696 ad20 out of a total of 2,804.

Pritchard’s analysis of the ad8 cistron thus shows conclusively
that crossing over occurs within the cistron, that it gives the two
expected reciprocal products, and that these may arise from one
(mitotic) event. The complete map of the seven identified sites in the
ad§ cistron is given in Table 10.

It will be noted that the recombination fractions between the
sites are tolerably additive. However, from the data given above it
will be noted also that among the recombinants between hetero-
alleles in a proportion of cases the outside markers were not reas-
sorted. In the three examples given this is most strikingly shown
by cross +2————a¢-il; 5 ad-:l ;1— Out of 57 ad* recombinants there were
11 y* bi and 6 y bi*; i.e., in 30 percent of the ad* spores the outside
markers were not reass.rted. This question will be considered in
the next section on “The Clustering of Exchanges.”

In Aspergillus an acceptably linear arrangement of mutational
sites similar to that of the ad& cistron has been obtained in several
others, indeed in all the six cistrons so far analysed to a greater or
smaller extent (sec map, Table 5).

In other organisms with a chromosomal apparatus the best ex-
amples are bithorax (Lewis, 1951), lozenge (Green and Green, 1956),
and white in Drosophila; and ad7 in Schizosaccharomyces pombe
(Leupold, 1957): in the latter, nine sites have been located and the
proportion of adenine-independent spores from the various hetero-
allelic combinations gives a remarkably consistent picture (Table
11). Even though outside markers were not available in this case,
the picture is so good that we can do without them.

In organisms with a non-chromosomal system, the outstanding
example of mapping in a cistron is that of /74 in bacteriophage
(Benzer, 1955, 1957; Chase and Doermann, 1957) in which over
forty sites have been located in unequivocal linear order.

The conclusion of this section is that the analysis of very short
map segments leaves very little doubt that crossing over can resolve

selection

distribution of markers; e.g., from cross
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TABLE 11
THE ad7 CISTRON IN SCHIZOSACCHAROMYCES POMBE
273 275 152 84 257 150 50
361 151 262 266
L | | [ L
I | ! I L L I
3 8
175 163 187 48 133 36
298 203
217 110 244
307 276
295
381
) 376
591
551
628
684 .
734

Figures indicate adenine-independent colonics out of 10° ascospores from the in-
terallelic crosses shown by the arrows.
Source. Leupold, 1957.

elements of the genome previously assumed to be nonresolvable,
ie., those constituting the structural basis of individual genes
(=cistrons). This analysis, furthermore, has revealed certain fea-
tures of crossing over which are not apparent at more crude levels.
Thesc fcatures are the object of the following section.

THE CLUSTERING OF EXCHANGES

In the early stages of the analysis of cistrons in Aspergillus, Roper
(unpublished) noted that the bi* spores from a heteroallelic cross of
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two bi mutants would have changed the prevalent segregation of the
outside marker y (five units away) more often than in the expected
5 percent of the cascs. Similar observations were made by Roper on
the paba cistron. In the meantime Giles (1951) observed the same
phenomenon in heteroallelic crosses of inositol-less Neurospora.
Earlier reports in the literature of what we now understand as pos-
sibly the same phenomenon are Sturtevant’s (19514) observations
on the fourth chromosome of Drosophila.

It was not until Pritchard’s (1955) analysis of the ad§ cistron in
Aspergillus, however, that the importance of this puzzling phe-
nomenon was grasped, and vigorously attackcd. Besides Pritchard’s
own work (1955, 1058), the study of the same phenomenon in bac-
teriophage by Chase and Doermann (1958) and the study in Asper-
gillus of the effect on map lengths of selecting crossovers in three
very short segments by Calef (1957) are very pertinent.

Briefly the situation is as follows. Consider a heterozygote:

Intervals I I1 III
m + S2 +
+ 51 + m
Map units 2 0.1 3

in which s, and s. are heteroalleles or very closely linked complemen-
tary mutants showing, say, 0.1 percent recombination, and m, and
m; are outside markers also closcly linked not more than five units
apart. In a random sample of products of meiosis we shall find the
following combinations and proportions:

m 5 S5 m,

; i— _T_ E 2 Parental 95%

-l- i- ; j_" z» Crossovers in 1 29,
-l— _—'~_ ; 'i' % Crossovers in 1I 0.1,
i— _-'-_ i "__' i Crossovers in III 39,
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Double crossovers, in I and III, should constitute less than 1 in
1,000 and double crossovers with one exchange in II, less than 5 in
100,000. If we select the rare crossovers between s; and s; we expect
the outside markers to segregate in one direction in 95 percent of the
cases, i.e., 95 percent of these crossovers should be: — + + —

among the s;*s.* crossovers or + — — -+ among the s, s» cross-
overs; 2 percent should be + + + — or — — — 4 (crossovers in
T and TI); and 3 percent should be + — — — or — + + + (cross-

overs in 1T and I1I).

In fact, the situation is dramatically different. Among the selected
crossovers we find that the proportion of those showing a further ex-
change in 1 or I11 is very greatly increased above the 2 percent and
3 percent expected. It was shown by Pritchard (1955) that: 1) the
additional recombination is the greater the more stringent the selec-
tion, i.e., the closer the two heteroalleles crossovers between which
are selected; and 2) the effect was highly localised, i.e., the increase
in recombination was very large only in the two segments immedi-
atcly adjacent to that used for selection. The last feature ruled out
the possibility that the effect was due to heterogencity in the popu-
lation, in respect of proneness to crossing over (Sturtevant, 1955).

An cxample of the effect of the stringency of selection comes from
the comparison of heteroallelic crosses in the ad§ cistron. Recombi-
nation between ad8 and ad10 is of the order of 12 per million, and be-
tween ad8 and ad12 of 1,200 per million. In the two crosses of y ad8§
bit by yt ad10 bi and y* adi2 bi the distribution of the outside
markers y and bi (less than 1 unit and 5 units away, respectively)
was:

I 11
Y ad§ +
+ adx b
adx = adl0 Crossover adx = adl2 Crossover
y bi 3 I4+1I 102 0
y* bi 8 11 5 I
yt bt 14 0 1 I4+11
y bit 3 I 31 II
28 139
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Formally, region T was expanded from about 0.003 in nonselective
analysis to 6/28 = 0.25 among ad§* ad10* recombinants and to
6/139 = 0.04 among the ad12* ad8* recombinants. Region I1 was
expanded from about 0.05 in nonselective analysis to 11/28 = 0.38
among ad8&t ad10* recombinants and to 32/139 = 0.23 among the
ad12* ad8* recombinants. This cffect of the stringency of selection
has been confirmed again and again in Aspergillus and occurs also
in phage (Chase and Docrmann, 1958).

Calef (1957) showed that it is not a peculiar property of intra-
cistron recombination but it occurs also when selecting crossovers
between two non-allelic mutants, provided their distance is very
small (c.g., ad9 — pabal, less than 0.3 units apart).

Pritchard (1955) interpreted thesc results as follows. The condi-
tions which permit the occurrence of crossing over (‘“effective
pairing”’) are realised over a few small segments of the chromosome
in each cell in meiosis, but distributed along the whole chromosome
in a population of cells. Within any one “effectively paired” segment
where one exchange occurs, the average number of exchanges is
greater than one. The size of the cffectively paired segment is small
enough to make multiple exchanges detectable only when two
markers (allelic or not) are less than about 1 unit apart.

By using triple heteroallelic crosses (Pritchard, 1958) in the ad8
cistron, it was possible to calculate that the correlation between ex-
changes, or “negative interference” as it is also called, extends over
at least 0.35 map units. It does not seem to extend, however, over
many map units, as Calef (1957) claimed.

Two important questions are: 1) what kinds of relation there are
between successive ‘“‘effective pairing” segments; and 2) how the
four chromatids are distributed between successive exchanges
within a segment of “effective pairing.” This is, of course, a new way
of looking at chiasma and chromatid interference.

As to the first, we have no clue other than those from mapping on
the usual scale: there may be interference between successive seg-
ments, and this would be the basis of classical interference. As to the
second, tetrad analysis of intra-cistron recombination has been im-
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practicable so far, but mitotic analysis (Pritchard, 1955, pp. 357-63)
shows that two- and three-strand double exchanges do occur. Out of
32 diploid segregants interpreted as resulting from single or mul-
tiple mitotic exchanges within the ad§ cistron, 24 were single. In
four of the 8 doubles or multiples, three strands were involved.

One problem should be mentioned here. In order to push the
analysis of the fine genetic structure further and further, one has
to use closer and closer mutants. We do not know to what extent
heterozygosis at one point along a chromosome favours recombina-
tion in its immediate vicinity. It is quite possible, therefore, that
“negative interference” could be a result of the closeness of the
mutiants necessary to detect it. If this were so we would have
reached in biology a situation of indeterminacy analogous to that
well known in physics: beyond a certain limit we could not increase
at the same time the accuracy of determination of the relative
positions and of the recombination between two markers.

It has been asked in which way the distribution of crossing over
in small clusters should affect ordinary mapping. The answer is that
provided single exchanges within an “cffective pairing” segment are
still more frequent than multiple exchanges (and this seems to be the
case), the cflect would simply be that in ordinary mapping with
markers a few units, rather milli-units, apart we undecrestimate the
incidence of crossing over. Maps built on complete cistron analysis
would work out at, say, twice the total length that we mecasure in
ordinary mapping. A truer picture of genetic maps will come thus
from an extensive use of micro-maps (intra-cistron) and perhaps
extrapolation from thesc to the whole genome, if and when we know
that this is legitimate.

UNUSUAL TETRADS

Lindegren (1953) was the first to call attention to the fact that in
tetrad analysis occasional tetrads are found in which alleles do not
segregate in 1:1 ratio. It is to his great merit that he insisted on the
significance of these abnormal tetrads for genetic theory. However,
because the examples on which Lindegren based his arguments were
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disputable in a proportion of cases (Winge and Roberts, 1956;
Emerson, 1956; Strickland, 1958), abnormal tetrads were at first not
“respectable.” Tn 1955 M. Mitchell produced threc indisputable
ones from Neurospora. Since then they have become so respectable
that speculation has run to the extreme of taking intra-genic recom-
bination as due to the phenomena underlying abnormal tetrads, and
ignoring a large amount of evidence to the contrary from Drosoph-
ila, Aspergillus and bacteriophage (e.g., M. Mitchell, 1956; St.
Lawrence, 1956; Beadle, 1957).

Beadle (1957, page 20) went as far as to state: “In Neurospora,
Aspergillus and yeast, intra-genic recombination occurs by a mech-
anism that can be interpreted as miscopying of small segments of
genetic material. This process differs from conventional crossing-
over in that a single event does not result in reciprocal products and
also by the fact that it does not necessarily lead to a recombination
of genetic markers close to and on opposite sides of the gene within
which it occurs.” Beadle proposed for this hypothetical process
the term ‘“‘transmutation”: if a term is necessary at all before we
know what goes on, it should be the older one of “gene conversion”
adopted by Lindegren.

The two preceding sections have shown, T hope conclusively, that
these generalisations may be good enough for particular cases in
Neurospora and yeast, and may turn out to be good enough for par-
ticular cases in other organisms as well, but they are certainly not
applicable to the many accurate intra-cistron analyses so far carried
out in Drosophila, Aspergillus, and phage (Chase and Doermann,
1958).

Beadle’s statement was clearly based on misconceptions about the
following two facts. First, in Drosophila and Aspergillus one intra-
cistron recombinational event can, and usually docs, give origin to
the two reciprocal products. Second, in Aspergillus and phage (per-
haps also in Drosophila if preliminary evidence is confirmed), recom-
bination over minute marked segments—i.e., intra-cistron recom-
bination as well as (Calef, 1957) inter-cistron recombination over
less than one unit—reveals that exchanges tend to occur in clusters:
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the smaller the marked interval the greater the probability that if
onc cxchange occurs in it further exchanges nearby become detect-
able. This leads to the fact that a high proportion of recombinants
within a small interval go with additional exchanges immediately
outside it, hence the unexpected distribution of the outside markers.
Generalising from one well-investigated case in Ncurospora (the pyr-
idoxineless mutants studied by M. Mitchell) and from a few others
not so well investigated, is like gencralising from the case of Bar in
Drosophila to all cases of mutation or recombination.

Having cleared the air of misconceptions, let us now sce something
about abnormal tetrads and what they tell us. I shall refer exclu-
sively to the work of Strickland (1958a) in Aspergillus nidulans be-
cause it is the one which has involved the maximum number of
marked loci with linkage relations unquestionably established: 1,642
fully classifiable tetrads from nine crosses involving fifteen loci.
Among these 1,642 tetrads there were 17 abnormal ones, i.e., tetrads
in which one or more pairs of alleles were present in ratios other than
1:1. Of these 17, 11 could well be due to inevitable technical limita-
tions, as mentioned before; the other 6, or at least 4 of them, were
unlikely to be duc either to faults in technique or to situations
easily explainable on classical theory. These 6 are described in detail
in Table 12.

In three cases (asci 8, 9, 10) there is a 3:1 ratio (3 bi*/1 b7) at a
particular locus; i.e., reverse mutation or “conversion.” In one case
(ascus 12) all the 8 loci, one of which is on a different chromosome
from the other 7, show abnormal ratios of 5:3 or 6:2: this can be most
easily interpreted as a case in which one of the four products of mei-
osis degenerated and the vacancy of the corresponding two nuclei
of the third division was filled by two other third division nuclei
dividing again. Ascus 14 could also be explained in the same way or
by the occurrence of a process as that which has given origin to ascus
13 (discussed in the following paragraph). As only three different
products of meiosis were recovered from ascus 14 it is not possible to
decide between these two alternatives.

Ascus 13 is the most remarkable of all, and it constitutes an ines-
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capable example and extension of the reality of a process which M.
Mitchell (1955) postulated as possible for individual loci. The pos-
tulate was that in the replication of a heterozygous locus the defec-
tive part is not replicated and the rest is replicated twice. Ascus 13
shows that more than this can happen: a long segment of chromo-
some including two markers—the mutant allele ad7 and the wild-
type allele pro*, 8 units apart—was replicated twice. This segment,
which occurs in triplicate among the four products of meiosis, is
immediately proximal to a position of exchange within 0.3 units.
This is an example of “conversion” of a chromosome segment at
least 8 units long. The ahsence of other markers leaves it undecided
if in fact the “conversion” affected the whole chromosome segment
“left” of the position of exchange (Table 13).

TABLE 13
ABERRANT ASCUS 13 SHOWING CROSSING OVER IN INTERVAL
ad17-pabal, SECOND CROSSOVER IN ADJACENT INTERVAL pabal-y
AND DOUBLE REPLICATION OF A LARGE SEGMENT

20 8 0.3 16 6
+ adl7 + + bil
o
(o]
o]
o / \
prol + pabal y +

+ adl7 + 4+ bil 2 spores germinated

+ adl17 + y + 2 spores germinated

+ adl7 pabal y + 1 sporc germinated
prol 4+  pabal - bil 1 spore germinated

The segment proximal to the exchange hetween adi7 and pabal replicated twice.
This segment is marked over 8 units the ahsence of other proximal markers, or
markers on the other arm, makes it impossible to know whether or not this extra
replication involved the whole chromosome to the left of the position of exchange or
only the marked 8 units.

Source: Strickland, 1958a.

In total, excluding ascus 12 which is most likely an example of
differential multiplication of the products of meiosis, we are left with
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three cases of “conversion’ at the b2 locus; and onc certain case
(ascus 13), and another possible case (ascus 14), of conversion of the
same long segment, starting very near to (ascus 13, and possibly
ascus 14) a position of exchange.

The association between exchange and conversion which M.
Mitchell first noted for an individual locus is certainly evident here,
but differently from her hypothesis, the misrcplication extends
over long chromosome segments.

We can now summarise Strickland’s finding of uncjuestionably
abnormal segregations. The 1,642 fully classifiable tetrads (i.c., with
threc of four products of meiosis recovered) from nine crosses and
involving 15 loci, can be tabulated in order to see in how many asci
each locus has shown abnormal segregation out of all the asci in
which it could have shown it.

The data are as follows (after the symbol of each allcle the fraction
indicates the number of asci with abnormal ratios for that allele
over all the fully classifiable asci heterozygous for that allele):

adl 0/134; ad& 0/392; ad14 0/336; adl5 0/575; ad17 2/151; an
0/264; bil 3/1419; metl 0/48; pabal 1/1489; prol 2/1489; pro3
0/575; pyro4 0/435; ribo 0/264; s12 0/88; w3 0/179; y 0/1446.

“Conversion,” or double replication of part of one homologue,
seems to be a rarc phenomenon in general, but not so rare with par-
ticular alleles, e.g., b2, and/or associated with crossing over in par-
ticular regions, e.g., the minute segment ad17-pabal. It will be noted
that adé (the allele which gives the name to the extensively mapped
ad8 cistron) gave no abnormal segregations in 392 asci: in terms of
single-strand analysis this represents 392 X 4 = 1,568 ascospores.

The next step in this ficld is, of course, the development of tech-
niques for analysing selectively the rare abnormal tetrads, without
having to dissect thousands or tens of thousands of normal ones.

Another step is that of using more extensively ‘“half-tetrads”
recoverable from mitotic crossing over, i.e., the technique developed
by Roper and Pritchard (1955), and applied by Pritchard (1955) to
Aspergillus and by Roman (1956) to yeast. The cistrons analysed in
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this way in Aspergillus (ad8 and pabal) showed that mitotic recom-
bination between alleles is usually reciprocal, though this technique
could not cxclude, of course, that ‘“‘conversion” occurred in a mi-
nority of cases. The cistron analysed in this way in yeast by Roman
(1956), on the other hand, has shown—at least as far as published—
only “conversion.”

In view of the characteristic behaviour of the individual cases we
need a wide collection of fully analysed examples before we can hope
to understand what are the pcculiar features of those cases—a
small minority—which show ‘“‘conversion.” The analogy with the
story of Bar comes immediatcly to mind: it would have been dis-
astrous for progress if a general working model had been based on it.

REPLICATION AND RECOMBINATION

Any working model for the mechanism of intra-chromosome re-
combination in organisms with standard meiosis has to satisfy three
cssential requirements: 1) recombination is reciprocal; 2) each event
involves only two out of the four products of meiosis; and 3) double
or multiple crossovers may involve all four, or only three, or only
two, of the four chromatids. I should be inclined to include as a
fourth essential requirement to be satisfied that crossing over occurs
in small clusters (with an average of less than two exchanges per
cluster), but this is too new a finding to insist on it.

There has long been a feeling (going as far back as Belling, 1931)
that a working model of recombination which is part and parcel of
the mechanism of chromosome replication would be more useful
than the model of breakage and reunion, which was brought to such
a plausible rcfinement by Darlington (1937).

The reasons why the breakage-reunion model is no longer satis-
factory are: 1) the difficulty of translating it into physico-chemical
processes open to experiment; 2) the fact that one of its postulates
(that breakage at homologous positions is a consequence of repli-
cation of paired and relationally coiled homologues) is contradicted
by the timing of DNA and chromosome replication (c.g., Taylor
1957); and 3) the difficulty of using it as a general model valid
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also for recombination in hacteriophage, in bacterial transformation,
and in bacterial transduction. Two further objections could be the
occurrence of mitotic crossing over, and the fact that crossing over
occurs in small clusters. Neither of these two is insuperable.

The trouble is that no alternative, satisfactory for organisms with
standard meiosis, has been suggested. In bacteriophage there seems
to be a substantial case for a model of “copying-choice” (Lederberg,
1955; Levinthal, 1954). During the template-copying process of
replication of one genetic structure the “copy,” which is made run-
ning along one template, would switch over and be continued along
its homologue. In its simplest form this model is inapplicable to re-
combination in meiosis because it permits recombination between
only two chromatids—the “new” oncs.

It has been claimed, without any grounds, that phage recombina-
tion is a nonreciprocal process. liven if it were nonreciprocal, this
is not an ecssential feature of a copying-choice model. The timing
of replication in phage could be such that the switch has a very
small probability of occurring reciprocally at precisely the same
point. But this necd not be a gencral case. We can easily imagine a
timing such that the switch of copy A’ from template 4 to tem-
plate B at position x, makes it inevitable for copy B’ to switch from
template B to template 4 at the same position.

If nonreciprocity is not a nccessary featurc of copying-choice
models of recombination, they would be compatible with onc of the
requirements of meiotic crossing over, i.c., the formation of the
reciprocal products of one event.

That chromosomes may reproduce by a template-copying mech-
anism is strongly suggested by the remarkable work with isotopes
(Plaut and Mazia, 1956; Taylor, 1957). The disagreement between
the two groups of rescarchers is about the timing and the precise
mode of replication rathcer than about the essential fact that the
labelled atoms of a parental chromosome are not distributed at ran-
dom between cither the daughter chromosomes (Plaut and Mazia)
or the grand-daughter chromosomes (Taylor).



RECOMBINATION 97

Thus chromosome replication is, to use the terminology of
Delbriick and Stent (1957), cither “conservative” or “‘semi-conserv-
ative,” or at least partially conservative.

If the replication of the chromosomes is by a template-copying
process, and a model of rccombination based on switch in copying-
choice is not incompatible with the production of reciprocal recom-
binants, the only requirement still to be satisfied is that all four
products of meiosis must be involved in recombination.

A possible, but not clegant, way out is that proposed by Lindegren
and Lindegren (1937) and Schwartz (1955). A breakage-reunion
process between “old” and “new” structures, ie., between “sister
chromatids” in classical terminology, is invoked for distributing
among the four products of meiosis the recombination which took
place by copy-choice only between “new” structures.

The difficulty with this model, apart from the inclegance of as-
suming two different processes of exchange, is that nobody as yet
has been able to devise critical experiments for the classic problem
of whether or not “sister chromatid”’ exchanges do occur. But chro-
mosome breakage is something easy to produce, as radiation genet-
ics shows. Breakage of old and new structure at precisely homolo-
gous positions should present no problem when the new structure is
in the cxact alignment with the old one, an alignment that is implicit
in the fact that the new structure has just been produced. All consid-
cred, there is something useful in a two-stage model like this. The
use of isotope-labelled chromosomes may well offer the critical ex-
periment necessary for deciding whether or not sister chromatid
exchanges do occur. The results of Taylor (1957), suggestive as they
are, do not exclude as yet that the sister chromatid exchanges ob-
served are, in fact, breakage-rcunion effects due to the disintegra-
tions of the label.

Now let us consider a further question: what different problems
are sct by three basically different kinds of template-copying model?
Onc is of the kind proposed by Haldane (1954) and Stent (1958) in
which, reduced to the essentials, a template produces a complemen-
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tary template and the latter produces two like the original. Calling
the complementary templates positive and negative:
POSITIVE —— NEGATIVE —— 2 POSITIVE
(the original POSITIVE may be scrapped)

Another one is of the kind in which the template itself is made up
of two complementary parts, like the Watson and Crick structure
for DNA and the Kacser’s protein-DNA structure. In this case rep-
lication is by “complement formation” (Delbriick and Stent, 1957):

. POSITIVE
POSITIVE NEGATIVE
NEGATIVE < POSITIVE

* NEGATIVE

(* parental parts of the complementary templates)

A third kind of template-copying model is that suggested by
Penrose and Penrose (1957 and unpublished) in which the template
is a symmetrical structure which can replicate cither by accretion
on one side or on both:

** *  * k% k%
AA — AA+ AAor AA - AA+ AA

Models of the first type offer no difficulty for recombination. The
difficulty is to give them a precise testable form, as Stent (1958) has
attempted to do. Clearly, if two positives are made simultaneously
along each of two homologous negatives, any two of the four posi-
tives could switch over from one negative to the other. The trouble
with this model is that there is no preservation at all of the molecu-
lar integrity of the parent structures as required by the Plaut and
Mazia, and Taylor experiments.

Models of the complement formation type have one essential dif-
ficulty: the switch of copying-choice can occur only between con-
gruous members of the complementary structures. If we symbolise

%k %k
each of two homologous complementary structures as WC and
%k ¥ * % %* %*
W’C’, replication will give V\:C + V\ZIC and W;'C + W;C’ and

switch of copying-choice could only occur between 1 and 3 or 2 and
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4. In terms of chromosomes, a system of replica by complement for-
mation permits the occurrence of 2- and 4-strand multiple exchanges
but not of 3-strand multiple exchanges. It agrees, however, with the
results of Plaut and Mazia, and even more with those of Taylor,
which suggest some sort of preservation of the parental molecular
integrity in chromosome replication.

The Penrose model has not yet been elaborated in detail, espe-
cially as to the lengthwise bonds of the structure, but it offers an
important possibility. If in diffcrent segments along the replicating
chromosome the process of replication may be either semiconserva-

* % * % * % % %
tive (AA — AA + AA) or conservative (AA — AA + AA), “sister
chromatid” crossing over becomes only a change from one to the
other type of replication. This, however, raises the old questions of
classical genctics as to the “planc of splitting” of chromosomes.

As things stand there does not scem to be any easy way of recon-
ciling the essential results of intra-chromosomal recombination in
mciosis with the physico-chemical models available. A two-step
system with a complement formation mechanism for replication,
and with a copying-choice plus sister-chromatid crossing-over mech-
anism for recombination, or a system of the type proposed by Stent,
come nearer to what is required.

1 should like to suggest that all these models should be re-
examined to sec whether the following addition would help, i.e.,
that the chromosomal elemcntary fibril (in Ris’s 1957 sense) is
double, i.e., made up of two identical templates. This might meet
one of Stent’s (1958) postulates that “mating” of two identical
structures is necessary for replication.

Finally, let us consider the question, raised repeatedly, of the
basic unity or otherwise of the processes of linked recombination at
various levels of genetic complexity. There are three possibilities:
1) recombination as observed in phage, or as resulting from trans-
formation and transduction, on the one hand, is basically different
from that in meiosis; 2) the two systems are basically identical; 3)
intra-cistron recombination in meiosis is basically identical to that
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in phage etc., but inter-cistron recombination in meiosis is based on
a different process.

T hope to have shown that there are no grounds for the last prop-
osition. We have to face squarely the first and second alternatives.
My preference is for the second. Let us hope that work in progress
will permit us soon to decide.



CHAPTER V

MAPPING CHROMOSOMES VIA
MITOTIC RECOMBINATION

THAT scgregation may occur regularly though rarely in hetero-
zygous somatic cells of Drosophila is unquestionable since the classic
work of Stern (1936). The occurrence of somatic crossing over (or
“mitotic” crossing over because it occurs also in cells of organisms
without “soma’’), or at least of some process of segregation in so-
matic or vegetative cells, is also inferred in a number of higher or-
ganisms including, perhaps, man (Goudie, 1957). In microorganisms
it is uncuestionable in Aspergillus nidulans, Aspergillus niger,
Aspergillus sojae, Aspergillus oryzae, and Penicillium chrysogenum
(see Chapter VI), and probable in Fusarium oxysporum forma Pisi
(Buxton, 1956) and yeast (James and Lee-Whiting, 1955; Roman,
1956).

In all these the analysis and the inference have been purely ge-
nctic. There are innumerable cytological reports of mitotic chias-
mata, of course, but it is not sure what the observed configurations
really were. As yet, not one has linked the genetic results of mitotic
crossing over with cytological observations, as it has been done for
meiotic crossing over. The idea, hard to die, that somatic pairing as
cytologically detectable at metaphase in a few organisms has some-
thing to do with mitotic crossing over is not very helpful to say the
least, though Boss’s (1955) review suggests that it might have some
value. As a result of the work with Aspergillus nidulans (summary:
Pontecorvo and Kifer, 1956, 1958) genetic analysis of mitotic cross-
ing over is now so advanced that the complete blank on the cytolog-
ical sidc is far from disastrous.
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In the experiments of Stern (1936), Drosophila heterozygous in
cis for the linked recessives y (yellow) and s» (singed), and thercfore
with grey body colour and straight sefae, showed occasional spots
mainly either yellow or yellow singed. The spots were of variable
size, but mainly including only one or a few sefae and a small patch
of cuticle.

Flics heterozygous for y and sz in frans gave mainly either yellow
or singed spots sometimes isolated but more often next to cach other,
i.e., twin spots in which a yellow small arca was contiguous to a
singed area, both of course in the overwhelming background of wild-
type tissue. Flies heterozygous for y and sz in ¢is gave no twin spots.

With Drosophila, Stern could not, of course, isolatc cells from one
of these spots, grow them into a whole fly, and then analysc the
genotype of the fly through sexual reproduction as we can do with
Aspergillus. Yet he was able to deduce through a brilliant series of
experiments that a large proportion of these segregant spots could
be accounted for by mitotic crossing over at the four-strand stage
followed by the normal mitotic type of segregation of sister cen-
tromeres: Stern’s diagram of mitotic crossing over is in the text-
books.

Stern could not deduce then, as we can now, what proportion of
the segregant spots could also arise in another way, i.e., by haploid-
isation, though undoubtedly the bulk of the segregant spots in his
flies could not have had this origin. In fact, it would be most in-
structive to reanalyse today his impressive lot of data, keeping in
mind this additional possibility.

MITOTIC CROSSING OVER IN Aspergillus nidulans

In an organism like Aspergillus nidulans, isolated single vegeta-
tive cells can form a colony which goes through the complete life-
cycle, including the sexual cycle. As in most other filamentous fungi,
in Aspergillus nidulans the nuclei of the vegetative cells are usually
haploid, and the diploid stage is limited to just the zygote which
immediately goes through meiosis.
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Mitotic crossing over obviously requires vegetative cells with
diploid nuclei, and these were produced by Roper (1952) in a very
simple way. Since then it became apparent that what was produced
artificially in the laboratory is probably a process which plays an
important part in the genetic system of this and other moulds in
nature. In fact, in moulds lacking a sexual cycle, the formation of
diploid nuclei in vegetative cells is probably one part of a cycle
which substitutes sexual reproduction as the basis of genetic recom-
bination (Chapter VI).

The summary which follows is based on research by various
workers at the Department of Genetics, Glasgow University. A
recent monograph (Pontecorvo and Kifer, 1958) gives the up-to-
date picture and all the references. For general reference to symhols
and techniques in the genetics of Aspergillus nidulans the reader is
referred to Pontecorvo ¢t al. (1953) and Kifer (1958).

The analysis of mitotic recombination in Aspergillus nidulans
and similar moulds begins with diploids heterozygous for a number
of known markers distributed between the two sets of parental chro-
mosomes. It is advisable, of course, to use the same markers in
different arrangements between the homologues. For instance, in
the work of Pontecorvo and Kiifer (1956, 1958) the two diploids used
had the same relevant nine markers (plus a few others), but they
were differently distributed between two chromosome pairs, which
were thus subdivided into ten analysable intervals (Table 16).

Mitotic crossing over is a rather rare event—it occurs at the rate
of, say, one exchange cvery few hundred nuclei: multiple exchanges
can be disregarded in first approximation. Its effect is to produce
from a heterozygous nucleus two daughter nuclei each homozygous
for either one or the other homologous segment distal to the posi-
tion of crossing over (Table 14).

Mitotic crossing over being rare, we cannot take a random sample
of all nuclei and classify them as to parental or segregant by the
phenotypes of hyphac carrying them in homokaryotic condition.
We must sclect homokaryotic hyphae carrying crossover nuclei.

To sclect, we require suitable markers which lend themselves to
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TABLE 14

DIAGRAM OF THE CONSEQUENCLS OF MITOTIC CROSSING OVER IN
AN ARM OF A MULTIPLY-HETEROZYGOUS CHROMOSOME PAIR

A. Scgregation of both crossover chromalids
(2 + 3) to the sume pole

e b ¢ d 13
o 1
0 4
+ + + + +
a b ¢ d__e 1 + + 4+ d e
Q 5 o 2
d b c d e 0 _——3
a b ¢+ +
B Scgregation of one crossover and one
+ +_ +H 4+ non-crossover chromualid (o the same pole
O _
¥ FFTF !
a b ¢ d e
0 1
—_—D0 —_— 2
+ + + d ¢
a b c + +
0 —————— -3
e 0 e — 4
+ + + + +

Segregation A does not lead to any phenotypic change, except in the case of hetero-
allelic ¢runs diploids where crossing over within the cistron leads to the cis arrangement.

Segregation B yiclds daughter nuclei homozygous for the segment distal to the
position of crussing over.

selection. This is the decisive factor in efficiency. So far we have used
five types of sclection, but many more arc easily designed:

1) visual selection, i.e., for markers, such as colour of the conidia,
which can be detected in a very small group of cells. This is of course
the only type of selection which Stern could usc in his work with
Drosophila.

2) sclection for recessive suppressors: if a diploid strain is homo-
zygous for a recessive determining a nutritional requirement, and
hetcrozygous for a recessive ‘“suppressor” of this requirement,
homozygotes for the suppressor will be automatically selected on a
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THREE METHODS FOR TITE IDENTIFICATION AND
JSOLATION IN ASPERGILLUS NIDULANS OF MITOTIC
SEGREGANTS FROM HETEROZYGOUS DIPLOIDS

A) Spots showing the recessive colour yellow (/v or haplid +) appear over the
sporulating surface of an otherwise green colony, helerozygous v/+.

1) On medium containing acriflavine in concentrations permilting only their stunted
growth, helerozygous semircsistant colonics (der/+) throw out vigorous sectors
fully resistant because homozygous Aer/Aer or haploid Aer.

€) On meddium devoid of adenine (bottom laer) colonies homozygous ad20/ud20
and heteronygous for 4 recessive “suppressor” si-ad2l, grow as a very thin myce-
fium. After growth for 48 hours the colonis are marked and another layer of the
same medium s poured above them. Hyphae homozygous su/sw, or haploid s,
grow quickly through the Lop fayer and establish vigorous colonics above it
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medium containing inadequatc amounts of the relevant growth
factor.

3) selection for recessive or semidominamt resistance to harmful
agenis: if a diploid is heterozygous for one such marker, on a medium
containing the harmful agent the homozygotes, with higher resist-
ance, will be selected.

4) selection by slarvation: it is known that on media lacking the
relevant growth factors germinating conidia of Aspergillus strains
having certain combinations of two requirements survive longer
than those of strains having one only of these. For instance, on a
medium lacking adenine and biotin, double adenineless-biotinless
mutants survive much longer than biotinless ones. Thus homozy-
gous adenineless-biotinless segregants are easily selected from a
diploid homozygous biotinless but heterozygous for adenine re-
quirement, and therefore adenine-independent.

5) selection of cis from trans heterozygotes: a strain heteroallelic in
trans for a nutritional requircment (c.g., carrying in frans two allelic
pyridoxineless recessive mutants) will not grow on a medium lacking
the relevant growth factor. The corresponding cis heterozygote,
resulting from mitotic crossing over between the two sites, will not
require the growth factor, and can thus be selected.

Methods of selection 1), 2), and 3) are illustrated in the plate.

The neat point in mitotic crossing over analysis is that the
markers used for sclection of homozygotes must be as distal from the
centromere as possible. The nearer they are to the tips of the chro-
mosome, the better; and we need one selector so located for any arm
which we wish to analyse. This is not an easy requirement, of course,
but in view of the ease with which one can obtain “suppressors” and
mutants conferring resistance to poisons, it is not as difficult as it
looks.

The reason for this requirement is clear. A mitotic exchange,
followed by the appropriate type of segregation (Table 14), leads to
homozygosis for the whole chromosome segment distal to the posi-
tion of exchange. Hence a selector marker located near to the cen-
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tromere would give little information because any homozygote for
it would also he homozygous for all the other markers in coupling
with it on the same arm. It could tell us that these other markers arc
linked with the selector and distal to it, but nothing about their
order.

The essential of mitotic crossing over analysis is this: among the
homozygotes for a distal marker some will be also homozygotes at
the next proximal locus (i.e., nearer to the centromere), some at the
next two, some at the next three, ctc. IJTomozygotes for any one, two,
three, etc., segments ncarer to the centromere than the sclected
marker, expressed as a fraction of all homozygotes for the selected
marker, give the proportional incidence of exchanges in each of the
corresponding intervals between the centromere and the first
marker, the centromere and the second, ctc., up to the selected
marker. This reasoning has similarities with that used in the mei-
otic analysis of attached-Xs in Drosophila.

We can also locate the centromere, in a chromosome marked on
both arms, by identifying the segment where homozygosis for one
of two adjacent markers always goes with homozygosis for a scries
of other markers in one direction, and homozygosis for the other
marker always goes with homozygosis for a series of markers in the
other direction. Suppose we have the ordera bcde f g h and we find
that homozygotes for ¢ are always homozygous for f g £ but not for
a b ¢ d, and homozygotes for d are always homozygous for a b ¢ but
not for e f g k. We would conclude that the centromere is between
d and e.

The procedure in mitotic analysis is thus to select, from a hetero-
zygous diploid, segregants homo- or hemizygous for certain distal
markers and then to analyse these segregants for their residual
genotypes.

When the markers linked with the one used for selection are reces-
sive, and in cis with it, the position of crossing over is immediately
deduced from the phenotype. For instance: if 4 is the selector in
a b cd

F+++

» crossovers in the interval ¢-d will be only d in pheno-
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type, crossovers in the interval b-¢ will be ¢ d in phenotype, cross-
overs in the interval a-b will be 4 ¢ d in phenotype, and crossovers
between the centromere and a will be a b ¢ d in phenotype.
But if some or all of the proximal recessive markers are in frans
+++d
(e'g" @b ¢+
d will be phenotypically alike, i.e., a* b* ¢* and the difference in the
position of exchange results only in genotypic difference as between
homo- and heterozygosis for these dominant alleles. This difference
can only be ascertained by further genetic analysis, either meiotic
or mitotic.

) then all crossovers between the centromere and

HAPLOIDISATION AND MITOTIC MAPPING

At this point it is necessary to introduce another process, which
was not conspicuous, though probably present, in Stern’s work with
Drosophila, but which is both biologically and technically very im-
portant in moulds. I refer to haploidisation.

A proportion of between onc-tenth and one-half of the pheno-
typically recessive patches from heterozygous diploid colonies work
out to be haploid (Pontecorvo, Tarr-Gloor, and Forbes, 1954).
1f we use diploids multiply marked on several chromosomes, it works
out that the haploids originating from them arc of all the possible
genotypes expected from recombination between non-homologous chro-
mosomes without crossing over, i.c., linked markers segregate almost
always together.

On the basis of perhaps one thousand haploid segregants classified
so far, we can quite certainly conclude that mitotic crossing over and
haploidisation are the result of different processes, occurring in
different nuclei and coinciding in one nucleus not more oftcn than
would be expected by chance. Provisionally we may conclude that
they are independent phenomena.

Chapter VI will deal in detail with haploidisation as a biologically
important process. Here it is only necessary to stress what a con-
venient tool it is in genetic analysis. As it yields all possible recom-
binations between chromosomes, but practically no recombination



108 MAPPING CHROMOSOMES

between linked markers, it locates at once any unlocated marker in
its appropriate linkage group.

1f we isolate, it does not matter with which sclective technique,
segregant spots from heterozygous colonies, some will be haploid
and some diploid. For an analysis of mitotic crossing over clearly we
have to scparate the two types. But later we can also use haploid-
isation of diploid scgregants to analyse further the genotypes of
these segregants.

There are various ways of sorting out haploid from diploid segre-
gants. One is the measurement of the diameter of the conidia which
arc, in Aspergillus nidulans, spherical uninucleate cells, the volume
of which in diploids is double that of haploids. Other mcthods are,
as it were, automatic. It is always advisable to use a combination of
methods.

Let me exemplify one of these automatic devices, of which there
pro paba + + w

+ + y der +
(haploid y, diploid y/v) will be hemizygous 4cr, i.e., fully resistant,
if haploid; and will be heterozygous Acr/+, i.e., half resistant, if
diploid; they cannot be hemizygous sensitive (A¢rt) because in this
case they would also be hemizygous w, which is epistatic to y, and
therefore they could not be yellow (sce Table 5 for symbols and
locations). The haploids are easily identified by testing for acri-
flavine resistance.

Once the diploid segregants for any one marker have been sorted
out from all the segregants, we have to classify them as to their
residual genotypes. This is donc mainly by isolating further haploid
segregants from them.

Generalising, if we have two chromosomes marked with selectors
iI + + s’
+ ml mll +
late homozygous s’ (“first order” segregants). These will be still

’
heterozygous 2 and may be of any one of the three following con-

-+

stitutions as to the multiply-marked chromosome:

arc many. In a diploid o o yellow segregants

(s’ and s”) and other markers (m’, m”) : we first iso-
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++ Q1) + + 5" (1) + + 57 (1)
ml mll sll (2) ml + sll (2) + + S" (2)
according to where the exchange which gave origin to any one of
them occurred. If now we search for s’ “second order” segregants
from one of these “first order” segregants, and of these “second
order” segregants we consider only the haploids, among the hap-
loids the two s”’ chromosomes—(1) and (2)—will be represented in
about equal numbers, and the genotype of the diploid “first order”
segregant will be ascertained by the types of haploid “second order”
segregants recovered from it.

An example of complete mitotic analysis of two multiply-marked
diploids is given in Table 16. This mitotic mapping included two
linkage groups and a total of ten analysable regions. As extensive
mapping based on crosses had already located all the markers used
for mitotic analysis, it is possible to compare meiotic and mitotic
maps (Table 15).

The absolute incidence of mitotic crossing over is small, difficult
to measure, and probably variable. Thus, we cannot build maps
based on mitotic recombination fractions. We can instead build
maps in which the distances are expressed in different units in cach
chromosome arm. This is done by taking the total segregants for the
distal sclected marker and cxpressing the incidence of crossing over
in cach of the intervals between the centromere and that marker as
fractions of that total.

In order to compare this relative incidence of mitotic crossing
over in cach arm with that of meiotic crossing over, we express the
latter in fractions, for each interval, of the map distance of that
interval out of the total map distance from centromere to distal
marker.

The distribution of mitotic crossing over, as compared to that of
meiotic crossing over, has so far revealed no definite trend. In the
right arm of chromosome T the maximum concentration of mitotic
crossing over is in a 7-unit segment about 20 units from the centro-
mere. In the left arm, the maximum concentration of mitotic cross-
ing over is within 20 units from the centromere, but lack of further
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markers does not permit us to be more precise. In the left arm of
chromosome II again this maximum concentration is within 18
units from the centromere, and preliminary cvidence suggests that
the same is true for the right arm.

Clearly, we cannot yet generalise but therc docs not scem to be
the overwhelming concentration of mitotic crossing over very necar
the centromere which Whittinghill (1955) found for spermatogonial
and oogonial crossing over induced by X-rays in Drosophila.

1t is necessary here to stress again the following incidental point.
That mitotic crossing over in Aspergillus gives origin to reciprocal
products of exchange is unquestionable: it has been ascertained both
by isolating and testing the genotypes of both members of what
corresponds to a “twin spot” in Drosophila and, more crucial, by
recovering the two complementary products of one exchange within
one nucleus (Roper and Pritchard, 1955). The recovery of the com-
plementary products in one nucleus is based on 243 + 14-4 segre-
gation (sce Table 14).

CONCLUSIONS

The most important result of these investigations is that mapping
by means of mitotic recombination is not only feasible, but casy.
Indeed, because of the rarity of multiple exchanges in mitotic cross-
ing over and the occurrence of haploidisation without crossing over,
it is qualitatively more dependable than meiotic mapping.

Mitotic recombination has already been used for mapping in
organisms in which the sexual cycle does not occur like Aspergillus
niger (Pontecorvo, Roper and Forbes, 1953; Hutchinson, 1958),
Aspergillus sojae (Ishitani et al., 1957), Penicillium chrysogenum
(Sermonti, 1955). It can be used, of course, for “breeding” of indus-
trial strains with improved qualities.

There is no reason in principle, though there is probably great
technical difficulty, why it should not be used for the formal genetics
of higher organisms, including man, in tissue or organ cultures, as
suggested by Pontecorvo and Kifer (1954; 1956; 1958). Even if
mitotic crossing over did not occur in higher organisms, processes
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akin to “haploidisation” certainly occur, at least as rare accidents
of mitosis. The approaches illustrated here show that cven with this
limitation the scope of genetic analysis of tissue cells would be
€normous.

Finally, nothing suggests any difference in basic mechanisms be-
tween meiotic and mitotic crossing over. This makes mitotic crossing
over a convenicnt tool, in some cases technically more convenient
than meiotic crossing over, for the study of crossing over in general.

And now I would like to offer some evolutionary speculation. In
organisms in which the life cycle is practically all in the diploid
stage, mitotic crossing over has to be kept in check because it leads
to mosaic soma. We can assume that in higher organisms there are
mechanisms keeping its rate as low as possible. Perhaps these mech-
anisms have developed pari passu with the evolution of the diploid
stage.

Examples of organisms in which crossing over is suppressed at
meiosis are known and not uncommon: for instance it is prevented
at gametogenesis in the Drosophila male and in the silkworm female.
Furthermore, meiotic crossing over is variable under a series of
genetic and cnvironmental factors. It is conceivable that similar
mechanisms are available for preventing crossing over at mitosis.

All this brings us back to the speculations outlined in the last
chapter: crossing over is a primitive feature, perhaps inevitably
connected with the physical chemistry of chromosome duplication,
and therefore occurring perhaps between sister chromatids in hap-
loids. To lead to genetically relevant results it must occur betwecn
homologues, i.c., it requires a diploid stage no matter how transient.
In the evolution of the diploid stage it has first been utilized for
recombination, perhaps in transient diploids as found in phages and
bacteria today, and finally, as the differentiation between soma and
germ track became sharper, it has been prevented in the soma but
not in gametogenesis where its timing and correlation with haploid-
isation have become quite precise.



CHAPTER VI

NOVEL GENETIC SYSTEMS

IF ONLY one outstanding contribution of microbial genetics to bio-
logical thinking had to be singled out, it would be this: the realisa-
tion that transfer of genetic information from one individual, or cell,
to another is not the monopoly of sexual reproduction. Hence the
first subtitle of this chapter borrowed from an article by Haldane
(1955).

ALTERNATIVES TO SEX

Sexual reproduction may be defined as the regular alternation in
the life cycle of an organism of karyogamy and meiosis. Its main
biological significance lies in the fact that it achieves recombination,
in one line of descent, of genes derived from different lines of descent.
With the diploid or polyploid condition which goes with it in all
higher organisms, sexual reproduction stores an enormous amount
of genetic variation under phenotypic uniformity. It is a remarkable
means of pooling the genetic information of the individuals of an
interbreeding group.

The efficiency of sexual reproduction in terms of population fit-
ness for present conditions and flexibility for the future is impressive
(e.g., Mather, 1943), so much so that biologists looking at evolution
through neo-Darwinian field glasses have tacitly ignored in the past
the inconvenient exceptions—e.g., the huge number of species of
microorganisms in which sexual reproduction was and is not known
to occur or goes without an extended diploid stage. Without sexual
reproduction the pooling of genetic information was supposed to be
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impossible, and without the diploid stage, permitting heterozygosis,
the “storage” of a large variety of genetic information was supposed
to be impossible.

In short, the “genetic systems” (Darlington, 1939, 1956) of the
myriads of asexual microorganisms did not make sensc. We under-
stand now that this conclusion was wrong only because it was based
on the assumption that sexual reproduction was the sole means of
transfer and storage of genetic information.

The idea that the bacteria and the fungi imperfecti could get
along in the struggle for survival merely by means of mutation
within clones has never been very convincing. The reasons are
vividly explained in Muller’s lecture “The Dance of the Genes”
(1947b). So has the idea that, e.g., homothallic fungi use sexual
reproduction within a system of complete self-fertilization. Equally
unconvincing is the contention that a clonal system of rapid multi-
plication compensates for the single-cell life cycles of most micro-
organisms and for their haploid condition by permitting a faster and
more ruthless operation of natural selection.

1t is to the credit of microbial genetics to have shown that this
scepticism was justified. The different kinds of mechanism for the
transfer of genetic information and for its storage which have come
to light in microorganisms already number at least five. Apart from
the pioneer work of Griffith (1928) on transformation in pneumo-
cocci, they have all been discovered since 1945.

We know now of at least four novel systems in bacteria: trans-
formation (review: Hotchkiss, 1955), bacteriophage-mediated trans-
duction (Zinder and Lederberg, 1952), quasi-sexual reproduction
d la Lederberg (1947), and lysogenisation (Lwoff, 1953; Jacob and
Wollman, 1957); and of at least one in fungi (Pontecorvo, 1954),
which is the main subject of the present chapter. All that these
systems have in common with sexual reproduction is that they
bring together in one cell lineage hereditary determinants from
separate cell lineages: in other words they ensure “genetic recom-
bination.”



116 NOVEL GENETIC SYSTEMS

T have proposed (Pontecorvo, 1954) that processes of genetic
recombination, other than a regular alternation of karyogamy and
meiosis as in sexual reproduction, should be called “parasexual.”
The etymology of this is that they lead to the same end hut by a
different way. Lederberg (1955), and Lederberg and Lederberg
(1956), however, have proposed a different terminology, and
Wollman, Jacob and Hayes (1956) have proposed a third. All three
suggestions have some good points and I shall attempt to unify
them as follows.

The Lederbergs and Wollman et al. based their suggestions on the
consideration of whether only a part of the genome of one cell or the
whole of it is transmitted to another cell to form a zygote. This will
be a partial zygote (“merozygote,” in Wollman ef al.’s terminology)
in the first case, or a complete zygote in the second. The comple-
mentary term “holozygote” is the obvious one for the latter.

Lederberg proposed a few years ago the general term “trans-
duction” for processes leading to the formation of what we now call
a merozygote and defined it as “the transmission of a (nuclear)
genetic fragment from a donor cell (which in every case so far is
destroyed in the process) to a recipient cell which remains intact.”
He gave as cxample the two alrcady known categories of trans-
duction in bacteria which are distinguished by the agency of
transmission: i.e., DNA, as in Pneumococcus and Hemophilus
" transformations; or a phage particle, as in Salmonella and Es-
cherichia coli transductions sensu strictu.

Furthermore, Lederberg defined sex as “equivalent to kary-
ogamy, the formation of a hybrid zygote from the fusion of two
intact ‘gamete’ nuclei.” Thus, in the above terminology, sex (or
should it read “sexual reproduction”?) is the process which gives
origin to a holozygote, transduction is that which gives origin to a
merozygote.

Now, a system of genetic recombination does not consist only in
the transfer of genetic material, but also in what follows this trans-
fer. The term “parasexuality’ takes care of the latter aspect. It was
suggested for a process occurring in Aspergillus nidulans (Chapter
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V), side by side with an orthodox sexual cycle. This process leads to
recombination by means of mitotic crossing over and “haploid-
isation.”

In a species where both sexual and parasexual recombination
occur side by side, it is easy to see what the difference is between the
two. Both the sexual and the parasexual cycles in Aspergillus
nidulans start with the formation of a holozygote. 1t is irrelevant
for the distinction that in the sexual cycle the holozygote is formed
by the fusion of two haploid nuclei in highly specialised (sexual)
organs, and in the parasexual cycle it is formed erratically by pre-
sumably random fusion of two haploid nuclei in nonspecialised
multinucleate cells. What is relevant is that in the sexual cycle the
holozygote, or cells descended from it, undergoes meiosis, i.., a
scries of events integrated to the minutest detail involving recom-
bination, segregation, and reduction to the haploid condition. In
contrast, in the parasexual cycle, the holozygote, and cells de-
scended from it, do not undergo meiosis; they undergo recombina-
tion and reduction with no timed coordination; in fact, the two proc-
esses take place independently in different nuclei of a lineage at
different times, as will be shown later.

We thercfore have to consider two features of any system of
genetic recombination: one is the mode of formation of the zygote—
and here the suggestions and terminology by Lederberg and
Wollman ef al. are very acceptable. The other is the mode of re-
combination, segregation, and reduction.

Accordingly, there are the following four possible combinations
of these two features, and for cach combination examples are given:

Made of formation of the zygote

Transfer of whole Transfer of a part of the

genome (lolozygotic) genome (merozygotic)

Coordinated 1) sexual cycle in As- 3) transduction in E.

Made of (e.g., meiotic) comycetes and coli, transformation
recombination, higher organisms in Pneumococcus

segregation,
and reduction Uncoordinated  2) parasexual cycle in  4) lysogeny in E. coli
(e.g., mitotic) filamentous fungi (?)
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Whether or not transduction and transformation are correctly
classified under 3) rather than under 4) and lysogeny under 4) will
have to await more precisc knowledge of what goes on after a DNA
fragment, or a phage-carried fragment, have entered the recipient
cell. The classification of the system of conjugation in Escherichia
coli is also controversial: it may be properly classified under 1) in the
case of certain strains and under 3) or even 4) in the case of other
strains.

Of the systems just mentioned, the one in fungi provides a com-
plete ersatz for sexual reproduction, i.e., it provides for both recom-
bination and sheltering of gene variation. In the latter respect, in
fact, it is more versatile than sexual reproduction because it includes
two ways of storing gene variation instead of only one, i.e., hetero-
karyosis in addition to heterozygosis.

The systems in bacteria are as yet too imperfectly analysed to
know how and to what extent they provide for the sheltering of
variation. The guess is that they will turn out to go a long way.

One thing is certain: in microorganisms a good deal of sheltering
is provided by intercellular associations of genetically different cells.
Syntrophism{is the best known example of this: two types of cells,
nutritionally exacting in different ways, can supplement one another
when growing next to one another. This is only one degree removed
from the intracellular complementarity of two kinds of nuclei
within a common cytoplasm in heterokaryons, and two degrees
removed from the intranuclear complementarity of two sets of
chromosomes carrying non-allelic mutants in heterozygotes. The
general impression gathered from the five types of novel systems of
recombination discovered so far is one of great versatility—a strik-
ing contrast with sexual reproduction.

The elements of sexual reproduction are extremely uniform. True,
meiosis may be partially suppressed in certain species or in one sex,
but where fully developed it is basically of one type. It is only in the
secondary paraphernalia of sexual reproduction that the variety of
nature is perhaps at its best.

By contrast, in these other novel systems we range from a virus
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acting as vector of genetic materials to a system of accidental kary-
ogamy and accidental haploidisation not timed with crossing over.
The surprises which we have had in these first ten years are such
that we should be prepared for more to come.

THE PARASEXUAL CYCLE IN FUNGI

And now it is time to consider in some detail the parasexual cycle
in filamentous fungi, with which I have firsthand acquaintance.
Like all four other novel systems of recombination, it has been
identified and analysed in the laboratory but we know nothing as
yet about how widespread is its occurrence in natural populations.

The parasexual cycle was first identified in Aspergillus nidulans
(Pontecorvo and Roper, 1952) where it exists side by side with the
sexual cycle. 1t was then identified in Aspergillus niger (Pontecorvo,
1953; Pontecorvo, Roper, and Forbes, 1953) where there is no sexual
cycle. Soon after it was found in Penicillium chrysogenum (Ponte-
corvo and Sermonti, 1954), and then in Fusarium oxysporum f. pisi
(Buxton, 1956) and in Aspergillus sojae (Ishitani et al., 1957). The
complete cycle is now unquestionably known in Aspergillus nidu-
lans, Aspergillus niger (Hutchinson, 1958), and Penicillum chrys-
ogenum, but in the other species mentioned one or more of the steps
await confirmation. The details of the cycle have been worked out
to a considerable extent (Pontecorvo, Tarr-Gloor, and Forbes, 1954;
Pontecorvo and Kifer, 1956, 1958), and a review was published re-
cently (Pontecorvo, 1956).

The complete cycle consists of the following steps: 1) Fusion of
two unlike haploid nuclei in a heterokaryon to give a diploid hetero-
zygous nucleus (Roper, 1952). This nucleus may go on multiplying
side by side with the haploid nuclei in heterokaryotic hyphae, but
may eventually be sorted out to produce heterozygous diploid
homokaryotic hyphae; 2) Occasional mitotic crossing over during
the multiplication of the diploid nuclei; 3) Occasional haploidisation
of the diploid nuclei.

We can assume that in heterokaryotic hyphae (and in homokary-
otic hyphae as well) fusion is not restricted to unlike nuclei, but
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occurs equally between like nuclei. In this case the result would be
only the formation of homozygous diploid nuclei reverting eventu-
ally to haploid: i.e., therec would be no genetically relevant effect.
This is possibly what E. Sansome (1949) observed long ago in Peni-
ctllium notatum.

If, on the other hand, the nuclei which fused were genetically dif-
ferent, the diploid nucleus would be heterozygous, mitotic crossing
over in it could lead to segregation and recombination of linked
genes, and haploidisation would lead to recombination of genes on
different chromosomes.

Haploid nuclei of unlike genotype are found together in hetero-
karyotic mycelium usually as a consequence of previous anasto-
mosis between hyphae of different origin. Hence the parasexual cycle
in fungi is genetically significant only with hetcrokaryosis, just as
the sexual cycle is significant only with heterozygosis. leterokary-
osis is an integral part of the parasexual cycle. The whole cycle is
given diagrammatically in Table 17.

The preceding chapter gives the full details of mitotic crossing
over. Here it will be necessary to give only details of haploidisation.
Let us take again one of the examples from Pontecorvo and Kifer
(1958) given in Table 16. One of the diploids used was of green
colour (because heterozygous y/=4 and w/+), adenine-requirer
(because homozygous ad20 and heterozygous for the recessive sup-
pressor su-ad20), and partially resistant to acriflavine (because
heterozygous Acr/+). Its full genotype was as follows:

Chromosome 1  su-ad20 ribo an + + 4+ 4+ W
+ + 4+ = pro paba y ad20 +

Chromosome 2 Acr w  adl

+ +  +
Chromosome 5  pyro

+
Chromosome 8  chol

+

Visual selection of yellow segregants (y/y w/+ diploids or y w*
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haploids) from this diploid gave 163 diploids and 126 haploids. (This
is an unusually high proportion of haploids. More often they repre-
sent some 10 to 20 percent of all segregants. A high proportion, how-
ever, is useful to illustrate the present point.)

In respect of chromosome 2, the 126 haploids were all w* and
acriflavine sensitive and, with one exception, they were all ad]. The
exception was adl*, i.e., probably an example of coincidence, or
subsequent occurrence, of crossing over and haploidisation in the
same nucleus or in the same nuclear lineage. That in respect of chro-
mosome 2 the haploids, selected as phenotypically yellow, should
carry the wt member of the pair is only a consequence of epistasis of
w over y: those carrying the w member would have been white, not
yellow, and therefore not included in the sample. The important
point is that 125 out of 126 haploids carried all three alleles of the
wt strand, i.c., only one crossing over had occurred in 126 on a
length of at least 80 meiotic units.

In respect of chromosome 1, all 126 haploids, selected for the y
member of the pair, carried all the other alleles on both arms of that
member, i.e., sut, ribot, an*t, pro, paba, and bit: again, no crossing
over in a length of over 130 meiotic units.

This example is one of the many showing that mitotic crossing
over is not associated with haploidisation. It cannot show that seg-
regation of whole, non-homologous chromosomes is random because
in both cases one member of each pair was selected. But now let us
consider the two other marked chromosomes. In their respect the
126 yellow haploids were distributed as follows:

Parental associations Recombinant associations
pyro chol 24 + chol 40
+ o+ % pro + 2
59 67

There were the four possible types, with parental and recombin-
ant associations compatible with random segregation. This behav-
iour has been confirmed again and again, though in different cases
the allele ratios, i.e., the proportions of recovery of the two homol-
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ogous strands may depart from 1:1 because of differential multipli-
cation, as they do in the above example in respect of the pyro/+
segregation (51 pyro: 75 pyro*). We must keep in mind that the
segregants are recovered many nuclear generations after the event
which produced them.

That the process of haploidisation might be the consequence of
accidental and rare (say 1 X 1072) failure of regular mitotic separa-
tion of sister chromatids is suggested by two facts: 1) Most haploids
can be shown to originate as aneuploids (2n — a, where a = 1at the
onset of the process and a = n at the end). They carry at first some
chromosomes in disomic condition, which are rapidly reduced to the
monosomic condition by accidental loss and selection in favour of
the fully balanced haploid (Pontecorvo and Kifer, 1958; Kifer,
1958)(Table 18); 2) Among the diploid segregants a proportion—

TABLF 18
HYPOTHETICAL STEPS IN THE PROCESS OF HAPLOIDISATION
e + o [ + e ! + h +
¥ 5 7+ & + ¥ ¢ ¥ i
a« + ¢ + ¢ f + K+
+ ¢ + i
d
a + o ¢ + e + g h +
+ i
e + c + e + g + i

o

Source: Kafer, 1958.

say 5 percent—are homozygous for all the markers on both arms of
one chromosome. It is true that thesc segregants could originate as
a consequence of two-strand double exchanges across the centro-
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mere, but this would require an enormous “coincidence.” It seems
more likely that they represent one of the consequences of the same
process of the breakdown of mitosis which gives origin to haploids:
i.e., “non-disjunction” in respect of one chromosome pair of the set.

THE PARASEXUAL CYCLE IN THE GENETIC SYSTEM

Now we are in a position to asscss the part played by the para-
sexual cycle as a way of achieving gene recombination and of storing
gene variation in the genetic system of the sexual Ascomycete 4s-
pergillus nidulans.

In very rough figures, based on the use of induced markers and
laboratory conditions, we can take the following:

Proportion of heterozygous nuclei in a freshly

synthesized heterokaryon : 10-¢
Proportion of haploid nuclei produced by

diploid nuclei : 103
Proportion of crossover nuclei produced by

diploid nuclei : 102

Without selection the equilibrium between diploid and haploid
nuclei in a population would be 1073/107¢ = 1:1000. This would be
true in populations made up exclusively of heterokaryotic hyphae:
in fact, isolates of filamentous fungi from nature are known to be
often, but not always, heterokaryotic (Jinks, 1952). Thus haploid
strains should grossly outnumber diploid strains in nature, unless
there werc a strong selection in favour of the latter.

The second point to consider is the amount of recombination
possible with the parasexual cycle. The following calculations are,
1 repeat, very crude. Only 102 of all nuclei in a mycelium or a popu-
lation of mycelia are heterozygous, and rccombination in them
occurs at the rate of one mitotic crossing over in 102 nuclei. In these
10~ nuclei, furthermore, random recombination between the 8 chro-
mosome pairs occurs once in 103/ We can thus calculate the “recom-
bination index” per nucleus, adapting to mitotic recombination
Darlington’s (1937) formula for meiotic recombination (which
requires a minor correction). Let us use the following symbols:
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No. of exchanges per diploid nucleus E

No. of chromosome pairs

Proportion of diploid nuclei per colony

Proportion of diploid nuclei per colony which
undergo haploidisation h

Mitotic recombination index: I, = [E + (n — 1)h]d

Substituting the values mentioned above:

Inm; = [10~2 4 (8 — 1) 10~%] 10~2 = about 2 X 107°

[= D]

Let us now compare this index with that from meiotic recombi-
nation in a heterokaryotic mycelium or a population of mycelia. The
proportion of nuclei going through meiosis out of all nuclei in a fully
fertile colony can be cstimated at about one in a thousand. Thus the
recombination index via meiosis per nucleus of a colony can be cal-
culated as follows:

No. of chiasmata per nucleus in meiosis C
Proportion of nuclei going through meiosis m
Meiotic recombination index:

Iie=(C+n—-1m
Substituting:

Ime = (13 4+ 8 — 1) 1073 = about 2 X 1072

This value will have to be halved hecause not more than 50 percent
of the asci are of crossed origin. Thus the amount of recombination
occurring through the parasexual cycle is about 500 times smaller
than that through the sexual cycle.

It looks as if in a species like Aspergillus nidulans, in which the
sexual cycle is still present, the parasexual cycle could contribute
only to a limited extent to gene recombination (always assuming
that there is no selection in favour of diploid nuclei).

On the other hand, in the two asexual species of which we have
experience (Aspergillus niger and Penicillium chrysogenum) the
parasexual cycle seems to be more active than in Aspergillus nidu-
lans. Diploidisation occurs at a higher rate, and recombination, at
least via mitotic crossing over, seems to be more frequent. It is easy
to see that a small shift in the equilibrium in favour of diploids, and
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a small increase in the rate of mitotic recombination, can make the
contribution of the parasexual cycle as important as that of the
sexual cycle in terms of the amount of recombination it yields. It
can therefore replace the sexual cycle where it has been lost.

And now for the other aspect of a system based on the parasexual
cycle-—the sheltering of gene variation. This is the consequence of
dominance and heterozygosis in higher organisms with an extended
diploid stage. Filamentous fungi arc more versatile: they have both
heterokaryosis and heterozygosis for this purpose.

But there is more, heterokaryosis is a physiologically more pliable
system than is heterozygosis. In a heterozygote there are only three
possible genotypes in respect of a pair of alleles: A/A; A/a;and a/a:
i.e., 100 percent of A, or 50 percent of A, or 0 percent of A. In a
heterokaryon all possible nuclear ratios (and therefore allele ratios)
can occur between 0 and 100 percent of A.

It is known, furthermore, that heterokaryosis is also a system of
vegetative adaptation, as the nuclear ratios can be changed during
growth as an adaptive response to external conditions (Beadle and
Coonradt, 1944; Pontecorvo, 1946; Ryan and Lederberg, 1946;
Jinks, 1952).

We can picture a population, i.e., a colony of filamentous fungus
or a group of spatially non-isolated colonies as something very
dynamic and quite different from what we were led to believe they
were until a few years ago. The colony is far from limited to muta-
tion in a haploid clone as its only means of genetic variation. It can
receive and absorb immigrant nuclei and cytoplasm from neigh-
bouring colonies, it can try out all sorts of combinations and ratios of
different nuclei for vegetative adaptation, it can shelter recessives
both in heterokaryotic condition and in heterozygotic condition,
and it can try out all sorts of combinations of genes both in diploid
and haploid condition.

The population genetics of systems based on the parasexual cycle
is not likely to be dull. Unfortunately the methods of population
genetics are not in my line. I can only hope that somebody with the
necessary competence will become interested in parasexual genetic
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systems from this angle. Most of the fungi employed in industrial
fermentations and most of those pathogenic to cultivated plants are
asexual. Some at least are already known to have the parasexual
cycle as a substitute. Apart from the fundamental interest of study-
ing the population genetics of parasexual organisms, there should be
enough demand from applied genetics for the sort of approach just
mentioned.



CONCLUSIONS

THE six chapters of this book discuss in detail the present trends in
certain basic ficlds of genetics. It may be useful now to summarise.
Some mistaken ideas are on the way out; others—not necessarily
correct—have appeared either as replacements or as novelties.

THE GENETIC CODE

The most obvious wrong idea on its way out is that of the par-
ticulate gene, i.e., of the genetic material as beads on a string in
which cach bead is an ultimate unit of crossing over, of mutation
and of specific activity. This picture was not merely crude: it was
wrong because it implied an unnecessary, and almost certainly non-
existent, structural differentiation between the beads and the string.
Against it Goldschmidt has fought for years and Muller stressed
long ago that it was not called for cither on theoretical or on experi-
mental grounds. What has replaced it is the picture of a nonrepeti-
tive linear sequence of building blocks of only a few different kinds,
the unique groupings of which determine unique functions. Each of
these functions we now call a “cistron.”

The analogy of the genetic material with a written message is a
useful commonplace. The important change is that we now think of
the message as being in handwritten English rather than in Chinese.
The words are no longer units of structure, of function, and of copy-
ing, like the ideographic Chinesc characters, but only units of func-
tion emerging from characteristic groupings of linearly arranged
letters. Miscopying has now become misspelling: a mistake in letters
or in their order, not usually a mistake in words. In this analogy,
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letters correspond to mutational sites exchangeable by crossing over,
words correspond to cistrons, and misspellings to mutations. When
the confusion of the present transitional period will be over and
when knowledge about the primary functions of the genetic material
will be sounder, we may be able to use again the term gene without
danger, both for the group of mutational sites, the function of which
is to determine the amino-acid sequence of a protein, and for the
function itself. This is what 1 shall do in the following paragraphs.

It will have to be scen whcther or not—continuing with the
analogy—the words usually follow one another without overlaps.
If so they may join by links not different from those between letters
in cursive, or they may follow one another with the interposition of
meaningless short scquences. They might also be linked by bonds of
a different nature from those between letters. But in this case either
all crossing over would have to be intra-genic or there would be two
different kinds of crossing over—inter- and intra-genic—a possi-
bility for which there is no evidence, to say the least.

The picture of the genetic material as a continuous nonrepetitive
sequence is the result of the refinement of genetic analysis. I gave it
shapc some years ago though most of its experimental basis came
later, mainly from work with Aspergillus, bacteriophage, and Sal-
monella.

While this picture was emerging from genetic analysis, equally
promising became the search for what, in terms of physical chem-
istry, the lctters and words of the genetic message are. First, from
work with the transforming principles of Pneumococcus, then from
bacteriophage, and finally from tobacco mosaic virus, it became
clear that genetic information could be coded—and actually is coded
in these organisms—in either desoxyribo- or ribo-nucleic acids. It
will have to be scen if in respect of DNA this is the case in all organ-
isms or only in what Stanier calls the “lower protista,” which have
DNA not conjugated with histones.

Parallel with the realisation that genetic information could reside
in nucleic acids came the brilliant contribution of Watson and Crick.
The complementary duplex structure which they proposed for
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DNA, and which seems to be essentially correct, offers just what is
required for the genetic material: 1) it is an aperiodic structure with
infinite possibilities for coding information; 2) it suggests a new
model for replication, i.e., complement formation by each of the two
parts of a duplex structure; 3) it is capable of carrying the kind of
information which is necessary for specifying the 20 aminoacids
found in proteins.

The convergence of the structural analysis of DNA with the bio-
logical analysis of the genetic material is one of the most exciting
events in biology. It is only fair to remember, however, that Astbury
was the first to suggest, twenty years ago, some of the biological
implications of the structure of DNA, which was then just begin-
ning to be formulated.

Even if the Watson-Crick ideas turned out to be wrong in respect
of the mechanism of replication, they would have had a most fruitful
effect: they have led to formulate more clearly what are the prob-
lems of replication of the genetic material, and of determination of
phenotypic differences. They have also led to a series of most ele-
gant experiments and we shall soon know if it is possible to homol-
ogise the map of the mutational sites of a gene (perhaps in terms of
nucleotide pairs) with the sequence of aminoacid residues of the
protein, the specificity of which is determined by that gene.

GENE ACTION

These advances, both in idcas and experiments, have made the
one gene-one enzyme hypothesis of Beadle more plausible now, in
some modified form, than it was ten years ago.

While it seems likely that part of the genetic message consists of
specifying individual proteins, a question for the future will be
whether this is the only way in which the genetic material works.
This is the same as asking whether the only information in the ge-
netic message is in the individual words and none emerges from the
arrangement of words and groups of words.

The existence of position effects shows, of course, that supra-
genic arrangement is relevant. This evidence, however, does not
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help to discriminate between relevance at the code level or relevance
at levels removed from it. In other words, the question is whether
irrespective of their location two genes determine the same two pro-
teins (which may work differently according to where they happen
to be synthesized) or the two genes, if differently located, determine
different proteins.

Another very big question, related to the preceding one, is that of
the amount and nature of the genetic information required for
morphogenesis.

1t would be useful in this respect to estimate the number of differ-
ent proteins in oune or more organisms with little or no morpho-
genesis, e.g., bacteria and moulds. If this number were of the same
order as the estimated number of cistrons there would be a strong
suggestion that in these organisms the bulk of the genetic material
has but one function: one gene-one protein. Then the basic question
in the genetics of morphogenesis would become that of whether or
not the genes operating on morphogenetic processes also act by
nothing more than determining the specificity of proteins. In the
affirmative, morphogenesis would result from the epigenetic evoca-
tion of protein-forming systems, with gene-determined information
for each protein. In the opposite case, we would have to search the
genetic material for information of a nature other than that of
specifying aminoacid sequences.

It would not be surprising if a part of the genetic control of mor-
phogenesis were of the first kind. But it would be surprising if it
were all, and the “higher fields” mentioned in Chapter 111 had no
reality.

It may be advisable to start looking at the problems of morpho-
genesis from the angle of information theory: it could well be as
rewarding as it has been in the case of the genetic determination of
protein specificity.

REPLICATION AND RECOMBINATION

The genetic material has to be replicated every time a cell divides,
and has to recombine, typically at meiosis. While it is clear now of
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what replication consists, recombination is still as bafiling a problem
as it ever was.

In replication, an existing structure, made up of a unique linear
sequence of a large number of building blocks of a few different
kinds, determines the sclection of an identical scquence out of an
almost infinitc number possible for the arrangement of building
blocks from a random pool.

Whether or not the existing sequence is a duplex polynucleotide
replicating by complement formation or, as Stent suggests, by trans-
fer of information to an RNA-protein intermediate, or is something
as yet not described, is a matter of detail: the essentials of replica-
tion can hardly be diffcrent from those indicated above.

The study of recombination suffers from the same disease as
Ttalian literature: that of having reached the highest peak too early
in its life. The result is subscquent scholasticism. The Divina
Commedia of recombination was Darlington’s Recent Advances in
Cytology.

After thirty years of scholastic development, recombination has
to be approached ancw with a completely fresh mind. What is
needed is to start with information other than that from micro-
scopic observation, which is too coarse.

The facts that have to be kept in mind are those from genetics,
cspecially tetrad analysis and analysis of minute regions, those
from electronmicroscopy, and those from the correlation of meiotic
stages with the time of replication of the chromosomal materials.

There are three main questions: 1) What are the basic molecular
processes underlying recombination and what relations do they
bear to those of replication? 2) Are these molecular processes fun-
damentally the same from phage to man? 3) If they are the same,
what accounts for the great differences in their end results between
various organisms?

Among the important new facts to be kept in mind are mitotic
crossing over and the clustering of exchanges. They force us to re-
consider the dogma that cytologically visible pairing, as observed
at zygotene and later, is a condition for crossing over. Discontinuous
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contacts extending over minute homologous regions, and possibly
occurring well before zygotene, seem to be a better model.

This model reduces the enormous differences in incidence of cross-
ing over between organisms, or between sexes of one organism, or
between meiosis and mitosis, merely to differences in the incidence
of these contacts. Furthermore, this model is compatible both with
the occurrence of crossing over well before meiotic prophase and
with its coincidence with the time of duplication of the chromosomal
material, known to be completed before zygotene. Cytologically
visible pairing along the whole length of homologous chromosomes—
a mechanical device essential for segregation—may well turn out to
have nothing to do with crossing over.

The last three years have witnessed a promising beginning in the
electronmicroscopy of the chromosomes, and in the use of auto-
radiography to follow the fate of their atoms in replication.

One of the results of electronmicroscopy I should like to single
out: what Ris calls the elementary chromosome fibril appears to be
about 100 A in diameter and made up of two fibres of nucleoprotein
about 50 A in diameter lying side by side. When deproteinised each
of these fibres is about 20 A in diameter.

If confirmed, this structure would have two interesting features:
one is its symmetry across the longitudinal axis; the other is that it
would offer the means of satisfying, within one chromosome, the re-
quirement for mating of identical structures which Stent suggests to
be necessary for replication.

Clearly, decisive advances in the electronmicroscopy of chromo-
somes are badly needed to fill the appalling gap between molecular
structure and microscopic structure.

There is a widespread expectation that crossing over will turn out
to be based not on mechanical breaks and reunions but on some sort
of switch in copying-choice as part of the replication process. The
use of autoradiography with meiotic chromosomes, so successfully
used by Mazia and Plaut and Taylor with mitotic chromosomes,
may show how well grounded is this expectation.

New techniques but, above all, an unprejudiced mind, are nec-
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essary for a start towards an understanding of the most basic of all
genetic phenomena: recombination.

THE VERSATILITY OF RECOMBINATION

An unexpected development of the last fifteen years is the dis-
covery that sexual reproduction is not the only process of recom-
bination: transduction, transformation, cytoplasmic infection,
mitotic recombination, autogamy, are all recent additions.

“Merozygotic’” processes, i.e., processes of transfer of only part of
the genome, are now taken for granted. This means, incidentally,
that the narrow view that genetics is nothing but the study of the
modes of formation of the gametes can no longer be entertained
even formally. Its holders could still cling to it, however, by stretch-
ing the term gamete to any vehicle of genetic information from one
cell to another.

In respect of evolution theory, the discovery of the versatility of
recombination has made nonsense of the specious arguments which
used to be produced for reconciling with neo-Darwinism the wide-
spread occurrence of asexual microorganisms. We realise now that if
in an organism there is no obvious sexual cycle, we had better find
out which other process of recombination is operating. But perhaps
the most promising outcome of these advances is the fact that they
have opened up the field of the genetics of somatic cells.

Two obvious approaches come immediately to mind. One is the
study of differentiation as a process involving transformation-like
or transduction-like transfer of genetic information from cell to cell.

The other, for which I am responsible, is the analysis of the geno-
type of a donor by means of mitotic segregation in cultures of its
cells. This kind of analysis, which bypasses sexual reproduction, may
soon well make the knowledge of the genetics of man and of other
slow-breeding organisms more extensive than that of Drosophila.
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