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Week | Tuesday Thursday
1 Jan. 7 (DKN) [1-14] Jan. 9 (SKM) [1-24,B]
Chromosomal organization Nature of the Gene
2 Jan. 14 (DKN) /2-14,B,C] Jan. 16 (EKP/LAM) [2-24,B]
Mutations | Mutations 11
3 Jan. 21 (DKN) /3-14,B] Jan. 23 (DKN) /3-24,B]
Suppressors Gene Expression
4 Jan. 28 (SKM) [4-14,B] Jan. 30 (SKM) [4-24,B]
Site-Specific Recombin., Transposition Horizontal Gene Transfer
5 Feb. 4 (DKN) /5-14,B] Feb. 6 (DKN) /5-24,B]
Stress Response Bacterial Growth MIDTERM OUT
6 Feb. 11 (SKM) /6-1A4,B] Feb. 13 (SKM) /6-24,B]
Sporulation MIDTERM DUE Secretion
7 Feb. 18 (DKN) /7-1A4,B] Feb. 20 (DKN) /7-24,B]
Motility, Chemotaxis Biofilms
8 Feb. 25 (SKM) /8-14,B] Feb. 27 (DKN) /8-24,B]
Yeast Genetics Archaeal Genetics
9 Mar. 3 (DKN) /9-14,B] Mar. 5 (SKM) [/9-24,B,C]
Genetics and Geobiology Metagenomics
10 Mar. 10 (SKM) /10-14,B] Mar. 12 (SKM) /10-24,B]
Host-Microbe Symbiosis Biotechnology
11 FINAL RESEARCH PROPOSAL DUE Feb. 17 at 5pm

Format. For each class, 1-2 original research papers will be assigned as required reading.
During class, these papers will be discussed critically and in detail. The emphasis here is on
active learning through discussion—this is not a lecture course. We expect each student to
participate actively and often. To ensure this participation, each student will be responsible for
leading the discussion for one or two topics (starting in Week 3). All students will need to come
prepared to summarize the major points in a paper, and to comment specifically on a particular
experiment or conclusion. Our goal is to ensure that everyone participates equally and that
students become comfortable asking questions and engaging in constructive discussions. It thus
is essential that you read and think about the assigned papers. If you have not done so, then don’t
come to class.

Level of Work

This is not an introductory course. It presupposes some familiarity with the techniques and




intellectual vantage points of molecular biology, as well as a comfortable acquaintance with
general aspects of microbiology and cell biology (bacterial growth dynamics, composition, the
cell cycle, transcription, protein synthesis, protein structure & function). You will probably find
the workload overwhelming if you are trying to learn these things as you go along the term.

Grades. One third of your grade will be based on the quality of your classroom

participation. Another third will come from an open-materials but time-limited midterm
examination. The final third will come from a hypothesis-oriented research proposal. Besides a
documented medical excuse, no other reason will be considered for submission of late exams.
Any copying from published materials, the Internet, from another member of the class or any
other source is plagiarism and a violation of the Honor Code.

Midterm Exam: Handed out February 6, 2020 in class; Due February 11, 2020 in class.
Final Proposal: See separate description with due dates.

We grade this class on a curve. Although we can’t anticipate what percentage range will be
assigned to each grade, it is generally the case that you will need to have a 60% or higher in
order to pass the class.

Readings

The course reader contains the papers we will discuss in class. In addition, we suggest review
articles as background reading to complement the week’s theme—these suggestions can be
found on the course website.

Week 1 [Introduction, Chromosome, Nature of the Gene]

Tuesday 1-1A: F. Jacob and E.L. Wollman, 1958, Genetic and physical determinations of
chromosomal segments in Escherichia coli.

Thursday 1-2A: F.H.C. Crick, L. Barnett, S. Brenner, and R.J. Watts-Tobin, 1961, General
nature of the genetic code for proteins.

Thursday 1-2B: S. Benzer, 1961, On the topography of the genetic fine structure.

Week 2 [Mutations]

Tuesday 2-1A: S. Brenner, L. Barnett, F.H.C. Crick, and A. Orgel, 1961, The theory of
mutagenesis.

Tuesday 2-1B: J.A. Shapiro, 1969, Mutations caused by the insertion of genetic material into the
galactose operon of Escherichia coli.

Thursday 2-2A: S.E. Luria and M. Delbriick, 1943, Mutations of bacteria from virus sensitivity
to virus resistant.

Thursday 2-2B: J. Cairns, J. Overbaugh and S. Miller, 1988, The origin of mutants.




Week 3 [Suppressors, Gene Expression]

Tuesday 3-1A: J. Jarvik and D. Botstein, 1975, Conditional-lethal mutations that suppress
genetic defects in morphogenesis by altering structural proteins.

Tuesday 3-1B: K.L. Bieker and T.J. Silhavy, 1989, PrlA is important for the translocation of
exported proteins across the cytoplasmic membrane of Escherichia coli.

Thursday 3-2A: A.B. Pardee, F. Jacob and J. Monod (PaJaMo paper), 1959, The genetic control
and cytoplasmic expression of “inducibility” in the synthesis of B-galactosidase by E.
coli.

Thursday 3-2B: E. Englesberg et al., 1969, An analysis of “revertants” of a deletion mutant in
the C gene of the L-arabinose gene complex in Escherichia coli B/r: isolation of initiator
constitutive mutants ()

Week 4 [Recombination, Transposition, HGT]

Tuesday 4-1A: M. Gottesman and M. Yarmolinksy, 1968, Integration-negative mutants of
bacteriophage lambda

Tuesday 4-1B: M. Silverman and M. Simon, 1980, Phase variation: genetic analysis of switching
mutants

Thursday 4-2A: N. Kleckner, R. Chan, BK Tye, and D. Botstein, 1975, Mutagenesis by insertion
of a drug-resistance element carrying an inverted repetition

Thursday 4-2B: V. Freeman, 1951, Studies on the virulence of bacteriophage-infected strains of
Corynebacterium diphtheriae

Week S [Stress Response, Growth in Stationary Phase]

Tuesday 5-1A: R. Lange and R. Hengge-Aronis, 1991, Identification of a central regulator of
stationary-phase gene expression in Escherichia coli.

Tuesday 5-1B: B.M. TJ. Mescas et al., 1993, The activity of an Escherichia coli heat-inducible

o-factor, is modulated by expression of outer membrane proteins.

Thursday 5-2A: M.M. Zambrano et al., 1993, Microbial competition: Escherichia coli mutants
that take over stationary phase cultures.

Thursday 5-2B: S. Finkel and R. Kolter, 1999, Evolution of microbial diversity during prolonged
starvation

Thursday 5-2C: E.R. Zinser and R. Kolter, 1999, Mutations enhancing amino acid catabolism
confer a growth advantage in stationary phase

Week 6 [Sporulation, Secretion]

Tuesday 6-1A: J. Dworkin and R. Losick, 2005, Developmental commitment in a bacterium.

Tuesday 6-1B: C.D. Webb et al., 1997, Bipolar Localization of the Replication Origin Regions
of Chromosomes in Vegetative and Sporulating Cells of B. subtilis.

Thursday 6-2A: D. Oliver and J. Beckwith, 1982, Identification of a New Gene (secA) and Gene
Product Involved in the Secretion of Envelope Proteins in Escherichia coli.

Thursday 6-2B: S.K. Mazmanian et al., 1999, Staphylococcus aureus Sortase, an Enzyme that
Anchors Surface Proteins to the Cell Wall.



Week 7 [Motility, Chemotaxis, Biofilms]

Tuesday 7-1A: M. Silverman and M. Simon, 1974, Flagellar rotation and the mechanism of
bacterial motility.

Tuesday 7-1B: J.S. Parkinson and S.R. Parker, 1979, Interaction of the cheC and cheZ gene
products is required for chemotactic behavior in Escherichia coli.

Thursday 7-2A: G.A. O’Toole and R. Kolter, 1998, Flagellar and twitching motility are
necessary for Pseudomonas aeruginosa biofilm development.

Thursday 7-2B: R.N. Esquivel and M. Pohlschroder, 2014, A conserved type IV pilin signal
peptide H-domain is critical for the post-translational regulation of flagella-dependent
motility

Week 8 [Yeast, Archaeal Genetics]|

Tuesday 8-1A: P. Novick, C. Field, R. Schekman, 1980, Identification of 23 Complementation
Groups Required for Post-translational Events in the Yeast Secretory Pathway.

Tuesday 8-1B: R.J. Deshaies and R. Schekman, 1987, A Yeast Mutant Defective at an Early
Stage in Import of Secretory Protein Precursors into the Endoplasmic Reticulum.

Thursday 8-2A: Abdul-Halim et al., 2019. Preprint. Lipid Anchoring of Archaeosort Substrates
and Mid-Cell Growth in Haloarchaea.

Thursday 8-2B: W.W. Metcalf et al., 1997, A genetic system for Archaea of the genus
Methanosarcina: liposome-mediated transformation and construction of shuttle vectors.

Week 9 [Genetics and Geobiology, Metagenomes]

Tuesday 9-1A: C.W. Saltikov et al., 2003, The ars detoxification system is advantageous but not
required for As(V) respiration by the genetically tractable Shewanella species strain
ANA-3.

Tuesday 9-1B: C.W. Saltikov and D.K. Newman, 2003, Genetic identification of a respiratory
arsenate reductase

Tuesday 9-1C: D. Malasarn et al., 2004, arr4 is a reliable marker for As(V) respiration.

Thursday 9-2A: C. Lozupone and R. Knight, 2005, UniFrac: A New Phylogenetic Method for
Comparing Microbial Communities.

Thursday 9-2B: Caporaso et al., 2010. QIIME allows analysis of high-throughput community
sequencing data.

Thursday 9-2C: J. Qin et al., 2010. A Human Gut Microbial Gene Catalog Established by
Metagenomic Sequencing.

Week 10 [Host-Microbe Symbiosis, Biotechnology]

Tuesday 10-1A: S.M. Lee et al., 2013, Bacterial Colonization Factors Control Specificity and
Stability of the Gut Microbiota.

Tuesday 10-1B: A.L. Goodman, 2009. Identifying Genetic Determinants Needed to Establish a
Human Gut Symbiont in Its Habitat.

Thursday 10-2A: S. Moriano-Gutierrez et al., 2019, Critical Symbiont Signals Drive Both Local
and Systemic Changes in Diel and Developmental Host Gene Expression.

Thursday 10-2B: L.A. Marraffini and E.J. Sontheimer, 2010, Self Versus Non-self
Discrimination During CRISPR RNA-directed Immunity.
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Introduction
Chromosomal Organization

Nature of the Gene
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GENETIC AND PHYSICAL DETERMINATIONS
OF CHROMOSOMAL SEGMENTS
IN ESCHERICHIA COLI

By FRANCOIS JACOB a~np ELIE L. WOLLMAN

Service de Physiologie microbienne, Institut Pasteur, Paris

In Escherichia coli K-12, conjugation involves the oriented tramsfer of a
chromosomal segment from a donor to a recipient bacterium. This process
is oriented in the sense that the different genetic determinants located on
the chromosomal segment transferred from the donor penetrate into the
recipient in a predetermined order, and according to a rather precise time
schedule (Wollman & Jacob, 1955). This characteristic of the mating
process makes conjugation in bacteria a suitable material for relating genetic
analysis to genetic structures, and for comparing genetic evaluation of these
structures with physical measurements. :

After summarizing our present knowledge of the process of conjugation
in E. coli K-12, it is intended, in the first part of this paper, to report the
available information on the organization of the genetic material in this
organism. The second part will be mainly concerned with the effects of
ultra-violet light and of disintegration of radioactive phosphorus on the
processes of conjugation and recombination. These last experiments allow,
as will be discussed, a comparison between genetic and physical determi-
nations of chromosomal segments in bacterial crosses.

I. THE GENETIC SYSTEM OF E. COLI K-12

The process of conjugation

When two strains of E. coli K-12, which differ in such properties as
synthesis of essential metabolites, fermentation of sugars, resistance or
sensitivity to bacteriophages or to drugs, are mixed, genetic recombi-
nation may be demonstrated between characters of the parental types. In
the recombinants thus formed the characters of the parents are reassorted
and certain types of recombinants may be easily scored by plating on suit-
able selective media (Tatum & Lederberg, 1947; Lederberg, 1947).
Sexual differentiation in E. coli K-12 has been demonstrated, and genetic
recombination involves the transfer of genetic material from donor to
recipient bacteria (Hayes, 1953a; Cavalli, Lederberg & Lederberg, 1953).
Whereas no essential difference has been recognized between different
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strains of recipient (or, F~) bacteria, two main types of donors may be
distinguished. Most of the K-12 strains, including the wild type, are Ft:
upon mixing with F— cells they exhibit a low frequency of recombination
(107 or less of any type of recombinant). Some strains, however, exhibit
a high frequency of recombination (from 107 to 1073) and are thus called
Hfr (Cavalli, 1950; Hayes, 19535). Closer analysis shows that only certain
characters of an Hfr strain are transmitted at high frequency to recombi-
nants, whereas others are transmitted at the same low frequency as is
observed in F+x F~ crosses (Hayes, 19535).

The high frequency of recombination that may be observed in Hfr x F-
crosses allows an analysis of the process of conjugation at the cell level
(Wollman, Jacob & Hayes, 1956). One may schematically distinguish
several successive steps in this process (Jacob & Wollman, 1955).

(i) The first step consists in the establishment of an effective contact
between cells of opposite mating types. Under suitable conditions of
environment and cell density this step is rapidly completed and practically
all possible matings occur within 30 min. after mixing of bacteria of opposite
mating types. Electron micrographs demonstrate the existence of a
bridge which unites conjugating bacteria (Anderson, Wollman & Jacob,
1957)-

(ii) The second step consists in the oriented transfer of a chromosomal
segment of the Hfr donor into the F~ recipient. The mechanism of transfer
has been analysed by interrupting the process of conjugation at different
times after its onset, by means of a Waring blendor (Wollman & Jacob,
1955). It was thus found that the genetic characters linearly arranged on
the Hfr chrémosome segment penetrate into the recipient in a predeter-
mined order and always the same extremity, O (for origin), first. This
process is slow enough to be interrupted at various times by mechanical
treatment. Interruption of the mating process does not prevent any
genetic character which has already penetrated the recipient from being
later integrated into a recombinant. Even when the process is not artifici-
ally interrupted, spontaneous breaks do occur during transfer of the Hfr
chromosome, with the result that the length of the segment transferred
varies from one mating pair to the other. As a result of transfer a partial
zygote or merozygote is formed, which comprises the whole F— recipient
and a chromosomal segment of Hfr origin.

(iii) The third step involves genetic recombination proper, that is the
series of events which lead to the integration of Hfr markers to form a
recombinant chromosome.

(iv) The fourth step, or expression, comprises the events which, through
segregation and phenotypic expression, extend from the formation of a
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recombinant chromosome to that of a fully expressed recombinant
bacterium.

Of these four main steps, the last two, integration and expression, are
common to the different known processes of genetic transfer in bacteria,
i.e. conjugation, transformation and transduction. Analysis of the results
obtained in the study of bacterial conjugation involves the comparison, in
each case, of the nature and extent of genetic transfer from donor bacteria
to the zygotes with the subsequent integration of these characters to re-
combinants. The characters transmitted with high frequency by strain
HfrH, the strain originally described by Hayes (19534) are represented in
Fig. 1. The order and relative distances of the characters located on this
segment may be determined, as indicated in the legend, both by the genetic
analysis of recombinants and by the time at which these characters pene-
trate, during transfer, into the F~ recipient.

(o] T L A T Lac Galy, 2
———t— ——t—————

Al—{—[9] 70 | 40 [ 2515

B[ 8/sf| 9] 11] 18 ] 25 [26

Fig. 1. Genetic map of the segment injected with high frequency by the Hfr isolated by
Hayes. The location of the different characters as measured in crosses Hfr x F~ by A4:
the percentage of T*L+S" recombinants which have inherited the different Hfr alleles;
B: the time at which individual Hfr characters start penetrating into the F~ recipient in
a Waring blendor experiment.

The mating systems of E. coli K-12

When an attempt is made to compare conjugation between Hfr and F-
bacteriz on the one hand, and between F+ and F— bacteria on the other,
the question arises as to whether the low frequency of recombination
observed in the latter crosses is a consequence of a low frequency of
conjugation, of transfer, or of integration. In F*x F~ crosses, the F+
character itself is transmitted at high frequency to I~ cells (Cavalli ez al.
1953) and this is also the case for the ability to produce certain colicins
(Fredericq & Betz-Bareau, 1953). This indicates that the frequency of
effective contacts, and hence of conjugation, is as high in F+ x F~ crosses as
in Hfr x F- crosses (Jacob & Wollman, 1955), a prediction which is verified
by microscopic studies (Anderson et al. 1957). Other lines of evidence
support the hypothesis that low frequency of recombination is a consequence
of a low frequency of transfer.

The question therefore arises of the origin of those recombinants which
are formed at low frequency in '+ x F~ crosses. They could either result
from a low but constant probability for each F't cell to transfer the character
under consideration—or from the presence, in Ft cultures, of a small
proportion of Hfr mutants of variable nature. Evidence for the validity of
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the latter hypothesis comes from both the quantitative and qualitative
results of ‘fluctuation tests’ as well as from the possibility of isolating,
with a high yield, those Hfr mutants which are responsible for the formation
of recombinants of any type in '+ x F— crosses (Jacob & Wollman, 1956a4).

It may be pointed out that both mechanisms could play a part in the
formation of recombinants in F*x F- crosses. The demonstration that
most of these recombinants, if not all of them, are formed by Hfr mutants
present in the F+ population, however, indicates that this mechanism is the
prevailing one. If any recombinant were formed by F* donors, the
detection of this latter mechanism would be extremely difficult, and there
is, at the present time, no experimental evidence for its existence.

The patterns of chromosome transfer in Hfr mutants

The finding that most, if not all, recombinants formed in an F*x F-
cross are due to Hfr mutants has two main implications. On the one hand,
the fact that any known marker of an F* may be transmitted to a recom-
binant, implies that there must exist Hfr mutants able to transfer such
markers at high frequency. On the other hand, the fact that any Hfr
strain, such as the strain of Hayes, may transfer at high frequency only a
group of characters suggests that the different Hfr mutants present in an
F+ culture must differ as to the nature of the chromosomal segment they
are able to transfer.

This is indeed what is found. Any known genetic character of E. coli
K-12 may be transferred at high frequency by a given type of Hfr mutant.
These mutants differ from each other in the nature of the chromosomal
segment they are able to transfer at high frequency. No Hfr mutant has
been isolated so far which can transfer at high frequency all the genetic
markers known (Jacob & Wollman, 1956a).

When studying any Hfr strain, one may obtain, as shown in previous
sections, two types of information. On the one hand, one may determine,
by genetic analysis, which characters are transmitted at high frequency to
recombinants as well as their relative frequency of transmission. On the
other hand, one may determine, by a blendor experiment, the sequence in
which these characters are transferred and the time at which any given
character enters the recipient.

Such an analysis has been carried out with a variety of Hfr mutants
isolated from different strains of E. coli K-12 (Jacob & Wollman, 1957).
Preliminary results are summarized in Table 1. It is seen that different Hfr
strains differ from each other not only in those characters that they are able
to transfer at high frequency, but also in the order in which any group of

“characters may be transferred. The simplest representation of these results
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consists in assuming that, for any given Hfr strain, a chromosomal segment
is transferred through a given extremity O (the origin) and that it is the
position of O which determines which characters are transferred at high
frequency, as well as the order of their transfer. A remarkable feature of the
genetic system of E. coli K-12 appears to be the existence of a predeter-
mined pattern of arrangement of the genetic characters that an Hfr
mutation will affect by determining the position of O and hence the
orientation of transfer. When considering a given genetic character B, it is
found to be linked to a character A on one side and to a character C on the
other side, these linkage relationships being retained as long as O is not

Table 1. Patterns of Hfr mutants

Schematic representation of the characters injected with high frequency by some of the
isolated Hfr mutants. Each line corresponds to an Hfr strain and the order of injection
corresponds to the characters from left to right.

Type O
H TL Az Ty Lac Tg Gal A
1 LT 1MMolelMalS"
2 T, Az L. T B; M Mtol Xyl Mal S*
3 TLcT AzLTBlMM'coleIMalSr
4 M Mtol Xyl Mal SF A Gal
5 . MBIT Az Ty Lac Ty Gal A

located closer to B than either A or C. When B becomes linked to O on one
side, either it remains linked to A, and then becomes completely unlinked
to C, or it remains linked to C and then becomes completely unlinked to A.
For instance, in an Hfr of type 5 (Table 1), the characters TL appear to
be linked to M (methionine) on the one side and to Gal on the other side,
the order of transfer being O-M-TL-Gal. Inthe classical HfrH, characters
"TL are now linked to O on one side and to Gal on the other side, the order
of transfer being O-TL-Gal. On the contrary, in Hfr of type 2, TL are
linked on one side to O, but on the other side they are linked to M and the
sequence of transfer has now become O-L-T-M.

Such a relationship is valid for all the known characters of K-12 and for
all the Hfr strains which have been isolated up to now, whatever the
previous history of the F* strains of K-12 from which they originate.

When trying to draw a genetic map of K-12, one is thus faced with a
paradoxical situation. On the one hand, we do not possess any direct
information on the genetic system of either F** or F~ bacteria. On the
other hand, when analysing any given Hfr x F~ cross, we can only deter-
mine a genetic map of the chromosomal segment transferred at high
frequency by that Hfr strain. We are therefore compelled to compare the
genetic segments thus determined. From such a comparison, the con-
clusion is reached that all the known genetic characters of E. coli K-12 are
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linked, a conclusion which was already attained by the analysis of Ftx F-
crosses (Clowes & Rowley, 1954; Cavalli & Jinks, 1956), but that they
cannot be arranged along a straight line as is the case in most chromosomes.
There is no reason in effect for interrupting the determined linkage group at
any place preferentially to any other one, except when describing the
properties of a particular Hfr strain. One is thus led to dispose all the

T L Az

B4 1.

M Gal
82
A
Mtol

Mal
sr‘

Fig. 2. Diagrammaticrepresentation of the K-12 chromosome, asitresults froma comparative
study of the segments injected with high frequency by different Hfr strains. This diagram
represents only the sequence of characters, not the distances between them. Symbols
refer to threonine (T), leucine (L), methionine (M) and thiamine (B,) synthesis; resistance
to sodium azide (Az), bacteriophages T and Ty, streptomycin (S); fermentation of lactose
(Lac), galactose (Gal), maltose (Mal), xylose (Xyl) and mannitol (Mtol); ultra-violet
inducible prophages 82, A, 381, 21 and 424. (Possible mechanism of the F*+— Hfr mutation:
insertion of a specific factor at a given place of the circular linkage-group would result
in the interruption of the circle. One extremity of the linkage group would behave as the
origin. The other would carry the Hfr character.)

known genetic characters on a circle (Fig. 2). Since all Hfr mutants derive
from F* strains, the underlying pattern of all Hfr would be that of the F+
genetic system. It seems unnecessary to emphasize that this diagrammatic
representation, which is the simplest one that will account for the observed
results at the present time, is not meant to imply that the bacterial chromo-
some is actually circular.

Thus we have, on the one hand, in every individual Hfr a linear repre-
sentation, one extremity of which is perfectly determined by the origin O,
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and, on the other hand, a circular representation for the whole sequence.
Under this scheme, the pattern of any existing Hfr may be obtained by
interruption of the circle at the proper place, one of the extremities thus
formed becoming the origin O, '

Once the complete sequence of the K-12 linkage group has been
determined by comparing the segments transmitted with high frequency
by the various Hfr strains, one may analyse the capacity of a given Hfr
type to transmit to recombinants those characters which appear only with
low frequency. It seems that any Hfr type is indeed able to transmit all the
known characters, but the frequency with which a given character is trans-
mitted decreases the further from O this character is located in the
particular Hfr strain. Such a genetic polarity may equally be interpreted as
resulting from a gradient of pairing (Cavalli & Jinks, 1956) or from a
gradient of transfer (Wollman & Jacob, 1957). The available evidence seems
to indicate that the genetic polarity does reflect a polarity of transfer. The
further from O a character is located, the greater the chance that a break
will prevent its transfer during conjugation. When characters are located at
a given distance from O, the probability for their transfer becomes so
small that they appear very rarely among recombinants. These are the
characters which are said to be transmitted to recombinants at low
frequency in an Hfr x F—~ cross.

Among characters transmitted with low frequency seems to be the Hfr
character itself. Several of the isolated Hfr strains have been analysed for
their capacity to transmit their Hfr character. With these strains, the
recombinants having inherited from the Hfr parent the characters located
close to O and transmitted with high frequency (proximal characters) are
all F-. On the contrary, among the few recombinants which have in-
herited from the Hfr parent characters located close to the extremity
opposite to O (terminal characters), many are Hfr. When crossed with F-
bacteria, these Hfr recombinants appear to inject their markers in the same
order as the one found for the Hfr parent from which they were derived.
These properties of Hfr strains are similar to those already described for
the two Hjfr strains which were first isolated (Hayes, 195354; Cavalli &
Jinks, 1956). It appears, therefore, that the Hfr character does segregate
among recombinants but that its linkage to other markers depends upon
the strain considered. In any given Hfr strain, the Hfr character seems to
be located at, or close to, the terminal extremity of the linkage group.

If confirmed by further investigation, this could be interpreted by the
assumption that the event, which, in the F+—Hfr mutation, is supposed to
result in the rupture of the circle at a given point, not only would determine

the position of O at one of the two ends of the linkage group, but also the
6 EBS XK
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location of the Hfr character at the other end. The properties of the
different Hfr strains could thus be accounted for by the single hypothesis
that the insertion of a specific factor at the proper place in the circular
linkage group would determine the rupture of the circle. One extremity
of the linkage group would behave as the origin O and would be injected
during the process of mating. The other extremity would be terminal and
would carry the Hfr character.

Again it must be clearly stated that this hypothesis provides only a
formal model and that other schemes might well explain the experimental
results. The proposed model, however, appears to be the simplest one that
accounts for all the data. Although the nature of the postulated factor,
whose insertion would be responsible for the breaking of the circle,
remains unknown, it might well be conceived as being similar to the
‘controlling elements’ described in maize by McClintock (1956).

One must conclude that any Hfr may, upon conjugation, inject into the
F- recipient, a particular sequence of genetic characters in an oriented
way. The distance between these characters may be determined by genetic
analysis, when these characters are not very far apart. For distant characters,
genetic analysis is grossly deformed by the increasing probability of breaks
occurring, during transfer, between these characters. A more precise
determination of the distances may be obtained by measurement of the
time at which different characters penetrate the F- recipient during
conjugation.

II. EFFECT OF ULTRA-VIOLET LIGHT AND 3P DECAY
ON BACTERIAL RECOMBINATION

Radiation and disintegration of radioactive phosphorus are known to
induce various types of cellular lesions and more particularly local altera-
tions in the genetic material. In bacterial conjugation, whereas the F-
recipient contributes to the zygote both its genetic material and its cyto-
plasm, the Hfr donor appears to contribute genetic material but very
little, if any, cytoplasm. Exposure of the Hfr donor to physical agents is
therefore likely to affect only one of the genetic elements taking part in
recombination. Lesions induced in the Hfr may affect either the transfer
of genetic material or its integration in the zygote after transfer.

As shown in previous sections, only a segment of the Hfr chromosome
may be investigated in a cross between a given Hfr strain and a recipient F-.
The following discussion will only be concerned with the segment injected
at high frequency by the strain HfrH isolated by Hayes (Fig. 1).

When crosses are performed between HfrH T+L+Az*T§ Laci Galf S
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and P6;8 F-T-L~Az"'T§ Lac; Gal, S%,* a chromosomal segment O-TL-
Gal (Fig. 1) of the Hfr is transmitted at high frequency. The S* marker not
being transferred at high frequency, streptomycin may be used for elimi-
nating the Hfr parent after mating. By plating the zygotes on suitable
selective media, one may select, in the same experiment, recombinants
which have inherited certain characters of the Hfr parent, either proximal
to O, such as T+L+ which are close enough to be used together as selective
markers (recombinants T+L+5*) or distal to O such as Gal* (recombinants
GaltSr). One may also select those recombinants which have received the
T+L+ as well as the Gal* characters of the Hfr (recombinants T+L+Gal*+5r).
In such an experiment, one may compare the frequencies with which these
different types of recombinants are formed as well as their genetic constitu-
tion, that is the distribution among these recombinants of the genetic
markers contributed by the Hfr parent.

The effect of ultra-violet irradiation

If Hfr donors are first exposed to ultra-violet light and then mated with
non-irradiated F— recipients, the irradiated Hfr lose their ability to form
recombinants exponentially as a function of the dose of ultra-violet
(Fig. 3). The capacity to form either T*+L*S* recombinants or Gal+S*
recombinants is lost at the same rate. This indicates that the transfer of the
distal markers is not more reduced than that of the proximal ones. It is
not known whether ultra-violet light may or may not prevent transfer, but
if it does, it is not by reducing the size of the transferred piece.

On the contrary, the capacity to form recombinants which have received
both extremities of the TL-Gal segment (T+L*Gal*S* recombinants) is
lost at a faster rate. One must, therefore, conclude that lesions produced in
the Hfr parent before mating alter the process of integration occurring in
the zygote after transfer. They decrease the probability of simultaneous
integration of distant markers.

The difference observed between the slopes of the T+L+S* and
T+L+Gal*S* recombinants indicates that the fraction of the T+L*Sr
recombinants which have inherited the Gal* marker from the Hfr parent
decreases as a function of the dose of ultra-violet. One may therefore expect
to observe an alteration of the genetic constitution of the recombinants
formed by irradiated Hfr parents. As shown in Table 2, the frequency
with which unselected markers of the Hfr are present in both T+L*Sr and
Gal*§* recombinants is strikingly reduced by irradiation. This means that
irradiation of the 1 [fr parent results in a loosening of the linkage observed

* Synthesis of threonine (T'), leucine (L), fermentation of lactose (Lac), galactose (Gal),
sensitivity (s) or resistance (r) to sodium azide (Az), to phage T'1 and to streptomycin (S).

6-2
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between the markers of the TL-Gal segment. In other words, the prob-
ability of a crossover occurring between two markers is increased by
irradiating the donor.

Dose of UV, light in seconds
20 40 60 810 100

106

-
(=]
[

T+L*Gal*S"

-
(=]
>

Number of recombinants per ml.

103 1 ! 1

Fig. 3. Recombination between ultra-violet irradiated Hfr donor and non-irradiated F~
recipient. A suspension of HfrH is exposed to various doses of ultra-violet light. Samples
of irradiated suspensions are mixed in standard conditions with non-irradiated P678 F-
recipients and aliquots are plated on different selective media. The number of recombinants
T+L*S7, GaltS® and T*L+Gal+S*/ml. of mating mixture are plotted on a logarithmic
scale versus the dose of ultra-violet light in seconds.

Table 2. Effect of ultra-violet irradiation on recombination

Genetic composition of the recombinants formed in different crosses between HfrH and
P678 F~. In the two last crosses, one of the parents was submitted to a standard dose of
ultra-violet leaving about 30-50% survivors. The figures represent the percentage of
recombinants T+L*S" or GaltS* having inherited the characters Az, Ty, Lac and Gal of
the Hfr parent.

Genetic constitution of recombinants
A

THLAST GaltSr
Crosses rAz T; Lac Gal\ fTL Az Ty Lac\
Hfr x F~ control 91 72 52 29 74 78 73 4.
Hfr uv.x F~ 52 34 11 3 16 21 29 36
Hfrx F~u.v. 88 60 35 16 41 49 57 62

Irradiation of the recipient also exerts some effect on the genetic consti-
tution of recombinants, but to a much smaller extent than irradiation of the
donor (Table 2).

This action of ultra-violet light on bacterial recombination appears to be
similar to the effect which the same doses of ultra-violet exert on phage
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recombination (Jacob & Wollman, 1955). Both effects can be best inter-
preted according to the hypothesis that, in bacteria as well as in phages,
genetic recombination does not occur by breakage and reunion of complete
strands but rather by a mechanism connected with replication, which,
having commenced on one chromosome, would shift and be finished on the
other (Levinthal, 1954).

Lesions produced randomly on the irradiated genetic material would
interfere with the process of replication and therefore increase the fre-
quency of the replication shifting from one parental chromosome to the
other. This would result in a decrease of the size of the piece, or pieces,
contributed by the irradiated parent to recombinants. Hence an apparent
stretching of the linkage group.

The effect of 3*P disintegration

It is known that, like bacteriophages (Hershey, Kamen, Kennedy &
Gest, 1951), bacteria containing 32P of high specific radioactivity lose
their viability as a function of 32P decay (Fuerst & Stent, 1956). This method
is of special interest since the lethal effects of 32P decay cannot be accounted
for by the ionizations produced, but appear rather to result mainly from
‘short range’ consequence of radioactive disintegrations, such as the trans-
mutation 3P->325 or the recoil energy sustained by the decaying P nucleus
(Hershey et al. 1951; Stent, 1953). The favoured hypothesis is that the
lethal effect of 32P decay is due to those disintegrations which produce a
rupture in the DNA chain.

This method may be applied to the study of bacterial recombination by
mating 3?P-labelled Hfr donors with non-radioactive F-recipients. By com-
paring the results of two types of experiments, it is possible to distinguish
between the effects of 32P decay on integration and its effects on transfer.

In one type of experiment radioactive Hfr donors are mated with non-
radioactive recipients and 32P decay allowed to occur i the zygotes just after
mating, by storage in the cold. The capacity of the zygotes to give rise to
recombinants is then measured as a function of 2P decay. This type of
experiment makes it possible to measure the effect of 32P decay on
integration independently of any effect on transfer.

The second type of experiment consists in allowing 3P decay to occur
in the Hfr donors before mating. Radioactive Hfr bacteria are stored in the
cold and their mating capacity, that is their ability to transmit genetic
characters to recombinants upon mating with F~ non-radioactive recipients,
is measured as a function of 3*P decay. In this type of experiment radio-
active disintegration may affect both the transfer of the genetic material
and its integration (Fuerst, Jacob & Wollman, 1956, 1958).
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(1) The effects of 32P decay occurring in the zygotes after mating. When
radioactive Hfr donors are mated with non-radioactive F~ recipients in
non-radioactive medium and the early zygotes formed are stored in the
cold, it is found that the capacity of these zygotes to form recombinants of
any type decreases as a function of the time of storage, that is of 3P decay
(Fig. 4). This instability of the capacity of the early zygotes formed
indicates that the genetic segment contributed by the Hfr parent remains
susceptible to radioactive disintegration even after its transfer to the zygote.
This is proof that the effects of 32P decay are indeed a consequence of
events occurring in the genetic material.
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Fig. 4. Effect of ®°P decay occurring in the zygotes. Bacteria HfrH TsS® grown in a
medium containing 110 mc./mg. of radio-phosphorus are washed, resuspended in buffer
and mixed with an excess of non-radioactive P678 F~'T%S*, in amedium containing strepto-
mycin, to prevent the Hfr parent from synthesizing nucleic acids. After 40 min. at 37°,
KCN mM/100 and an excess of phage T; are added to stop conjugation (Hayes, 1957).
After 10 min. at 37°, the mixture is diluted in protective medium and samples are frozen

in gguid nitrogen. Every day a sample is thawed and aliquots are plated on selective
media.

The number of recombinants THL+ST, Gal*S® and T+L*Gal*S* (left, solid lines)
and the proportion of THL*S" recombinants having one of the Hfr characters Az®, T§,
Lact and Gal* (right) are plotted on a logarithmic scale versus the time in days and the
fraction of disintegrated 2P atoms. On the left figure are also plotted in dotted lines the

numbers of recombinants THL*S" having one of the Hfr characters Az?, T§, Lac* and
Galt, as calculated from the curves on the right.

When, in the same experiment, zygotes are sampled at different time
intervals after mating, it is found that the capacity of the zygotes to form
recombinants is the less sensitive to 32P decay the later the time of sampling
and that it becomes practically insensitive for the zygotes sampled after
120 min. This indicates that the genetic information carried by the injected
chromosomal segment of the radioactive Hfr has been transferred to
non-radioactive material.

Genetic analysis of the recombinants formed by early zygotes in the
course of 3P decay gives the following information. First of all, as may be
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seen on Fig. 4, the number of recombinants which inherit either the T+L+
characters or the Galt+ character of the Hfr parent decreases at about the
same rate, whereas the number of those recombinants which inherit ot/
the TH+L+ and the Gal* characters (T+L+Gal+S* recombinants) decreases
at a much faster rate. These results, which are comparable to those obtained
after ultra-violet treatment, indicate that the effect of 32P decay in the
zygote is to decrease the integration of the transferred genetic characters.
Analysis of the T+*L+S recombinants shows that the linkage of the T+L+
characters to any of the unselected markers located on the TL-Gal segment
of the Hfr donor such as Az®, T, Lact or Galt is the more sensitive to
32P decay the farther the marker is from T+L+. The initial slopes of
the curves thus obtained depend on the order and relative distances of
the characters located on the TL-Gal segment. These results suggest
that 3P disintegration destroys the integrity of genetic segments and
that the sensitivity of any genetic segment is roughly proportional to its
length.

It may be seen in Fig. 4 that the sensitivities of the linkages to T+L+
of the different markers decrease as a function of the time of storage and
finally tend to a common slope. The explanation for this fact appears to
be that the recombinants scored after a long time of storage correspond to
multiple crossovers which simulate a reduction in size of the contribution
of the Hfr chromosome,

(2) The effects of 3*P decay occurring in the Hir before mating. When
radioactive Hfr donors are stored and, after various time intervals, are
mated with non-radioactive F— recipients in non-radioactive medium, it is
found that the capacity of these Hfr to form recombinants of any type
decreases exponentially as a function of the time of storage (Fig. 5).
However, their capacity for transmitting to recombinants the characters
T+L+, proximal to O, decreases at a rate which is about one-third of the
rate at which their capacity to transmit the distal Gal* character decreases.
Moreover the capacity for transmitting both the T+L+* and the Gal*+
characters (T+L+Gal*S* recombinants) is lost at the same rate as the
capacity to transmit the Galt character alone (GaltS* recombinants). This
suggests that when 32P disintegration takes place in the Hfr, it affects
not only the process of integration but also the transfer of genetic material
from the donor to the recipient. Everything happens as though breaks had
occurred on the Hfr genetic segment, certain Hfr cells still being able to
transfer a proximal piece but not a distal one. Such an interpretation of the
results is in agreement with the hypothesis according to which the lethal
effects of 3P decay result from interruptions on the DNA chain (Stent &
Fuerst, 1955).
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Analysis of the T+L+S* recombinants as to the presence of the genetic
markers of the TL-Gal segment of the Hfr reveals that linkages T+LtAz,
T+L+Ts, T+L+Lact, etc. are the more sensitive, the farther away the marker
is, considered from the T+L+* selected characters (Fig. 5). By comparing the
rates of survival to 3°P decay of the linkages considered, one may determine
the order and relative distances of the markers, The fact, however, that
the radioactive Hfr lose their capacity for transmitting both the T+L+ and
Gal* characters together (T+L*GaltS* recombinants) at the same rate as
they lose their capacity of transmitting the Galt character alone (Galt$*
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Fig. 5. Effect of *?P decay occurring in the Hfr before mating. Bacteria HfrH grown in
a medium containing 70 mec./mg. of phosphorus are centrifuged, washed and resuspended
in protective medium. Samples are frozen in liquid nitrogen. Every day a sample is
thawed, resuspended in buffer and mixed in standard conditions with an excess of non-
radioactive recipient P678 F- (2-10® Hfr and 10® F~/ml.). After one hour at 37°, samples are
diluted and aliquots are plated on selective media.

The number of recombinants T+L+S*, Gal*S* and T+L+tGal*S* (left solid lines) and
the proportion of T+L+S" recombinants having one of the Hfr characters Az®, 'T%, Lac*
(right) are plotted on a logarithmic scale versus the time in days and the fraction of dis-
integrated 3?P atoms. On the left figure are also plotted in dotted lines the numbers of
T+L+S" recombinants having one of the Hfr characters Az, T§, Lact as calculated from
the curves on the right.
recombinants), indicates that the slopes of the curves of Fig. 5 represent
the rate of survival of the capacity of the Hfr to transmit any given character
to a recombinant. Since these survival curves remain exponential over a
long period, the mechanism of this loss in transmissibility of genetic
characters appears to be mainly, if not exclusively, an exponential decrease
of their transfer. The slopes of these survival curves would then be pro-
portional tothe distance of the various characters from the extremity O of the
chromosomal segment. When the relative rates of decay of the individual
markers are compared (TTL* o-35, Az 0-39, T% 043, Lact 0-67, Gal* 1),
they are found indeed to be very similar to the relative times of entry of
the same markers in a blendor experiment (T+L+ o-34, Az® 036, T% 0-44,

Lac* o-72, Galt 1).
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Disintegration of radiophosphorus therefore allows the determination of
the distances between genetic markers and the genetic maps which may
thus be drawn of chromosomal segments transferred at high frequency by
Hfr strains, are in every respect comparable with the maps, which may be
determined on the one hand by genetic analysis and on the other hand by
the time at which genetic characters are transferred in the course of

conjugation.

III. DISCUSSION

Recombination of genetic characters in bacteria may be achieved by dif-
ferent processes which all involve the transfer of genetic material from a
donor into a recipient bacterium. In the three known processes in which
this genetic transfer occurs there is little doubt that the information is
carried by DNA. In transformation, pieces of naked DNA are directly
taken in from the culture medium into the recipient bacteria. In trans-
duction, it is apparently a piece of bacterial DNA which has become
included within the protein coat of a phage and which, together with the
DNA of the phage, is injected into the recipient bacterium upon infection.
In bacterial conjugation, the process of genetic transfer is accomplished
by a more elaborate mechanism, which involves contact between bacteria of
opposite mating types and the oriented injection of a chromosomal segment
from the donor to the recipient. Non-chromosomal material, such as an
enzyme or vegetative phage, has been found not to be transferred to any
measurable extent during conjugation. Although such evidence is not
definite, it suggests that, if there is any transfer of cytoplasmic constituents,
it must be limited as compared with that of the genetic material. That this
genetic material is nucleic acid is indicated by the effects on the formation
of recombinants of 32P disintegration occurring in the zygotes when 32P-
labelled Hfr is mated with non-radioactive recipients.

"The most characteristic feature of bacterial conjugation is the progressive
transfer of an oriented chromosomal segment of the donor which always
injects the same extremity first into the recipient. The polarity of the
transfer offers an opportunity of determining the position and distances of
the genetic characters located on the chromosomal segment transferred by
different independent methods. We will briefly compare the results
obtained therewith.

Genetic analysis would allow an evaluation of the distances between
characters in terms of frequency of recombination between such characters.
However, the frequencies thus determined may vary according to the class
of recombinants selected. This results both from the incomplete nature of
the zygotes which contain the complete genome of the recipient and only



qgo GENETIC AND PHYSICAL DETERMINATIONS

a fragment of the donor’s, and from the variability in length of this fragment
among different zygotes. By selecting recombinants for characters proximal
to O (such as the T+L*S* recombinants obtained with HfrH), the re-
combination frequencies which may be measured (Fig. 1) would reflect
both the real probability of recombination occurring between two characters
and the heterogeneity in size of the segments transferred. Correction for
this latter effect, which is formally comparable to a defect in pairing of
homologous chromosomes (Cavalli & Jinks, 1956), may be obtained by
different methods. One of them is to select those zygotes which have
received chromosomal segments of equal length. This can be achieved by
comparing normal crosses with crosses between lysogenic Hfr and non-
lysogenic F~ where zygotic induction of the prophage selects those zygotes
which have not received the prophage (Jacob & Wollman, 19565; Wollman
& Jacob, 1957). Another method consists in assuming a constant prob-
ability of breakage per length unit of the chromosome and determining the
correction factor by trial and error. By combination of these two methods
corrected values of the distances between genetic characters have been
obtained which seem in good agreement with the results obtained with other
methods (Jacob & Wollman, unpublished).

Blendor experiments permit a representation of the distances between
genetic characters in time units by comparing their relative time of pene-
tration into the recipient. The validity of this representation depends upon
whether or not the transferred segment proceeds at a constant rate.
Comparison between experiments done at different temperatures (Fisher,
1957), and even more the comparison between blendor and 32P disinte-
gration experiments indicate that this is the case for the characters located
on the TL-Gal segment, that is along a segment which represents about
one-third of the total chromosome length. The rate of penetration appears
to decrease for characters located farther. It may be calculated that pene-
tration of the whole chromosome at a constant rate would take about a
hundred minutes.

Disintegration of radiophosphorus 32P in the Hfr prior to mating appears
to prevent the genetic markers from being transferred at a rate proportional
to their distance from the origin O, that is to the number of phosphorus
atoms existing between O and the marker considered. The genetic lesions
provoked by 32P decay appear, therefore, to be the direct consequence of
the 32P—32S transmutations which occur in the phosphodiester bonds which
form the backbone of the nucleotide chain of DNA. On assuming that the
efficiency of any radioactive disintegration is identical all along the chromo-
somal segment, a direct relationship may be established between the genetic
and the physical structures of this segment. However, in order to evaluate
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the distances between markers in terms of number of phosphorus atoms,
one must know what is the efficiency with which 2P disintegration prevents
transfer. In the absence of any direct information on this efficiency, the
assumption may be made, that it is the same as for the lethal effects in
bacteria and in phage.

It becomes thus possible to compare the different measures of the
chromosome of E. coli K-12. It is thus found that one minute in pene-
tration corresponds roughly to about 20 corrected recombination units and
to about 10° nucleotide pairs. This last figure is in agreement with an
independent estimate of the DNA content of an E. coli nucleus, which
would amount to about 10”7 nucleotide pairs, and of the time of transfer of
the whole chromosome at a constant rate, which would take about 100 min.
The three independent methods of measuring genetic segments in E. colf
K-12 are therefore in reasonable agreement.

IV. SUMMARY

(1) Conjugation between Hfr donor and F- recipient corresponds to the
oriented transfer, under a rather precise time schedule, of a chromosomal
segment from the donor to the recipient. The order and the distance
between the characters located on the segment may be determined both by
genetic analysis and by the time at which individual Hfr characters pene-
trate into the recipient.

(2) Various types of Hfr mutants may be isolated which differ by the
characters they are able to transfer with high frequency and by the order
in which the characters are transferred.

(3) By comparing the segments transferred with high frequency by
various Hfr mutants, it is possible to determine a complete sequence of
the known markers. Since no interruption can be observed, no extremity
can be determined in the linkage group. One is thus led to dispose all the
known genetic characters on a circle. In this model Hfr mutants would
result from the insertion of a factor and the consequent interruption of the
circle.

(4) Exposure of the Hfr donors to ultra-violet light before mating
impairs integration of the characters located on the transferred segment.
The number of genetic exchanges occurring between two given characters
is increased by irradiation. This suggests that recombination in bacteria
does not occur by breakage and reunion but rather by some ‘copying
choice’ mechanism.

(5) If Hfr donors containing 3?P are mated with non-radioactive
recipients, and if the mating process is interrupted early in order to allow
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32P decay to occur, the zygotes lose, as a function of time, their capacity to
produce recombinants. Radiophosphorus disintegration appears to act by
altering integration of the transferred Hfr markers.

(6) If radioactive Hfr are stored, in order to allow %P decay to occur
before they are mated with non-radioactive recipients, they lose, as a
function of time, their capacity to produce recombinants. Radiophosphorus
disintegration appears to act by altering both transfer and integration of
genetic material.

(7) Itispossible to determine, by this method, the order and the distances
between the markers located on the Hfr segment transferred with high
frequency. The genetic map thus obtained does not differ from the map
determined by other methods. It appears, therefore, possible to relate
information on K-12 genetic material gained by genetic and by physical
‘methods.
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. l“HERE is now a mass of indirect evidence which
suggests that the amino-acid sequence along the
polypeptide chain of a protein is determined by the
sequence of the bases along some particular part of
the nucleic acid of the genetic material. Since there
are twenty common amino-acids found throughout
Nature, but only four common bases, it has often
been surmised that the sequence of the four bases is
in some way a code for the sequence of the amino-
acids. In this article we report genetic experiments
which, together with the work of others, suggest that
the genetic code is of the following general type:
(a) A group of three bases (or, less likely, a multiple
of three bases) codes one amino-acid.
i (b) The code is not of the overlapping type (see
ig. 1).

(c) The sequence of the bases is read from a fixed
starting point.  This determines how the Ilong
sequences of bases are to be correctly read off as
triplets. There are no special ‘commas’ to show how
to select the right triplets. If the starting point is
displaced by one base, then the reading into triplets
is displaced, and thus becomes incorrect.

(@) The code is probably ‘degenerate’; that is, in
general, one particular amino-acid can be coded by
one of several triplets of bases.

The Reading of the Code

The evidence that the genetic code is not over-
lapping (see Fig. 1) does not come from our work,
but from that of Wittmann! and of Tsugita and
Fraenkel-Conrat? on the mutants of tobacco mosaic
virus produced by nitrous acid. In an overlapping
triplet code, an alteration to one base will in general
change three adjacent amino-acids in the polypeptide
chain. Their work on the alterations produced in the
protein of the virus show that usually only one
amino-acid at a time is changed as a result of treating
the ribonucleic acid (RNA) of the virus with nitrous
acid. In the rarer cases where two amino-acids are
altered (owing presumably to two separate deamina-
tions by the nitrous acid on one piece of RNA), the
altered amino-acids are not in adjacent positions in
the polypeptide chain.

Brenner? had previously shown that, if the code
were universal (that is, the same throughout Nature),
then all overlapping triplet codes were impossible.
Moreover, all the abnormal human hsemoglobins
studied in detail* show only single amino-acid changes.
The newer experimental results essentially rule out
all simple codes of the overlapping type.

If the code is not overlapping, then there must be
some arrangement to show how to select the correct
triplets (or quadruplets, or whatever it may be) along
the continuous sequence of bases. One obvious
suggestion is that, say, every fourth base is a ‘comma’.
Another idea is that certain triplets make ‘sense’,
whereas others make ‘nonsense’, as in the comma-free

codes of Crick, Griffith and Orgel>. Alternatively,
the correct choice may be made by starting at a fixed
point and working along the sequence of bases three
(or four, or whatever) at a time. It is this possibility
which we now favour.

Experimental Results

Our genetic experiments have been carried out on
the B cistron of the 7y region of the bacteriophage
T4, which attacks strains of Hscherichia coli. This is
the system so brilliantly exploited by Benzer®”.
The ri; region consists of two adjacent genes, or
‘cistrons’, called cistron A and cistron B. The wild-
type phage will grow on both E. coli B (here called
B) and on E. coli K12 () (here called K), but a phage
which has lost the function of either gene will not
grow on K. Such a phage produces an r plaque on B.
Many point mutations of the genes are known which
behave in this way. Deletions of part of the region
are also found. Other mutations, known as ‘leaky’,
show partial function; that is, they will grow on K
but their plaque-type on B is not truly wild. We
report here our work on the mutant P 13 (now
re-named FC 0) in the Bl segment of the B cistron.
This mutant was originally produced by the action
of proflavin®.

We?® have previously argued that acridines such
as proflavin act as mutagens because they add or
delete & base or bases. The most striking evidence in
favour of this is that mutants produced by acridines
are seldom ‘leaky’; they are almost always completely
lacking in the function of the gene. Since our note
was published, experimental data from two sources
have been added to our previous evidence: (1) we
have examined a set of 126 r;; mutants made with
acridine yellow; of these only 6 are leaky (typically
about half the mutants made with base analogues
are leaky); (2) Streisinger'® has found that whereas
mutants of the lysozyme of phage T4 produced by
base-analogues are usually leaky, all lysozyme
mutants produced by proflavin are negative, that is,
the function is completely lacking.

If an acridine mutant is produced by, say, adding &
base, it should revert to ‘wild-type’ by deleting a base.
Our work on revertants of FC 0 shows that it usually
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reverts not by reversing the original mutation but by
producing a second mutation at a nearby point on
the genetic map. That is, by a ‘suppressor’ in the
same gene. In one case (or possibly two cases) it
may have reverted back to true wild, but in at least
18 other cases the ‘wild type’ produced was really a
double mutant with a ‘wild’ phenotype. Other
workers!* have found a similar phenomenon with
rip mutants, and Jinks!? has made a detailed analysis
of suppressors in the Ay gene.

The genetic map of these 18 suppressors of ¥C 0
is shown in Fig. 2, line a. It will be seen that they
all fall in the B1 segment of the gene, though not all
of them are very close to ¥CO 0. They scatter over
a region about, say, one-tenth the size of the B
cistron. Not all are at different sites. We have
found eight sites in all, but most of them fall into
or near two close clusters of sites.

In all cases the suppressor was a non-leaky ». That
is, it gave an r plaque on B and would not grow on K.
This is the phenotype shown by a complete deletion
of the gene, and shows that the function is lacking.
The only possible exception was one case where the
suppressor appeared to back-mutate so fast that we
could not study it.

Each suppressor, as we have said, fails to grow on
K. Reversion of each can therefore be studied by
the same procedure used for #C 0. In a few cases
these mutants apparently revert to the original wild-
type, but usually they revert by forming a double
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duced as suppressors of these suppressors. Again all
these new suppressors are non-leaky r mutants, and
all map within the Bl segment for one site in the
B2 segment,

Once again we have repeated the process on two
of the new suppressors, with the samo general results,
as shown in Fig. 2, lines ¢ and j.

All these mutants, except the original FC 0,
occurred spontaneously. We have, however, pro-
duced one set; (as suppressors of F'C' 7) using acridine
yellow as a mutagen. The spectrum of suppressors
we get (see Fig. 2, line &) is crudely similar to the
spontaneous spectrum, and all the mutants are
non-leaky 7’s. We have also tested a (small) selection
of all our mutants and shown that their reversion-
rates are increased by acridine yellow.

Thus in all we have about eighty independent #»
mutants, all suppressors of FC 0, or suppressors of
suppressors, or suppressors of suppressors of sup-
pressors. They all fall within a limited region of
the gene and they are all non-leaky r» mutants.

The double mutants (which contain a mutation
plus its suppressor) which plate on K have a variety
of plaque types on B. Some are indistinguishable
from wild, some can be distinguished from wild with
difficulty, while others are easily distinguishable and
produce plaques rather like 7.

We have checked in a few cases that the pheno-
menon is quite distinct from ‘complementation’,
since the two mutants which separately are pheno-
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must be put together in the same piece of genetic
material. A simultaneous infection of K by the
two mutants in separate viruses will not do.

No. 4809

The Explanation in Outline

Our explanation of all these facts is based on the
theory set out at the beginning of this article.
Although we have no direct evidence that the B
cistron produces a polypeptide chain (probably
through an RNA intermediate), in what follows we
shall assume this to be so. To fix ideas, we imagine
that the string of nucleotide bases is read, triplet by
triplet, from a starting point on the left of the B
cistron. We now suppose that, for example, the
mutant FC 0 was produced by the insertion of an
additional base in the wild-type sequence. Then this
addition of a base at the FC 0 site will mean that the
reading of all the triplets to the right of FC 0 will
be shifted along one base, and will therefore be incor-
rect. Thus the amino-acid sequence of the protein
which the B cistron is presumed to produce will be
completely altered from that point onwards. This
explains why the function of the gene is lacking. To
simplify the explanation, we now postulate that a
suppressor of FC 0 (for example, FC 1) is formed by
deleting a base. Thus when the FC 1 mutation is
present by itself, all triplets to the right of FC 1
will be read incorrectly and thus the function will be
absent. However, when both mutations are present
in the same piece of DNA, as in the pseudo-wild
double mutant FC (0 + 1), then although the
reading of triplets between F'C 0 and FC 1 will be
altered, the original reading will be restored to the
rest of the gene. This could explain why such double
mutants do not always have a true wild phenotype
but are often pseudo-wild, since on our theory a
small length of their amino-acid sequence is different
from that of the wild-type.

For convenience we have designated our original
mutant FC 0 by the symbol -+ (this choice is & pure
convention at this stage) which we have so far con-
sidered as the addition of a single base. The suppres-
sors of F'C 0 have therefore been designated —. The
suppressors of these suppressors have in the same way
been labelled as +, and the suppressors of these last
sets have again been labelled — (see Fig. 2).

et e s ehbmdat s shaicdel B
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Double Mutants

We can now ask: What is the character of any double
mutant we like to form by putting together in the
same gene any pair of mutants from our set of about
eighty ? Obviously, in some cases we already know
the answer, since some combinations of a + with a —
were formed in order to isolate the mutants. But, by
definition, no pair consisting of one + with another -+
has been obtained in this way, and there are many
combinations of + with — not so far tested.

Now our theory clearly predicts that all combina-
tions of the type + with + (or — with —) should
give an r phenotype and not plate on K. We have
put together 14 such pairs of mutants in the cases
listed in Table 1 and found this prediction confirmed.

Table 1. DOUBLE MUTANTS HAVING THE r PHENOTYPE
- With - + With +
FC (1 + 21) FC (0 + 58) FC (40 + 57)
FC (23 + 21) FC (0 + 38) FC (40 + 58)
FC (1 + 23) FC (0 + 40) FC (40 + 55)
FCQ +9) FC (0 + 53) FC (40 + b4)
FC(0 + 58) FO (40 + 38)

At first sight one would expect that all combinations
of the type (+ with —) would be wild or pseudo-wild,
but the situation is a little more intricate than that,
and must be considered more closely. This springs
from the obvious fact that if the code is made of
triplets, any long sequence of bases can be read
correctly in one way, but incorrectly (by starting
at the wrong point) in two different ways, depending
whether the ‘reading frame’ is shifted one place to
the right or one place to the left.

If we symbolize a shift, by one place, of the reading
frame in one direction by — and in the opposite
direction by <—, then we can establish the convention
that our + is always at the head of the arrow, and
our — at the tail. This is illustrated in Fig. 3.

We must now ask: Why do our suppressors not
extend over the whole of the gene ? The simplest
postulate to make is that the shift of the reading
frame produces some triplets the reading of which is
‘unacceptable’; for example, they may be ‘nonsense’,
or stand for ‘end the chain’, or be unacceptable in
some other way due to the complications of protein
structure. This means that a suppressor of, say,
FC 0 must be within a region such
that no ‘unacceptable’ triplet is pro-
duced by the shift in the reading
- frame between FC 0 and its sup-
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pressor. But, clearly, since for any
sequence there are two possible mis-
readings, we might expect that the
‘unacceptable’ triplets produced by
a - shift would occur in dif-
ferent places on the map from those

produced by a <« shift.

delehion addition Examination of the spectra of

suppressors (in each case putting

+ < = in the arrows —> or <—) suggests
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anywhere within our region (though
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Fig. 3. To show that our convention for arrows is consistent. The letters 4, B and C
each represent a different base of the nucleic acid. For simplicity a repeating sequence
of bases, 4 BC, is shown. (This would code for a polypeptide for which every amino-acid
was the snme.), A triplet code is assumed. The dotted lines represent the imaginary
reading frame’ implying that the sequence is read in sets of three starting on the left

deletion

not outside it) the shift <, starting
from points near F'C 0, is acceptable
over only a more limited stretch.
This is shown in Fig. 4. Some-
where in the left part of our region,
between FC 0 or FC 9 and the
FC 1 group, there must be one or
more unacceptable triplets when
& ~<— shift is made; similarly for
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the region to the right of the FC 21 cluster. Thus
we predict that a combination of a 4 with a
— will be wild or pseudo-wild if it involves a —
shift, but that such pairs involving a <— shift will be
phenotypically » if the arrow crosses one or more of
the forbidden places, since then an unacceptable
triplet will be produced.

Table 2, DOUBLE MUTANTS OF THE TYPE (+ WITH —)
N FC41 FCO FC40 FC 42 FC 58* FC 63 FC 38
FC1 W w w W W
FC 86 W w W w w
FC 9 i w W w w w
FC 82 r w w w W
FC 21 r w W W
FC 88 r r W w
FC 87 » 7 7 » W

W, wild or pseudo-wild phenotype; 1, wild or pseudo-wild com-
bination used to isolate the suppressor; r,  phenotype. .

* Double mutants formed with FC 58 (or with ¥C 34) give sharp
plaques on XK.

We have tested this prediction in the 28 cases
shown in Table 2. We expected 19 of these to be
wild, or pseudo-wild, and 9 of them to have the »
phenotype. In all cases our prediction was correct.
We regard this as a striking confirmation of our
theory. It may be of interest that the theory was
constructed before these particular experimental
results were obtained.

Rigorous Statement of the Theory

So far we have spoken as if the evidence supported
a triplet code, but this was simply for illustration.
Exactly the same results would be obtained if the
code operated with groups of, say, 5 bases. Moreover,
our symbols + and — must not be taken to mean
literally the addition or subtraction of a single base.

Tt is easy to see that our symbolism is more exactly
as follows:

+m, modulo n
—m, modulo n

+ represents
— represents

where n (a positive integer) is the coding ratio (that
ig, the number of bases which code one amino-acid)
and m is any integral number of bases, positive or
negative.

It can also be seen that our choice of reading
direction is arbitrary, and that the same results (to
a first approximation) would be obtained in whichever
direction the genetic material was read, that is,
whether the starting point is on the right or the left
of the gene, as conventionally drawn.

Triple Mutants and the Coding Ratio

The somewhat abstract description given above is
necessary for generality, but fortunately we have
convinecing evidence that the coding ratio is in fact
3 or a multiple of 3.

This we have obtained by constructing triple
mutants of the form (+ with + with + ) or (— with —
with —). One must be careful not to make shifts

Table 3. TRIPLE MUTANTS HAVING A WILD OR PSEUDO-WILD PHENO-
TYPE

FC (0 + 40 + 38)

FC (0 + 40 + 58)
FC (0 + 40 + 57)
FC (0 + 40 + b4)
FC (0 + 40 + 55)
FC (1 + 21 + 23)
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Fig. 4. A simplified version of the genetic map of Fig. 2. Each
line corresponds to the suppressor from one mutant, here under-
lined. The arrows show the range over which suppressors have so
far been found, the extreme mutants being named on the map.
Arrows to the right are shown solid, arrows to the left dotte:

across the ‘unacceptable’ regions for the <«— shifts,
but these we can avoid by a proper choice of mutants.

We have so far examined the six cases listed in
Table 3 and in all cases the triples are wild or pseudo-
wild.

The rather striking nature of this result can be
seen by considering one of them, for example, the
triple (F'C 0 with #'C 40 with FC 38). These three
mutants are, by themselves, all of like type (+). We
can say this not merely from the way in which they
were obtained, but because each of them, when
combined with our mutant FC 9 (—), gives the wild,
or pseudo-wild phenotype. However, either singly
or together in pairs they have an r phenotype, and
will not grow on K. That is, the function of the
gene is absent. Nevertheless, the combination of ail
three in the same gene partly restores the function
and produces a pseudo-wild phage which grows on K.

This is exactly what one would expect, in favourable
cases, if the coding ratio were 3 or a multiple of 3.

Our ability to find the coding ratio thus depends
on the fact that, in at least one of our composite
mutants which are ‘wild’, at least one amino-acid
must have been added to or deleted from the poly-
peptide chain without disturbing the function of the
gene-product too greatly.

This is & very fortunate situation. The fact that we
can mako these changes and can study so large a
region probably comes about because this part
of the protein is not essential for its function. That
this is so has already been suggested by Champe
and Benzer!® in their work on complementation in the
rg region. By a special test (combined infection on
K, followed by plating on B) it is possible to examine
the function of the A cistron and the B cistron
separately. A particular deletion, 1589 (see Fig. 5)
covers the right-hand end of the 4 cistron and part
of the left-hand end of the B cistron. Although
1589 abolishes the A function, they showed that it
allows the B function to be expressed to a considerable
extent. The region of the B cistron deleted by 1589
ig that into which all our FC mutants fall.

Joining two Genes Together

We have used this deletion to re-inforce our idea
that the sequence is read in groups from a fixed
starting point. Normally, an alteration confined
to the A cistron (be it a deletion, an acridine mutant,
or any other mutant) does not prevent the expression
of the B cistron. Conversely, no alteration within
the B cistron prevents the function of the 4 cistron.
This implies that there may be a region between the
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two cistrons which separates them and allows their
functions to be expressed individually.

We argued that the deletion 1589 will have lost
this separating region and that therefore the two
(partly damaged) cistrons should have been joined
together. Experiments show this to be the case,
for now an alteration to the left-hand end of the
A cistron, if combined with deletion 1589, can prevent
the B function from appearing. This is shown in
Fig. 5. Either the mutant P43 or X142 (both of
which revert strongly with acridines) will prevent the
B function when the two cistrons are joined, although
both of these mutants are in the A cistron. This is
also true of X142 S1, a suppressor of X142 (Fig. 5,
case b). However, the double mutant (X142 with
X142 S1), of the type (+ with --), which by itself is
pseudo-wild, still has the B function when combined
with 1589 (Fig. 5, case ¢). We have also tested in this
way the 10 deletions listed by Benzer?, which fall
wholely to the left of 1589. Of these, three (386, 168
and 221) prevent the B function (Fig. 5, case f),
whereas the other seven show it (Fig. 5, case e¢). We
surmise that each of these seven has lost a number of
bases which is a multiple of 3. There are theoretical
reasons for expecting that deletions may not be
random in length, but will more often have lost a
number of bases equal to an integral multiple of the
coding ratio.

It would not surprise us if it were eventually shown
that deletion 1589 produces a protein which consists
of part of the protein from the A cistron and part
of that from the B cistron, joined together in the same
polypeptide chain, and having to some extent the
function of the undamaged B protein.

No. 4809

Is the Coding Ratio 3 or 6 ?

It remains to show that the coding ratio is pro-
bably 3, rather than a multiple of 3. Previous rather
rough extimates!®!t of the coding ratio (which are
admittedly very unreliable) might suggest that the
coding ratio is not far from 6. This would imply, on
our theory, that the alteration in #C 0 was not to one
base, but to two basecs (or, more correctly, to an even
number of bases).

‘We have some additional evidence which suggests
that this is unlikely. First, in our set of 126 mutants
produced. by acridine yollow (referred to earlier)
we have four independent mutants which fall at or

Function
< A cistron ——> <« Bdstron—> cistron
s} % ] - J
= T ~ L] T
L OAMMA S R J

e N—— -
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1589

Fig. 5. Summary of the results with deletion 1589. The first two
lines show that without 1589 a mutation or a deletion in the 4
cistron does not prevent the B cistron from functioning. Deletion
1589 (line 8) also allows the B cistron to function. The other
cases, in some of which an alteration in the 4 cistron prevents
the function of the B cistron (when 1589 is also present), are
discussed in fhe text, They have been labelled (a), (b), ete., for
convenience of reference, although cases (a) and (d) are not
discussed in this paper. ,/implies function; x implies no function
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Fig. 6. Genetic map of P 83 and its suppressors, W2’ 1, efc,

The region falls within segment B9a near the right-hand end of

the B cistron, It is not yet known which way round the map is
in relation to the other figures

close to the FC 9 site. By a suitable choice of
partners, we have been able to show that two are +
and two are —. Secondly, we have two mutants
(X146 and X225), produced by hydrazine'®, which
fall on or near the site FC 30. These we have been
able to show arée both of type —.

Thus unless both acridines and hydrazine usually
delete (or add) an even number of bases, this evidence
supports a coding ratio of 3. However, as the action
of these mutagens is not understood in detail, we
cannot be certain that the coding ratio is not 6,
although 3 seems more likely.

/e have preliminary results which show that other
acridine mutants often revert by means of close
suppressors, ‘but it is too sketchy to report here.
A tentative map of some suppressors of P 83, a
mutant at the other end of the B cistron, in segment
B 9a, is shown in Fig. 6. They occur within a shorter
region than the suppressors of FC 0, covering a
distance of about one-twentieth of the B cistron.
The double mutant WT' (2 + 5) has the » phenotype,
as expected.

Is the Code Degenerate?

If the code is a triplet code, there are 64 (4 x 4 x 4)
possible triplets. Our results suggest that it is unlikely
that only 20 of these represent the 20 amino-acids
and that the remaining 44 are nonsense. If this
were the case, the region over which suppressors of
the FC 0 family occur (perhaps a quarter of the B
cistron) should be very much smaller than we observe,
since a shift of frame should then, by chance, pro-
duce a nonsense reading at a much closer distance.
This argument depends on the size of the protein
which we have assumed the B cistron to produce.
We do not know this, but the length of the cistron
suggests that the protein may contain about 200
amino-acids. Thus the code is probably ‘degenerate’,
that is, in general more than one triplet codes for
each amino-acid. It is well known that if this were
so, one could also account for the major dilemma of
the coding problem, namely, that while the base
composition of the DNA can be very different in
different micro-organisms, the amino-acid composi-
tion of their proteins only changes by a moderate
amount!®, However, exactly how many triplets
code amino-acids and how many have other functions
we are unable to say.

Future Developments

Our theory leads to one very clear prediction.
Suppose one could examine the amino-acid sequence
of the ‘pseudo-wild’ protein produced by one of our
double mutants of the (+ with —) type. Conven-
tional theory suggests that since the gene is only
altered in two places, only two amino-acids would
be changed. Our theory, on the other hand, predicts
that a string of amino-acids would be altered, covering
the region of the polypeptide chain corresponding
to the region on the gene between the two mutants.
A good protein on which to test this hypothesis is

© 1961 Nature Publishing Group



1232

the lysozyme of the phage, at present being studied
chemically by Dreyer!” and genetically by Streisin-
gerlo,

At the recent Biochemical Congress at Moscow, the
audience of Symposium 1 was startled by the
announcement of Nirenberg that he and Matthaei'®
had produced polyphenylalanine (that is, a poly-
peptide all the residues of which are phenylalanine)
by adding polyuridylic acid (that is, an RNA the bases
of which are all uracil) to a cell-free systerm which can
synthesize protein. This implies that a sequence of
uracils codes for phenylalanine, and our work suggests
that it is probably a triplet of uracils.

It is possible by various devices, either chemical or
enzymatic, to synthesize polyribonucleotides with
defined or partly defined sequences. If these, too,
will produce specific polypeptides, the coding problem
is wide open for experimental attack, and in fact
many laboratories, including our own, are already
working on the problem. If the coding ratio is indeed
3, as our results suggest, and if the code is the same
throughout Nature, then the genetic code may well
be solved within a year.

We thank Dr. Alice Orgel for certain mutants and
for the use of data from her thesis, Dr. Leslie Orgel
for many wuseful discussions, and Dr. Seymour
Benzer for supplying us with certain deletions. We
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are particularly grateful to Prof. C. . A. Pantin for
allowing us to use a room in the Zoological Museum,
Cambridge, in which the bulk of this work was done.
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SCIENCE AND WORLD AFFAIRS

HE Seventh Pugwash Conference on Science

and World Affairs was held at Stowe, Vermont,
during September 5-9. Forty-one scientists from
twelve countries attended the Conference*.

This Conference had as its theme ‘“International
Co-operation in Pure and Applied Science”. The
previous conferences have been chiefly concerned
with ways of preventing the misuse of science in the
wholesale destruction of maukind. In this Conference
at Stowe, constructive international co-operation in
science was discussed, because it is a way to create
trust between nations, a trust which develops from
common interests and from experience in working
together.

Science misused. by nations to foster their com-
petitive interests as world powers makes possible the
destruction of mankind. Science used co-operatively
by all nations for the increase of human knowledge
and the improvement of man’s productive capacity
can give all men on Earth a satisfactory and worth-
while life. Scientists bear a responsibility both to
foster the constructive use of science and to help in
preventing its destructive use.

The deliberations of the Conference were carried
out in plenary sessions and in mectings of working
groups. Similar suggestions for co-operative research

* 8ir John Crawford (Australia); Prof, Hans Thirring (Austria);
Prof. C. Pavan (Brazil); Prof. G. Nadjakov (Bulgaria); Prof. G.
Burkhardt (Federal Republic of Germany); Sir Edward Bullard,
Prof. A. Haddow, Sir Ben Lockspeiser, Prof. J. Rotblat (Great Britain) ;
Prof. F. B. Straub (Hungary); Dr. G. Bernardini (Italy); Prof. T.
Toyoda (Japan); Prof. B. V. A. Roling (Netherlands) ; Academician
A. A, Blagonravov, Academician N. N. Bogolubov, Academician M. M.
Dubinin, Prof. V. M. Khvostov, Academician N, M. Sissakian, Prof.
N. A. Talensky, Academician I. E. Tamm, Academician A. V. Topchiev
(U.8.8.R.); Prof. Harrison Brown, Dr. William_ Consolazio, Prof.
Paul Doty, Prof. Bentley Glass, Prof. C. O’D. Iselin, Dr. Martin
Kaplan, Prof. Chauncey Leake, Prof. Linus Pauling, Prof, Jay Orear,
Prof. W. Pickering, Mr. Gerard Piel, Prof. I. Rabi, Prof. Eugene
Rabinowitch, Dr. Roger Revelle, Prof. Alexander Rich, Prof. Walter
Rosenblith, Dr, Eugene Staley, Dr. Alvin Weinberg, Prof. Eugene
‘Wigner, Prof. J. R. Zacharias (United States).

activities arose independently from different working
groups, and this is reflected in several places in the
statement. This is & welcome indication of the
essential unity in science. The discussions were
carried on in a spirit of friendly co-operation, and
full agreement was reached by the entire Conference
on the suggestions enumerated here.

(I) Co-operation in the Earth Sciences

The planet Earth is the common abode of all
humans. They have a common interest, both intel-
lectual and practical, in increasing the knowledge of
the structure and dynamics of the Earth.

The following proposals were made by the Confer-
ence.

(A) A4 survey of the entire ocean in three dimensions.
(1) The ocean floor. An international programme was
proposed to develop a detailed map of the floor of the
world ocean, including sub-bottom reflecting layers.

(2) Waters of the ocean. An international pro-
gramme should be devised to survey and map
the three-dimensional distribution of temperatures,
salinity, density, dissolved oxygen, and nutrient salts,
under average conditions, of the ocean and synoptic
surveys to develop the broad picture of seasonal and
shorter-period changes in more limited areas, as well
as the study of the interactions among the major
bodies of water in the ocean.

(3) Ocean life. An international survey and map-
ping showing the major biological provinces of the
ocean and determination of the fertility of the waters
at all levels in the food chain and the standing crop
of food materials available for human use should be
undertaken.

(B) Earth’s crust and mantle. Deep drilling pro-
gramme. The objective of drilling through the

© 1961 Nature Publishing Group



VoL. 47, 1961 GENETICS: S. BENZER 403

1 Biesele, J. J., Mitotic Poisons and the Cancer Problem (Amsterdam: Elsevier, 1958).

2 Zamenhof, S., R. de Giovanni, and S. Greer, Nature, 181, 827 (1958).

3 Dunn, D. B., and J. D. Smith, Nature, 175, 336 (1955).

4 Shapiro, H. 8., and E. Chargaff, Nature, 188, 62 (1960).

5 Litman, R. M., and A. B. Pardee, Nature, 178, 529 (1956).

¢ Djordjevic, B., and W. Szybalski, J. Exp. Med., 112, 509 (1960).

7 Kit, S., C. Beck, O. L. Graham, and A. Gross, Cancer Res., 18, 598 (1958).

8 Hsu, T. C., D. Billen, and A. Levan, unpublished data.

® Hsu, T. C., and D. 8. Kellogg, Genetics and Cancer, (University of Texas Press, 1959), p. 183.
0 Hsu, T. C., Univ. Texas Publ., 5914, 129 (1959).

11 Humphrey, R. M., unpublished data.

12 Yerganian, G., and M. J. Leonard, Science (in press).

13 McCoy, T. A., M. Maxwell, and P. F. Kruse, Proc. Soc. Exp. Biol. & Med., 100, 115 (1959).
14 Hgu, T. C., and D. S. Kellogg, J. Nat. Cancer Inst., 25,221 (1960).

5 Hsu, T. C., and D. S. Kellogg, J. Nat. Cancer Inst., 24, 1067 (1960).

16 Kit, S., unpublished data. :

17 Dewey, W. C., unpublished data.

18 Szybalski, W., personal communication.

19 Freese, E., Brookhaven Sym#. in Biol., 12, 63 (1959).

2 Schwartz, D., Genetics, 45, 1141 (1960).

21 Yerganian, G., and C. A. Livingston, Proc. Am. Ass'n Cancer Res., 2, 159 (1956).

22 Livingston, C. A., and G. Yerganian, Genetics, 41, 652 (1956).

23 Szybalski, W., discussion of paper by Freese, Brookhaven Symp. in Biol., 12, 75 (1959).
24 Zamenhof, S., and G. Griboff, Nature, 174, 306 (1954).

ON THE TOPOGRAPHY OF THE GENETIC FINE STRUCTURE

By SEYMOUR BENZER

DEPARTMENT OF BIOLOGICAL SCIENCES, PURDUE UNIVERSITY
Read before the Academy, April 27, 1960*

In an earlier paper,! a detailed examination was made of the structure of a small
portion of the genetic map of phage T4, the rII region. This region, which controls
the ability of the phage to grow in Escherichia colz strain K, consists of two adjacent
cistrons, or functional units. Various rII mutants, unable to grow in strain K,
have mutations affecting various parts of either or both of these cistrons. The
topology of the region; i.e., the manner in which its parts are interconnected, was
intensively tested and it was found that the active structure can be described as a
string of subelements, a mutation constituting an alteration of a point or segment
of the linear array.

This paper is a sequel in which inquiry is made into the topography of the struc-
ture, i.e., local differences in the properties of its parts. Specifically, are all the
subelements equally mutable? If so, mutations should occur at random throughout
the structure and the topography would be trivial. On the other hand, sites or
regions of unusually high or low mutability would be interesting topographic fea-
tures. '

The preceding investigation of topology was done by choosing mutants showing
no detectable tendency to revert. This avoided any possible confusion between
recombination and reverse mutation, so that a qualitative (yes-or-no) test for re-
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combination was possible. The class of non-reverting mutants automatically
included those marked by relatively large alterations, which will be referred to as
“‘deletions.” Such a mutant is defined for the present purposes as one which inter-

ht cht he m (IL tu (28 h m ht M tu tubt
o m— 1 T I | N | NN S S - ]
P2 <
’ =~
’ =~
’ S <
’ RS
s, N
’ S~
’ S~

I = Standard
ri2r2

77 777

p— 778 ETYY
p—— /77N
T 7 77
7 7 777
I 7 7 7 7
7777

(27277 reTI

rPB242
r A 105

Z77ZZ r 638

T T
Segment: Al A2 A3 A4 A5 A6 B

Fi1a. la.—At the top, the r11 region is shown compared with the entire
genetic map of the phage. This map is a composite!® of markers mapped
in T4 and the related phage T2. Seven segments of the ri1 region are de-
fined by a set of ‘‘deletions’’ beginning at different points and extending
to the right-hand end (and possibly beyond, as indicated by shading).

sects (fails to give recombination with) two or more mutants that do recombine
with each other. Deletions provided overlaps of the sort needed to test the topol-
ogy and to divide the map into segments.

The present investigation of topography, however, is concerned with differentia-
tion of the various points in the structure. For this purpose mutants which do
revert are of the greater interest, since they are most likely to contain small alter-
ations. Asa rule (there are exceptions) an rII
mutant that reverts behaves as if its alteration

X mitantx  were localized to a point. That is to say, mu-

tants that intersect with the same mutant also
intersect with each other. In a cross, recom-
o ——— 1241 bination can be scored only if it is.clearly de-
T tectable above the spontaneous reversion noise
i} ™M of the mutants involved. Therefore, the pre-

Fie. lb-—MafP'mg a mutation by  ¢ision with which a mutation can be mapped
use of the reference deletions. If 7, . . .
mutant x has a mutation in segment 1, is limited by its reversion rate. The detailed
;tm‘fu‘.’ve’,i?lﬂggg)gf’ ggﬁra ;’i‘ﬁy‘;‘;‘ :’e}: analysis of topography can best be done with
combinants (as indicated by the mutants having low, non-zero reversion rates.
dotted line) can only arise when x is Some thousands of such rII mutants, both
crossed with 71241. .

spontaneous and induced, have been analyzed
and the resultant topographic map is presented here.

Assignment of Mutations to Segments.—To test thousands of mutants against one
another for recombination in all possible pairs would require millions of crosses.
This task may be greatly reduced by making use of deletions. Each mutant is first
tested against a few key deletions. The recombination test gives a negative result

R - 1272
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if a deletion overlaps the mutation in question and a positive result if it does not
overlap. These results quickly locate a mutation within a particular segment of the
map. It is then necessary to test against each other only the group of mutants
having mutations within each segment, so that the number of tests needed is much
smaller. In addition, if the order of the segments is known, the entire set of point
mutations becomes ordered to a high degree, making use of only qualitative tests.
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F16. 2.—Crosses for mapping 711 mutations. The photograph is a composite of
four plates. Each row shows a given mutant tested against the reference
deletions of Figure la. Plaques appearing in the blanks are due to revertants

resent in the mutant stock. The results show each of these mutations to be
ocated in a different segment. .

Procedure for crosses—The broth medium is 1%, Difco bacto-tryptone plus 0.5%,
NaCl. For plating, broth is solidified with 1.29, agar for the bottom layer and "
0.7% for the top layer. Stocks are grown in broth using E. coli BB which does
not discriminate between rir mutants and the standard type. To cross two
mutants, one drop of each at a titer of about 10° phage particles/ml is placed in a
tube and cells of E. coli B are added (roughly 0.5 ml of a 1-hour broth culture
containing about 2 X 108 cells/ml). The rII mutants are all able to grow on
strain B and have an opportunity to undergo genetic recombination. After allow-
ing a few minutes for adsorption, a droplet of the mixture is spotted (using a sterile
paper strip) on a plate previously seeded with E. coli K. If the mutants recombine
to produce standard type progeny, plaques appear on K. A negative result
signifies that the proportion of recombinants 1s less than about 10739, of the
progeny.

Within any one segment, however, the order of the various sites remains undeter-
mined. This order can still be determined, if desired, by quantitative measure-
ments of recombination frequencies.

In order to facilitate this project many more deletions have been mapped than
were described in the previous paper. These suffice to carve up the structure into
47 distinct segments. By virtue of the proper overlaps, the order of almost all of
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these segments is established. Observe first the seven large mutations in Figure la.
These are of a kind which begin at a particular point and extend all the way to one
end. Thus, they serve to divide the structure into the seven major segments
shown.

Consider a small mutation located in the segment Al, as indicated in Figure 1b.
It is overlapped by r1272 and therefore when crossed with it cannot give rise to
standard type recombinants. It will, however, give a positive result with r1241
or any of the others, since, with them, recombinants can form as indicated by the
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F1c. 3.—Deletions used to divide the main segments of Figure 1 into 47 smaller segments.
(Some ends have not been used to define a segment, and are drawn fluted.) The A and B cistrons,
which are defined by an independent functional test, coincide with the indicated portions of the
recombination map. Most of the mutants are of spontaneous origin. Possible exceptions are
EM66, which was found in a stock treated with ethyl methane sulfonate, and the PT and PB
mutants, which were obtained from stocks treated with heat at low pH. The PT mutants were
contributed by Dr. E. Freese.
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dotted line. A point mutation located in the second segment will give zero with
mutants r1272 and r1241 but not with the rest, and so on. Thus, if any point
mutant is tested against the set of seven reference mutants in order, the segment in
which its mutation belongs is established simply by counting the number of zeros.
Figure 2 shows photographs of the test plates for seven mutants, each having its
mutation located in a different segment. '

Only these seven patterns, with an uninterrupted row of zeros beginning from
the left, have ever been observed for thousands of mutants tested against these
seven deletions. The complete exclusion of the other 121 possible patterns con-
firms the linear order of the segments.
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Now a given segment can be further subdivided by means of other mutations
having suitable starting or ending points. Figure 3 shows the set used in this study
and the designation of each segment. Each mutant is first tested against the seven
which have been chosen to define main segments. Once the main segment is known,
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Fic. 4—The test pattern which identifies the location of a
point mutation in each of the segments of Figure 3. The test is
done in two stages. An unknown mutant is first crossed with the
“big seven’’ of Figure 1 in order. Zero signifies no detectable
recombination and one signifies some, and the number of zeros
defines the major segment. Once this is known, the mutant is
crossed with the pertinent selected gl;oup of deletions to de-

. termine the small segment to which it belongs.

the mutant is tested against the appropriate secondary set. Figure 4 shows the
pattern which identifies the location of a point mutation within each of the small
segments. Thus, in two steps, a point mutation is mapped into one of the 47 seg-
ments.
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The order of the first 42 segments, Ala through B6, is uniquely defined. Unfor-
tunately, there remains a gap between r1299 and rW8-33. Therefore the order
of segments B8 through B10, although fixed among themselves, could possibly be
the reverse of that shown.” Also if there exists space to the right of segment B10,
a mutation in that segment might map as if it were in segment B7, so that the latter
segment must be tentatively regarded as a composite. ’

In the previous topology paper, the possibility that the structure contains
branches was not eliminated. As pointed out by Delbriick, the existence of a
branch would not lead to any contradiction with a linear topology if loss of a seg-
ment containing the branch point automatically led to loss of the entire branch.
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F1a. 5.—Correlation of the results of deletion mapping with the conventional method. A: .
The map constructed by Chase and Doermann? for ten rir mutants of phage T4B, using quantita-
tive measurements of recombination frequency. The imterval between adjacent mutations is

drawn proportional to the frequency of recombination ins cross between the two. C: The map
constructed in similar fashion by Edgar et al. (personal.communication) with rII mutants of the

very closely related phage T4D. The procedure used by Edgar et al. gives higher recombination
frequencies. Therefore, the scales of the two maps are adjusted in the figure to produce a good
over-all fit. Some of the mutations cover severaf)sites and are drawn as having a corresponding
length. A gap is left between the two cistrons because crosses between mutations in (fifferent
cistrons give abnormally high frequencies due to the role of heterozygotes?s.

All of these mutations have also been mapped by the deletion method, and dotted lines indicate
their locations in the various segments (B). The length of each segment is drawn in proportion
to the number of distinct sites that have been found within it.

To show that a given segment is not a branch, it is required to find a mutation which
penetrates it partially. From the mutations shown in Figure 3, it can be concluded
that no branch exists that contains more than one of the 47 segments.

Comparison of Deletion Mapping by Recombination Frequencies.—The conven-
tional method of genetic mapping makes use:of recombination frequency as a
measure of the distance between two mutations and requires careful quantitative
measurements of the percentage of recombinarnt type progeny in each cross. By
the method of overlapping deletions the order of mutations can be determined en-
tirely by qualitative yes-or-no spot tests. Maps obtained independently by the two
methods are compared in Figure 5. The upper part of the figure (A) shows the
order obtained by Chase and Doermann? for a set of ten mutants, the distance be-
tween adjacent mutations being drawn proportional to the percentage of standard-
type recombinants occurring among the progeny of a cross between the two. The
central part of the figure (B) shows the rII region divided into the segments of
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Figure 3, with the size of each segment drawn in proportion to the number of dis-
tinct sites which have been discovered within it (see below). As indicated by the
dotted lines, there is perfect correlation in the order. In the lower part of the
figure, a similar comparison is made for a set of II mutations in the closely related
phage strain T4D, which have been mapped, using recombination frequencies, by
Edgar, Feynman, Klein, Lielausis, and Steinberg. Again the order agrees perfectly
with that obtained by the use of deletions.

Topography for Spontaneous Mutations.—We now proceed to map reverting
mutants of T4B which have arisen independently and spontaneously. The pro-
cedure is exactly as in Figure 4: first localizing into main segments, then into smaller
segments. Finally mutants of the same small segment are tested against each
other. Any which show recombination are said to define different sites. If two
or more reverting mutants are found to show no detectable recombination with each
other, they are considered to be repeats and one of them is chosen to represent the site
in further tests. A set of distinct sites is thus obtained, each with its own group of
repeats.

This procedure is based on the assumption that revertibility implies a point mu-
tation. While this is a good working rule for rII mutants, a few exceptions have
been found which appear to revert (i.e., give rise to some progeny which can produce
detectable plaques on stain K) yet fail to give recombination with two or more
mutants that do recombine with each other. If a mutant chosen to represent a
“site’’ happens to be of this kind, mutations it overlaps will appear to be at the same
site. Therefore, a group of ‘“repeats” remains subject to splitting into different
groups when they are tested against each other. This has not yet been done for
all of the sites described here. It is, of course, in the nature of the recombination
test that it is meaningful to say that two mutations are at different sites, while the
converse conclusion is always tentative.

Figure 6 shows the map obtained for spontaneous mutants, with each occurrence
of a mutation at a site indicated by a square. Within each segment the sites are
drawn in arbitrary order. Other known sites are also indicated even though no
occurrences were observed among this set of spontaneous mutants.

That the distribution is non-random leaps to the eye. More than 500 mutations
have been observed at the most prominent ‘hotspot,” while, at the other extreme,
there are many sites at which only a single occurrence, or none, has so far been
found.

To decide whether a given number of recurrences is significantly greater than
random, the data may be compared with the expectation from a Poisson distribu-
tion. Figure 7 shows a distribution calculated to fit the least hot of the observed
spontaneous sites, i.e., those at which one or two mutations have occurred, on the
assumption that these sites belong to a uniform class of sites of low mutability.
Comparing the observations with this curve, it would seem that if a site has four
occurrences, there is a two-thirds probability that it is truly hotter than the class of
sites of low mutability. Those having five or more are almost certainly hot. It
can be concluded that at least sixty sites belong in a more mutable class than the
coolest spots. Whether the hot sites can be divided into smaller homogeneous
groups, assuming a Poisson distribution within each class, is difficult to say. Each
of the two hottest sites is obviously unique.



>
[
(-]
»
Ll
-4
@
]
® &
3 o
L]
o
>
4
d
~
@
©
-]
@
R
»
o
a
@
w0
o
o
o
@
o
o >
N [-Jd
o
@
>
o0
a
- ~
. - cxod-
B cistron -8
— — — om— — o— — — — — >
3
. o
A cistron I: >
o

1144

1‘!:VV
*

PPV

oly

obv

1V
1

sey
o2y

qzv

v L1 uev
v
_ﬁ._.t_&..l_l_l_l_l.w

p-ogy
%2v p2v 32V

2v

I A S A e
%M%ﬂmn;%4jwﬂﬁiﬁm

2y syav
ey .
(A4



VoL. 47, 1961 GENETICS: S. BENZER 411

From the distribution it can be predicted that there must exist at least 129
spontaneous sites not observed in this set of mutants. This is a minimum estimate
since it is calculated on the assumption that the 2-occurrence sites are no more
mutable than the 1-occurrence sites. If this is not correct, the predicted number of
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F1e. 7.—Distribution of occurrences of spontaneous mutations at various sites. The
dotted line indicates a Poisson distribution fitted to the numbers of sites having one and
two occurrences. This predicts a minimum estimate for the number of sites of comparable
mutability that have zero occurrences due to chance (dashed column at n = (). Solid bars
indicate the minimum numbers of sites which have mutation rates significantly higher
than the one- and two-occurrence class.

0-occurrence sites will be larger. Also, of course, there could exist a vast class of
sites of much lower mutability. With 251 spontaneous sites identified and at least
129 more to be found, the degree of saturation of the map achieved with this set of
1,612 spontaneous mutants can be no greater than 66 per cent.

-

F1e. 6.—Topographic map of the rII region for spontaneous mutations. Each square rep-
resents one occurrence observed at the indicated site. Sites with no occurrences indicated are
known to exist from induced mutations and from a few other selected spontaneous ones. The
order of the segments is known for Ala through B7, but is only tentative for B7 through B10.'
The arrangement of sites within each segment is arbitrary.

Each mutant arose independently in a plaque of either standard-type T4B or, in somewhat less
than half of the cases, revertants of various rII mutants. All revertants (except F) gave results
very similar to T4B. The Eat’oem for rII mutants isolated from revertant F differs noticeably
only in a reduced rate at the hotspot 117 (the site of its original rII mutation) and therefore does
not significantly alter the topography. All the data for mutants isolated from standard type and
from revertants are pooled in this figure.
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Topography for Induced Mutations.—By the use of specific mutagens, new topo-
graphic features are revealed. This has been shown for rII mutants induced
during reproduction of the phage inside the bacterial host cell with 5-bromouracil
(Benzer and Freese?®), proflavine (Brenner, Barnett, and Benzer*), and 2-amino-
purine (Freese’). Other effective mutagens are 2,6-diaminopurine (Freese®) and
5-bromodeoxycytidine (Gregory, personal communication). Mutations may also
be induced in vitro, i.e., in extracellular phase particles, by ethyl methane sulfonate
(Loveless®) and nitrous acid (Vielmetter and Wieder;? Freese;® Tessman?).

rII mutants induced by all of these mutagens have now been mapped with respect
to each other and spontaneous ones, and the results are given in Figure 8 (facing
page 416) which shows the locations of over 2,400 induced and spontaneous muta-
tions. Only rII mutants that have low reversion rates and are not too “leaky’’ on K
have been included.

Each “spectrum’’ differs obviously from the spontaneous one. While the specifi-
cities of the various mutagens overlap in many respects, each differs significantly
from the others at specific points. In making the comparison it must be borne in
mind that the total number of mutants mapped is not the same for each mutagen
and also that each induced set inevitably includes some proportion of spontaneous
mutants. (An upper limit to this background can be set from the number of
occurrences at the hottest spontaneous sites.) Also, none of the spectra are
“saturated.” Therefore, even if two mutagens act similarly upon a given site, it is
possible, due to chance, that a few occurrences would be observed in one spectrum
and not the other. Within these limitations, the map shows the comparative
response at each site to each mutagen as well as the locations of various kinds of
hotspots in various segments of the r1I region.

The study of the induced mutations has added 53 new sites to the 251 identified
by the spontaneous set alone, bringing the total to 304. (Four sites more are shown
in Figure 8, but they come from a selected group of mutants outside this study.)
Thus, a closer approach toward saturation of all the possible sites must have been
made. By lumping together all the data, both spontaneous and induced, one can
again make an estimate of the number of sites which must be detectable if one were
to continue mapping mutants in the same proportion for the same mutagens. The
result is that there must exist still a minimum of 120 sites not yet discovered. This
appears discouragingly similar to the estimate based on spontaneous mutations
alone. However, it need not be surprising if the use of mutagens brings into view
some sites which have extremely low spontaneous mutability. With 308 sites
identified and at least 120 yet to be found, the maximum degree of saturation of the
map is 72 per cent.

Discussion.—One topographic feature, non-random mutability at the various
sites, is obvious. Another question is whether mutable sites are distributed at
random, or whether there exist portions of the map that are unusually crowded with
or devoid of sites. The mapping technique used here defines only the order of sites
from one segment to another (but not within a given segment). The distance be-
tween sites remains unspecified. However, all mutations in a segment more distal
to a given point must be farther away than those in a more proximal segment. If
the number of sites in a segment is used as a measure of its length, as in Figure 5, it
can be seen that there is no major discrepancy between these distances and those
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defined in terms of another measure of distance, recombination frequency. On a
gross scale, therefore, there is no evidence for any large portion of the rII region
that is unusually crowded or roomy with respect to sites. This does not necessarily
mean that some other measure of distance would not reveal such regions, since it is at
least conceivable that mutable sites coincide with points highly susceptible to re-
combination. The distribution of sites on a finer scale, within a small segment,
remains to be investigated.

The number of points at which mutations can wreck the activity of a cistron is-
very large. This would be expected if a cistron dictates the formation of a poly
peptide chain and ‘“nonsense” mutations!® are possible which interrupt the com-
pletion of the chain. Such mutations would be effective at any point of the struc-
ture, whereas ones which lead to “missense,” i.e., the substitution of one amino
acid for another, might be effective at relatively special points or regions which are
crucial in affecting the active site or folding.

It would be of interest to compare the number of genetic sites to the material
embodiment of the rII region in terms of nucleotides. Unfortunately, the size of
the latter is not well known. Estimates based upon its length, in units of recom-
bination frequency compared to the length of the entire genetic structure, are un-
certain. A more direct attempt has been made using equilibrium sedimentation in
a cesium chloride gradient and looking for a change in density of mutants known by
genetic evidence to have portions of the rII region deleted (Nomura, Champe, and
Benzer, unpublished). This technique has been successful in characterizing de-
fective mutants of phage A (Weigle, Meselson, and Paigen!!) and is sufficiently
sensitive to detect a decrease of 1 per cent in the amount of DNA per phage particle,
but has so far failed with II mutants. Although other explanations are possible,
this result may suggest that the physical structure corresponding to the rII region
represents less than 1 per cent of the total DNA of the phage particle, or less than
2,000 nucleotide pairs. If this is so, the number of possible sites would be of the
order of at least one-fifth of the number of nucleotide pairs.

The data show that, if each site is characterized by its spontaneous mutability
and response to various mutagens, the sites are of many different kinds. Some
response patterns are represented only once in the entire structure. According to
the Watson-Crick model!? for DNA, the structure consists of only two types of
elements, adenine-thymine (AT) pairs and guanine-hydroxymethylcytosine (GC)
pairs. This does not mean, however, that there can only be two kinds of mutable
sites, even if a site corresponds to a single base pair. Considering only base pair
substitutions, a given AT pair can undergo three kinds of change: AT can be re-
placed by GC, CG, or TA. Certain of these changes may lead to a mutant pheno-
type, but some may not. The frequency of observable mutations at a particular
AT pair will be determined by the sum of the probabilities for each type of change,
each multiplied by a coefficient (either one or zero) according to whether that specific
alteration at that particular pair does or does not represent a mutant type. Thus,
if the probability that a base pair will be substituted is independent of its neighbors,
the various AT sites may have seven different mutation rates. Similarly, there are
seven rates possible for the various GC sites, so that it would be possible to account
for fourteen classes by this mechanism. Some of these may have (total) spontane-
ous mutation rates that are similar. If a mutagen induces only certain substitu-



414 GENETICS: 8. BENZER Proc. N. A S.

" tions, it will facilitate further discriminations between sites but there should still be
no more than fourteen classes.

If one allows for interactions between neighbors, the number of possible classes
increases enormously. Such interactions are to be expected. As an example,
consider the fact that AT pairs are held together much less strongly than are GC
pairs.!? If several AT pairs occur in succession, this segment of the DNA chain
will be relatively loose, making it easier to consummate an illicit base pairing dur-
ing replication. Thus, guanine and adenine, which make a very satisfactory pair
of hydrogen bonds but require a larger than normal separation between the back-
bones, could be more readily accommodated. This would lead, in the next repli-
cation, to a replica in which one of the AT pairs has been substituted by a CG
pair, with the orientation of purine and pyrimidine reversed. Thus, a region rich
in AT pairs will tend to be more subject to substitution. If the same (standard-
type) phenotype can be achieved by alternative sequences, the ones containing
long stretches of AT pairs would tend to be lost because of their high mutability.
In other words, cistrons ought to have evolved in such a way as to eliminate hot-
spots. The spontaneous hotspots that are observed would be remnants of an
incomplete ironing-out process. In fact, a map of the rII region of the related
phage T6 (Benzer, unpublished) also shows hotspots at locations corresponding to
r131 and r117. However, while the first of these has a mutability similar to
that in T4, the second is lower by a factor of four.

This point is emphasized by the data on reverse mutations. It is not uncommon
for an rII mutant to have a reverse mutation rate that is greater than the total
forward rate observed for the composite of at least 400 sites. That some of these
high-rate reverse mutations represent true reversion (and not “‘suppressor” muta-
tions) has been established in several cases by the most stringent criteria, including
the demonstration that the revertant has exactly the same forward mutation rate at
the same site as did the original standard type (Benzer, unpublished). It would
therefore appear that certain kinds of highly mutable configurations are system-
atically excluded from the standard form of the rII genetic structure, and a mutation
may recreate one of these banned sequences.

In the attempt to translate the genetic map into a nucleotide sequence, the detec-
tion of the various sites by forward mutation is necessarily the first step. By
studies on the specificity of induction of reverse mutations,'* one site at a time can
be analyzed in the hope of identifying the specific bases involved.

Summary.—A small portion of the genetic map of phage T4, the two cistrons of
the 7II region, has been dissected by overlapping ‘“‘deletions’ into 47 segments.
If any branch exists, it cannot be larger than one of these segments. The over-
lapping deletions are used to map point mutations and the map order established
by this method is consistent with the order established by the conventional method
that makes use of recombination frequencies. Further dissection has led to the
identification of 308 distinct sites of widely varied spontaneous and induced muta-
bility. The distributions throughout the region for spontaneous mutations and
those induced by various chemical mutagens are compared. Data are included for
nitrous acid and ethyl methane sulfonate acting in vitro, and 2-aminopurine, 2,6-
diaminopurine, 5-bromouracil, 5-bromodeoxycytidine, and proflavine acting in
vivo. 'T<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>