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Abstract:

Three independent derivatives of Salmonella blegdam, strain SB2, have exhibited the capacity to
produce a temperate bacteriophage which lyses SB2. On seven occasions, lysogenic cells were isolated
directly from these derivatives, The event leading to lysogeny or phage production occurs at mutational
frequency. It was concluded, therefore, that SB2 carries at least most of the hereditary specifications of
a temperate bacteriophage to which It is sensitive. Further mutational changes in phage related
properties observed in SB2 derivatives included changes from sensitivity to immunity, changes from
lysogeny back to sensitivity and changes from one level of lysogenic productivity and ultra-violet
inducibility to another.

Most of the changes in phage related properties were accompanied by mutational changes affecting
other unrelated bacterial properties which included nutritional requirements, motility, flagellar and
somatic antigens, fermentation, colony morphology and antibiotic sensitivity. The prevalence of these
coupled mutations argues that the changes in phage related properties are position effects rather than
"point mutations".

Coupling between two or more mutations affecting non-phage related properties also occurs.
Sometimes coupling is maintained for both forward and reverse mutation. This type of coupling usually
involves a reciprocity, while one mutation restores a function, the coupled mutation abolishes another.
In other situations, the coupling is lost once the mutations have occurred. Events occur which increase
the probability of specific mutations. Some coupled mutations are "abortive" for they lead to functional
genes which do not replicate. The cell has a "memory" for previous mutation so that reciprocal
mutational changes occur between loci which were previously mutated.

Different auxotrophs showed different levels of UV inducibility. Examination of the degree of UV
inducibility of particular auxotrophs led to the hypothesis that the site on the chromosome of a
particular mutation was correlated with the location of prophage. Thus prophage is visualized as a
movable element which can locate at many sites on the bacterial chromosome but is particularly
'attracted' to sites of mutation.

The hypothesis was advanced that the coupled mutations were controlled by an episomal element to
which the symbol S was applied. This element can change position on the chromosome and suppress
the activity and alter the mutability of adjacent genes. Prophage and S may occasionally become linked
thus coupling bacterial mutations with phage property mutations.
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ABSTRACT

Three independent derivatives of Salmonella blegdam, strain SB2, have
exhibited the capaecity to produce a temperate bacteriophage which lyses SB2.
On seven occasions, lysogenic cells were isolated directly from these
derivatives. The event leading to lysogeny or phage production occurs at
mutational frequency. It was concluded, therefore, that SB2 carries at
least most of the hereditary specifications of a temperate bactericphage to
which it is sensitive. Further mutational changes in phage relsted pro=
perties observed in SB2 derivatives included changes from sensitivity to
immunity, changes from lysogeny back to gensitivity and changes from one
level of lysogenic productivity and ultra-violet inducibility to anothero

Most of the changes in phage related properties were accompanied by
mutational changes affecting other unrelated bacterial properties which
included nutritional requirements, motility, flagellar and somabtic antigens,
fermentation, coleny morphology and anmbtibiotic sensitivity. The prevalence
of these coupled mutations argues that the changes in phage related
properties are position effects rather than "point mutations".

Coupling between two or more mutations affecting non-phage related
properiies alse occurs., Sometimes coupling is maintained for both forward
and reverse mutation. This type of coupling usuelly involves a reciprocity,
while one mutation restores a function, the coupled mutation abolishes
another, In other situations, the coupling is lost once the mutations have
occurred. Events occur which increase the probability of specific mutations.
Some coupled mutations are "abortive” for they lead to functional genes
which do not replicate. The cell has a "memory" for previous mutation so
.~ that reciprocal mutational changes occur between loci which were previously

mitated.

Different auxotrophs showed different levels of UV inducibility.
Examination of the degree of UV inducibility of particular auxetrophs led
to the hypothesis that the site on the chromosome of a particular mutation
was correlated with the locatien of prophage. Thus prophage is visualized
as a movable element which ean locate at many sites on the bacterial
chromosome but is particularly ‘'attracted' to sites of mutation.

The hypothesis was advanced that the coupled mutations were controlled
by an episomal element to which the symbol S was gpplied. This element can
change position on the chromgsome and suppress the activity and alter the
mutability of adjacent genes. DProphage and S may occasionally become linked
thus coupling bacterial mutations with phage property mutations.




GENERAL INTRODUCTION

The phylogenetic relationship between viruses ahd the genes of
their hosfé'is of considerable theoretical and practical interest;
Various bacteriophage-bacteriﬁm systems have proven extremely useful in
approaching the p.robl'emo Within these systems a diversity of situations
has been described, and these situations can be assigned <(with vérying
degrees of certainty) to stages in the phylogeny of virulent phage from
the normal bacterial genes:(or vice zgggg)e These include such
phenomgna as "weakly viruient"-phage, virulent phage capable of lyso-
genization with the help~of‘re1ated temperate phage, classic inducible
temperate phage, phage occupyiné specific sites on the bacterial lipkage
map, non-inducible temperate phage, defective temperate phage, host
induced modifications, etc. -

Until recently, however; no system has been available in which- the
entire sequence from sensitive £o lysogenic bacterium could be studied

(without the intervention of extra-clonal phage). This appears now. to

be provided by the Escherichia coll B -~ P2 system. The work of Bertani

(1957) and Cohen (1959) ﬁad led to the suspicion that E. EQEE.B carried
genes capablé of functioning in the témperate phage P2, and Rutberg and
Hédin (1960) succeeded in provoking P2 releasé by pressurized sphaero-

plasts of this strain. The pre;iminary report does not characterize the
feleased phage in detail, but its identification as P2 implies a capacity
to lysogenize E. coli B. Surprisingly, the transition from P2-sensitive

to P2-releaser (and thence to P2-lysogenic by feasible population
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interactions) is abrupt, and does not involve a long series of sequential
/eventé of mutational frequency.
A second system involving the entire sensitive~to-lysogenic transi-

tion has been discovered in Salmonells blegdam and is the subject of

this report. TImportant differences from the E. coli B - P2 system have
been revealed, but the ééneral interpretation invokes, as does that of
Rutberg and Hédin, profound spatial rearrangements within the cell as the
basic cause of the transition.

In the course of the investigation, several other intimately related’
but independently significant phenomena weré uncovered and are considered
here., These include "shift mutations™ ffom‘one auxotrophic state to
another; reversible shifts from a monophasic (H antigen) condition fo.a
diphasic condition involving a_ total of three antigens (two previously
undescribed for S. blegdam); synchronized mutations of two or more such
diverse genes as those détermining immunity, phage production, auxotrophy,
flagellar antigens, somatic antigens, sugar fermentation, colony
morphology, flagellar production, flagellar function and antibiotic -
sensitivity; mutational events'resulting‘in altered frequency of muta-

tion; and mutant genes which show linear inheritance.




MATERTALS AND METHODS

A, Bacterial and Bacteriophage Strains

A1l bacteria employed in the present work were derived from itwo

Salmonella blegdam strains originally studied at the University of

Adelaide, Australia (Atkinson and Bullas, 1957). The following details
about ‘the origin of these strains are pertinent. |
T@rough 1952 - 1957 a survey was conducted at the University of
Adelaide to determine the incidence of lysogeny amongst different
Salmonella groups. Many independent isolations from nature were studied,
most of them from children and adults suffering from gastroenteritis.
Among the strains studied were about fifty which were classified as

Salmonella blegdam. That is, they possessed the somatic antigens 9 and

12 (thus belonging to Group D in the Kauffmenn-White Schems ) and were
monophasic for the flagellar antiéehic complex gmg.

The method used to determine lysogenicity was an adaptation of the
cross-plating method developed by‘Fisk (1948) in which each culture is
treated as both a potential lysogenic strain and as an indicator. By
this method, only one S. blegdam strain (#ﬁ3) could be shown to be
lysogenic. With reference to the:phage produced by #43, some of the
remaining strains were resistant, some sensitive, One of the‘latter
(##9) was selectéd as the standard propagating strain for future work.
Sincé collec%ions of most other Salmonella are predominately lysogenic

(see Burnet 1932; Boyd 1950; Atkinson et al 1952), the demonstration of

only' one lysogenic.S. blegdam was remarkable. The detection of lysogeny




he
is, of course, a function of the array of indicator strains available.
Accordingly, it was suspected that the resistance of some of the Se
blegdam strains to the phage produced by #43 mlght be due to cross-
immunity conferred by an undetected prophage° In fact the unusual
behaviour of #h9 in serlal broth culture suggested that it too might
harbor a prophage or prophage-like element 1n a hitherto undescribed
state, for such cultures rapidly and mass1vely become re51stant t0 the
phage p?qduced by'#ﬁ3¢- This suspicion is supported by the experiments
reported here. :

Stralns #43 and #49 were selected for further study and here have
been renamed SBL and SB2 respectlvely° All other strains dealt with
are derivati&es of one'of these two (nemely SB2) and have been given
designatione such as SB3, SB4, SB§ ete. representing chronological
order of isoletiono ' |

The phage‘produced by SBl was originally called BhBh/h9 but has
been renamed fSBli PSBlL form; lagge furbid plagques on SB2 and is mere
completely described under Results. ,The phaée; produced by other
bacterial strains are similarly neped by inserting P before the name
of the bacterial strain. ‘ |

B. Culture Media, Diluents and Supplements

Except where indicated, all final concentrations given below are
in grams per liter of distilled water. All culture media were

sterilized in the autoclave at 15 lbs. pressure for 20 minutes.
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Nutrient Agar (yé): Difco nutrient broth 8, NaCl 5, agar:.15.

L-broth (LB): Baétotryptone 10, yeast extract 5, NaCl 5,
glucose 1. The pﬁ ﬁas adjusted to 7.2 with 1 N NaOH before
sterilizationg— (Lennox, 1955)

L-agar (LA): L-broth ingredients 21, agar 10.

Top Layer Agar (TL): Difco nutrient broth 8, NaCl 5, agar 6.5.

Motility Medium (MM): . Bacto. Casitone 10, yeast extract 3,

agar 4, Difco gelatin 80, NaCl 5. The pH was adjusted to

7.2 with 1 N NaOH after sterilization. (Edwards, 1942)

BEosin Methylene Blue Medium (EMB): Casein digest 10, yeast
extract 1, NaCl 5, K;HPQy 2, Eosin ¥ 0.4, Methylene Blue
0,065, agar 15, sugar 10. (Lederberg, 1950)

Davis Minimel Liquid Medium (DMB): Glucose 1, K,HPO, 7,

KHEPOh 2, crystalline sodium citrate 0.5, crystalline MgSOh
0.1, crystalline (NHM)ZSOM 1; the sugar and the othef saltq
were sterilized:separately and added together only after )

sterilization. (Lederberg, 1950)

Nitrogen free DMB: Ingredients as for DMB with the omission

of the (NH)y),S0,.

Davis Minimel Agar(DMAY: DMB ingredients 11.6, agar 15; the
glucose and agar were added to a portion of the water, the
other salts added to the remaining portion, each mixture

sterilized separately and then added together.
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Saline: NaCl 8.6.

Antibiotics: The following were added to media where appropriate
to give thé indicated final concentrations: Penieillin G,
cerystalline potassium (Eli Lilly'and Co.) 300)ug/ml; bihydro-
streptomycin sulphate (Nutritional Biochemical Corp.)

250 pg/uml; Chloramphenicol (Pfizer Co.) 30)pg/mi.

Growth Factors: The following were added to minimal media

where appropriate to give the indicated finsl concentrations,
according to Lederberg (1950): Arginine .02 gm/ml, cytosine
.02, glutamic acid ,02, lysine .02, methionine .02, nicotinic
acid .001, para-agino-bgnzoic acid ,001, phenylalanine .02,
tyrosine .02, trygtophan .02,

C. GQGeneral Methods

1. Storage of Bacteria and Phage

Bacteria were stored on NA slants at room temperature, with
routine subculture only at 12 monthly intervals. Strains in more general
use were subcultured moré'ffequently whenever it was deemed necessary,

Bacteriophage lysates were stored in the refrigerator at 49, éfﬁer
sterilization at 65°C - 70°C in a water bath, for 30 minutes.

2. Working Cultures

Por most purposes, overnight (app;ox. 20 hrs.) L-broth cultures
were employed. For certain purposes log phése cultures were obtained by
inoculating 20 ml of L-broth in a Petri dish with 0.1 mi of.an,overnight

culture and placing on a rotary shaker at 37°C for two hours.




3. Trradiation Procedures

Ultra~violet irradiation and induction experiments were
carried out with a 2 bar ultra-violet lamp, model 2324k, manufactured
by the Dazor Manufacturing Corporation, St. Louis, Missouri, U.S.A.
The lamp was placed at a distance of 50 cm from the center of u Petri
dish containing'5 ml of the culbure to be irradiated, on a rotating
platform which rotated at a speed of approximately one revplutlon per
second. Timeé‘éf irradiation varied with'the experiment but ail
irradiations'wgre carried out with the same arrangement of lamp and
culture,

4. Isolation of Mutants

The specific procedures used for the iselation of many mutants .
are detailed under the Results. The general methods employed for~the
isolation of auxotrophs were those of Lederberg (1950) and are given
below,

Mn012 - Penieillin Method

SB2 was grown in L-broth at 37°C for 24 hours. The culture was
then centrifuged and the sediment resuspended in 2 ml of 0.3 M NaCl and
placed in a water ‘bath at 3700 for ome hour. The culture was again centri-
fuged, washed once in distilled water and resuspended in 2 ml of 0,04 M MoCls
solution for two hours at 37°Co Aiter another centrifugation 1 loopful of
the depo;ited-cells, emulsified in the small ameunt of liquid that remained
in the tube after decantation, was inoculated into 5 ml. of L-broth and

incubated overnight at 37°C.
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The overnight culture was washed twice in sterile, distilled water and
resuspended in 5 ml of nitrogen free DMB and incubated at 37°C for six hours.
The culture was again centrifuged and resuspended in 5 mi ef DMB with the
addition of 300 units of peniciliincGo After overnight incubation, the
culture was diluted out in saline and 0.1l ml of appropriate dilutions (lO”u,
10'5, 10’6)‘were plated out on NA to obtain isolated colonies. Plates
showing suitable colony density were replicated to DMA (Lederberg and
Lederberg, 1951) anq incubated for 24 hours. The replicated DMA plates were
then compared with the original NA plates and those colonies which appeared
on the MA plates but not on the DMA plates were picked off and streaked on

NWA. A single colony was rechecked to test its -auxotrophy, and its growth

requirement identified.

Ultra~Violet Irradiation

NA plafes spread with 0.l ml of an undiluted overnight L-broth culture
of SB2 wereuirradiéted with UV for about 30 seconds and incuﬁated Gvernigh£o
The surviving colonies were then replicated to DMA and auxotrophic colonies
identified in the same manner as used ia the MhClé = penicillin ﬁethod@ ’

5. Identification of Growth Factor Requirements

The method followed closely that described by Lederberg (1950)
DMA plates were spread with 0.1 ml of appropriate growth factors and 1
loopful of the overnight L-broth culture, washed twice in saline, was
streaked on the- dried plate. The nature of the growth requirement was first
identified by tesﬁ&ng for grewth with yeast extract and vitaminy‘amine gcid

and puriqe-pyrimidine pools. The individual components of the appropriate
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pool which elicited growth were then tested éingly and the specific growth
factor identified.

6. Lysogenicity Tests

The method was adapted from that described by Fisk (1942) and is
described here as.the Mixed Growth Test. The potential lysogenic strain
was grown in mixed culture on an L plate witq SB2, After overnight incubsa-
tion, the mixed growfh vas removed from the plate, emulsified in 1 ml:of
L-broth and centrifuged to clarify. The clear supernatant fluid was~theﬁ‘
tested for lysis of SB2 on L-agar.

At the same time the culture was tested for semnsitivity to lysis
by phage PSBLl by the method of Craigie and Yen (1938) and described here
as the Patch fest Method. This combination of two tests defines three
types of cultufe: .

(l) Cultﬁres iyéed by phaege PSBL but producing no phage;in:
mixed culture with SB2 - cailed Jnon-lysogenic';

(2) Cultures not iysed by phage PSBl but producing no phége
in mixed culfure with SB2 éalled 'immune'j . h

(3) Cultures not lysed by phage PSBl and producing lysis of
SB2 after growth in mixed culture - called 'lysogenic',

Similar Mixed arowth Tests were performed &sing bacteria other than

SB2 as potential propagating and indicator strain as described under Results.

T. Assays of Cells and Phage

Cells were assayed by diluting in saline and plating on NA.

Phage was assayed by the agar layer method originally introduced by
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Gratia (1936), quoted by Adams (1959) and in general use by most phage
workers, A two ml sample of melted TL medium at 45°C was inoculated with
0.2 ml of an overnight culture of indicator cells (532 unless otherwise
stated); 0.1 ml of appropriate dilutions of phage in L;broth was added to
-each tube and the mixture poured onﬁo the surface of a dried L-plate.
After solidification, plates were incubated at 37% overnight and>the
plaques counted.

Where desirable viable cells were destroyed by heating the lysate

before assay at 65-70°C for 30 minutes.

8. Single Step Growth Curves of Phage

Singie step growth curves of phages on SB2 were obtained following
closely the metﬁods outlined by Adams (1959)9 Three kinds of preliminary
information were necessary: (1) The growth rate of SB2, (2) the rate of
neutralization of the given phage by antiserum pfepared against PSBl and
(3) the rate of adsorption of the given phage to 8B2. .

The growth rate of SB2 was determined as follows: Twenty ml of
L-broth, inoculated with 0. mIofan overnight L-broth culture of SB2 was:
placed in a Petri dish on a rotary shaker at 37°C and #he viable cells
estimated by takiné hourly samples. From the growth curve it was found
that 1 x lO8 viable bacteria/ml were cbtained after about twe hours incuba-
tion. Bacteria for the determination of neutraiizatioﬁ rate and adsorptioﬁ
rate and the single step growth curvé itself were grown under the same i
conditions as for the cell growth curve, |

The rate of neutralization of phage by anti-PSBl serum was determined
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as follows: Antiserum was diluted 1/10 and 1/100 in L-broth. SB2, grown
under standard conditions to approximately 1 x 1687ml was assayed. Phage“
was also diluted to_approximately 1x 108/ml and assayed, To 0,9 ml of
the dilutions of antiserum was added 0.1 ml of the phage and the mixture
placed at 37°C. At five and 10 minutes after mixing 0.1l 'ml samples were
removed, added to 9.9 ml of chilled broth, and assayed for phage. The
percentage of phage inactivated was calculated and the K value determined
by the method of Adams (1959) The dilution of antiserum required %o
neutralize 99% of phage in five minutes was then calculated°

The nate of adsorption of a phage to SBQ was, determined as follows:
SB2 was grown under standard conditions to l x loﬁ/ml and assayéd. Phage‘
was diluted to 1 x 108/ml and assayed. To h, 5 ml of culture at 37°C was
added 0.5 ml of phage° At 10 and 15 mlnute intervals after mixing, O.1°
ml samples were removed and added to 9.9 ml of chilled L»brothu Volumes
of 1 ml were centrifuged and assayed for phage. The percentage of phage
adsorbed at 10 and 15 minutes was then calculated.

With the three preceding kinds of information:single step growth
curves were constructed as follows: SB2 tas.groﬁn.under standard
conditions to 1 x 108/ml and assayed. Phage was dlluted to 1 x 108/1111
and also assayed. The phage antiserum was diluted out to the dilutlon
calculated to neutralize.99% of phage in five mimites (1/4). The protocol

of the single step growth curve was:
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Time Tube : l Procedure

0 mins l. adsorption l. 0.1 ml phage added to 0.9 ml SB2.
5 mins 2. neutralization 2. 0.l ml of 1. to 0.9 ml antiserum.
10 mins 3. dilution 3. 0.1 ml of 2. t0 0.9 ml broth.
11 mins k. F.G.T. . 4., 0.1 ml of 3. to 9.9 ml broth.
12 mins 50 B.GTe 5. 1.0 ml of 4. to 9.0 ml broth.

F.G.T. » First Growth Tube,
S.G.T, = Second Growth Tube.

All tubes were placed in a watér bath at 37°C. At five minute
intervals 0.1 nl-sampleswere removed from the F.G.T. and S.G.T. and assayed
for phage. From the results,‘the latent period and the average burst size
were calculated.

9. Serological Methods

a. Antisera ' )

Antisera against the Salmonella H antigens a, b, ¢, d, i and
1, 2, 3, 5, §, 1 were obtained from lLederle. Other antisera were specifically
prepared according to the following procedures.

(l) Vaccines

Methods in general use and described by Edwards and

Ewing (1951) were applied. The H suspension consisted of an overnight
L%broth culture of SB2 which had been inoculated %rom the edge of a swarm
on M. To the culture was added an equal volume of 0.6% formol-saline and

the whole heated at 56° for 30 minutes.

0 suspensions were prepared by removing the growth of SB2 from sgveral
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NA plates with saline, washing once in ‘saline and.placing the resulting
suspension in a current of steam at 100°¢ for 2 1/2 hours. For injeétion,
the suspension was diluted to an opacity equivalent to 109 organisms/ml.
Aﬁtiserum against phage PSBl was made using a heat sterilized prepara-
tion of PSBL with a titer of 5 x 108/ml,

(2) Production of Antiserum

Antisera were prepared in rabbits. Animals were bled
from the marginal ear vein prior to the immunization and the resulting sera

A

were first used as controls in agglutination or neutralization tests to
detect any non-specific reaq'bion° | |

Rebbits were inJected intravenously into theé margiral ear vein with
0.25 ml, 6.5 ml and thereafter 1.0 ml volumes of vaccine at intervals of
three or four days., Injections were contirnued urtil a total of at least
10 ml of vaccine had been administered. Animsls were bled on the fourth
day after the last injection and if the antiéerum'so dbtainéd was shown to
have a high titer, the rabbits were bled again‘en the following second‘and
fourth days. If more antisera were needed a second course of injJections
ﬁas commenced four to six monthé after the first course and the animals
bled as before.

Antisera were stored in the freezing éomparﬁment of the refrigerator.

b. Agglutination Procedures

(1) H Agglutinations
Bacteria to be tésted for H antigens were grown in

L-broth overnight and an equal volume of 0.6% formol-saline added. The
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suspensions were then heated at 56°C for 30 minutes to sterilize.
Antisera were diluted in saline to appropriate goncentratioﬁé. The
Lederle antisera were used at the recommended 1/1,000 dilution. The
dilutions found to be mest useful for the SB2 H antiserum were 1/20,
1/1,000 and 1/10,000. Each agglutinatioﬁ tube contained 0.5 ml of diluted
antiserum to which was added an equal volume of the antigen suspensionw
Tubes were placed in a water ﬁath at 56°C for two hours and read for

agglutination.

(2) 0 Agglutinations

Bactéria to be tested for O agglutination were grown on
NA overnight. A thick suspension of the culture was made in 1 drop of »
saline on a slide. The O antiserum was diiuted 1/5 in saline. One drop of
the antiserum was mixed well with the bactérial s;spension on the slide and
the slide ropated to detect‘agglufinationa

c¢. Phage Neutralization Tests

Antiserum was diluted 1/100 .in L-broth. To 1.0 ml of
diluted antiserum was added an equal volumé of phage “with a’titer of a@ogt
lO7 phage particles/ml. The phage-antiserdm mixtures were placed in a water
bath at h5°C for 30 minutes and then assayed for.unneutralized phage. The
control consisted of & mixture of phage an& L;broth which was similarly
assayed. The percentage of phage neutralized under the given conditions
was then estimated.

10. Cytological Methods

Bacteria eiamined to detect flagella were stained by the tannic
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acid ~ basic fuchsin method of Leifson (1951). Bacteria emulsified
carefully in distilled water after overnight growth on L~agar were Ffound

to give best results.




RESULTS

A. The Mutational Origin.of Lysogeny

1. Capacity of SB2 to Give Rise to Lysogenic Cells

a, The Origin of SB5

With the object”of isolating auxotrophic mutants, strain SB2

of Salmonella blegdam was subjected to MnCls - penicillin screening. In

one experiment, two different auxotrophs were obtained - SBY, a pyrimidine
requiring strain satisfied by either cytosine or uracil, and SBS5 which
required lysine,

Immediately after isolation each strain was tested for sensitivity to
phage PSBl. Sinée the parental strain SB2 is sengitive~to this phége, the
test constituted a convenient check againsﬁ céntamina‘bion° SBY was lysed
by PSBl as expected but SB5 was not lysed., 'Since,this resﬁlt raised the
possibility that SB5 was a contaminant, it'ﬁas neglected for about three
montﬁs.- Duriné this time it was stored on a NA slant at room tempersture.

After three months of storage SB5 was tested to see if possibly it was

lysogenic for a phage which, like PSBI1, would lyse SB2. Using the sensitive

Mixed Growth Technique (see Materials and MEthods‘section) SBS was growniﬁ
'ﬁith SB2 and the supernatant of the centrifuge@ mixed culture spotted on
SB5 and Sﬁa in isolation. ILysis of SB2 but not SB5 was observed. Serial
dilution of the supernatant confirmed that the lytic agent was a bacterio-
phage which formed hazy plaques indistinguishable.from thosejof PSBl.
Serial streakings of SB5 on NA were tﬁen initiated. After 15 successive

streakings, each originating from a well isolated colony on the préceding
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plate, twenty colonies were picked and each subcultured to 5 ml L-broth.
After overnight incubation the saturated cultures were tested fop lysogeni-
city by the Mixed Growth Téchpique ﬁsing SB2 as the second strain. All
were positive., In additioﬁ: each culture was ceptrifuged and the supernatant
subjected to a ‘temperature ofk65°~7000 to kill residual cells. The heated
supernatants were then assayed for free phage by élating appropriate dilu-
tions en SB2. Fach contained free phage in concentrations varying from
160 to 4,000 per ml, with an average of 886,,

Thus SB5 appeared to be a classic lysogenic strain in which the capacity
to produce phage is an inherifed property df all tor the vast majority) of
thé cells, and in.which phage is released with a frequency which is low but
still sufficiently high that free phage ca# 5e roﬁtinely detected in the
medium in which it has been grown. s

b. The Phage Released by SB>

The phageés released by SB5 énd SBl were further studied. The
plaque morpholqu of the former (hereafter called PSB5) was indistinguishable
from that of PSBl. Both phages form plaques containing a central disk of
resistant bacterial growth (sometimes centered with a small spot of lysis)
surrounded by a clear ring of lysis. These plaques therefore resemble the
plaque type of the temperate Type-A phages of S. typhimurium, photographé of
vhich were published by Boyd (1950, 1954). %1aqu¢ morphology wés the same
regardless of whether ‘the phéges were plated on SB2 directly from the super-
natant of the lysogenic or had been previously propagated on SB2. Lysates

of both PSBL and PSB5 regularly contained a small_number‘of clear plague
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mutants. These phages formed plaques lacking the central disk of bacterial
growth, but covéred instead with a large number of resistant microcolonies
that gave the plaques a '"peppery" appearance when examined with a 10x lens.

Both PSBl and PSB5 lyse SB2 but do not lyse either SBl or SB5. Thus,
by these limited criteria, théir host ranges are identical.

Simultaneous phage neutralization tests employing antiserum prepared
against PSBL showed 92% neutralization of PSBl and 90% neutralization of
PSB5. Both phége preparations had been propagated'on SB2. Thus,PSBS is |
sefologiéally very similar to PSBl. ‘

Atkinson and Bullas (1957) demonstrated that PSBL (= phage B43h/49) was
resistant to 80°C for 30 minutes. Simultaneoué tests of PSB1l and PSB5, both
propagated on SB2, showed identical responses. Thirty minute exposures to
various temperatures showed no decrease in -lytic activity up to 75°C, reduced
lytic activity at 80°C and complete destruction of lytic activity at 85°C.
Thus,in gross reéponse of lysates to heating, the two phages were '
indistinguishable,

8ix independent single step growth curves of PSBl on SB2 showed latent

‘periods off 30-35 minutes and burst sizes of 15 to‘hs‘with an average of 3l.
Five independent single step growth curves of PSBS'on SB2 showed latent
periods of 30 to 35 minutes and burst sizes of 31 to 61 with an average of
b9, The single step growth curves for phage PSBl‘and PSB5 are shown in
figure 1. Insofar as these lytic cycle paramefers are concerned, therefore,

phages PSBl and PSBS5 are very similar. The difference in burst size may

well be significant but the variation in values for each phage was too great .
{
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Single Step Growth Curves of Phages PSBl and PSB5 on SB2.

The points represent average values from six and five independent
experiments respectively. The infecting phage had been propagated
previously on SB2.
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to allow a rigorous proof. This deserves further gtudy,.

The SB2 lysogenizing capacity of both PSBl and PSB5 appears to be very
low as illustrated by tne following cibseJ:W'ea,t:F.ons.a The residual growth in
an area of confluent ly51s of PSBl on SB2 was emulsifled Ain saline, diluted
and plated on NA, Thirty isolated colonies were plcked at random into
L-broth and the resultant cultures examlned. Fifteen were still sensitive
to lysis by PSBl and 15 ‘were 1mmune to lysis by PSBl but were not lysogenic
by the Mixed Growth Testqw1th SB2. On another occasion, 50 simllar cultures
were tested; on this second test, six were sens1tive to PSBL and 44 were
immune but not 1ysogenic° On a third occas1on, 30 gimilar cultures were
tested, this time derlved from the residual growth in an area of confluent
lysis of PSB5 on SBZ, Among ‘these cultures, 28 -were pensitive and two were

immune but not lysogenic., As will be discuSsed 1ater there is reason to
suspect that the'fluctuations in the freguency of immune bacteria is a ‘
function of the SB2 culture treated rather than the phage applied., The
important point here is the low frequency of lysoéenization under these
conditions of undetermlneds but probably rather high, multiplicity of infec-
tion, Lysogenic cells have been isolated. follow1ng exposure of SB2 to PSB1,
but only with oonsiderable effort, I
Thus in all tested criteria, phages PSBL amd‘PSBS are sinilar‘or
identical. Phage PSBL has been shown capable of generalized transduction.
For example, genes for motility_and tryptophan can be transduced.to
agpropriate etrains (Bullas, unpublished).: Other'examples of PSBl trans-

duetion are cited under Réesults. PSBS5 has not been tested for this property.
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c. The Question of Contamination
The diseovery that.SBS was lysogenic for a phage indis-

tinguishable from PSBl, together with the observation that it agglutinated
to the same titer as SB2 vwhen tested with H and O antisera prepared againstJ
the latter strain, copfirms beyond reasonable doubt that it is a derivative‘
of either SBl or SB2, the only S. blegdam strains in the laboratory.

At the same time, two new and simplé explanations for its origin
suggested themselves. On the one hand, SB5 could be a cellulér derivative
of SBl cells, either misidentified as SB2 or contaminating the SB2 culture.

On the other hahd, SB5 could be a cellular derivative of SB2 contaminated by

¢

PSBl1 phage.

The first of these possibilities seems quite remote. The recovery of
the sensitive SB4 from the same experiment argues that simple misidentifi—
cation of the treated culture was not involved. - And the fact that SB5 is,
after all, a lysine requirer argues that if contamination were reponsible
for its origin this contamination must have been on a\massivé-scale°

The second possibility is more difficulf to exclude, since PSBl was in
fact in use at the time of the isolation of SBS. ,Héwever, the following
points argue égéinst this pessibility. At no time during several years of
regular and simulfaneous handling of SB2 and fSBl had plagues of the latter
appeared on the former,.unless deliberate mixtures had been made, Further;
more, as disecussed above, PSBL is a very inefficient lysogenizer of S5B2,
even undér conditioné of massive lysis, vhich vas not observed at any step

in the isolation of SB5. In addition, the burst size data, although not
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. conclusive, suggest that PSB5, although similar, is not identical to PSBl,
These arguments wereréonsidered sufficiently convincing that the only
remaining (and extremely interesting) explanation - that the'lysogenic‘étrain
is a clonal derivafive of the sensitive strain SB2 - might serve as a

working hypothesis guiding future study.

2, The Conditions of Origin of Lysogenic-Cells from SB2

2., The Role of the MnCl, Treatment

It is useful to distinguish between'ﬁhe two properties that'
distinguish lysogenic strains - the capadity to produce phage detectably

(which we shall call the productivity) and immunity. Sensitive strains

readily yield mutants which have aecguired the second property. In some
cases (for example, most mutants resistant jo the.virulent T phages and the
Lpgx mutants resistant to ;ggggg) immunity'is att;ibutablé fo a failure of
the phage to adsorb, In other cases, imﬁuﬁity does not preclude adsorption;
this is true of a few T phage resistant mutants and is generally true for
immunity to temperate phages. The latter type offimmunity is readily'
observable in SB2, as will be discussed in detail later,

Defectiﬁe lysogenics are at least"superficialiy similar to immune mutants
arising from sensitives -~ both are immune but have low (or zero) produc-
tivity. The one has arisen by a gain of immnity, the other by a‘loss'of
productivity.

Since one of the two examined survivors of the MnCl, - ﬁenicillin treat-
ment proved to be lysggenic, it was next approériate to test the possibility

dthat some part of this treatment massively converts sensitive cellg into
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1yéogenic cells either direetly or via prior provocation of massive phage
production,

Strain SB2 was treated in exactly the same way as it had been trééte%
in the experiment leading'to the origin of SB5, up to and including the
overnight incubation in penicillin. Then, 0.l ml samples of the undiluted
treated culture énd of serial dilutions of the culture were plated on
L-agar to which 0.1 ml of an overnight culture of untreated SB2 had also
been added. At the same time, 10”3, lO'h and 10‘%:dilutions were plated
alone on NA to measure viable cells. In aqgition? the original undiluted
culture was centrifuged, the clear supernatggt te;ted for lysis on SB2 and
the pellet resuspended in L-broth and tested for immunity to phage PSB1.

The treated.culture showed massive lysis by PSBl, showing that no
appreciable fraction of the‘popu%ation had become immune as a result of its
manipulation., No iysis by the supernatant was observed, indicating that no'
appreciable fraction of the treated cells had produced phage. While
approximately 100 colonies appeared on the }Qfs'NA‘assay plate; no plagues
appeared on any of the mixed platings on L-agar. Since about ldT treated
SB2 cells were plated on the most concentrated of these, the frequency of
SB5-like cells in this treated cultﬁre was very low. ° -

The results 3ust cited by no means exclude the possibility that some
aspect of the treatment provokes the conversion f?om sensitivity to lysogeny,
but the rarity of such events in treated cultures lends significance to the
fact that one éut of two of the auxotrophs isolated in the original treatment

was lysogenic. It is suggested that the treatment may have served bgsically
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as a screening procedure, and that there‘is a fundamental relationship
between the origin of lységeny and. the origin of auxotrophs, or of certain
auxotrophs.

Since SB2 persists as a sensitive strain, it is clear that the spon-
taneoué origin of lysegenic cells like SB5 must be relatively rare. 1In
order to fix an upper limit to the frequency of such an event in an
untreated culture, the following experiment was performed. Serial dilutions
of an overnight L-broth culture of SB5 were mixedly plated oﬁ L-agar with
various and much larger numbers of SB2 cells from similar overnight cultures.
The diffuse plaques which appeared on yhege plates after 24 hours incubation
always greatly eiceeded the number of freé Phage expécted at that dilution
and represented SB5 clones which had released phage soen enough to produce
visible plaques., The results (figure 2) show that about 1% of the plated
SB5 cells produce'defectable plagues, and'that‘this percentage is
essentially independent of the nuwber of (majority) SB2 cells simulbtaneously
plated. This meéns that as few as 100 SBS;like ceils would be detected
whenever 0.1 ml (ca. 108 cells) of an overnight culture of SB2 is piated on
L-agar., One plate of SB2 deficient of plagues, therefore revealsvthat the |
frequency of SB5-like cells in that cu;ture'is less than 10‘6; Since
plaques have never been observed om simple platings of 5B2 alone on L-agar,
the average frequency of such lysogenic cells is much less than 10‘63

b. The Role of the Lysine Requirement

(1) The Physiological Independence of Lysogeny and

the Lysine Requirement
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The lysine requirement of SB5 is somewhat "leaky".
Well washed suspensions inevitably show a faint lawn of growth on DMA.
Nonetheless, prototrophic revertant colonies are readily obtained from the

larger colonies which appear on such plates. A number of large colonies

from a DMA plate were picked and streaked on NA to give isolated colonies.
These were then checked for growth requirementsland 1ysogeny, All were
prototrophic and lysogenic. On one other occasion, to be discussed in a
later section, prototrophs were isolated from an old slant of SB5 which
were immne but not prod.uctn.veu Although the observations with the
prototrophs 1solated directly from ‘the SBS slant show that the properties |
of auxotrophy and productivity can be lost together, the prototrophic ‘
revertants of the lys~ augotrophs show that the two properties are not
invariably associated with one another; E —

(2) The Origln of Phage from other Auxotrophs

(a) Phage Production 4& other Auxotrophs

~ on_Supplemented DMA

- In addition to SBh and SBS, four other auxotrophs
have been derived from SB2° A tyr031ne requlrer (SBB), a glutamic acid - ]
requirer (SB9) and a slow growing strain of unidentified deficiency (SB12)
were all 1solated follow1ng a single UV treatment,i A tryptophan requirer,
(SB30) was isolated following MnClo - penicillin treatment. Of these six
independent auxotrophs, only SB5 was lysogenic; the rest were sensitive to
lysis by phage PSBl. It'is clear that the origin of suxotrophy is not

always accompanied by the origin of lysogeny. On the other hsnd, the
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suggestion of some relationship between the two events was strengthened by-
‘the observation of rare phage production by two of these additional auxo;
trophs.

In the course of testing the growth requirements of SB4 and SBY, ﬁashed
suspensions of the newly isolated auxotrophs were plated on DMA and DMA |
plus appropriate growth factors., Four plaques appeared on SBY plated on
DMA-uracil; none on the platings of this strain on DMA, DMA-cytosine nor
DMA-lysine., Many plaques appeared on the plate of SB9 on DMA-glutamic acid;
none on the platings of this strain on BMAlaf DMA-lysine. No plaques
appeared on simultaneous platings of SB2 on DMA and NA, and no plaques were
observed when the same washed suspensions of SBY and SB9 were plated on NA.

Some of the bacterial growth from %he‘plétes on which plagues were seén

was emulsified in saline, centrifuged and tested for lysis of SB2. These

extracts from SBY on DMA-uracil and from SB9 on DMA-glutamic acid each lysed

SB2, and on appropriate dilutions plaques were seen. The bhages, henceforth
célled PSB4 and PSB9, were then propagpted on SB2 énd the resulting lysates.
comparéd'with PSBL and PSB5. All phages have identical host ranges, lysing
- 8B2, SBY and SB9 bu£ not SBL or SB5. All are indistinguishable in plaque
m.orphology° Further, PSB9 is similar @Q_PSBl and PSB5 in serology, heat
resistance and lytic cyc]-.e'kinetics°

A second plating of the washed suspensions was then made: SB4 on DMA,
DMA-uracil, DMA-glutamic acid and NA, and SB9 on DMA, DMA-glutamic acid,
DMA-lysine and NA, Plaques were again observed on'the flating of S§9 on

DMA-glutamic acid but on no other plate, Extracts from these other plates
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were also negative.

Stock cultures of SB4t and SBY were subculbured to NA slants from the
washed suspensions used gbove. Several months later, two further platings
on DMA and supplemented DMA were made. No plagues were observed on any of
the plates, nor was phage revealed by mixed growth of extracts from these
plates with SB2. Although these deliberate later attempts to dbserve Phage
production by SBY and SB9 were unsuccessful, SB4 and a derivative of SB4
spontaneously manifested phage production on other occasions., These
instances will be discussed shortly. For the moment we shall consider the
significance of the phage production just described.

First, the possibility of phage contamination must again be considered,
and here it is more difficult to exclude by a: priori reasoning. Yet the
pattern of appearance of plaques was not. random. Specifically, they did not
appear on SB2 under any condition nor did they appear on NA for any strain
and they appeared more profusely on SB9 on DMA-glutamic acid than on any
* other growth factor or on SBY with any growth factors. Second, if the
plagues were not‘dué to contamination and their distribution not fortuitous,
certain conditions associated wi?h plating on DMA seem to induce pﬁage
productigng Third, the rare and erratic occurrence of plagues under these
conditions suggests that the populations plated were heterogeneous, that
only a small fraction were capable of this induction. This weuld, of course,
be the situation if SBY and SB9 culturés eontain a very small nunmber of
lysogenic eells. Regardless of the nature of the phage producing cells

(excluding contamination as a possibility), the suspicion that auxotrophic
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mutations and the origin of lysogeny are related, is therefore strehgthened°

(b) The Origin of Lysogenic Strain SB23

The second instance of phage production by SBU4
occurred in the course of routine tests of sugar fermentation on EMB medis.
The majority of SBY colonies on EMB-xylose wefe dark with a green sheen,
but two colomnies were pale but net translucent. Both of these proved still
to require cytosine and to be sensitive to phage PSBl. However, the growth
on NA of one of these cultures became motley; when again tested this culture
was immune to PSBl and contained a phage which lysed SB2. The culture was l
streaked and several isolated colonies tesfeg for lysosgeny by miied grdwth
with SB2; éll were lysogenic and still required cytosine. ©One of these was
slanted as SB23. The phage it produces (PSBéB) is like PSBl in host range,
plaque morphology, serology, heat resistance and lytic cycle kinetics. Once
again the question of contamination arises., Here, as in the case of SB5, the
ease with which lysogeny was established argues against phage contamination,
while the cytosine requirement excludes the possibility of cellular contami-
nation, What appears to have happened is fhat one of a few lysogenic cells
in the population released phage; the latter rapidly aepleted the sensitive
cells leading to eventual dominance of the other lysogenic cells. The fact
that 1ysdgeny originafed here in a xylgse.fermentative mutant éuggests that
this change may be related to the change from sensitivity to lysogeny.
However, the other sibling variant never produced phage, nor did similar

variants isolated from SBUY on several other occasions. Further, other

lysogenic cultures (SBl and SB5) produce normal sheened colonies on
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EMBexylose;

The significance of these cbservations is as follows: First, the
circumstances of the origin of SB23 suggest that the lysogenic state derived
abruptly from the sensitive state; an iﬁference that could not be made so
readily with SB5. Lysogeniecity is a compound of two prqperties.- (1) an
ability to produce phage detectably, and (2) immmnity to that phage. SB5 and
SB23 differ from SBh in both properties and it might be argued, a priori, that
the two must be acquired stepwise, But, the ready isolation of SB23 from
the lysing pepulation of SB4Y argues, on the one hand, that an SB4 cell did
not release phege (by?e?process comparable to'the lysis of E. coli B under
pressure) and that then 5B23 arose by lysogenlzation (since this is quite
. inefficient). On the other hand, the ready 1solat10n of SB23 argues that ‘
the SB4 populatlon dld not contain a large number of merely immune cells
from which SB23 aroseol Although the circumstances dld not permit a decision
on this questlon, it sheuld be noted. that both the origln of SBS and the
appearance of plaques on SBh and SB9 on the supplemented DMA could have
involved the abrupt transition from the seneltive to the lysogenic stateo
Secondly, altheugh the origin of SB23 does not argue against the suspected
relationship between the ‘auxotrophic mitations and the origin of lysogeny,
it does show that the latter can occur upderﬁeonditions other than those

which peculiarly stress auxotrophs.

.¢. Deliberate Attempts to ISoiate Preductive Cells by Selecting

for Other Mutants

(1) Selection of Immine Cells
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An annoying feature of the indicator strain SB2 since first studied-in
Adelaide (Bullas, unpublished) has been a change from sensitivity te
Immunity for phage PSBl. Upon stofége of NA slopes at room temperature,
cultures of SB2 uundergo a gradual deterioration as effective indicators
of "PSBl. At first; plaques of PSBl are very distinct; later, they become
progressively mere hazy and indistinet until finally the culture is of no
use as an indicator stock. |

‘"This can be traced to a progressive increase in the frequgncy of
genetically immune cells., For example, one culbure which had become
useless as an indicator after two months storage was diluted and pléted
on NA to give isolated colonies, Several of thesevcolonies were sumeared
on L-agar and patch-tested for immunity to PSBl. While 75% showed no
lysis with PSBl and presumably represented.immﬁne clones, 25% showed the .
distinct lysis by PSBlL characteristic of the original SB2.

'The.immune cells'retaiﬁ the normal abilit& to adsorb PSBL (91% adsofped
by.one: immune isolate, at 37°C‘for 15 mins,)‘and thus resemble most of thg’
matant ecells which are refractory to other temberate phageé° Such immune
cells are genefally interpreted as spontancous mutants present before the
application of exogenous phage (e.g. see Lwoff, 1953) but the.interpretau
tion is especially clear in this present'si'bua'bion° Furthermore, in the
present system, it is easy to isolate immmne cells (such as SB4T to be
discussed later) with the assurance that they-never contacted PSBl.

The immune cells obviously either arise with a very high frequency from

SB2 serially subcultured in broth or have a decided selective advantage.
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‘Within two to three days, an initiaily'good PSB1l indicator population will
bécqme useless because of an undetermined, but certainly raﬁher high,
f?eqnency of immune mutants. The mutation rate to immunity has not been
measured, so the reason for the rapid population changes is uncleéro But
the interpretatipn based on a 'normal' mutation rate and a high selective
advantage of immune cells is, for the mément, the simplest.

Because of the periodic changes Just described, it was necessary
occasionally to reisolate SB2, This strain designation alﬁays refers to
a. culture upon which PSBl forms distinct plaques,

,Even on the most freshly isolated SB2, plaques of PSBl are turbid as
indicated earlier. It is of interest here to note that although increasing
quantities of im@une cells in the SBé‘culture meke the plaques progressively
more turbid, most of the plaque turbidity on fresh SB2 is not due to their
presence; for when the central growth is emulsified, streaked and tested,
most of the cells are still semsitive.

A number of immune cells that afose during storage have heen tested
for productivity (i;e° lysogenicity) by the Mixed Growth Techﬁique, without
quipive results, Although most of fhe immuﬁes thus appear to be non-
lyéogenic, the possibility exists that a very small minority of them
might be productive (lysogenic).

The result of one'particular experiment suggested that the production
of " phage or of lysogenic cells which produced phage might occur in cultures
in which the change from sensitivity to immunity was eccurring. The heat

sterilized supernatants of a series of overnight L-broth cultures of various
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S. blegdam derivatives, including an immune strain of SB2 célled SB4T
(which had never shown any ﬁroduct;vity), were assayed for free phage. The
inoculum for the SB2 indicator éulturé came from gn NA shope Whieh e donths
previously had been inoculated from a single phage sensitivé colony. The
plaques which developed from lysogenic gulture supernatants were extremely
hazy and it vas subsequently shown that the indieator culture then consisted
of a mixture of both sensitive and iﬁmune cells, SB4T, when tested similarly
oﬁ several other oécasions, ﬁéd never shown the production of plagues.
However, on this occasion six_plaqu?s, though very hazy, were seen when 0.1
ml of the SB47 supernatant was assayed.

This result first suggesteq thgt the\iﬁmune SBET was producing some
phage though gt a very low frequency° When, however, the same supernate.
(stored overnight in thg ref{igeratgr) was fétested using as indicator
strain, a culture derived from a single sensitive coiony from a plating of
the mixed indicator on NA, no plaques were producegi° This finding indicated
that the plaques produced on the first test were more probably derived from
the indicator culture itself éééher %han thelSBMTo‘ When the top layer was
inoculated with the same indiéaébr strain alone (0.2 ml; kept an additional .

24 hours at room temperature) and incubated overnight, no plaques were seen,

however. .
The fact that no plaguesjweré_found when thé SB47 supernatant was :

reassayed with a pure sensitiﬁé indicator speaks against phage contamination

Ifrom that soﬁrce° The top layer agar was also not the source of pagsible

contamination since the same bottle of medium, kept overnight in the water
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bath at 45°C, was used for the assay with sensitive indicator. Thus £he
source of phége remains most probably, thé old indicator culture itself.,

If indeed the phage originated from the old indicator culture itself,
the non appearance of plaques when %he culture was incubated without the
addition of ény supernatant, may be due to the heavy growth of immune
cells. It was demonstrated that a known phage preparation, when assayed
with the same mixed indiqator, pyoduced no visiblé plaques., The only other
known vafiable in the original test was the incubation period itself. Since
it was known that the indicatar cultufe was mixed sensitive/immune, plates
were not incubated overnight but after only four hours at 37°C, they were
removed and left at room temperature overnight. This method was used to
slow the growth rate and thus attempt to prevent overgrowth by immune cells
and permit plaques to be seen, Thig indeed was the outcome for although
plagues were visible, they were very hazy., The failure to detect plagques
on the overnight incubation plates is therefore not unexpected. In faéﬁ,

" that phage was detected at all with the old,indicétor cultufe (25% sengi-
tive and 75% immune) seems to have been entirely fortuitous; due to the
heavy population of immune cells, any phage produced by a rare event in

occasional cells would stand little chance %o survive as a plaque former

but be rapidly adsorbed by immune cells and 'lest'. A repeat of the plating -

and incubation procedure following as closely as possible the method which
gave rise to plaques, failed to produce plagues.
The phage propagated on sensitive SB2 and resembled in plague

morphology the previous phages that had been isolated. It was concluded
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that in cultures of SB2 which are undergoing the change to immunity
(generally old stored cultures), an: event leading to phage production by
a cell may occur very rarely. The phage is rapidiy adsorbed by the sur-
rounding majority population of immune cells and is 'lost' although under
ideal conditions which probabl& allow a greater population of sensitive
cells, it may occasionally be detected. The cell which produces the phage
is not necessarily the immune type but may represent a cell that has lysed
without ever acquiring iumunity.

(2) Selection of Auxotrophic Immune Cells

Early results suggested that transition to lysogeny
was associated with mutation elsewhére in the genome, Thus it was thought
possible that auxotrephic immune'céils might automatically be productive
or at least that the frequency uf cﬁange to lysogeny might be higher in
aguxotrophic immune cultures than in.prototrophic cultures, where a
secondary mutational event might be necessary before lysogenic transition;
The more convenient examinatiop ofviumune derivatives of an auxotroph was
then made. The hypothe51s was not supported‘by an examlnatlon of an
auxotroph with an unldentified requlrement dbtalned from SB4T, an immune
derivatlve of SBE, by the MnCl2~penlclllin method, for this auxotroph was
found still to be non-productlveo ‘ ‘

When culture SB4 was plated out on EMB media during the course of
routine tests for sugar fermentatlon determlnatlons, it was observed that
the colonies on EMBnglucose were of two types . ﬁhq~major1ty were dark and

possessed the typical gréen sheen but a minqrity.were dark and lacked the
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sheen., Representative sheened and sheénless colonies were picked into
L-broth and tested for lysogenicity and growth requirement. None of the
sheenless colonies was lysed by ﬁhage but ali were nonalysogenic.While all
of the sheened colonles remained phage sensitive., Both types retained the
requirement for cytosine. One sheened sensitive colony and one sheenlesg
immune colony were placed into stock as SB6T and SBS56 respectively.

Since a coleny type test would provide a very convenient method‘for
distinguishing between sensitives and immunes; similar cultures of the
prototrophic SB2 culture were.also plated out on EMB-glucose. However,
the correlation did not hold here for all colonies were sheened whether
sensitive or immune, The curious cérrelation betwpen the cytosine require-
ment, sheenless colony on EMﬁmglucqse énd immunity is, however,'éxtremely
iﬁteresting° It is indicate& that mutations to g}gnsheepless and immunity,
previously independent in 8B2, have been coupled by the cytosine mutation.

Culture SB56 was tested byuthe-Mixed Growth Technigue With'sensitive
SB2 on severai ocecasions but never showed any phage productivity. Thus
the combination of auxotrophy and immunity does not inevitably result in
productivity., However, phage production séemed occasionally to be associated

with another phenomenon in this immune culture; this is .presented in the

following section,

(3) Selection of mat, Papillae

When plated out on EMB~maltose the colonies of SB56
were found to produce brighj pink pépillae on their surfaces which in some’

colonies became very numerous. This phenomenon had alse been seen
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previously with some colonies of SB2 and SB4. When picked and plated on
EMﬁlggl the papillae produced raspberry colored colonies which were them~
selves non-papillating. The papillae appeared only when the appropriate
cuitureg were plated out on EMB-mal medium and not on any other sugar. The
physiological difference between the papillae and background is completely
unknown. . |
- Bince only occasional colonies ﬁere papillated in SB2 and_SB% there
was a. wide variation in maltose mutability within these cultures. But since
every.colony of SB56 was found to preduce papillae the maltose mitability
in this culture was much higher than in the sensitive cultures. The
heterogeneity of the SB2 and SBY populations with regard to gé; rapillation
is. extremely interesting in itself. 1In EEE% cultufes of E. coli,
'papiilation is more frequent than in gggf cultures (Skaar, pers. comm. ).
But the activity of gggf is quite constant within a culture; i.e. all |
éoloniea papillate to the same extent. They are thus like SB56. By
contrast, the SB2 and SB4 cultures behave as if there were a movable
Ds-like element (see section 4) only affectipg the pertinent mal gene ;
in cértain clones, SB56 behaves as if the element had stopped moving -
ar event correlated (perhaps mot coincidentally) with the acquisition of
immunity,
‘anée papillae represent easily obtained mutahts, a nunber were
examined to test the hypothesis that the origin of productivity occurs

more frequently at the time of any other kind of mutation.
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— Papillae were picked carefully with the use of a binocﬁlar microscope
and sterile wire and streaked out on EMB-mal. One colony that grew up
after incubétion was then tested.

All fifty papillae from a sensitive SB2 culture were lysed by PSBI1,
were non-lysogenic and were prototrophic. All 29 different papillae from
an immune derivative of SB2 were immune, non-lysogenic and prototrophic. |

From a plate of SB56 colonies en EMB-mal,‘fiVe papillae at first were
picked and tested. Bach of the five was found to be cyt™; to be immune to
lysis by PSBl and to be lysogenic. Cultures arising from inocula from two

¢
nonﬁpapillating areas of a colony which produced papillae Were‘gzé",‘immune
but non-lysogenic. It appeared, therefore, that a change from immune, non-
lysogenic to lysogenicity had occurred in the five papillae tested. The
change was, however, shown not to be a permanent one for two of the lyso-
genic cultures when tested again three weeks later were found to have
returned to the immune non-lysogenic state but still to be EX§;° This
result is unegplainea but could be due to a selective advantage of non-
productive mutants arising within the initially productive populations.

_ Thus additional papillae were tested from SB56, An additional forty
papillae from as meny colonies were tested but each retaiged the parental
prqpérties of immunity and non-lysogeny.

| The prediction that productive cells might more readily be isolated by
screening for another unrelated mutation was thus realized. Of particular
interest was the fact that the only five productive cultures were iselated

in the same experiment. (The records are not clear as to whether all were
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from a single colony; but they were certainly from closely related céldnieso)
Thié indicates the following sequence of events. An event (possibly the
same one which led to immunity) caused SB56 fo be permasnently mutable for
the gene responsible for mal papillation. A second event then occurred in
one SB56 cell which increased the probability of origin of productive cells.

‘But the second event tied in with the first event in such a way that

productivity originates at thé same time as the mutation of the mal gene.
The full significance of this peculiar association cannot be assessed at
this time., But it is certainly a clue pertinent te the eventual unraveling
of the connection between changes in prophage properties and properties of
the bacterial genome. The parallel between the coupling of mal and
productivity mutations and the coupling between sheen and immunity mutations

discussed in the last section.is particularly interesting.

(k) Selection of Chloramphenicol Resistant Mutants

The origin’of phage producing cultures from msl papillae
indicated that the transformation #o lysogeny coula:be associated with
mutations other than those affecting auxotrophy., Probably oume of the
simplest types of mutant to isolate is resistance ‘to antibacterial agents‘
such as the antibiotics. 1In order to test that antibiotic ?ésistance might
also be associated with transition to lysogeny, SBU which previously had
shown that it could give rise to phage and to lysogenic cells was plated
out on dhloramphgnicol NA to obtain resistants.

An overnight L-broth culture of SB4 was cemtrifuged and resuspended in

saline at 5x concentration. Then 0.1 ml of the suspension was spread on NA
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plates previously sp;ead with sterile chlofamphenicol solution to give a
final concéntration‘on the plate of 3O‘Fg/ml, Plates were incubated for
48 hours at 37°C. An average of 34 resistant colonies appeared on a plate

8 cells were plated, gave a frequency of chlorampheni-

(which, since 6.6 x 10
col resistants in SB4 of approximately 2 x 1077),

The appearance of the resistant colonies was, however, very unusual.

The majority were 'doughnut' shaped consisting of a ring of bacterial growth
surrounding a central clear area; the ring-shaped colony was also surrounded
by a wide, translucent;ﬁflat spreading area of bacterial growth., Some
colonies seemed to consist entirely of the translucent area and were quite
lz.a,rge (té about 5 mm in diam.).

The appearance of the colonies strongly suggested phage action. The
growth from one piate was scraped off and emulsified in 2.5 ml of L-broth
and centrifuged. When this extract was spotted on to SB2, one plaque was
seen; when 0.1 ml of the extract was grown in top layer with SB2, four
plaques were visible. Thé rlagques were similar in appearance. t0 the -
temperate plagues already described. The emulsified bacteris were"also.
plated out on NA and 25-colonies picked and tested forrlysis gy PSB1. Each
of the 25 colonies was still semsitive and none was immuﬁé or lysogenic.

The emulsified suspension of bacteria included cells from the resistant
colonies and the backgroﬁnd growth although this ﬁas very slight. To test
whether the phage originated from the resistant colonies, a singlg 'doughnut '
" shaped colony was subcultured from the plate into 10 ml of L-broth and

incubated overnight. The culture was centrifuged and the clear supernatant
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spotted on SB2 and 0.1 ml and 1.0 ml samﬁles also grown in top layer with ,
SB2, incubaped and observed for plaques. No individualAplaques.were seen
but the growthqu the SB2 in_the area of the spot, and on the plate
inoculated with 1.0 ml of the supernatant was completely inhibited. The
‘spot of clearing was dissimilar froﬁ an area of conf;uent lysis caused by
phage in that the edge was less clearly defined; and tests of dilutions of
the supernatant merely showed reduced degrees of clearing rather than
individual plagues. The lysed appearance of the chloramphenicol resistant
colony seemed, therefore, due not to particulate phage but. to a soluble
substance which in effeét resembled the colicin group of substances
(Fredericq, 1957).

The amount of phage present in the original extract was very small and
could have originated from any of the resistant colonies or the background
bacteria. There may be an intimate relation between the colicin-like
substance produced by the resistant colenies and the\production of phage,
for certain relationships between phages and colicins have been determined.
These relationships were reviewed by Fredericq and include (for phage T6 and
colicin Kr) gspecific, reciprocal cross resistance which behaves as a single
marker in genetic crossings, the same receptor on the bacterial surface an@
identical X-ray inactivation curves. However, colicins do not multiply and
their action is not transmissible in sefies.

Many questiong remain concerning the colicin-like substance; the
important point here is that after growth on chloramphenicel agar, phage

was isolated, Since lysogenic cells were not detected amongst the BHacteria

PR
N
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from the plate, the phage may have arisen as -the result of lysis of one or
few extraordinary cells rather than by the production of a lysogenié cell
with the hereditary cajacity to produce phage at a low frequency. The
result supports the idea that phage production from a sensitive culture is

assoclated with a mutational event not necessarily auxotrophic in nature.

3. The UV Inducibility and Sensitivity of SBl, SB2, SB23 and SBU47
’ The simplest explanations for the origin of phage from a strain
initially sensitive to lysis by that phage include - first, that the
sensitive strain is actually lysogenic for a functional phage but for which
no indicator strain is available, and that detection of the phage from
cgrtain subsérains reflects a mutational event which has extended its host
range; and‘secdnd, thaﬁ the sensitive strain carries a defective phage which
does not confer immunit‘y° |

. With some lysogenic strains, irradiation with small doses of ultra-

violet light induces the development of bacteriophage and the release of
infective particles in some members of the treated population., With othef
lysogenic strains, however, ultra-violet treatment does moet cause phage
induction. Thus phages may be grouped into both 'indueibiq: and ‘non-
inducible' types. If any of the lysogenic’strains studied here were
inducible it wés thought that the results of ultra-violet irradiation might
provide evidence té test.: the above hypotheses,

To determine first, whether any of the lysogenic strains could be
induced by ultra-viclet light and the optimal irradiation time for such

induction, the following ekperiment was performed. A volume of 0.1 ml of
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an overnight L-brqth culture of SB5 was added to 50 ml of Lbeoth wvhich was
incubated at 37°C until the culture reached a concentration of about 108 ]
cells/ml. The culture was then divided into 5 ml portions and dispensed
into Petri dishes. The separate portions were irradiated for five to 60
seconds at five to 10 seconrd intervalsﬁ A 5 ml unirradiated sample was used
as contrbl° Bach sample; after irradiation, was kept in the dark at 37°C
for three hours. They were then centrifuged; the clear supernatent was
sterilized by heat at 65°C for 30 minutes and aséayed for free phage by
the agar layer method with SB2 as indicator strain., The amount of free
_ phage in each sample was tﬁen plotted against the. time of irradiation and
is shown in figure 3, The experiment showed that the phage from SB5 was
inducible and that the maximum degree of induction was achieved after about
a 15 second irradiation,

Thus, in future experiments, 5‘ml of log phase, L-broth cultures of
bacteria in Petri dishes were irradiated for 15 seconds, incubated at 3700
for three hours, cemtrifuged, the supernatants he;t sterilized at 65°¢ for
30 minutes and then assayed for free phage on SB2, Controls consisted of
unirradisted samples otherwise similarly treated. The lysogenic strains
SBl, SBS and SB23 were irradiated. ‘The sensitive strain SB2 and the immune
derivative of SB2, SB4T, were also included'té test the possibility_that

UV treatment might release a phage from these strains, active on unirradiated

SB2, Results of the treatment are shown in Tdble I:

a
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Figure 3. Ultra-Violet Induction of SB5. Irradiation wag of
log phase cells at a concentration of about 10°/ml
in L-broth.
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TABLE I
UV Induction of SBl, , SB5, SB23, and SB47. Log Phase Cells at a

~ Concentration of 10 ml in L-broth were Irradiated for 1> Seconds
and Incubated Three Hours assayed on SB2

Strain Phage Concentration Phage Concentration With UV/Without wv

Without UV With UV
SB1 30/mL 8 x 10° /m 27
SB2 0 0 ‘ 0
SB5 7.6 x 10°/ml 5 x 10%/ml T 66
SB23 8;5 x 102/ml | 3x 105/mi 353
SBNT 0 0 ‘ 0

o phage was:dgtected from strainsg SBgﬁand SB4T. All lysogenié strains
were induced but taA@ifferent degrees, @ﬁggmplication affecting statements
of inducibility is the fact, previously stressed, that the different lyso-
genic strains differ inh degree of basal productivity. SB5 and 8SB23 are
probably equivélent, but SBl is markedlyilééé productive, This difference
is repeatable. This leads to two possibié wﬁys of expressing inducibility:
_(l) Increment in phage release provoked by UV, For SBl, this would be 800
less 30 equals 7703 for SB5, this would be 50,000 less 760 equals 49,240,
Assuming equivalent burst sizes, this means that about 64x as many SB5 cells
are induced as are SBL cells. (2) Factor increase in phage release
provoked by UV. These values are given in Table I, On this basis, S5 1s

only about 2 l/2x as inducible as SBl. Although there is the possibility of
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discrepancies by the use of the two methods of éxpressing indueibility,
both agree here and lead #o the conclusion that three levels of inducibility
are manifested by these three strains. In view of the finding th?t each of
the phages appear identical by othgr tests, the differences in degree of
inducibility are significant.

Jacob and Wollman (1956) working with E. coli K 12 lysogenized with
temperate phages isolated from‘straiﬁs of E. coli of fecal origin,
demonstrated that the property of inducibility ﬁas correlated with the
chromosomal prophage location; the chromosome was thereforé Qiﬁided into
'inducible’ and 'non-inducible' regions. The various inducible phages
showed some.degree of serological rélationship to the lamb@a phage of K12
and were able to undergo some recombination with it, Thus,_altbﬁugh each
phage was mapped on a different position on the chromosome,.all:ﬁere
closely related to lambda, The phages, inducible and non-induéible, were
selected from among those that gave no crbss immmnity. Non-inducible

“mutants of inducible lambda can also be isolated; the responsibié mutation
"is in the C region.

" An inference that may be drawn‘f;om the results of the different
lysogenic strains of S. blegdam is that in this organism aiso, prophage
may become attached at different positions on the chromosome and that this
‘18 ‘reflected in the differént degrees 6f UV inducibility (or even non-
“dndueibility, from results of additional strains tested and reported in a
later section). Introduced eérlier was the evidence for a correlation

between phage production and an.apparently unrelated mutational event.
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Qombining the first inference and the secoﬁd correlation we have fhe very
interesting:suggestion that location of phe prophage is correlated with a
particular mutation. Since all mutations do not necessarily lead to
transition to the lysogenic state; the attachment of proﬁhage in'ifs new
Iocafion probably does not cause the mutation but the site of the new
mutation may become a 'site of attraction’ to the prophage to which site
it then becomes preferentially attached, The immune strainé miéﬁt
represent a situation in which prophage islactually located on & region of
the chromosome which results in zero préductivity and zero inducibility.
In sensitive strains, a similar sitvation might.exist but ﬁith the addition
of a nmtgtion in the immune region so that the strain lacks the prqpe?ty of
immunity. Transition from the sensitive Qo the lysogenig'sfate would there-
Tore be the result of at least two separafe events; one, a mutation which
restores thg property of immunity and second, a transfer of tﬁe ﬁrophage
from the 'non-inducible, non'productive' region of the chromosoﬁe to
gnother 'productive'’ regipnq ,

The UV sensitivity‘éufves of lysogenic strains SBi, SBS'and:SB23?
sensitive SB2 and immune SBUT were compared. A sample of 5 ml of a log
phase culture in L-broth of each strain in a Petri dish was irfadiated with
UV for total times of 10, 20, 30, 40 and 50 seconds, The number of |
surviving bacteria for each irradiatioh.time was estimétea by plating out
gppropriate dilutions on NA. A curve for each strain was then d}awn of
per cent survivors against time of irradiation;' The results of ihése |

experiments 1s shown in figure 4 - the curve for SBl is the average of
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Figure 4. Ultra-Violet Sensitivity Curves of SBl, SB2, SB5,

SB23 and SB4T7. Log Phase Cells at a Concentration
of about 10°/ml in L-broth were Irradiated.
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thrée separate determinations, of SB2, SB5, SB23 and SB47 of two-separafe
determinations each.

S§23, the lysqgenic strain which showed maximum prophage indueibility,
‘gave a eurve with a per cent survival after 50 seconds irradiation of only
2 per cent, SBl the lysogeniec strain of least inducibility gave a curve
wiﬁh a per cent survival after 50 seconds irradiation of apprqximately'
“50‘§er cent, SB5 occupies a wedian position with a per éent survival of
15 per cent. ‘of particular interest is the finding'that SB2 and SBLMT give
curves thét approx;mate that of SBS5 more than SBl with per cent survivals
gfter‘so second irradiations of 12 per cent énd 22 per cent respectively.

Although no phage from strains SB2 and SBUT was détected after-the ’
15 second irradiaﬁion When'aséayed on untreated SB2 (Table I), the curves
-do strongly suggest that both SB2 and SB47 may have actually been induced
tdléyse either by a phagé for which there was no indicator, or by ::
in@ﬁcible defective prophage which, it is to be remembered; would have to
be unique in not conferring immunityq

L. The Mechanisms of Origin of Lysogenic Cells from SB2

The reasons for the working hypothesis thét the lysogenié SB5
arose from SB2 by an intraclonal mechanism (rather than by contamination)
were discussed in the first section. Subseguently reported data support
this hypothesis in the following ways; (1) SB2 itself exhibits the UV
Séﬁsitivity charactersitic of SB5 and (2) phage similar to PSB5 has been
isolated from SB2 and its derivatives on six additional occasiens. The

distribution of these occurrences was not randem; instead, in each case,
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phage appeared following procedures which could; or demonstrably did,
screen for a wminority of fhe original population. In the meantime,
hundreds of routine platings of SB2, under conditions which should readily
disclose contaminating phage, have been negative.

If (as argued) contamination is excluded as a factor in the origin of
any or ail of the ﬁhage prodqcing derivatives of SB2, then it is clear that
SB2 itself carries at least mbstlof the hereditary specifications of a
temperate bacteriophage. Theipasic question then is: 1In what way does the
proPhagewliké element of SEE differ from the PSB5 prophage of SB5 and the
PSB23 prophage of SB23? | ‘

SB5 and SB23 différ from SB2 in two propérties: Immnity to and
producfivity of PSB5 (or PSB23). The rarity of the sensitivity-to-lyso-~
genic transition is consistent with the possibility that two independent
steps are involved. The prophage-like element in SB2 might be éonceivgd
of as (l) defective in its ability to carry out a very early step in the
lytic cycle and (2) defective in its ability to confer immunity, each defect
due to a different and revertible mutant gene.

This simplest explanation of the sensitivewthlfsogenic transition,
however, is not readily accomodated to two impo?tant observations: (1)
Although immunity may be acquired independently, there is no unequivocal
evidence that productivity can be acquired independently. In fact, two of
the seven instances of phage production by SB2 derivatives (the origins of
SB5 and SB23) seem to have involved the simultaneous origin of both

properties. (2) The origin of lysogeny in SB5 was accompanied by the
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origin of a requirement fortlysine and the association of other occurrences
of phage production with physiologically unrelated mutations argues that
this was not a coincidence.

The association of the mutations affecting productivity, immunity and
unrelated bacterial functions suggests that the event leading to these

hereditary changes involves some kind of pesition effect due to spatial

réarrangements rather than merely to the simwltanecous concordance of
sévéFal "point mutations". A third possibility, that the changes reflect
ségiegation from a diplophase state, although not excludeq? appears
unlikely at this point.

What are the eohceivable ways in which spatial rearrangements of
genetic elements could simultaneously affect phage and bacterial genes? A
classification of-possibilities for which there is some precedent, in |

observation or theory, follows.

a. The Phage Genome Remains Intact

l: The Phage Genome Remains Fixed to a Definite

Map Attachment Site

(2) Rearrangement of the Classical Type, Involving

!

Large Blocks of Genes

The chromosomes of higher organisms are distin-
guished by the presence of two kinds of chromatin - euchromatin and
heterochromatin. The functional genes are all included in the euchromatin
. portion while the heterochromatin is devold of genes in the usual sense.

Although the role of the heterochromatin has been difficult to define,
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position effect studies have demonstrated that it exerts a profound effect
on the functioning of euchromatié geﬁes plaqed by rearrangement in its
vicinity.

Although heterochromatin-like regions ha&e not been demonstrated in
the bacterial chromosome it seems quite‘possible that such regions do
exist. genes within the vicinity of these regions would be unable to be
exprésséd but may express themselves ﬁf transferred to a different position
away from the influence of the heterochromatic region. Thus SB2 may be
vié&alized as having the prophage-like element placed very closé'ﬁo a
heterochromatic region of the chromosome. As result of a translocation,
the positions of lysine and the prophage loci may be traded; 50 fhat the
c&11 becomes ;zg- and lysogenic, The translocation could include a small
poftion of the heterochromatin so that the tramslocated gene even in its
néw-poéition is still nonfunctioning. Iater removal of the heterochromatin
(e.g. by another translocation) then dllows the gene to be expressed. 'The

sﬁéﬁﬁaneous origin of the cyt™ lysogenic may represent such a situation.

(b) Rearrangements Which.InvolVe‘Movemgnt of a Small

Element from Locus to Locus

(1) A Dissociatof~like Element Which Represses

Adjacent Genes

MeClintock discovered in a va;iable and

mitéble strain of maize, the two unit Activator-Dissociator system (1951).
The two loci were shown to be in comtrel of genic .action in the course of

development. Some of the most significant and pertinent properties of the




«53-

Ac-Ds system are:

1.

2,

Te

Ac controls both the activity of Ds and the time in development
when Ds acts; Ds is inactive when Ac is absenf.

Ac is upstable and can exist in a number of different states
similar to the allelic state of 'ordinary' genes.

Ds is unstable in'the presence of Ac and can exist in a number
of different states.

Both Ac and Ds are cépable of movement (transposition) within
aﬁd‘among‘qpromosomes of the complemenf.

Ds has a dual action in the presence of Ac; first, it is the

site of high breakability and second, Ds affects genes lying

adjacent to it,

Certain loci have been discovered that remain mutable but which
require the presence of Ac no longer.

Genes affected by’ég and Qﬁ are many and varied in their pheno-
typic expression and the direction of mutation can be toward

lowered or enhanced degrees of expressivity and it can be

, toward recessiveness or dominance,

Two of the most fundamental properties of the Ac-Ds system are; (1)

movement of the Ac and Ds genes; and (2) genes adjacent to Ds are affected.
A system as refined and elaborate as the Ac-Dg system in maize is not
postulated as the basis for the changes in the strains of S. blegdam, but

there are certain properties of these cultures that are suggestive of the

behaviour -of a movable locus which affects adjacent.genes.
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1. The acquisition of the property of lysogeny was acquired only in
those strains in which a mutation had occurred elsewhere in the bacterial
genome, It can be visualized that were a Dissociator-like element present,
occupying a site adjacent to the prophage region, the cell would be sensi-
tive, express no immunity and, as in SB2,be prototrophic. SB5 would
therefore represent a culture in which the Dissociator-like element was
relocated adjacent to lysine thus releasing the suppression on the prophage,
”allOW1ng the cell to express its lysogeny and immunlty.

2, Mutations at more than one locus vere associated with the transi-
tion to lysogeny°

Expression of the.lysogeny occurred, however) after the acquisition of
the cytosine requirement in SB4., This situation.oould be the result of a
'delayed effect' of the'Qs-like gene due either.to an activation by an Ac-
like gene or to the removal of a suppression or-mohthe delayed relocation
of prophage from the ’non~1nduc1ble' reglono |

(2) An Qperator-llke Element which Actlvates Genes

Jacob and Wollman (1961) proposed a unique theory for
the genetic control of regulatory mechanisms in bactéria. Briefly, the
transfer of structural information from genes to protein is regulated by the

1ntermed1atlon of spec1fic repressors synthesmzed by regulator genes. The

repressor acts on an entlty which in some way commands the expression of the
structural gene and is called the operator. Operators are genetic units and
are therefore subject to mutations. Similarly, regulator genes are also

subject to mutation. Mutations of the regulator gené which result in the
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synthesis of an inactive repressor are recessive in heterozygotes; mutations
of the operator which result in decreased sensitivity to the repressor are
dominant in-heterozygotes. A single repressor may influence the synthesis
of several proteins which belong to a single blochemical sequence and thus
the operator is a struoture common to the systems determining the synthesis
of the individual proteins of the sequence,\ An 1ntegrated unit of activity
containing the operator locus and the group of structural genes is called
the operon.

In the Jacob and Wollman theory, one operator .controls the synthesis

of the individual proteins in a single biochemical sequence. The
possibility that operators may control more than one series of related
genes is not entertained.,.But since there is not yet any interpretation of
the role of the operator at the molecular level, it is equally conceivable
that one operator may be able to regulate more than one biochemical sequence
but does not ordinarily regulate more than one, by reason, for example, of
‘its position on the chromoso_me° An operator may control sequence A in
position A but by translocation also control sequence B in position‘B, Thus
.‘SBS might represent the transfer of the operator from the lysine operon to

a position where it then loses its lysine control but then controls prophage

functions. The cell is then lysogenic and lys~,

. 2, Phage Genome is Always Fixed but to Different Sites on

the Chromosome

From the results of the UV induction experiments, in

particular, phage was visualized as becoming attached to different sites on
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the bacterial chromosome. Any parﬁ of the chromosome is considered capable
of becoming the site of attachment of the prophage. The association between
the prophage and a particular site could be that of peculiar attraction, as
previously stated (by, for example; reason of 'free' DNA egds at the muta-
tion site). It is also possible that prophage, acting as a mutator-type
gene Itself, could suppress the activity of the bacterial gene at the sité
of attaehment. Although this explanation can possibly be used to explain
the origin of SB5, it is difficult to reconcile with the origin of the eyt~
lysogenic strain, SB23, in which the mutation occurred before the acquisi-

tion of 'the lysogeny.

3. Phage Genome is Sometimes Fixed and Sometimes Cytop;asmic

The genetic material of prophage may exist in two
distinct states - either integrated into the chromosome or autonomous in
the cytoplasm, Bacterial conjugation stﬁdies have shown that ﬁhere exist
other genetic elements which behave similarly to prophage and For ﬁhese
elements Jacob and Wollman proposed the term "episomes”.(1958). Such
episomic elements include, in addition to prophage, the F factor and
factors that control colicin production. Although change from the inte- -
grated to the autonomous state in lanmbda prophage is considereé by Jacob
and Wollmen to lead to lysis of the cell this may not be true for all
phages. Thus. prophage in SB2 and its sensitive derivatives may be
cytoplasmically situated.and be chromosomally located in lysogenic cells,

or vice versa.

b. Phage Genome Undergoes Translocatioms with the Bacterial

" Genone x




=57
Studies with the lambda phage of B. coli K12 (Kaiser, 1957)
and P22 of S. typhimurium (Levine, 1957) showed that the ability of a
tempgrate phage to lysogenize is controlled by a small region in the
prophage linkage group called the'g region. The C region controls the
series of reactions that enable the genetic materisl of the phage to
establish itself as prophage and determine the specific immunity conferred
by the prophage upon the lysogenic bacterium., Kaiser and dacob (1957)
demonstrated that the C region also controls the specific location that
prophage occupies on the bacterial chromosome,
Recombination between the bacterial genome énd the phage genome is
known to occur. Prophage laumbds can recombine with the adjacent region
of the chromosome and incorporate into its linkage group the closely
linked markers that control galactose fermentation. The resulting
recombinant phage is, however, defective (called lambda dg) but 1/4 to
1/3 of the prophage genome has been replaced by a segment of the bacterial
genome (Jacob and Wollmwan, 1961). The deunsity gradient studies of Weigle,
Meselson and Paigen (1959) in which lanbds dg was shown to have a higher
density than ordinary laumbde, added support to the genetic studies that in
lambda dg, the defectiveness and the transducing ability of the gal locus
could be explained as consequences of the loss of the phage specific DNA
accom@anied by non-reciprocal acquisition of host specific DNA.
Haploid segregants in which the C region of }ggégg dg is incorporated
into the bacterial chromoste have, however, never been encountered. That

is, a segment of the bacterial chromosome may become incorporated into
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prophage but the converse does not appear to occur,

The lysogenic SB2 derivatives may, however, represent such a recipro-
cal exchange. If SB2 does indeed possess most of the genetic sfructure of
prophage but lacks the region which controls'fhe reactions enabling the
:phage to establish itself as prophage and to express its specific immunity,
-the cell, although possessing most of the phage.genome, would be phage
sensitive and non-lysogenic. At some time in its ancestral history, SB2
may have been normally lysogenic but either a reciprocél exchange occurred
or the prophage fdonated' or 'lost' this region to the bacterial genome
(without exchange). The change from sensitivity to lysogeny would thus
represent a reinsertion into the prophage genome of the C region carrying
with it an adjacent part of the bacterial genome (such as the genes for
lysine or cytosine synthesis). Conversion to lysogeny is therefore
coincident with mutation at a’n’othér locus.

The change to lysogeny by the cyt™ auxotroph, SBY, occurred, however,
after ‘the occurrence of the mutation in which the cell remained sengitive.
In this event, the region from the bacterial genome may have become
detached creating a mutation due to a deletion. The chromosomal segment
‘then remained cytoplasmic, replicated independently but at é similar péce
to the host, and only occasionally becgme integrated into the prophage
region thus converting the cell to lysogenic.

The major headings in this classification are sufficiently general to
include the final explanation for the change‘fmewsﬁgﬁﬁﬁ%vimj;E3Vlysegeniqity@

Data presented up to this point do not permit a decision between them,
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however, and it is not argued that the special possibilities cited as
examples are true. The classification, however, provides a useful

theoretical framework upon which later obse}vations can be discussed.

- Bo The Origin of Alternate Auxotrophs

1. The Origin of Phenylalanine Requiring Cells in SB5

Culture SBS haq'been placed info stock on NA slopes and kept at
room temperature for a period of two years with two serial subcultures.
When tested on DMA aftéf‘this period, it was noted that washed suspensions
grew appreciabiy'betté;'than when first isblated: To check for the
suggested accumulation of prototrophic revertants, an overnight L-broth
culture of SB5 was diluted and plated out to obtain isolated colonies on
NA. These plates were then replicéted ﬁoIDMA. Approximateiy 1,000
colonies were '.Eest‘ed° :TWO prqtotrophs'were indeed found; but surprisingly,
the most numerous new .type (about 2%) was found te be an auxotroph which
required phenylalanine.

The 2&’;cultures derived from appfqpriate colonies were shown to be
lysogenic for a phage indistinguishable from the phages previouély.ispiated
(from SBl and SB5) and aescribed in the preceding section. The phage
isolated from one pa  culture (SB21) and called PSB21, had a similar plaque
morphology to PSBl, the same host range (SB2 and SB4t lysed, SB5 and SB23
not lysed), the same heat resistance (surviving 30 minutes at 80°C) and
identical serology (88% PSE21l neutralized in 30 minutes by antiserum

prepared against PSBl).
Although SB2l (and the other pa” bacteria) was like SBS in the phage it
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carried; there was a noticeable difference between lys™ and pa~ colonies,
When plates were either incubated for two to three days at 37°C or were
kept at room temperature for a similar period, gi“ colonies developed a
thick, raised wall of gummy material which was not shown by lys™ colonies.
This phenomenon appears to be similar to that cited by Wilson and Miles
(1955) as being described by Muller in 1910 and was common in freshly
isolated strains of Salmonella. Since Muller used this charac£eristic to
distinguish between certain Salmonella strains, he called it‘tﬁe
"Schleimwall-Versuch" (slime wall test). Its appearance was fairly
common amongst freshly isolated strains of S. paratyphi B and was rare in
S. typhimurium. The mucoid material was reported by Birch-Hirschfeld (1935)
to contain a polysaccharide which was antigenical}y the same no matter by
what type of Salmonella it was formed.

The possibility that SB21 and the other pa” cells were contaminants
may be excluded since (1) these cultures carry a phage similar to PSB5 and
(2) no other pa” Salmonella was in use in the laboratory. Further, and even
more compelling reasons are implicit in the observations detailed below.

It therefore appears that a ;Xﬁf_strain (8B5) gave rise to cells with a
nevw and alternative requirement for phenylalanine. Since the syptheses of
these two amino acids are not known to be related; it does not seem fruitfgl
to entertéin the idea that the two mutant genes are alleles. .On classical
precédent, it should be simplest to argue that the ng cells arose in two
steps: First, the reversion of lys” ng to ;zgf pa*, followed by the origin

of lys+ pa .mutants from these. An alternative sequence is lys~ Eﬂf to
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lys” gg' leading to ;zgf pa-. In view of the high freduency obserfgé of
the end product, it would be necessary to assume strong selection for both
the first and second step mutants.

The existence of cells expected to result from the first step (that is,
the prototrophs) in th? old.culture SB5S is cons@stent with the first
interpretation given above. On the other hand, the relative rarity of
these prototrophs and the absence of any det;ctable lys™ pa”™ mutants
raise the alternative possibility tﬁat pa” cells mey derive_directlz from
lzg” cells by some kind of novel mutational event, similar to or identical
with the event which it has been suggested gave rise to the lysogenic,
lys™ strain (SB5) from the non-lysogenic prototroph (SB2).

2. The Conditions of Origin of Alternative Auxotrophic Mutants

To examine the possibility that lys™ cells may change directly
into the alternatively auxotrophic ggf cells, the following series of

experiments was performédo

a. An Upper Limit to the Frequency of Origin of pa”

Cells Under Standard Conditions g£ Growth

From a plating of the old SB5 culture on NA, one lys™ colony
was picked into L<broth and incubated overnight. The culture was then
ﬁashed twice in saline; concentrated 2x and O.1 ml plated on DMA and on
DMA-phenylalenine, The plates were incubated for two days. About 50-100
revertant-type colonies appeared on both plates. It was expected that some
of the colonies on the supplemented DMA would be of the new type provided

the frequency of the alternative auxotrophic change were sufficiently high.
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However, on replication of the DMA-phenylalanine plates to DMA, all
colonie§ proved to be prototrophic. Since approximately 109 bacteria
were plated; the frequency of alternative auxotrophs within the pléted
culture was less than 1079, fhe conditiong of this test, however, do not
duplicate those under which the ggf mutdnts were originally found; i.e.
storage at room temperature. Thus, the alternative auxotrophic change may
cither ariéé mgre frequently under the other conditions, or (more probably,
in fhe absence of other information) the high frequency ofqthe new type may

be due to new and strong selection of rare mutants under the conditions of

storage.

b, The Repeated Occurrence gg_ggf Auxétrophs in Stored Cultures

In view of the preceding results, an experiment was per-
formed which attempted to duplicate, though over a shorter time interval,
the cultural cénditions under which ng alternative mutants had been
initially observed.

Ten well isolated colonies of lzg' were picked from a plating on NA
of the oid SB5 culture and plated out on individual NA platés, The plat%s
were incubated overnight and tested for growth requirements. This latter
test was done by removing a sample of the growth from each plate,
emilsifying it in saline, diluting and plating out on WA to give isolated
colonies; these colonies were then replicated to DMA, DMA-lysine and DMA-
phenylalanine. All cultures tested (about 100 colonies for each of the ten

cultures) were lys~.

The ten cultures were then allowed to remain at room temperature for
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two weeks, After this“twoaweek storage period, samples of each culture
were inoculated into L-broth, incubated overnight, and again plated out on
NA to give isolated colonies. The plates were then tested for growth
requirements as before. Of these ten lys™ cultures, two contained
detectaﬁle Ei- cells (four of a total of 152 in one‘culture‘ and one out
of 123 in the other). In the remaining cultures, the frequency Of.EE_
cells, if present, was below the level of detéction (i.e. less than 1%),

These results are shown in Table ITa.

c. The Instability of pa” Cultures
The preceding experiment, although very suggestive, ‘does
not exclude rigorously the two-step origin of the pa” cells. In fact, if
the frequency of origin of these cells is as rare as is indicated.b& the
first experiment above, the two step hypothésis would be very difficult
to exclude. However, another pertinent piece of information was obtained
by observations on the instability of the gg' derivatives,

At the same time that the ten lys™ cultures were studied (reported in
the preceding section), ten pa~ cultures derived from isolated colonies of
the o0ld (and mixed) SB5 culture were treated in the same way as the ten
lys™ cultures. When fifsﬁ tested, only pa” coibnie; were seen but after

two weeks storage; three of these cultures wefe found to be predominantidy

lys”™ (Table ITb). One culture also contained a (detectably) large number
of prototrophs, but again no lys” ggw cells were found. To explain the
accumulation of these large nunmbers of alternative"auxotrophs in injitially

pa” cultures, one could again postulate a twonsteﬁimutational sequence with
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TABLE II
2., Production of Alternate Auxotrophs in lys” Cultures Stored for
Two Weeks
Total cols. .
Culture tested lys~ pa” Dprototrophs other
lys™1 152 148 4 0 0
lys"? 123 122 1 0 0
lys 3-10 +~100 A 100 0 o 0
b. Production of Alternate Auxotrophs in pa~ Cultures Stored for
Two Weeks I
Total cols., :
Culture tested lys”™ pa” prototrophs  other
pa 1 273 183 68 2 20
pa 2 95 69 26 0 0
pa 3 113 T 39 0 0
gg_"h-lo v 100 ) 0 &~ 100 0 0

strong selection for the products of both steps. But it is a remarkable

coincidence, on this basis; that the new auxotroph which appears in tﬁese
cultures is of the same type from which the ng itself was derived.
Furthermore, such an explanation would be hard pressed to explain the
apparent, strong selective advantage of ng cells over }zgf cells at one - -

time, and the reverse at ancther time.

In fact, this contradiction does not so much argue against the tyo_“

step nature of the transitions from lys~ to ng and vice versa, but rather
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argues against selection as the sole factor responsible for the high'
frequencies of these new types. It is suggested that some process occurs
with a frequency much greater than that of 'normal' mufations under the
conditions of storage at room temperature, This process could be gither
(1) the direct transition of pa” to lys~ and lys~ to pa” or (2) the

transition from prdtotrqphy ta either lys or ggf, On the second explana=-

tion, it may be argued that prototrophic revertants of both ng and lXEf
cells occur with mutational frequency but that these prototrophs are
extremely unstable and change in certain predictable directions; i;é, to
pa or to lys”.

A decision betweén the above two possibilities cannot be made on the
basis of the present data alone, but it should'bé @ointed out that later
experiments indicate that prototrophs isolated Trom the pld SB5 cultﬁre
are unstablg in a curious way. Furthermore, the second explanation has
the advantage that it does not need to invoke a higher rate of change under
conditions of storage than under ordinary cultural conditions. All of tﬁe
prototrophic revertants observed on direct plating of even young cultures
may have contained.large nunbers of derivative ggf or }zgf cells,

One other result that developed from the tests with the stored,l
originally pure pa” cUltureé from SB5, was the discovery in one culture,. not
only of lys  cells, but also of prototrophs and other auxotrophs (Table iib}
These other auxotrophs were found to possess the double requirement of
phenylalanine and tyrosine. Thus, for the moment,.it is édppropriate to

discuss these ngtyr‘ cells which are by no means of merely incidental interest.
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d. The Properties gg.the ngtyr“ Derivatives of gg' Cells

The colonies of the pa~tyr~ cultures differed from the pa”
colonies in lacking the gummy wall. It was also noted that some pa tyr™
cultures, when transfered to L-broth and plated out on L-agar after
overnight incubation, appeared 'phage infected' - i.e. the overnight
growth of such cultures was covered with temperate-type plagques. Sixteen
separate ggfgzgf cultures were picked from a plating on NA of the culture
in which they originally appeared (now designated SB7). These sixteen
colonies, after overnight growth in L-broth, were tested for lysis by
phage PSBL and lysogenicity on SB2, It was found that nine were sensitive,
two were immune and productive while five gave fhe 'phage infected'
appearance but were lysed by PSBL.

On two other separate occasions; ggfﬁzﬁf colonies were again picked
directly from platings of SB7 and tested for sensitivity to PSBlL and
lysogenicity on SB2. Of 25 colonies picked in one test, 16 were immune
and productive, six were sensitive while three were 'phage infectedt OF
32 colonies picked in the later test; 25 were immune and productive,hseven
were sensitive and none was 'phage infected',

In section A of the Regults it became apparent that changes from
sensitivity to lysogeny could occasionally occur but the change usually
seemed to be associlated directly or indirectly with anofher physiologically
unrelated mutation., Some of the EE:EXIf cultures appear to represent the
reverse change from lysogenicity back to sensitivity, the change once again

being associated with another physiologically unrelated mutation.
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The simplest interpretation of the ggszgf mutation, at this point,
.would be that a second mutation has occurred at a tyr locus, followed by
selection for the double mutant. However, in view of the alternative
auxotrophic mutations already detected in this system, it is appropriate to
consider the bossibility that the change observed here is also of this type.
The alternative conditions here would be, on the one hand, non-function of
a pa” locus and, on the other hand, non-function éf another locus concerned
with an earlierhétep inﬂthe synthesis of-these tW6 related aromatic éﬁino
acids (c.f. Davis l952je A Qdecision between %heée.two interpretatiops of
the origin of.the EEiEXE; cells should be possible by determining whether
the two deficiencies éré lost together as a result of either mtation or
recombination, 'Uhfortuné@ely, the two tes#s do not give completely
unambiguous résﬁlts.

(1) The Mutational Test

Washed suspens1ons of pa _zg vcultures were plated out
on DMA, DMAnphenylalanlne and DMA-tyrosine and 1ncubated for 48 hours to
test for reversion. No colonies were found on the DMA or the DMAf
phenylalanine plates but hany colonies (at a ﬁrequgﬁcy of 1 x 10'5) came.
up on the DMA~tyr6sine plate. By the reblidation.tests, these colonies
were all shown'£o require tyrosine only. Results were the same whether the
ngﬁzg" culture were ;ysogenic or non-lysogenic, fhe tyr™ revertants of
of lysogenic ggfﬁzg" cultures were similarly lyéogenic s those of non;
lysogenic EE#EZE‘ cultures were also non-lysogenic, and those of t‘phage

infécted' ngﬁzgf cultures were lysogenic. When plated out on DMA, tyr~
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cultures produced no revertants.
Thus nggzg' cultures, although showing no detectable reversion to
prototrophy, very easily revert to tyr~. This result is consistent:with ’
the hypothesis that pa and tyr are separate loci. |

(2) The Recombination Test

When phage PSBlL was used as a transducing vector it
was found that g_ and tyr were transduced together in 100% of transductants
tested. For the transductlon, 0,5 ml of a sterile preparation of phage
PSB1 (propagated on SB2, titer 4.5 x 10 /ml) was mixed with an equal volume
of an overnight L-broth culture of a non-lysogenic gg tyr culture (sB33).
After 15 minutes at 37 C, 0,1 ml aliquots of the phage/cell nixture were
plated out on DMA and DMA-phenylalanine and incubated 48 hours. The
numbers of prototrophic colonies that developed were counted. The culture,

plated out without phage, constituted the control. Results of two separate

_ experiments are shown in Table III:

TABLE IIT

Transduction of pa and tyr to SB33 with PSBL

Cells Phage Mult. of Spontaneous Cols. on Cols. on DMA-
plated titer infection revertants DMA phenylalanine
: on DMA
8.5 x 107 4,5 x 10° .53 0 8 36

1.0 x 108 4.5 x 108 o3 0 15 - 36
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Fewer transductants appeared on the unsupplémented DMA plates than on
DMA supplemented with phen;);'lalanine° However, replica platings showéd that
colonies on both types of plate were prototréphic, Thﬁssthe pa and tyr
loci have so far proved inseparable by recombination.

These'resulfs are feéoncilable with thérmﬁtati;nal test, of course,
simply by argﬁing ihat fﬁeygg and tyr lpéi:ére disﬁinct but very cloéely
linked. In other words, it is simplest to infer that the ggf to gg- tyr”
change was not an alternétive auxotrophic mutation.

e. The Relationship of the tyr~ Mutations to Lysogeny

It is now appropriate to examine the interesting reversion
to sensitivity characteristic of some 6f the pa"tyr~ cultures. It should
be recalled'fhat the EE:EXET colonies derived from SBT weré of three types:
immune and productive (lysogenic), non-immune and non-productive (sensitive)
and non-immune and non-producfivg ( 'phage infected').’ The relative
frequency of these types changed with time, the sensitive type decréasiﬁg
while the lysogenic type incrgasedo

This can be explained by arguing that all pa”tyr~ mutants are
initially sensifive, i.e, that the acquisition of the tyr” mutatioh is
accompanied by & loss of both propertie; of lysogeny. In‘a mixed popula-
tion containing a majorify of lysogenic cells (the_izgf:and pa” éells)
the sensitive cells would ten& to become infected leading eventuaily tqla
predominance of secondary lysogenic cellse. |

However, there are several aspects of the situation that do not

readily fit this simple pictureﬁ (1) How did sensitive cells (liable to
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infection) come to be so numerous in the first place? (2) Why are
immune non-productive cells, so frequent in SB2, not observed here? (3)
How does one explain the delayed appearance of phage in the 'phage infected!
clones? ‘

In attempts td answer the first question, it could'be argued that
there is some very strong selective advantage of the ggfizzf cells over
other cells in the population or that (as suggested for the origin of pa"
and lys~ cells) there is some event which occurs with much higher than
mutational frequency. Again, this might invoive the instability of a
prototrophic antecedent.

In approaghing ‘the éecond aﬁd third Questions; it can be noted that
in at 1éast séme pé' éells, there has occﬁrred a. duglin of the mutations
to tyr with loss of 1ysogenic properties, similar 1n all general respects
to the occa51onal coupling of mal mutation and phage property mutations -
discussed in an earller section. The observatlons upon which the second
and third questions are based both argue aéainst the origin of the 'phage
infected' clqnés'via infection. The following observations are closely
related to the pro"olen.ur —

It was found the-'phage infected' cultures on storage became immyne
to lysis by PSBi; Plated out on L-agar the stored cultures no longe¥
showed the 'phége infected' appearance. Thus lysogenic cel;s are readily
obtained from these bésically sensitive cultures without the obvious
appearance of immune, nbn%productive cells. The situvation is very

comparable to that in which SB23 arose and the same inferences are




1=
possible; that lysogeni¢ cells afose mutationally in these populations
(thus acquirihg simultaneously the properties of immunity and productivity)
which account for théir 'phage infected' properties.

‘It is significant to note that the lysogenic cells derived from the
'phage infected' ggfgzgf clongs'are still pa~tyr . Thus, thé initial
coupling of mutétional events at the Ezg’ and phage property loci is no
longer in effect once the coupled mutations have occurred,. Furthermore,
reversions at the pa locus do not alter the phage properties of an
initially Qg'jng bacterium regardless of whether it is sensitive or
lysogenic.

The fact that some of the ngzzgé cultures were stably sensitive
while others were unstable (the 'phage infected' cultures) deserves
comment., We seem to. be presented here with a situation comparable in many
ways to that illustrated fy ggl_papillation,‘ Some of the Ezgf mutations
seemed to have fendered the cell more 'mutable’ for the reversion to
lysogeny. However,.the possible significance of this and its relationship
to the mal papillae situation will not be discussed here,

f. The Productivity and Inducibility of lys™, pa”, pa~tyr and

tyr“ Strains

In view of the‘iﬁtimate relationship between lysogeny and
the tyr” mutation, the lys~ and pa” alternative auxotrophs were examined
more closely for associated differences in phage properties. Specifically,

SB5 and SB21 were compared with regard to level of productivity and UV-

inducibility. The lysogenic pa™tyr~ (SB35) and tyr™ (SB29) derivatives
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were also examined for these properties.

TABLE IV

Productivity and Inducibility Values of SB5, SB21,

SB35 and SB29

Culture Growth Free phage - Free phage with v/
reQo . without UV . with UV without UV
'SB5 lys T.6 x 10 5 x 10 66
SE21 pa” 40 1.1 x 103 28
SB35 pa tyr" 2 x 107 3.6 x 10* 180
SB29:  tyrT 7.1 x 103 1.8 x 10 25

From these resulis it is clear that changes in phage prqperties

accompany both of the principal auxotrophic changes discussed here. The

éﬁénge from lzs“ to an alternative ggf regquirement is coupled to a

lowering of both productivity and the inducibility ratio.

The change from -

pa” to pa~tyr” is coupled either to a loss in both productivity and

imﬁﬁhity or (directly or indirectly) to a heightened productivity and

=

inducibility. The change from pa tyr~ to tyr~ in lysogenic cells is

acecompanied by an increase in productivity but a lowering of the induci-

bility ratio° Tt therefore seems very likely that both sets of unorthodox

phenomena are intimately related and due to a common underlying process,

3., The Mechanism Underlying Unorthodox Auxotrophic Changes and

_ Associated Changes Affecting the Lysogenic State

There are several reports in the recent literature pertinent to
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the changes described here, Kaplan (1961), working with Serratia
marcescens, strain CV, observed the oceurrence of alternative auxotrophic
matants and was able to demonstrate that direct changes from one auxo-
trophic type to another could occur without reversion first'to‘pro’cotrophyo
By means of a special auxanographic techniqﬁe in which auxctrophs which.
required substance A ﬁere plated out on minimal medium supplemented with
substance B, Kaplan fqund that among 60 monoeuxotrophs, there were five
which spontaneously mutated to an auxotrqphlc state requiring substance B,
coincidently 1051ng the need for the first one (i.e. substance A), To this
occurrence Kaplan gave the name."Auxotrophlesprungmutatlon" (auxotrophic
leap mytation). He demonstrated that the auxotrqphlc leap occurred in one
step without the mediation of proto‘crophy° Examples of such auxotrophlc

leaps were arg“g:inic“; nie“w__met°, pro —>his", leu-*ad +hyx « He

postulated that a mutatlon at one locus suppressed mutations at other loci,
that the information on the specificity of an enzyme could be. stored not
only in a single gene but in several. This theory, however, is at variance

with the "one gene-one enzyme" hypothesis.

Another example of auxotrophic changes was reported by Grigg and

Sergeant (1961) with Neurospora crassa. Certain back mutations of a
particular mutant Were assoclated with a hlgh frequency of simultaneous
"switch mutations" of another character in the same genome. Two eXamples

of switch mutations of a his-3 mutant were his™—his™ pan” and

hisf——éhis+gf (c an unidentified auxotrophic charac’per)o To explain the

high frequency of partial end intermediate back mutations a model based on
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unequal sister strand exchange in multi-repeat loci was preposedo The
recovery of complementary products of metabolism was cited as evidence
fqr the plausability of the proposed model.

Ephrati-Elizur, Srinivasan and Zamenhof (1961) found that among nine
Eiﬁf mtants obtained by heating spores of an 1292527 strain of Bacillus
subtilis, three lost or altered this indole requirement simultaneously
with acquisition of the Qigf requirement. Zamenhof and de Giovanni-
Donnelly (1962) who extracted the DNA from two of these strains vere able
to transform the parent hls+igdgie stra1n¢ They 1nterpreted their results
to indicate that various."non-llnked" segnments of the DNA molecule may not
be mutationally independent but gave no suggestlon of a possible mechanism
of this de;pendence° |

i W )
In a strain of Proteus mirabilis, Bohme (1961) found that reversion

from streptomyein dependence te streptomyein independence was associated
with a change in auxotrophy in T2% of revertants¢_ The remsining 28% were‘
prototrqphlce The maJorlty (70%) of the auxotrophs required the amino
aclds 1soleucine and val;.ne° Bohme hypothe51zed that the prototrophic
revertants orlglnated by mutatlon of the allele str=d (streptomyc1n

dependence) to str-s (streptomyein non=dependence); the streptomycin non-

dependence ef the auxotrophic revertants was assumed to be the consequence :

of a suppresson mutation, tle genotypical designation of which was str-d;
sur-str.
A search of the older literature wonid prdbaﬁly uncover many more

examples similar to these presented above,4poseibly all due to the same,
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novel mechanism. .For example, in E. coli, Lederberg (1957) found that the
change from Lpas to Lpgr‘(affecting the propert&rof phage adsorption) was
sometimes coupled with a change from ggif to mal”: Richter (1958) found
that the change from F' to Hfr in an E. coli X12 derivative, was, fof a
pa%ticular type of Hfr}ralways associated with a change fromlggil_.:+ to ggl';
and Anderson (1946) found that T1 resistant, T5 sensitive mutants of E.
ggii B always required the amino acid tryptqphan.- fhis latter example
suggests a relationship between phage-bacterium prdperties and ﬁnrelated
propert;es of the host.

All the situations that have been cited here are suggestive of_the
same kind of positional, mutationai event péstu;atéd in Paft A of the
Results to accéunt for the present observations, ' .

Assuming that a common mechanism uﬁderlies both the shifts_in lyso-~
genic state and the associated, physioiogically unrelatéd mutations, the
results presented in this section argue gquite strongly against any
explanation based upon reductions from a diplophase state, for both the
alternative, auxotrq;hic changes aﬁd shifts in lysogenic state are readily
reversible under appropriate conditions.

C. Atypical Changes Affecting H Antigens and Their Relation to Other

Mutations

1. H Antigen Changes in pa” Cells and Their Derivatives

‘The origin of Eiﬂ alternative auxotrophs from SB5 (lys~) has
been described in the preceding section. The reasons for excluding

contamination as an explanation for their appearance may again be
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summarizeds (1) The gg“ cells are lysogenic for a phage indisting;ishable
fgom PSB5 (2) no other pa” Salmonella was in use in fhe laboratory (3)
the origin of pa” cells is a repeatable phenomenon and (L) the pa” cells,
under appropriate éonditions, 'revert’' to lys™. These reasons are
sufficiently convincing to allow one to tolerate the remarkable.additional
observations réported below, which (in themselves) suggest contamination.
An overnight L-broth culture of the oid SB5 culture was diluted and
plated out on NA to dbfain isolated colonies; then the isolated colonies
were replica plated to identify their requireméntse Twenty-two pa”
colonies and 25 lys~ colonies were subcultured to L-broth and incubated
overnight., The resulting cultures were then tested for H agglutination
using antisera prepared against SB2. The SB2 antiserum gave a tube
agglutination titer of 1/20,&80ﬁ¢ final serum dilution (FSD), when tested
with H suspensions of 5B2, Since S, blegdam is monophasic for the anpigeps
gmg thg antiserun was célled 5gg,antiéerumo In order to-simplify
agglutination reactions with other cultures, the gmq antiserum was pre-
diluted in saline to three different dilutions - 1/20, 1/1,000 and
1/10,006 and agglutiﬁation tests were done using only these three dilutions.
Agglutination with all three dilutions was recorded as +++ and was taken
to indicate that the culture was seroiogically identicgl with 532, with
1/20 and 1/1,000 as ++ and 1/20 only as +.
| All 25 ;zgf cultures gave 4+ agglutination; but. the ng cultures were

markedly differsnt. Five of these gave + agglutination, while 17 were not

agglutinated at all.
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Microscopic examination and tests on motility medium showed that all
ng cultures were motile, implying that a new flagellar -‘antigen had been
substituted for £1g. (

In an attempt to identify the H antigens of the 22 ng cultures, all
were tested againsf an arrsy of commercial Salmonella " antisefa in
addition to the gmg antiserum prepared against SB2; the.25 EXED cultures
were similarly 'bestedo The Lederle antisera were used only at the
recommended l/l 000 dilution and recorded as either + or -. Three of the
ng cultures agglutinated only with the i antiserum, three with 1, 2, 3,

5, 6, T, (hereafter abbreviated to 1, 2..) and 16 with both i and L, 2,..
One only of the-&g§' cultures agglutinated with the i antiserum in additién
to the +++ agglutination with gmg; all other lys™ cultures agglutinated
only +++ with gmg. Since a minority of the pa cultures (six of the 22)
agglutinated only with!i or 1, 2.. antisera and: the majority agglutinated
with both antlsera, it was assumed here that all pa- cultures were actually
~ diphasics

Thus ‘the remarkable shift from ;zifdto an'alternative requirement for
pa appears to ﬁe coupied‘to an equally remarkable shift from-a monophasic
gmg condition ﬁd a dipﬁssic i: 1, 2.. condition. The latter antigens have
never heen described for 8. blegdam and the 1 1, 2 serotype is characterls=

tic of other Salmonella strains (notably S. typhimur murium). Se typhlmurlumr

straine were in steck in the laboratory. Although the possibility of
contamination has been ruled out satisfactovil§ on other grounds, it is

appropriate here to note that these So tzghimurium'strains were not in
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current use, weré all prototrophs and were allk non-motil_e°

The coupling of auxotrophic and antiéenic chénges paralleis the
coupling of other changes reported earlier. Two features of these other
couplings, however, do not seem to be characteristic of the present one:
(1) That coupled mutations (e.g. ggl papillation and gain of prqductivity)
occur only in certain clones and (2) that once'coupled mutations have
’occurred (esgo EXE- and gain of lysogenicity) reverse mutations are not
necessarily coupled. The following experiments illustrate this.

Twenty=-six Bﬁf cultures that arose independently in the originally
lzgf cultures isolated from SB5 and which appeared after the two week
storage period (Table II) also agélutinated with either i and/or 1, 260
antisera and only five gave + agglutination with gmg. Twenty-seven lys”
Eultures which arose independently from originally pure pa” cultures
agglutinated 44+ with gmg antiserum alone. |

Thus, insofar as can be told from these observations, the izﬁf and
the BET properties are invariably associated with the diverse, antigenic
properties of gmg and i: 1, 2.. respectively.

The possibility of antigenic changes assobia&ed with the origin of
pa"tyr” cells was fhen examined, A totai of 47 separate pa tyr~ cultures;mﬁs
tested at different times by the methods given for the Eg::and lys™ |

cultures. Results are shown in Table V.
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TABLE V

Agglutination Tests with pa™tyr~- Strains

Antisers | Nunber Number Number
gng i 1, 2.. lysogenic sensitive 'phage infected!
4+ - - 22 8 3
- - 2 1 0
+¥ + + 7 1 Y
- - 3 o °
Total 3k 10 3

Clearly, another antiéenic change is coupled with the tyr~ mutation.
The antigenic change parallels that associated with the pa” to lys™ change,
but there are consistent differences in detail, It is especially note-
worthy that most of the nggig' cultures do not react with anti-SB2 serum
to the same titer as SB2 (or SB5). In 11 cases; this is attributable to
the occurrence of other antigenic typés‘in the culture (inand/or 1l _2_”)c
These cultures appear 1o be triphasic although the existence of three
distinet cell typeéA(réthér than fﬁe possession of more than one antigen
by one cell) is only a likely inference.

In the majority (36) of the cultures, however, no i nor 1, 2..
antigens could be demonstrated. A routine check of these strains with an
array of standard antisera was not made, so it is entirely possible that
these strains are not monophasic (as SB2 and SB5 appear to be) but may

exhibit H antigens so far unrelated to the system.
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The serotypes of tyr”~ cultures was then examined. Twenty-three
separate cultures were dbtalned from revertants appearing on DMA-tyrosine
of ngﬁzgn cultures., They included 24 that were lysogenic and nine thgt
were non-lysogenic., Each culture agglutinated 44+ with gug and was not
agglutinated by either i or 1, 2... The reversion 6f the pa~ gene
. therefore also appears to be coupled to an antigenic change; which might
be interpreted as a restoration of the monophasic condition. ,
Representative _z_ ’ g_ s pa tyr and. tyr cultures were also tested
for agglutlnatlon with the SBE 0 antiserum by the slide agglutlnatlon
method, All were agglutinated similarly to the SB2 culture. There is
therefore no evidence for a change in the O antigens of these auxotrophs
although fractional changes (e.g. from the 9, 12 condition of S. blegdam
to the 4, 12 condition of 8. typ himu;'iﬁm) have not yet been excluded.

2, Attempts to Direct the Antigenic Changes

Alternative Salmonella H phases may be revealed by swarming cells
through motility medium in which has been incorporéfed antisefum against
the phase one wishes to suppress. An attempt was made therefore, to
uncover i and 1, 2.. antigens in SB2 and in a ngf culture, SB5 and SB2
were passaged three times through motility medium'in which had been
incorporated O,l_ml of SB2 H antiserum. The swarming of both cultures was
almost completely inhibited on the first plate but the size of the swarms -
graduslly increased on serial passage. On the third passage the swarm .
extended to about 1 .cm from the site of the original inoculum. On transfer

to motility medium without the added antiserum both cultures again swarmed
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well to the full diameter of the plate. The lysine requiring culture
still retained the lysine requirement and 8B2 was still prototrophic. Yet,
neither culture wvhen tested, agglutinated with iorl, 2., antisers and-
both agglutinated-only + with the gmg antiserum. Thus the antigens i and
ls, 2.. were not uncovered by antiserum passage although the titer with the
gmg-antiserum was altered so that it was similar to the titer of some ng
cultures. Since both cultures showed good motility when finally removed
from gmg antiserum, it may be suspected that unidentified H antigeﬁs were
present,

However, the results do not allow the concluéion that SB2 and SB5 are
diphagic gmq:X. (where X represents the unidentified antigen). On the
contrary, the fact that good swarming on anti-gmg serum was never seen
argues ageinst a diphasic qonditiono What is suggested is that'the'changes

are in the re¢lative amounts of two or more antigens present on the flagella

of all cells., For example, the change involved may be equivalent to the
(hypofhetical) conversion of S. blegdam (monophasic gmg) to S. rostock
(monophasic ggg) or‘to S. enteritidis (monophasic gg)o Precedent for this
type of change is the conversioﬁ by growth in anti-d serum of S. saliﬁatis

(deh:denzls) to 8. sandiego (ggzenzl5) (Bdwards and Bruner, 1942), An .

- understanding of the changes involved here must await further serological
tests.

For the present, the important point is that under 'standard' condi-
tions of growth, the event which leads to the i:1l, 2.. serotype is of the

same order of rarity as the associated event leading to the ggf condition;
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neither has been detected despite rather powerful selective techniques.
It may be noted here, however, that although transfer through specific
anfisérum is a highly sensitive test for the uncovering of other H antigens;
all phases (of multiphasic Salmonella) are not necessarily freely '
reversible by this technique (e.g. see Bruner and Edwards, 1941).

In view of the changes in flagellar antigens accompanying auxotrophic
vafiation discussed in the preceding section, it was thought that reversion
back to prototrophy of pa” cells might also be accompanied by a change of
the flagellar antigens from isl, goo back to gmg, Pa~ cultures reverted
readily to prototrophy (frequency of revertant éells about 1 x 10"6) as
detected by plating out on DMA, Five different ng colonies were picked
from a plating of SB5 on NA, An overnight, L-broth culture of each culture
was washed twice in saline and 0.1 ml plated out dn DMA plates and incubated
for two days. -A total of 85 proteotroph colpnies (representing a minimum 6f
five independent reversions) were then picked iﬁto L-broth and tested for
agglutination witﬁ antisera against antigens i, 1, 2.. and gmq. Eighty-
four cultures agglutinated only with i.and/or ég‘g,, but one culture gave
;++ agglutination with the gmq antiserum. Thus the maj@rity‘of proto=
trophic revertants of ng cells retained the H antigenic structure of the
Ifarent cel; but one possessed antigens typical of SB2. Although the |
frequency of antigenic reversion was low it does show that pa”™ cultures
£avelnot lost irrevocably the potentiality for the gmg genotype.

3. -Significance of the Antigenic Changes.

.Salmonella are generally either monophasic or diphasic with
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reference to their H antigens. That is, a given stréin either congiaﬁently
possesses one particular H antigenic complex or the cells.;f a sﬁfain éxisp
in two alternative forms, each characterized by a particular H antigen |
complex. The diphasiciéondition is remarkable in two respects: (1) The
probability of "mutafion" from one phase to the other is frequently quite
high (up to 10"’3) and (2) the two phases, though often serologically
distinet, are mutually exclusive. Both of these properties suggest that
phase variation is not an example of a classic mutational process. In
fact, there is a strong similarity to that serotypic variation in
‘Paramecium which is under éytcplasmic control, However, the studies of
Lederberg and Edwards (1953) and Lederberg and Iino (1956) reveal through
transduction experiments a unique basis for the determina#ion of phase in
Salmonella., The essential features of their explanation are as foilows°

Each of the two pha§e§ is controlled by a specific locus -~ Hl for
phase 1 and Hy, for phase 2 - and that alternation of these phase;-AQpends
‘on interrelazzgnships between t@ese two loci., The allele present at the
H2 locus may alternate between-two states; one epistatic to Hl in which
;Eé Hé phenotype is expressed and the other hypostatic to Hl-ghich results
in e;;;ession of the Hi pﬁenotype; The alternation of sta;;; cou;d'be
'interpreted by a vari;;& of mechanisms. For example, one advanced fy
Jacob and Wollman (1961) was the alternation of a cytoplasmic eiement
'.from the integrated state (epistatic) to the autonomous state (hypostatic)s

- Bxceptions to the general rule that Salmonella strains are either

monophasic or diphasic have been known for some time. Frequently, however,
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the existence of third or fourth phases can only be demonstrated by the
application of powerful selection methods ~ e.g. swarming through soft

agar containing homologous antiserum,

The exéeptions are 6f two genefal types. The first type of exception

is exemplifigd'by the selection of. S. salinatis (deh:denzl5) of cells
diphasic for 923_2515, Many other examples of this type of change may
be cited (e.g. gm—>gp, mt—>gt, mt—>gms, gmg—>gm). - Here, the new
phaées are cldsély related serologically to .the old.

Lederbérg and Iino postulated that antigenic variations of this type
represented normal point mutations of either the ﬁi or Hé-loci, and were
thereforé alleles of the same locus. As discusségfeari;;r, the observed
effects of anfi-ggg seruﬁ~upon SB2 may be interpreted in this way.

On the.qther hand, the’éecond type of exceptibn is much more 4iffi-
-eult #o accomﬁodatg‘to”the Lederberg-Iino model ﬁithout-introducing
importént ad&itiohal concepts, In these éases, the new phases observed
represen#_profoundly different antigens-than those initially present.
Examples of this type of situation may be cited,

Bdwards and Bruner (1939) described a strain of the normally

moriophasic S. abortus-equi ( -; enx) with three phaées:'(a:epx:ZS) Bruner

and Edwards (l9hl) further described a strain of S. paratyphi A with four
serologically different phases (the three 'extra' phases were unﬁaﬁed)

) ) T
rather then the normal one ( -:a). The natural occurrence of four

reversible and serologically unrelated phases in cultures of'§° mikawashima

(y:enzlsazu7:z50) was described by Bdwards, Sakazaki and Kato (1962).
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LeMinor and Edwards (1960) described three phases for S. goerlitz

(z27:eh:l,2). S. goerlitz cultures could be transformed by passage in

"appropriate antiserum motility medium to the diphasic form eh:l,2 but
from such culturés the Zoer form could no longer be recovered by further
appropriate antiéefuﬁ'p.a:;age. - Taylor, Lee, Edwérds- and Ramsey (1960)
described a culture monophas:.c for z,+3 which changed irreversibly to the
diphasic form iw z typlcal of S Wor'l:hlng'bon° These workers also
described many strains Whiqh when first isolated we'x"e diphasic for Z)3

( Zy5 OF .Z..L_‘é) and gst which could be readily. changed to tﬁle- monophas;:

form gst characteristic of S. senftenberg but from which the z),35 Z4s5 or

ZH6 phase could no longer be recovered.

An anomaly to the typical H1H2 genetic con'lsrol of phase variation was
later found by Leder'berg himself (1961) with a normally monophasic strain
of S, paratyphi b (€DC-157). This strain normally possessed ogly the a
: g.ntigen but rare reversions to 1, 2+ occasionally occurred. Ge‘ﬁetic
analysis of this strain revealed that the 1,2 antigen was determined by

an allele of the Hl locus rather than the H2 as is usual for this antigen

and the situation was explained by arguing that CDC-157 was carrying a

"diploid" Hy locus.

Spice:and. Datta (1959) reported on a strain of S. typhimurium in
which the H antigens i;1,2 were altered by transduction to 'Ehe form b senx.
The H antigens i:evez_"lie'ci-ﬂin the first or éecdnd pha.s.es g.:'i.ving rise fo
orgenisms with the antigenic formulae b:l,2 and ienx. Transduction of '

the b and enx antigens therefore had not replaced or substituted for the
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original antigens (as originally postulated for trans@uction in general by
Lederberg and Edwands, 1953). The results here may aleo be interpreted ag
- the result of a diploid condition of the Hi and H2 loci. Under certain

unspeclfled condltlons one of the H loci would be dominant over the other,

and similarly for H2o

Clearly, the ;;tuation observed here in the present enperiments is
an exception of this second more perplexing type. _It seems unlikely that
the éﬁnes for i and/or 1,2 specificity arose'byvpoint mntation from the
gene for gmg. Inétead, what is suggested is that most, if not 511, of the

. i
hereditary specifieatien for the'i and 1,2, antigens ie carried by all
SB2 strains but that these epecifications are in some way prevented from
being used. Only by some event, pessibly nes;tional, can these specifica-
tions hé used,

The present system is unique in that associated changes affecting
other bacterial prqperties have been studled s1multaneously. The
follow1ng points argue that all of these changes are related to the same
underlying mechanlsm-of change - and are signlflcant to the eventual
understanding of that change._ | | -

(1) 'There is a close parallel between the lysogenlc traits and
other bacterial traits 1n SB2 derlvatives and the antigen system., As
examples of a second or 'reserve phase which is not expressed and which
would parallel the non-expression of i and 1,2.. may ‘be cited the lack of
imminity and productivity in S8B2 and the latent capacity to syntheeize

phenylalanine in SB21 and lysine in SB5., The immunity-to-productivity
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change may be visualized as another example of 'phase variation' (although
of course, the reverse change in.single cells, from productivity to
immunity alone is physically impossible) as also the lngggf to lz§fggf
change., The different degrees of productivity of the lysogenic derivatives
may indicate variatioms in 'mutability' in different cultures homologous
to the vgriations in mutability of mal fermentation in differept SB2
cultures (papillae formation) previously discussed. Although it has been
-égsumed that all cultures that exhibit either the i or the 1,2.. antigens
-are actually diphasic, it is possible that those which have (so far)
exhibited only one may represent variations in mutability betweén the
states 171,2..% and 1%1,2..7. Additienal work will be necessary to
determine this. |

(2) There is a coupllng of the antlgenlc changes to all of the
previously mentloned tra.ltso Antigens i and 1, .. are expressed in
cultures which require“phenylalanlne but are not expressed in cultures
whlch require lysine,d—The g_f i:1,2.. ' tures have a lower product1v1ty
and induc1bllity ratio than lys emq, cultures (Table IV) which indicate
variations in mutablllty, ' -

Taylor §§_§}3(1960) have shown a co?relatibn between the ocecurrence
of the Zhs antigen ‘and rapid fermentation of farfr;te in Salmonella.
© This ang—zéher similar correlations may be explained in terms ‘of coupled

mitations similar to those described here,
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D. Segregation-type Phenomena and Associated Origin of Novel Genotypes

1. Changes Involving a Lysogenic Prototroph Derived from SB5

One of the prototrophic colonies detected and isolated directly

from platings of SB5 (see Section B, part 1; prototroph hereafter
referred to as Prototrqph 1) was immune to phage PSBl and lysogenlc on
SB2, It was unusual in its agglutination reactions with the ) antlsera,
however;& it gave +++ agglutination with gmg antiserum but also aggluti-
‘nated with antisera against antigens i and 1,2..; i.,e., it behaved as a
triphasic culture. In view of the two extra phases found to be possessed
lby ng cuitu;es tﬁis strain was therefore considered especially sigpificanto
- The culture was first tested to see if it were prototrqphic or were
actually compgsed of a nixture of izgf and pa” cells.

An overnight L-broth cultufe of Prototroph 1 was diluted and plated
out on NA to obtain isolated colonies. After overnight incubation, 10
colonies were picked into L-broth and investigated. 'Four of phe 10
cultures were found to be protobtrophic, lysogenic and to be agglutinated
by Both i and 1,2.. antisera but not by gmg; five required lysine, were
lysogenic, did not swarm on motility medium but agglutinated 44+ with. the
gmg antiserum only; and one was an auxotroph whicﬁ required phénylalanine,
was lysogenic and agglutinated by i and 1,2.. antisera only. Thus
_ Prototroph 1 did appear to be a mixture of pa  and lys  cells although four
of the 10 cultures which originated as single cells tested as prqtotrqphico

These observations suggest that Prototroph 1 is an unstable recombinant

. between lys~ and pa  cells.
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However, an additional and remarkable observation is not readily
consistentlwith thig interpretation. The four lys™ cultures were non-
motile whereas the ;zg' cultures isolated directly from platipgs of SBS
had been motile. Flagellar staining showed that the non-motile cells
were. actually peritrichously flagellated with from six to eight f;agella
per cell, and therefore could be described as "paralyzed" (Stocker,
Zinder and Lederberg, 1953) or géﬁfo If Protétroph 1 had actﬁally
resulted from a rare sexual recombination between a }zgf and a pa  cell
it was to be expected that the segregant }z§f could be also motile, as
the parent }zgfo
The four prototrophic cultures from the first plating of Prototroph
1 were picked and tested further. Grown'up in L~broth overnight, they
were diluted and plated out on NA to cbtain gbout 100 colonies ﬁer plate
which were then replicated to DMA, ﬁMA~lysine and DMA-phenylalanine. Each
of the four cultures was now composed entirely of a mixture of izgf and
ng cells aﬁd no prototrophs were found., Thus 'segregatioﬁ' to ll&; and
RET of the origiﬁal prototrophic colomies had occurred again. PFifteen
;zgf colonies from a plate of each of the four prototrophic cultures
tested were tested for swarming ability on mobility medium. A total of
58 were non-motile and two were motile., Five non-motile lys™ cultures from
each of the four original cultufes\werg shown to be lysogenic as weli as
the two motile stfains? All cultures agglutinated 4~ Wiyh gmg antiserum
and did not agglutinate with either i or 1,2.. antisera. Similarly, 20

ng cultures were lysogenic, motile, agglutinated with i and 1,2.. antisera
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and gave no agglutination with ggg antlserum.
Thus, on five independent occasions Prototroph 1 has readlly given

rise to both pa”, i;1,2.. and lys , gmg cells, On all five occasions the

majority of the latter were gng, The high frequency of the change, the
complementarity of the two types, the predictability of the new types and
pre-existence of most of the properties in the previous history of
Prototroph 1 all argue that it is an unstsble diploid. On the other hand,
the nen-motility of the lzg' derivatives raises serious questions about
this interpretation. At best, it would have to be‘argued that Prototroph
1 arose by recombination involving a rare gggf mutant in the original SB5
culture.

If the segxegat;on explanation is valid; the asgociation of the non-
motility and the ;z§f suggests that the two genetlc loci might be closely
linked and therefore transduce together. To test this, motility was
transduced to a non-motile }zgf culture with phage PSBl and resulting
swarms tested for an assoc1ated change to prototrophy. Similarly, lys
was transduced and resultlng prototrophic transductants tested for an
associated change to motlllty. o

Equal volumes of a sterile preparatlon of phage PSB1L (tlter »

4,5 x 10 /ml) and an overnight L-broth culture of a nonumotlle }XE gtrain
(SBLL) were mixed together and placed at 37 C for 15 minutes. Loopfgls of
the phage/cell mixture were then sﬁreaked through a plate of MM and

incubated to test for swarm production. The transducﬁant mixture was also

washed twice ih saline and O.l ml plated out on DMA plates Which were
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incubated for 48 hours. For centrols, SB4UY without added phage was
similarly treated and plated out in;MM and on DMA..

On overnight incubation the culture streaked through MM showed many
swarms while the control plate showed ﬁqne. After 48 hours incutation,
the transductant mixture on DMA showed many.prctotrophs wﬁile'the control
plate showed only few, Inocula taken from 1.0 different areas of the swarm
(since wéll isolated swarms were not seen) were tested for growth require- |
ment, Each of the 10 cultures still required lysine. Twenty different
prototrophic colonies from thé DMA transductant plate were picked and
tested for motility and éll found to be stiil non-motile,

Thus the genes for lys1ne utlllzatlon and motility do not appear to
be closely linked on the bacterial chromosome as would be suspected on the
segregation hypothes1s. On the other hand, that hypothe31s is not
exciuded by this negative information.

2, Significance of thelApparent lys™ to E_f Segregation

It 1s very unllkely that Prototroph 1 is a normal prototrophic
revertant dbtalned by direct selection of revertants appearing on DMA of
either _ZET or ng cultures., Although not extensiVely tested for, this

- segregation-type behavibur was not shown by ﬁtrﬁal prototrophs of either :
auxotroph. There aré tﬁo other possible expiaﬁatibns for the origin of
Prototroph 1; ~

(1) by recombination between a lys and a”ggf cell,
(2) ot as a representative of an ;intermediate stage' not involving

diploidy in the transition to either lzs" or ng.
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The first explanation also seems unlikely since it does not account
for the occurrence of non-motility. FurEher; artificial mixtures in L=
brofh-of lys™ and pa” cultures have shown only lys™ and pa~ colonies on
pléting out. A more critical examination might show the presence of few
recombinants; for recombination within some members of the Salmonella
group has been shown to occur (Baron, 1960), at a very 1§w frequency
(1 x 1079), | |
' The second explanation that Prototroph 1 may represent an intermediate
stage in the production of alternate auxotrophé ééems to be the most
acceptable éxplanatibn at tﬁis stage. If this is indeed true the
mechaniém of productibn of'alternate auxotrophs would therefore inélude
8 prototrophic staée. Kaplan demonstrated.that the "auxotrophic 1éap

mutafipn" with Serratia marcescens CV‘apparently occurred without the

intermediacy of & prototrophic stage, The frequency of change in the éBe
deri%atives has, however, been shown fo be much less than the frequency

in 8. marcescens and may therefore represent a different mechanism. The
finding. that the ;zgf cells that result from this particular prototroph
are usually non-motile is merely evidence of anothef coﬁpled mutafion’many
of which have already 5een descriﬁed earliér, However, the "memory" of
earlier requirements exhibited by thg'derivatives of Prototroph 1 is

rema:kableo

3. Changes Involving an Immune, Non-productive Prototroph Derived

from SBS

The second protofroph whiech was isolgted from platings of SB5
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(hereafter referred to as Prototroph 2) was immune to lysis by PSBl but was
non~productive in the Mixed Growth Test with SB2. It thérefore resembled : ‘ﬁ
neithqr the lzg- nor the pg- cultures but did resemble the immune |
prototfophs thgt,arose in old cultures of the iﬁdicator strains;'SBe. It
was égglutinated with O antigerum prepared against SB2 énd gave 4+
. agglutination with gmg antiserum, and was not agglutinatéd by either i or
1,2.. entisera. Ten independent cultures which were inoculated from
single colonies on an NA plate of Prototroph 2 were similarly shown to
be immune to PSBl, non~productive and agglutinated +4+ DYy ggg antiserunm
and to be prototrophic. Prototroph 2 therefore did not resemble Prototrééh
1 which readily 'segregated' to lys™ and ng auxotrophéﬂ It also differeﬁ'
in.being non-productive but the possi?ility must be recognized that
Prototroph 1 may also have Been.non-productivg ~ that only the segregants
gave rise to phage. Two of the cultures wh;ph arose as single colonies
frém Prototroph 2 were placed into stock as SB37 and SB38 and are tﬁe
cultures on which further work was doﬁe@ |

a. Segregation-like Phenomena in Derivatives of SB3T

Soon after being placed into the stock collection, SB37
wa;-retestéd:for growth characteristics and lysogenicity. A total of 91
colonies on NA'was replicated to DMA and shown to be prototrophic., Ten
single colonies chosen from the NA plate were further testéd for lyso-
genicify and phage sensitivity aﬁd,shown'to be‘immune to lysis by PSBL
qnd lysogenic by the Mixed Growth Test witﬁ SB2. Each of the 10 colonies

. was passaged through MM to prepare them for agglutination tests and each
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1swérmed;well. Cultures inoculated from the edge of the swarm were |
égglutinated +++ with gmg antiserum. But in addition, seven were also
agglutinéted.by i antiserum and three by both i.aﬁd 1;2.. antisera. The
i'and 1,2.. agglutinations were therefore extra to the pure gmg )
agglutination originaliy obtained. Since éach of the cultures originated
as’a éingle.ﬁrototrophic colony, the ggglutination feactions'agpeared to
.;epresent either a diphasié'or “idphasic situation in single clones
'similar;to that described for séﬁe pa tyr strains.

An additional unusual phenomenen was observed on the motiiity plates'
containing %he swarms of the 10 indivi@gal isolates of SB37. These plates
had been inoculated at the center and swarmed on overnight incubation at
37°¢ to about half the diambter of the plate. They had then been left on
thé benéh ét roém ﬁemperatureo After two days ét this temperature it ﬁas
6bserved that from the edge of thé'swarm many fan-like 'secondary swarms ¥
had developed with the apex towards the edge of the primary swarm, After
threé days at room temperature these secondar& swarms had grown out to a
distance of about 1 cm from the.site of origin, A possible interpretatio;
of the phenomenon waé thét these 'secondary!’ swarms'represented a séieétion
for celié with the ability to swarm better at room temperature. This
phenomenon had not been observed with other strains plated out in MM.
Because of its unique nature the phenomenon was thought worthy of further
investigation.

In the first.test, four secondary swafms, each from a different

primary swarm, were chesen. With a sterile wire, tubes of L-broth were
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inoculated from the outside edge of the fanalike secondary swarm, and
incu'\ba,"bed° Cultures were then tested for growth,requifements, for lysis
by phage PSBl, for lysogenicity and agglutination Wi%h the H antisera°
Three of the culﬁures were‘shéwn to be pfototrophic but bne was an
agxotroph with the fequirement for phenylalanine. Epch was immune to
lysis by PSBL but.lzsoéenic in the Mixed Growth Test with SB2. One
prototroph agglutinated with i and 1,2.. antisera, a second prototroph
agglutinated with i'énd 1,2 and gave ++ agglutination withlggg, the
thifd.profotroph agglutinated with i and },gf;énd+ﬁwith gmng. The pa”
auxotroph agglutinated with i, 1,2.. and gug.

The secondary swarmé therefore showed some remarkable and unexpected
differences from the parent cultures: =

(l) Each waS'}ysogenic,whereas'the parent cultures were immune but
-non~productive, | A |

(2) Ong was an auxotroph and required phenylalanine.

(3) ALl showed some agglutination with i and 1,2:;. antisera in
”'contrast to SB37 and the 10 separate isolétes bf SB37; one pfbtotrophic
culture had completely lost its agglutinability with gmg antiserumo
Because of the unexpected nature of these four secondary swarms, additional
secondary swarms were tested. FPlates of MM were inoculated centrally with
the 10 separate cultures previously isolated from SB37 and incubated
ovefnight at 37°¢, They were then allowed to remain on the bench at room
temperature for an additional two days. A total of 45 additional secondary

swarms was. picked into Lnbfoth and tested as previously. Results of the
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tests for all secondary swarms are shown in Teble VI,

' Sixteen of the secondgry swarms were prototrophic, 10 resembled the
ﬁarent culture in being immune and nonﬁ?roductivehbut none of.thése
laggiutinated with gmg antiserum;-15 oﬁ these profotrophs agglutingted-with'
gither ior ;,g.o'antisera and one was agglutipated by neither. This
latter culture possibly represented a strain with‘a fourth, unidentified
antigen. Twenty-nine of the swarms were auxotrqphicoA Twenty-eiéhﬁ were
pa” but a most surprising result was the isolation of a mutant with ﬁhé
completely new auxotrophic.requirement of arginine, Eacﬁ of the auxotrophs
‘was lysogenic ‘but none was agglutinated by gmg antiserum although all
showed some agglutinafion with i and/or 120, antisera.

The Sécondary swarm phenomenon'therefore resulted in some unexpected
developments.- Excépt for two cultures of the first set of four secondary- .
swarms ‘tested, none of the cultures showed any agglutination with feacle]
antiserum although the original Prototroph 2 isolated directly from‘the
SB5 plate and the lO.immediate single colony isolations from:this culture:
gave +++ agglutination with gmg antiserum. Iﬁ going from the original
Prototroph 2 culfure there seems to have been a progressidn from completely
gmg through triphasic gmg:i:l,2.. to an almost total loss of gmg
agglutinaﬁility with the gdin of 1 and éga;oo The antigenic change was not
completely COrrelated.with acquisition of the auxotrdph& for the
prototrophié cultures had also lost gmg agglutinaﬁility.

| A second unexpected result'fram the seéondary swarms was the change

from non-productivity in Prototroph 2 and SB37 to lysogeny in the secondary




TABLE VI
Agglutination Reactions of Pro’botroph 2 and Prototroph 2 Derivatives

SR s - . “Fourth No Not

- Strain  _ gmq gmg;i gma3l,2.5 gmg;i;l,2,, i 1,200 151,2.. antigen antigen tested Total
Prototroph 2, IM} 10 10
SB3T passaged |

- in MM ™ T 3 : _ 10
Secondary swarms . , _ .

from SB3T ’ .
Ist Test
Prototroph L 2 1 3
. pa” L 1 1
2nd Test
Prototroph, L .2 4 ' : 6
Prototroph, =~ IM _ 32 L 1 - 10
D8 , L ' 2 16 - 28
arg L 1 : 1
Isolated cols--° _ '
of SB42, after

storage.

Prototroph, IM 3 1 2 . 10
pa”, I 1 1 3 5

I=slysogenic _ IM=immune

-L6~
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swarm cultures. Ten of the 16 prototrophs remained immune and non-
bfoductiye bqt six were'lysogenic and all thg'auxotrophs were lysogenic.
The plaque produced by all lysogenic culfures resenbled that already
deseribed for PSEL.
The thi?d development wés the discovery of a secondary swarm with
the completely new au#otrophic requirement of arginine. Since
phenylélanine and arginine appear to have separate biosynthetic pathways
there appears to be no biochemical éonnection between the two auxotrophic
types.
One Eﬂ- culture which had arisen as'a secondary swarm, which
agglutinated with both i and 1,2.. antisera, was selected and placed into
- stock as SBU2. When plated out on EMB-maltose after approximately one
month after being placed into stock, colonies of two types were seen - A
small, dark énd‘sheenless and some larger pihk colonies. The;smaller
colony predominated with about one large pink colony per 4O sméll dark
colonies. Representative small and dark colonies were picked directly
from the EMB medium into L-broth and tested for growth requirement,
lysogeny, motility and H agglutinability. Results of these tests are also
shown in Table VI,

4, When it is remembered that‘SBh2 had its origin as a lysogenic, ng
secondary'swa¥m'Which developed from SB37 vhich was an immne, non-
productive prototfoph, the results with the SB42 derivativeé are certainly
‘unexpected. The results inclﬁde:

(1) The presence of prototrophic, immune, non=productive cultures
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which were agglutinated with i and/or 1,2.. and + with gmg, These
therefore resemble ver& closely the original culture from which the
secondary swarm arosew. The prototrophic cultures producéd-bpth swmall, dark
- colonies and large, pink co;onies on EMB-maltose. These colonies appear'f
to represent a 'reversion' back to the original type rather thén reversions
qf the normal type which would be expected to be lysogenic.

(2) 'The presence of ggf cultures which were .lysogenic but which were
non-motile (first detecfed by their inability to produce swarms in MM)ﬁ
No_flagella were seen when:two nonfmotile strains were>appropriately
Istaineda_ The# were therefore neﬁwmotile because of the complete absence
of flagella and in this respect differed from the lys  cultures which
'Segregated'.from Prototroph 1, which possessed paralyzed fl_agel.‘l_.aa In
the genetic notation of Stocker et g£"(1953) the non-motile; non-
flagellaﬁed.ggf strains may be representéd as £}§f°

(3) The + agglutinafion with gmg, antiserum of both pretotrophic and
auxotrophic ;:qltureso The original SBhé agglutinated only with iand 1,2..
antiserao This reaction also repre;ents a tendeney to return to the |
property of the original parent culture and Pr?totrqph 2a

(%) The non-motile pa” cultures were typiééﬁly ‘rough' strains of
Salrlnoneila° In L-broth they produced a heavy floccular growth which
settled at the botton oflthe tube leaving a perfect;y clear medium above,
rather than the even turbidity of normal ggf cultures. They were also |
found not to agglutinate with the 0 antiserum ﬁrepared against SB2 and

produced rough-: colonies on NA, Non-motile, pa~ cultures also produced
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small, dark colenies and large, pink colonies on EMB-maltose.

The prototfophs present in SB42 are obviously different from ﬁhe-
.t&pical prctotrqph;c revertants of pa” cells since these revertants
retain the pr&perﬁy of ;ysogenicity 6f fhe‘auxotfqphe ‘The SB42 prototrophs
are immine aﬁdzhon-pioQuetivé and therefore resemble more fhe parent
culture from whigh SB42 originally aeveloped as a sgcondary‘swafm,- These
results seem to indicate that.the changes whiéh occur in going from %he
primafy to the secondary swarm are quite unstable and more or iess

reversible,

bo Segregation-like Phenomena in Derivatives of SB38

Soon affer being'plach into the stock collectipn but after
the experimeﬁté with SB37, SB38 was also retested.in‘a similar mannef° An
overnight L-broth culture of'SB38 was plated out on NA to dbtain igolated~
colonies which were then replicated to DMA. - Of a total of 107 colonies
replicated, 99 wefe prototrophic and‘eight were auxotfqphs{ Seven of
fﬁese auxotrophs required phenylalanine but the eighth was of a new type -
and was found to require the vitamin nicotinic acid. A rgpresentative
10 prototrophs and all the éuxotrophs were tested for lysogeny. Each of
._the,brototrophs wés immune to PSBl and non=productive and therefbfé
resembled the original parent, Prototrqph 2, The ng and Eiﬁf auxotrophs
were both lysogenic; Tested serologically, all dérivatives agglutinated
with the_SBE.O antiserum; the prototrophs agglutinated with i and ;,g.,
and .+++ with &ng antisera; each of the pa” cultures agglutinated with i

and 1,2.. while the gig- guxotreoph agglutinated.with i'and~+ with gmg.
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The results of the tests wifh these derivatives of SB38 are shown in
Tabie VIiI.
TABLE VII

Auxotrophic, Lysogen1c1ty and Agglutination Tests of
SB38 and its Single Colony Isolations

Culture Number Growth Lysogenicity Agglutination with

tested req. . i 1,2.. gmg
SB38 1 Prototroph immume - - 4
SB38
derivatives T Prototroph immune + - s
3 Prototroph immune + + Fefoe
1 pa_ lysogenic + + -
1 nicm lysogenie + - +

Culture SB38 thus behaved somewhat differently from the SB37 culture
which on platingféut produced onmly prototrophic colonies. With both
strains, the prototrophs remained immune and non-productive and gained the
-1 and 1,2.. agglutination reactions in additioﬁ to agglutination with gmg
of the original Prototroph 2. Tﬁe‘ggf cultures from SB38 resembled the
ggf culbtures derived.ag secondary swarms from SB37. They therefore gy
have arisen by a similar genetic meghanism but without going through tﬁe
swarming procedure that was necessary for SB37., Similarly the gggflculture
whlch appeared spontaneeusly could also have arlsen in a similar manner to
that Which gave rise to the arg secondary swarm in SB3T. ‘Secondary.swarms

were proguced in a similaq manner to the SB37 prototrophs by the SB38
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prototrophs but were not tested further. Thus the genetic mechanisms which
gave rise to auxotrophs and which allowed also the 'unmasking' of lysogeny
in some derivatives are probably identical_for SB37 and SB38.

One of the SB38 prototrophic single coleny isolations (SB6L) was
further tested. Bubecultured to L-broth, incubated overnighf and plated
out to obtain isolated colonies on NA, SB64 was shown to 'segregate’
further to pretotrophs and ggf auxotrophs. The prototrophs (three only
tested) were immmne non-productive and agglutinated with iand 1,2..
antisera; the pa” cultures (two only tested) were lysogenic and agglutinated
with i and 1,2.. antisera but not with gmg antiserum.

k, Significance of the Segregation-like Phenomena with Prototroph g,

Prétotrqph 2 differs from Prototroph 1 in several ways: (1) '
Prototroph 1 was productivey Prototroph 2 Was immune but non-productlve,
(2) Prototroph l gave rise to nonwmotlle _l; and pa auxotrophs,
Prototroph 2 gave rise to other prototrophs (both produgtive and non-
productive typeg).and auxotrophs which wefe predominantly ggf but inqluded
also the new f&pes of gggf and Eigfo No'lzgf auxotrophs were found., (3)
The secondary swarm phepomenon was exhibited.bytPrototroph 2 but was not
exhibited by P;:'ptotroph 1. (4) Im Prototropﬁ 1, one of the 'segregant'
types (the lzgf) retaiﬁed the gmg agglutinability of the original parent
culture, although nonwmotlle, in Pretotroph 2, _ﬂg'agglutinablllty was
almost completely lost in all 'segregants .. (5) In at least one of the
ggf auxotrophs from Prototroph 2, rgversion to the parent type was found

to occur; reversibility fo the parent type was ndt'hetected in ahy of the
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Prototroph 1 'segregan'ps'o
The overall picture of changes occurring in Prototreph 2 and its
derivatives ié\far less suggestive of segregation than that described.fpr
Protetroph 1. In fact; the reversibility of the changes argues-strongly
against this interpretation. It is significant therefere, to note that

novel genotypes arose in both lines of descent = and that the erigin of

these novel genotypes was coupled with changes in other cell properties.

In Prototroph 1l; the origin of gng was coupleq with the origin of ggf

and the i: 1,2,., antigens. In Prototroph'29 the origin of the gzgf and
the Eigf cultures was coupled with increasing productivity and the origin
of the i and 1,2.. antigens; the orig?n of fiif was coupled with the origin
of.another novel property, 07, and bqth te the origin of ggf and (in one
case) decreased productivity.

BE. Mutational Origin of a Unilinearly Inherited Gene

The non=motile ggf cells derived from SBU2 were devoid of flagel;a
‘and cultures failed to‘swarm when inoculated into motility medium. They
did exhibit, however, another phenomenon which was thought worthy of
further investigation., Two nonmmotileg pa” cultures had been placed into
stock as SBOO and SB9Ll. Both cﬁltures were lysogenic. The work reported
in ﬁhis section was done with SBOO although SBO1 also exhibited the same
reactions.

SBOO did not produce swarms oﬁ MM but growth was not restricted to
the line of the original’irioculation° After 24 hours incubation, many

lines of small colonies which resembled the trails in abortive trangduction




-104-
of motility to nonemotile strains (Stocker, Zinder and Lederberg, 1953)
were forméd and extended to a distance of at least 10 mm into the medium.
Because of the similarity inlappearance of these lines of colonies to the
"trails"” of abortive transduction and?pf naturally occurring non-motile
Strains (eego So dublin SW-553, Lederberg, 1956) they also will be referred
to here as trails.
Three seria; subcultures in L=broth failed to produce any apﬁarent

-reducfion in the numbers of trails that the culture producéd in motility
medium. A reduction was expected were the trails produced by a unilinear
transmissioﬁ similar to that posfulated for abortive transduction. . |
Moreover, after the third subculture, sevéral fine swarms were produced.
When tested, these swarms prodgced even growth in broth, were found to be
ﬁotile with peritrichous flagella, were still pa”, immune to PSBl and
lysogenic in mixed culture with.SBE and were agglutinated with 1,2,
antiserum, .In'addition they had regained the SB2 0O antigen. Six separate
swarms were tested with identical results. This latter result was of
particular interest for the S to R variation which has been described for
mapy different groups of ba;teria has been found to be indépendent of the
H to O variation, since rough variants are often flagellatéd. The R
variation has been found to be often associated with roughness of colony on
solid medium, loss of virulence, ingtability in saline; loss of the O
antigenic component and alteration in the method of cellular division.

The S to R change is relatively irreversible under the ordinary conditions

of cultivation in the laboratory and the R to 'S change seldom if ever has
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been observgd in earlier work. It is very difficult although not
impossible to induce the R to S echange by a specific stimﬁlus when the
original S to R change ha§ beep complete., Partly degraded SR variants
occur and reversion to the normel S form may be more easily induced in
these strains (Wilson and Miles, 1955). |

At the cenfer of each swarm and therefore at the presumed origin, was.
a pyramidal shaped area of dense micro-colonies with ‘the apex towards the
site of original inoculation. These resembled th¢ "flares" described by
Stocker et al. (1953) for non~motilé strains of Salmonella to which motility
had been transduced. Lederberg (1956) has described similar "flares" in
transductional platings. He has argued that they have no special
relationship to ‘the transductional process as they can be observed also
in replatings of motile colonies both of transductional and stock origin.
They were espeeially prominent in platings of rouéh Salmonella, They were
therefore congidered by Lederberg te be a phenomenon related to auto-
agglutination and he mentioned no relationship between‘fla;es and motile
swarms. However, since the flares of SBS0O were always associated with a
swarm and flares did not appear without accompanying swarms, it appeared
that these flares were intimately related with the changes from non-
motility to motility. |
§ Since phage PSBl had previously been shown to transduce motility to
the noﬁcmotile lys- cultures from Prototroph 1, an attempt was made to
transduce motility to SB90. This was not possible,'however, due probably

to the loss of the specific O antigen resulting in low phage adsprption
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(only 22% adsorbed in 15 minutes at 3f°c).

| Since éerial subcuiture caused no reduction in nunber of frails formed
by SB90, it seemed important to test the trail forming ability of the
individual colonies making up the trails themselvesf Accordingly, 10
single colonies from the trails produced by plating out SB9O in MM were
. dissected out with a sterile wire and replated into fresh MM. Plates were
incubated for 24 hours at 37000 Fach culture produced many trails. 'In
turn, 10 other trail colonies resulting from the originally blated colonies
were also picked and replated to MM. These colonies also produced many
trails. In addition, a number of motile swarms were produced. The swarms
were féund to congist of cells with peritrichous flagellation, which had
regained the SB2 O antigen and adsorbgdvphage PSBL (93% in 15 minutes at
3700). Thus altﬁough the trails gave‘the gppearance of unilinear
transmission, the trail producing property was inherent in all the cells
of the culture, -

Since 1#; report of a similar experiment with reference to the. trails
of abertive transduction of motility or'of a naturally occurring non-
motile strain could be found in the Ziiﬁerature,,motility was tran#duced
to an availsble non-motile strain of S, typhimurium with PEEL, As the
result of gbortive transduction some trails-were produced., Fresh MM
plates were inoculated with cells from the center of colonies in these
trails and incubated. No trails were produced. There therfore seems to
be a fundamental difference between the trails of abortive transduction

“of motility and the trails produced by SB90.
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It is pertinent to note.that the mot™ lys cells derived from
Prototroph 1 do not form trails. Mutant swarms appear directly and (as
described earlief) this property can be transduced to these strains.

The most distinctive features of the properties of SB90 can now be
- summarized:

(l) SB90 arogse as a non-motile variant from a culture which arose in
turn as a secondary swarm 'segregant' from a derivative of Prototroph 2.
The secondary swarm cuiture was one in which, presumsbly, there was an

enhanced motility in MM media at room temperature.

(2) SB9O in MM produced large numbers of tfails; serial subculture
from individual colonies in the trails resulted in the production of
further trails and eventually normal swarmse.

(3) SBY9O is devoid of the O antigen and can therefore be déscribed
as rough. Spontaneous reversion to motility'reéults‘also in the gain of
the 0 antigen. |

(%) SB9O differs from the npnqmotile lzgf cuitures which arose as
'segregants' from Prototroph 1 in being‘non-flageliated and rough. The
éggn variants are flaggllated and smootl;° : | -

(5) The auxotrophic property of BE; was-noﬁ éffected by the
properties of the non-motility. | ; |

In devising a model to help explaiﬁ‘the situation in SBOO there are
two évident differences from the situation described for abortive;y
transduced cells which‘must be kept in mind. The first is that in SB9O,

the ability to form trails (and hence motile cells) is retained by the
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cells of the colonies in the trails themselves. Thus, although the trail
formation may be taken as evidence of~a unilinear inheritance type of
Phenomena, this explanation is not sufficient to explain the situation in
SBY0. And second, in SB9O, fla~ appears also to be coupled to 0°. The
nggﬁ condition disappearsuin one of two ways - (a) by trail formation

(which will hereafter be referred to as 'abortive mutation') which is

relatively an unsteble condition and (b) by stable reversion which is
coupled to a reversion of the Qf condition.

From these two observations it may be inferfed that the fla™ to i;gf
to fla~ changes (including the abortive mutations) do not result from
eitﬁer (1) point mptations involving base changes in the fla cistron or

(2) segregation from a diplogenic condition. Rather, these observations

infer that the changes involve shifts ig)relatiﬁe position of an intact

£1a¥ cistron,.

Autonomous replicaéibn is a characteristic f?éperty of cytoplasnic
genes., ThislaSSumption is supported by ﬁhe work of Jacob and Wollman (1961) on
episomes. Autonomous reﬁlicatiqn implies a lack qf syuchrony with
chromosomal gene replicéfion and either ﬁa& be faéter or slower.

Cytoplasmic elements may:be autonomous in one of two clearly distinct ways:
(1) They may ﬁot replicéte at all or (2) they may be capable of more
rapid replication than tﬁe chromosomal genes. The first property may be
described as Eggf and the second as Eggfa With this tefminology, the
trail forming celis may be described as cohtaining a rep~ cytoplasmic Eiﬁ%

gene which is transmitted unilinearly to one line of descendants. There is,
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hoﬁever, the added observation that the colonies formed in the trails must’
still possess a gggf gene since the cells in theée.cdlonies retain the
capacity to produce either further trails or stable swarms.

From this latter observatien the inference may be made that the trail .
initial cell has a 222“ cytoplasmic gene‘éssociated with only one of thg
four nuclei., This inference would‘predict‘that the first two tréil
colonies should still be fiif but later colonies be fla™, but this is not
s0. The majority of single'colonies that were picked from the trails
themselves for subculture to Mmlwere'taken from the ends éf:trails which
were composed of at least 10 colonies, and yet these cplonieé'still
produced trails, On the-otﬂer hand, the trail forming cells ﬁay contain
‘twofﬁigf gehes; one is gggf, cytoplasmiec and functional, the other is EEBT

chromosomal but non-functional. Although trail forming colonies have a

EEEf cytoplasmic gigf gene which does not multiply|gg£ se, the f&gf gene
does replicate but every new copy ends up gggf, chromosomal and non-
functional.

On the basis of the foregoing cbservations and inferences it is now
possible to construct a model of thelpossible events leading to the
TFformation of trails in SB90. In constructing this'mOAel the auxotrophic
change is ignored since this does not seem to be affected here.

There are four msin assumptions upon which the model to be presented
is based. The first three assumptions are closely allied to‘the ideas
advanced by Adelberg and Burns following'their work oﬁ the F episome in

E, eoli (1960).
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(1) sStructural genes may occasionally move to a position where
synchronous replication is imﬁossibleal‘That 1s, chromosomal genes may
‘occasionally become cytoplasmic (6r episomal).

(2) If another cppy.of the gene is present (i.e. in other'nuclei.ofr
‘multinuéleate cells) the cytoplasmic gene cannot mﬁltiply and is diluted
| out. | |

(3) If no other copy of the gene is present the cytoplasmic géne may
multiply at a rate faster than the cell so that there may eventually be
more than ohe cytoplasmic gene per nuclear gene.

(4) Structural genes in ‘the autonomous position may move back to a
position on the chromosome. Reinsertion into’the correct positiﬁn;leadsij
to a restoration of the function of the gene but reinsertion into a wrong
- position does not permit the gene to function at all. '

The series of possible events in SBYO is éiagramatically represented
in figure 5, on the basis of the above four as§umptions, and illustrates
the followihgvhypothesiso

The motile parent (Prototroph 1 derivative) had the Eigf gene

situated in the normal position on the chromosome; fla is linked to Q.

As the result of an event which will be called an gbortive mutation, the
fla and O cistroné are detached frém the chromosome and become‘éytgplasmica
In the cytoplasm they cannet replicate because of the presence of similar
genes on the other nuclei of the cell, and it is not until after tweo
cellular divisions that the cytoplasmic genes have the opportunity of

belng present in a cell none of whose chromosomes possess similar genes.
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normal
chromosomal
location -flé?o‘f*
motile parent
structural fla 0 reinsertion into
gene correct position leads
becomes to production of normal
cytoplasmic ’ motile cell
in absence of flg O
other gene fla 0 fla O
copies, the fla O
cytoplasmic —
gene multiplies //”%rail forming

secondary swarm abortive cell

l T. ////mutation

cytoplasmic gene
reinserted into

chromosome at T8 0
——
wrong 25
position
SB90
Figure 5. Diagramatic Representation of Possible Events Leading to

Trail Formation in SB9O.
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Inythe absence of identical genes the episomic iarticle replicates at a
faster rate than the.cell 80 that many copies of the gene ﬁay occur within
the cytoplasm. This condition may describe the situation in the cells of
the secondary swarms which possessed enhanced motility at room temperature.

The genes may be,reiﬁserted iﬁto the chromosome. Reinsertion at the
correct position causes the cell toireturn‘to the smooth, motile condition.
The replication of the cytoplasmic particles is inhibited and these are
eventually diluted out by celiular division, But reinsertion may also be
at an incorrec£ positions In this position the genes cqnnot exert their
effect and the cell is therefore phenotypically fla 0", This may describe
the condition in SB907 As the result of a second abortive mﬁtation the
genes may again become episomal?A They cannot replicate, hqwe&ef, because
of the presence of similar geneé (though non-funcfional) in othér nuclei
but the cell in which it occufs is able to p;oduce flagglla and is
therefore motile. As ldng as the episomic geﬁes are transmitted in
cellular division to cells which/contaiﬁ similar genes they are
"unilinearly inherited" and trails are produced in motility medium.
Thus cells in the trail colonies, although phenotypically fla 0~ because
of the incorrect position of the genes on thg chromosome, nevertheless

retain the potentiality to produce further trails by the mechanism of

gbortive mutation. The model as presented in figure 5 specifies that
the incorrect pbsition is chromosomal, This is, of course, the most
obvious interpretation but it may not necessarily be the correct one,

Further, even if it is chromosomal it may be attached in a different way
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(eago laterally) rather than be a complete reinsertion as illustratedg

Occas1onally, however, the eplsomlc particle may succeed in being .
transferred to a cell in which no other copies of the gene occur. It may
then replicate'fasfer_than the cell so that there may be many copies per
cell after several céllular divisiens., BEventual reinsertion.into the
chromosome at the cbrrect position produces smooth, motile cells, This
more fapid multiplicétion of the episomic partic;e leading to the eventual
production of normal motile cells may be the mechanism behind the formation
of the flares previously described, from which normal swarms seemed always
to originate. |

The model may als§ be used to explain the results of abortive
" transduction. Through the mediation of phage; a z;gf gene is incorporated
into a flgf cell, The g}gﬁ gene remains episomal but cannot express itself

nor does it multiply because of the presence of the fla; gene in the nuclei.

The g;gf gene is allelic to fla’ and the&'can be considered identical to
each other as far as repression of similar episomic particles is concerned.
The flg% episome ig-transmitted unilinearly and leads to the formation of
the trails, The cells comprising the trail colonies are thus all

genetically fla~ (in contrast to the cells of the trails of .SB9O which were.

only phenotypically fla~) and will not produce further trails on subculture.

Lédefberg (1956) considered the possibilitiés that the unilinearly
transmitted fragment in abortive transduction was either a non-replicating
chromosomal fragment or an intermediate product of its action and concluded

that either was possible. The hypothesis presented here would support the -




~11h- .
idea that the unilinearly transmitted particle is indeed a non-replicating
chromosomal fragment.

. Mutabillty to Streptomycin Re51stance

Some of the situations that have already been described in earller
sections appear to be or may be described as instances of altered
mutabllltyo ‘The productlon of paplllae by colonies of some derlvatlves
of" SB2 when plated out on EMB maltose medlum appears to result from an
altered mutablllty to maltose fermentatlon. This inereased mal mutability -
was found to be a property of some eingle colony isolations of SB2
(e.g. SB10); and the immune derivative, SB56, of the sensitive, cyt~
culture, SB4; was found to have an increased gal mutability, The increased
probability of the change from eensitivity to lysogeny in-auxotrophs may
also be a reflection of increased mutability; The production of'alternate
auxotrophs'ﬁay actually be tﬁe reault'ef an increased mutability at
different loci.

In another system, streptomycin mutability has proven to be an
especially convenient indicater of mutability at other loci. Treffers,
Spinelli-aad Belser (1954) and Skaar (1956) showed that an increased
mubation rate from-stfeptomycin sensitivity to streptomycin registance in
E. coli K 12 was also associated with increaeed mtability at other,
unrelated leci, |

Since streptomycin resistant mutants are especially copyenienﬁ-fer
studies on mntabilityy:a selection of SB2 derivatives was aurveyed for

possible differences in mutability to streptomycin. In Seétion'A of the
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Results it was shown that the orlgln of 1ysogeny (or ‘phage, the product
of lysogeny) was as5001ated with the change from chloramphenicel
sensitivity to chloramphenicol resistance. Thus a secondary purpose of
testing for streptomycin mutabllity wss to see if the appearance of
lysogeny was also associated with the change from streptomycin sens1t1v1ty
to streptomycin resistance. .

Bacteria'were grown up in 5 ml of L-broth overnight. They were then
centrifuged and resuspended in 1 ml of saline° ﬁA plates in which were
incorporated streptemycin to a final concentration of 250‘pg/ml, were ‘then
spread with 0.1 ml of the bacterial‘suspension (about T x lO8 bacteria per
plate) and incubated at 37°C for 48 hours: The nunbers of streptomycin
resistant celonies tnet.then apneared were'counted° The nesults of ‘the
streptomyecin mntebility tests, together Witn some of the properties of the
strains tested, are shown in Table VIII.

The purpose of testing for an associated change to lysogeny in
streptomycin resistant clones wnich arose from phage sensitive cultures
was defeated because of the complete absence of streptomycin re51stant
- cells in all the sen81t1ve cultures'tested.° But thls result is itself an
egtremely interesting one. Some immune cultures (SB4T and 8356) produced
streptomycin resistant celonies but tnese were not tested to see if they%
were now productive,

in some stralnsq Mutable strains were not restricted to prototrophs or to

auxotrophs but were scattered throughout the 25 strains tested. The most
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TABLE VIII

Mutability of Derivatives of SB2 from Streptomycin

Sensitivity to Streptomycin Resistance

SB33

|
|

SBT

(continued)

B Growth Cols, on
Culture red. Origin Lysogeny strep. agar
SBL - prototroph natural lysogenic L 685
SB2 prototroph natural sensitive NL 0
SB10O prototroph mal mutablée SB2 NL 0
" SB14 prototroph SB2 lysogenized with L 0
PSBlL
SB15 brototroph SB2 lysogenized with - L. 95
' PSBL
SB4T prototroph immune SB2 IM 90
SB5 lys~ MnCly-penicillin L 0
auxotroph
SB43 lys~ NM strain from L 0
Prototroph 1
SB21 pa~ alternate auxotroph L 730
from SB5 '
SB9O pa MM trail former , Resistant plus
S from Prototroph 2 L 250
. SB94 ng trail colony from L Resistant plus
o SB9O 110
SB92 pa” _swarm from SB9O L Resistant plus
' ‘ 300
SB32 pa tyr” auxotroph from NL 0
' SBT .
pa~tyr auxotroph from NIL 0
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TABLE VIII (continued)

Growth ‘ - . Cols. on
Culture reg. Origin Lysogeny  strep. agar.
SB3k4 patyr auxotroph from L 0
SBT
SB35 pa tyr” auxotroph from L 67
SBT
SB36 pa tyr~ auxotroph from L Resistant’
SBT
-SB8 tyr” UV auxotroph from NL 0
SB2 .
SB29 tyr” pa tyr revertant L 313
of SB34
SB31 'tyr‘ pa tyr~ revertant NL 0
of SB32
SBY eyt MnCl,-penicillin NL 0
auxotroph
SB23 cyt” lysogenic derivative L 0
of SBY4.
SB56 eyt immune SBU - . IM 151
SB57 cyt” immune SBh IM 0
SB41 nic Prototroph 2 _ L Resistant plus
derivative © o Lhs
SB49 arg Prototroph 2 L Resistant plus
derivative 140

Izlysogenic, Nimsensitive, IMsimmune
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striking observation was that mutable strains were all immune or lysogenic

although all immune or lysogenic strains were not mutable, The original
sensitive SB2 was not mutable but one straln artlficlally lysogenlzed with
phage PSBl (SBlB) was mutable although another lysogenized strain (SB14)
was not m.uta'ble° And SBLT, the immune derlvative of SB2 was also mutable,

Amongst the auxotrophs, neither of the two lys™ cultures tested (SBB
and SBh3) was mutable although both were lysogenlc. The phenylalanlne .
'derlvatlves were particularly :|.nterest1ng° SB2l; an alternate auxotroph
derived from the old culture SBB, was.m.utable° All pa" cultures derived
from’ SB42 (whlch arose as a secondary swarm from Prototrqph 2) including '
‘the nonamotlle trail formers and the swarm culture which arose from these
after serlal subculture, produced a heavy background of streptomycin
resistant growth in addition to 1arge numbers of colonies, Thus the pa”
derivatives of SB42 dlffered‘in this. respect from the alternativedggf -
aunotrophs'obtained direetly.from.SBS.'

One lysogendc culture of ggftzrf (SB35) was mutable while another
1ysogenic‘gaftzrf (SB36) was streptomycin reslstant (With no large coloniesL
None of the three nonnlysogenic pa tyr” cultures tested was mutable, '

Of the two tyr~ cultures tested, only the lysogenic culture (SB29)
was mutable. And SB56, the immune derivative of the sensitive SBY culture
was the only cyt™ culture to be mutable. The nic” strain (SB41l) and the
arg” strain (sB49), derived from Prototroph 2, resembled the ng'cultures
derived from SB#2 for they produced a background of streptomycin resistant

growth in addition to many colonies.
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Thus increased mutability to streptomycin resistance was restricted
to cultures Which were either immune or lysogenic. A second finding was
that some cultures exhibited not only an increased mutability to
streptomycin resistance but centained an extremely high proportion of
alread& resistant colonies (which produced the background growth)0 Thus,
for example, SB36 appeared to consist wholly of resistant cells whiie
SB41, SB4U9, SB9O, SB92 and SBO4 consisted of resistant cells and of
other cells that produced larget eoloniesf The possibility that these
colonies may have been streptomycin dependent was not tested., The appear=
ance of the two types of growth iﬁ these strains, on the other hand,.may'
indicate that there were two levels of resistance in the culture but this
also was not tested. It is %o be_noted that the level of resistance used
by Treffers et al was 100 pg/ml whereas the level used here was 250}1g/mi°
Other mutants resietant only to lower levels of streptomycin may actually
exist‘in the present system but were not tested for. ' |
The higher rate of”mutation to streptomyciﬁ'resistance exhibited by.
some SB2 derivatives was not necessarily coupled with a higher rate of
mutability to other factors° For example, SBlO which exhibits a high
rate of mal mutabllity, did not show a high mutability to streptomycin
resistance, Thus a mutdbility system simllar to that in Tieffers'
et al. E. coli K 12 derivatives is probably not involved here, The
finding that some of the derivatives do have a high rate of mutebillty

to streptomycin res1stance does 1ndicate, however, that a mutability

factor is concerned here also.

~
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A type of genetic determinant for instability at the Sm locus
different from that described by Treffers et al. was discovered and studied
by Gundersen, Jyssumjgnd Lie (1962). It differed from the Treffer mutator
gene.for it was not found to follow the chromosomal facfors in genetic
crosses., Since the character could be sﬁontaneously lost and transferred
to a mutator-negative cell by ihfection, it appeared to be episomic in
nature. Another difference between the Treffers mutator gene and the
Gundersen factor (which was found in hospital strains of E, coli and not
in X 12 derivatives) is that the episomal factor appears to influence only
the Sm 1ocus? for increased mutability at other loci was not detected.

‘The results with the SB2 derivatives would indicate that fhe factor
associated with increased streptomyein mutability may be similar to the
factor discovereé.by Gﬁndersen éE,§;° although permanent loss of the
property of mutability and the ability to transfer the property by infection
have not yet been tested. The mutability factor in SB2 derivatives seem§
to influence only the Sm locus although it is often found associated with
immune or lxsogenic cells, This latter result suggests that the mutator
-féctor nay océasionally undergo some form of recombination with the
determinant of immunity (possibly the prophage itself). Since the hypo-
thesis has already been stated that prophage may occur cytoplasmically it
would follow that the factor responsible for streptomycin mutability is
also cytoplasmic.

The Japaneée workers, Watanabe and Fukasawa (1960) found that the

actual determinants of drug resistance among the various Enterobacteriaceae
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were contained upon episomicmlike elements (called R factors) which could
be transferred to sensitiye bacteria by celi conjugation and by transduction,
- Bubsequent work showed tﬁat many kinds of R factor existed (Mitsuh;shi,
Hashimoto, Harads, Egawa and Matsuyama, 1961) vhich carried various
cémbinations of muitipie drug resistance. Mitsuhashi, Harada, Hashimoto,
Kameda and Suzuki (1962) found that recombination between two different
types of R factor could occur.

Tt is possible thaﬁ more than one type of factdr.may be concerned in
the straing tested here. An episomal mutator gene ma& be carried by the
strains which exhibit the increased mutability to strepfomycin resistance
whereas an element analogous to the R factor of the Japanese workers may
be concerned in those strains which are already streptomycin resistant.,
Both factors could be concerned in those strains ﬁhich exhibit both the
resistance and the mutability.

One striking correlation from the results in Table VIII is that the
auxotrophic change ffom lys™ to pa”, always associated with the H antigenic
chénge, is here also associated with a mutability shift. Lys~ cultures
were not mutable but all pa~ cultures were mutable.

In the immune strains SB47 and 8356 the change to mutability appears
to have been coincident with the change from sensitivity to immunity but
with other strains it cénnet be certain exactly when in their ancestry the
mutability afose° For example, the @utability of the Prototroph 2
derivatives could have arisen in the Prototroph 2 itself, in the secondary

swarms Or perhaps even in a'ég" ancestor similar to SB2l.
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Mutability in the SB2 derivatives may be pictured as controlled by
episomal eiemepts~which may change position thereby affecting the
prdbab&lity of activatioﬁ or inactivation of certain genes. Specific
interpretaﬁions or applications of this éeneral picture depend yet upon
additional ahéwerso- For example, it is not yet known whether streptomycin
resistance in the SB2 derivatives is domingnt or receséive to streptomycin
sensitivity. In E. coli K 12 heterozygqtes resistance is recessive to
sensitivityAbuf in the episomal'transfér of Mitsuhashi et al. it appears
to be dominant. |

G. Ultra-Violet Inducibility'gg_gg Indicator of Prophage Location

Recombination in bacteria by cell 1o cell contact was discovered
first in 1946 by Lederberg and Tatum and has since been extensively studied

in the K 12 strain of Escherichia coli, Some strains were designated ¥

and were fertile with ofher.Fﬁ sublines, and others were designated F,
F strains.were not fertile with each other but only with ¥ strains.
Recombination Betweeﬁ F and F” bacteria is,vhowever, very rére énd even
undér the most favqrable conditions is never grester than 1 x 10°5. The
discovery of donor strains with a much higher frequency of recombination
(called Hfr stra.'ins') by. Cavalli-Sforza (1950) and Hayes (1953) with which
1;000 times more recembinants were obtained when méted with an F~ strain,
opened the way to the guantitiative study of bacterial reqombination,

Since the initial discovéry of Hfr stfains, many other similar strains
of K 12 were diSCGQered, Each Hfr type was characterized by the nature of

the different characters it transmitted at high frequency and by the order
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in which these characters. were transmitted. The linkage group of a
particular gfr sﬁrain:cculd be represented as an oriented linear structure
with a froximal>extfemity (the origin) and a distal extremity. For any
Hfr strain,thé'order'inrwhich the genetic characters was arranged was the

same whether determined by the relative,fréqhency of the transmission or

by the relative time of their emtry into the zygotes.
When the linkage groups of many different Hfr types were compared,

it was found that the linkage relationships between characters were

constant and uniform except for those characters which, in a given Hfr
type, were linked either to the origin or to the distal extremity of the
Hfr chromosome. To construct a genetic map of E. coll K 12, the informa-
tion gained from the_étudy of many Hfr strains was taken into account.
This led Jacob and Woiiman (1961) to represeﬁt the chromosome of E. coli
K 12 as a clésed'curveo ﬁrom.this representation, - the linkage group of
any Hfr could be deduced by opening the closed curve at a defined point
and inserting the origin 0 at one of the two extremities thus formed.
-~ strains of E. QQEE can trensmit the F' character to f" cells by
cellmthcell_confacf? ihis infectious pfdperty of f+ strains led to the
‘postulation of:aﬁ F factor as the determinant of' the F' character, The
F factor also shares certain other properties with other bacterial
derivatives. AThe F factor, colicine agents and temperate bacteriophages
are all herediﬁéﬁ&ﬁ-determinants of bacterial properties which can 5e
gaingd from other bacteria by infectién and can be lost, Each is non-
essential for the existence of the cell. FEach may behave as either

"integrated" by incorporation into the bacterial chromosome (in which
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state it multiplies at the same pace as the host) or "autonomous” when
"it loses its a53001at10n with the bacterial chromosome (and it multiplies
at a pace dlfferent from that of the host). = For heritable factors of
bacteria with these. properties, Jacob and Wollman (1958) proposed the
name “episbme", altyough only the property described in the last sentence
is here used to define the term. | —
Eplsomes for the determination of colicinogeny have been shown to

be transm1ss1ble by cell contact in the genus Salmonella as well as in

E. coli. This findlng led to the suggestion that conjugation and
chromosomal recombination in Salmonella might occur dﬁring transmission
of coliciﬁogeny. Indeed colicine agents have been shown to induce
chromosomal recombination both in S. typhimurium (Stocker, 1960) and in
E. coli (Clowes, 1961).

Smith and Stocker (1962) applled the method of colicine induction of

- chromosomal recombination to map the chromosome of S. typhimurium LT-2.
When strains used as parents differed in several characters, recombinants
selected for possession of one selective marker from each parent differed
. with respect to various unselected markers. By methods analogous té those
used for the mapping of the E., coli K 12 chromosome, these workers inferred
the order of £he chromosome of the various loci concernéd. Although
comparatively few loci were mepped by this method the map was éhown to be
homologous with that of E. coli K 12 in that (1) the 'ordér of loci of the
two species wés similar and (2) thé linkage group could better be

represented as a single closed loop rather than as a single straight line,
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There are additional reasons for postulating a close homology between

the chromosomes for E. coli and Se typhimurium and even members of other

genera of the Enterdbacteriaceae. As the result of transductien experiments
the chromosemes of both E,igégiland S. typhimurium have been shown to
.qontain identical clus?ers of tryptophan genes (Demerec and Hartman, 19563
Skaar and Davidsdn, 1956); and a close linkage between the cysteine aﬁd
tryptophan loci hés been demonstrated fbr both species (Demerec, 1956;‘
Yanofsky and Lennox, 1959). Generalized transduction of nubritional,
fermentative and antigenic characters has béep shown to fe widespread
> amongst mahy:Saimonella types (see Zindef and Lederberg, 1952; iseki and
Sakai, 1953; Bailey, 1956).
Recombination between bacteria classified in different genera of

the Enmterobacteriaceae (Escherichia and Shigella) was first demonstrated

-by Luria and Burrous (195"{)° ‘ Subsequently, recombination between other
genera has been shown to occur (Baron, 1960). These intergeneric crosses
include recombination between E. coli and S. typhimurium, S. typhi and

Serratia marcescens,

There is thus very»strong additional evidence that the chromosomes of

many members of the Enterobacteriaceae mey be closely homologous.

Representations of the chromosemes for E. coli K 12 and S. typhimurium
1T-2 are shown in figure 6, adapted from those published by Jacob and
Wollmaﬁ (1961) and Smith and Stocker §1962) respectively.

Because of this close homology between the E. coli and S. tzghimurium 

chromosomes and for the additional reason that there appear to be. .close
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Schematic Representation of the Linkage Groups in E. coli and S. typhimurium;

Figure 6. in E S
Adapted from Jacob and Wollman (19601) and Smith and Stocker (1962).

Symbols used correspond to synthesis of threonine (thr), proline (pro), pyrimidines (pyr),
tryptophan (try), histidine (his), arginine (arg), lysine (lys), adenine (ad), tyrosine
(tyr), phenylalanine (pa), methionine (met), isoleucine (isol), nicotinic acid (nic); to
fermentation of arabinose (ara), lactose (lac), galactose (gal) N-methyl lysine (nml);
resistance to sodium azide (azi), streptomycin (Sm); location of genes controlling

flagellar production (fla), flagellar phase (H; and Hp), antigen 05 production (05).
Symbols in brackets indicate that the order of included markers has not yet been determined.
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|
homologies among other members of the family Enterobacteriaceae, a
theoretical 'hybridization' of the chromosomes for E. coli and S.

typhimurium into one composite chromosome could be tentatively accepted

1

as a model for a chromosome representative. for the whole Entercbacteriaceae

group of bacteria. By reference to the E. coli chromosome in figure 6 it
can be seen that the genetic loci of characters which were studied in the
Se biegdam SB2 strain and its derivatives are all located on a segment of
the chromosome between about gal and Sm. A comparison of the two
chroﬁosomes shows that some characters specific for Salmonella {e.g. Hl,
Hy and 05) are mapped in regions thét are located between certain loczm
;Eét ar;_;ommon to both bacteria (e.g. gal and his). An attempt at a
theoretical 'hybridizatién' to form a composite chromosome representative

for the Entercobacteriaceae group is. shown in figure 7 for that region

.‘between gal and §§Aonly, showing only selected markers.

Of particular irterest amongst the genetic characters which were
studied in E. coli K 12 was the location of different prephages. It was
found by Jacob and Wollman (1956) that the ultra-violet inducible phages
were located on a segment of the chromosome extending from the galactose
region ﬁo a region beyond the histidine locus. All ulira-viclet non-

.induced'phages were located disfally to 2i§° With reference to the
E. coli chromoséme shown in figure T, it is seen that the region of change
fram inducible to non-inducible or the 'cut-off region', is located
abproximatelyiin a median position of the region between gal and Sm, that

. portion of the chromosome which includes the loci studied in the SB2
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derivatives and which we illustrated in the composite chromosome.,

It has already been shown that different mutanf; lysogenic deriva-
tives of S. blegdam SB2 vary in gggggg of ultra-violet inducibility
(Tebles I and IV), Because of the division of the E. coli chromosome into
inducible and non-inducible regions and because of the already démonstrated
differences in degree of inducibility of different lysogenic, mutant
derivatives of SB2, it was of particular.interest to test the UV
inducibility of those other strains not yet 'be:e;'bedo (i.e. the arg” and
Eig?strains); especially since these two straing have mutations the loci
of which are included in that region beyond his where the non-inducible
region starts in the é: coli chromosome, The UV inducibility of the arg™
and gigf mutants was therefore tested. .In adﬁition, prototrophic
revertants of all mutants which reverted to'prototropﬁy were similarly
tested to see if reversion altered inducibility. Table IX shows the
results of all UV inducibility tests and includes some résults previously
placed in Tables I and IV, |

Cultures with the same requirement or derived from strains with the
same requirement have been grouped together in such a way tﬁat the results
of the induction ratio tend to show a graded variability from high
induction to no induction,

From the results in Table IX it is seen that the nic” and'gzgn
auxotrophs showed no detectable UV inducibility. This result supports the
original idea that the SB2 chromosome also has inducible and non-inducible

regions which correspond to similar regions in the K 12 chromosome. And’
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TABLE IX

Ultra~Violet Induction of Lysogenic Derivatives of SB2

SBT3  (arg ) 9

Phage/ml Phage/ml With UV/
Strain without UV with OV without UV
SB23  cyt” 8.5 x 102 3 x 10° 353
SB5 lys™ . 7.6 x 107 :?,5hx-1@h 66
SBUYk  lys™, mot” 2.1 x 10° 6x 10" 286
SB35 _5;:322:- 2 x 10° 3.6 x 10" 180
SB29  tyr” 7.1 x 105 1.8 x 10° 25
sB2l pa” ho 1.1 x 105 28
$B90 pa”, fla® 1x10 1.6 x 10 1.6
SB92 pa 70 50 0.7
SB9k. pa”, fla~ 2.4 x 107 4.8 x 10° 2
SBWl  nmic” 7 5 0o
5BLY arg” T 10 1.k
:'Prototrophic -
revertants .
SBT6  (cyt™) 2.1 x 103 T x 10° 333
3377~ ggzgf) 2.2 x 103 8 x 105 36k
sB6L  (lys™) 1.5 x 103 2 x 10° 133
sB62  (lys") 3.8 x 10° ‘3 x 10° 78
5B56  (pa”) 9 C 1oh x 107 16
- BB59  (pa”) 10 30 3
sB78 :_5_19") 9 1
sB79  (nmic’) 9 10 1
9 1




-131-
agaip from Table IX, the UV induction ratios of the‘protot;ophic
revertants are not significantly different from the values obtained from
the auxotrophs themselvés° The order of mutants from highest inducibility ,

to no inducibility is cyt, lys, pa tyr, tyr, pa, (nic, arg)..

In section A of the Results, it was suggested that sites of mutation
on the chromosome might be also the sites of attachments of prophage to
the bacterial chromosome. The inference to be drawn from the results in
this section add support to this idea.

Although the phages from all the 1lysogenic strains appea?ed very
similér by the simple tests of heat stability, host range and seroloéy,
yef in different auxotrophs they exhibit a remarkable order in degree of
UV inducibility.

Mixed Growth Tests of each of the lysogenic cultures with each of
the other lysogenic cultures showed that all lysogenic strains were immune
to the phages carried by the other lysogenic strains.

Since 3&0§b and Wollman (1961) found that different phages occupied
different sites on the bacterial chromosome and that these locational
differences were reflected‘in whether a phage was inducible or non-
inducible, the results here also suggest that the SB2 chromosome has
inducible and non-inducible regions ana that propﬁage may occupy different
sites on the chromosome within these two reglons.

While the correct mep order for lys, pa, tyr, nic and arg has not

been determined their known occurrence around the ‘cut off' region is

highly significant. Whether a prophage is induced or mot induced is
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determined by its location in one or the other segment of the chromosome.,
Although fhe number of markers is small and the nmumber of_UV induction
tests with each strain limited, the order of markers from higﬁ |
inducibility to non-inducibi;ity may actuaily be correlated with the
order of markers on the chromosome. Thus the order cyt, lys, pa tyr, tyr,
pa, (gig, gzg) may actually represént the oréer of markers of therch?omoi
some. On the chromosome map the pyr locus occurs well within the inducible
region and it is the cyt auxotroph which is induced to the greateé%v |
degreef" (Since cyt™ auxotrophs are also sétisfied by uracil the pyr
locus may well be the one involved in the cyt™ strains here). The
greater inducibility of pa tyr™ mutants over both ng and tyr~ strains
may actually indicate that different pa and tyr loci are concerned here.

The similar orders of markers for map location and degree of
induéibility very strongly suggest a correlation between the site of
mutation and location of prophage. The simplest correlation is that
prophage is located at the mutational s&teo

The UV inducibility results of Table IX indicate that the degree of
induéibility of inducible phagés varies, When this result is.compared
with the map order of marke?s, it is suggested that the degree of'
inducibility varies with distance from the 'cut off" pdint. This latter
result may also‘be inferred for thé B. coli phages from the results
published by Jacob and Wollman (1956). Inducibility was measured.as the
maximal fraction of infective centers per 100 irra@iated bacteria that

were induced to lyse by the UV treatment, rather than the amount of free
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phage after treatment compared with amount of free phage before treafment
to give a value of 'degree' of inducibility. Yet the highest induction
(95%) was achieved for phages lambda and 434 which are located well in the
inducible region close to the gal locus; phage 381 haé less than half this
value (45%) and is‘located closer to the 'cut off' region close to the
try locus; phages 424 and 466 located distal to his have an even lower
value (25%); while phage 370 is well into the‘non-ipduciblé region with
a value of less than 1%. Thus it appears that a similar graded series
exists for the E, coli phages and that degree of inducibility may be a
function of distance frem the ‘cut off' region,

A restatement of the ideas that have developed from a consideration
of the results of the ultra-violet induction tests will close this section.
A composite chromoseme produced by theoretically 'hybridizing' the
reported chromosomes for E. coli and S. typhimurium may be taken as a

tentative model for an Enterobacteriaceae chiromosome, In SB2 prophage

may become atbached at different points on the chromosome., Because of a
correlation between the degree of inducibility and the map position of
the mutation on the chromosome the position of attgchment is probably
at the site or very ciosely linked to thé siﬁé.o% fhe mutation. Onece
éttached to a pérticular site, prophage reﬁaiﬁé attached aﬁ that site

. . c. . R i BN

even if the cell loses i%s mrtation by reversion back to prototrophy.
The chroﬁmsome has both inducible and non=in@ucigi; regions and the

closer a prophage is located to the 'cut off' reglon the lower the degree

of inducibility. Prophage located in the non-inducible region is not induced.




DISCUSSION

Many factors were affected by the changes which occurred in the
derivatives of SB2. These changes are summarized in Teble X.

The first finding of importance was that lysogenic cells may arise
from initially sensitive cells by.a mechanism involving some kind of
positional effect due‘to spatial rearrangements.

The reagons for this important inference have already been discussed
at 1eng£h in Section A of the Results. Briefly, these include the two
reasons (1) that the sensitive strain SB2 exhibits a ﬁV sensitivity
similar to its lysogenic derivative SB5 rather than the-;elative
insensitivity of tﬁe naturally occurring lysogenic straih éBl and (25
phage similar to PSB5 was isolated from SB2 and its derivatives on seven
known occasions followmng procedures which elther could or demonstrably
did screen for a mlnorlty of the original populatlon which showed other
genetic changes. The implication that a lysogenlc'straln may arise |
directly from a sensiﬁive strain without the presence‘of exogenous phage
is far reaching for 1t implies that the sens1t1ve straln carries at least
most of the hereditary spe01f1cat10ns of a temperate prophage even though
it exhibits no immunity, and under normal conditlons produces no phagea
‘The only known precedent for a similar 51tuat10n in another bacterlal
strain is the demonstration by Rutberg and Hédin (1960) that pressure
treatment of sphaereplasts of E, coli B'results oceasionally in the release
of” a phage to which the untreated culture remains sensitiveo

In the light of later results; the mechanism originally‘prqposed in

Section A to explain'the.chaqge from sensitivity to lysogeny may now




TABLE X

Summary of Pertinent Changes Involving Derivetives of SB2
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be re-examined., The results of the UV inducibility ;atios were interpreted
to indicate that prophage is a movable‘elément and may locate at different
sites on the chromosome. This hypothesis therefore excludes all ideas
based on the supposition that the phage genome remains fixed to one
definite map attachment site. Phage may become attached to a site on the
chromosome but this sité is different in differenf auxotrophs, for the
location of prophage appears to be correlated with the site of a particular
bacterial mutation. That prophage may locate at different positions
implies that thevprophage genome is sometimes fixed andAsometimes pytoplas-
mic althopgh the cytoplasﬁic existence does not necessarily imply
multiplication.

The results do not entirely exclude the possibility that trans-
locations between the bacterial genome and the prophage may occur, The -
Icoupling of bacterial and prophage propertigs may actually represenf a
translocational typé of mechanism. However, it is not necessary to
invéke translocations, for the hypothesis that prophage may locate on
different sites on the chromosome contains the implication that the
prophage is entire and that the lysogenicity and inducibility properties
are due to its specific location rather than to bacterial-prophage
translocations,

The second important finding was the ability of SB5 to give rise to
another auxotroph wiéh the alternate auxotroﬁhic réquirement of
phenylalanine. The -;XETKto;ggf"chapge was}éccompanied by:a“iéﬁering

of the productivity and the UV inducibility ratio and was coupled to a
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change in expression of H antigens. The change was found to be reversible.
The reciprocity of the'production of alternate auxotrophs is strongly
suggestive of a positional mutational event and argues against a mechanism
that involves a reduction from é diplophase state. The simplest mechanism
that can be inveked is one that involves a mutating element which moves
between the izg and pa loci so that when one function is suppressed the
other is gained., Since it has already been argued that prophage is
locayed at these specific sites in these auxotrophs, the possibility that
prophage itself might be the mutating element is to be considered. This
idea seems to be excluded, however, by the demonstration that the
prototrophic revertants of both ggf and ézgf cultures have the same
productivity and level of UV'inducibility as the respective auxotrophs.
Prophgge has apparently n&t changed its site of attachment yet the cell
is probotrophic.

There is additional evidence that prophage itself is not the
mutating element. The origin of lysogeny in the cyt™ derivative occurred
after the mutation which affected the nut;itional reqguirement; and EE;EXEf
derivatives may be either lysogenic or non-lysogenic, Aux&trophy may
therefore arise independently of lysogeny;

The moving element may take the form of a mutator-type genic system
(similaf to the Ac-Ds system in maize) or of a controlling element similar
@0 an episome that may move freely between the chromosome and the
cytoﬁlasm.under appropriate circumstances. Unstable reversions at the

su-leu A locus in S, typhimurium were interpreted by Dawson (1962) also as
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evidence of a movement to and fro from the leu locus of units which he
called "controlling episomes” which induced mutation at any su-leu A site
to which they were attached.
To this episomic-like element the symbol S will be applied. S may
move and become attached to any point on the'chfomosome and induce
g
mutations. It may move its location on the cﬁromosome to another locus
thus causing the production of alternate auxotrophs. But once attached
to particular loci it preferentially attaches to the chromosome at these

positions; thus the cell has a 'memory' of previous mutations in its

genealogical history.

One of the outstandlng features of so many of the changes that have
involved lysogenic, auxotrophic, antigenic and other bacterial properties
has been the coupling of one change With another apparently unrelated one,
These coupled changes can be seen by reference to Table X,

Some of ‘the most outstandlpg of these coupled changes will be cited
here:

8. The origin of l&sogeny accompanies an auxotrophic or other
physiologically unrelsted mutation; e.g. feQui;ement for lysine or
cytosine, chloramphenlcol resistance. o

b Increased mal mutablllty (paplllae forma’clon) is occas1onally
coupled with the change from immunity to product1v1ty.

c. Production of alternate auxotrophs or auxotrophs %ith new
requirements is accompanied by many other apparently unrelated changes:

1. The change from lys  to the alternative pa requirement is
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coupled with the loss of the gmg H antigens and the gain of antigens i and
12003 it is also céupled to a lowering of productivity and degree of
indueibility.
2. The change from ng to ngizg’ is coupled to a gain of the
H antigeﬁs gmg and loss of i;1,2..; and also either a complete loss inJ
productivity and immunity or to a heightened productivity and UV
inducibilityn
3s The qhange from pa” tyr~ to tyr~ in lysogenic cells s
accompanied by an increase in productiﬁity and é lowering of.fhe uv
indueibility ratio.
L. The production of nic” and arg” auxotrophs from
Prototroph 2 was acgompanied by a'loss in UV inducibility.
d. The production of the lzgn'auxotrophs from Prototroph 1 was
accompanied by a mutation to mot” . |
€o 'Segregaﬁﬁén‘ from Prototroph 2, immune and non-productive,
resulted in the simultaneous gain of auxotrophy and produci:iyity°
. The loss of flagella by ggf, SB42 derivatives was accompanied
by'a loss of the O antigen; reversion to motility resulted also in the
gain of the O antigen.
g. 'Reversion' to prototrophy in some SBU2 derivatives was coupled
to a loss in productivity.
h, The change to immunity in the gzﬁf, SBl cﬁlture was accompanied
by a loss of the ability to produce a sheen on EMB-maltose.

i. The acquisition of immunity in the SB56 culture, derived from.SB4
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was coupled to an increase in mal mutability.

Je Many of the SB2 derivatives.which became immune or lysogenic
also gained an increase in mutability to streptomycin resistance.

The éoupling of so many diverse prqberties indicates that a common
mechanism may be concerned throughout.

~ On the other hand, changes that were originally coupled were not

necessarily permanently coupled. The production of the alternate ng
auxotrophs was originally coupled with a change to expression of the H'
antigens i and 1,2..; but ggf'cﬁltures readily revert to prototrophy and
while the majority of prototrophic revertants are also i;1,2.. very few
revert back to gmg. The lys and mot genes were coupled mutationally in
the 'segregants' of Prototroph 1 but were sﬁown to be separable by
recorbination for they could be independently transduced. Spontaneous
revertants to prototroph& were non-motile and spontaneous swarms which
occasionally arose were ;z_"o Lysogeniec cells derived from the 'phage
infected' pa~tyr~ clones were still pa tyr . Thus the initial doupling
of mutational events at the tyr locus and the phage property loci was no

longer in effect, once the coupled mutations occurred.

Many of the coupled changes could.be described ‘as phase changes.
Thus the lack of immunity and productivity in SB2 and the gain of
immnity and productivity in some derivatives may be visualized in this
way. The immunity to productivity change itself (especially evidenf in
tﬁe Prototroph 2 derivatives) may also be visualiéed to occur as a phase

change, The lyssggf to lzs+ﬁ§f change and the changes to different degrees
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of productivity may also be visualized as phasic,

Phaée changes in higher plants were reviewed by Brink (1962) in
terms of an hypothesis in which it was assumed that in addition to the
genes which are stable, the chromosome also contain "self-perpetuéting
accessory materials that undergo pafa-mutationaa,.oﬁ‘oo,oo.o.oas an
essential aspect of a nucleo-cytoplasmic system of morphogenetic
determination,"

The presence of so many coupled changes very strongly supports the
idea that a.movable mutating element is fesponsible for the observed
changes., Coupling of different factors may occur if some loci remain
mutable after S has shifted location or if S has an affect which extends
to adjacent genes. More than one episomic-like factor may actually be
invelved and theée be&ome associated by a form of recombination., S may
also undergo recombination with prophage. ILinked to prophage, bacterial
mutations become coupled to prophage mutations; linked to oﬁher S»liké
'factqrs additional loci mey be affected. Precedent for recaMbinatién
"between ep;sbmeﬂike elements is the recombingtion that has been sﬁown
to occur between the different R factors of antibiotic resistance
discovered by Mitsﬁhashi et al,(1962).

bccasionally, S may make a 'mistake' in loeating on the chromosome
and it locates at a different position, thus causing the p;eduction‘of'

new genotypes. Thus, for example, the arg  and the nic” mutants could

have arisen in ‘this way.




SUMMARY

Three independént derivatives of Salmonella blegdam, strain SB2,

have exhibited.thé capacity to produce a temperate bacteriophage which
lyses SB2., On seven occasions, lysogenic cells were isolated directly from
these derivatives. The event leading to lysogeny or phage production
occurs at mutational frequency. It was concluded, therefore, that SE2
carries at least most of the hereditary specifications of a temperate
bacteyiophage to which it is sensitive. Further mutational changes in
phage related properties observed in SB2 derivatives inclﬁded changes from
. sensitivity to immunity, changes from lysogeny back to sensitivity and
éhanges from one level of lysogenic productivity and ultra-violet
inducibility to another.

Most of the changes in phage related properties were accompanied
by mutational changes affecting other unrelated bacterial properties
ﬁhich included nutritional requirements, motility, flagellar and somatic
antigens, fermentation, colony morphology and antibiétic sensitivity.

The prevalence of these coupled mutations argues 'that the changes in

phage related properties are position effects rather than "point mutations”.

Coupling between two or more mutations affecting non-phage related
properties also occurs,. Somstimeé coupling is maintained for both
forward and reverse mubation. This type of coupling usually involveé a
reciprocity - while one mutation restores a function, the coupled mutation
abolishes another. In other situstions, the codrling is lost once the
mutations have occurred. Events occur which increase the probability of -

specific mutations. Some coupled mubations are "abortive” for they lead
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to functional genes which do not replicate. The cell has a "mémory" for
previous mutation so that feciprocal mu#ational changes occur between
loci which were previously mutated,

Different auxotrophs showed different levels of UV inducibilityo
Examination of the degree of UV inducibility of particular auxotrophs
led to the hypothesis—that the site on the chromosome of a particular
mutation was correlated with the lbcation of prophage. Thus prophage is
visualized as a movable element which can'locate at many sites on the
bacterial chromosome but is particularly ‘attracted' to sites of mutation.

The hypothesis was advanced that the coupled mutations were
controlled by an episomal element to which the synbol S was. applied. This
element can change position on the chromosome and suppress the actiﬁity
and alter the mutability of adjacent genes. Prophage and S may occasionally
become linked thus coupling bacterial mutations with phage property

mtations.
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