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CHAPTER I
INTRODUCTION

Althoush asporogenous mutants in Bacillus species have been
known for many years (Pasteur, 1881, Roux, 1890 and Eisenberg, 1912),
no genetic studies have been carried out until recently. In their
first attempt to study the genetics of sporulation using the transforma-
tion technique (Spizizen, 1958, 1959), Schaeffer and his co-workers used

two transformable sporogenic strains of Bacillus subtilis, the one bein
£t o 5

a wild-type Marburg strain, the other requiring indole for growth (Schaeffer
et al, 1959). Both strains formed brown colonies on nutrient agar after
sporulation. One colony in 10,000, however, was white and dicnot con-
tain spores. They isolated two types of white, asporogenous mutants;
those which occasicnally produced a sporogenic clone--called reversible
mutants--and those which never gave rise to sporogenic clones--called
irreversible mutants.

Both kinds of mutants could be transformed to the sporogenic
condition using DNA from the wild-type strain. They eavisioned from
their experimental results a similarity between a factor for sporulation
and prophage. Both factors can be removed from the cell in their entirety,
giving rise in the case of the sporulation factor to irreversible sporula-
tion mutants or they can both be subject to mutation causing reversible

asporogenous strains in Bacillus.
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Later, working with the same strains of B. subtilis, they more
clearly defined the types of mutants they had isolated (Schaeffer and
Ionesco, 1960). The term asporogenous, which was previously general,
was now reserved for those mtants which had a rate of reversion to
the sporogenic state of leés than 10-8. Mutants which exhibited a
greater rate of reversion (higher than 10'6) were called oligosporo-
genous., In addition there were white mutants called albinos which were
in fact sporogenous but which were unable to produce the brown pigment
on nutrient agar., In their transformation experiments they used strains
which were double mutants, both asporogenous and unable to synthesize
tryptophan. Carrying out reciprocal trans formations between four of
the double mutants and a wild-type strain, they came to thg following
conclusions:

1) If two mutants are defective at the same genetic site, they will
not be able to transform one another to the sporogenous condition.

2) Transformation of a mutant to sporogeny occurs with the same
freguency whether DNA from another mutant or from the wild-type 1is
used.

3) One strain, although readily transformable to prototrophy was not
transformable to sporogeny even when DNA from sporogenous bacteria
was used.

As a method of genetic transfer, transduction had first been
discovered in Salmonella (Zinder and Lederberg, 1952). Takahashi (1961)
demonstrated that sporogenesis as well as nutritional characteristics

could be transduced in B. subtilis by the bacteriophage PBS 1. An



irreversible asporogenous strain, B. subtilis Sp 1, derived from a wild-
type Marburg strain, was able to produce sporogenous clones after trans-
duction using lysates of a wild-type strazin SB19. This same mutant could
not, however, be transformed to sporogeny using DNA derived from the
same sporulating wild-type.

Transduction studies (Takahashi, 1965a) using bacteriophage P35 1
(Takahashi, 1951) produced results similar to those obtained by Schaeffer
and his colleagues working with transformation. This supported the previous
evidence that the genes are many at which a mtation can affect sporulation
and that they are not linked with one another. Spizizen, on the other
hand, reported all of his mutational sites linked to a group of genes which
control the synthesis of a proteolytic enzyme and a wall-lytic enzyme
(Spizizen, Reilly and Dahl, 1963).

A high degree of genetic linkage between auxotrophic markers or
antibiotic markers and some sporulation markers was obtained (Takahashi,
1965a). One strain, B. subtilis Sp~l, could be jointly transduced to
sporogeny and to resistance to antibiotics such as streptomycin, erythromycin
eand neomycin. Other mutants, Sp~N2-2 (asporogenous arnd requiring serine),
Sp7170-2 (asporogenous and requiring tyrosine), and Sp H12-4 (asporogenous
and reguiring phenylalarnine) could be jointly transduced to sporogeny and
prototrophy. Schaeffer (1961) failed to observe any auxotrophic markers
which were associated with his spore markers., This may have been due, in
part, to the fact that all of his sporulation mutants were derived from
one strain, 168 (Takahashi, 1965a). The observed close linkage between
sporulation markers and other genetic markers indicate that the sporula-

tion markers are not clustered in a small region of the chromosome.



Assuming that the replication of a bacterial chromosome was polar
or oriented and that it proceeds at a uniform rate, it was possille to
construct a genetic map giving the location of several xnown auxotrophic
markers for B. subtilis (Yoshikawa and Sueoka, 1963). Once replication
has been initiated, those genes at the origin will appear in any sample
of DNi, twice as frequently as those genes at the terminus. In an exponen-
tially growing population, therefore, there should be a predictable difference
in the frequency of genes depending on their position on the chromosome.

In a stationary-phase culture-the numbers of a gene at the origin should
equal the numbers of a gene at the terminus since the chromosome is not
replicating. By conparihg the ratio, for different genes, of the number
of transformants produced from DNA isolated from logarithmic-phase cells
to the number of transformants produced from DNA isolated from stationary-
phase cells, Yoshikawa and Sueoka were able to give the relative positions
of these genes on the chromosome. Furthermore by the use of Yoshikawa

and Sueoka's technique (1943), Takahashi (1965b) succeeded in locating

the sporulation markers on the chromosome by determining the position

of the auxotrophic or antibiotic resistance markers to which the sporula-

tion markers were closely linked. The following is the proposed chromo-

some map:
ORIGIN TERMINUS
ery
ade str phe tyr ser met
L 1] | | | ]
I Il [ | | |
0.23 0.33 0.51 0.88 1.0
0.24

Sp"l  Sp~H12-4 Sp~170-2 Sp~N2-2



1) ade - adenine
str - streptomycin resistance
ery - erythromycin resistance
phe - phenylalanine
tyr - tyrosine
ser - serine
met - methionine

This clearly indicated that genes controlling the formation of
spores were not clustered in a small region of the chromosome but were
located far apart. One can deduce from this that sporulation may be
controlled by a rumber of operons and that a mutation at any one of them
would prevent the formation of mature spores.

Six intermediary stages were observed cytologically in the process
of sporulation (Ryter, et al, 1961, and Schaeffer, et al, 1963). All
mutants examined were blocked at one of these morphological stages. When
these sporulation mutants were grown in a suitsble medium, sporulation
proceeded up to the point at which they were blocked genetically. Sporula-
tion, then, seems to follow a logical sequence of biochemical events from
initiation of sporulation to the formation of mature spores.

Two tyres of genes for sporulation were envisioned, those regula-
ting each sequence of biochemical events, called regulator genes and
those called structural genes, which determine the amino acid sequence
of proteins (Schaeffer, et al, 1943). Sporulation genes are, like
other genes, present in all stages of the life cycle but they are rep-

ressed during vegetative growth. Once sporulation is initiated these



genes may be derepressed by a sequential induction (Schaeffer, et al,
1963).
Wild-type strains of Bacillus species produced an antibiotic (Ab)

active on Staphylococcus aureus whose action could be observed on nutrient

agar plates (Balassa et al, 1963 and Spizizen, 1965). Some sporulation
mutants, however, were not able to synthesize the antibiotic. When these
asporogenous mutants were transformed or transduced to sporogeny they
always acquired the ability to form the antibiotic. Because no linkage
could be invoked between sporulation and production of the antibiotic,

it was concluded that there was a physiological relationship between the
two, the antibiotic arising from a sporulation-specific reaction (Balassa,
Ionesco and Schaeffer, 1963). By examiging these two types morphologically,
it was discovered that those mutants unable to produce the antibiotic .
were blocked at a very early stage in the sporulation cycle; they were

not able to progress to the stage which first exhibits a morphological
change discernible by electrommicroscopy (Ryter, Schaeffer and Ionesco,

1966). Thus by their action on Staphylococcus they could easily distin-

guish mutants which were blocked at some point earlier than the first
stage from those which were blocked later.

Using B. licheniformis, Bernlohr discovered that the antibiotic

was produced only when conditions suitable for sporulation existed in

the cul ture medium (Bernlohr and XNovelli, 1960a and 1960b). There
appeared to be some competition between the sporulation process and

the production of antibiotic since optimum conditions for the formation

of spores gave little antibiotic and conditions of minimum spore formation

gave a much higher yield of the antibiotic.



A protease is also produced by wild-type strains and by all
sporulation mutants blocked after the first stage. Some mutants blocked
before the first stage and therefore unable to produce the antibiotic
can produce the protease. Results similar to those revealing a corpeti-
tion between sporulation and antibiotic production were obtained with
the protease (Bernlohr and lovelli, 1664). Glucose, a known inhibitor
for spore formation, also inhibited the production of the protease.

It was suggested that protease was a prodﬁct of presporulating events

in the cell and that it could be used for the degradation of vegetative
cellular material for later use in sporulation. The antibiotic could
conceivably inhibit those genes which transcribe for the vegetative state
(Halvorson, 1965). Functioning in this way both the antibiotic and the
protease would be required in the early stages of sporulation.

An unusual strain had been isolated which was derived spontan-
eously from B. subtilis H12 designated Sp"HE1l2-3 (asporogenous and
fequires phenylalanine) (Takahashi, 1965a). This mutant never produced
any revertants to‘ sporogeny under any conditions. It could act as
donor to all other asporogencus mutants and produced recombinants but it
could not itself be transduced to the wild-type even when a wild-type
strain was used as donor. It appeared to be physiologically competent in
transduction since it could produce erythromycin-resistant or prototrophic
transductants at a normal frequency. From the behaviour of Sp7H12-3,
one might suspect that it has rutations at many sites on the chromo-
some or a deletion in the sporulation genome., A far mors interesting

.



hypothesis is the episome factor for sporulation proposed by Schaeffer,
Tonesco and Jacob (1959). They conceived that there were two types of
mutants; those which could revert with a low frequency, having a chromo-
somal mutation causing asporogeny and those which were irreversibly
asporogenous, havirg lost as a whole some extra-chromosomal factor.

In 1958, Jacob and Wollman proposed the term "episome™" to
describe accessory extra-chromosomal genetic elements which could exist
either autonomously or integrated with the chromosome (Jacob and Wollman,
1958). Later, they provided the criteria for the recognition of characters
determined by genetic structures having the properties of episomes (Jacob
and Wollman, 1941). Such characters mist be dispensible since episomes
are not necessary constituents of the cell-sporulation is not necessary
for the survival of the cell. Such characters may be lost irreversibly
since episomes themselves can be lost irreversibly--at least one
irreversible asporogenous strain, Sp Hl12-3 is known to us. An alter-
nation of phenotype may occur corresponding to the alternation of the
episome from the integrated to the autonomous state--the alternation
from the vegetative cell to the spore is a process in which there is a
marked difference in phenotype. Fulfilling these criteria does not
necessarily mean that a given system has episomic control of a genetic
character within it, Deletions, multisite mutations, purely cytoplasmic
structures, epistasis or environmentally controlled regulation mechanisms
may determine one or several of these characteristics or criteria.

The artificial elimination of episomes, notibly the F-factor

or sex factor of E, coli could be carried out by treating the cells



with various substances of both organic and inorganic origin. The

salts of heavy metals such as cobalt or nickel have been éffective in
converting male strains of E. coli to female strains by irreversibly A
reroving the episomal F-factor (Hirota, 1955). Acridine dyes were more
effective as curing agents for the F-factor. Strains which were stable
to metal treatment were easily converted to female cells by the acridine
treatment (Hirota amd Iijima, 1957). Later it was observed that omnly
F* male straims could be cured of the F-factor and not the high frequency
recorbination (Hfr) male strains (Hirota, 1960). Maleness in Hfr cells
is inherited chromosomally as a gene linked to certain markers, as
determined by genetic recombination. The transfer of the F-factor
apparently unlinked to the host chromosome and the non-segregational
uniform inheritance of F-factors corresponds to cytoplasmic transfer

of the male determinant. These facts supported the postulate that acri-
dines el iminated episomal factors in the autonomous state and not those
which were integrated with the chromosome.

Transition of an episome from the integrated form to the autono-
mous state may be induced by a variety of chemical and physical agents.
Lwoff and his co-workers (1950) noted that treatment of certain lysogenic
bacteria with ultraviolet light induced the development of mature phages
(autonomous state) from the prophage (integrated state). This induction
has subsequently been shown to e elicited by a variety of physical
and chemical agents, as well as by manipulations of metabolic balance

(Driskell-Zamenoff, 1944).
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Other attempts have been made to eliminate the bacterial epi-
some. Using the hypothesis that episomes were in some way associated
with the cell membrane, Landman (Kawakami and Landman, 1965) treated
cells with reagents which damaged the membrane expecting to remove or
impair in some way the extramuclear episomes. Drug resistance factor
(R-factor) was eliminated from E. coli and Salmonella by treating the
cells with penicillin, which was known to attack primarily the cell
membrane., The tendency to te cured seemed to depend on the special
characteristics of both'thefepisome and its host bacterium.

In the same year, the colicin factors which could not be
removed from the cell by acridine treatment were eliminated from thymine-
less mutants under conditions of thymine-limited growth. Other extra-
chromosomal elements were eliminated with thymine deprivation tut there
was a striking difference in the susceptibility to elimination shown by
various autonomous episomes (Clowes, Moody and Pritchard, 1965).

Zncouraging evidence that cytoplasmic factors were possibly
involved in the genetics of sporulation was uncovered when white colonies,
usually typical of the asporogenous phenotype, where isolated after
treatment of B. subtilis with acriflavine (Rogolsky and Slepecky, 1964).
Cells treated during early log phase were most affected by the dye. These
mutants, as'yet, have not been categorized into sporulation rmtant types
and it is not known whether truly irreversibly asporogenous bacteria
were isolated. Bott and Davidoff-Abelson (1966) using acridire orange
in their experiments were able to isolate sporulation mutants. All of

the mutants proved, however, to be oligosporogenous.
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The isolation of mutant Sp H12-3 and such evidences in the past
which have indicated the possibility of an extrachromosomal determinant
for sporulation have lead to the problem investigated and reported in
this thesis., The problem is twofold: to produce irreversible asporog-
enous mutants similar to strain Sp™H12-3 by agents known to eliminate

episomes and to study their genetic behaviour as sporulation mutants.



CHAPTER II

MATERIALS AND METHODS

MATERIALS
Symbols

Throughout this work the following symbols were used:

w
+
]

SpOorogenous

F P

asporogenous

strl’ - resistant to streptomycin 1000 ug/ml

ery’ - resistant to erythromycin 1 ug,;/ml

ind - indole

ser - serine

tyr - tyrosine

phe - phenylalanine

leu - leucine

met - methionine

arg - arginine

glu - zlutamic acid

UV - ultraviolet light

-prot - prototrophic
Strains

Three wild-type strains were used throughout this work, Bacillus

subtilis strains W, SB19 and SB19E. Strain W was originally isolated

12
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by C. Anagnostopoulos (1961). Strain SB19 (strf, prot) was isolated

by transformation of 168 (igg) to prototrophy using DNA derived from 23
(thr) (Nester and Lederberg, 1961). Strains 168 and 23 originally came
from the collection of Burkholder and Giles (1947). Strain SBLYE (strT,
ery’, prot) was derived from SB19 (Takahashi, 1965a).

The mutants utilized wers as follows:

Strain Origin Characteristics
168 Marburg (UV) spt ind

(Burkholder and Giles, 1G47)

N2 W (UV) spt ser
(Takahashi, 1965b)

170 W (strf - 100 ug/ml) spt tyr
(Takahashi, 1965b)

HL2 W (Uv) _ sp? phe
(Takahashi, 1965b)

A MuBu5ub (ade, leu, met) - sp’ ade

(Yoshikawa and Sueoka, 1963)
(transformation and UV)
(Takahashi, 1965b)

M MuBu5ub (ade, leu, met) sp* met

(Yoshikawa and Sueoka, 1963)
(transformation and UV)

(Takahashi, 1965b)

-+

B33 W (uv) sp’ arg

(Takahashi)
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B37 W (uv) sp’ _glu
(Takahashi)

Sp 1 W (uv) sp_, requires
(Takahashi, 1965a) casein hydrolysate

SpN2-2 N2 (UV) sp” ser

(Takahashi, 1965a)
Sp~170-2 170 (UV) sp. tyr
(Takahashi, 1945a)
Sp H12-3 Hl2 (spontaneous) sp_ phe
(Takahashi, 1965a)
Sp H12-4 m2 (uv) sp~ phe
(Takahashi, 1965a)
The wild-type strains and all of the mutants were supplied by
Dr. I. Takahashi, Dr. R.A. Slepecky (Syracuse University) kindly donated
for several experiments a culture of his W strain designated W (s).

A culture of Staphylococcus aureus Oxford strain was obtained from the

Hamilton General Hospital for use in antibiotic assays.

Culture lMedia

A variety of culture media was used during the course of the
investigation. As these media were often modified by the addition of
various supplements, only a description of their basic components will
be given here. Modifications are described as they are utilized through-
out the text. Unless stated otherwise, all redia were autoclaved at

120°C for 15 min.
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1- Spizizen's ¥inimal Medium (S¢) - (Spizizen, 1958)

X 2.0

(M—iA)ZSO2 gm
K2HOP2 14.0 gn
KHzPob, 6.0 gn
Sodium citrate 1.0 gm
I . o2

thOh 7H20 0.2 gn
distilled water 1.01

The pH was adjusted to 7.0
To prepare minimal agar, 15 gm of Difco Agar were added.
Before use 5 ml of 10% glucose was added to 100 ml of the medium.

Where biochemical supplements were used in the medium, they were
autocl aved separately and added to a final concentration of 50 ug/ml
unless otherwise stated.

NOTE: For SM pH 7.6 the following were used instead:

K HPO 19.0 gm

4

KHZPOL;

and in addition:

2.0 gn

0.02% peptonz (Difco)
For sporulation minimal agar the followirg were added after

autoclaving separately:

MnS0;, (1.0%) 0.5 ml/1
FeClz (0.5% 0.5 ml/1

In some cases, the SKI which contained one-half the amount

of the salts was used as diluent. This was designated as 1/2 SMM,
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2- Sporulation Medium (Schaeffer, 1G61)
This medium provides the essential requirements for good sporula-

tion in Bacillus subtilis. On agar one can easily distinguish between

the brown sporogemous colonies and the white asporogenous colonies,

Mutrient broth (Difco) 8.0 gn
MgS0y, . 7H,0 0.25 gm
KCl 1.0 gm
MnCl, (1.9%) 0.1 ml
distilled water 1.01

For Citrate Sporulation agar (CS agar) 11.76 gm Sodium citrate
was added.
For Citrate Yeast Zxtract Sporulation Agsr (CYS agar) the follow-
ing were added:
Sodium citrate 11.76 gm
Yeast extract 0.5 gm
The pH was adjusted to 7.0
To prepare sporulation agar 15.0 gm of Difco Agar were added.
Before use the following sterile solutions were added:
FeS0,, .7H,0 (0.27%) C.l ml
Ca (NO3),.4H0 (2.3%) 10.0 ml
3- Saline Sodium Citrate (S3C)
This medium is used rainly for the extraction of DNA.
NaCl 8.5 gnm
Sodium citrate Ly gn

distilled water 1.01



L- Brain Heart Sporulation Agar (BS agar)
This medium was used for growing fastidious CoCl, treated
organisms to detect sporulation. It contained

Brain Heart Infusion Broth

(Difco) 37.0 gm
MnClsp (1.9%) 0.1 ml
MgSOh.7H20 0.25 gm
Agar (Difco) 15 gnm
distilled water 1.01

The pH vias adjusted to 7.0

Before use the following sterile solutions were added:

FeS0, .7H,0 (0.27%) 0.1 ml
Ca(NO3)2.AH20 (2.3%) 10.0 rl

5- Adsorption Medium (Ad)

This medium was used for the assay of phage.

NaCl 5.0 e
K,80, 5.0 gn
KH,PO,, 1.5 gm
Na2HPOb 3.0 gn
MgSOh.7H20 0.12 gm
CaCl, (1.0%) 1.0 ml
FeClj (0.5%) 2.0 ml
Yeast extract (Difco) 1.0 gm

distilled water 1.01
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6~ Preserving Mediun
Because asporogenous mtants cannot form spores, they were stored
at -35°C in the frozen stzte in Penassay Broth which contained 15% gly-
cerol.
7- Transforming Medium
Except for strain 168, which requires a special transformation
technique, all transformations were carried out in the following medium:
SHM 100 ml
Glucose (10%) 5.0 ml
Casamino acids (1%)
(Difco) 1.0ml
Yeast extract (1%)
(Difco) 1.0 ml

8- Peptons-Glucose Medium (PG)

Peptone (Difco) 10.0 gn
Glucose 2,0 gm
distilled water 1.01

Iwo acridine dyes werc used for the acridine treatment of cells.
Neutral acriflavine wzs purchased from Allied Chemical Company and
acridine orange from Fisher Scientific Company.
MZTHODS

Methods which apply generally to all phases of the work are
reported in this section. Spgecial technigues or modifications of these
general methods are described as they occur. Broth cultures were obtained

by inoculating P troth with cells grown on TB agar overnight and incubating
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with shaking for 4 hr. Unless otherwise stated all ircubations were
at 37°C, all cultures were plated using glass spreaders, all shaking
was done on a reciprocal shaker at a frequency of 120 strokes per
min. and all centrifugations were at 5000 rpm (0D g) for 15 min. in
a Sorvell refrigerated centrifuge using an 3334 rotor.

1- Isolation of Crude DNA for Transformation

A small inoculum of cells grown overnight on TB agar was placed
in 30 ml of P broth and the flask was imcubated with shakirng for L4 hr.
The 30 ml of culture was poured into a flask containing 500 ml P broth
and the latter was shaken on a reciprocal shaker with incubating for 90
min. The cells were spun down, the supermatant liquid discarded and
the cells were resuspermded and collected in a small volume of SSC
(2-3 m1). If it was so desired, the susvension was stored at this
point by freezing.

Lysozyme was added to the cell suspension at a final concentra-
tion of 100 ug/ml and incubated withaut shaking for 30 min. Cell lysis
was completed by the addition of 2 ml of 5% sodium lauryl sulphate. Two
volumes of 95% ethanol were added slowly and the crude DNA was collected
by carefully stirring the solution in one direction with a glass rod.
The fibre wound on the glass rod was washed with 95% ethanol. The fibre
was then dissolved by shaking for 1 hr. at room temperature in a solution
which contaired 25.0 ml of SSC and 2.5 ml of 5% sodium lauryl sulphate.
The shaking was continued for additional 3 hr. Proteins were precipitated

by the addition of solid NaCl to a final corcentration of 1 M and removed
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by centrifugation at 10,000 rpm (12,100 g) for 30 min. using an SS3L rotor.
The DNA was precipitated and collected again by adding two volumes of

95% ethanol and stirring with a glass rod. The crude DNA fibre was

stored and sterilized in 70% ethanol. The DNA fibre was dissolved in

5 mlL of sterile SSC and used in trans formation experiments.

2- Transformation Technique (Spizizen, 1958)

To obtain competent recipient cultures a loopful of cells was
inoculated into 5 ml of F broth and incubated with shaking for 4 hr.

The culture was diluted 10 times (to 5 x 107 cells/ml) in the transformingi
redium and sheken for 0 min. at 37°C at which time the cells became
highly transformable. For transformation, 0.1 ml of DNA solution was
added to 3 ml of recipient culture and incubated with shaking for 30 min.
As controls, 0.1 ml of SSC was added to another flask containing the same
culture. In the present study a DNA corcentration of more than 1 ug/ml
which is a saturation concentration for trars formation was used. The
treated cultures (0.1 ml samples) were spread on minimal agar or sporula-
tion agar to score transformants.

Strain 168 was transfomed by the above technique with some modi-
fications. The first culture medium was SMM supplemented with casamino
acids (0.02%) amd dl tryptophan (% ug/ml) and competent cultures were ‘
prepared in SMMY supplemented with casamino acids (0.01%) amd dl tryptophan
(5 ug/ml).

3- Preparation of Phage Lysates
Bacteriophage P35 1 (Takahashi, 1961) was used exclusively for

transduction experiments throughat this study.
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To prepare phage lysates 4 hlr. cultures were diluted 10 times
(to 5 x 107 cells/rl) in P broth and infected with PBS 1 to give a
multiplicity of infection (moi) of about 1. The infected cultures were
incubated with shaking for 60 min. and incubation was continued overnight
withait shaking. The bacterial cells and cell debris in the lysate were
removed by centrifugation and cell -free lysates were obtained by filter-
ing the supernatant ligquid through a Millipore filter (0.45 micron).

L~ Transdiction Technique (Takahashi, 1961)

To 1.0ml of a 4 hr.-old culture 0.25 nl of lysate was added and
shaken for 30 min. at 37°C. For contrmls, 0.25 ml of P broth was added
to the aulture instead of lysate. The cultures were then piated on
appropriate selective media to score transductants.

5- Ultraviolet Irradiation

Five ml of culture were pnlaced in a glass petri dish and exposed
to UV light from a Mineralight UVS-12 lamp with constent swirling. The
exposure was at a distance of 20 cm for 2 min. in the dark. This produced
a 95-9&% killing dose. The irradiated culture was then diluted and 0.1l
ml was spread on agar to detect mutants. On occasion, cul tures to be
irradiated were centrifuged andcells were resuspended in the same volume
of 1/2 SMI or physiological saline (0.85%).

6- Isolation of Sporulation Mutants

On sporulation agar, those colonies which were brown after 2 days

incubation grroduced spores. White colonies, on the other hand, were either

sporogenous altinos or asporogenous. The white colonies were picked up
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individually, streaked on sporulation agar and the plates were'incubated
for 2 days. The isolates were then examined with a phase contrast micros-
cope for the presence of spores. Those which showed no sign of sporula-
tion under the microscope were preserved in the frozen state. They were
also exarined for their nutritional requirements to determine whether they
retained the requirements of the parent strain. If the mutant passed
these first three tests (white colony formation, microscopic examination
and amino acid requirement) its rate of reveréion to sporogeny was then
determined, In scmelater work, an actual reversion rate was not deter-
mined as only those which showed no reversion at all were selected.
7- Determinzation of Reversion Rates

Two sporulation agar plates were heavily inoculated with young
cells by means of an inoculating loop and were incubated for 2 days.
Cells were then collected and resusperded in 1 ml of 1/2 SMM. Some strains,
A and M for example, formed crusty colonies on sporulation agar and a
slightly different technique had to be used. A thick cell suspension
in 5 ml of sporulation broth was poured into TB agar plates and these were
incubated for 2 days to &llow sporulation to take place. From this point
the same method was used for removing the cells from the agar surface.

Viable cell counts were made, after appropriate dilutions, by
plating 0.1 ml samples on TB ager. The number of spores was determined
by heating the cell suspensions at 85°C for 10 min. and plating on
sporulation agar. The reversion rates were then calculated from viable

cell counts and spore counts.
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8- Detection of Spores by the Replica-plating Technigue

This method was used vhen only the detection of sporss was of
interest since it was not designed to determine the true reversion rate.
The cell suspensions (0.1 ml) were plated on sporulation agar and these
were incubated for two days. For the detection of spores produced in
transduction or transformation, the treated cultures were similarily
plated on sporulation agar and incubated. Twice the agar surface was
sprayed with chloroform using a chromatography solvent sprayer to kill
vegetative cells and the plates were left upright at room temperature for
L hr., Each plate was then replica-plated on sporulation agar and the
latter were incubated for 2 days to detect spore-forming brown colonies.
9— The Assay of Phage Lysates

An apgropriate dilution series of phage lysates was prepared
using Ad medium. In a test tube, 1.4 ml of Ad medium, 0.1 ml of fully-
grown indicator bacteria in P broth and 3 ml of diluted phage were mixed.
After 5 min., at vwhich time most bacteriophages were adsorbed on host
bacteria, 4.5 ml of 1% TB agar melted ard kept in a SOOC water bath were
pipetted into the test tube and mixed. Using the same pipette, 8 ml
were removed and the freshly-made TB agar plates were each overlayed with
3 ml of the soft agar mixture. The plates were incubated overnight at
280C in an upright position. In this method, the number of plaques prod-
uced on a plate represents the number of plaque-forming units per ml of

diluted phage lysates.
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10- Test for the Production of an Antibiotic for Staphylococcus

The strains to be tested and S. aureus were grown overnight on
TB agar at 37°C. A thin suspension of S. aureus or the B. subtilis
strairs was made in 1/2 S¥. A drop of the B. subtilis suspension was
placed on TB agar plates which were inoculated with S, aureus by spread-
ing 0.1 ml of cell suspension and the plates wers incubated overnight.
The presence of a clear zone of lysis around the B. subtilis colony
indicated the production of an antibiotic active on S. aureus.
11- Test for the Adsorption of Bacteriophage PBS 1 by B. subtilis strains
The stock lysate was diluted to 5 x 107/ml and 0.8 ml of this was
added to 0.8 nl of bacterial culture and 2.4 ml of Ad medium. This resulted
in final concentrations of cells and phage particles of lOB/ml and 107/ml
respectively. The mixture was allowed to stand for 5 min. at room tempera-
ture for the phage to adsorb and the cells were removed by centrifugation.
The supernatant liguid was diluted to 10~3 and 1077 and the rurber of

unadsorbed phages was determined by the assay method described earlier.



CHAPTZR III
TTEMPTS TO ELIMINATE THE SPORULATION FACTOR FROM
SPOROGENOUS STRAINS BY ACRIDINES OR ULTRAVIOLET LIGHT

It has been reported that sporulation mutants could be produced
in B. subtilis by the addition of acriflavine (Rogolsky and Slepecky,
1984). The frequencies of the sp~ mutants prodiced varied acoording to
the stage of growth cycle at which the dye was added.

Attenpts were therefore made to duplicate such results and to
isolate mutants similar to Sp"Hl2-3. Two methods were used which were
based on Rogolsky and Slepecky's results. The two differed basically in
the manner of determining the various stages in the growth cycle at which
the acridines were added. In method A, time was used to determine the
stage ard in method B, turbidity of the culture. A third method, C,
similar to that proposed by Hirota (1960) to eliminate the F-factor in
E. coli, was used on strain H12 for a limited number of experiments.

At the outset of this study ultraviolet light was used on various
strains of B. subtilis in an effort to produce sporulation mut ants and
although datz are not available on the percentag.e of these mutants
isolated, a list is given of those which did not revert to sporogeny.

A1l asporogencus strairs unable to revert to sporogeny produced through-
out the present study were also tested for the production of an antibiotic

active on Staphylococcus.
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METHOD A

6 cells/ml) in a

Broth cultures were diluted 1072 (t§ 5 x 10
flask containing 5 ml of S¥M pH 7.6. The flask was shaken at 45°C and
at various times from O to 240 min. Acridine orange (A0) or neutral
acri flavine (AF) was added to a fimal concentration varying from 0.03 to
6.0 ug/ml. Shaking at 45°C was continued for a further 24 hr. After
rnakirg appropriate dilutiorms in 1/2 3MM, 0.1 ml portions were plated on
several spore agar plates and imcubated for 2 dgys. White colomnies pro-
duced were then tested for the production of spores.

| CMETHOD B

Broth cultures were diluted 1072 (to 5 x 10° cells/ml) in 5.0 nl
of SMM pH 7.6, and the flasks were shéken at. LSOC. At various Klett unit
values as determined by a Klett-Summerson Photoel ectric Colorimeter
ranging from 4 to 108 (wavelength = 500-570 millimicrons ), AF was added
to a final concentration varying from 1.0 to 6.0 ug/ml and shaking was
continued at 45°C for an additionmal 24 hours., After diluting the treated
cultures in 1/2 SMM, 0.1 ml samples were plated on several sporulation
agar plates and incubated for 2 dgys.

MATHOD C

After P broth cultures were diluted 10°% (to 5 x 10% cells/ml) in
SII medium pH 7.6, AF was added to a final concentrastion of 5 to 10 ug/ml
ardthe cultures were shaxen overnight at 37°C. After diluting in 1/2
SMM, 0.1 ml samples were plated on sporulation agar and incubated for
2 days.

Growth curves of strains Hl2 ard W were constructed using both

viable counts and Klett units in order to estimate the nunber of cells

present and the stage in the growth cycle at which the acridimes were added.



Although no mutants of any type were produced in strain W using
method A (Table I), there appears to be some correlation between the
concentration of dye used, the time of its addition and the number of
viable cells at the end of the experiments. A certain number of viable
cells could be obtained when 5 ug/ml of AF was added to cultures during
any part of the growth cycle. On the other hand, practically the entire
population of cells was killed by the addition of 6 ug/ml of AF.

Under the same conditions strain HL2 would not grow at all if AF
was added before early log-phase (Table 1I)., Only a small number of sur-
viving cells were observed when AF at a concentration of 6 ug/ml was added
at the middle of log-phase. Oligoéporogéncus mtants were isolated when
AF was added at the middle of log-phase but no asporogenous mutants were
ever found.

All cells of SB19E were killed by AF at a concentration of 1 to
3 ug/ml if added at early log-phase indicat:ing that this strain can tol-
erate only a very low level of AF in the culture medium.

No mutants were obtained from 29,830 colonies examired when strain
W (s) was treated with AF by method B (Table III). Strain W (s) grows
in the presence of AF at concentrations ranging from 1 to % ug/ml regard-
less of the time of addition. The initial growth of the cells in 1/2 |
B broth in method B may be responsible for the resistance of the cells
to the early addition of é ug/ml of AF which was not observed using method
A. The number of survivors increases 50-fold if the bacteria are allowed

to proceed to middle of log-phase of the growth cycle before AF is added.
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The important point to note here is that neither method A nor
method B produced any sporulation mutants from strain W, even when the
very W strain and sampie of AF used by Rogolsky and Slepecky were em-

ployed.
| There is no corrslation between the corcentration of acriflavine
or the time of its addition and growth in strain Hl2 treated by method B
(Table IV). No asporogenous strains similar to Sp"Hl2-3 were produced.
Many oligosporogenous strains were produced with different concentra-
tions at various times of addition and two asporogenous strains Sp H12-30
and Sp H12-3l were obtained from cultures treated with 6 ug/ml AF during
middle of log-phase. Strain Sp Hl2-30, having a reversion rate of 8.3

b'd 10'8, is very close to the selection point of lO°7 which arbitrarily
distinguishes asporogenous strains from oligosporogenous strains. Strain
Sp H12-31 is unatle to produce spores (less than 8.3 x 10710), but is
readily transducible to sporogeny.

It was postulated at this point that the oligosporogenous mutants
obtained from one acridire treatment may have lost only part of the
extra-chromosomal determinants fdr sporulation. Therefore, one of these
oligosporogenous mutants, Hl2-1, which was resistant to AF (1 ug/ml) was
further treated at various stages in the growth cycle with 6 ug/ml AF to
produce sporulation mutants. No mutants out of 18,260 colonies examined
were found (Table V).

Further serial treatment was continued by selecting strain
H12-1-2 from amongst H12-1 treated cells. Strain HI2-1-2 was oligosporo-
genous and resistant to AF (1 ug/ml) but after exposure to AF did not

produce any asporogenous mutants (Table VI).
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Strain 168 underwent treatment with 6'ug/ml AF (Method B) at
different stages in the growth cycle but no asporogenous mtants were
isolated (Table VII). This strain grew normally when the dye was added
at later growth stages and albino mutants were produced which proved to
be sporogenous.

Method C (Table VIII) was used only with strain H12. No surviving
cells were obtained when the cells were treated with 10 ug/ml of AO. Out
of 123,200 colonies obtained from cells treated with lower concentrations
of A0 (5-7.5 ug/ml), 3 mutants were isolated, 2 oligosporogenous and one
asporogenous (Sp~H12-36) which showed a reversion rate of 3 x 10°8,

Table IX summarizes the number of colonies examired for each
strain and method of treatment in use. Three asporogemnous strains were
isolated all of which were derived from strain H12 and only one of these
would not revert to sporogeny.

A list is given in Table X of a number of asporogenous rutants
incapable of reverting to sp' isolated from several different parent
strains after exposure to UV light and AF. Also included in the table is
the maximum reversion rate and the ability of the mutant to produce the

antibiotic against Staphylococcus which indicates whether it is blocked

before or after stage I in the sporulation cycle. Strain Sp H12-3 is
presumably blocked at a very early stage, since it does not produce the
antibiotic,

All of the mutants listed, with the exception of two, produced
sporogemnous clones after transduction. This at first leads one to

believe that these two, Sp~i-4 and Sp A-ll, are behaving similarly to
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Sp H12-3. Upon further experimentation it was discovered that they were
not transducible to prototrophy either. Investigation of the reason for
this lack of transduction led to the finding that the bacteriophage
could not adsorb to the bacterium in these two cases. Compared with
99.9% adsorbtion in strain SB19E, Sp 4-6 and Sp A-1ll were able to adsorb
only 0.6% and 0.1% of the phage, respectively. Nothing meaningful
therefore, can be stated about the fact that they are not transducible

to the sporogenous state.
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Fisure 1

Growth Curve of B. subtilis HL2 in S at pH 7.6 at 45°C.
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Figure 2

Growth Curve of B. subtilis W in SMM pH 7.6 at 45°C.
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Table I

The Effect of Acridines on Strzain W - Method A

~ Concentration Viable Colonies Tyoe of

z;?g.) (ug/ml) cells/ml Examined Mutants
t 0 5 3.75 x 10° 1015 0
0 2:5 No counts made 0
30 5 8300 6397 0
30 6 0 0
60 5 5800 LL70 0
60 6 0 0
120 0.03 2.5 x 108 1180 0
120 0.1 2.9 x 108 3520 0
120 0.3 3.2 x 108 3190 0
120 1 3.8 x 108 2750 0
120 2.5 No counts made 0
120 6 0 0
180 6 120 © 120 0

33

more than 28632 colonies examined

X After 3 hours growth in 5 ug/ml AO the number of viable cells was

reduced 3.5 times,

performed using Neutral Acriflavine.

All other expesriments recorded in Table I were
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Table I
The Effect of Neutral Acriflavine on Strain H12 - Msthod A

Time Concentration Viable Colonies Type of

(min.) (ug/ml) Cells/ml Examined Mutants
30 6 0 0
60 1 0 0
60 3 0 0
60 6 0 0
120 1 Lt x 107 481D 0
120 3 0 0
120 6 0 0
180 1 8.2 x 107 9020 0
180 1 2.8 x 107 3080 Oligosporogenous
180 6 450 450 Oligosporogenrous
210 1 2.9 x 107 3190 0
2140 1 4.8 x 107 5280 0

Total 25860
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Table 111

The Effect of Keutral Acriflavire on Strain W (s) - Method B

Klett  Concentration  Viable Colonies Tyge of
Units (ug/ml) cells/ml Examined Nutants
£ L) 1 13 1330 0
8% 1 790 790 0
123 1 1020 1020 0
15 6 660 640 0
15 6 530 530 0
16 6 720 720 0
32 1 3.4 x 107 3410 0
32 6 3.6x10° 3575 0
57 1 2.3 x 10° 2255 0
58 6 4.5 x 107 4455 0
7% S | 5.2 x 10° 5225 0
81 6 5.8 x 105 _5830 0
Total 29830

& All colonies tested were resistant to 1 ug/ml of Neutral Acriflavine.
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Table IV

‘The Effect of Neutral Acriflavine on Strain H12 - Method B

Klett Concentrztion Viable Colonies Type of
Units (ug/ml) cells/ml Examined Mutants
x 9) 1 1180 11&0 Oligosporogenous
93 1 1210 1210 Cligosporogenous
133 1 820 820 Oligosporogenous
15 6 100 100 0
3.5 I 2270 2270 Oligosporogenous
32 6 1.2 x10% 13653 0
L5 1 2.1 x108 23430 0
L5 6 2.5 x lO? 2750 Oligosporogenocus
59 6 6.9 x 107 6759 0
75 6 2.8 x lO8 1540 Oligosporogenous
79 6 1090 1090 1 (Sp H12-30)
&g ) 1330 1330 1 (Sp™H12-31)
88 6 910 910 0
100 1 1.2 x 108 12980 0
107 6 3.3x10°  1a5 0

Total 71537

X All colonies tested were resistant to 1 ug/ml Neutral Acriflavire.
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Table V

The Effect of Neutral Acriflavine on Strain H12-1 - Method B

Klett Concentration Viable Tolonies Type of
Units (ug/ml) cells/ml Examined Mut ants
31 6 1.1 x 10° 6270 0
£ 15.5 6 8.8 x 10" 4840 0

7 6 ' 1.3 % lO5 7150 0

Total 18260

¥ H12-1-2 (Sp*, oligosporogenous, AFF) was isolated for further treat-

ment with acriflavine.

Table VI

The Effect of Neutral Acriflavine on Strain H12-1-2 - Method B

Klett Concentration Viable Colonies Type of
Units (ug/ml) cells/ml Examined Mutants
16.5 1 1.7 x 10° 1650 0
27 1 93 x th 230 2 Oligosporogenous

Total 2580
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Table VII

The Effect of Leutral Acriflavine on Strain 158 - Method B

Klett Concentration Viable Colonies Type of
Units _ (ug/ml) cells/ml Examined Kutants
16 6 5.5 x 10° 27 0
70 6 32 % 108 1760 Albinos
108 6 3.3 x 108 1815 Albinos
Total 3602
Teble VIII

The Effect of Acridine Orange on Strain HL2 - Method C

Concentration 2 Viable Colonies Tyoe of
(ug/ml) cells/mL Examined Mutants
5 L x 108 44,000 2 Oligosporogenous
5 4.5 x 108 39600 1 (Sp H12-3%)
7.5 k.5 x 108 39600 0
10 0 0

Total 123200
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Total Colonies Examined After Treatment with Acridines

Strain
W
W (s)
168
H2
HZ2
H12
H12-1

H12-1-2

Method

A

B

W

Colonies
Examined

28632
29630
3602
25860
71537
123200
18260
2580

Total 303500

0
0]
Albincs
Oligosporogenous
2
il
0

Oligosporo genous
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Table X

Mutants Showing Yo Reversion to sg*

Maximum Antibiotic
Mutant Acent Reversion Rate Production
& SpA-b uv 5.6 x 10710 -
Sp™A-9 v 5.9 x 10710 §
& SpTA-11 uv 4.6 x 10710 -
Sp~B37-2 wv 2.2 x 1077 .
Sp B37-3 uv 5.6 x 10710 -
Sp™B37-4 uv 2.5 x 10-9 .
SpB37-6 v 2.2 x 1077 .
Sp B33-6 uv 3.0 x 1077 5
Sp™B33-7 oV 2.2 x 1078 -
Sp H12-11 uv 4.8 x 1077 "
Sp H12-14 uv 1.2 x 1077 -
Sp H12-15 uv 5.3 x 1010 .
SpTH12-17 uy | 1.5 x 1077 -
SpTH12-20 W 1.6 x 1077 R
Sp HL12-22 w 1.5 x 1077 g
Sp~H12-23 uv 1.0 x 1077 +
Sp H12-31 AF (6 ug/ml) 8.3 x 10710 +

% Strains SpA-6 and Sp A-11 are not competent for transduction.



CHAPTER IV

THE FREZZUZKCY OF SPCRULATION MUTANTS PRODUCED IN B. SUBTILIS BY THE

CQMBI NED TREATMENT WITH ULTRAVIOLET LIGHT AND ACRIDINE ORANGE

From the results described in the previous chapter, it was
postulated that if sonb episomal sporulation factor exists in B. subtilis,
it must be tightly bound to the chromosome since acridines were unable
to remove the factor. Acridine dyes can only eliminate factors in the
autonomous state and those in the integrated state will not be affected.
It was pointed out earlier, in the introduction, that UV light induces
the transition of episomes from the integrated to the autonomous state.
If the sporulation factor resides on the chromosome and if UV light can
dissociate it from the chromosome, then acridine dyes might more effic-
iently eliminate the factor to produce truly asporogenous mutants of the
SpTHL2-3 type.

Here, in addition to attempting the elimination of a spore facﬁor
in B. subtilis, a comparison was mede between the influence of UV, AO
and UV plus AO on the numbers and types of sporulation mutants produced
from various sporogenous strains.

Matants were divided into 5 categories according to the following
phenotypes. Group 1 contained all of those which produced white colonies
when streaked on sporulation agar and therefore included albinos as well
as asporogenous strains. In Group 2 were those mutants which exhibited

no spores when examined under the phase contrast microscope--here the
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albinos were eliminated. In Group 3 the oligosporogenous strains were
not included since only those mutants with a reversion rate of less
than 10’7 were retaired. Group 4 included those which did not show
any reversion to sporogeny at all urder the experimentzl conciitions,
and were considered irreversible mutants. Those which belorged to Gproup
L, and were not transducible to sporogeny using a wild-type donor strain,
and therefore preswnably very similar to strain SpTH12-3, were grouped
together into Group 5. Mutants which belong to Groups 4 amd 5 are
listed in Tadles XVI and XVII, respectively.

Cells of sp* strains received the following three treatments.
A portion of cells was exposed to UV light as described in Chapter II
or treated vith AO at concentrations varying from1l.0 to 100 ug/ml .
The third sample was first irradiated with UV light and treated with
AO. Treated cells in SM¥ pH 7.6 were incubated overnight with shaking
then diluted and plated in sporulation agar to detect sp” mutants.

Results

The first spt strain treated by the above method was H12 which
spontaneously produced 27 Group 1 mutants and one Group 2 mutant out of
148,217 colonies examired. As shown in Tzble XI low corcentrations
(1 and 2 ug/ml) and hish concentrations (60 and 100 ug/ml) were not
effective in producing mutants of Group 4 when UV-irradiated cells were
treated. No Group 5 mutants were produced in strain Hl2. The frecuencies

of mutants produced by the three treatments mentioned above varied markedly.
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In Group 1 for instance, UV light produced 0.074% white colonies, AO
alone produced 0.033% mutants tut UV plus AO produced 0.23%. Even when
the separate effects of UV and AC were added together the total came to
only 0.107%, one-half of the number of mutants isolated by the combined
treatment of UV and AC. The same tendency was also noted for other
groups of mutants.

Frequencies of sporulation mutants obtained from strain W by
the UV-A0 treatment were significantly higher than those produced from
other ggi strains. The-frequency of Group 1 mutants produced from strain
¥ by the combired UV-A0 treatment was four times higher than the sum of
the frequencies observed with separate UV and AO treatments. Ten W
mitants are listed which were not transducible to sporogeny.

The freguency of muitants isolated from strain SB19E is reported
in Table XIII. Again the same pattern results; thers are far more
mutants produced by UV and AO acting together than separately. Although
several irreversible strains were obtained, no mutants of the Group 5
type were isolated. Increased frequencies of sporulation mutants by
the UV-40 treatment were discovered for strains N2 and 168 and these
are reported in Table XIV.

The results of the whole series of experirents are summarized in
Table XV. The ratios of the percentages of mutants produced by the com-
bined treatment over the sum of those produced by UV and those by AC range
from 2.7 for Group 1 to 4.6 for Group 4. This indicates that the action

of UV light plus AQ is of a synergistic nature rather than an additive one.



Table XVI is a list of irreversible mutants produced in this
section of the work and included is the ability to produce the anti-
biotic. Maximmum reversion rate refers to the highest possible rate of
reversion to sgorogeny within the limits éf the method. Where the
reversion rate is given as 0, a viable count of the suspension was
not determined and it is therefore only known that there were no spores
amongst a very large nunber of vegetative cells.

Several mutants which were not transducible for sp*, wers dis-
covered amongst the isolates from strain W and one from strain N2,

These, it turaed out, were also unable to be transduced for an ery-
thromycin-resistance marker; therefore, they may be incompetent in
transduction. In order to understand why these strains were not trans-
ducible, two'iests were carried out. First, it was detemmined if they
were capable o f adsorbing bacteriophage PBS 1 in the medium used for
transduction. Unlike strains Sp~A-6 and Sp A-11 which could hardly
adsorb the phage, these mutants adsorb as much as 99.€% of the added
phage (Table ZVII). The reason for their inability to undergo trans-
duction is not because theyr cannot adsorb the phage particles..

A second possibility is that as these mutants appear to be able
to accept genstic material normally, trey may be defective in the process
of integratirg the donor DNA into the chromsome. In E. coli, it has been.
found that recombination mutants (Rec”) are more sensitive to UV light
than wild-type strains (Clark and Margulies, 1965 and Howard-Flanders
and Theriot, 1966). Earlier, it had been postulated that certain enzymes
served in both genetic recombination and repair after irradiation (Howard-

Flanders and Boyce, 1964). A similar observation had been made with
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B, subtilis (Searashi and Strauss, 1965). Thus if one compares the UV-
sensitivity of asporogenous mutants which are not transducible with that
of the parent strain, an insight may be gained as to a possible defective-
ness in the DNA repair mechanisms which may also be linked to the process
of genetic recombination.

The above possibility was tested with strains Sp-W-4 and Sp~W-18
which exhibited the highest percentage of phage adsorption but were not
transducible. Broth cultures were centrifuged and resuspended in an
equal volume physiological saline (0.85%). A viable count was made before
exposure to UV light and after 5.0 ml portions were exposed to UV for
30 and 60 seconds. Table XVIII shows the fraction of surviving cells
after each irradiation. The mutant strains are lesc sensitive to UV
irradistion than the parent strain W. It is unlikely, therefore, that

Sp~W-4 and Sp™W-18 are recombination mutants.
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Explanation of the Tables XI to XV

The number in the Group 1 column represents the rercentage
of white colonies found amongst the total number of colonies examined.
The first number in the remaining four Group columns represents that
Group's percentage of the total colonies examined and the rnumber in
brackets represents the mumber of colonies examined for that Group.
The average percentage at the bottom of each Group column, where more
than one concentration of A0 was used, was determined by first summing
the colonies examined for that Group and the total colonies examined.
The average percentage for AO alone and UV alone were added together

for comparison with that obtained by the combined UV-AQ treatment.



Tetle XI

The Frequency of Sporulation Mutants Prodiced by UV Plus A0, AO Alone and UV Alone in B. subtilis HL2

Conc. of AQ Czizfl:lies
(ug/ml) Examined Group 1 Group 2 Group 3 Group 4 Grou
UV-40 Treatment
3 8250 0.145 0.012 {12) 0.012 (1) 0 (1)
2 20515 0.15 0.037 () 0.037 (6) © (6)
5 251112 0.21 0.039 (339) 0.032 (63)  0.0093 (51) © (15)
10 92015 | 0.18 0.0 (60) 0.018 (8)  0.006 (6) 0 (2)
20 7805 0. 0.13 (8)  0.09 (26) 0.025 (18) O (5)
30 28270 0.2  mmemmeeeee-
4O 40810 0.36 0.2L  (12) 0.2 (7)  0.05%9 (7) 0 (2)
50 58245 0.34 0.091 (30)  0.079 (8) 0.03% (7) 0 (3)
60 324,50 0.08 0.013  (6) 0.013 (1) © (1)
100 86570 0.16 0.02 _ (24) 0.02  (3) © (3)

A



Table XI (Cont'd.)

Total
Conc. of A0 Colonies
(ug/ml) Examined Group 1 Group 2 Group 3 Group 4 Group
AO Treatment Alone
5 84590 0.033 0.006 (22) 0.0045 (4) 0.0015 (3) O (1)
10 27500 0.0073 0 (2)
40 65 0
50 34870 0.029 0.005  (6) 0.005 (1) O oY
100 50160 0.052 0.0087 _ (6) 0.0087 (1) © (1)
A, Average of AQ Treatments |
197185 0.033 0.0051 (36) 0.0042 (6) 0.0008 (5)
B. UV Treatments Alone
238084 0.074 0.0175 (£9) 0.0133 (1) 0.0033 (16) 0 (4)
C. Average of UV-AO Treatments
693042 0.23 0.049 (589) 0.04 (123) 0.011 (100) 0 (27)
As + B 435269 0,107 0.0226(125) 0.0175 (27) 0.0041 (21) 0 (5)
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The Freaquency of Sporulation Mutants Produced by UV Plus AO, AO Alone and UV Alone in B, subtilis W

Takle XII

Total
~Conc. of AO Colonies
(ug/ml) Examined Group 1 Group_ 2 Group 3 Group 4 Group 5
UV-AO0 Treatment
20 18200 1.97 0.48  (78) 0.4 (19)  0.35 (16) 0.25 (lh) %
4O 12700 2.4 0 (6)
A. AD Treatment Alone
20 31950 0.15 = cemmmemem——o
B. UV Treatment Alone
31540 0.39 bttt astes
C. Average of UV-AQ Treatments
30900 2.1 0.49 (8n) 0.4 (19) 035 (16) 0.25 (1)
A. + B, 63450 Y e ———
% Sporulatioh Mutants - Sp~W-3 Sp W-10
Sp~W-4 Sp~W-17
Sp™W=5 Sp W-18
Sp W=7 Sp™W-19
Sp W-8 | Sp W-20

6%
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The Frequency of Sporulation Mutants Produced by UV Flus AO, AO Alone and UV Alone in B. subtilis SB19E

Total
Conc, of AO Colonies
(ug/m) Examined Group 1 Grouo 2 Grou Group 4 Groun
UV-AO Treatment
2 119460  om 0.2 (66) 041 (26) 0.7 () O  (9)
40 L4550 0.4 0.2 (18) 0.022 (9 © (1
A. A0 Treatment Alone
20 58300 0.043 0 (12)
B. UV Treatment Alone
63580 0.066 —————— e
C. Average of UV-AQO Treatments
154010 0.48 0.2 (84) 0.03 (35) 0.018 (15) © (9)

A. &+ B, 121880 0.109 0 (12)

0§



The Frequency of Sporulation Mutants Produced by A0 Plus UV, AO Alone and UV Alone in B. subtilis 168 and N2

‘Table XIV

B. subtilis 168

Total 2. 81
Conc. of AO Colonies
(ug/ml) Examined Group 1 Group 2 Group 3 Group 4 Group 5
A. AQO Treatment Alonre
5 19800 0.02 0.005 (4) 0.005 ) 0 (1)
B. UV Treatrent Alone
23210 0.039 0.009 (9) © (2)
C. UV-AO Treatment
5 27830 0,11 0.02 (30) 0.0066 _ (6) 0 (2)
A. + B, 43010 0.059 0.014  (13) 0.005 (3) 0 )
B. subtilis N2
A. A0 Treatment Alore
20 3003 0
B. UV Treatment Alone
87560 0
C. UV-AO Treatment
20 55500 0.185 0.025  (30)  0.0185 (&) 0.012  (3) 0.006 (2) &
A. + B. 90563 0

X Sporulation Mutant

Sp™N2-12

1



Table XV

The Frequency of Sporulation Mutants Produced by UV Plus A0, AO Alone and UV Alone in all B. subtilis strains

Colonies

Zxamined Group 1 Group 2 Group 3 Group &4 Groun 5
A. A0 Treatment Alone |

310238 0.0L6 0.005  (64) 0.0043  (7) 0.0014 (6) 0 (2)
B, UV Treatment Alore

452971 0.077 0,018  (97) 0.01L3  (23) 0.0032 (16) 0 (L)
C. UV-AQ Treatment

971282 0.33 0.076 (811)  0.056 (187)  0.021  (136)  0.0045(52)
A, % B, 763212 0.123 0,023 (161)  0.0173 (30) _ 0.0046 (22) O (6)
C./A. 4 B. 2.7 3.3 3.2 L.6

A4



Table XVI

Irreversible Mutants (Group 4) Produced by UV Plus AO,

Sp~19-1
SpT19-5
Sp~19-8
Sp~19-11
Sp 19-13
Sp 19-19
Sp~19-31
Sp19-33
Sp~19-36
Sp W-3
SpTu-4
SpTi-5

SpH-7

Sp~W-18

Sp W-19

UV 4lone or AO Alone

Agent
(ug/ml)

UV plus 20 AO

n

UV plus 20 AO

Maximum
Reversion
Rate

0
0
0
0

0 © O O o o O O O O O o O

o

(@)

Antibiotic
Production

22
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Mutant

Sp W-20 %

Sp~wW-21

SpTN2-12 %

Sp~N2-14
Sp~H12-52
Sp H12-53
Sp H12-56
Sp H12-58
Sp H12-59
Sp H12-62
Sp H12-49
Sp H12-70
Sp H12-80
Sp H12-89
Sp H12-90
Sp H12-92
Sp H12-94
Sp H12-97
Sp H12-102
Sp~H12-105
Sp H12-110

SpTH12-12

uv

Uv

uv

uv

Table XVI (Cont'd.)

Agent
ug/ml

plus 20 AO

"

n

plus 10 A0

Maximum
Reversion
Rate

o O o

5.0 x 10710

1.7 x 10°10

2.8 x 10710

2.0 x 10710

7.7 x 10711
1.2 x 10710

2.0 x 10-10

3.1 x 10710

1.2 x 10710

1.4 x 10710
1.3 x10
1.9 x 1077

2,4 x 10-10

1.8 x 10-10

2.9 % 10-10

2.7 x 10710
2., x 10710

2.6 x 10710

Antibiotic

+

54

Production



Hutant,

Sp~H12-127
Sp HL2-135
Sp H12-145
SpTH12-148
Sp H12-149
Sp HL2-160
Sp H12-162
Sp H12-163
Sp~H12-166
Sp H12-169
Sp H12-171
Sp H12-173
SpH12-174
Sp H12-175
Sp~H12-178
Sp~H12-182
Sp H12-184
Sp H12-186
Sp H12-193

Sp H12-201

% These mutants were not competent for transduction.

Table XVI (Cont'd.)

Agent

(uggml}

uv
uv
uv
uv
v

uv

uv

uv

uv
uv

uv

uv

uv

vlus 5 AO

plus 5 AO
plus 10 AO
plus 20 AO
plus 50 40

plus 20 AO

plus 40 40

plus 60 AD

plus 50 A0
plus 50 A0

plus 100 AD

plus 20 AO

n

Maxdmum
Reversion
Rate

1.7 x 10710

3.1 x 10710

-10
3.8 x 10

4.8 x 10710

4.7 x 10710

1.1 x 1077
8.7 % 10711
1.2 x 10710
2,5 .x 10710
6.7 x 10-11
2.3 x 10710

5.6 x 107t

7.7 x 1071°

1.6 x 10710

1.7 x 10710

3.0 x 10710

1.9 %1070

3.6 x 10710
0

0

55
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Production
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Table XVII

Sporulation Mutants Incompetent in Transduction (Group 5)

Phage
Antibiotic Adsorption

Sp~N2-12 - 36.0
Sp~W-3 , + 99.5
Sp -4 ‘ + 99.8
Sp~W-5 + 98.4
Sp W-7 . - 97.7
Sp~W-8 + 95,5
Sp~H-10 + 87.5
Sp~W-17 + 77.0
Sp W-18 + 99.5
Sp W-19 + 77.0
Sp W-20 + 82.0

The mutants in this teble were produced by the combined treatment

of UV and A0 (20 ug/ml).

56



Strain
Sp W-4

Sp W-18

NOT Z:

57

Table AVIII
Sensitivity of B. subtilis strains to UV light

Dose of UV Light (sec.)

0 30 60
1.0 8.2 x 1072 3.5 x 107
1.0 1% x 16> 4.2 x 1072
1.0 2.7 x 1072 1.0 x 107

The nunbers in this table are the fraction of surviving cells.



CHAPTZER V
THE EFFECTS OF CCBALT ION ON THE SPORULATION FACTOR
IN B, SUBTILIS STRAIN H12

The experiments reported in this chapter were based on the work
of Hirota (1955) who was able to eliminate the F-factor by treating the
male E. coli cells with cobalt ion (Cot*).

** in an

Two methods were used for exposing the cells to Co
attempt to eliminate the sporulation factor from B. subtilis. In the
first method, the resistance of the bacteria to Co*t was increased by
serial transfer in the presence of cobalt ion, followed by plating and
selecting sporulation mutants. In the second, the cells were exposed to
a relatively high concentration of the ion overnight followed by plating
on agar media containing citrate to chelate the cobalt ion.

{ethod A

A culture grovn in PG broth for 4 hr. was diluted 1072 in 5.0 ml
of PG broth containing CoH at concentrations from’O.l to 0.3 mM. After
shaking for a further 24 hr. at 37°C, the treated culture which showed
visible growth in the presence of the highest concentration was diluted
into 5.0 ml of PG broth containing still higher levels of Co** and shaking
was continued for 24 hr. This process of serial transfers to higher con-
centrations of Co** was continued until the highest level was reached. The
culture was then spread on sporulation sgar to detect mutants after 2

days incubation.
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Cot* was added to a culture grown in PG broth in the form of
CoCl, to a final concentration of 1.0 to 20 mM. The cultures were further
shaken with incubation overnight and plated (0.1 ml per plate), after
appropriate dilution, on sporulation agar containing 40 mM of citrate
ion (CS agar). At times the cells were also spread on CYS or BS agar.

Results

It was found that strain 12 was maturally resistant to 0.2 mlM
of Co** and that by 4 or 5 serial transfers to higher concentrations
it could grow in broth containing 1.5 mM of Co**. When the resistant
cul tures were plated on CS agar, small dark brown colonies were found
which were sporogenous and resistant to 1.5 mM of Co**. No asporogenous
strains, not even albinos, were isolated after an initial treatment by
method A, The small dark brown colonies just mentioned were further
treated by serial dilution in Co** and their resistarce was increased
to 2.0 mM. Spreading on CS agar after this second treatment produced
four types of colonies of strikingly different mcrphology. The first two
were both star-shaped, one being smell and transparent, the other, large,
opague and white. The second two types were smooth-edged. One was large
and dark and the other was smell, white ard opague., All four were
sporogenous. When these strains were treated again with 2.0 m¥ of Cot*
and replated, no asporogenous colonies were isolated.

After H12 was treated with Co** by method B, many small brown
sporogenous colonies were isolated, Their resistance had been increased

to 1.0 mM of Co**. These were then exposed by serial transfer to higher
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concentrations of Co*t

up to 2.0 m¥ and then plated on CS agar. As

before, a diverse array of colonies was found. Three sporogenous strains
were isolated which produced small dark, large dark ard medium-sized,
opaque colonies. A fourth strain was frequently isolated which formed

a very small, white microcolony. These proved to be asporogenous tut

grew poorly under most conditiors. A typical example of these microcolonies
wés isolated and designated as Sp~H12-4l.

In an effort to find a medium on which Sp~H12-41 would grow well,
the following combinations of solid media and éupplements were used:

TB agar, TB agar plus 0.1 mM Co**, TB agar plus 0.05% Yeast Zxtract
(Difco), Sporulation agar, CS agar, CYS agar, Brain Heart agar and BS
agar. It was discovered that this strain grew better on BS agar and on
CYS agar. For this reason, these were used as well as sporulation agar
in further experiments with Co**.

Only microcolonies of the same type as Sp™H12-41 were isolated
When eells of HL2 were irradisted with OV light prior to the Co'* treat-
ment.

Strain Sp~H12-41 had the following properties. In several rever-
sion tests no revertants to sporogeny were observed. This may nave been
due in part to the fact that it would not grow well on solid media. In
transduction experiments this strain was transduced to neither sporogeny

nor prototrophy. Strain Sp~H12-41 prodices the antibiotic for Staphylococcus

and is presumably blocked at a point later than stzge I. Attempts to

transform H12 for Co** resistarce by LKA from Sp~Hl2-41 were unsuccessful.
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Because of the inatility to be transduced amd to grow on ordinary culture

media, no further study was carried out with this strain.
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CHAPTEZR VI
DISCUSSION

Various attempts have been made to isolate sporulation mutants.
Schaeffer (1961) 2nd Takahashi (1961, 1955a) were able to produce stable
asporogenous strains using UV light. Their mutants were, however, able
to revert spontaneously to sp' and were transformable or transducible
for the sporulation marker. In the present work, in addition to this
type of mutant, two gg: strains were isolated which could not revert
spontaneously to sp* and which were not competent in transduction. Further
tests showed that the two sirains were unable to adsorb the bacteriophage
PBS 1.

Other mutagenic agents used to produce sporulation mutants were
the zcridine dyes, AF and A0. These agents vere known to eliminate
episomes in the autonomous state from E. coli (Hirota and Iijima, 1957).
Schaeffer and his co-workers (195%) proposed the existence of an episomal
sporulation factor in B. subtilis, but they were unable to isolate sporula-
tion mutants by acridine treatments (personal commnication to I. Takahashi).
To test this episome hypothesis, Rogolsky and Slepecky (1964) attempted
to isolate sporulation mutants by treating cells with AF. They added AF
to broth cultures at various stages of the growth cycle. Cells treated
during the lag-phase produced the grsatest number of mutants, almost all
of which were oligosporogenous. On the other hand, significant nunbers

of asporogencus mutants were found only when the dye was added at early
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log-phase. From these observations, Rogolsky and Slepecky postulated
the presence of an autonomous genetic determinant for sporulation during
the early stages of growth which becomes integrated in a later stage of
growth.

According to the definition of episomes proposed by Jacob and
Wollman (1941), when an episome is eliminated from the cells, for example
by acridine treatment, the episome can te acquired only from an external
source. Tms if the asporogenous mutants of Rogolsky and Slepecky are
produced by the el imination of a sporulation episome, they should never
revert to the sporogenous state. Since these authors reported no data on
the rate of reversion, it is not possible to determine whether their mutents
have really lost the sporulation episome.

Recently, Bott and Davidoff-Abelson (1966) have described similar
experiments in which AO was used. Seven distinct types of sporulation
mutants were produced and none of them was truly asporogenous. Glucose
dehydrogenase, which is first detectable during very early sporulation
stages, could not bte detected in any mutants. They were, however, able
to produce the protease amd an antitiotic associated with early stages of
sporulat ion.

Both AF and A0 were used in the present study in an attempt to
produce sporulation mutants. Treatment with AF produced many oligosporo-
genous mutants and only one strain in which sp* revertants were not
detectable. This strain, however, proved to be transducible to sporogeny.
Acriflavine is known to be very bactericidzl in its action; therefore,

the conditions under which mutants are produced may be critical. It was

L3
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discovered that the cells were more resistant to AF during later stages

in the growth cycle. This may be due to the fact that during early growth
stages some nmetabolite may be produced which is particularly sensitive

to AF. During later stages the cell's requirement for the metabolite or
the concentration of the metabolite itself may be reduced, making the
presence of AF less harmful. Alternatively, the di fferences in sensiti-
vity of cells to AF may simply reflect a difference in the permeability

to AF in cells at different growth stages.

Used alone, AO was less mutagenic than UV light and was not very
effective in producing asporogenous strains. Several oligosporogenous
mutants were examined but only one was isolated which showed no reversion
to sporogeny. From the results of this and others' work acridines‘used
alone do not appear to be effective in producing asporogenous mutants.

Episomes are known to exist in two states, integrated with the
chromosome and autonomous or free in the cell. Hirota (1960) concluded
that only episome factors in the autonomous state could be eliminated by
acridines, Without abandoning the episome theory for sporulation, it is
pos tulated that the sporulation factor may be in the integrated state and
for this reason acridines are not effective in eliminating the episome
and producing sporulation mutants, Transition of an episome from the
integrated state to the autonomous state may be induced by UV light
(Lwoff et al, 1950). A series of experiments were performed in this
work in which cells were exposed to UV light prior to treatment with 40

in an effort to eliminate the sporulation factor and produce sp~ strains.
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Five groups of mutants were isolated by the combined UV-A0 ireat-
ment of cells. Albino rutants sporulated with a normal frequency but
were unabtle to form the brown pigment associated with the production of
spores, 1t is assumed, therefore, that they are not sporulation mutants
but have a mutation affecting the synthesis of the pigment. Oligosporo-
genous mutants were able to produce spores with a freguency 103 to 106
tires higher than that of asporogenous mutants. Since fairly large
numbers of spores were produced, structural genes are probably not altered,
but some regulatory function msy be damaged. The third group included
those which formed spores at a relatively low rate--similar to that
expected for spontaneous mutation. These strains are most likely defective
at a single site. Mutants in the fourth group showed no detectable §_p_t
revertants. These strains were transducible to sp*. The last group
contained mutants which were similar to those of the fourth group but
were not transducible to sporogeny. They were also unable to te trans-
duced for other markers. Further tests showed that ﬁhey were able to
adsorb PBS 1 normally and that they were somehow unable to incorporate
DKA into their genomes.

Tre most important finding made during the above experiments was
that the frequency of asporogenous mutants produced by the combined UV-AO
treatment was 2.7 to 4.5 times higher than the sum of the freguencies
obtained by the single treatment of UV and AO (Table XV).

There are two hypotheses which may explain the increased frequency
of sporulation mutants vhen cells are exposed to UV before treatment

with AO. The first is a synergistic effect in which AQ increases the



66

mitagenic activity of UV light. Shankel (1962)- and Doneson et al (1964)
reported a synergistic effect of caffeine or methylated purines on UV
light. Witkin (19561) discovered that AF increased the mutagenic potency
of low doses of UV light but showed no independent mutagenic activity

on unirradiated bacteria itself. The interpretation was that UV light
initiated mutagenesis by producing unstable changes in DNA and that the
repair processes were blocked by the presence of AF. Acridines afe
kxnown to combine with DNA probably bty intercalation between the bases
with extension of the backbone and consequently to cause a reversible
change in the helical properties of the molecules (Lerman, 1961). Such
modification of the DNA heliﬁ might well interfere with repair mechanisms.

The second hypothesis is that UV light causes the transition of
the hypothetical sporulation factor from the integrated to the autonomous
state and acridines eliminate the factor to produce sporulation mutants.
In the integrated state, an episome appears to occupy a specific site
on the bacterial chromosome (Lwoff, 1953). The critical process in
induction is considered to be the uncoupling of the factor from chromo-
somal DNA. Once the sporulation factor is in the autonomous state it is
subject to the effect of AF or AQ and can be eliminated.

If el imination of a factor for sporulation is possitle, one would
expect the prodiction of asporogenous mutants incapatle of reverting to sp*
spontaneously. These mutants should, however, be fully competent in
transduction and should be able to act as donor strain in the transduction
of normal sp~ strains to EE:~ Crne such strain, Sp™Hl2-3, has been isolated

and investigated (Takahashi, 19652). In the present study it was also not
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possible to detect any spores in strain Sp H12-3. No _s_p_': clones could

be obtained from this strain by trams duction, transformation, cell to
cell contact or treatment with cell extracts from a wild-type strain.

An asporogenous strain possessing mutations at several sites would exhibit
similar properties. Such a mutant should be able to transduce normal
sporulating bacteria to asporogeny. No asporogenous clones were ever
produced from strain 168 using Sp~HL2-3 as donor in transduction and

trans formation experiments. By the same techniques, however, strain 168
readily formed prototrophic recombinants. It is most unlikely, in view
of its inability to transfer asparogeny, that Sp H12-3 has point mutations
on the chromosome.

Strain Sp™H12-3 exhibits characteristics which might be attributed
to a deletion on the chromosome. In transduction experiments, Sp H12-3
was alle to act successfully as donor for several sp” mutants, each one
of which was known to have its mutat.ion located on the chromosome
(Takahashi, 19%5a). Therefore Sp~H12-3 does not appear to have a
deletion of sporulation genes on the chromosome. It appears to have
lost irreversibly some sporulation factor which cannot be replaced by
any of the corwventional techniques known to us.

Interesting hybrid competition experiments were performed by
Yamagishi and Tacahashi (in press). Strain Sp H12-3 was the only mutant
which failed to produce mRNi as early in the sporulation process as the
end of log-phase. That it is a mutant blocked at a very early stage is
confirred by the inatility to produce the antibiotic. The same competi-

tion experirents lead to the conclusion that the DNA of Sp H12-3 was
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missing a portion of the sporulation genome which transcribes for the
early mRNA. Since this strain does not appear to have a chromosomal
deletion, it may have lost an extrachromosomal determinant for sporula-
tion. The inability to form spores after transduction may be due to

the fact that the phage P35 1 cannot incorporate DNA from the extra-
chromosomal determinant in wild-type strains. The inability to transfer
the extrachromosomal determinant from wild-type strains to Sp H12-3

may be peculiar to phage PBS 1.

In the present study the combined UV-AC treatment did not produce
asporogencus mutants of the seme type as strain Sp™H12-3. However, the
fact that the production of mutants is enhanced by the combined UV-A0
treatment encourages one to consider that it may be possible by improving
tre technique to isolate mutants similar to Sp H12-3 and to study further
their properties, Optimal conditions for the treatment of cells are
still unknown. Concentrations and time of addition of the acridire dyes
and UV doses to be used should be extensively investigated. In such an
intricate system, small changes in procedure may be critical and produce

vastly different results.
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