THE UNIVERSITY OF MANITOBA

Nutritional and Biochemical Studies on Spore Outgrowth and

Spore Formation of Type E Strains of élos;ridiuﬁ botulinum

by

RONAID PAK-WAI LEE

A THESIS
SUBMITTED TO THE FACULTY OF GRADUATE STUDIES
IN PARTIAL FULFIIMENT OF THE REQUIREMENTS FOR THE DEGREE

OF MASTER OF SCIENCE

DEPARTMENT OF MICROBIOLOGY

WINNIPEG MANITOEA

October 1975




"NUTRITIONAL AND BIOCHEMICAL STUDIES ON SPORE QUTGROWTH AND
SPORE FORMATION OF TYPE E STRAINS OF CLOSTRIDIUM BOTULINUM"

by o
RONALD PAK-WAI LEE

A dissertation submitted to the Faculty of Graduate Studies of
the University of Manitoba in partial fulfillment of the requirements

of the degree of

MASTER OF SCIENCE

© 1975

Permission has been granted to the LIBRARY OF THE UNIVER-
SITY OF MANITOBA to lend or sell copies of this dissertation, to
the NATIONAL LIBRARY OF CANADA to microfilm this
dissertation and to lend or sell copieé of the film, and UNIVERSITY
MICROFILMS to publish an abstract of this dissertation.

The author reserves other publication rights, and neither the
dissertation nor extensive extracts from it may be printed or other-

wise reproduced without the author’s written permission.

OF MANITOBA
N‘m

N\ Lsrares_s




ABSTRACT

A chemically defined medium (CDM) was devised for
the study of the nutritional requirements for germinaﬁ-
ion, growth and sporulation of the sporogenic (msp'),
asporogenic (RSpoIITa) and temperature-sensitive (ts=25)

muotants of Clostridium botulinum type E., The CDM cone

sisted of a mixture of amino acids, vitamin factors,
purines, pyrimidines, trace minerals, 0.4% glucose,

1.0% sodium acetate, 0.1% sodium bicarbonate and 0.2%
sodium thioglycollate in phosphate buffer, pH7.0. The
effect of single amino acid deletion studies showed that
isoleucine, arginine, methionine and cysfeine were
essential for germination and ocutgrowth of MSp+ heatw
activated spores whereas valine, threonine and tryptoph=-
ane were also essential for the ts=25 strain, No single
amino acid was absolutely necessary for growth, however;
for maximum growth, qualitative differences in amino
acid requirements were observed. Sodium bicérbonate
enhanced the ra#g and extent of spore gefmination and
outgrowth. Giﬁébse was required fer growth and sporule
ation while sodium acetate increased the spore yield,
The CDM supported germination, growth and sporulation

of 8 othexr type E strains and also growth but not

fuds




id

sporulation of other serotypes of C. botulinum and C.

“gsporogenes, Spore yield in CDM was usually lower when

compared to complex medium, 65% in CDM and>90% in
trypticase-peptone~-glucose=yeast extract dbroth for
Msp”.

Experiments on.ip@qrpgratigﬁ §f'radioactive”uracil,
methionine and thymidine showed ordered syntheses of
RNA, protein and DNA during spore outgrowth., Synthesis
of DNA of the three test strains usually ceased by the
egd of log phase, To, while net RNA synthesis continued

up to T, for both MSp and RSpoIIIa, but stopped at

2
TO for ts=25. Net protein synthesis of the asporogenic

strain stopped at T, while that of the sporogenic strains

3
continued, Studies on rifampin treatment of cultures
during stationary growth phase showed that synthesis of
RNA continued during spore formation., The temperature
shift experiment confirmed that the ts-25 strain was
an early=blocked mutant which was expressed between T

0o

and T1 at the non~permissive temperature,
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INTRODUCTION




INTRODUCTION

The growth cycle which occurs in the spore-forming

bacteria belonging to the genus Bacillus or Clostridium

consists of vegetative growth leading to the formation of an

endospore, lysis of the mother cell to release the mature

spore and germination of the spore followed by outgrowth

into a new vegetative cell, Both sporulation and out=
growth ofvgerminating spores have been employed as model
systems for studying cellular differentiation (43, 61)
since it involves a sequence of profound morphological
alternations accompanied by biochemical changes and by
the synthesis of qualitatively new proteins.

There is a remarkable similarity in the sporulation

of species of Bacillus and Clostridium, both from the

morphological and from the physiological points of wview,

The whole process involves continuous morphological

changes which have been conventionally timed from the end

of logarithmic growth (82, 101) designated as T, and the

hourly periods after T0 as T1, Tz, eosecss :n’ etc, These

cytological changes were first described in Bacillus

cereus by Young and Fitz~James (135, 136, 137) and in

Bacillus subtilis by Ryter (98). Similar changes occur

in Clostridium histolyticum (12). Based on the




examination of thin sections of sporulating cells by
electron microscopy, the process has been divided into
seven stages (0 to VII). Stage 0 is the vegetative cell
in early stationary phase, after growth and cell gdivision
have been completed, Formation of an axial nuclear
filament, the first morphological sign of sporulation
(Stage I), is followed by the development of a membrane
diaphragm (forespore septum) and formation of the fore~
spore in stages IT and IIT, Stages IV to V is character~
ized by the development of spore cortex and coat. Matur-
ation of the spore (Stages V and VI) consists of structe
ural transformations of the spore envelopes which lead

to the development of resistance and refractility; The
final step (Stage VII) is the lysis of mother cell to
release the mature spore, The time scale for the
cytological events of the seven stages of sporulation which

occurred in cultures of Bacillus subtilis has been

established by Dawes et al (2#). The designation of
these developmental stages serves as a basis for follow-
ing the chronology of genetic and biochemical events of
sporulation,

Information concerning synthesis and turnover of
macromolecules at the end of logarithmic growth and
during sporulation (stationary phase) has come mainly

from Bacillus spp as limited research has been done on

Clostridium sppe. Freese (43 ) has pointed out that one




of the criteria necessary for the injitiation of normal
sporulation is a decrease in the expansion of the
cytoplasm, i.e, the reduction in the net synthesis of

nucleic acids and protein, with continuous turnover of

m~RNA and protein, The turnover of m=-RNA and proteins
is necessary for the synthesis of new enzymes and struct-

ural proteins and new classes of RNA for spore formation

(. 26,134), The increase of DNA stops before or at the

time of forespore septation and turnover of DNA does not

occur,

includes three distinct and sequential processes
activation, germination and outgrowth. When activated
spore is exposed to certain "germinants" which are usually
species=~specific, it is transformed into a metabolically
active cell which is still quite different from the veg-
etative one, Germination is metabolism-mediated (126)

and is not dependent on RNA or protein'synthesis (110).

During germination 30% ( 61) of the dry weight of a

spore (including DPA, calcium and cortical material) is
expelled into the medium and the spore becomes none

refractile and stainable. Both activation and germinat-

ion are processes responsible for the termination of cry-
ptobiotic state, The germinating spore, when exposed to
nutrients,will start to swell, elongate and produce new

kinds of proteins and cell wall and emerge as a typical




vegetative cell, This process is known as outgrowth and
can be suppressed by inhibitors of macromolecular
synthesis, In an outgrowing spore, RNA synthesis starts
shortly after germination while protein synthesis lags
behind and begins 2-4 minutes after the initiation éf
RNA synthesis (54, 64, 119). DNA synthesis comﬁences
about 200=~300 minutes after germination when the amount
of RNA has almost doubled (131).

A synthetic or chemically defined medium offers
the most direct route to the elucidation of nutritional
requirements, yet the literature is relatively sparse\in

this respect for different strains of Clostridium

botulinum, particularly type E. Inukai and Haga

fifst used a semi-synthetic¢ medium containing vitamine
free casaminoacids to study the vitamin requirements

of the Iwanai strain of type E (58). Germination and
growthvof spores of strain D8 in a synthetic medium was
reported by Ward and Carroll (128) in 1966, In 1967,
Gullmar and Molin (50) perfected their éhemically
defined medium for sporulation of type E strain 1537/62
by dincreasing the choline chloride concentration to

5 mg/100 ml medium. Later, Strasdine and Melville (111)
also noted the spofulation of Minmesota strain‘in a
defined medium, None of the workers reported growth of
type E strains other than the test strains and also that

the media could support the complete growth cycle of




germination, growth and sporulation,
The purpose of this work was to develop a pre=-
reduced chemically defined medium which would support

germination, growth and sporulation of Clostridium

botulinum type E strains and to determine the amino

acids requirements of three type E mutants sporogenic,

asporogenic and temperature-~sensitive previously

isolated in our laboratory (29, 67). In addition a

preliminary study of the synthesis of macromolecules

DNA, RNA, protein in these mutants during growth
and sporulation, utilizing radiochemicals and inhibitors

of macromolecular synthesis, was carried out,




HISTORICAL




HISTORICAL

Extensive nutritional, cytological, physiological,
biochemical and genetical studies of bacterial sporogensis
have been carried out on the aerobic Bacillus species
which have proved to be easy to grow and work with.

Most of our knowledge about sporulation has come from

studies on Bacillus subtilis and Bacillus cereus,

~Although the anaerobic spore-~formers are important to

the food industry and public health; the clostridia have
not been studied so extensively because of the striﬁgent
requirements for growth and strict anaerobiosis. VWith

the improvement in anaerobic techniques, the nutritional
as well as increasing number of cytological, physiological

and biochemical studies are being done on Clostridium

specieé.

The cytological ehaﬁges which occur during
sporulation have been defined on a temporal sequence.
Seven morphological steps have been described. The
process is essentially the same in Bacillus and in

Clostridium species (112,38, 59, 82 ). The end of the

logarithmic growth phase (Stage 0) is followed by the
formation of an axially disposed filament of condensed

chromatin (Stage I). Stage I is completed when a




septum begins to form near the pole of the cell., The
completion of the forespore septum during stage IT
results in the segregation of the nuclear material into
two compartments referred.to as the mother cell and
forespore cytoplasmic units. During stage III, the
forespore protoplast is engulfed as a result of uni-
directional growth of the cytoplasmic membrane of the
sporangium, As a cbnsequence of engulfment, the two mem=
brane surfaces that normally face the exterior of the
cell now face each other at the surface of the forespore
cytoplasm, Peptidoglycan precursors are transported to
the space between the two membranes while the cortical
peptidoglycan and germ cell Wail are being synthesized
during stages IIT and IV, Coat and exosporium formation
occur during stages IV and V. The foréspore becomes par-
tially refractile during stages IV and early stage V.

The end of stage V is characterized by the presence of

a complete coat structure, During sfage VI; a maturation
process occurs, The refractility of the endospore
increases, heat resistance develops, and changes in the
‘fine structure of the cytoplasm of the spore protoplast
‘ocecur that cause it to appear more homogeneous and
electron~dense, Stage VII consists of the liberation of
the mature free spore via autolysis of the mother cell,
Subsequent to maturation of the endospore a lytic enzyme

is synthesized or activated which brings about its




release from the sporangium. The following diagraﬁ shows
. the morphological stages in the sporulation of Bacillus

subtilis Marburg (Adapted from Schaeffer et al , 1969)

Stoge O 1 T M W v Vi viIr
Time(hr)  O-1 4-2  2-3 3~ 5-7 7-24  24---

m .
)
I@l

\_

=
(=]

Growing ond  Axial Septotion Fovespore Formation Formotion Fully  Lysis of
dividing filament of cortex of coats  formed vegelctive
vegetotive cells spore  cell ond
refeose of
the spore

Growth and spore formation of Clostridium botulinum

usually“require complex media, such as meat and végetative
infusions , (120, 90, 17),and strict anaerobic conditions.
qukeg-meat medium supports spore formation of man&
clostridial épecies (94) but fhe presence of tissue
particles renders the hérvesting 6f the spore crop
inefficieﬁt and éleaning_of the spores is even more
1aborious.b Aparticulaté liquid media prepared frqm
.commercialli available.deh?drated peptones, usually

supplemented with other constituents, genérally support

the production of stable, clean spores ( 87). Perkins(87)

obtaineé superior sporulation of C. parabotulinum

types A. and B and PA3679 in casein supplemented with

proteins of animal origin.




Leifson (69) reported 90% sporulation for C.

parabotulinum with 1.0% peptone and 0.5% beef extract.,

Sugivama (112) obtained spores of C. botulinum in a
medium containing 5.0% casitone and 0.5% peptone.
Ciostridium botulinum strain 62A produced over 90%

spores in 5% solutions of phytone, thiotone, basamin,
yeast extract, trypticase or polypeptone (122). TPG
medium (5% trypticase, 0.5% peptone and 0.4% glucose)

had been used successfully for the production of spore
crops of type E strains of C. botulinum (102, 93, 111,29);
over 80% spores were obtained for MSp~ (29) and about
60% for five other strains (93). Robert showed that
over 80% spores of C. botulinum type 7272A were formed
in TPG medium supplemented with 0.1% yeast extract and

1% ammonium sulfate (TPAY=-GT). C, botulinum type C

also produced satisfactory spore crops in TPAY-GT

medium (94). Day and Costilow ( 23 ) obtained 80~90%
sporulation for @. botulinum 62A in a medium containing
4% trypticase and 1 ppm of thiamine., Emodi and Lechowick
(34) used TPSY medium (5% trypticase, 0.5% peptone,

0.5% sucrose and 1.0% yeast extract) to produce spore
crops of C, botulinum type E strains., The most important
advantage of these "semi-defihed" peptone media is that
their amino acid concentration can, within the limits

of the ratios of the constituent hydrolysed proteins,

be closely controlled.




Synthetic or chemically defined media offer‘the
most direct route to the elucidation of nutritional
requirements, The early literature concerning this
aspect was mainly restricted to tvpes A and B which
~ produce lethal toxins.  Burrows ( 16 ) was the first to
report growth of types A and B in an inorganic medium
supplemented with alanine, leucine, lysine, proline,
cystine, glycine and glucose and stated that cystine,
proline and leucine were_essential for C. botulinum,‘
Clifton (20, 21) later verified that glycine and proline
act as hydrogen acceptors, while alanine and leucine act.
as hydrogen donors in the so-called "Stickland reaction".
Knight and Fildes (63) also determined that the
"sporogenous! vitamins and tryptophane were essential
for the growth of C. botulinum. The amino acid require-

ments of C. parabotulinum A, now designated C. botulinum

type A,were studied by Elberg and Meyer (28) and later by
Mager et al (76). They found that tryptophane, threonine,
Vaiine, leucine, isoleucine, methionine, arginine,
phenylalanine and fyrosine were essential for growth,
Roessler and Brewer (96) obtained similar results and
- in addition,found that threonine was essential for type
A and histidine for type B.

The vitamin requirements of C. botulinum type A

were studied by Lamanna and Lewis (66) who observed that

10
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the requirement for pantothenate could be substituted by
either thiamine or choline., Roessler and Brewer (96) also
noted that biotin was the only essential vitamin for

types A and B3 however, better growth occurred if ribo-

flavin, para-aminobenzoic acid and niacinamide were
included. The vitamin requirements of clostridial species

and serotypes of C. botulinum wewxe studied by Kindler and

Mager (62).

' Sporulation of C. botulinum in synthetic medium
was first reported by Williams and Blair in 1950 (130).
Perkins and Tsuji (88), however, could not duplicate
their findings with strain 62A as limited growth and no
sporulation was observed. By modifying the composition

of the medium of William and Blair and increasing the

arginine content sevenfold, Perkins et al succeeded in
obtaining 70% sporulation after 7 days at BOOC. Replace~
ment sporulation of 62A was reported by Day and Costilow
(23) using solutions containing L-élanine and L-proline,

- L~isoleucine and L-proline, or L-alanine and L-arginine.

Germination of heat-activated C. botulinum 62A spores
was feported to occur in a defined medium containing

L-cysteine, sodium bicarbonate and sodium thioglycollate

in TES buffer, pH7.0, by Rowley and Feeherry in 1970 (97).
A semi-synthetic medium containing vitamin-free
casaminoacids was first used by Inukai and Haga (58) to

study the vitamin requirements of a type E strain of




C. botulinum. Germination and growth of spores of a
type E strain occurred in a synthetic medium, described
by Ward and Carroll (128), which contained 15 aminoacids,
9 vitamin factors, 0.4% glucose, 0.06% sodium thio=-
glycollate and 3 salts in phosphate buffer, pH7.L4;
however, spores were not produced, The addition of
purines and pyrimidines did not greatly influence
growth.‘ Sporulation of C. botulinum type E
strain 1537/62 was observed by Gullmar and Molin (50 )
in a medium containing 20 amino acids, 7 vitamin factors,
0.243% acetate, 0.4% glucose, 0.06% sodium thioglycollate
and 5 salts in phosphate buffer, pH7.0. Similarly,
spore producfian and growth of type E, strain Minneséta
was reported by Strasdine and Melville (111) in a defined
medium containing 16 amino acids, 10 vitamin factors
0.5% glucose and 5 salts in phosphate buffer, PH7.0.
After 24 hours, virtually all the endospores had. become
refractile, These workers also stﬁdied the effects
of various carbon sources on total growth of the
organism in their medium; slow germination and no
sporulation was observed when acetate was used in place
of glucose, Strasdine et al also confirmed that choline
was an essential factor in promoting cell division.
Asporogenic, sporogenic and conditional sporogenic
mutants (e,g. temperature~sensitive) blocked at different

stages of spore development have proved very useful for

12




elucidating the biochemical events and regulation during

bacterial sporogensis., Mutants of Bacillus subtilis

blocked in each of the stages of sporulation (101,138)
have been mapped by transformation and transduction.
Mutations were located at numerous loci scattered over
the B. subtilis genome, although some were clustered.
Most of the asporogenic mutants can be divided into

two classes ww——e the eariy-and late~blocked mutants.
The early-blbck mutants, i.e. those affected in the
first morphological stages of sporulation, exhibit
unidirectional pleiotropic effects, preventing the
expression of all the late functions. Mutants of
Bacillus belonging to this class had been subjected to
extensive genetic (11, 56, 101,117,78) and biochemical
(71, 116) studies. The morphological changes have
been correlated to the biochemical .events that occuf
in the wild type and in asperogenic mutants (jb, k2,85
86, 127 ). Electron microscopy studies showed that some
6f the temperature-sensitive mutants of B. cereus (7&,
75 )and B. subtilis (71, 116) were blocked at stage O
of spore development at the non-permissive temperature
(116).

Asporogenic mutants of Clostridium histolyticum

and Clostridiﬁm perfringens had been reported (18, 103,

104). In our laboratory, three types of mutants have been

isolated from NTG=-treated Clostridium bdtulinum type E

13
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strains (29, 67). MSp+ and RSpoIlTla were high frequency
sporogenic and asporogenic mutants of ATCC 9564, Ultra-

structure and some physiological and biochemical events

occurring during the developmental stageshaveﬁpfeVicu§$Y
been compared (29,30, 31, 32, 33, 53 ). The temperature-
sensitive mutant, ts-25, dervied frém the type E Beluga
strain, sporullated at 28°C but not 37°C. Electron

micrograph of ts-25 grown at the non-permissive temp-

erature (67) indicated that blockage was at stage I of
the sporulating process,

The timing of DNA synthesis and the state of
replication of the bacterial chromosome could have
important implications in the initiation of sporogensis,

According to Dawes, Kay and Mandelstam (25) and

Mandelstam, Sterlini and Kay (78), the time at which

the B. subtilis cell was sensitive to initiation of
sporulation was limited to the period just after
completion of . DNA replication. This suggested that

all DNA synthesis stopped before sporulation had commenced.

Szulmajster and Canfield (115), using 32p_suicide
technique, reported that DNA synthesis ended at T1 5 in

B. subtilis. In B. cereus, DNA synthesis did not occur

during stage I (135, 136), thus Young and Fitz-James
suggested that the axial chromatin thread was formed from
two discrete chromatin bodies present in the cell at the

end of logarithmic growth and that the spore inherited
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an amount of DNA equal to half of that present in the
vegetative cell (36). However, electron microscopic
observations did not support the hypothesis of nuclear
fusion, Aubert et al ( 6 ) found that in B. subtilis
DNA synthesis continued during the first three hours
after initiation of sporogenesis and the bacteria
contained twice as much DNA at TB as at To. They there-
fore suggested that the axial chromatin thread represent-—
ed a replicating state of gemetic material in this species
so that one chromosome could entef the prespore cell
while another one remained in the mother cell, Another

interesting result of their work was that by T_ 40% of

5
the DNA present at To , was excreted into the medium and
degraded, As a result of new synthesis and loss of DNA,
only 30% of the spore DNA orignated from the vegetative

0 and T3. The

contradiction between the results of Aubert et al and

cells, while 70% was formed between T

the others might be due to the arbitrary definition of

T, and differences in the degree of synchrony in the

0
different cultures,

Previous observations have dealt with the DNA
content of a heterogenous population, only part of
which underwent sporulation at a given time, Ryter and
Aubert (99 ), using technique of autoradiography

combined with electron microscopy, followed DNA

synthesis in individual sporulating cells of the Marburg
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168 strain of B. subtilis and found that DNA synthesis
had almost completely stopped in the sporulating cells
when they had reached stage I3 moreover the excretion of
preformed DNA seemed to be restricted to non~sporulating
cells (blocked before Stage II). These observations
suggest a close relationship between the arrest of DNA
synthesis and commitment to sporulation.

During spore formation of Bacillus subtilis, the

‘total amount of RNA remained constent, until
lysis occurred., However, although net synthesis stopped

at T the incorporation of radioactive precursors was

o’
indicated by a rapid turnover of the RNA, The rate of this
turnover was constant during spore formation and reached
20%/h. , which was about five times higher than in non-
sporulating stationary phase cells, Sucrose gradient
centrifugation and other techniques showed that all three
types of RNA (messenger, ribosomal and transfer RNA)

were synthesized during sporulation (8, 11, "0, 81, 11k),
Freese and his co-workers (39 ,44 ) observed that RNA
synthesis and the maintenance of normal pool levels of

ATP after the end of logarithmic growth in B. subtilis
depended on the presence of a functional tricarbexylic

acid cycle which, together with cytochrome~linked

electron transport system, provided the necessary

energy (ATP, electron transport) for continuous

synthesis of cytoplasmic macromolecules during sporulatiom.




Recently, Hutchison reported that a decrease in the
energy level (expressed as ATP conc. or adenylate energy
charge) of B. subtilis cells had ocburred at the end of
logarithmic growth (57). Some controversy exists as to
the stability of sporulation-specific m-RNA, Sporulat-

ing cells of Bacillus subtilis (7, 9, 113, 115) and

B. cereus (37, 64) which were treated with actinomycin D,
an inhibitor of RNA synthesis, synthesized unstable m-RNA
species, Leighton and Doi (70) confirmed these findings
bY adding Tifampin, an inhibitor of DNA-dependent RNA
polymerase, to B. subtilis cells at different times
of the sporulation cycle, However, pulse-~labelling and
hybridization techniques used on B. cereus by Aronson

(4, 5) showed that after initiation of sporulation, in
addition to the unstable m-RNA species, a ﬁersistently
stable fraction of membrane-~bound spore m=RNA was formed
which was conserved even in the presence of actinomyecin D,
Existence of stable m-RNA implied translational, in
addition to tramscriptional control in sporulating

system (43).

Rapid and extensive protein turnover occurred
during sporulation and,in gengral terms, protein
synthesis followed closely the synthesis of RNA. When
total protein was measured during sporulation of B.
subtilis it was found that net synthesis stopped at TO’

but the proteins were subject to rapid turnover. This

17
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turnover rate was estimated to about 20%/h.andnremained
constant throughout sporulation (9, 108, 109). The pro-
teins of the spore and those present in the mother cell at
stage VI, including ribosomal protein, were, for the most
part, newly synthesized (52) and 75-90% of the soluble
protéins of B. subtilis spores were synthesized during .

sporulation (65). Protein turnover which required protein

synthesis after completion of growth has not been observed

in many asporogenic mutants blocked early in sporulation
(101). However, Mandelstam and Waites (77) have observed
normal protein synthesis during the post~logarithmic phase
of asporogenic mutants which did not exhibit rapid protein
turnover, The disappearance, alternations or new product-
ion of sporulation-specific proteins has been reviewed by
Halvorsonv(51), Kornberg et al (65), Murrell (82),

Slepecky (106) and Hanson et al (52).

18
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MATERTALS AND METHODS

Organisms

MSp+, a non-toxigenic sporogenic matant of

Clostridium botulinum type E, ATCC 9564, was derived by

treatment with N-methyl-N'-nitrosoguanidine (NTG) (29).

It produéed over 80% spores in trypticase-peptone=-glucose
(TPG) medium. RSpoIITla, an asporogenic mutant, isolated
from the same parent strain, was blocked at stage ITI of
spore development (53).

Ts=~25, a temperature-~sensitive mutant of NTG~treat-
ed C. botulinum type E strain Beluga, grew equally well

at 28 and at 37°C. Mature spores were formed at 28°C,

whereas at 3700 only aggregation of nucleoplasm into an
axial filament, a characteristic feature of stage I

spore develoPment, was observed by electron microscopy

(67). Other strains of Clostridium spp. used in this study

‘are listed in Table 7.

Media

(1) Complex
Trypticase=-peptone-glucose~yease extract(TPGY)

medium containing 5% trypticase (BBL), 0.5% proteose

peptone (Difco), 0.4% glucose, 0.h% yeast extract (Difco)

and 0.2% sodium thioglycollate (Difco) was used for



maintenance of cultures and for spore production. TPGY
agar plates, containing 3% agar, were used from time to

time to check the purity of the cultures.

(2) Dpefined

Empirical attempts were used to develop the
chemically defined medium (CDM) which is described in
Table 1, Stock solutions of reagent grade chemicals,
Leamino acids, vitamin factors, purines and pyrimidines
(Nutritional Biochemical Corporation) were prepared with
deionized distilled water and added together either

individually or as blocks (Table 2). The medium was

adjusted to pH7.0 by .1 N HCl,diluted to the required vol=-

umeysterilized by membrane filtration (Nalge disposable
filter unit, O.4t5 micron), and dispensed aseptically
into sterile screw=-cap test-tubes (15x125 mm), test-
tubes (15x125 mm) or 250 ml. flasks., The test-tubes and
flasks were fitted with Suba-seal stoppers. Tn order to
maintain the medium in its pre-reduced state, screw;cap
tubes containing the medium were stored in Gas-Pak
anaerobic jars at room temperature whereas sealed fubes
and flasks were flushed with a mixture of sterile gas
(95% N, and 5% CO2). Since Na-thioglycollate gradually
became slightly toxic to microorganisms, all media were

freshly prepared and used within three days.

20




Table 1, Chemically Defined Medium (CDM) for germination ,

growth and sporulation of C., botulinum type E

pH adjusted to 7,0 with 0,1 N HC1

P

Component mg/100m1 Component mg/100m1
L-alanine 50 Biotin . 04002
L-arginine 27 Calcium pantothenate 0,2
L-aspartate 65 Choline chloride 5.0
L~cysteine HC1 H,0 L4 Folic acid 0.2
L-glutamate 37 Inositol (meso) 0.2
Glycine 23 Niacin 0.1
L=histidine 24 Niacinamide 0.1
I~isolencine 62 p~aminobenzoic acid 0.005

_ L-leucine 164 Pyridoxal HC1 0.1
L-lysine HC1 141 Pyridoxine HC1 0.1
I~methionine 10 Riboflavin 0.2
Le-ornithine HC1 70 Thiamine HC1 0.2
L-phenylalanine 108
l-proline 50 KzHPOA 50,0
L-serine 100 KH2P04 50,0
L-threonine 114 NaCl 0.2
L-tryptophane 5 CaCl, 0.2
L-tyrosine 27 MgSOu 7H20 L,o
L-valine 114 MnSOu QHZO 1.0

FeSOh 7H20 0.2
Adenine 1.0 ZnSOh 7H20 0.2
Cytosine HZO 1.0 CuSOh 5H20 0.1
Guanine 0.5
Thymine 0.5 NaHCO3 100
Uracil 1.0
Xanthine 1.0 Na-acetate 1000
Glucose oo Na-thioglycollate 200
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Table 2, Stock solutions®used to prepare CDM

Ingredients ml/100m1 medium
19 individual amino acidsb(25X) 76
Block vitamin factors®in H,0 (100x) 1
Riboflavin in 0,02 N acetic acid (100X) 1
Folic acid in 0.01 N NaOH (100X) 1
‘Block adenine, cytosine and guanine in 1

0.1 N HC1 (100X)

Block thymine, uracil and xanthine in 1
0.1 M NH,O0H (100x)

Block frace minerals in phosphate 1
buffer” (100X)

NaHCO, in H,0 (50x) 2
Na-acetate in H,0 (20X). 5
Sodium thioglycollate in H20 (SOX) 2
Glucose in H,0 (50X) 2

#A11 stock solutions were filter-sterilizeg and kept in
tightly capped milk dilution bottles at 0 C.

bAspartate, glutamate and tyrosine were dissolved in 0.1 N
NaOHj; tryptophame in 0,1 N HC1 and the others in H20.

cWith the exception of folic acid and riboflavin.

dK HPO, & KH_ PO, dissolved in 50 ml H_O were mixed with the
tface minerals which had been dissolved in 40 ml H_O, the
precipitate formed in the combined solution was 5issola

ved by adding 10 m1 0,1 M EDTA.




Preparation of stock spore suspension

A spore suspension (1 ml) ffom stock MSp' culture,
which was heat-activated at 65°C for 15 minutes, was added
to 9 ml, TPGY medium in screw-cap tubes and incubated at
28°C until most of the spores had germinated into young
vegetative cells (approx. 10 to 12 h). A 10% inoculim of
the young culutre was added to fresh TPGY medium (9 ﬁl)
and incubated for 2 to 4 h before transferred to 90 ml of
fresh’ TPGY., After 24 to 36 h of incubation, cultures
shoﬁing greater than 90% spore were centrifuged for 15
minutes at %080 g, 5°C. The pellet was washed three times
wifh sterile deionized distilied water and treated with
a solution containing 100 Ag/ml of trypsin and 200 Ag/ml
of lysozyme in 0.0é M phosphate buffer (pH7.0) for 2 to
L nh at 3700 with continuous agitation., The cellular
debris was removed by differential centrifugation at
1,000 g for 20 minutes, h,CGO g for 10 minutes and
10,000 g for 5 minutes, The clean spores were suspended
in 0,02 M phosphate bufferk(pH7.0) to an optical density
(0.D.) of about 0.6 at 600 nm, containing approximately
109 spores per ml, This stock spore suspension was
dispensed inﬁé;scgew-cap tubes (5 ml/tube), stored at 0
to 2°C and later used as inocula,

Stock Spore suspensions of other strains of
- Clostridium spp. were prepared in a similar manner except
vegetative cells of RSpolIifa were maintained in TPGY

medium at e” to 2°%c.
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Growth and sporulation

Spores from stock spore suspension were suspended
in test media and heat—activated at 65°C for 15 minutes,
A 10% inoculum was added to test media in stoppered test-
tubes and incubated at 28°C. unless stated otherwise.
Germination and vegetative growth was monitored
spectrophotometrically (600nm, Coleman Junior ITA, model
6/20A). Samples for phase contrast microscopic examinat-
ion were withdrawn with a hypodermie syringe to maintain
anaerobic conditions, The percentage of sporulation was
computed from the ratio of the number of refractile
endospores in relation to the total number of cells

(300) examined.

Amino acid reguirements for germination and growth

Batches of chemically defined media prepared with
each of the amino acids deleted were dispensed in dupl-
icate in test tubes (9 ml) and were tested for support-
ing germination and growth of MSp+. Requirements for
germinationwere determined by inoculating media with
heat~activated spores while requirements for growth were
established through 2 successive hransfers‘of vegetative
cells in defined media after the spores had germinated

into voung culture in TPGY medium.
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Effect of NaHCO3 in TPGY medium

TPGY medium supplemented with 0.1% NaHCO3 was
inoculated with heat-activated MSp® spores to study the
effect of NaHCO, on germination,growth and sporulation.

3

Effect of glucose, Tween 80 and ethanol in CDM

Defined media with wvarying glucose concentrations
(O - 1-5%) or supplemented with wvarying concentrations of
Tween 80 (0.01 -~ 0.1%) or ethanol (0.1 - 1.0%) were

inoculated with heat-activated MSp+ spores,

Effect of rifampin on growth and spore formation

Heat-activated spores were inoculated into 200 ml
TPGY medium, After incubation for 10 h ét 28°C, samples
(5 m1) were withdrawn from the culture at one hour intervals
for 12 h and were transferred to vacutainers (15x100 mm)
containing rifampin solution (final conc. 1.5 wug/ml).

Incubation was continued for 2& h.

Assay of macromolecular synthesis

Incorperation of’thymidiné—é-sﬁ (specific activity
5 Ci/m mol), uracil-2-'"c (specific activity 61 mCi/m
mol) and I~ [methy1-1AC] methionine (specific activity

56 mCi/m mol) by cells was ' used as a measure of DNA,

RNA and protein syntheses respectively, The labeled

compounds were added to cultures of heat-activated spores
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of MSp+ at time of inoculation or a% the end of log phase,
with or without inhibitors (rifampin or chloramphenicol)
of macromolecular synthesis., For RSpoITIla, the labeled
compounds were added to stationary phase cells at time

of inoculation or 11 h after while for ts-25, they were
added to early log phase cells,. The cu;ture’(0.1m1)¢yas>sampled
at appropriate time intervals and immédiately mixed with
0.2 ml cold 10% trichloroacetic acid (TCA) solution.

After standing at 0°c for ome hour, the precipitate

formed was placed on presoaked membrane filter

(0.45 micron, 25 mm) by filtration and washed three times
with approximately 10 ml 5% - * TCA solution and then

twice with 95% cold ethanol. The dried membrane filter
was then placed in a counting vial with 10 ml of Aquasol.
Radioactivity (cpm) was counted with a Beckman liquid
scintillation counter, model SC-230, Fivewminute csun?siw-

were taken fox all samples,

Temperature sensitive period for temperature-sensitive

mutant

A series of 10-ml cultures of the temperature-
sensitive matant, ts-25, was prepared in TPGY medium,
In the "shift up" experiment, cultures were grown at 28°¢
for varying periods of time and then shifted to 3700 for
a total incubation period of 32 h, Similarly, a second
series of cultures were grown at 37°C and then shifted

"down" to 28°%.
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RESULTS

PART I Nutritional studies in chemically defined

medium

Effect of NaHCO, in TPGY medium and CDM
7

The growth curves of MSp+ in TPGY medium and in
bicarbonate supplemented TPGY medium (0.1% final con-
centration) are shown in Fig. 1. In the bicarbonate
supplemented medium, most of the spores turned phase-
dark within 4 h after inoculation and vegetative cells
were seen at 6 h.,?fhereas in TPGY medium without |
bicarbonate, vegetative cells were not observed until
10 h after inoculation., Outgrowth occurred about 4 h
earlier in the bicarbonate medium and sporulation
began at 16 h, about 6 h earlier compared with TPGY medium. .
Over 90% of the cells formed spores in both media.

The rate and extent of germination and outgrowth

of MSp® was reduced inCDM without NaHCO (Fig. 2)

3.




Fig,

1

The effect of NaHCO3 on germination and

growth of MSp* spores in TPGY medium,
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Fig.

2

The effect of NaHCO3 on germination and

growth of MSp+ spores in CDM,
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Development of chemically defined medium (CDM)

Heat-activated spores of MSp+ did not germinate
in the basal medium, medium of Strasdine and Melwville (111)

supplemented with NaHCO Most of the spores remained

3°
refractile after incubation for 16 h, TIn the medium which
was supplemented with 0.1% casaminoacids, a few vegetative
cells were observed, however,when 0.4% yeast extract was
used as a supplement,many swollen wvegetative cells were
seen by 16 h and about 20% of the cells formed endospores,
In the medium supplemented with both casaminoacids and
veast extract, normal slender shaped:cellewere;ébs§ry§d by 16h
and about 50% of the cells formed endospores by 22 h,

The quantity of the constituent amino acids,
vitamin factors and inorganic components present in veast
extract and casaminoacids was estimated according to the
analytical reports supplied by DIFCO and BBL (Table 3).
An initial chemically defined medium which contained the
components of the basal medium and constituents which
simulated the composition of yeast extract and casaminoacids
was developed, In this medium, most of the spores germine
ated into vegetative cells after incubation for 16 h and
35% of the cells sporulated by 28 hxﬁilg cell autolysis
began at 40 h. .Growth was increased when purines and
pyrimidines were added to the initial chemically defined
medium and spore yield was higher when 1% sodium acetate

was also included,
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The chemically defined medium (CDM), comprising
all the above mentioned components, supported germination,

growth and sporulation of strain MSp+. About 65% of the

cells formed endospores in CDM as compared to over 90%
in TPGY medium, A comparison of the growth and
sporulation achieved by MSp+ in CDM and TPGY medium is

shown in Fig. 3.

Effect of glucose in CDM

When giucose was omitted from the CDM, only a
few spores could germinate into vegetative cells, The
rate and amount of growth was increased when the glucose
coﬁcentration was raised from 0.4% to 1.0% (Fig. &),
However, spore production with glucose concentration at
1.0 or 1.5% was only 35-40% as compared to 65% in CDM

with 0.4% glucose,




Table 3, Typical analyses of yeast extract & casaminoacids

veast extract casaminoacids
(BACTO) (BBL).
Ash (%) 10.0 -
Total nitrogen 9.5 8.0
Amino nitrogen 7.0 6.4
Amino Acids (%)
Arginine 1.0 1.4
Aspartate 5.0 3.7
Cystine - 0.3
Glycine 2.5 1.0
Glutamate 6.5 14,2
Histidine 1.0 0.7
Isoleucine 3.0 2.7
| Leucine . 3.5 3.5
Lysine h,o 3.7
Methionine : 1.0 1.7
Phenylalanine 2.0 0.7
Proline - 4,0
Threonine 3.5 2.5
Tyrosine ‘ 0.5 3.1
Valine \ ’ 3.5 bo1
Vitamin Factors (mcg/gj
Biotin 1 0.018
Cyanocobalamin - 0.00006
Folic acid - 0.0057
Niaecin 280 0.1
Pantothenate - 0.26
Pyridoxine 20 0.024
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Table 3 continued.,

Riboflavin 20 0.10
Thiamine 3 0.105

Inorganic Components

Arsenic 0,11 -

Nacl (in %)  0.51 37.2

Ca : 0.0406 0.05

Fe | 0.028 0.0045

K . 0.042 0.4

Mg 0.03 0.003 ;
P 0.89 0.32 f
S - 0.066 |
510, 0.052 - §
Mn (in ppm) 7.8 ' - f
Pb 16.0 - §
Cu _ 19.0 - g
o 80.0 -




Fige. 3 Growth and sporulation of MSp+.
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Fig. 4 The effect of glucose on growth

and sporulation of MSp”.
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Amino acid reguirements

Fig. 5 shows the relativé amount of growth of
MSp+, RSpoIIla and ts=25 achieved after 28 h in defined
media with omission of single amino acids,

For MSp+, growth in defined medium was reduced to
less than 30% when arginine or cysteine was omitted and
to about 50% without methionine or tryptophane. Deletion
of glycine, histidine, isoleucine, lysine or proline
did not affect growth to any significant extend.

Similar results were obtained with strain ts-25,
Less than 50% of growth was obtained in defined medium
when arginine, cysteine, methionine or tryptophane was
deleted, | |

Only the absence of cysteine from CDM showed a
significant reduction in growth of the RSpoIIlla strain,
less than 30%. About 50% growth was obtained when
arginihe, proline or valine wexelomitted.

Data in Tables 4 and 5 indicate the effect of
amino acid deletion on germination and outgrowth. After
incubation for 28 h, most of the spores of MSp+ remained
refractile . when isoleuciﬁe, arginine,
cysteine or methionine was omitted from CDM. Some vegetate
ive cells were observed in media lacking arginine, cysteine
or methionine. Vegetative cells and endospores were
observed by 36 h in media‘without lysine, glutamate,

threonine, tyrosine or wvaline,




With the deletion of threonine or valine from the
medium, most of the spores of ts-~25 remained refractile,
Some vegetative cells were observed when arginine, cysteine,

isoleucine, methionine or tryptophane was omitted.




Fig. 5 The effect of single amino acid

deletion in CDM on growth,

The percentage 0,D, was calculated from the ratio of

maximum growth in test medium compared with complete

CbM,
Medium Amino acid'deleted‘ Medium Amino acid deletéd _
1 none (CDM) 11 serine
2 isoleucine 12 leucine
3 lysine 13 threonine
L histidine 14 tyrosine
5 glycine 15 valine
6 proline 16 phenylalanine
7 alanine 17 methionine
8 ornithine 18 tryptophane
9 aspartate 19 arginine
10 glutamate 20 cysteine
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Table 4, The effect of single amino acid deletion in CDM
on germination and outgrowth of spores of MSp+.

Amino acid O.D. final Microscopic Observation
deleted ~ 28n  36h pH 28h 36h
None (CDM) 0.15 0,20 5.8 veg., cells free spores
endospores
Isoleucine 0.03 0,02 T.h bright and bright and
dark spores dark spores
Arginine 0.09 0.09 6.1 ©bright and bright and

dark spores  dark spores
veg, cells veg, cells

Methionine 0.10 0.10 6.5 bright and TDbright and
, dark spores: dark sporeés
veg. cells vwveg, cells
Cysteine 0.10 0,12 6.0 Tbright and -~ 'veg, cells
dark spores: and dark
» veg, cells spores
Valine 0,02 0,11 6.8 dark spores veg. cells
endospores
Tyrosine 0.03 0,13 6.1 dark spores veg, cells
endospores
Threonine 0.04h 0.17 6,1 dark spores = veg, cells
Glutamate 0.02. 0,20 6.1 bright and veg., cells
' dark spores endospores
Lysine 0.06 0,33 5.7 dark spores veg, cells
: endospores
Tryptophane 0.16 0.16 5.8 veg, cells veg, cells
. : endospores
Serine 0.08 0,16 6.0 veg. cells veg,. cells
Aspartate 0,17 0.18 6.2 veg. cells endospores
Proline : o.14 0,18 5.9 veg. cells endospores
Leucine 0.11 0,19 5.9 veg, cells veg. cells
Phenylalanine 0.20 0,19 6.0 veg, cells endospores

endospores




Table &4 continued.

Histidine

Ornithine

Alanine

Glyeine

5.8

5.9
5.8

5.6

veg., cells
endospores

veg, cells

veg. cells
endospores

veg, cells

endospores

lvsed cells

veg, .cells

-endospores

veg. cells

endospores

1o




Table 5.

The effect of single amino acid deletion in CDM

on germination and outgrowth of spores of ts~25

Microscopic Observation

Amino acid 0.D, final
deleted- 28h 36h pH 28h 36h
None (CDM) 0.0 0.32 5.5 wveg. cells veg., cells
dark spores endospores
Isoleucine 0.01 0,03 6.8 dark spores dark spores
veg, cells
Arginine 0.01 0,02 6.4 dark spores dark spores
h veg. cells veg. cells
Methionine 0.06 0,06 6.3 Dbright and bright and
dark spores dark spores
veg. cells veg, cells
Cysteine 0,01 0,08 6.2 dark spores dark spores
veg, cells
Valine 0,01 O 7.2 bright bright
qures sporxres
Tyrosine 0 0.16 6.0 bright veg. cells
’ spores
Threonine 0 0 7.1 bright and bright and
dark spores dark spores
. Glutamate 0 0.3 5.8 dark spores veg. cells
Lysine 0.03 0.,25 5.9 dark spores veg. cells
veg, cells cell lysis
Tryptophane 0,01 0,07 6.0 dark spores veg. cells
: veg, cells cell lysis
Serine 0.01 0,17 6.2 dark spores veg. cells
Aspartate 0.07 0,33 5.2 dark spores veg, cells
v veg. cells endospores
Proline 0,03 0,34 543 dark spores veg., cells
veg., cells endospores
Leucine 0.01 0.15 5.7 dark spores veg. cells
veg. cells cell lysis
Phenylalanine 0,18 0.36 5.6 veg, cells veg. cells

k1
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Table 5 continued,

Histidine 0.03 0,29 5.4 dark spores veg. cells
veg, cells endospores

Ornithine 0.06 0.30 5.6 dark spores veg. cells
veg, cells

Alanine 0.05 0,33 5e2 dark spores veg, cells
veg, cells cell lysis

Gly¢ine 0.07 0,26 5.6 veg. cells veg., cells

cell lysis
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Effect of Tween 80 and ethanol in CDM

The effect of Tween 80 and ethanol on sporulation
of MSp® is shown in Table 6., With 0.1% Tween 80 in CDM,
cell began to sporulate at about 4 h earlier but appro-
ximately the same percentage of sporulation (64%) was
achieved as compared to control (CDM).

Lysis of the cells occurred in CDM containing
ethanol by 28-32 h and the percentage sporulation was

lower,

Growth of C. botulinum strains in CDM

Table 7 shows the sporulation (%) of C. botulinum
spp. in CDM and TPGY medium., Ten strains of type E
including MSp+ were able to grow and sporulate in CDM.
In general, the percentage of cells forming spores was
lower in CDM than in TPGY medium, ranging from 60% for
MSp' to under 10% for FDA 5191. Two strains, FDA PM=15
and FDA 070 formed tiny round refractile bodies,
"defective" spores, in CDM,

Other serotypes of C. botulinum and C. sporogenes

did not sporulate in CDM, however, normal vegetative

growth was observed,




Table 6, Effect of Tween 80 and Ethanol

on sporulation of strain MSp+

nlh

Media Sporulation (%)

16h 20h 2hn 28h 32h
CDM + 0,01 % Tween 80 0] 13 32 36 Ly
CDM + 0,05 % Tween 80 45 18 b7 52 (lysis)
CDM + 0.1 % Tween 80 20" 34 63 (1ysis) =
CDM + 0.1 % ethanol 0 18 30 38 (1lysis)
CDM + 0.5 % ethanol o] 19 30 (Lysis) -
CDM + 1.0 % ethanol 0 17 Lo (1ysis) -
CDM | 0 31 L7 64 (lysis)
TPGY 0 35 68 88 93,
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Table 7, Sporulation of ngpstridium"spp.
in CDM and TPGY media.

Clostridium spp. Sporulation (%) Time®(h)
CDM TPGY CDM TPGY

Cx botulinum type E
strains :

+ 60-65 90-95 28 32

MSp

ATCC 9564 35-40 60-65 28 32
FDC Minnesota 4550 80-85 Lo 28
FDA D8 ho=-45 > 95 48 48
ATCC 17786 20-25 35-40 64 72
FDA Beluga 10-15 60-65 - 32 32
Ts=25 < 10 30-35 32 32
FDA 5191 < 10 70-75 36 b2
FDA PM=-15 30-35b 75-80 80 28
FDA 070 30-35°  65-70 80 32
L. botulinum strains:

type A (AG 270) - 45-50 - 120
type B (BG 272) - 45-50 - 24
type C - 10=-15 - 120
type D (ATCC 17851) - 55=-60 - 24
type F (FG 273) - 90-95 - 72
C. sporogenes (ATCC 19404) - 15=20 - 120

- Y R . .
Time required to achieve maximum sporulation.

b'defective' spores

ATCC = American Type Culture Collection
FDC = Food and Drug Directorate, Ottawa, Ontario, Canada
FDA = Food & Drug Administration, Washington, D.C,, U,S.A,




PART IX Biochemical studies in TPGY medium

Effect of rifampin on growth and sporulation of sporogenic

strains

The amount of growth (expressed in 0.D. value) and
sporulation obtained after addition of rifampin are shown
in Table 8, Rifampin was first added to the culture at
11 h wvhen most of the spores of MSp+ had germinated into
young vegetative cells, The growth obtained after 24 h was
markedly reduced in cultures which were treated with
rifampin at 11=-14 h and refractile spores were not
observed. 1In cultures treated with rifampin at 15 h, many
forespores were observed by 24 h, An increasing number of
refractile endospores were observed at 24 h in cultures
treated with rifampin after 15 h,

Similar results were obtained with ATCC 9564 except
that growth and sporulation occurred .2h earlier and

maximum sporulation was 59% compared with 86% by Msp?.

L6
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Table 8, foect of Rifampin on growth and sporulatlon of
MSp and ATCC 9564

Time®(h) 0.0.° Sporulation®(%)
MsSp™* ATCC 956U MsSp” ATCC 9564

11 0.17 0.20 0 0

12 0.28 0.25 ) )

13 0,40 0.30 o) (forespores)
14 0.40 0.31 ) <5

15 0.4k 0.36 (forespores) 10

16 0.45 0.38 <5 36

17 0.46 0.h42 18 52

18 0.h47 0.45 37 55

19 0.49 0.46 58 57

20 0.50 0.49 67 59

21 0.50 0.51 70 59

22 0.50 - 76 -

23 1 0.50 - 86 -

aTime of addition of rifampin (1.5 Ag/ml) during incubation

of cultures,

bAfter a total of 24 hours of incubation.




L3

Incorporation of labeled compounds during the growth cycle

of sporogenic strains of C, botulinum

The incorporation of labeled compounds during germie-
nation, growth and sporulation of heat-activated spores of

- MspT is shown in Fig.6. During the lag period (0-4 h) heat-

activated spores becaﬁe nonerefractile and germinated into

vegetative. cells, The in¢orporation of uracil and thymidine
was rapid whereas that of methionine was very gradual, Dur=
ing logarithmic growth phase (4-14h), the labeled compounds

were incorporated at a linear rate, The level of methionine

incorporated into cells remained constant during the staty:
ionary phase while that of uracil and thymidine dropped and
than‘remained relatively constant. At 16h (Tz),_most of the
cells were granular and swollen and by 18h about 10% had
formed refractile endospores,

The incorporatioh of labeled thymidine and uracil by
the parent strain,ATCC 9564, peaked some 5=-6 hours ea%lier
than MSpf as shown in Fig.7. The pattern in the incorporate

ion of labeled compounds was similar to that of the MSp+.

Incprporation,cf,labeledhcompounds during sporulation

Fig.8 shows the incorporation of labeled uracil by
MSp' during sporulation. When rifampin (1.5 Mg/ml) was add-

ed at 14h (TO), the level of radioactivity in the TCA-precie

pitate remained low during the entire stationary phase and
most of the cells in the culture remained granular at 24h

(T In the absence of rifampin, cells continued

10




" to incorporate 1l‘C-l:l:l:'ac:i_iL up to T2. During
maturation of spores (T&"T1O) as the percentage of
refractile endospores increased from less than 5% to
over 70%, the level of labeled uracil in culture remained
constant, Vhen rifampin was added at T3 (17 n), uracil
incoéporation was cdmpa{@ble-tg;tpg.cogpxg}_(};e.wwithout
- adition of rifampin).‘_However, only 20% of the cells
fbrmed endospores when observed at 2% h (T

10)'

When chloramphenicol (50 ug/ml) was added at T,
(14 n), the level of e uracil incorporated into the
culture was unexpectedly higher. 0.,D, of the culture
started to drop at T5 and cell lysis was observed, At
T10’ less than 10% of the cells were in the forespore

or non-refractile endospore stages,

'Similar results in iacorpora:tién of wC-uracil were
obtained with the parent strain ATCC 9564 as shown in Fig.
9.

3H-thymidine in MSp+ culture was not incorporated
during stationary phase (Fig. 10). On the other hand,
.14C-methionine was gradually incorporated into the cells
(rig. 11). Lesé than 10% and over 70% refractile endo-
spores were observed at T, (18 h) ;nd T,o (2% h) resp=-

ectively.

%o




Figo

Incorporation of radiocactive precursors during

germination and outgrowth of MSp+ Spores.

‘! .
BH-thymidine (25 Mci/15m1), T oeuracil (15 Aci/
15m1) or 140-methionine (15 4Ci/15m1) was added
to TPGY medium inoculated with heate-activated

spores, Samples were withdrawn at intervals

~and assayed for radioactivity.
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Fige 7 Incorporation of radioactive precursors during

germination and outgrowth of ATCC 9564 spores.
SHethymidine (25 ACi/15m1), '“C-uracil (15 ACi

/15ml) or 140-methionine (15 #ci/15ml) was adde
ed to TPGY medium inoculated with heat=activate
ed spores. Samples were withdrawn at intervals

and assayed for radiocactivity.
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Fig. 8

14%-uracil incorporation in MSp+ during

strﬁiation.

1
1ELC--t:tra,c:’Ll (15 #ci/15ml) was added to culture

in TPGY medium at the end of log phase, Cell

suspensions were sampled at intervals and

radioactivity of the TCA=-precipitate was

counted,
conc. of chloramphenicol (CM) = 50 ug/ml

conc, of rifampin = 1.5_ﬂg/m1




Radioactivity (cpm /0.1 ml.)

52

100,000 2 :
® C -uracil
x 14C -uracil in presence of CM |
o !¢ -uracil with rifampin added at To
8 'C -uracil with rifampin added at T3
X
o .
10,000 A
1, OO0
—p5—© o o
(To)
100 L9, ' | ; ' '
14 [9) 18 20 22 24

Incubation Time (h)




ac-uracil incorporation in ATCC 9564

during sporulation,

o uracil (15 UCi/15ml) was added to culture

in TPGY medium at the end of log phase., Cell

suspensions wefe gampled at intervals and
radiqégtivity of the TCA-precipifate was
countéd. | |

cdnc. of chloramphenicol (CM) = 50 Mg/ml

conc, of rifampin = 1.5 ug/ml




53

(4) swil uoljpgndu|

b2 22 02 8 9l t
_ _ _ I I I 1=
O— (o] O~ [o] (0} 5 [o0) o) 0
—000'|
| | | —{000%!
== S

X,

X

I‘I’

€] 4p pappp uldwbyls Yiim (190N~ 9 bl
OL 4D peppp uldwipyla ypm 1ooan - 5

IND 30 ddudsaud ul 100N - Oy,
[10DIN = Dy

e X 0 d

00000

(Jw| O/ wdo) Apaonolpoy



Fig. 10 3H-thymidine incorporation dby MSp* during

sporulation,

JH-thymidine (25 4Ci/15ml) was added to the

culture in TPGY medium at the end of log

phase. Cell suspensions were sampled at
intervals and radiocactivity of the TCA-

precipitate was Counted.
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Fige 11

14

1

Cemethionine incorporation by MSp+ and

ATCC 9564 during sporulation,

"e-methionine (15 JCi/15ml) was added bo
culture in T?Gvaedium at the end of log
phase, Cell suspensions were sampled at
intervals and radipactivity of the TCA=

precipitates was counted,
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Ineorporation of labeled-compounds during the growth

oyclé of an asporogenic mutant
There was a lag of six hours after inoculation of

stationary phase cells of RSpoIXIla into fresh TPGY medium
(Fig. 12). Growth began after that and during the
logarithmic growth phase (6-18 h) incorporation of the
labeled thymidine, uracil and methionine by cells was
rapid., During the stationary phase (18 = 28h), the level
of labeled thymidine in culture showed a siight declines
Vegetative cells appeared granular. '~ at the end of log

phase and lysis was observed at 2% h.

Comparison of 1kC—methionine»incéf‘““r““

and aspcrqgenic mutants with the parent strain

Result in Fig. 13 shows that the asporogenic
mutant, :(RSpeIITa,  , in contrast to the sporogenic
mutant (MSp') and the parent strain (ATCC 9564), did

not show incorporation eof 1&C-methionine after T

3.

56




Fig, 12 Incorporation of radioaétive-precursors by

RSpoilla during growth and stationary phase,

3H-thymidine (25 4ci/15m1), o uracil

(15 4ci/15m1) and !“Cemethionine (15 ACi

/15ml) were added separately to TPGY broth G

inoculated with stationary phase cells of

RSpoilia.
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Pig.

13.

Comparison of 1l‘C-me'ch:i’.on:i.ne incorporation

by the test strains during  stationary

phase,

14C-methionine (15 #ci/15m1) was added at
about an hour before the end of logarithmic

growth phase (Ty)e T represents the time

after the end of logarithmic growth phase,
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Growth and sporulation of temperature-sensitive mutant,

ts-25 and the parent strain (Beluga)

Growth and sporulation of ts=25 and Beluga at 28°¢
and at 37?0 are shown in Fig. 1% and 15, In culture of
ts=-25 grown at 28°C for 27 h (TB)' approximately 5% re-
fractile endospores were observed and greater than 30% was
observed after incubation for 35 h., Spores were not formed
by ts=25 culture grown at 3700 and cells appeared granulat-
ed at 22 h (To) and lysis began at 27 h (TS). The Beluga
strain formed greater than 70% refractile endospores at 28°C

and at 37°C after incubation for 40 h (T18)'

Temperature-sensitive period of ts-25

In the shift "up" experiment, spores were not
observed if cultures were transferred to 37°C on or before

22 n (T whereas in cultures transferred after 22 h

o)
sporulation was the same as at 28°%¢ (Fig. 16a)., 1In the
shift "down" experiment, spores were produced in cultures

transferred on or before 12 h (Fig. 16b).

Temperature dependence of BE?thymidineAiﬁcorporatiagbduring

growth of ts=25

There was no significant difference in thelincorporation
ofz3ﬁrthymi@ineuat28°c and at 37°C during 1ogarithmié
growth phase (Fig. 17a). By changing incubation temperate
ure to 37°C betwen 17 h apd 19 h did not facilitate

further igcorporatign.ofhsﬂethymiéingﬁﬁﬁig; 17b).




Fig. 14 Growth and Morphological changes of ts=25

in TPGY medium at 28 and 37°C.
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Fig. 15 Growth and Morphological changes of strain

Beluga in TPGY medium at 28 and 37°C.
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Fig,16 Temperature sensitivity of sporulation of

ts-250

(a) In the "shift up" experiment, cultures

(v)

were grown at 28%¢ for varying periods
of time and then shifted to 3700 for a
total incubation period of 32 h.

In the "shift down'" experiment, cultures
were grown at 37°C for varying periods
of time and then shifted to 28°C for a

total ingubation period.of 32 h,
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(2)

(b)

3

FPig.17 Temperature dependence of ~“H~thymidine

“incorporation during growth of ts-25,

ts=~25 was grown in 30 ml 3H-thymidine-—TPGY medium
(50 Mci/30m1) at 28°C. At 16 h, the culture was
divided into two equal portions, one was incubated
at 28°C and the other at 37°C. Samples were with-
drawn for radioactivity measurement,

ts-25 was grown in 15 ml TPGY at 28°C. At 15 h,
BH-thymidine (25 #ci/15m1l) was added to the cule:
turé and incubation was continued for 2 h at 2800,
2 h at 37°C and then 5 h at 28°C again. Samples

were assayed for radioactivity.
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Incorporation of labeled compounds by a temperature-

sensitive mutant and its parent strain during their

gfowth cycles

The incorporation of 1l;C-'uracil‘and 1kC-meth—
ionine by ts=25 at 28°C and at 3700 is shown in Fig.18.

An inverse relationship was observed for the incorpo-

ration of methionine and uracil at both temperatures,

At 3700, the incorporation of methioning was higher
whereas that of uracil wgs}lower. During‘spatignary
phase (22 h onward) incorporation of methionine confe
inued at 28°C but stopped at 37°C. The level of The
,ﬁracil in culture at 28°C remained constant while that
of the culture at 3796 dropped,

Incorporation of radioactive.compounds by the
Beluga strain during‘the stationary phase was similar

at 28°C and at 3700 except for uracil which showed a

higher rate of incorporation at 28°C than 37%C . (Fig.19).

1h

Incorporation of C-~methionine in CDM by sporogenic

and asporogenic strains of C., botulinum

. i s . 14 .
_An increase in incorporation of ' C-methionine

resulted when MSp®, ATCC 956L and RSpoIIla were incu=-

bated in CDM instead of TPGY medium (Fig. 20).




Fig. 18 Incorporation of radiocactive precursors by

ts=25 at 28°C and at 37%C.

Ts=25 cultures in TPGY (30ml) were incubated

at 28°C or at 37°C., At early log phase (17n)
each culture was divided into 2 parts, 140-

methionine (15 #Ci/15ml) was added to one and

e racil (15 lei/15m1l) was added to the other,

Rad oactivity was assayed at intervals,
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Fig. 19 Incorporation of radioactive precursors

by strain Beluga during stationary phase

at 28 and 37°C.

2
Sg-thymidine (25 uci/15m1), !‘C-uracil

14

(15 4Ci/15m1) and ' ~C-methiomine (15 ACi

/15m1) were added to cultures in TPGY -

medium near the end of log phase,
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Fige.

20

Incorporation of 1Z"C--methion:i.ne during

growth and sporulation in CDM,

Spores or cells were grown up in sealed
tubes containing TPGY medium to achieve
an C.,D, of 0.2, The cultures ﬁere cen=
trifuged and TPGY was replaced by CDM

containing 1l‘()--me‘bh]‘.o:m‘.ne (15 uci/15m1).
O0.,D, and radioactivity in cultures were

measured at hourly intervals,
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PISCUSSION
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DISCUSSION

The‘baSal'medium originally designed for growth
and sporulation of the Minnesota strain did not allow

germination of MSp* spores, The addition of casaminoacids

andfar' veast extract indicated that an increase in the

amount of the amine acids and vitamin factors was

required to allow spore germination and subsequent growth
and sporulation to take place., This modified basal medium
was augmented with sodium bicarbonate (0.1%), purines,
pyrimidines, sodium acetate (1.0%) and sodium thioglycollate
(0.2%). The pre-reducéd chemically defined medium, CDM,
supported germination, outgrowth, growth and sporulation

of type E strains of Clostridium botulinum.

Studies have shown that sodium bicarbonate

enhanced the rate and extent of germination and outgrowth

of botulinal spores (1, 97, 121, 133). In the complex

medium supplemented with NaHCO germination and outgrowth

3’

of the MSp+ spores occurred earlier and when the NaH003

was omitted from the CDM, the lag period for germination

was significantly prolonged. It is likely that the

NaHCO, dissociates in the medium to release CO, which

3

is required for germination and outgrowth (121, 132),

It has been suggested that NallCO, may function as a

3
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chelating agent to enhance spore germination (91), however,
the growth-initiating effect of 002 on clostridia is not
yvet understood,

Purines and pyrimidines have been shown to be

stimulatory for the growth of C. perfringemns (14, 45) and

L. parabotulinum type A (76) but not for C. botulinum type

E strain D8 (128). Our results indicated that growth of
MSp+ was somewhat increased when purines and pyrimidines
were included in the initial CDM,

In this study the addition of Na~acetate to the
initial CDM increased the percentage sporulation of MSp+.
Previously it was fouﬁd that acetate was involved in

sporogenesis of Bacillus cereus (83) and C. botulinum (22,

30). Frank et al (41) found that Na-acetate along with
proline and histidine was a stimulant for sporulation of
" the anaerobic strain PA3679. Emeruwa and Hawirko (30)
reported that 1&C-acetate was readily incorporated into
poly- 8 -hydroxybutyrate (PHB) éranules of both sporogenic
and asporogenic mutants (MSp+,and RSpoIITa) of C. botulinum
type B and they also observed that most of the PHB granules
which had accumulated in the spofogenic mutant was catabw-
olized during spore development whereas in the asporogenic
mutant it remained essentially unchanged,

The pre-reduced. state of the CDM was maintained

by sodium thioglycollate, a redox potential reducing




agent, The chief wvalue of this reductant is its use in
fluid cultures of anaerobes which are cultivated without
the need for other precautions, Na~thioglycollate was
routinely added to TPGY medium for the cultivation of
Ce botulinum strains in our laboratory. Besides function-
ing as a reducing agent on the medium, Na-thioglycollate
has been reported to function as chelating agent to stim=-
ulate germination of clostridial spores (55, 97, 123).
However, germination of C. botulinum 62A (121) and C.
bifermentans (48) spores in hydrolysates of casein was
found to be inhibited by addition of Na-thioglycollate.
Glucose was essential as its omission, for the
most part, prevented outgrowth and spore formation of
MSp+ in CDM, The stimulatory effect of glucose on growth
was shown to be concentration-dependent éithaan upper
limit of 1%. On the other hand spore formation was
repressed as the glucose concentration of the CDM was
increased to 1.0 = 1,5%, This finding is in accordance
with that of Emeruwa and Hawirko (33, 53) using trypti-
case-peptaﬁe glucose broth, Catabolite repression of
sporogenesis by glucose has been reported to occur in
B. subtilis (100) and other Clostridium spp. The
amount of glucose in the medium which was required to
repress sporulation varied with different types of
clostridial species, In the proteolytic strain

sporulation was repressed by glucose concentration as

70
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low as 0.2 - 0.5% (47, 69, 79, 139). In type E strains
which were weakly saccharolytic,rthe concentration was
higher, for example 2.4% for MSp' and RSpoIITa (53),
with optimum sporulation occurring in 0.4% glucose
(32, 53, 111). In strongly saccharolytic clostridia

~such as C. pasteurianum, 3% glucose was required for

optimal sporulation (13). Although 1% glucose in CDM
supported maximum growfh, the percentage sporulation

was reduced, In order to obtain good growth with

optimal sporulation, 0.1% glucose was recommended for
use in CbM. At such concentration the améunt of glucose
in the medium was limited and sporulation would occur
once the monosaccharide had been depleted (2).

The concentrations of most of the vitamin factors
in the CDM were twice thaf of the basal medium, The
choline~chloride concentration had been increased to 5 mg/
100 m1 medium as recommended by Gullmar and Molin (50)
since at such concentrafion in synthetic medium the type
E strain 1537/62 attained normal shape and no longer
formed long chains, The role of choline in cell wall
synthesis and cell division has been discussed (50, 111).
All the vitamin factors included .in the CDM have been

shown to be essential or stimulatory for Clostridium spp.

(87).

Hydrated CusO, and ZnS0, was added to the trace

minerals in the basal medium énd the gquantity of potassium
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phosphate was reduced by one half to avoid precipitation
of the large quantities of insoluble phosphate, FEthylen-
ediamine tetra~acetate (EDTA)V(approx. 0.0002 M final cone

centration) was added to the trace mineral-phosphate

solution to dissolve the precipitates, EDTA has been
shown to be a stimulant for growth (0,0006M~0,0012M) of

B. sphaericus (19) and a "germinant" (0,001M=0,1M) for

spores of the anaercbe, PA 3679 (15),. Since the effect of

EDTA on the grbwth of microorganisms often varieg between

. genera and species énd also the concentration of EDTA in the
CbM was very 1ow(approx. 0.0002M) it is reasonable to assume
that effect of EDTA on spore germination and growth of

MSp® in the CDM is negligible.

Besides increasing the concentrations for each

of the amino acids, three additional L~amino acids

aspartate, ornithine HCl and tyrosine were included
in- the basal medium., There were qualitative differences
in minimal amino acid reguirements among species as

well as among strains of the same species, Single

amino acid deletion experiments showed that arginine,
cysteine, isoleucine and methionine are required for

germination and subsequent outgrowth of spores of

MSp+ and ts=-25 with ts=-25 having additional requirements
for threonine, tryptophane and valine, In accordance
with Ward and Carroll (128), there was no absolute

requirement for any single amino acid for growth of the
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MSp+, RSpoIlTa and ts=-25 strains., Omission of arginine,
cysteine, methionine or tryptophane from CDM retarded

the growth of MSp+ and ts~25 as 0,D., was reduced to 50%
or less, Deletion of arginine, cysteine, proline or
valine restricted the growth of RSpolIlXa. In general,
alanine, arginine, aspartate, cysteine, glutamate,
leucine, methionine, phenylalanine, serine, threonine,
tryptophaqe, tyrosine and valine were necessary for
maximum growth of the three mutants,with MSp+ showing add-
itional regquirement for ornithine, RSpoIITa for ornithine,
proline and isoleucine and ts-25 for proline and isoleu-
cine, The amino acid requirements for sporulation of
Msp® and ts-25 has not been evaluated in the report
because it is difficult to define nutritional requirements
for sporulation since once growth has occurred the medium
is no longer defindeé. A replacement sporulation technique
was used to study the role of amino acids in sporulation
and the minimal requirements for commitment to sporulat-

ion in Bacillus subtilis (89).

The CDM was non-restrictive in the sense that it
supported spore outgrowth and spore formation of all
ten type E strains tested., The degree of sporulation and
the time required to achieve maximum sporulation varied
among the strains.. Generally, .a higher percentage spor-
ulation was observed in TPGY medium than in CDM. For

example, MSp  formed over 90% spores in TPGY medium.




with about 65% in the CDM. Such an occurence may be due
to the limitation of certain nutrients required for spor-
ulation in the CDM. Since derepression of catabolite in

the medium initiates sporulation (100) and endospore

formation in bacteria has been recognized as a response
to depletion of nutrients it is logical to assume that
spore~formers may take a longer time to achieve maximum

sporulation in complex medium than in chemically defined

medium which is usually not as rich as the complex

medium. Vegetative cells will propagate for a longer
period in the complex medium before certain of the
nutrients become depleted to allow initiation of sporulat-
ion (Table 7). The longer periods required by the strains
Minnesota, FDA PM=15 and FDA 070 to achieve maximum
sporulation in CDM could be explained by a delay in
germination,

The "defective" spores observed . for FDA PM-15
and FDA 070 in CDM were quite similar to those found in

cystine-inhibited sporulation of Bacillus megaterium (125)

and in glucose~deficient medium of PA 3679 (41). The
two strains may have special requirements for sporulation

not provided by the CDM,

Other serotypes of Ce. botulinum and.C. sporogenes

grew but did not sporulate in the CDM. The deficiency in
sporulation could be attributed to the lack or insufficient

amount of essential nmutrients other than glucose, In a
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preliminary experiment, sporulation occurred in types A
and F when the amount of arginine in the CDM was increased
to 110 mg/100 ml medium (88).

Tween 80 (0.1%) added to CDM seemed to accelerate both
growth and spore cycle of MSp+. It is possible that it
acts as a germination inducer like other chelating agents by
increasing the pefmeability of spore coat and thus the
uptake of nutrients.

Growth of log phase cells of MSp+ and ATCC 9564
was abruptly stopped upon the addition of rifampin, an
inhibitor of DNA-dependent RNA polymerase (92), at
hourly intervals., TIn addition only vegetative cells
were observed in these cultures after 24 h of incubation
indicating that rifampin was also an effective inhibitor
for the synthesis of RNA required for spore formation.
“Addition of rifampin to cultures at the end of log
phase and during the firstrtwo hours after the beginning
of sporulation prevented development beyond the forespore
stage with most of the cells in the cultures remaining
in either axial filament or forespore stage. It appears
that synthesis of RNA continued during the early stages
of sporogenesis. The gradual increase in the percentages
of refractile endospores observed at 24 h in the series
of samples with rifampin added at hourly intervals during
the stationary phase is evidence of continued RNA synthesis

for spore maturation and also asynchrony in the sporulat-




76

ion cycle, Our results generally agreed with the
findings of Leighton and Doi (70) who suggested that

continuous RNA synthesis was necessary during sporulat-

ion and that the m-RNA produced was not any more
stable than that found during vegetative growth.

The temporal sequence and pattern of macromolecular
syntheses was followed using radiocactive precursors.

Similar to observations reported for Bacillus spp.

(3, 46, 8%, 95 ,105), during germination and outgrowth
of MSp+ spores, RNA was the first macromolecule to be
synthesized, followed by protein synthesis and then the
synthesis of DNA which began at 2 h after inoculation.
Our results showed that the rates of uptake of the §
labeled thymidine, ﬁracil and methionine were similar | '
during log phase. In MSp+, DNA synthesis ceased at
the end of log phase (TO) whereas in B. subtilis
Szulmajster and Canfield (115) found that it ended at
T1.5 and Aubert et al (6) noted that it stopped at T3°
Hdwever, Ryter and Aubert (99) using autoradiography to

study sporulation in individual cells reported that
DNA synthesis of the Marburg 168 strain had almost
0 and T1.

This provided evidence of a close relationship between

completely stopped by stage I, i.e. between T

the arrest of DNA synthesis and commitment to sporulat-
ion. However, Young and Fitz-James observed that with

B. cereus a last burst of DNA synthesis occurred after




stage IT (135). Day and Costilow (23) using replacement
sporulation technique with C. botulinum 62A found that
there was no apparent PNA synthesis after the cells were
obviously swollen, i.e., at stage II,

In this study, net RNA synthesis in MSp+ culture
was stopped at T

compared to T, reported for Bacillus

2 0
spp. (11) but with the addition of rifampin at T,, net
BNA Synthesis did not continue, When rifampin was

added at TO, endospores were not observed but when treated

at T 20% of the cells formed endospores, Although net

39
synthesis of RNA had stopped when rifampin was added at

T, the level of labeled uracil in the cells did not drop,

3
presumably because they were retained in the cells in a
precursor state. It is difficult to explain why the -

total uptake of uracil in the chloramphenicol-treated

cells was higher than in the control (Fig. 8).

Net synthesis of protein in MSp+ continued during
early stationary phase but the rate of syntheéisvgradually
decreased during the period To to T7 and then ceased, In
B, subtilis, the met synthesis of protein was not observed
after To (11). The discrepancy could be due to generic
traits and/or the inherent difficulty in obtaining
synchronous sporulating-cultures of Ciostridium SPB.
During statiomary phase, the asporogenic mutant RSpITIa,
deviated from the sporogenic and parent strains in that
the uptake of 1hC-methionine was stopped at T, while that

3
of MSp® and ATCC 9564 continued (Fig. 13). Since the

77
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asporogenic mutant was unable to develop beyond stage IIT
(53), synthesis of proteins (enzymes) would not be required
for the subsequent development, When the strains were
allowed to grow in CDM instead of TPGY medium, a similar
pattern of 1hC-methionine uptake was observed (Fig. 20).
The radioactivity of theTCA-ppt. of cells grown in CDM
was higher possibly becéuse the amount of labeled methionine
moilecules in the defined médium—was lower compareé’té the TPGY.
‘Thus the chemically defined medium proved to be more sens-—
itive than complex medium for biochemical studies, One
disadvantage of the CDM reported here is that the spore
yvield was consistently lower than that attained in
complex medium,

From the shift "down" experiment, the temperature
sensitive period of the temperature~sensitive mutant
ts=25, was found to begin at early log phase (or oute
growth phase) and from the shift "up® experiment,'it
was maintained until just after the end of log phase (T1).
Since ultrastructure studies showed that blockage of
sporulation at the non-~permissive temperature was at

stage I, i.e. between T, and T, (67) and also synthesis

0
of DNA generally stopped before T, (23, 99) it was
reasonable to expect the effect of higher temperature
was to cause structural changes of certain prote ins

(enzymes) in the cells which prevented sporé develop=

ment, Mutants of Bacillus spp.with an altered serine




79

protease(27) or an altered RNA p§iymerase (71, 73, 107)
were found to block.5poru1ation at stage O by interfer-
ing with the clippage of # subunit. Leighton (72) also
isolated a single~site mutant of B. subtilis with a
rifampin~resistant RNA polymerase and found that this
mutation caused temperature~sensitive sporulation.

During growth of ts-25 the upﬁake of 3

H-thymidine,
used to measure synthesis (replication) of DNA, did not
show any significent difference at the permissive and non-
permissive temperatures, Therefore‘ts-ZS is unlikely to
be a mutant temperature-sensitive for the initiation of
DNA replication as found in B. subtilis (&9, 60, 68, 8o,
124k, 129 ). At the permissive temperature, uptake of
-14C—uracil by ts-~25 stopped before TO while that of
14C-methionine continued. But at the non-permissive temp-
erature, the radiocactivity of the uracil incorporated into
cells began to fall from just before the end of log phase
whereas that of 1L}C--me“t:hionine also dropped after achieve
ing a maximum around T, (Fig. 18). These indicated that
neither RNA nor protein was synthesized after spdrulat-
ion was blodked at stage I by the higher growth temp-
erature, |

The Beluga parent strain sporulaﬁed at 28°C and at

37°C. The uptake of radioactive precursors at both

temperature showed that DNA synthesis stopped before Tb

—




'whiie net syntheses of RNA and protein continued till T,
and T3 respectively (Fig. 19).. No explanation can be
offered as to the higher level of radioactive uracil
incorporated into the ts-25 and Beluga cultures when
growvn at the lower temperature,

In view of the strict anaérobic condition re-
guired for growth and sporulation and the difficulty
in obtaining synchronous sporulating cultures of
L. botulinum strains, we do not expect our results to
be conclusive., Our data confirm the previous findings
on the blockage of the temperature~sensitive, ts;25,
and asporogenic, RSpollla, mutants., The difference in

timing of the cessation of net RNA and protein

syntheses in our strains compared with Bacillus spp.

may be attributed to generic traits. In order to
varify this, more refined techniques such as replacement

sporulation and autoradiography in combination with

electron microscopy should be used. - to study the sporul-

ating process as it occurs in individual cells, The data

on sporulation in this report are pertinent to the whole

cell population,
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