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The effect of rifarnpicin on the developmental phases of gerninating

spores of Clostridj-un botulinum, a non-toxigenic sporogenic mutant strain

has been studied. Heat-activated spores were j-ncubated, in the absence

or the presence of rifampicin, in trypticase-peptone-glucose-yeast extract

broth and their developnental phases and growth were determined by phase

microscopy and AUOO measurement, respectively. In untreated cultures,

gernination and outgrowth (Phase I) occurred within 4 h of inoculation

followed by vegetative growth (Phase II, 4-12 h), initiation of sporulation

@hase III, 72-74 h) and formation of mature endospores (Phase IV, 14-23 h).

At sublethal concentration (0.05 ng/m1) rifanpicin prolonged the time

period for phases I and II to B (0-8 h) and 77 (8-25 h) h respectively.

due to its inhibitory effect on RNA and protein synthesis. Rifampicin

had essentially no effect on DNA synthesis. In both treated and

untreated cultures growth,as measured by absorbance, continued to increase

during spore formation.

Studies on the utilization of glucose showed that only 50% of the

glucose was exhausted when sporulation had began during the míd-1og

growth phase, suggesting that the presence of glucose was required for

continuous vegetative growth but its absence was not,.essential for

ABSTRACT

sporulation.

phase-bright endospores were observed and glucose was exhausted,6 h

after the end of logarithnic growth phase. Contrary to the present

da¡ concept it would appear that, under certain conditions, both

iii

However, when 1og-phap.e cel1s were used as inoculum,



vegetative growth and sporulation can occur at the same time.
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INTRODUCTION



_ One of the main challenges posed by modern biology is the

clarification of the mechanisms rvhich lead to ce11 differentation.

The complexity of the changes, in the embryo of mu1ticel1ular orga-

nisms, has 1ed many investigators to look for simple unicellular

systems as models in the study of ce11 differentation. One of these

is the developmental cycle of spore-forning bacteria and the process

of outgrorvth and sporulation (ZS,+Z7.The growth cycle which occurs

in the spore-forming bacteria belonging to the genus Bacillus or

INTRODUCTION

Clostridium consists of vegetative grovith leading to the formation

of an endospore, lysis of the nother cel1 to release the mature

spore and germination of the spore followed by outgrowth into new

vegetative cel1.

The development of dormant spores into actively rnetabo-

Iizíng cel1s have been extensively studied in Bacillus spp. (42, 43, 79)

Three sequential processes are known to be responsible for the

changing of a dormant bacterial spore into a vegetative ce11 :

activation, gernination and outgro\^/th. They are fundailìental1y dif-

ferent from each other, and the occurrence of each stage is dependent

on the previous process having taken p1ace. They are induced by

different external factors,- inhibit"9 by different ínhibitors and

nediated by different kinds of biochemical reactions ( Si ).
In nany cases, especially among the anaerobic clostrida,

fresh spores will not germinate even under the optimal environmental

conditions, unless they are preheatecl or aged. The process of

t'conditioning the spoïe to gernination" has been ca11ed 'ractivation".



Activation is reversible ,in most cases, in the sense that the

germination rate of spores ,if stored after activation, will decrease

as a function of time. Activation is not inhibited by the presence

of netabolic inhibitors and there is no evidence that it is netabolism-

mediated. When activated spores are exposed to the appropriate

environment ,an irreversible step ca1led "gerrnination" occurs. Germi-

nation is essentially the conversion of a resistant and dormant spoïe

into a sensitive and metabolically active form. Germination may ,

also, occur in the presence of inhibitors of macromolecular sfnthesis

¡actinonycin D, chloramphelricol ), tl'rus not dependent on RNA and

protein synthesis (77).

of the dry weight of a spore ( including DPA, calcium and cortical

materials ) is excreted into the medium. Germination seems to be a

process during which several spore specific substances are broken

down ,the spore state is irreversible terminated and metabolism is

activated. It does not consist of ,nor is it dependent on, the

synthesis of new macromolecules. ft must ,therefore, be viewed as

a process of biochemical degradation responsible for the termination

of the cryptobiotic state and not as a growth or differentation

process.

During this process i.e. germination, 30eo

After gernination is compJeted '?outgrowth't occulîs, the

process of emergence of the first vegetative ce11 from the germinated

spore is ca11ed I'outgrowthr'. Outgrowth is repressed by inhibitors

of macromolecular sfnthesis ,particularly RÌ,lA and protein, which is

absent in the spore state. In outqrowing spores the initiation of

protein synthesis seems to depend on transcriptional events. This



is the most simple explanation for the fact that Bacillus cereus

spores gerrninated in the presence of actinomycin D do not incorpo-

rate amino acids and their ability to form new proteins is blocked

(85). This 1e<1 most workers to assume that spores have no m-RNA

and new n-RNA has to be synthesized before protein synthesis can

start. The rapid synthesis of RNA and DNA during the exponential

phase of growth ceases near the end of 1og phase (gg). Usually

no net synthesis of RNA or ÐNA occurs during the sporulation phase

which covers a period of several hours after the end of grorvth. In

some cases a slow synthesis of DNA occurs during sporulation, but

a constant 1eve1 is reached before endospore formation (98).

The biochenical changes occurring during the spore

formation in Bacillus have been studied extensively whereas only a

limited number of reports have been published on Clostridium spp.

One of the most important determining factors of sporogenesis is

the level of available carbohydrate, mainly glucose. Vegetative

cells of Bacillus and Clostridium species metabolize glucose a1-

most exclusively via the Embden-Meyerhof pathway and only a srnal1

portion of the available glucoJe is catabolízed, via the hexose

monophosphate pathway (fS ) . Hence Day and Costilow (14) suggested

that acetate , which accumulated during glucose catabolism ,was

utilized during early sporulation, which is reminiscent of the fate

of acetate during aerobic spore formation ( 5, 32).

fn a recent report (SS ) it has been shown that rvhen sub-

lethal doses of rifampin are added to log-phase ce11s, sporulation(Fig.1)

is blocked at stage III to V and mature cel1s rvere unable to form



to forn divísion septa between the daughter ce11s, resulting in the

formation of excessively elongated cells with immature spores at each

pole.

Since the process of germination and outgrowth also requires

macromolecular synthesis, it rvas of interest therefore, to study the

effect of rifampicin on the post-germinative developmental phases,

kinetics of macromolecular synthesis, chemical analyses of macromolecules

during the developmental phases. .The work also included the cornparison

of the developmental phases of heat-activated spores with log-phase

ce1 1 s.
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The norphological stages which occur during outgrol^Jth have

been described for several species of Bacillus ( Z+57 ) . Hoeinger and

Headley ( 38 ) have studied the process of spore germination in Clostridium

pectinovorum by phase-contrast and electron microscopy. Unlike most

other Bacillaceae ,germination of this species takes place within

sporangium. Under phase-contrast ,the spore darkens and swe11s slightly

and then vegêtative rod slips out through the end opposite the co1lar-

like extension of the sporangium. The time required to proceed through

outgrowth to the first cell division is dependent upon the conposition

of the medium. If the germinating rnediun is insufficient to support

vegetative growth (i) development is arrested ( BB ) or (ii) the outgrowing

cel1 may proceed to form a second spore without intervening ce11 division

( a process called t'microcycle" ) (92).

HÏSTORICAL

In the family Bacillaceae endospore formation is a clistinctive

feature in the life cycle of the aerobic genera of Bacillus and

Sporosarcina ,as well as ,the anaerobic genus Clostridium The sequence

of ultrastructural changes characterizing sporulation was recognized

and described for Bacillus cerelrs by Young and Fitz-James (9gt,99 ) and

for Clostridium pectinovorum by Fitz-James (23 )

The cytological changes which occur cluring sporulation have

been defined on a temporal sequence. Seven morphological steps have

been described ( Fig. f ). The process is essentially the same in

Bacillus and Clostridium species (24,AiI). The end of lograthemic

growth phase ( Stage 0 ) is followed by the formation of an axially

disposed filament of condensed chromatin ( Stage I ). Stage I is



Figure 1. Life cycle of

morphological

Kornberg et a1

sporulating Bacillus spp. and

stages (li{odified drawing from

(¿s).
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conpleted when septum begins to form near the pole of the cell. The

completion of the forespore septun during stage II results in the

segregation of the nuclear material into tl.ro compartments referred to

as mother ce11 and forespore cytoplasmic units. During stage III ,the

forespore protoplast is engulfed as a result of unidirectional growth

of cytoplasmic rnembrane of the sporangium. As a consequence of engulf-

ment ,the two membrane surfaces that normally face the exterior of the

cel1 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 ce11 rvall are being

synthesized during stages III anC IV. Coat and exosporium formation

occur during stagcs IV and V. The forespore becones partially refractile

during stages IV and early stage V. The end of stage V is characterized

by the presence of a complete coat structure. During stage VI ,a

naturation process occurs. The refractility of the endospore increases,

heat resistance develops, and changes in fine structure of the cytoplasm

of the spore protoplast occur that causes it to appear more homogenous

and electron-dense. Stage Vll consists of the liberation of the mature

free spore via autolysis of the mother cell. Subsequent to the maturation

of the endospore a lytic enzlme is synthesized or activated which brings

about its release from the sporangium.

Biochemically, one can fol1ow th-e various stages of outgrowth

by examining the synthesis of RNA, protein,and DNA. It has been estab-

lished that outgrowth is dependent upon a repair in the protein synthe-

sizing system and an ordered synthesis of proteins (46 ). It is

emphasized that the macromolecular conposition of vegetative ce11 ,i.e.

the product of outgrowth ,is depenclent upon the growth rate imposecl by

*t
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the environment. If'germination is carried out in the presence of

actinornycin D ,the germinated spore will neither produce RNA nor

protein ,indicating that no preformed functional m-RNA exists in the

spore (33), since the antil¡iotic specifically attaches to DNA and

prevents DNA-dependent RNA synthesis without interfering with the

functioning of rn-RNA once it is formed i.e. protein synthesis. Thus,

no protein sfnthesis will occur if actinomycin D is present during

germination of bacterial spores because n-RNA cannot be synthesized.

The relationship between growth rate and ce11u1ar RNA content arises

because ,tlte faster the bacteria grou/, faster they nust synthesize

protein, and RNA is involved in protein synthesis.

Torriani and Levinthal (SS ) have reported that the first

nacromolecular synthesis being synthesized is RNA ,which seems to

begin immediately on germination. Protein synthesis lags behind RNA

sfnthesis ,the lag time being around two minutes. Net synthesis of

new DNA starts very late ciuring outgrowth in B. cereus and B. subtilis

In synchronously sporulating ce11s net synthesis of DNA starts suddenly

120-160 minutes after germination (qZ). Some incorporation of radio-

active precuïsors into DNA occurs immediately after germination but

this has been attributed to repair sfnthesis (97). Repair synthesis

of DNA is usually not inhibited by the addition of chlorarnphenicol

but replication of DNA is inhibited (59). The incorporation of

radioactive prcecursors during outgrowth does not occur in the presence

of chloramphenicol ,therefore Steinberg and Halvorson (lZ) suggested

that this synthesis is not 'repairtbut must be DNA replication.

Lately Lamni and Vary F3), repeating these experiments ,suggested

11



that although this synthesis is inhibited by chloramphenicol, it sti11

might be repair reaction and chloranphenicol prevents this reaction

indirectly by preventing the synthesis of enzymes necessary for DNA

replication. In order to test this hypothesis, Lammí and Vary have

used a pyrimidine analogue (HPVra) which has been shoivn by Brown ( 0 )

to block repli.cation but not repair. This analogue stopped incorporation

of precursors immediately, showing that the incorporation of radio-

active precursors into DNA before net synthesis occurs is replication

and not repair.

The various sequential macromolecular synthesis occuring

during outgrowth do not depend on DNA synthesis or replication, since

Steinberg and Halvorson (77) have shown that time-ordered protein

synthesis occurs also in the presence of an inhibitor of DNA synthesis

or in a thymidine auxotroph outgrowing in the absence of thymidine.

The macromolecular composition of vegetative ce11 i.e. the

product of outgrowth, is dependent upon the growth rate imposed by

the environment. A large proporîtion of the biomass of all bacteria

is protein which may account for more than 70e" of the bacterial dry

weight, although 50 - 60e" is more usual in Bacillus spp. The protein

content of vegetative bacteria varies slightLy with growth rate in

a given medium but is significantly decreased when endogenous reserve

materials aïe accumulated. ln contråst RNA content of vegetative

bacteria varies 3 - 4 fold with growth rate and t{r\A may account for

25eo of the d.ry weight of rapiclly grorving bacteria but only B% of slow

growing bacteria

T2



The DNA content of vegetative organism varies less and in Bacillus

subtilis vegetative cel1, for example, DNA accounted for about 2% of

the dry weight at all growth ïates from 0.1 to 0.6 hr-l in magnesium-

linited chemostat cultures (83). The amount of protein per unit of DNA

varies 1itt1e in vegetative bacteria, whereas the amount of RNA per unit

of DNA varies by a factor of 3-4 fold at different growth rates (83). To

a large extent then the pattern of macromolecular synthesis during

outgrorvth will depend on the physiochemical conditions of the environment.

Growth and spore formation of Clostridium botulinum usually

require cornplex media, such as meat and serial infusions (7, Bg), and

strict anaerobic conditions. Cooked-meat medium suppoïts spore formation

of many clostridial spp (70). Sugiyama (80) obtained spores of C. botulinum

in a nedium containing 5% casitone and 0.5% peptone. TPG medium (5% trypti-

case, 0.5% peptone and o.4% gTucose).had been used successfully for the

production of spore crops of type E strains of C. botulinum (18, 69),

over 80eo spores were obtained for lufsp+ (18) and about 60% for other five

strains. Roberts (69) showed that over 80% spores of c. botulinum type

T3

7272 A were formed in TPG mediun supplimented rvith 0.1% yeast extract and

also I% ammonium sulfate (TPAY-GT).

Nucliec acid changes of sporulating ce11s have a general pattern

which a1lows the cel1 to carry out the ¡ecessary functions for spore

formation and ensures both a complete genome for the dormant spore and

synthetic machinery necessary for its gernination.

At the same time, sporulation involves the synthesis of spore



cornponents and the controlled degradation of some RNA and protein

fractions, since sporulation generally takes place when medium is

deficient for growth. The rapid synthesis of RNA and DNA during

the exponential phase of growth ceases near the end of the 1og-

phase ( 98). Usually no net synthesis of RNA or DNA occurs during

the sporulation phase which covers a period of several hours after

the end of growth. In some cases a slow synthesis of DNA occurs

during sporulation, but a constant leve1 is reached before endospore

fornation (99). fn most cases RNA synthesis occurs actively during

sporulation, but the total RNA of sporulating ce11s remains constant

and then decreases as the endospore matures and lysis of the sporan-

gium commences. Both DNA and RNA are present in the metabolically

inert spore (20). They are present in lesser amounts than that found

in vegetative ce11s. The ratio of RNA to DNA is reduced in spores

when compared to the ratio found in vegetative cel1s and this is

consistent with the relationship found between RNA content and growth

rates of bacterial cel1s. The general pattern of nucleic acid syn-

thesis and content is comelated therefore with the rnetabolic status

of sporulating cel1s and spores.

14

It is widely accepted that sporulation is characterstic of

stationary-phase ce11s. The leve1 of.available carbohydrate, nrainly

glucose, is an important factor in determining the sporogenesis.

Investigation of the metabolic and regulatory role of glucose before

and during sporogenesis ( 5,63) stimulated the interest in quantitative

nodification in the pathway of glucose catabolism in relationship to



the separate stages of development of aerobic spore formers. In

Bacil lus sP. P (62)

studied during sporulation and a culture may not sporulate if the

glucose concentration is too high. The hexose is converted to

organic acids, and degree of pH decrease depends on the amount of

glucose and the buffering capacity of the medium. The depletion

of the carbohydrate ends exponential growth and the utilization

of the organic acids commences, the pH value rises and the cells

sporulate (4 ) This pattern of events is fairly general among

Bacillus spp. (30)..

Emeruwa (18) has reported that glucose adapted cel1s of

the sporogenic Msp+ strains of Clostridium botulinum catabolize

glucose via Enbden-lvfeyerhof pathway to yield acetate which serves

as a precursor for poly-$-hydroxybutyrate granules. The enzymes

of acetate catabolism as well as those of butyric acid fermentation

may be partially susceptible to induction of acetate. As the glucose

is exhausted ,the ce11s shift to the butyric acid type of ferrnen-

tation whereby the PHB granules are degraded to $-hydroxybutyrate ,

which undergoes dehydration and reduction to form but)"rate yielding

energy for sporulation and spore components.

glucose has been the carbon source usually

15
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Organism

A non-toxigenic sporogenic

from Clostridium botulinum type E,

N-methyl -N'-nitrosoguanidine (NTG)

NIATERIALS AND

Media

The media used was a trypticase-peptone-glucose-yeast broth

(TPGY) containing Seo trypticase (BBL) , 0.5% protease peptone (Difco),

0.4% glucose, 0.4% yeast extract (Difco) and 0.2% sodium thioglycollate

(Difco) as reducing agent.

METHODS

mutant, Mrp*,which was derived

ATCC 9564, by treatment hrith

(19) was used in thig study.

Preparation of stock spore suspension

A stock spore suspension of Ìtlsp+ (1 m1) which was heat-activated

at 65 oC for 10 nin was added to 9 m1 TPGY medium in screh¡-cap tubes

and incubated at 28 
oC 

for about 70-12 h until most of the spores had

germinated into young vegetative ce11s. A 10% inoculum of the young

culture was added to fresh TPGY medium (100 mI vol.) and incubated for

24 to 36 h. Cultures showing > 90% spores were centrifuged for 15 min

at 408019, at 5 oC. The pellet was washed three times with cieionized

water and then treated with a solution of 0.02 M phosphate buffer,

pH 7.0, containing 100 ug/nl trypsin and 200 Uglm1 lysozyme for 2 to

4 h at 37 oC with continuous agitation. The cel1u1ar debris was removed

by differential centrifugation at I,000 g for 20 min, 4,000>qq for 10 min

and 10,000¡g for 5 mín. The cleaned spores were resuspended in 0.02 I'l

T7



phosphate buffer, pH 7.0, to

containing approximately 106

was dispensed into screw-cap

20 c.

Growth conditions

Spores from a stock spore suspension r\rere heat-activated in

HrO at 65oC for 10 min and. a I0% (v/v) inoculum was added to the media

(TPGY) in stoppered test tubes. Rifampicin (Sigma Chemical Cornpany)

was added at 0.05 or 0.1 ng/ml to other test cultures and the cultures

were incubated at 2BoC. Samples for phase-contrast microscopy and

electron microscopy were withdrawn with a hypodermic syringe to main-

tain anaerobic conditions. Growth was measured spectrophotometrically

(600 nn, Coleman Junior II A, model 6/20 
^). 

For quantitative studies

a 10e¿ inoculum of heat-activated spores was added to 90 m1 TPGY in

Nephelo-culture flask (Fig. 2).

Log-phase cells of the l4sp+ nutant hrere prepared from an

inoculum of heat-activated spores, grown in TPGY medium, for 10 h.

After three successive transfers, log-phase celIs (I0% v/v) of 10 h

culture were inoculated into fresh medium.

an absorbance of about 0.5 at 600 nn,

spores/ml. This stock spore suspension

tubes, 5 ml/tube, and stored at 0o to

18

Synthesis of DNA, RNA and Protein

1. fncorporation of 1abe1led precurso-rs

L-methionirr"-14C (specific activity 56 mCi/m no1.), uracil-

z-I4C (specific activity 59 mCi/m mo1.) and thymidine-6-3H (specific

activity 5 UCi/m mo1.) obtained from Amershan/Searle Corp.Arlington

Fleights, Illiono:'Ls, were used as a measure of protein, RNA and DNA sfnthesis
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Fig. 2 Nephelo culture flask
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respectively. The labe11ed compound.s were added separately, in the

amounts of 1.5 UCi/m1, to TPGY broth with and rvithout rifampicin

(0.05 ng/ml) and then inoculated with heat-activated spores. The

samples (0.2 m1) were withdrar'rn in duplicate, at appropriate inter-

va1s, from untreated and rifampicin treated cultures and added to

an equal volume of cold 10% trichloroacetic acid (TCA) and held at

OoC for several h. The resultant precipitate was collected on

mernbrane filters (0.45 Um pore size, Gelman) rvhich t{ere presoaked

with 5% TCA containing unlabelled substrate. The precipitate was,

then, washed 3 X with 5% TCA and then dried with 95% cold ethanol.

The nembrane filter was placed in a counting vial with 10 m1 Scinti-

Verse solution (Fisher Scientific Company). Radioactivity (cpm) was

counted (5 nin) with a Beckman liquid scintillation counter, model

Sc-230.

27

2. Chemical Analysis

Protein determination -

Protein content was determined by the

et al (58) as outlined in Thach and Newburger

bovine serum albumin as standard.

DNA determination -

The diphenllamine nethod of,'Dishe as nodified by Burton. (8) was

used as outlined in Kwapinski - (SO) using calf-thymus DIJA as standard.

RNA determination -

Ribonucleic acid

as outlined in Thach and

Folin method of Lolry

(7S) using crystalline

content was assayed by the

Newburger (75 ) using yeast

Orcinol method (76)

RNA as standard.



Estination of Biomass

The dry weight was

10 m1 of culture collected

and then cells were placed

overnight at BooC, then it

ing. The drying process

obtained.

determined on centrifuging cel1s from a

at 4,000 g for 10 min and washed 2 X Dlll

in a weighed aluminum foil dish, dried

was placed in desiccator before reweigh-

was repeated until a constant weight was

Electron microscopy

Cultures treated with 0.

at 22 h, and fixed by the method

22

I ng/m1 rifampicin were collected

of Kellenberger et a1 (47).
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Schematic summary of procedures used for the extraction of DNA, RNA

acid (f inal conc. 5e")

g, 10 min

.g. 60 ml)

(discard)

oroacetic

/ colð,

fugation at 12,I00

ure (e

Trichl

30 min

Centri

Suþernatant

Cult

I
I

EtOH

(2X, 15 min)

10 min

and Protein

ml of 0.3N KOH

cold absolute

boiling Et0H

at 12,100 g,

slightly acidic

acid (final conc. 5%)

5% TCA

Pellet
I

J, wash, = 1o mI

I wast, = 1o ml
.l'

¡ Wash, = 10 m1

I'l' Centrifugation
l
I

end in 3

]nrs / 37o C

HC1 

-
oroacetic

/ cold

fugation

i:[:

e1 1et

I o",.,,n

|"-ro

"l,ooo 
u*

f erchr

J:o 
*i"

I Centri g, 10 min

P

at 12,I00

Pe1 1 et
(DNA and Protein)
.t

Suþernatant

(discard)

Supernatant
( =3 nl RNA)



Jouu ,

J,no".,

Jcoot
lc"r,tt

Supernatant

ml of 5% PCA

15 min

ifugation at

(= 3 ml DNA)

24

I 2, 100

J
Dissolvs rn

Analysed bY

E, 10 min

(protein)

1.5 nl of lN NaOH

Lowryr s nethod



Effect of Glucose on Growth and Sporulation

The effect of glucose on grohrth and sporulation was examined.

Heat-activated spores were inoculated into TPGY, 22 mM glucose, or in

the absence of glucose (TPY). Samples were tested for growth and

sporulation and pH changes.

Effect of inoculun on glucose (22 rnN'|) utilization and sporulation

The effect of inoculum, heat-activated spores conpared with

that of log-phase ce11s, on glucose utilization, grorvth and develop-

ment was tested. Heat-activated spores (L}e" v/v) were inoculated

into 90 ml TPGY and in other experirnent log-phase cells rvere used

as inoculum. Samples were removed at various tirne intervals for

phase microscopy, pH changes, residual glucose and growth.

Glucose was estimated enzymatically with glucostat reagent

(l\rorthington-Biochemical Corp. , Freehold, N.J. ) as outlined in Nowtony

25

(00) using D-glucose as standard.

Cultures grown in the absence of yeast-extract

spores

extTact

The effect of yeast-extract was determined by grorving heat-activated

in 10 ml TPGY, 0.4Yo feast-extract, or in the absence of yeast-

. Samples vrere tested for growth, pH changes and phase microscopy.
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Rifampicin effect on Clostridium boiulinum life cycle-

in the absence or the presence of rifampicin and their developnental

phases and growth were determined by phase microscopy and AUOO

measurement, Tespectively. In the untreated cultures (Fig3a, Table

2) germination and outgrowth (Phase I) begins 4h after inoculation,

followed by vegetative growth, 4-I2h, (Phase II), initiation of

sporulation, I2-I4h, (Phase III) and the formation of mature endospores,

I4-23h, (Phase IV). The extent of development and growth of the

treated cultures was dependent on the concentration of rifampicin used.

In this study, outgrowth of heat-activated spores was inhibited by

> 0.2 ng/ml rifanpicin (Table 1), and some vegetative cells were

observed after 36h of incubation with 0.1 ng/n1 (Fig. S c). However,

at 0.05 ng/ml the time required for the developmental phases I, II,

III and IV had been prolonged to 8 (0-8h), 17 (B-25h), 3 (25-28h) ,

and 10 (28-3Bh) h, respectively (Fie. 3'b, Table 2). Rifampicin

concentrations of 0.05 and 0.1 ng/ml were defined as the sublethal

and lethal doses.

Heat-activated spores of Ctostridium botulinun were incubated

RESULTS

27
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Figure. 3. Effect of rifampicín- Clostrídiun botulinum

spores were incubated in the presence of 0 (a),

0.05 (b) and 0.1 (c) nglml rifarnpicin. Phase-

microscopy was used to determine their develop-

mental phases ; I= germination and outgrorvth

(emergence of vegetative ce11s), II= vegetative

growth (98% vegetative ce11s), IIf= initiation

of sporulation (1% endospores) and IV= formation

of rnature endospores (98% endospores).



.5 o 
-=---rr 

.t

<-g-->* --u-t-*

/

+>/
ø-4'

.2

.o8

.o3

I(o
.9

b

29

2

"t

.o4
e-9€ @€ a'-

.o3

c
g- 6i-@- e- e-e-e-e-@-e-@

o8162432
. ilME (h)



o
fo

Effect of rifampicin concentration

Doses of rifampicin

ng/nL

Table 1.

on post-germinative development of clostridiun botulinum

0.1

r^ 70

0. 05

T2

A'

*

Tine (h)

20

9o vegetative ceIls

Sublethal dose

No vegetative cell

16

1OO<-+S P O R U L A T I o N

24

20 60

28, 32

BO

36

100+<.5 P 0 R U L A T I O N-r-+->
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TIte effect of suL.lethal

Rifampici

(nglr;ri )

Time (h)

dose of rifampicin on the clevelopmental

I II
Spores-Ieo veg.cel1s]{ I% - 98% veg.celfs}{SS%

Table 2.

Aooo

phases and growth of C.botulinum

III IV

veg.cetls-Iea Esp. Ì{ I% - 98% Esp.. }



rncorporation of 14c-.r"a.i1

In untreated cultures, a marked fluctuation of uracil incor-

poration occurred during the first half of, phase I (0-2h) and after

that incorporation proceecled at a linear rate (Fig. 4). During elon-

gation and ce11 division the incorporation of uracil into newly

synthesized RNA was very rapid reaching a maximum at about 72h and

after a slight drop, it renained relatively constant during the

sporul.ation phase (Fig.5) .

0n the other hand, in cultures treated rvith a sublethal dose

of rifampicin, the pattern of 14c-.rtu.i1 incorporation, for about

3h, was the same as in untreated cultures (Fig.4) but during the

course of germination and outgrowth the sfnthesis of RNA appeared

to be repressed. After a prolonged " fluctuation period " (0-8h)

and a period of no net increase (B-14h), uracil was incorporated

at a rate similar to that of untreated culture until the end of

phase II (I4-2sh) (Fig.s).

The ability of 14C-.rr".i1 to be specifically incorporated

into RNA was confirmed by alkaline hydrolysis (0.5N NaOH for 6 to

8h followed by trichloroacetic acid precipitation). Greater than

95eo of the Iabe1 incorporated at 25 min was alkali labile.

Incorporation of O-SH-t.hyridine

32

DNA synthesis was followed by the incorporation of O-3U-

thymidine. fn untreated cultures, net synthesis of DNA started

at about 20 min after inoculation and continued al a rapid rate

until the mid point of log-phase (Fig. 6). During outgroi{th and



fírst few ce11 divisions, the incorporation of thymidine increased by

14 fold. DNA synthesis continued and reached a maxinun at about 10 h

and began to decrease once sporulation ft¡as initiated.

fn cultures treated with sublethal dose of rifampicin, the

pattern of thymidine incorporation was similar to that of untreated

cultures for the first 6-8 h. An inactive period of net synthesis

occurred during phase II, followed by a period of very rapid synthe-

sis during the sporulation phase (Fig. 7).

Incorporation of 14C-L-r"thionine

The kinetics of protein synthesis during the life cycle of

Clostridium botulinum was investigated by following the incorporation
14 ^ 74_of ^'C-L-methionine and a mixture of -'C-amino acids. Results

obtained with the thro precursors were very similar. fn untreated cultures

incorporation of 14c-L-r"thionine was minimal during germination and

outgrowth (phase I) and showed a logarithenic increase during phase II

and a gradual increase during the sporulatíon phase i.e. during the

phases III and IV (Fig. 8).

In the rifampicin treated cultures, the pattern of protein

synthesis was retarded but similar to that of untreated cultures

during the phases I, II and III.

In general protein synthesis started shortly after the

initiation of Rt{A synthesis in both treated and untreated cultures.

A summary of the results of chemical analysis of cells

collected during the developmental phases are shown in Table 5 and Fig. 9.

.t5



Our results (Fig. s-8) suggested that in untreated cultures, macro-

nolecules are synthesized during or shortly after phase r, a result
agrees well with ort 4600 and phase microscopic findings and chemical

data (Table 3) whereas in rifanpicin treated cultures, atthough out-
growth was seen by phase microscopy, growth and synthesis of macro-

nolecules (RlriA and prorein) did not staït until 14-16 h (Figs. 5 and

8).

34
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Figure 4. Incorporation of 14c-.rtr.i1 during germination

and outgrowth of lr{sp+ spores.

1L*'C-uracil (1.5 UCi/nl) was added to TPGY medium

incubated with heat-activated spores. Samples

were withdrawn at intervals and assayed for radio-

act ivity.

o

e

TPGY

TPGY + rifampicin
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Figure 5. rncorporation of 14C-rrtu.il during phases r,

fI, III and IV

O TPGY

@ TPGY + rifanpicin

Phase I

Éhase II

Phase III

Phase IV
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Figure 6" Incorporation

and outgrowth

6-"H-thymidine (1.5 UCi/m1) was added to TpGy nediun

incubated with heat-activated spores. Samples were

withdrawn at intervals and assayed for radioactivity.

of

of

O-sH-thyrnidine during germination

Msp* spores

o

@

TPGY

TPGY + rifanpicin
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Figure 7. rncorporation of O-3H-thy*idine

II, III and IV

0

6

TPGY

TPGY + rifampicin

Phase I

Phase II

Phase III

Phase IV

during phases I,
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Figure B. Incorporation of 14C-1,-on"rhionine during phases

I, ïI, III and IV in rifampicin treated and

untreated cultures.

O TPGY

Ê TPGY + rifampicin

Phase II

Phase III

Phase IV

Phase I
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tñ.il Chenical analyses of macromolecules during the

and untreated cultures of C. botulinum.

Stages fron

spore to spore

cycle

Table 3.

Zero time

outgrowth

100% veg.cells

100% Endo-

sPores

DNA

developnental phases of rifampicin treated

Rif (-)

tf6,23 5.46

9.61 14.04

1s'. 23 2s.20

20,48 38.25

Rif (+)

# Ug/ne dry weight ,

RNA

Rif (-)

1I.30 15.95

3.68 6.s6

105.23 140.55

20i.0 337.7L

Rif (+)

PROTEIN

0.05 nglml

Rif (-) | nie ¡+¡

L6,2L L7,I7

4.74 4.56

32,06 59.04

157.68 155.31
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Flgure 9. Histogram

at various

from Table

showing

stages

3).

DNA

RNA

Protein

the changes in

of growth cycle

Macrornolecules

(data obtained
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The kinetics of growth and pH changes of Clostridium botulinum

spores grown in the absence or the presence of glucose ale shown in

Fig. 10. Cultures grol^in in trypticase-peptone-yeast extlact broth

without glucose showed no signigicant changes in pH and very little

increase in absorbance. However, only a few spores germinated into

vegetative ce1ls and endospores r¡Jere not observecl rvithin the time

period tested (25h)

Cultures grown in the presence of 0.4% gtucose sholved normal

growth and a rapid drop in pH. Sporulation occurred at about 14h.

PART II

Effect of glucose on sporulation

The relationship between the onset of sporulation and the

level of glucose in TPGY nedium was investigated. I{hen log-phase

ce1ls were used as an inoculun (Fig. 12), maximum absorbance was

reached at about 10h, indicating the end of exponential phase

followed by stationary phase. At the start of stationary phase,

by 12h, the glucose was no longer detected and a minimum pH of 5.8

was reached. Phase bright spores (1%) were observed 6h after the

48

begining of stationarY Phase.

on the other hand, when an inoculum of heat-activated spores

was used (Fig.13),although the growth rate appeared to be the same

as with 1og-phase ce11 inoculum, the absorbance of the culture

continued to rise throughout the life cyc1e. The rate of glucose

utilization and resulting pH changes were much more gradual. Phase-

bright spores (1e;) were first observed at about 14h, long before the



end of log-phase, when only about 50eo of the glucose was exhausted and

98% endospores were observed at about 24 h, by this tine glucose was

all used up.

Cultures grown in the absence of yeast-extract.

When yeast-extract was omitted from the

amount of growth was reduced and sporulation was

4 h (Fig. fl) compared with cultures containing

49

TPGY, the rate and

delayed for about

0.4ea yeast extract.
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Figure 10. GrowLh and

the absence

pH changes in the presence

of glucose.
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Figure 11. Growth and

absence of

pH changes in the presence

yeast-extract.
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Figure 12. Growth and glucose util ization of cultures

of 1og-phase cel1s.
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Figure 13. Growth and glucose utilization

of heat-activated spores
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DISCUSSION



The activity of rifanpicin, a hydrozone derivative of rifampin SV,

shown to be a specific inhibitor of RNA polymerase in E.co1i (J4, gs)

and Bacillus subtilis (26), is concentration dependent. Lancini et

a1 (5a) reported that 500 nglm1 of rifampicin completely inhibited

grollth of cells of E.coli K-12 whereas only 2.s ng/nr was required

to inhibit the growth of gram positive bacreria (7 4). similarly, it

was shown in a previous study fron this laboratory that s ng/nl was

required to inhibit sporulation of actively growing ce11s of

clostridiun botulinun (35). However, in our experiments, outgrowth

of heat-activated spores of clostridium botulinum was completely

inhibited by > 0.2 ng/ml, delayed for 36 h by 0.1 nglm1 and for = 4 h

by 0.05 ng/ml. It nay be that the cells of the germinating spores

exhibit increased sensitivity to rifampicin compared with the rnature

vegetative cells

A rifanpicin concentration of 0.05 ng/nl, which delayed the

outgrowth for 4 h and allowed ce1l replication, was selected in order

to monitor the selective inhibitory effect on the subsequent develop-

mental changes.

As reported earlier (35) septurn formation of some ce1ls was blocked

when the rifampin was added to exponentially growing ce1ls. l{e had

observed that ce11 replication of outgrowing celrs did not occuï

with 0.1 ng/nl confirming that rifampicin exhibits an impairment of

cell division as has been reported by Newton (65).

DÏSCUSSTON
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During the early part of phase I of untreated and treated cultures

(Fig. 4), the "fluctuation, of 14c-.rtaci1 incorporation is rikely

due to a rapid turnover of RNA species in germinating spores of Clostridium

botulinun as has been reported for Bacillus sp. (42). The incorporation

of uracil into newly synthesized RNA increased during outgrov/th and

cell division and then started to decrease at the end of exponential

growth (Fis. 5) which is in accord rvith the work of'Balassa (3).

The inhibition of uracil incorporation by rifamycin was reported

in Bacillus subtilis by calvari et a1 (9) and in s. aureus by Hartmann

et a1 (34). As expected in rifanpicin treated cells (0.0s ng/mt) RNA

synthesis (Fig. 5) was markedly delayed until outgrowth and early growth

occurred. Thus corro.boratíng that continuous RNA synthesis is required

for outgrowth of cLostridia (77,79) 
"

Net protein synthesis, measured by either uptake of 14c-r"thionine

74^or -'c-amino acid mixture, in both untreated and treated cultures

started shortly after the initiation of RNA synthesis and continued

to increase even during sporulation phase (Fig. 8) . Labbi and Duncan

have also reported the net protein synthesis during sporulation of

clostridium perf¡irigSns..' (51). since net protein synthesis ruas not

observed in Bacillus subtilis (79), it nay be that continued net

increase of protein synthesis during sporulation of Mrp* (Fig. g, Table J)

and of C.perfringens is associated with the high lipid content of

spores of c lostridia (62) .

The onset of DNA synthesis of untreated and treated cells (Fig. 6)

began 20 min after activation and increased exponentially and by the

60



tine the first ce1l division occurred the DNA had doubled so that most

ce11s would have contained two genomes. In Bacillus spp., several

workers have reported either a slow rate of DNA synthesis which has

been attributed to be the repair tfpe (67, g7.) or have been unable to

detect any early DNA synthesis during spore germination (73,93'). It is

difficult to explain the rapid DNA synthesis during germination of

Clostridium botulinum spores. During vegetative growth, DNA synthesis

continued at a rapid rate and began to decline with the initiation of

sporulation. Similarly in Bacillus subtilis, Szulnajster and Camfield

(81) found that DNA synthesis ended with the onset of sporulation. This

provided evidence of a close relationship between the arrest of DNA

synthesis and cornmitnent to sporulation.

The data obtained from chemical analysis (Table 3, Fig. 9) have

shown that more RNA than DNA was found in vegetative cel1s and spores.

The ratio of RNA to DNA is nuch lower in spores ,1.81, compared to

vegetative ce1ls ,7.0, which is in accord with the reports on Bacillus

(22) and this is also consistent with.the relationship found between

RNA content and vegetative growth (tl). Similar to Bacillus subtilis

and Bacillus megaterium (98, 99), the cells of Clostridium botulinun

commencing sporulation contained approximately twice as rnuch DNA as

its spores. In general, the nucleic acid status appears to be dependent

on the metabolic state of free spores or vegetative ce11s.
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In this study the retardation of outgrowth and vegetative growth,

i.e. phases I and II, in rifampicin treated cultures is suspected to

be caused, at least partiaiTy, by a blockage of ribosome rearrangenent

which is a vital step prior to initiation of protein synthesis (42)
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because rifampicin has recently been shown to induce deg radation of

ribosomal RNA in bacterial ce11s (I2, 13,100). This hypothesis is

supported by the appearence of diffuse, ribosomal particle in rifampicin

treated ce11s (Hawirko et a1. unpublished observation) and by continuation

of DNA synthesis (Fig. 7) which requires certain specific types of RNA

but not active ribosomes (48).

In the second aspect of this study, the addition of yeast-extract

to trypticase peptone glucose (TPG) mediun allowed spore germination

followed by growth and sporulation to occur at a rapid rate (Fig. 10).

Sodium thioglycollate which was routinely added as a reducing agent

has also been reported to function as chelating agent stirnulating

germination of spores of Clostridial spores (55). However in some cases

germination of spores of C.botulinum 62-A (80 and C.bifermentans (27)

was inhibited by the addition of sodium thioglycollate to hydrolysates

of casein.

Glucose was essential and,for the most part, required for outgrowth

and the developmental phases of lr{sp* in flGY (Fie. 11). The effect of

glucose on sporulation was shown to be concentration dependent with an

upper limit of lea (55). During the phases of vegetative growth and

sporulation (Fig 11, 13), the decrease in pH was probably due to

rapid oxidation of glucose to pyruvate and acetate (15,91,) and other

acids which accumulated in the nedium..'

In repeated experirnents (Fig . 3,7,8,10,11,13), using heat-activated

spores as inocula, it was noted that growth, measured at 4600, continued

to increase after endospores were observecl by phase microscopy. The

growth curves did not show a distinct stationary gror{th phase even when
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100% endospores were observed. However, when 1og-phase cel1s of Msp+

were used as the inoculum (Fig. 12), a distinct stationary groutth

phase occurred and endospores were not observed until 6 h after the

end of logarithemic growth.

Sporulation is, norma1ly, initiated until after the completion

of growth and the exhaustion of glucose is considered to be a necessary

prerequsite for sporulation (91r). The utilization of glucose during

the developmental phases of a spore inoculum was compared with that

of vegetative ce11s (Fig. 12,13). The data showed that the presence

of glucose was required for continuous vegetative growth but its

absence was not essential for sporulation. Contraïy to the present

day concept it would appear that, under certain conditions, both

vegetative growth and sporulation can occur at the same time. Studies

are neecled to determine whether factord such as structural residues

or enzymes which are released during outgrowth of germinating spore

play a role in initiating spore formation during mid-1og phase.
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