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S UMMARY

The nutritional requirements for the vegetative growth of

B. stearothermophilus strains KCIB 8919, NCTC 10,003 (wild) were

found to be DL-methionine, biotin, nicotinic acid, thiamin, glucose
and mineral salts. Strains NCIB 8920 required in addition

L-tryptophan. B. stearothermophilus NCTC 10,003 (mutant) grevw

in a medium containing only glucose and mineral salts.

Separate chemically defined media for the growth of Bacillus

stearothermophilus strains NCIB 8919, 8920, NCTC 10,003 (wild)

" and NCTC 10,003 (mutant) were developed.

Optimally aerated culture of B. stearothermoohilus NCTC 10,003

+ . - . .
(mutant) required 1.0 x 107 1. #o?" and 2.4 x 1077 1. glutamic acid
for optimal sporulation. Specific nutrient depletion of growth

affected percentage sporulation.

Spore suspensions of B. stearothermophilus NCTC 10,003 (mutant)

were prepared from media in which sulphate (504-), nitrogen (N-),
phosphate (Poq~), carbon (C-), magnesium~carbon simultaneously
(Mg-C-) depleted growth., The heat resistance, dormancy and

chemistry of these spores varied considerably.

B. stearothermophilﬁs NCTC 10,003(mutant) spores prepared from

carbon depleted cultures containing high and low concentrations of
calcium, iron or manganese showed variations in heat resistance,

dormancy and chemical composition.

Progressive increase in the concentration of medium calcium
- -,
from 1.0 x 10 5 M. to 1.4 x 10 ' M. progressively increased the

heat resistance of B. stearothermophilus HOTC 10,003 (mutant)




spores prepared from nitrogen depleted cultures (N-). The
thermodynamic functions for germination rate, magnesium and manganese
release of N- and SOM- spores were within the range expected of
enzymic reactions. The thermodynamic functions for the breaking

of dormancy in Soq— spores and that for the release of D.P.A. were

identical.

Sublethal heating of 50~ spores (96.5°C and below) induced
dormancy in these spores, whereas heating above 96.5OC gave rise to

\

heat actiyation.

Pooled results of the chemical analyses of all spore types
studied showed that the concentration of D.P.A. and calcium were
positively related to heat resistance whereas magnesium concentration

and Mg/Ca molar ratio were inversely proportional to heat resistance.
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RAND  BCOVs  OF 3100 STUDY

In recent considerable attention has becen focused on

the possibility of using B. siearcothermophilus spores as blological

indicators to verify the efflectiveness of sterilization processes
(Pllc sen and Anderson, 1974; Anderson and Friesen, 1974; Heintz et al.,
1976).  The United States Pharmzcopeia (U.S.P.) and Scandinavian
Pharmacopeia (Heintz et al., 1976) have recommended the use of such
tests, oimilar recommendation was mzde in the second Pharmacopeia

of the Cerman Democratic Republic (Hora and Madimerth, 1973).

However, in the British Pharmecopela, the use of biological indicators
vas treated with considerable rzservation. This stems from two

Teasons., First, ccnsiderable variation in the performance of

commercially available indicators containing B. stearothermophilus

spores have been reported (""yernick, 1972; Macek, 1972). Second,
there is the risk of mix~up and contamination that may result from
the introduction of spore strips into an otherwise microbiologically

clean area,

The need for the production of standardized spores to ilmprove
the performence of blological indicators has been suggested by several
workers (Costin and Grigo, 1974; Friesen and Anderson, 1974; Henning,

19773; Macek, 1972). The importance of a standardized procedure for

spore production, storage and use was poinited out in the U.S.P. X1X.

Hodges and Brown (1.975) preparcd spores of B. megaterium from simple

salts media in which glucose alone was depleted (G~) and in which
glucose and magnesium were simultancously depleted (Gw10~) They

demonsirated that epores from the two sporulation media were different
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sizey chemistry, heat resistznce, rate and extent of
germination ond rate of release of dipicolinic acid (at 80°C, pH 4).
The importance of specific nutrient depletion of vegetative growth
upon subzequent spore proverties was implicated. In view of this

and the wide interest in utilizing B. stearothermophilus spores as

bilological controls in sterilization processes, it was decided to

- 3

extend the study of Hodges and EBrown (1975) to B. stezroihermophilus

SpPores. The properties of spores produced under other nutrient
depleting conditions such as nitrogen, sulphate and phosphate were
also studied. The effect of using different concentrations of
medium components, at non-depleting levels, on the properties of &
specific spore type were also exairined. The aim was to prepare

spores maximally defined with respect to medium composition and the

natlure of the nutrient depletion.

v
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1. RUSRITIONAL PROVIKENENTS OF BACILLUS SPRCINS

AL LTHTY

o OF DIGC

Jike @ll hetecotrophs, the ability of facillus speciecs to

S =

o

assimilate carbon dioxide gas is limited, Growth of such
ocrganisn 1s determined by the substances included in the medium
(Guiraxd and Sncll, 1962). These substances include a variety
of inorgenic lons, appropriste carbon, nitrogen and sulphur
compounds from which to synthesize cellular material and an
aveilable source of cnergy 1o support the synthetic activities.
For most bacilli; growth is also determined by the presence of
organic substances which the organisms cannot +themselves
synthesize. These substances include vitemins and amino acids

which collectively are known as growth factors.

In this\present work, deitailed discussion of nutritional
reqguirenents will be restricted mainly to the growth factor
requirements. The xeasons for this are two~fold. Firstly,

a seaxch of the literature revealed that the inorganic and other
organic requirements of pacillus species were obtained during
studies on facters affecting the sporulation process rather than
studies on their requirements for vegetative growth per se and
this will Dbe appropriztely discussed in Section 2.C.  Secondly,
this work deals principally with the cultivation of £acillus
specles in chemically defined media and it is the growth factors
of the medium that determine the ability of most Eucillus species

to grow in a coaplex non-defined medium but not in & simple

chemically defined pedium.

-]




] SPECLSS

JPOR REQUIILEZHTS OF 14

LS S DN

Farly studies in this field concerned the growth of insect

ochead (1947) successfully

a glucose-salts medium containing

2275

thicmin and 14 amino scids.  Silverster (1964) grew Bicillu

a 'vitamin~free’,

g in a semi-synthetic medium containing
soli-free, acid hydrolysate of casein supplemeuted with dextrose,
Ditryptone and thiamin, However, when the caselin hydrcelysat

was replaced with a complete arrxay of amino acids, no growth

occurred unless Terbituric acld was added.

The vitamin requirements of thermophilic PBacillus species
viere studied by Cleverdon et al.(19%9 a). Employing a vitemine
free casein hydrolyzate mediun they found niacin, thiamin and

3 b £

biotin were required for growth of Bacillus coagulens at 37 °C

. 0 - v . i 4 b oo
and 55 C. Growth and sporulation were more avundant at the
lower temperature. Extending the study to twelve obligate

thernophilic strains of Bacillus stearothermophilus (Cleverdon

et al. 1949 b)Y, they found biotin, riacin and thiamin to be
. 8. el A - Nel R 4 o s 6 0

ecssential for the growth of cultuwes at 55°C and 65 C. One
group of five cultures required only Dbiotin and niacin, another
group of two cultures required only biotin, and a third group of
five cultures required all three vitamins.  With the exception
of one strain no temperature correlated difference in vitamin
roquirenents was observed. This one strain grew well at 550C

) R Opn s . © s
in the absence of biotin although at 65°C it reauired biotin.




Campbell and Viilliams f19f3) showed that the temperature of

incubation affects the nutritional reguirements of thexrmophiles.

Table 1 presents some representative datz, they classified the

orgznisms into three groups. ne group shoved no difference in
growth requirements regardless of the incubation itenperature
(B. cozeulans 2F).  The sccond group showed additional

requirvenents as the temperature of incubatlion was increased

{B( co

<y Tt e s,

205 (F); B. steerothermophilus 4259 (¥) and

Be_stesrothernophilus 1373 © (0) ). The third group showed

e

dditionnl requirenments as the incubation was lowered

>

(B._stearothermophilus 3600 F).
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o growth .,
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Glvtamic acid,
histidine,
methicnine,
leucing,

L2

biotin,

Glutamic ac
histidine,
thionine,

bLoth,
pyridoxal,

(I) - Facultative

therrophile

(0) ~ Obligate thermopaile




all ivpstsnces, blotin is necded, Sundaram{1973) isolated

a prototrophlc themmophilic B.

Comrcwre.

The tacteria were in a state of

in podivm consist

nd a caxrbon sourca, The
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entire pyruvate czvboxylase vas prodnced as biotin~fres,
enzysatically inzctive apo-enzyme.  Supplementation of nediun

with biotin resulted in a rapid conv

(‘

rsion of the apo-enzyme into

the active holocnzyme even in the absence of grouth and protein
avithesic
BYOTNEH)LE,

IThe nutrivicnil requirements of vegetative cell d spores

were compared by Amaha and Szkaguchi (1952) in BPecilles patlo,

Reeillus su op‘ll sy Baelllus mesaterivm I & IT, Bicillus mycoides

e

A total of 18 amino acids were tesied,

The VGgGI&LLVt cells of all strains and spores of B, subtilis and

B. mycoides did not regquire any of the amino acids. However,

to spores required isoleucine, B. cereus spores required

EECTEN

spores requived alanine and threonine and

required phenylaelanine.

Similar studies were undertaken by 0'Brien and Campbell

(1957) on the nutritional xeguirements for spore germination,

for germination and outgrowth of spoxes of B. stearothermophilus
al 55°C were isoleucine, lencine, valine, methionire; histidine,
argirine, thianin, nicotinic acid and biotin. The vegetative

coll growth requirements were ldentiesld, except that leucine and

-




nicotinic acid were not required. R, coagulans reguired

nethionine, thiamin, hlotin and folic acid for vegetative growth

O , . .

at 35 and 55 (. For spores to germinate and give outgrowth at
o

55°C¢, additicnal melabolites of glutamic acid; histidine,

isoleucine, leucine apd valine were required. When germination

. .0 . , .
and. outgrowth were carried out at 35 C, leucine was not required.

The spores of B. cersus required isoleucine, leucine, valine and

< s o) , . . . .
methionine at 35 C but the vegetative cells did not require

leuciue.

These studies, however, do rot distinguish between the
nutritional requirement for germination and those required for
outgrowih, 1t is likely that they are different. Studies have
shown that the requirement for germination are more exacting than
those for growth (Hill, 1949) and newly germinated bacilli are
also more nutritionally exacting than bacilli formed fron

egetative cell divisicns (Pulvertaft and Haynes, 1951).

Recently, Atkinson et al. (1975) had demonstrated that the amino

acid requircments of B. stearothernophilus depend on the nature

of carbon source used for growth. With sucrose as the carbon
source, the only amino acids used in appreciable quantity were
serine and arginine. ¥hen sucrose was replaced by glycerol;

glutamate, aspartsle and threonine were also used.

e,

aterium 1o well noted for its simple nutriticnal

gt

requironents. gtrains examined previously were found to gro

in simple chemically defined redium of glucose and mineral




salts (Mnight and Proom, 1950).  This ability of B. regaterimn

had been used as en important mezns of identificaticn of the
species and as a distinction irom B, cercus which wesembles

respects but reguires amino scids for growth

£8; Gibson and Gordon, 1975). This view

was  c¢hzllenged by White (3.972) who showed that out of nine

iun from a culture collectlon, only five grew

in a mininol mediuvie that contzined only glucose-mincral salis.
One strein reguired blotin while three other strains required two
or nore amino acids for growth. A freshly isolated strain of

terium required three amino acids for growth. On the other

hand, of the three strains of B, cereus frcm the culture collection,
each strain required two or more amino acids for growth initially.
Two of the stralns gave rise to substrains independent of amino

acids on serial transfers.




C.  NUTRIENT DEPLETED GROWTH AND ITS EFFECT ON_ BACTERIA

(a) Organic Nutrient Depletion

Organic compounds form the bulk of the dry weight of bacteria
so that if growth is to take place, utilizable carbon, nitrogen,
sulphur and mineral salts must be made available in the medium in
relatively high concentration. Carbon is often supplied in the
form of sugars (glucose, sucrose, maltose etc.) or some amino acids.
Nitrogen is supplied in the form of amino acids or ammonium salts.
Sulphur may be included in the foxrm of sulphur containing amino
acids (methionine, cystine or cysteine) or inorganic sulphate. The
response of bacteria to forced organic nutrient deficiency is
interesting. Organic nutrient deficiency often led to an altered
metabolism and morphology. These altered characteristics can
be observed with a nutrient limited culture in a chemostat or with

a nutrient depleted culture as in batch cultivation.

The effect of carbon and nitrogen deprivations on the

metabolism of cells have been studied in Escherichia coli

(Britten and McClure, 1962; Morris and DeMoss, 1966; Jacobsen

and Gillespie, 1968; Irr, 1972) in Aerobacter aerogenes (Kennell

and Magasanik, 1964) in Pseudomonas aeruginosa (Xay and Groulund,

1969) and in thermophilic Bacillus (Epstein and Grossowicz, 1969).
The 1list is not exhaustive. Britten and McClure (1962) found

E. coli starved for glucose, maintained a highly concentrated
amino acid pools for several hours, even though the rate of amino
acid uptake by the cells, as measured by 1uc-proline incorporation

was greatly reduced (20-fold). In the guanine and arginine




requiring double mutant of A. 2crosenes, Kennell and Ma

(196&) reported that the synthesis of protein was only 3% per hour

of the tolzl protein in the cells, during guznine starvation.

The rate of protein synthesis hefore starvation began was about

Lo, Concelivably, the maintenance of concentrated amino acid

pool as obhserved by Britten and McClure (1962) may be the result

of reduced rate of aminc acid uiilization as alsc evidenced by the
zssive dogradation of ribonucleic acid (Jacobsen and Gillespie,

1968) wnd polysomes (Morris and Delioss, 1966) under these conditions

or an increase in protein breekdown (Epstein and Grossowicz, 1969)

o botiie

Irr (1972) found nitrogen starved cells of E, coli had a
50=-f0ld reduction in the content of 168 and 235 ribonucleic acid

accompanied by a severe restriction on nucleotide biosynthesis

Extending the work of Britten and McCiure (1962), Kay and
Groulund (1969) found during carbon and nitrogen deprivations of

P. aerusinosa, the transport rates of glutamate, alanine and glycine

in fact increased whereas that of leucine and vallne were decreased.
The amino acid pool underwent rapid degradation due to the action of
constitutive amino acid catabolic enzymes.  This enzymic activity

was interpreted as providing P. aeruginosa with a selective advantage

for survival during condition of carbon or nitrogen deprivation.

Very of'ten, carbon and nitrogen deprivation also leads to
azltered morphology and ulirastructure of the organism (Caslavska

et al. 1972; Baker and Pari, 1975).  Caslaveka et al. (1972) studied




the effect of prolonged cultivaiion of Ji. subtilis in a chenostat

uvndex nitregen limited conditicn,  They found becillery rods
vere transformed into dxrregulay spherical forms. These spheres

-

contained 30% less protein, 65% less lipids and 1204 nore

polysacchayide., The cell wall of the spherical cells lacked the
three layered structure characteristics of the bacillary rods and
the periplasmic space was not well defined. The sphere wall was
directly adjacent to the protoplast, diffuvsed, thicker and

irreguler.  They also lost the ability to form reguler septa and

to divido.

e and Park . wwed that Vibrio species existed as
Baker and Park (1975) showed that Vibrio specic sted as

1 L0
Bpnexres aiy

ter growth had cszased due to the depletion of the oarbon/
energy socuvce during batch culiivation. The spheres were not
viable and arose from degradation, but not complete removal of the
murein present in the walls.  The spheres also contzined less
nucleic @cld and low moleculear weight cytoplasmic constituents

than did the characteristic rod shape organisms.

In batceh cultivation, nutrient depletion lead to cessation of
growth and the maximum cell density is predictable (Brown and
Hodges, 1974). Por sporvlating organisms under appropriate
physical and chemical environment (see later), cessation of growth

would characteristically result in the formation of spores. The

properiics of B. meraterium spores formed under condition of

nutrient depletion were stuvdied by Hodges end Brown (19?5).
Spores formed under condition of glucone depletion (G-) were

considerally swxller than spores formed from media depleted of both




glucose and magnesium (G=Mg=). G~ spores contained less
dipicolinic acid, calcium and magnesium. They germinated more
rapidly and extensively than did G-Mg= spores without prior heat
activation in a phosphate buffered medium of glucose and L-alanine.
G- sporesbgave straight line exponential kill during heat
inactivation whereas a shoulder was observed in the initial period

of log survivors/time plot of G~lig- spores,

Starvation for methionine was studied by Bouchie (1973) in a
temperature-sensitive mutant of E. coli. Under this condition,
deoxyribonucleic acid extracted from cells was reported to be a
mixture of half-methylated and unmethylated products. Methionine

starvation affects chemotaxis in Salmonella typhimurium, the

characteristic tumbling was eliminated in the wild type but failed

to do so in an unco-ordinated mutant (Aswad and Koshland, 1974).

Biotin deficiency in Arihrobacter globiformis led to the

development of an aberrant cell form and impaired cell division

(Chan et al., 1973). In B. stearothermophilus, the entire
pyruvate carboxylase was synthesized in an enzymatically inactive

apoenzyne form (Sundaram, 1973).

(b) Inorganic Nutcient Devletion

Magnesium ion is impoxrtant in at least two major categories
of metabolic activity. First, it is the most common metal cofactor
for those enzymes for which metal requirements have been determined
(vallee, 1960). Second, magnosium is concerned with the stability

of ribosomal particles in ccll exiracts (Chao, 1957) as well as in

w1 Qe




growing bacteria (Kennell and lepgasanik, 1962). Consequently,
magnesiuvm deficiency in bacteria is by far the most widely studied

of all the lon deficicncies,

During magnesium starvation of i, coli B, most of the ribosomes
breakdown to low molecular weight components but the cells remained
viable (MicCarthy, 1962). In A, acrogenes (iennell and Kotoulas,
1967), the major nucleic acid and protein components continued to
be synthesized at slower rates during magnesium starvation. Because
the ribosocme content of the cells did not increase during this period,

the macromolecular composition of the cells became increasingly

atmormnal with time.

Brown and Melling (1968) and Gilleland et al. (1974) found
ulirastructural and chemical alleraticn of the cell membrane

following the growth of P. aeruginoss in magnesium deficient medium,

these cells were also resistant to lysis by ethylene-diaminstetra-~
acetate (E.D.T.A.). Alteration of plasma membrane following
magnesium stlarvation was also reported in E. coli (Fill and Branton,
1969). In nutritionally complete exponentially growing cells,
network arrengement of particles 2 to 6 nm. in diameter could be
seen 1in the cell nmenbrane. During magnesium starvation, a
paracrystalline pariicle pattern appeared on the membrane and large
areas devoid of particles were observed. However, there was no
decrease in the magnesium content of the cell envelope per se even

after 24 hours of depvivation.

Magnesium depleted cultuxe of B. 7

1o sporulate

'"11“'




(Brown end Hodges, 1974). Spores were formed when the cultures

were simultanecously depleted of magnesium and glucose (Mg-C=)

and such spores differed from G- spores in size, heatl resistance

J.2

and gernination characteristics (see above).

The effect of phosphate deficiency on the morphology and wall
composiilon of bacteria were studlied by several workers, Kllwood
and Tempest (1969; 1972) found that following phosphate limitation

of B. subtilis and B. licheniformis in chemostats, teichuronic

acids which are sometimes component of cell wall of cells

from batch cultures completely replaced the teichoic acid. With

subtilis, 3if the growth conditions were changes Lron

()

phosphate limitation to magnesium limitation, teichurcnic acids
were lost from the wall and teichoic acid reappeared in their place.
This and +the reverse change occurred at a rate substamtially

faster than the rate of blomass synthesis. Forsberg et al. (1973)

showed that B. licheniformis mutant with no teichuronic acid or

glucose in the wall when phosphate limited in a chemosiat, ceased
to make teichoic acid and the wall contained a greatly
increased proportion of murein. Under this condition, the
bacterium appeared as irregular sphere which changes back to a rod

vwhen phosphate wes resupplied.

Phosphate starvation of P. aerugincsa led to extensive

e

ribosomal degradation (Hou et al., 1966).  This could conceivably

be the result of increase in the activities of ribonuclease,

phosphediesterase and phospho-moncesterase (Horiuchi, 1959)

W] P




Phosphate starved cells of Ii. coli also lost viability more
quickly (80 in 2 days, Mallette et al., 1964) than glucose stzyved

cells (354 in 2 days, McGrew and Mallette, 1962).
% J¥y ®
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deficiency of other ions have been less widely
studied. sulphate oxr potassium depletion was reporved to slow

dovn the synthesis of protein (Roberts et al., 1963; Lubin and Ennis,
19645 . Potessiuvm depleted cells of E, coli wexe found to accuamulate
f wdepletion particlest which got rapidly converted to 308 and

505 wibosomes on trvansfer to medium supporting growth (Ennis and

Lubin, 1965). Tepletion of manganese from the growth medium of

Brevitocteriun ammoniagenes caused unbalanced growth death (Oka.

ot al., 1968). Deoxyribonucleic acid synthesis was stopped at the
level corresponding to one~fourth to one~third }hat of the medium
supplemented with manganese. On the other hand, cellular
ribonucleic acid and the protein syntheses were unaffected., The
cells showed unbalanced growth death after 10 hours of depleticn.
They lost the ability to form colonies while the cell mass was
increasing. The elcngated cells (bulbous, clubeshaped etc.)
finally lyzed. Calcium was quoted as required for the growth of
Racteriodes and omission from the medium reduced the growth of

these bacteria (Calwell and Avcand, 1974).




2. nPO“UJﬁTlO‘ o

Ine ability of acteria to sporuvlate is largely confined to

the genus Pacillivs and Clost idia which have the gepnctic potential

to undergo this complex change. The conversion of an active

vegetative cell into & dormant spore proceads through a series of

morpholozical, physiological and blochemical changes. Consequently,

this complicated process has been studled from the mor phological

stendpoint (Fitz-Junes and Young, 1969; Walker, 1970) or the

(4]
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genetical standpoint (Hoch and Spizizen, 1969; Young and Wilson,
1972) or the biochemical and physiological standpoints (Euono et al.,
1966, Tono and Kormberg, 1967).  Thus, it is not appropriate to
deal in detail with all aspects of sporulation in this thesis. This
section will deal primarily with the induction of sporulation and the

envircommental factors that influence sporulation and the quality of

spores formed,

B. INDUCTTON OF JRULATION

" > o

Grelet (L946; 1957) interpreted the induction of sporulation
following active growth as the depletion of some factors necessary
for vegetative growth. The importance of nutrient depletion on
the initiation of sporulation was jillustiated by experiments in
vhich nutrient depleted cultures under appropriate conditions
sporuvlated, Replenishment of depleted culiures with fresh medium

lead to resumpilion of vegetative proliferalion and suppression of

sporulation (Vinter, 1969).

~1 e




¥naysi (1G948) svppested that the cells must be in a "healthy
state" bafore sporulation ochd eusve, Brown and Hodges (1974)
found that nagnesium deploted culiures of B. mepateriva did not
form spores vwheress cultures sinultencously depleted of magnesium
end glucoss ¢id. It 1s not known whethor ihe culture depleted

of magnesiun and glucose sisuitaneously is any “healthier" than

the glucose depleted culture.

Hutehisen and Hanson (1974} and Hanson (1975) reckoned that

o temporery depletion of enexrgy scurce is necessary for the
initiaticn of sporulation. They found the amount of adenosine

triphosphate per cell in sporulating cells was approximately half

that observed with cells leading to vegetatlive cell divieions,
Schacffer et al. (1965) suggested that sporulation is repressed

by some intracellulaxr nitrogen containing metabolites (see below).
Since then, many sporulation enzyimnes (notably tricexboxylic acid
cycle enzymes) catabolically repressed during vegetative growth
have heen reported and several workers (Co and Hanson, 1968;

Flectner &nd Hanson, 1969) sugnested that the exhausticn of thes

catabolitces as a necessary pre-requisite for these enzymes to be
derepressed, glving rise to sporulation. These uworikers have

suggested that growth limitation by an ensrgy source, nitrogen,
phosphatc or adenosine would wesult in a release from catabolite
repression, whereas growth limitation by sulphur or tryptophan

vwould jncreasc the severity of catabolite repression.

The suggestion that sporulation in bacterie is a response
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of cells te the depletion of nutrients (energy source) necessary
for growth, however, could not account for some of the reported

that formed a

observations with R, mesgteriuvm and B. subt]

epaft Qi reramen

low proportion of spores in cultures even during exponential

growth (Aubsrt et al.,1961; Kexravala et al., 1984; Scheeffer

L)oo 19655 . From observations of batch cultures growing at

1 growth rates, Schaeffer el al. (1965) calculated a
'proLability for a cell to become committed to sporulate'! in a
wide variety of minimal media.  They found that this probability
which defines the declsion to sporulate rather than grow wes
relatively independent of the growth rate of the culture, but
depends on the carbon and nitrogen sources used for growth. They

proposed thatl sporulation was repressed by some intracellular

nitrogen containing metabolites.

Hanson (1966) suggested that sporulation was the response
of a genetically apt bacterium to an increase in the gencration
time. This was seen partly to be the case of B. subtilis
cultivated continuously (Daves and Mandelstam, 1970).  These
workers found that the incidence of spore Fommation increased

with decrease in the growth rate of the culture.

The nutrient depletion concept also could not account for the
observation that sporulation can be ilnduced in vegetative cells by
Jimited lesions in the cell wall (see Microcycle Sporulation,
Secoion Z.Fﬂ) or the formation of spores following incubation with

an cudogenous factor (Srinivasan and Halvorson, 1963). Concelvably,

the decisicn to sporulate may well be under the contrel of some

] G~




"gporogenes' and the genome responsible for sporudation could he
trigogered by damsge generated in the organisns, like lesions of
cell walls or metabolic damage following cuargy deplelion. An
voporon model” type of genetical control described by Jacob and
Konod (1961 a; 1961 b) have been suggested by several workers

(Srinivasan, 1965; Eornlohr end Leitzmann, 1969).

(1) “emperature

RESORE AR NNE M )

The temperature of cultivatiicn affects both the rate and
extent of sporulation and also the guality of spores formed,
Sporulation occurred very rapidly at or near optimal growth
temperature and the extent of spore vield was reduced by growth

ot unfavourable temperatures (igula, 1904).  The importance of

(D

appropriate incubation temperature on Spore formation is illustrated

by the finding of Hardwick aund Foster (1952), who showed that

. . . o
des was interrupted by rapid cooling to A4 C.

e

sporuletion of B. mycel
Prompt sporulation took place &s scon as the culture was returned

to BOOCF even after a month storage,

A general correlation of heat resistance with the temperature

sporulation was shown by Williams and Robertson (1954). They
showed that variouws facultatively and obligately thexmophilic

rophilus responded to increase in

SPEPRENR

strajins of B. st

o s

~oth

tempevature of sporulation by producing spoxres of increase

therncreosistance . Similior results werce obilained by Friesen

_17...




and fnderson (L97%) uwsing & single strain of B. stearoth

ittt ten

P 0
at the temperature range of 50-65 C.

Elevation of the sporulation temperaiuve of B, subtilis led
t0 increase in dipicolinic acid and calcium COdtuHLS of spores,
with corresponding increase in heat resistance. With the
thermophile, the opposite was found. B, coagulans spores had

lowey content of dipicclinic acid as the sporulation tempereture

was increased {(JLech o wich, 1959).

(i1) Oxygen

.

Sporulation in asrobic bacilli has long been kioown to require

ovygen (Weil, 1899). Roth et al. (1955) found in mutants of

B. anthracis and B. globigii, that the process of sporulation

required about five fold more oxygen than did vegetative growih.
Generally, the oxygen demand is higher in the prespore stage,
demand decreases rapidly es sporulatlon proceeds Lo completion

(Hardwiok and Fester, 1952; Halvorson, 1957). In B. megaterium

(Slepecky end Law, 1960), the higher oxygsn demand was reported
to be required for the oxidation of poly-B~hydroxybutyric &cid and
the ability of cells to sporulate was correlated with this

oxidative abilily.

Nevertheless, there are reporis that showed that excesslve

oxygenation is detrimental to the spore for mation process,

Grelet (1952) reported the isolation of & mutant of B, megaterium

which vas induced to sporulate only when the medium was oxygen

Limited. In a strain of Ii. stearothcrmophilus (Long and Willianms,

~18-




1660}, sporvlation was veported to be oxygen sencitive at 5506
et not at BVOcﬁ Remaxkedly, the oxygen demand for sporulation
of this organiem wvas also influenced by the nature of the inoculum.
When the cultuvre was initiated from spores, a high rate of acration
promoted growth and sporuvlation. If vegetative cells were used

"

&5 the inoculum instead, high aeration allowed vigorous vegetative

grouth and sporvuvlation was inhlbited.
131) P

During batch cultivation, the pll and oxygen demand of the
culture dropped at the exhaustion of glucose. This was followed
by a sharp rise in the oxygen demand and coincided with a rise of
pH and initiation of the prew-sporulation stage (Balvorson, 1957).
In general, the tolerance of growing cells to pH changes is much
higher than that of sporulating cells (Leifson, 1931).  The pH
optimum for sporulation of most bacilli is close to neutral,

.

harrower than that required for vegetative growth (lurrell, 1961).

However, B. coagulansver thermoacidurens was reported to sporulate

)

optimally at pH 5.5 (Amaha et al., 1956).

(b) Chemical Factors

(1) Ougenic components of medium

L

A varicty of organic nutrients have been reporied to stimulate
sporulation. They include glucose (Foster and heiligman, 1949);
anino acids (Williams and Harper, 1951); vitamins (lund et al.,

1957); inositol(Hayward, 19%43) and organic acids (Amaha ot al.,

)9



investigotors did not
vegetative cell

chemnically de

Tactors were

dvring growtii. The suppression of sporulation by organic nuticlente

" these clains is difidicult to evaluste

each case. Also, most

distinguich baitween factors influencing

groweh and those af ting sporuvlation. Using

Tired medium, Grelet (1957) showed that scame of the

in Tact

-

. cnm B
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porulation only when depleted

o
2536

and the depletion of these nutrients on the induction of sporulatior

have been discussed above (see Section 2.B.)  Nevertheless, thex

are evidence

isoleucing, threonine and valine must be prezent in the medium Lor
sporulation to take place (Bernlohr, 1965; Buono ed al., 1966
P I v Sl Gnes

Kennedy et a

In B. cereus, Buono gif al.
of glutamic acid (70 mii.) was roquired fox
glucose oxidation followed by sporulation even though relatively

little glutanic acid was consu

Sporulating cells of B. lichenifor

reported to develop iluncre

Lee 1970;

that

showed some anino acids e.g. glutami

Dosring and Bott, 1972).

(1966) found that a high level

LAVR A

cptimal growth and

med (14 mM. ).

A P I S

ased ability to cxidize gluiesmic aC]h,

isoleucine, threonine, valine and several other aminoc acids

concomittant

The exact rcle of glutamic acid is not clear.

wWas reporied

with the cessaticon of growth.

to act as an amino donor in sporulating cells

X

Sicgenthaler and Herwiex, 1004), &s a precursor to dipicolinic

acid blosynthesis (Maxtin and

Frester, 1958) and as a corbon and

~20-

(Bernlchr, 1965) were

Glutamic aci

d
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nitrogen subet heses of amino acids during the
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transition of a vegetative cell to a spore (Eernlohr, 1965).
Nickerson et al. (1972) found that glutamic acid regulated the

tricavboxylic acid (T.C.A.) cycle activity in Pacillus thuringiensis.

SN SR

Cells cultured in medium with low glutamic acid concentration lached

& functional T.C.A. cycle a2s judged by radiorespirometric study

. Iy . 1t 14, 14
on glutamin =2 ! Gy =3, L C and -5 ~ C or acetaie =1 G, =2~ C
' . 1“( - JR o ) ‘1 )
when virtually no CO2 was released Irem either substrate. On

the other hand, cells grown in high glutanic acld released 4 002
thus, was consistent with the fact that glutamic acid oxidation
occurred via an intact T.C.A. cycle. Moreover, the spores from
low glutamic acid medium were sensitive to heat shock and had a
reduced dipicolinic acid Qontent compared with spores formed from
high gluteamic acid mediunm. It was suggested that perhaps, a

funciionsl T.C.A. cycle is essential to the synthesis of dipicolinic

acid by providing aspartate as a precursor.

During sporulation, the cells showed differential amino acid
requirements(Doering and Bott, 1972).  Using auxotrophic mutants
of B. uubtnflo 168, these workers found sporuvlaticn was completely
inhilbited when isoleucine, tryptophan and threonine were omitted,
Also, tryptophan was required earlier in the sporulation process
than threonine. Isoleucine cmission did not affect the early
sporvlation functlons like the protease formation or septunm
formation, but prevented the increased levels of protein synthesis
and oxygen concumption that normally accompany eaxly sporulation

stages.

~2 1L~



De Guzran et al. (1972) reporied thai with B. stearothermophilus

.

cultured in chemically defined mediun, the percentage sporulation
was higher when the amino acids histidine, tryptophan, methionine
or lysine were used individually rather than in combination. It
is not clear whether the amino acids uoted were usced as najor
nutrients or they were incorporated into the medium as growth

factors,

some observations that the nature of nutrient depletion affects
the rapidity of spore formation is provided by the study of Dawes
and Mandelstam (1970) in continuous culture. They found culiures

of . subtilis was immediately committed to sporulation as scon as

nitiated by glucose limitation, whereas with nitrozen
Y & s &

&
—
@
<
o)
[n)
@
[

limited cultures, a partial relief of niirogen during the Tirst

hour aftexr initiation prevented the development of spores.

Hitchins el al. (1972) found that the size and chemical

composition of B. megaterium spores were dependent on the nature

of carbon source used. Small, spherical spores were produced aftex
tatch cultivation in citrate whereas large, oblong spores were
produced by replacement in the presence of acetate. large and
small spores had approximately the same amount of deoxyribonucleic
acid, density and heat resistance, but the large spores hzd more
dipicolinic acid, gluccsamine, ribonuclelc acid, manganesc, 1lipid,

iron, calcivm, sinc and dry weight.

(1) The inorganic components of medium

The importance of mangoncse for sporulation was first

~2Pm



demonstrated by Charney ef al. (1951) in B. subtilis. Using
chemically defined and complex orgenic media, they found

sporvlation was negligible without added manganese.  This
obsenvation was later coniirmed by Curran and lvans (1954).

They also ohbserved that iron when used in relatmvely large amount
could replace the mangancse requirement. However, it was repocted
later (Curran, 1957) ihat when a sanmple of ferric chloride which

in puirient broth promoted characteristic sporogenic activity in
B._subtilis was purified repeatedly with hydrochloric acid and ether,
the sporogenic activity was lost even though the medium contained
equal amount of iron as before. The spore inducing property of the

edium containing purified iron could be restored by the addition of

Manganese .

Weinberg (,;_/ ) studied the manganese requirement for sporulation

of a laboratory strain of B, mezaterium and found that considerably

higher» concentrations of the mangenese were required for sporulation
than for normal vegetative growth over the mangenese range of

0.01 x 10"”6 M, to 10 x 10"6 M.

In B, cozgulan var thermcacidurens, manganese had bsen reported

to broaden the temperature and pH range over which sporulation

could occur (Anaha gt al., 1956)

The manganese concentration in the mediun also affects the
quality of spores fommed \TalJCIt re and Chiori, 1963; Levinson and
Hyatt, 1064 Cruft et al., 1965; Aoki and Slepecky, 19?3).

Tallentire and Chiori (1963) prepsred spores of B. megaterium in



vs s . A . .
medium contxining only Mg and #Fe™ as solc divalent metallic

ot . . . . \e . 2+
cations. Bpores were also prepared in this medium to which Mn

R o - ~ . P r)Jf‘ 2"]’
or Ca” or both had bzen added or in which Mn” and/or Ca™ had

A . . C .
replaced Fe' ., They found spores prepared in medium containing

24 : . . ‘s
only Mg~ and Fe' were the lezst resistant to heat. The addition

v B . . .
of Ca”" to {ihe medium h24 no effect on the heat resistance of spores;

ve g 2+ v . 24 -
the addition of Mn™ oz of (Ca” plus FMn™') to the spomiation
mediwn produced spores of intermediate heat rosistance. The most

3 oo 2'r'
heat resintant spores were prepared when Fe” was replaced by

(C}az']'~ plus Mn2+).

Aokl and Slepecky (1973) studied the effect of manganese levels

in sporulation medium on the heat resistance of Pacillus fastidiosus

spores. Decimal reduction time at 85°¢ (D85) of 6.5 minutes and
17.0 minutes were reported for spores grown without added manganese
and in the presence of 10_5 M. mangonese respectively. Moreover,
spores prepared from medium with manganese required heat activation
for germination. The effectivencss of heat activation was directly

dependent on the concentration of manganese in the growth medium,

Gruft et al. (1973) found B. megaterium spores prepared in
nanganese deflcient medium germinated slowly. In the same bacteria,
Levinson and Hyatt (1964) showed that spores prepared from medium
relatively high in MnClZ (0.1 mi.) germinated optimally in Lealanine

but not in glucose,

Potassium has long been recognised as important for sporulation

(Foster and Heiligmen, 1949). kisenstadt and Silver (1971) found

!
o ifem
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sporulating cells
potassiun.  Non=sporulating sisotionary phase cells had low internal
potassivin due to reduced rate of potassium accumulatlion coupled
with & rapid efflux of potassium, The maintenance of nhigh internzl
levels of potassium was esseniial for protein synthesis and vas

characterietic of hoth vegetatively growing and sporulating
L

OYEANLEnG . They found that the presence of mangancse in the medium

' .

was specifically needed for the accumulation of internal potassium

to the sporvlation level,

The effect of ion depleticns on sporulation was studied hy

Grelet (1951; 1952). He found sporulation of B.

. . . . e s e e e R
remained at high levels with progressive reduction in I\‘O3 ’ 804 ’

Cl“, Na+, Fez+ and an+ levels. However, when the medium was
depleted of potassium, magnesium or manganese, the sporulation
capacity of most bacilll was prevented. A deficiency of calciun
and phosphate in the medium was reported to reduce the number of
spores formed and omission of calcium from the medium did not affect
vegetative growth but greatly hindered sporuletion end yielded
spores slightly refractile and weakly thermcoresistant. When
calcivm was omitted and replaced with an equal concentration of
manganese, sporulation was normal tut the number of thermoresistant

spores was reduced by 90%. Also, when both calcivi and zinc were

omitled, sporulation was prevented.

Cslcium is also required in distilled water For the formation

Lte

of nornil, heat resistant, dipicolinic acid containing spores by

the erndotrophic process (sec below). The imporitance of calcium

-3 5
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in the medivm in determining hest vesistance was

ilie (Donnelien ct

-

3

-
(Friesen and Anderson, 1074). Using "ta, hulvorson and Howitt

1

(1961Y and Cocney end Lundgren (1.962) showed that the vpltske of

caleium in | 2 was closely assoclaied with sporulation and

dipicolinic acid synthesis Black et al. (1960) showed that the

4

amount of diplcolinic acid synthesized during cendotrophic sporulation

25 a function of the calciuvm coatent in the medium.

le of calcium in the medium may also influence the
gerninative properties of aecvobic sporves {Levinson and Hyatt, 196%4;
Dommelian et al., 1964).  Levinson and Hystt (196/t) showed that
an increasec in the level of calcium during sporulation of Iacillusn

spores with increaced germination ability in

px

glucose but not in L-alanine.

The enhancing effect of calcium on spore heat resistance and
germination was reported to be suppressed by the presence of
excessive phesphate (¥1 Bisi and Ordal, 1956) or sodium (Fleming

and Ordal, 1¢64%). EL Bisi and Ordal (1956) suggested that the

ofl rans

repression of heat resistance of . coagulangvar thormez

spores produced in high concentration of phosphate was due to the
formation of calciuvm phosphate complex, rendering the calcium less
readily aveilable for spore formation. Moreover, the germination
ate of ﬁk*r(rat rivum spores in glucose was roduced when spores were

produced in medium containing high concentration of phosphate

1 , 7
(Levinson end Hyatt, 1904).

The iwportance of trace metals in sporulotion was studied in

e G
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-t mediuvm (Kolodzie

!

mousing porified sucrose-mineral sal
They feurnd coppexr, iron and zinc to be
hedr

Hovwever, unlike manganese,

s g

.TS « Of;z‘» AT L

.x:)‘rp 196"‘}) ¢

and Slepock
o

(30

ihle -

sporulatiocn.
fied if adequate amount of molybienum

ant could

(AT

reguiren br satisfie ;

Tron was reported to be utilized by B. cereus
end returncd to the medium at the end of

This observation is in

i Lundgren, 1962).

during early growth
and
Powell and sStrenge (1950), they found an increasec

sporevlation (COOHC
N Yy
subtilis aftexr

and B.

S

¥ cells of B. cereu

contrast to that of
of
Other trace metals xeported Lo enhance sporulation

in the iron content

sporulation.
include cobalt and nickel (Amz2ha et al., 1956) and lithium (Ward,

1947 ) .

e



Do BATCH ARD CORTINULUS CULTIVATTON CF P25

For somctine, depletion of essential nutricnts from the mediw
had been regarded as a pre-requisite before sporulstion could occur.
Conseguently, st of the data on sporulation have beacn obtained by
the use of conventional batch cultivaetion technique, in which the
sporulation medium contained a limited concentration of essential
nutrient, usuvally a carbon/encr >V SOUrce. Under this condition,
the composition of the medium is being gradvally changed as growth
Progresses, This change in the chemical makeup of the medium will
undoubtedly affect the propexrties of spores, formed at the exhavstion
of the limiting nutrient. The response of sporulation process and
spore properties to changes in the chemical environments has besen

discussed in Section 2. C. (b).

Iater, it was found that some species of bacilli formed spores
even during logarithmic growth (Schaeffer et al., 1965; Bashnage~
De Pemphilus and Hanson, 1969) and the ability of a given specle
to sporulate under this condition has been atiributed to the
hypothetical difference in the rate of synthesis of the "endogenous
sporulation factor" (Srinivesan and Hanson, 1963; 1965).  The
desirability of synchronization of culture for physiologlcal studies
and for the production of spores of consistent properties prompted

many vorkers to explore the use of continuous cultivation.

One of the earliest user of continuous culture method for
studying sporulation was Aubert et al. (1961), they showed that

.

sporulation of B, mecateriun was reduced by decreasing the growth



rete from 0.7 to 0.5 division pex hour Later, Rerrvavala et al.

A mwatarse

tion of B, subtilis

N .
(1904) use the technique to compare the sporuls

They fownd sporvlztion with B, subtilis butb not

in B, cereus 7 which only sporulates at the depletion of nutrient.

Dawes aud Mendelstan (1970) showed that B. subtilis sporulated

at high freguency when growth limited by glucese or the nitrogen
source 1n minimal medium; whereas rates of sporvlation wexrc low
for magnesiun, phosphate, citrate or twryptophan limitation. Even
though sporulation occurred at all growth rates , the incidence of
spores increascd with decrease in the growth rate of the culture.

The theoretical treatment of sporulation during continuous
cultivation was also explored by Dawes and Thornley (1970).
Sporulation wss considered as a probability event and an equation

which relates the initiation of sporuvlation to dilution rate of the

culture was described.

Though cultivation of non-sporing species in a chemostat is
relatively simple, the cultivation of spore forming bacteria is

difficult. Difficulties like the selection of asporogenous

t al., 1961), failuvre of some spore-formers to

mutants (Aubert

io

attain a steady state (Kerravala et al., 1964), the germination of
all but 10% of the spores formed (Powell, 1970) have been gquoted.
For some reason, some sporeformers also failed to sporulste in a
single stage continuous cultivation system.  Jalek et al., (1953)
used a multi-stage conlinuous culture method for growth and

spovulation of Bucillus pumilus in casamino acids medium., At a

sultable dilution rate, a constant fraction of sporangia were

~20-



formed., The ratio of vegetative cells to sporangia decreased

in the second and third vessel of the cultivation systen, The
cells were reported to grow in chains and individusl cells within
the chain showed high variability in their ebility to sporulate,
Also, the ecuilibriwm between the number of vegetative, granular

and sporvlating cells was sensitive to the dilution rate.

Huinphrey et al. (1966) pointed out that B. stesrothermophilus

sporcs could not te produced even in a two-stage continuous
cultivation system due to the extraordinary lysis of the culture
during cultivation. It should be pointed out these workeirs used

complex medium of glucose~yeast extract-mineral salts for cultivation.

The nature of growth limitation was not determined, Studies with
B. stearothiermovhilus NCIB 8919 and B. stearothermophilus NCOTC 10,003

(mutant) hed shown that growth depletion by a carbon and enexgy
source ultimately led to cell lysis whereas growth depletion by

other nutrients (nitvogen, vitamins; ions) did not. It seems there-
fore that the lysis of cells as observed by Humphrey et al. (1966)
may bes prevented by using appropriate nutrient such as nitrogen,

vitamins or ions as limiting nutrient.

The advantages of using continuous culiure for spore production

T possible) are enormnous. First, sporulating population can be

e

(

maximally defined with respect to the chemical composition of the
medium (sece Tewmpest, 1970). This is a very important consideration
from the viewpoint of producing spores of consistent and reproducible
heal resistance for use as biologlcal indicators, One of the
serious disadvantages with batch cultivation is the continuous

alteration of the chemical composition of the medium as growth

30



Progresses, This is not so with continuous cultivation, the
chemical composition of the medium remain constant on the attain~

nent of steady state. Since spore properties are determined by

of maintaining a constant environment during sporulation is self-

evident., decond, continuous culture nethod has proved to offer
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L advantage over batceh cullivetion in as far as the output

is concerned.
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S BNDOTTOPHIC SPORULATION

A\ 1)
N o e

The ability of vegetative cells of sporeformers to sporulate
wvhen suspended in distilled water was first demonstrated by
Buchner in 1890, This work was later confirmed and extended DLy
Schreilber in 1836, who concluded that spore formation followed. the
sudden hindexrance of growth after adequate nutrition, Haxrdwick
and Foster (1952) called this process “endotrophic sporulation"
neaning that it occurred independently of exogenous nutrition and
supported exclusively by the pre-existing makeup of the vegetative
cell. This suggestion assumed that the synthesis of protein and
nuclelc acids during sporulation occurred de novo from low moleculaxr
welght precursors originated by previous degradation of pre~existing
macromolecules, They also found that vegetative cells of many
Bacillus species, when removed from the growth medium before the
point of maximum growth and the onset of sporulation and then
transferred into distilled water or phosphate buffer sporulated

after incutation for 10 hours.  The sporulation events began on

the eighth hour and took two hours to completion. Normally, about

3L
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Q0% of the cells would sporulate when suspended i vater. I

.

glucose was added within the first 5 hour after 1he cells were
transferred into distilled vater ¢ Subscguent sporulation was
completely suppressed. Glucose added to the cells after 6, 7 or

8 hours was progressively less effective and when added after & hours
was totaelly ineffective in suppressing sporuvlation. It was
concluded that the addition of glucose up to the sixth hour would
cause the reversal of sporulation events, while these eventie were

FAN

jrreversible when glucose was added afte

D

r the sixth hour. The

<

cells after the sixth hour were said to be "committed™ to sporulation.

Szulms jster (1973) defined commitment as the “point de non
retour”, the time at which the blocherical and morphological events
associsted with the developmental system are definitely channelled

toward the differentiated form and cannot be reversed,

Commitment to sporuvlation must be preceded by a period of
initiation. Bowever, the two events are distinctively different.
A Pacterial cell can initiate the sporulation process without being

commitied to the fermalion of a mature spore.

With different ocrganisms, the specific point of commitment may
vary. B. cereus seems to commit at stage 1V (Bucno et al., 1966;

Fitz-Jomes and Young, 1969). In B. subtilis, the forespore was

committed at stage 1I, but the mother cell was nol committed until
stoge 111 (Frebel and Ryter, 1969). To some extent, the tine and

o

norvhological state at which commitment occurred depend on both the

medivm on which the cells were originally grown and the compounds

or media used to replenish the mediva (Cooney ot al., 1975).



They found with B, n

aterivn grown in minimal sucrose medium,
that commltnent occurred earliest in the preosence of aspartate or
glutanate and next in the presence of fructose, glucose, glycerol
Or SUCToLe, Addition of glutamate and a carbohydrate together
alloved a later commlitment than either compound alone In a
eingle case where the molecular mechanism is known, B. subtilis

becane comnltted to sporulati

5

on (as determined by glucose addition)
duec to a decline in the activity of glucose-~phosphoenol~pyruvate
transferase and a concomittant inabllity to transport glucose into

the cell (Freese et al., 1970).

Several workers (Powell and Hunter, 1953; Black and Gerhardt,
1962b) had objected to the notion that endotrophic sporulaticn
occurred wholely from the pre~existing makeup of cells. They
argued that the lysis of some transferred cells as commonly observed,
could convert the water into dilute nutrient medium, which then
supported the sporulation of surviving cells. lioreover, in most
organisms, notably B. subtilis, endotrophic sporulation occurred
only upon the addition of some other subs stances, a replacenent
technique (see above, Cooney et al., 1975).  Vinter (1959) found

that the levels of calcium and cyste ine were greater in B. cereus

and B. ] nepate: riun spores than in the corresponding mother cells

and thus could not be derived entirely from intracellular compounds.

Ramaley and Burden (1970) studied the replacement sporulation
of B. uhtwlL 168 in a chemically defined medium, They found

2 P e 3 P S ~ -
that if the substrate wes supplied at too high a lecvel or if too

few cells were suspended in the sporulation mnedaium, the cells

33



continued vegetative growth for a short while. On the other hand,
1 the subtstrate was supplied at too low a level or the cells were
spended et too bigh o density for the substrete concentration,

the cells dyzed,  Optimel sporulation occurrcd in cells resuspended
in medivia containing 10 wid ammonium lactate or glutemate, when the

noculun was 2.

(S
’;.)
{,.__
(]

colony forning units por ml. Also,

compounds like amuponiva Jactate or glutsmate that were metzabolized

cwly by wst effective for use in the replacement
medium, t these compounds probably served as

exogenous storage compounds by providing enough energy for sporula-

tion butl not enough for growth.

Poly-p~hydroxytutyric acid (P.H.B.) is commonly present in
vegetative cells but absent from spores.  Tipelli (1955) Ffound
that complete oxidation of P.H.B. occurred during endotrophic
sporulation of Bzcillus specles and suggested that this compound
supplied the carbon and cnergy requirements of the process. later,
Slepecky and Law (1962) showed that endotrophic sporulation was

only possible with cells having a large rescrve of P.H.B.

The physiological changes that occurred during batch growth
and sperulation, 1ike the increasce in the level of T.C.A. cycle
enzymes, changes in the rates of syntheses of deoxyribonucleic
acid, ribonuclelc acid and proiein can also demonstrated in
endotrophic sperulation. — Other similarities included radioisotope
incorporation pattern and the production of normal heat resistant

spores (Ramaley and DBurden, 1970) .

_BL[‘_.
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The propertics of endotrophically produced spores have been

studied by scoveral workers (Ilack ct al 1960; Pelcher et al.,

podi

e - \ -
19635 and Joster, 1966},  Pelcher et al. (1543) prepared

spores by a replacement technigue using solutions of distilled

water; fresh medium, caleiun, strontium, barium, nickel, zine, cobalt

and magnesium solutions.  They found spores of B.

us producced
in distillcd water were heatl sensitive and contoined low levels of
calcivm and dipicolinic acid. Heat resistant spores with a nownal
complenent of calcium and dipicolinic acid vere formed only in &
fresh mediva or in solution containing suitable levels (1 mii) of
e lcium, * the other metals tested, only strontium stimulated

dipicolinic acid synthesis above the level of the spores produced

in water.

)

Foerster and Foster (1966) stusied endotrophic calcium, bariuvm

and strontium spores of B. mepalerivm and B, cerc They found

calcium and strontium spores werc permancntly refractile vhile a
substantial fracticn of the barium spores darkened during and after
sporulation.  There was no anatomical difference among the three
types of spores and the d 1ifferent spore types were enriched specifie-
cally in the metal to which they were exposed dvring sporulation.
Strontivm and bavium spores were heat resistant but only the calciun
spores attained maximal heat resistance.  The three types of spores
also exhibited gifferent rate of germination, with the calcium spores
gerninated fastest and the Marium spores, the slowest. Also, it
was only the calclum Spores which regulred heat activation for
)

: e . +hae S 28 WeTe 2 oned elease
optimal gerninatlion. Yhen the spores were heat trested, release

N £ P O TN T S
of dipicolinic & vcid occurred much faster with harium and strontium



spores then with caleiwn spores,

Ty ey oy o dmge & PP ST o 3 .
fne technique of endotxophic sporulation and replacement

offer many advantases in the study of sporulation process, Pirst,

For sporulation cain be maxinal 1y defincd and secondly,

the medium
it is possible to distinguish which requirements for spore formation
may e covered by the pre-cxisting makeup of the cells and which
additional components of the medium determine the quality of spores
produced, Sporulation initiasted by some experimental manipulations

and occurred over relatively short period of ilncubation should

sult in recasonable synchronization of the spore population.

The use of crndotrephic sporulation for the production of spores
of consistent and reproducible heat resistance for use as blological
indicator in sterilization processes has not been exploited. It
may be possible to prepare physiologically defined vegetative cells

by continuous cultivation (Tenpest, 10”0), these cells can then be

induced to sporuvlate endotrophically in defined systenm,

K. FIGROCYCLIS SPORULATION

e

Vinter and Slepscky (1965) first demonstrated that 100-fold
dilution of a complex medium used for the outgrowth of germinated

spores of B. cereus would induce a 90% sporulation even before the

PR B o "o .
firet division had occurred. They termed the process microcycle
: short Al cycle,
sporvulation” meaning a shortening of the usual developmental cycle

Tater. the process was also reported by Holmes and Levinson (1967)
1AATCLEy  LhHe  PLULAy

in B. eeaterini. These workers found that microcycle sporulation

1d also be induced in chemically defined nedium which permitied
coula 3 > -
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no cell division. In the case

.

wphate linmitation

viess found to e most effective in inducing ricrocycle sporulation
nckechnie. 1060 Tnteresty e ] -

(bJuJon end Mackechnie, 196¢ G Interestingly, microeycle

sporulation could also be induces in germinzted spores by exposing

p e o] s o . e .
B cereus colls to D-cycloserine or venconycin (Rodenberg et 2l .,

1972).  Both antibiotice caused linited lesions in the cell walls
and when added simultancously induced more than 807 of the cells to
sporulate. Alszo, the patlern of macromolecular synthesis in
aptiblotic induced spormlation was similer to that which ocovrred
duving microcycle sporulation induced by a deficient medium. It
appears possible that the genome responsible for sporulation could
¢ triggered by damsge in the cell walls of the primary cells acting
as & signal.  This ability of antibiotic to induce microcycle
sporulation deserves further studies. Spores of varied heat
resistance may be germinated and the primary cells induced to
sporulate by antiblotic under careiully controlled sporulation
condition. Antiblotic~induced nmicrocycle sporulation of B. cereus
occurred after incubation for 40 minutes. The sporulation event
took only 20 minutes to completion {Rodenterg ct al., 1972).
Sporulation initiated by experimental manipulations and occurred

rapidly should result in reasonable sy nchronization of the spore

population.  The spores prepared ihis way may be of greater
uniformity in heat resistance. Microcycle spores thus prerared wnay

used as biological indicator in sterilization processes.

The nutritional requirements for microcycle sporulation have
been studied by some WOrKers (llolmes and Leviason, 1967; Fackechnie

and lianson, 1968).  Holmes and Levinson (1967) showed that no

m_’j'?..,

e



divalent metal uas reg

' PN 30 ol > ~m ey Oy dm S AN . 1 .

Ihe snitial spores contained sufficient endegenous supply of netals

which vos incorporated into ths second stage spores. They showed
12Ys LN N ST S e T S, PR - ¥ R} Lo T "y

thet for optinal sporvlation, 10 pi glucose and 3 pi NHMCJ Py ms.

gpoves were needed., Increasning or louwering the concentration of

either compound sepavately mpuived or celayed completion of the

cycle. Glucose per se was not required for microcycle sporuvlation.
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initial spores formzd second stage spores in
mediwn containing 40 mM sodium acetate plus 1 mi of the following
glucone, ribose, citrate, glutamate, isocitrale, succinzte, fuuarate
or oxaloucetate. Acetate alone did nol support second stage spore

formztion. loreover, the material released into ths mediuvm by the
£ o

initial speores during the early stages of germination was not
required for subsequent sporulation. {owever, adequate phosphatc

was needed in the medivm for spore formation.

Mackechnie and Hanson (1968) showed that for the microcycle

1

- b
sporulation of B. cereus, phosphate concentrations of 1.0 x 1077 M.
to 2.0 x 10 R M. were optimal to satisfy the demand for a two-fold

incresse in deoxyribonuclelc acid during the process. Increasing

-l e
tha concentration of phosphate to 10 M. caused significant

division.
As in the case of batch growth and sporulation, sulphate 1s
needed in the microcycle medium Ior the vapid oxidation of glucose

and subsequent utilization of the acids produced (Holmes and
Levinson, 1967).  These workers also obscrved that during outgrowth

and before microcycle sporulation of B. megoteriuvm covld be induced,

=38



the aLility to oxidize acetate had to e developed.  Fluoroscetate
inhibited wicrocycle sporulaiion and this inhibiticn could be over—
come by cilrate, isocitrate, glutamzte, succinate, fumarate or
oxaloacetate. It was concludes that , 1ike other sporulation

processen . a functioning T.C.A. cycle is probably ¢

o

pre-reqguisite

to the process,

The state during outgrowth at which sporulation can be induced

n

has also been carefully studicd (Vinter and Slepecky, 1965; liychaj=
lonka ct al., 1975).  Vinter and Slepecky (1965) studied the optimal
time for the induction of microcycle sporulation, by diluting a

growing culture of B. cex they found that spores immediately after

germination or when beginning to swell could not be induced to
sporulate, but that immediwtely after swelling, microcycle sporulation
could be induced. On the other hand, the cells lyzed when the

nedium was diluted after the first cell division had occurred. The
optimun tinme of induction corrvespended to the time of deoxyribonuclelc
acid replication during oulgrowth. This agrees with the finding of
Daves el al. (1971) who sheucd that in synchronized, rapidly groving
vegetative cells of B. cereus; the ability to sporulate was a function

of the tine ip the division cycle of the vegetative cell and limited

to a period Just before the completion of chromesone replication.

Mycha jlonka et al. (19?5) reported that microcycle sporulation

ability in B. meraterium oceurred prior to the onsel of first cell

divieion and declined as the cells approxched that division, In

addilion to a requirement for the initiation of deoxyribonucleic

acid replication, the cells were shown 1o require a certain sicze

!
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before they could vndergo the process. They found cells that hsd

T PR N SVt Y RN T : 3 N
undergons o sHphere~to-red transiiion sporvlated end pro;

an clongation wmechanism associated with a septation site must ko

constructed hefore wmicrocycle suorulation can occux

)
licrocycle spores are “npormal' in nany respecis. They are

heat stable (though somewhat less neat re

spores) and required heat activation for
similar germinaition characteristics, dipicelinic acid content, size
and shape as the primary spores (Holmes and Levinson, 19867
Fackechnie and Hanson, 1968). However, microcycle spores cannot
themselves undergo another cycle of microcycle sporulation (Rodenberg
et al., 1972) and they were reported to have triple the amount of

deoxyribonucleic zcid compared to prirary spores (Holmes and Levinson,

Hicrocycle sporulation offers a good and simple system for the
study of transformation of a primary cell into a spore in a
relatively synchrenous fashion. Unfortunately, the ability of

s species to undergo microcycle sporuvlation seem to be

A4,

to B. cercus and B, megaterivn.  No success was made with

P

confincd

B. subtilis (Ramaley and Burden, 1970) and it has not been mentloned

with B. stearot vm01hwivs.
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A CYUOLOGY

In recent yeors, the structure and chemistry of lacterial spores
have been exclusively reviewed by many auvthors (kurrell, 1967; 1969;

Fite-dames and Young, 196¢; Tipper and Gauthier, 1972). In this

o

section, a brief description of the chemical composition of bacterizl

spores will be made. This 1s to cnable some of the spore properties

.

obscerved with the present study be interpreted in the light of what

is known of the chemical rature of spores.,

A typical spore structure is shown diagrammatically in Pigure 1.

It consists of a central protoplast, enclosed by the plasma nembrane

(or germ cell wall), around which is & thick cortex layer and
multicelluvlar coats to the outside, Incorporated mother cell

cytoplesm may exists between the cortex and the coat. In B, cereus

§

erdt and Ribi, 1964), a complex ulira-

VAT &

structure called the exosporium lies outside the coat, Bacillus

stearothermophilus spores do not possess an exosporiun (Murrell and

Warth, 1965).

TION

B. GROSS GHENMILCAT, COnPCS

In general, spores contain 68 ~ 70% protein, about 5% carbohy-
drale (Table 1T, kurrell, 1060) and 6 -~ 11% ash (TabJe IV, 1969).
Becavse the spore is resistant to heat and chemical treatmenis that
denature protein of vegetative cells, there are suggestions that a

closs of resistant and therefore unique proteins exist in spores

Ny
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Halvorson, 1965: Ko . &) . : :
(Lu’ OITH 01 4 .]./6_), ilt\"V{ C’L “’"‘f _1_9( ) ho*{;gever’ about ’/5 - ()O/é
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o the soluble protein of spores are synthesized during sporulation

(Monro, 19615 Spudich and Kornbe g, L

sed the gquestion

’_l .
U

7z * <
50}, this xai

~
\O

)

of whether the spore proteins do differ substantially from those of
vegetative cells (Hurrell, 1967), Several compdrisons of spore
and vegetztive cell enzymes have indicated that spores conlain many
of the enzymes that occur in the vegetative cells (lurrell, 1907;

P T OANN i 1 Y ~ o - Ve A |
Vaites, 1968;. Engelbrecht and Sadoff (19069) studied the pu

3

ine
nucleoside phosphorylase (PN~phosphorylase) from spores and vegestative

cells of B. cer

Leme et

eus . The enzyme fronm vegetative cells was found to

bz more anionlc than that from the spores during gel electrophoresis

in low concentration of phosphate tuffer. It also hos a high turn-

over nuitbar, The molecular weight of spore enzyme increased while ;
that of the vegetative cells zwemalned constant over the phosphate
concentration range of O to 0.05 M. This shows that the enzymes

from the two different sources did differ in their physical

properties though they may catalyze the same enzymic reaction.

N

Similar studies was also made with spore and vegetative cell

fructose 1, G6=diphosphate aldolase from B, cereus (Sadoff et al.,

1969)5 The enzyme from the two sources had similar heat resistance,

antigenic propertics, pH optima and Km values, but dilffered in other
N o 2’%’ . I s et e L S
respects. The addition of CGa increased the heat stability of the

spore aldolase whilst decrecas ing the resistance of the vegetative

enzyme . The enzyne also differed in electrophoretic mobility

polyacrylamide gels, in Stokes' vadll and molecular weight. It '

sccmed thnt the syntheses of the spore and vegetative enzymes were

B!

directcd by the same genome and the vegetalive type enzyme was

W
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converted to spore type cnsyme during i

<
e

sedofll et

oy N\ T oen A S S IR W - ] . h 2 J
(1970) later showed that protease fornct during sporolation would
bring about the vegetative~to~cpore nedification of aldolase Whiereas

T T At e e e e N . B e
non-spore proteases {(trypsin, pronasc) did not Liclng about the

nodification.

Setlow (1L974) identified telght basic

proteins unique to the dorisnt it These
proteins accounted Tor 204 of the total protein in snores. They
vere not found in the germinaicd spores, vegetaltive cells ox carly
statlonary phase cells, but appeared during sporulation about 1 hi.

prior to the appesrance of refractlle spores.  These proteins also

degraded rapidly during the first 20 minutes of spore germination.

Melals, particularly cilclum account for most of the high ash
content of spoxes. Dipicolinic acid is also uniquely high in all
Tacterial endospores and account for 5 =~ 15% of the dry weight and

pe s

presunzbly occurs as calciwm chelate or as dipicolinic acid-calciuwmn-

amnino acid comp].ex (I"E"LITT.‘I’O].,]., }9\.)7/‘e

-ence is unique to B sul
account Tor as much as &4 of lhe dry weight (el
weisht in Bacillus species

1969).
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The chemd.cal composition of the exosporium is unique. Isolated

CYOZPOris creus contained 52 protein, 207% polysaccharide,

2

12 5% nevteal 1ipid, 5.5% phospholipid (a1 cardiolipin) and 3.8%
a.5h. The protein of the exosporium has a low content of methionine
and cystocine. They are highly resistant to proteases (Matz et ala,
1970).  lILxosporiwm may have & role as additional protective layer.
Its function 1s not indispensable as Judged by its occurrence in

only some Pacillus spscies (ﬁe cereus and B. znthracis). It has

also been implicated as having a specific role in directing coat
assembly during sporvlation, by compartmentalization and concentrating
+he coat subunits so that they do not randomly assemble elsewnhere

in the cell (Tipper and Gauthier, 1972).

(b) spore Coats

Spore coats are the non-living components of spores. This

thatl spores of g&uﬁgggggi_BLmsubtllls and B. mepaterivm siripped

of their coats by selective extra action were still viable and heat

resistant. Technically, coat preparations are delined as the

materisal which remains insoluble after breakage of spores and

: ) N O 1S “PAT T T
exhauslic hydrolysis with lysozyme. Analysis of such preparalion

of Baciling specics chowed that they make up of 40 ~ 005 of the

) . I 3 3 Lo 80/ of > SNOLR 6]
sporc dry wel ht and contained up to 80,5 of the spore protein

e
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Fuieell, 1967), the remainder hed .
( o 1907} the remaindes being 1ipid, ash, carbohydrate and

a considerable anount e e @
able amnount of phosphate. Spore costs of B. megeteriom

are alo rplca 2 e . .
€ alito typlcally high in cysteilne, glycine, lysine, aspariate,

rluitamyie anyd Al - E e - . ] . i
glutandc acid and non-polar anino acids (Tipper and Ganthier, 1972).

I a I N e ERE ~
¥ondo et al. (1975) found that different typz of phosphorus
compouncs existed in the spore coats of different species of spore-
formews.,  Phosphoryl-serine was the m:jor phosphorus compound in

the spore coat of B, subtilis, whereas phosphogalactozamine was

Tound in the spore coat fraction of B, megaterium,

Kondo and Foster (1967) fractionated the coat preparation of

Pacillus species into 3 fractions, pamely an alkaline soluble fraction,
a fraction solubilized upon subsequent brief sonication treatment and

an insoluble, pronasc-resistant fractlon. The alkaline-soluble
fraction would reaggregate vhen suspended at low piH. Its origin
is believed to come from the inner coat.  The sonically solubilized

fraction was rich in cysteine, glycine and dicarboxylic amino acids.

]
—

—
=

This fraction ascembled to form paracrys fibrils when concen=
trated. Tt probably corresponds to ihe fibrillar ccat layer as often
revealed in freezc~etching preparation (Leadbetter and Holt . 1969).
The insoluble fraction was low in cysteine but rich in lysine. 1t

also centained cons siderable amounts of muramic acic and 30% ash. It

. ) v COm ! . 5
wa.s belicved Lo originate from the ocuter coat. The spore coats

2 i)

protect the cortex from physical and enayua tic attack. B. cc

[P AUREE

or B. meeateriuvm spores treated with L% sodium dodecyl sulvhate
SORRGIA vyt ey S

N

and 0.1 M. dithiothreitol removed spoire . coats, The treated spores
[ e .l . Al -

_ e erractility and all the dipicolini . .
retained heat resistance, rofractility and all the dipicolinic acid.

u.[.g,_l)’m.




However, they clunped and € PN )
JoLetapea and frequently had dawnzged cortexcs Their

e

COrLesnes were also ranidly FudamT g e . -
¢ were also LGPLdlj h}dLOlyzed by Cn%ymﬁ (FIEZ“J&mES, lgfl)c

The Spore coats are also res s o o .
M SO Mbebyare also responsible for the rosistance of spores

to surfactants,  Cortex~deficicnt Be subtilis s with normal

spore coats are not heat resistant but are res

e
n

stant to octanol

~5 6

(Fukuda and Gilvarg 1668).

(¢) Cortex

m

the cortex is generally prepared by breaking spores under
conditions which inhibit all avtolytic activity (pH 9 ~ 10, plus
E.D.TeA. Lo bind calcium).  The insoluble cortical fraction was
then removed by lysozyme or spore lytic enzymes. (lurrell, 1969).
The cortex is composed mainly of peptidoglycan and small amount of

ash, A hypothetical structure of coxrtical peptidoglycan is shown

in Figure 2.

ive.
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The ] 'eait bacekborn Foes vy . 0o s B .
glycain backbone is made up of an alternating B 1-4 linked

C3 e a0 (VL S N PR R —~ . -
seguence of’ Neacoty) glucosaninyl and - acetylnuranyl residucs.

In B, subbilis

acia
& 2 tetrapeptide L-alanyl-D-
isoglutamyl~ (L) mesodiaminopinelyl- (L)-D~ alanine One in

Tive of ihese tetrapeptides is cross-linked, giving an average of
670 cross-links per disaccharide unit.  Another 1454 of the H~acetyl
muranic acid residues are svbstituied by a single L-alanine residue.
The wewzining 59 of the wmuranic acld resicues exist as murainyl
lactens (Marth end Strominger, 1969; Tipper and Geuthier, 1972).
Cleveland and Gilvarg (1975) studied the degradation of peptido=

; . s . U .
glycan during spore germination by using ~ C-dieminopimelic acld-

labelled B. mepaterium spores.  They found only 80% of the dlamino-

pinelic acid were released into the medium by the spore auvtolytic
enzymes, the remaining 20 of peptidoglycan (with greater degree
of cross-linkings) were resistant to the action of enzymes.
Concelvably, there are two types of peptidoglycan in the intact
spores.,  The lwo types differ s significantly in their per cent
cross-1inkings . Moreover, the percentage of cross~linking of
germinated spore peptidoglycan was unzifected by exposure of the
gerninated spores to pe nicillin, thus eliminating the suggestlion

that transpeptidation occurred during germination.

Lowis et al. (1963) proposed tha . cortical peptidoglycan exists

. ~inks considerably in the prese
as o polyanionic gol, which shrinks con Y th nee

of divalent catlons,

pore cortex has becn jmplicated in the maintenance of the
S ’ '

lyp




dehydration the 1 vt oyl 3 o .
J of the spore cytoplasm and hence heal resistance and

perhaps dormancy as well.  Cortexless spores of B, cercus lyzed
together with the Sporangie. at the end of the sporuvlation Process
(Pearce and Fitz-Jemes, 1971 &.).  Additicn of peptidoglycan
synthesis inhibitors such as penicillin and cycloserine during the
period of cortex synthesis gave rise to abnormal spores which are

unstable and leak calcium=-dipicolinic acid (Pearce and Fitz-James,

1971 b.).
(d) Protoplast

It is impossible to isolate and determine directly the chemical
compositicn of the protoplast. Protoplast is defined operationally
as the "soluble" fraction (10,000 x g. supernatant) after disruption
of spores and removal of the insoluble integuments. This fraction
accounts for 50 « 70% of the dry weight of spores. Chemical
analyses of "soluble" fraction of Bacillus species showed that it
contains about 97 total nitrogen, 4 - 64 amino nitrogen, 1 - 2%
phosphorus, 6 = 7% sugars and 10 -26% dipicolinic acid (Murrell,
1967).  This is the fraction that contains most of the free solutes,
smzll molecules such as metabolic intermediates, anino acids,

5 o - . - Om
nucleotides and enzymes (Hanson et al., 1970).

(e) Other Sporc Tntesuments

- K . =) - 3 - e a b b e ] oo V£
The chemical composition of other spore integuments such as the

sema membrane are 1little kunown because of
germ cell wall or the plasma membr !

4 an et et i lved i :elr preparatl . N
the technical difficultles jinvolved in their preparatlons Germ

o1l walls have been suggested to be made up of peptidoglycan, It
e alls have been ;




has been suggested 1 ect b inats
nosuggested to protect the germinating spore from osmotic

v e - - N s .
lysis and may forms the basis for subsequent vegelative cell wall

synthesis (Tipper and Gauthier, 1972),

Do DISIRIBUTION OF DIPICOLINIC ACID AWD CATCTUM TN SPORES

Lvidence relating to the distributicn of dipicolinic acid
(b.P.A.) and calcivm in spores is conflicting. D.P.A. was

rapidly released when B. megaterium spores were abraded and hested

(Rode end Foster, 1960 a.) or treated with ionic surfactants (Rode
and Foster, 1960 b.). Moreover, D.P.A, and calcium were the

principal compounds in the germination exudate of B. megaterium

and B. subtilis when the cortex was degraded during germination
(Powell and Strange, 1953). Consequently, these workers have
suggested that D.P.A. and calcium are located outside the core and

possibly occur in the cortex.

This suggestion fitted well with the concept of the contractile
cortex put forward by Lewis et al. (1960). It was suggested that
the peptidoglycan in the cortex is contracted by the presence of
divalent cations presumably calcium. Hashimoto et al. (1960) observed
that during sporulation of B. cereus, the synthesis of D.P.A,

coincided with that of cortical material during the developmeni of

the spore.

yarth et al. (1963) and Murrell et al. (1969) made detailed
chemical analyses of the various spore integuments and found that
D.P.A. was present in the cortical fraction, in assoclation with

the peptidoglycan.

-4 Qe
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However, there are ¢ A . o
» VHEIC are also cvidence (both direct and indirect)

Yyt ot PR, ke -
showing that spore cortex does not contain D.P.A. and calcium

Hachimoto et ¢ VO e Vnm o s P . . ’ }

( ;.,.,i. al. $ -].)\,)O H }ma,:. Sl 190’); Murrell and Warth . 1961) ;

C‘, 15N ~ Yy 4 o . . . . ‘ .
Zcherrer and Gerhardt, 1972; Leanz and Gilvarg, 1973). 1mshinoto

g

et al. (1900) suggested that D.P.A. is located within the spore
protoplast since autoclaving of bacterial spores removed D.P,A,

but not the cortex.

Knaysi (1.965) employed the iechnique of "spodography" whereby
a spore is microincinerated and the ash pattern later microscopically
examined.  This wethod assumes a calcium-D.P.A. chelate occurred in
spore and that calcium will be converted into ash in situv., lHe
provided evidence in favour of a core location of calcium and D.P.A.

in B. cercus endospores.

e et et 10 4

Furrell and Warth (1965) found that spores of B. cereus T formed
in the presence of cycloserine were unstable and showed little or
no cortex, but they possessed normal. D.P.A. content. The ability
of cortexless mutants to accumulate D.P.A. was interpreted to mean
that the D.P.A. location is interior to the cortex. Pearce and
Fitz-James (1971 a,) pointed out that the cortex is essential for the
raintenance but not for the accunulation of D.P.A. They found

; cus show al D.P.A. s esls and
cortexless mutant of Qiuce;gyg.shoued normal D.P.A. synthesls an

caleium accunulation, but Hoth were rapidly lost to the medium

following lysis of the sporangia and of spore protoplasts.
§cherrer and Gerhardi (1972) enployed the method of electron

i o tueds to excamine the physical state and location
probe Xeray microanslysis to exalill e phy

rivw spores,  This method is

~ereus and B,

of calcium in B. ¢

~ 50




of special merit since the examination is made directly on an intact

Spore and disruption which is known to lead to liberation and

redistribution of spore components is avoided. They provided
evidence to show that calcium is distributed throughout the spore
similar to the distribution of carbon. There was no eviderice of
its being present to any greal extent in the cotex, but rather that

a concentration did occur within a region equivalent to the core.

Leanz and Gilvarg (1973) used the technique of beta-attenuation
analysis to locate the distribution of D.P.A. It was shown earlier
that beta emission from intraspore tritium-labelled compounds was
paxrtly absorbed before the particles escaped from the spore, Thus,
when a label is sitvated deep within the spore, Tewer electrons will
escape and the level of radiation detected by a surrounding liquid

scinter will be reduced compared with a superficially located label.

Using B, megaterium cultures, they introduced various tritium~labelled

markers during sporulation at different known locations within the
spore.  (T)-uracil introduced would mark the core nucleic acid.
Similarly, (T)-¢l~€ =~ diaminopimelic acid would mark the spore cortex
and (T)- lysine, the outer protein coat (see Section 3. C. (b)).

For the unknown location of D.P.A., (T)- D.P.A. was added to sporula-

ting cells of a B. megateriun mutant that incerporated D.P.A. into

the spores. Attenuations in p-emission of 26, 18 and 3% were found

for the uracil. diaminopimelic acid and lysine markers respectively.
A value of 334 was found for D.P.A, marser suggesting stronzly a core ;

location of this compound. |

Germaine and Murrell (1974) used the method of ultra-violet

-5]~




radiation t ccate ) r <o
radiation to locate D.P.A. in 8. _cereus spores U.V.=irradiation

ol intzclt spores
spores had bLeen previously shown to cause the Torration

of' covalent linkages lLetucen 1. P.h. and 315 molecular neighbours

V a3, [ e~3 auc 3 3 o PRI 1 - .
8 U.V~drduced free radical attachment. Intact spores contain-

:_)o

Ly radioactive D.P.A, were first irradiated wi h U.V. light and

the irradisted spores were runtured mechanicall ly with glass beads.

The distribution of the photochemically bound radicactivity among

the major spore components wes determined. They provided evidernce

to show that D.P.A. wesides in the inner forespore membrane (L.F.5.0.)

and spore cytcplasi, Only that portion of the D.P.A. in the vicinity

of the 1.F.5. 1. appeared to form U.V.=induced D.P.A.-protein adducts.

K. JHE RATURE OF THE CORTEX T AW TRTACT sPOonk

(2) Aphydrous Core

e dt e . SR A2 R

Several indirect pieces of evidence have shown that the spore

interior is low in water. Spores have a low rate of metabolisn

(Croock, 1952) and high density (iicIntosh and Selbie, 1937).

Murrell snd Scott (1966) found that if the water activity (a ) at

s Ll o .- 3 ek - o
which spores were heated was lowered, the spore heat resistance was

increassed. This increase was greatest for those spores which axe

normally hezat sensitive hacause they have high aw values. Thus,
Type &

L I RS ~ . Ly
when Clx‘boiH;iHB@ASPoros werc equilibrated at a, values less than

“othﬂrnoohWTU”

0. 5, they becane as resistant as the

= 1.0), spores of Bacillus

t very moist conditions (ah

whereas &

qonhmluu were still 50,000 tines as sistant as those of
They concluded that low a, in Cl. boiunlinum spores
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pave rise to a situation similar 1o those of B, stearothe:

»rmoph

whercas hiph o  hag Te resis
ereas high a had no effect on high resistant spores Laocause

i)

o . Ao R c e S : -
thece spores normally maintained a low e values
W

VY 4 e Ty o e 1Qr ey e . ~ '
Fitz-Jenes (1971) developed a method for producing spore

Lo e 3% s o . .
provoplasts by digestion of coatless spores of gpecies with

lysoznyme., In the presence of calcium and obs IagnesSivn,

structurcs vere formed which he called “semihydrale" and which were

apparently spore protoplasts.,  These structures were partly
refractile, indlcating that the protoplast was maintained in a

r slate even alfter cortical digestion. He found that on

the removal of calcium and the introduction of magnesium, & process

of" hydration of protoplast could be observed in electron microscopy.

El

Wyatt (1975) employed the technique of differentiz) light

scattering with single spores of Bacillus sphacricus and Clestridium

entosum and provided evidence that showed the core is devoid

of any free water. He proposed that L.P.A. acts as filler material

in the spore core to prevent any frec water penetration.

Though the spore core may be fairly anhydrous, thcre are

g

evidence that showed the spore structure as a whole is freely

- - ster & me Les vhi ter into the
permeable Lo glucese,; walel and small solutes which enter into th

. « A B ror \ .
spore passively and to some extent governec ¢ by the molecular weight,

s - £ 8 4 J oA cerhardt 06 et Blaclk
charge and 1lipid insolubility (Black and Gerhmxdt, 1901 a.; Blacl

and Gorhardt, 1961 b.; Black and Gerbardt, 19C2a), Black and Gerhardt
Cv A Nt ‘f = -

(1961 & ) employed the method developed by Conway and Downey (1950) to

g inlo B. cerous spores
assess the distribution of glucose uptake into B, cercus spores.




In this method, me ; S
e Pellet of clean spores (phase bright) obtained after

I3

centrifugation at Spacif] e s ) ;
gLl 8 Speciiied gpeed; was equilibrated with a solution

off test solute of known strenct
L solute of known strength.  The spores were then repacked
N oty [y e b S 4 e I At 3
by centrifvgation at specificd speed.  The extent of solute uptake

was assessced by the incresse in the peliet welight (or decrecase in

the cencentration of glucose in svpernatant, asscssed gravimetrically,

isotopically, carbon combustiion or anthrone unalyr’f) and applying
some derived equation. Correction for cell leakaze of spore
material (e.g. dipicolinic acid) was also made. Packed spores of

5 had been reported to be permeated by glucose up to 4035
of their weight (Black and Gerhardt, 1961 a.) and 66.6 to 86.0% by

tritiuvie-labelled nater (Black and Gerhardt, 1962a). The conclusion

-+
B
-+
D
[
[
=
<
(¢
jol]

iffusion principally accounts for the uptake is chown
by the fact that uptake was not influenced by temperature changes;
the equilibration time (after 15 minutes) did not significantly
changze the extent of uptake and the gluccse taken up by a spore
pack could be completely recovered by washing the spores in water,
Morcover, the uptake was not influenced by H concentration and the
total solute uplake contained in a spore pack was proportionazl to
the solute added. The extent of spore damage resulting from spore
packing was not determined.  The spores & after the experiment were
e

reported phase-dark and did not produced colonies when plated. It

) t a res during the process could
secms likely that structural damage ol spores P

account for some of the uptake observed.

ile Lorfo\

(b) Theory Of The Contr

Towis et al. (1960) proposed that the cortex 1s contracted.
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They reckoned that o ruly weter impermeable coat is inconsistent with

the knowu permeahilities

erials and sugsooted that a
low water in the spore protop: - )i i
oplzst could arise through compressive

P U . ) 3 R . -
contracilion of the cortex during sporulation,

[ sen o 317 1o Ny -~ . | ) A hd 1
wince then; several workers have provided evidence in-support
Nal
of the concept (Hitchins ang Gould, 1964; harquis, 1968; Ou and Farquis,

1 970>c Hitchins and . Gould (1964} showed that the isolated SDOre Ccore

of' B. subi vith residval cortex attached became contracted and

increased in refractility as the pH of the medium was lowered or as the
multivaelent cation level was increased. Ou and karquis (1970) obscrved
solated vegetative cell walls of

that paptidoglycan in lhe

Staphylococcus, avreus and licroceccus lyscodeikticus contracted when

reacted with salts such as (aCl,, MgCl., KC1 or NaCl. Caslavska et al.,

» 2 e S

(1970) reported that a variety of basic compounds (polymyxin B, poly-~

lysin ete.) when added to germinated spores of B. B._cereus caused increase

in refractility, presumably by cross-linking and contracting residual

peptidoglycan fragrents in the spore,

(¢) Theory OF Fhe Ixpanded Cortex

The theory of the contractile cortex predicts that the spores

contain a high level of peptidoglycan compared with the vegetative

. . actad seapd 4
cells. The peptidoglycan 1s highly contracted and compressed, thus

occupying only a small volume. This prediction is incompalible with
- St o

the findine of murrell (1967) who showed that the amount of peptide-
Al &)

i< " ~ reater than that of the veget-
glycan in spores was not significantly gres e

alive colls Morcover, Gould and Dring (1974) showed that the volume
(3 - W GO LRSS Y -




occupled by the spore ¢ O Tz ) .
B g pore cortex of Pacillus species was exceptionzlly

—.

1’) YEC 20 L :‘OO'{‘ . IR s . ) . )
GIEC (Jv ¢ AJ; compared  with 234 in  the cell wall of the

o

corresponding vegetative cells,

ri‘\p 2o

Inhis led Gould ang Dring (1974) to propose thot the cortex is
expanded, ihe expanded electronegative pepiidoglycan necessitates the
vsence of neutralizing cation or other lasic nolecules in the cortical

region. Iire hypothesis was substantisoied by experiments in whic

spores were heated in high concentrations of cross«linking divalent
and trivalent cations, but not monovalent cations, became heat-

tive, This sensitizaetion phenomenon occurred only with coat
defective mutant, or sporcs in which the coats had been chemically
modified by reacting with urez-mercaptoeihancl, ures~thioglycollic ~cid
or urca~dithiothreitol. The expanded cortex theory predicis that the

.

cortex contalins & high water content and it is the water in this

structure that provides the expansion.  The expansive pressure

generated is belleved to lower the watexr content of the core. The
cortex thus acts as a specialised osrorcgulatory organelle. Changes

in the cnviromment which reversibly eifcct the osmotic properties of

cortex alter the heat resistance of spores.

PN

Dring and Gould (1975) found that the heat resistance of unger-

. a Rels ehvdratior ' the contra.
minated B. cereus spores depended upon the dehydration of the ceniral

core During germinailon, rchydration of the corc occurred accompan=

e dor ~ eyt WCVOT ¥ G Y o
iecd by greatly decrease resistance to heat. However, heat resistance

. 3 - reimposing dehydration in the core by
could be completely regalned by reimposing dehydration ix & core Dy

i ssuspending the germinsted spores in sufficiently
osmosls, e.g. by resuspending the gerwins ed 8poxe 1 sufficiently

. - rmeant ; ike sucrose, thus
high concentrations of non-perneant soluic like sucrose, thus




recreating

£ conditlions approximating those in the wngerminated spove,

Jeyom -y (. K . -y L - r 3 f ;. ) :
Varth and Strominger (1.9C9; 1971) found that the amino suzaxr

o e vy e £ R P I - Vo .
bacitbons of peptidoglycan of Be subtilis epores was more loosely

cross-linked with its peptide side chains than w

vegetavive cell peptidoglycan.  This loosely cross-—linked structure

is thercefore more expanded.

The expanded cortex theory is also compatible with the increas-
ing evidence, calcium=D.P.A., is present in the protoplast and not

in the cortex (see Section 3. D.). Whether or not the cortical

region in the spore is as hydrated as the theory suvggests remained

(S g
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CF DIPICOLIWIC ACTY

s

v et s,
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o

Dipicolinic acid occurrence is unique to bacterial spores, In

mout b

the content of D.P.A. ranges from 5 to 154

of dry weight of spores (Lurrell, 1967).

Hashimoto et al. (1950) studied the synthesis of D.P.A. during

sporulation of B. cercvs end found that the synthesls of D.P.A.

paralleled and preceded the development of thermoresistant spores.

It is this clese relatlonship betveen D.P.A. sccumulation and the

formation of thermoresistant spores that led many workers (Young,
1959, Church and Halvorson, 1959; liashimoto et al., 1960) to suggest
that the D.P.A. content of spores is positively correlated with

the heat resistance of spores. Young (1959) suggested that D.P.A.
and calcium act together in stabilizing essential protein and nucleic
acids. She found chromatography of spore extracts ol B. megateriun

produced a D.P.A. spot with tailing which was found to be due to ths

r~

. . o A
presence of six amino aclds. Church and Halvorson (1959) prepared

spores of B, cereus T with varying D.P.A. contents by manipulating

. o7t s e e yevsa N
the concentration of Di~phenylalanine which is inhlbitory to D.P.A.

symthesis, in the medium They found thermal inactivation of these
Wy P Lo L1 i h.. 3

spores at 80, showed a biphasic dependent on the D.P.A. content
S r S IR P [y v o EN

a4 that D.P.A. protecls the spore acainst heat inactiva=-

and conclude

tion in at least two sites. Zytokoviz and Halvorson (1972) showed

. ants of ) sreus T and B. nesateviuvm 899
that D.P.A,.-minus motants of B, cercus T end B, nesatevium 899

Ca et tive whereas the corresponding wild types
wore extremely heat SOHSLTLVE WSl ~ + > Yk




vere heat resistan

beversl workers (Sryne et al., 1960; walker et ol., 1961; Creca
ond Tang, 1970} on ihe other hand, could not Ting eny correlition
between heat resistance and D.l.A. content in onorns( Walker et zl.
(1901} analyzed the nitrogen, carbohydrates, phosphorus, calcium,
magnesivm and dipicolinic acid contents in a total of

L species

2rens and

Heat survival curves were determined in cach strain, which were then
rapked in the order of heat resistance. They found no correlation
between the nitrogen, carbohydrates, phos sphorus, diplcelinic acid or
Ca/D.PeA. molar retio and the heat resistance of spores. However,
heat resistance was increased as the molar ratio of Ca/ﬁg or I.P.A. /ﬂg

was increascd, It should bc pointed oult that these workers used

spores prepared by washing from the agar surfaces with acidificd
water (pH 2.0 to 2.5). The spores were then subsequently washed
six to eight times by alternate suspension and centrifugation in
acidified water. The effect of four times acldic washing and cight
times acidic washing was compared with respect to the content of
nitrogen, phosphorus, D.P.A. and carbohydrates in spores. It was

reported that the number of acidic washings have no cfiect on the

S tever rison was made
content of these constituents.  Howevery No COMpParison was made

. . . IR -
between non—acidic and acidic washing with respecl to spore composition

. T j r that some loosely bound D.P.A. and
and properties. It seems likely that son y

calions could have been removed after four acidic washings (see Browy
‘“ A PN . L f. >

; 3 the P2 TIS| ade
ard lelling, 1907; Crosby el 2l 1971) and the comparison mad

; 1 and eighth acidic washing represents the comparison
botueen the fourth and eighth acldlc ¥ He SEE e




DLWE ) [ ; RKRPRISIE .
b nthe contents of much tightly bound spore components.  In
this respect,

RN . o Fyd ey v
the conclunion oblained by Valker et al. (1901) mey

o] s TGO - ey | ey e 2 -, s . By -
well represent the relationship between Lightly bound spore

components and heat resistsnce. Jhe contrihution of spore

T o CE i 1 Y - .
components lost during early acidic vas shings to spore heat resistance

an never Lo assessed,

. ~ . T 7 Lo
Bryne et al. (1960) studied the heat resistance of Clostricdiun

grown in media supplemented with varylilng levels of
lealanine. They found the levels of D.P.A. in spores were altered
by the presence of differcnt concentrations of L-alanine in the

madium. Increasing the concentration of L-alanine resulted in a

=
o
=
(_ .

ing of spore D.P.A. content and accompanied unexpectectedly

by an increase in the spore heat resistance,

Grecz and Tang (1970) studied spores of five strains of
Cl. bhotulinum with D.P.A. content ranging from 7.4 to 13.4% of the
dry weight and found no correlaticn between the heat resistance and

the D.P.A. content of spores.

revertant of a D.P.A.-negative

job]

Hanson el al (1972) isolated

. T mutant. The spores of this bacterium were D.P.A,-

sative and yet as fully heat resistant as the D.P.A.~positive wild
type spores.  Thesc spores contained one-~tenth to one-twenticth of
the wild type calcium content and the heat resistance was
not well maintained. Thermoresistance was lost following lyophili=-
vation or two weeks storage at QOC or after cleaning in a two-phase

polycthylene glycol phosphate buffer. — These spores were wlso slow
. - L wha e D - b
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¢ gerninate wnder conditions hat i nitialed the gersination of
R tA - l)‘ " -t 24
wild typs spores ‘
i CYPT spores, This 1ed Hanson e ol 107p) to svggest that
Sbod L OIS 250 [ERY
PLAL Tunetyone - I I
DPoh. Tunctions Lo stabilige established heal resistunce and Lhatl

168 najor Functions avre prehe Tl §e o :
J BLLLONS are probpably in the mainienznee of dormancy and

‘hoe 1y st on T ooorrinzgd o i 3 l
the initiation of germinalion. This suggesiion is in contrast

3+ [ P K £ o~ .. . - .
with the Tinding of Keynan et al. (1961); they shovied that snores
- e - Bs "

m
Y

grovn 50 as Lo conlzin low levels of DePoAL, did not

g LR ) 7 fc \
require heat shock for germinstlon, wheress heat shock was reguired

LSRR IS T s S ey A Wa .. L) AR -
for the germination of spores with nagh endogenous L.P.A On the

other haid, Halvorson and Swanson (19 69) found thal mutant sporcs

of B. corm

2 Ty devoid of D.FP.A. required I.P.A. for germination.

D.P.A. absorbs sirongly in the U.V. region {Grecz et al., 1973).

Berg and Grecz (197%) studied the mutant of B, coyxeua T that produced

spores devoid of D.P.A. They found that the U.V. and ¥ radiation

resistance of these spores were statistically reduvced.  This

G

observation seems to contrast that of Black et al. (1960) and Viuter

and Vechet (1964). These workers reporied that the spores with low
D.P.A. content had the same or even greater radiation resistance than
"mormal® spores. Rowley and Newcomb (1964) reporied that radiation
resistance in spores appeared before D.P.A. formstion during sporula-

and so could not have been responsible for the

™

tion of B, sutb

radiation resistance observed.,
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B,  THE JMPORTANGE OF CATION CONTENT ON SPORS PRU
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Spores contein a wide variety of inovga
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include LaZF; K P0u3 f hﬁ( and ki . Calecium accounts for as

the dry woight cillus spores (Thomas, 190M;
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nuch as 2 -~ 34 of
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furrell, 1967 e ]
Hu Ly 1967).  he notion that the metal ion content of spores

[y
w

inportant for b e e n .
anportant for heat resistance stems from the observiation that the

NPRUN N R R i A1y g 3 e 2 -
condiltiions of sporulation, particularly the levels of ions in the

mediunm  affects {the heat resistance and the ilonic content
of the resvliing spores (Slepecky and Fos ter, 1959; Levinson and lystt,

1961 hoki. and Slepecky, 19735 .

- 1 S //. . o R
Levinson and Hyatt (1964 reported that the heat resistance of

s related to the moler ratio of calciuvm to

D.P.A, This ratio increased with the increase in the heat resistance

=Y
142]
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eport, however, was hased on the determination in
cach of the four species studied and the heat resistance was simply
measured as percentage survivors afier exposure to 90 °¢ for 20 minutes,
The possibiiity that different shaped survivor curves might b

exhibited by different species was not considered.

rell and Warth (1965) analysed spores of Bacillus species with

=

a 700-fold range in heat resistance. They found the calcium content

spores was positively correlated with thelr heat resistances., The

- o

2
=

Mg/Ca molar ratio decreased significantly with corresponding increase

in the heat resistance of spores. These workers concluded that the

. .o 363 4 [ a 12 P A
calciwn content in spores is cssential for the attaimment of heat

. o . = N T I R v L4 -
resistance, but the role of magnesium 1S nov knoiwmn. It is wnlikely to

. . norTes Wi ig gnesium content di :
displace calciwn since spores with high magnesium content did not have

Tower Co/D.P.A. ratio. On the other hend, Slepecky and Foster (1959)

N - oy edl Al Z Xe VI
showed thal when spores wege.gl wn in mediwn containing fixed anount

.. : : Losether with low and high leve { other
of caleium (1.8 pe/ml.) together with low and high ls of othex

2- N S N he 1 ant
divalent cations (an}¢ Ni“T, cu™, €0 end Fn® ). The resultunt

6




calcium level

=
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bospores was decreased in lhe rresence of high

concentration of

—ty

RN ) .
other ions which themselves exhibited enhanced

.

levels in the spores.

Rowley and Levinson (1967) found svores

I Ll PR ¥ ar e - 3
with thioglycollate (0.4 Feg pit 2.6) for 5 minutes at 30°C retained
D.Peh. But dost their heat resistance and germinabllity, which could

be restored by supplylng exogenous cations.,

Henson et al (1972) isolated a revertant of a D.P.A.-nerative

hg &)

Be corews T mutant.  Spores were prepared from this hacterivm in
medivm free of added calcium.  The levels of calcium and manganese
in thece spores were low, but the spores were as fully heat resistant
as the wild type spores. They observed that the heat resistance
and gerninabllity of these spores were lost upon storage. Since
increasing evidence point to the possible core location of D.P.A.

and celcium (see Section 3. D.), this led Gould and lLring (1975) to
proposc & new role for calciuvm~D.P.A, in spores. They proposed
that calecivm-D,P.A. acls as a buffer and the calcivm in intact spore
is lost slowly by lezkage during storage, the calcivm loss is quickly

and very efficiently replaced by the dissociation of calcium=1).P.A.

complex located in the core fiutants lacking D.P.A. wexre said to
. - AL

. - ) I S Ui i1 nt only to satisf
have a low internal reserve of calcium, sufficien Y

the requirement for the maintenance of dormancy and heat resistance
over a short period of time, thus dormancy and heat resistance of
e & SN0l St : :

e not well meintained during prolenged storage.
(S

. . s e © dry spores embedded in KBr
On the basis of U.V. spectra of dry sf . ?

(3
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« (1965) veported the presence of manganese-).P.A.

chelate in spores.,  Acki and Slepeck

vy (1973) prepared spores of

\

T“qupg‘with and without mangancse in the medivm, The
mangancee content of these spores was positively correlated with
the concentration of rengarese in the mediwn. * Thore was also
positive correlation lelween the nanganese concentration of the
medlum end the thermorcsistance of Spores.  Spores prepared from
medivm with added menganese germinated only after heat activation

r

and the effectivencss of this heat activation was directly dependent

b

on the concentration of manganese in the grovth medium,




TELATION 50 sp

e Toimd 3 e o P -
The Iinelics of D.P.A. and cation release from spores following
heat {reatment have been inplicated in at least two aveas of spore

properties, namcly the maintenance of dormant state and heat

[ R
TESIsSTLantct.,.

Harrell and Mantini (1957) found that following hszat shock
treatmnent at 65°C in PH 7.2 phosphate buffer, spores of J. cercus
vai terminalis oxidized glucose. The degrec of oxidation increased
with the time of heating and during this treatment, the amount of
D.P.A. velease increased from 24 of the total at zero time to 12.5%
of the total after 60 minutes. The initiation of glucose oxidation
nccessitated the activation of enzymes which have been known to becone
active dvring germination, & hypothesis was therefore posed that

germination ensves only alter the endogenous D.P.A. content 1s reduced

to a criticzl. level.

Keynan ¢l al. (1061 determined the percentage of D.P.A. released
after sufficient heat shock to pexrmit optimal germinztion for a
variety of spore stock with varying D.P.A. levels, They found no
corrclation belween the amount of D.P.A. releegsed and germination.
owever, optimal germination occurred with about a 10/ loss of D.P.A.

1 . 2 O ATy oy - 4 - L A O ‘-' ..}.". S 3 -
They propesed that several reservolrs of D.P.A., probably exist in the

. o oy et > whic onLrol Hanc
spore and only a minor fraction of’ which control dorwancy.

Brown and kelling (1967; 1973) found that the rate of release

»\OTﬂODH]]‘E spores and the breaking of

D.P.A. From




dormancy of these spores were Teile : .
‘ Jo oL these spores were both functions of time, temperature

and PH Thus HETC actia ' )
and pH. thus, lowered pH activoted as did raising the temperatlure.

7Y oy - ! N0 B EE - ) Ny L b :
they snoved that the apparent activation energies for D.P.A. relcase

anag Y TN T A e, -\ - u R . .
and the rete of corisncy breakese were similar and propened that the

nature of the D.LP.A, bend, rather than the content of D.P.A. is &

A

e S e ey - -
acrermining factor for the maintenance of aormancy and reisitance.

: FON o e 4 . o~ .
Lund (1958} found that the percentage of total [1.P.A. released

g

after heat treatment was correlated with the heat resistance of
spores.  This was later confirmed by Walker and hatches (1965),

o

they showed that the most heat resistant spores released the least
amount of D.P.A. Grecz and Tanz (1970) ranked in oxder the degrec

of heatl resistance of 5 strains of Cl. bolvlinuwn and showed them to

be correlated with the rate of release of D.P.A. during heat treat-
ment. Ko relationship existed between the total D.P.A. content and
heat resistance. To explain the loss of viability on heating without
any apparent D.P.A. loss, they suggested thzv D.P.A. release may
involve at least two distinct sequential steps: (1) Tbreaking of
D.P.A. couplexes from attachment sites; and (2) 1leakage of D.P.A.
cenplexes through the spore membrenes and coats.  Steps (1) may

result in loss of viability, but only step (2) would permit detection

S NS}

of D.P.A.

Levinson and Hyatt (1071) showed that the loss of viabllity of

.0 O i .
. mesaleriun spores when heated between 75 to 857C was more rapid
ALl L T

than corresponding loss of D.P.A. and germinabllity, and although

. o E POV r._L_\ ) IS o F.’m,*n ) {: o * - _v,u
these ovenls could not be correlated by use of simplic kinetic plois,

they had similar activation encrgies (80 - 90 k C%l./NOlC)-

66




flodges and Beom (1975) studied the offect of prowth medium on the

relezse of D.P.A. and cation from B,

B SPores,
Spores prepared from simple salt medio and nutrient agzar were found

to possess different heat resistances which could be correlated with

the waie of D.r.A. and cation (ragnesium and calcium) releasc.  This

hip was apparently unaffected by the nature of growih medium

or the cencentration of mediun nanganess,

(3770
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T,,A,C,ter_l_d.-l spores (‘)(hl})l'b 3 considerable ca Sl by for ion eve hf”lr e ’
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(Hedvorson end Howitt, 1961; Alderton and sneli, 1963)., Halvorson

and Howitt (l/ul) prepared spores of B, cercus 1 {rom medium contain-
LR “5 iy RN - T2 . .
ing 2 and then placed the radioactive spores in a medium contain-

R L i I .
ing LA mM L%“Jz. They reported that nearly 354 of the initial

netsls were being exchanged by the non-radiocactive calcium in Cuclze

Alderton and Snell (1963) showed that lyophilized spores of

. 0 . . . .
teriiun held at 25 C in pH 4 for # to 5 hours were acid-stripped

and "H"- spores were produced. They found "H"=~ cpores retzined thelir
viability but becawme heat scnsitive.  Heat resistance was restored
when acid-stripped spores were expesed to calcium hydroxide solutlon
at pH 9.5, This finding is important because the level and nature

of metal jons in spores can be controlled without modifying the ionic
composition of the sporulation medium. Spores can be acld~slripped

and reloaded with the metal lons of choice and the properties

determincd.,

Tn quantitative terms, the amount of calcium removed from spores
after the acid-stripping process was only 5% of total calcium content,
Of this 5%, it was found that only & poxs tion was correlatecd with the

spores' thermal resistance (Gould and Dring, 1975). i

The process of restoration of metal ions upon reloading was ;

studiecd by Alderton et al. (1964) veing B megatevium spores,  They %

shoved that when "H"= spores were rapidly exposed to lethal tempera-~

tures in 20 mbi calcium acolate buffer, logarithmic order of death was




eplaced By decelars 9y e { 3
repiaced by decelevating death rato, Likewise, "H"~ spores exposed
to calciom buffer at lowe ha.

ol elbo ier at lowe 12 thal temperatucre o
al lower than lethal temperatuce or through the

3 W ol TV eat aan ol PR
increacing of wars-up time a2t the letlml tenperature, the initia

1 . et \ . .
slope of kill was progressively reduced, indicating that re-ad just-

; the store +took T \ ) ]
ment within the spore took place in relztion to ite calcium complement.

It was &lso established that the restoration of calcium content

[ T eI - . - -
occurraed 1n two stlages; first, a rapid uplake not correlatled with the
re-acquisition of heat resistance took place., This was followed by

a slow phase of calcium uptale which correlated with the restoration
of heat resistence in spores. The sccond phase of uptake was both

tempereture and pH dependent.

The effscts of acid-stripping on spore dormancy and germination

o

~d-

were studied by several workers (Lewis et al., 1965; Rode and Foster,

1966). Lewis et al. (1965) found sporves of B, ste

A At

othernophilus

were activated by cxposure to an acid mediuvm at pH 1.5 (cf. Brown

and Melling, 1973). Dormancy was xeversibly restored by exposure

to an alkaline solution of calcium ions.

Rode and Foster (1966) found unstripped spores of B. megateriun

germinated quickly in a solution of lL~alanine and inosine whilst
the acid stripped spores did not gerninate in such & system unless &

strong electrolyte was present. When acid-stripped spores were

reloaded with calcium, they gerninated efficiently in the sane systen

without the presence of the stro electrolyte.,  Of the several
bivalenl cations tested, only strontium and barium could substitute

Tor calcimm requirement in conditioning spores for subsequent germina-

tion in the absence ol & strong electrolyte.

,69_
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wplitistoesser and Farbos (1966) found that heat activation of

o

ores was concitioned by the ionic cowposition of

the suspending waedivm. laxiion rete of heat activation was achleved
in calclum solution at pH 7 or in tris{hydroxymethyl) aminc-nelhane

tuffer at pH 9 Lo 10, The aclivation role was rcduced when the

. . -+ I ., . VL .+ st
nediwn contained X' or B but not when it contained e ', Ce or Li

. . . - <. . 2+ e
implicating thal K could somchow cempete with Ca” Tor some active
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When Teeterial spores are exposed to Jethal temperatures and

the froction of survivors is plotted against tine, various tyves of

b

curves may be obtained (Figure 3).
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1
Cueve A is compatible with a constant {raction of spores being
killed per unit time.  Simple expenentliel kill of this type have

been shown with | o I

ylh(_*l‘xuv spore suspensions (Hodges and Brown,
1975). Deviation from this siraight line are constantly being
reported and curves of elther increasing death rate (concave down,
Curve B) or of decrezsing death rate (concave upwards, Curve ) have
been shown (Anand, 1961). In addition, curves of an initial
increase in coleny counts, caused by hceat activalion followed by an
exponentlal rate of death (Lu VE D) have bzen reported (Shull and
Ernst, 1962).  Reynolds and Lichenstein (1952) reported three phases

of death with PA 3679 spores. An initial phase, during which an

acceleraled rate of death took place, ¥when about 50% or more of the

spores hacame non-viable, an exponential phzse and finally a decreas-
ing rote of death as the last few spores were inactivated. Hidge-

viay (1958) found similar triphasic responses with B. subtilis,

Seversl explanations of deviation from strictly exponential
death have been suggested. These include the presence of itwo ox
nore discrete discontinucus populations of different resistances
(Vas, 1970; Levinson and Hyatt, 1971); to the acquisition of heat
resistance during the initial portion of the heating pe eriod (4lderton
et al., 1964; Han ot ale., 197 76); to the requirement of heat activa-

tion of spores (Shull and Lrnst, 1962); to multitarget kinctics

(Moats 1971) and to the precence of a few highly resistanl spores
ats, 1971 E

(idgeway, 1958).

By treating heat resi istance as & contlnucusly distributed
y treating

function, Levinson and Hyati (1971) made probability plots of




pereentage survivor as a function of log time, of aqueous suspension

unoopores, heated at temperature of 750 to 8500.

ines interzecling at survival level of 1 ~ 6% and

ranging from 8 minutes for spores heated at 85°0
to 510 minutes when heated /j C. Probit-intersects for L.F.A.
reles and loss in germinabilily cccurred at the same tiwme as for
survivel, but at much higher levels of retention. They concluded

ithat there were two sube-populations in the suspension, Toth log-

norially distributed but with differcnt mechani of kill. o4 to
00% of the spores were killed via injury to the cell-division process
but retzined germinability; the remaining sub-population (1 - &%)

was non-viable because of the loss of ability to germinate.

Han et a) (1976) developed matheratical models to expla
concave survival curves on semi-log paper. They reported that
conicave survivel curve cauvsed by innote heterogeneity of suspension
was parabolic whilst that caused by acquired heat resistance during
heating was exponential. The models were applied to published

gpores (Frank and Campbell, 1957)

survival curves of B. ¢

and B. cereus spores (Han et al., 1971). Jor the cases studicd,
the cause of curvilinearity was attributed to the acguisition of

A ~ ~ 3 210 T 1 3+ £ STDHOYE
heat resistance rather than innate heterogeneity of the spo

) : the rat relopment of resistance was found
population. Also, the rate of developm

coagulans spores than those of B. cercus spores
02L1

to bz Ffaster with B. ¢
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Jhe enornous commercial importance of the thersal death of

bacterie has stimulated a considerable amount of work in this area

LERN - Fa R AP N TR LY 5 ~ e J
to muke Gt by fer the best studied aspect of the eifect of tempera-
KT o N K P s . . Lo -
ture on  bacteria.  Since practics] studies are directed toward

eliminzting the nmost heat-resistant form that might be present in
the waterial to be sterilized, the thermal death of bacterial
endospores has recelved considerably more attenilion than the
destructicn of vegetative cells (Bigelow and listy, 1920; Kelsey,

1958).

The rate of kill of spores is undoubtedly determined by the
resistance of the organism. The various factors that have been
revorted to influence the destruction of spores include:

(1) inherent resistance of the species (Murrell and Warth, 1963)
(2)  environmental influence active during the growth and formation

of spores (lechnowich and Ordal, 1962. Sce Section 2. C.)

(3) envircmmental influence a active during the time of heating of

spores (Levinson and Hyatt, 1960; Cook and Gilbert, 1965).

Inherent resistance varies not only betlween specles, bul also
between diifferent strains of the same species, Murrell and Vairth
(196)) quoted D ve lue, which defines the time required in minutes
to destroy a0 of the population as 2.) minutes at lOOOC

ferium SPOres and 714 minutes for 8. stearothormophilus

for B. neg

tmnrean o e e s

SPOTE .

Lochowich and Ordal (1962) found that the temperature of

.3714 .




cultivation influenced the shanpe of survival curve, B, sublilis
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Spores produced at 307C showed exponential desth when heatled at

DI SN vl T /. - - yen b
¢8.57C in h/%O phosphate tuffer, whercas spores produced at 4500

showed an initial shoulder, followed by exponcntial death.

Levinson and Hyatt (1960) reported that B.

spores
were more reslstant when heated in phospbate buifer than when heated
in cacodylate or water. Ot<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>