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AB S TRACT

['l.Sc., The Universìty of

Bacillus stearo-

by the Rh variant, at 0.55-0.60

complete inhjbition of cellular
the Sm variant. Fermentation

vari ants , Rh: Sm(%) ; 60:40; 40:60;

Major Professor: Dr. Gregory Blank.

Rough (Rh) and smooth (Sm) spore variants of Bacillus
stearothermophilus var. calidolact'is were produced via sub-

merged aerob'i c fermentation at 45 and/or 55oc in a nutrient
broth, phospþate-based 'l iqu'id medium. The growth of the Sm

vari ant at 55 oc was shown to i ncrease wi th aerati on. The

growth of the Rh vari ant at s imi I ar temperatures j ndi cated

only s'l ight variation in growth with increased aeration.
Peak lysozyme spore counts were observed to occur mai n1y

at l8 hours of fermentation coinciding with peak vegetative
growth.

The Fermentati on Producti on of Spores of

thermophi i us var. cal i dol acti s .

Thermoci n, produced

A.u./nl , showed partial to

growth and sporogenesi s of

cultures containing mixed



l'tl

20:80; were s hown to progressi ve ly decrease i n Rh vari ant

popul ati on duri ng the course of growth wi th a concomi tant

i ncrease i n the Sm vari ant popul ati on. Inocul a contai nì ng

initjal Rh:Sm(%), B0:20, were shown to completely revert

to the Rh varì ant form wi thi n 30 mi nutes. Inocul a contai n-

ing Rh:Sm(%),20:80, Showed the obverse effects, all recover-

able counts within 30 minutes were of the Sm variant fonm.

Aeratì on s howed I i ttl e effect i n the mai ntenance of

dominance. Peak spore production in cultures containing

mixed variants was shown to coincide with peak total viable
cel I counts regardless of aeration. Thermocin production

was noted i n those fermentati ons i ni ti aì'ly contai ni ng 80, 60

and 40% Rh. The thermoci n ti ter r\,as s hown to occur as ear'ly

as 30 minutes and it persisted for 6 hours without any

increase.
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INTRODUCTION

Di fferences i n anti bi otì c sensi ti ví ty between

rough and smooth vari ants of Baci I I us stearothermophi I us

var. cal odol acti s have created some potenti al concerns

regardi ng the va'l i di ty and sensi ti vi ty of the Del votest p

(Lee l,ling and Blank, lgBl). In addition, Fêcent jnvestigatjons

by Hii and Blank (lg8l), have indicated the presence of a

bacteriocin-like agent, thermocin, produced by the rough

variant, being highly antagonistic towards the smooth variant.

si nce the commerci aì producti on of Baci I I us stearo-
thermophi I us var. cal i dol aqU! spores i s produced

commercia'l ìy by an aerobi c submerged fermentation process,
condi ti ons governi ng sporogenesi s i n these vari ants were

investigated aerobical'ly. In particular, fermen'tation
parameters such as aerati on and temperature, were i nvesti gated

as cri ti ca I factors governi ng the growth and/or domi nance of
these variants as well as the effect of thermocin on pure

and mixed smooth variant cultures. Both temperature and

aeration have been reported previousìy (Hill and F.ields,
1967; Kauppinen, lg69), to have a profound influence on the
growth and/or dominance of these variants.



REVIEli'l OF LITERATURE

( I ) Sporul ati on

It has been fai rly wel i establ ìshed that sporur ati on

i s a normal metabol i c phenomenon among sporogeni c bacteri a

and that the processes i nvol ved are qui te di fferent from

those associated with vegetative growth (Halvorson, l96l).
Although a rather large amount of work has been reported

concerni ng this phenomenon i n recent years, knowledge

regardÍng the nature of sporogenesis, particuìarly the

physio'logical and biochemical changes occurring during the

period when multipìication ceases and sporulation begins,

is still somewhat limited. This may be partiaììy attributed
to the use of bacteri aì cul tures containi ng heterogeneous

populations in which the processes of a partìcular phase of
growth or sporul ati on are compì i cated by the presence of
cells in other various phases of growth. Further
compl i cati ons have ari sen from the many reported di fferences
such as morphology, metabolism and chemical composition

which exist among species and strains (Halvorson, l96l ).

(a) Induction of sporogenesis

Bacterial sporogenesis is basicaììy a spec.ialized

form of adaptation of a cell to accessible nutrients in an



environment. Fo1'lowing the logarithm'i c growth phase, sp0re

formati on nornaì 1y occurs; the generati on time i ncreases

because of a I imi ted amount of nutri ents. Spore formati on

may also be induced in the pri.mary cell which forms after
germinatjon and spore outgrowth (Gould, 1969). After a

decrease in nutrient level and ceasation of growth, several

changes occur i n the bacteri um whi ch has undergone

sporogenesis. Upon rearrangement, a cell division requiring
a'long generation time occurs initiated by the forespore

septum. These sequential processes wi ll eventual 1y lead to
the producti on of mature spores . During the peri od of fore-
spore septum formation, the cell (sporangium) achieves the

ability to develop into either a vegetative ceìl or a spore.

Lack of nutri ents wi I I normaì ìy aì I ow f or the deve'lopment

of a spore while restoration of depleated nutrients al lows

for what is known as rejuvenation, resulting in the develop-

ment of a vegetati ve cel I .

soon after the critical period of forespore format'i on,

a stage known as i rreversi bl e commi tment to sporogenesi s

is reached. This stage is basically characterized by a

seri es of processes , morphogeneti c i n nature, whi ch

eventualìy lead to ìrreversible changes in the forespore,
res ul ti ng i n i ts deve'l opment i nto a spore.



4

if the situation existed where al I the nutrients had

become exhausted i n a growi ng cul ture then i t woul d be

relatiye'ly easy to distinguish which conditions would lead

to the induct'ion of spor0genesis. However, sporogenes'i s

can occur ì n both conti nuous and batch cul tures. l^lhether

or not a growi ng vegetati ve cel I wi I I reach the stage of
i rreversi bl e commi tment to sporogenes'i s wi I I depend greatìy

on the growth rate s i nce s I ower growth rates wi I I favor

sporogenesi s.
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subtiljs underwent sporulation if a ninhydrin sporulation

factor was added to vegetati ve cel I cul tures i n the pre-

sporul ati on stage. Studi es by Bergere and Hermi er ( I 965 )

reveal ed the presence of an unknown factor whi ch when

suppl i ed to a growi ng cul ture of Cl ostri di um butyrí cum

reduced the growth rate and induced sporulation. Kerravala

et al ( I 964) and Schaeffer et al ( I 963 ) dì scovered that

Bacillus subtilis and Bacillus megaterium sporulated and

extent and speed of sporulation depended on the level of

carbon and n'i trogen sources.

(b) Env!fgnmental factors affectjng spore yield and
quality

The most si gni fi cant envi ronmental factors whi ch

affect sporulationr spore yieìd and quality include: the

level and type of nutrients available, the presence of

mi neral s, temperature, pH and aerati on.

(i) The level of available nutrients

growth but

decreasi ng

dependent

Available nutrients in
sìow the induction of

spore yield. Whether

upon available oxygen

hi gh I evel s may promote

s porogenes i s the reby

or not thi s wi ì I occur i s

and pH changes.



Bernlohr and Novelli (ISOO¡ found that pH changêS,

aeratj on rate and concentrati on of g1 ucose were al I

interrelated factors in the sporulation of Baccillus
licheniformis. Nasuno and Asai (1960) studied the effects
of glucose and nitrogen sources on strains of clostr^idium

butyricum and found that sporulation occurred quite easily
regardless of the levels of g'l ucose or nitrogen supplied.
Studies performed by Jerusalimskij and Rukina (r9s9) on a

continuous culture of clostridjum butyricum revealed that
sporogenesi s was dependent upon the depleti on of ni trogen

sources and vi tami ns. Hardwi ck and Foster ( I 952) demonstrated

that Baci I I us mycoi des grown i n a ni trogen-ri ch medi um

sporulated readily whereas if gror^/n in a medium low in
nitrogefl, sporulation did not occur.

studies by þlilliams and Harper (l9sl) found trrat
sporul ati on of Baci 1l us cereus was reduced marked'ly i f
leucine was deleted from their medium. Krask (.l9s3)

observed that much more gl utami c aci d was requi red i n thei r
medium for sporul ation to be achi eved than was requi red for
growth. 0rdal (1957) demonstrated a sulfur requirement for
the sporulatjon of Bacillus coagulans. The organism was

first grown without sulfur-containing amino acìds

(methionine and cystine) and sporuiation was reduced



drasticaìly from 75-90% to 5-10%. When the medium was

fontified with inorganic sulfate and methionjne and cystine

left out the organism sporulated 70-90%.

Grelet (1955) working with Bacillus cereus strains
found that if the organism was cultured jn a glucose-amino

acid-salt medjum, good sporulation occurred when alanine,

leucine, isoleucine and valine became 'l imiting. The effect
of carbon sources on sporul ati on has been studied by several

researchers. Foster and Hei 1 i gman ( I g49) found that
addition of 2 

^g/^1 of gìucose greatly increased the

sporu'lati on (2500%) of Baci I I us cereus . 0ther, however, have

found that sporul ati on was enhanced i n some Baci I I i speci es

only i f gì ucose became exhaus ted or was absent from the

culture medium. 0rdat (1957) observed that putrefactjve

Anaerobe 3659 sporul ated i n the presence of gl ucose but the

spore yieìds were qu'i te low. This seemingìy adverse effect
of glucose on the sporulation of certain Bacil li species

was further supported by Hardwick and Foster (r9s2) and

Halvorson et al (1956).

A study by 0rdal ( I 957 ) reveal ed that Baci r r us coagul ans

exhibited a sporulation requirement for folic acid or p-

aminobenzoic acid (PABA). In the medium approximately go%



I

of the cul ture SporuJated but when fol i c acid was removed

it decreased t0 10%. This effect was remedied when pABA

was added and sporulat'ion increased to 7s-90%. Addition
of adenine, adenosine, guanine, uracil, inosine and thym.i ne

at levels of l0 vg/ml had little effect on sporulation.
Hi gher concentrat'i ons of 100 Ug/ml of these nutri l.i tes

almost enti rely suppressed growth of Baci I I us coagul ans.

|vluhammed et al ( 
.l975) studied the nutritional requi rements

for sporulation of several strains of Clostridium perfringens.
In a chemí ca'l ly def i ned medi um i t was f ound that al ani ne,

aspartic acid and methionine highly stimulated sporulation
and that some strains required riboflavin, isoleucine, serine,
lys i ne and butanol for i ncreased sporul ati on.

( i i ) Mi neral composi ti on of the growth medi um

Dl'fferent anions and catìons have been rep

to affect sporogenesis as well as spore yieìd and qu

in Bacil I i species. Sal t effects on sporogenesi s we

reported as ear'ly as 1889 by Behring and schreiber (

cook (.l93.l) and Tarr (1932) showed that good sporuìa
possible in several aerobic bacteria in a mineral sa

medium. Roberts ('l 934) achieved 60-70% sporulation
Baci'l lus subtilis in a mi neral suppl emented medÍ um.

orted

a'l i ty

re

r8e6)

tion

Its
of

was
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Fabian and Bryant

among four mesophi I i c

(1933) observed increased sporulation
âê robes : Bqcilius cereus, Bacillus

subti I i s, Baci I I us mesenteri cus and Baci I ì us megateri um if
a peptone medium was supplemented with cations of univalent
chloride salts such as NaCl, KCl, NH4CI and LiCl. Divalent
or trivalent chloride salt cations had not influence on

sporulation. Foster and Heiìigman (lg4g) studied the effect
of potassium on the sporulation of Bacillus cereus.. potassium

al ong wi th several other cati ons has been shown to i nfl uence

sporulation of Bacilli spec'ies (Fabian et al, 1g33, perdue,

1933) and its presence in aerobic spores has been revealed
by spectrochemical analysis (curran et al lg43). It was

found that the addition of potassium led to a 1000% increase
in spore yieìd, suggesting a definite role for potassium

in the sporul atÍon process.

Manganese i s sp'eci f i caì ìy requi red during presporur ati on

and sporulation of several Baci lli species, (Amaha et al,
1956, Donnellan et al, 1964; charney et al, l95l; Greìet,
1952 and l,leinberg, l9s5) and possibly pìays a role in the
activation of some enzymes involved in spore formation.
The specificity of manganese for the sporulation of Bacilrus
subtilis was observed by charney et al (lg5r). SporulatÍon
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was negl i gi b1 e wi thout added manganese j n both a chemi caì ly
defined and complex organic media. These findings tnlere

further supported by curran and Evans ( r 954) who found

that iron, used in large amounts, replaced manganese in
manganese-defi cj ent medi a. lt|ei nberg ( I g5s, lg64) al so found

a manganese requirement for sporulation in Bacillus
megateri ùm s trai ns. Amaha et al ( I 9s6 ) observed the

sporul ati on requi rements of three strai ns of Baci I I us

coagulans var. thermoacidurans on agar slants and in shake

cuJ tures. 0n peptone-contai ni ng agar medi a, sporul ati on

was markedìy stimulated by the addìtion of manganous sulfate,
nickel sulfate or cobalt sulfate at a concentration of I ppm.

Addition of manganese alone wLs sufficient to stimulate a

high degree of sporulation.

studies carried out by Grelet (.l951, 1g5z) 'revealed

sporul ati on requi rements of Baci I I us megater:i um concerni ng

various minerals. shake cultures in a glucose-mineral-salts
based medi um were used and the effect of vari ous mi neral
constituents on sporuiation u/as observed. Depìetion of Mn**,
Mg** and K+ prevented sporuration indicating the necessity
of these mi neral s for sporur ati on. Brewer et al ( I 946 )

using Bacillus anthracis studìed the effects of ca++, F.***,
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Mn++ and Mgn* on sporul ati on l'langanese and magnesi um

lvere requi red for sporul ation, cal ci um and i ron were not,
but addition of excess ca*+ and Fett* increased spore

yields. A few other minerals have been observed to be

essenti al for sporul atj on; zi nc for Baii l l us ioagul var.
thermoaci durans l^Jard (1947) and for
et al (1960, 1962), trace amounts of copper for strains of
Bacillus cereus and Bacillus megate,rium, Kotodziej et al
(.l964) and molybdenum for Bacil rus 'nre'gaterj,um, Kolodziej
et al (1964).

Studi es have al so i ndl'cated that the presence of
um above certain minimum levels appears to be a factor
e production of thermostable spores; Donnellan et al

); Curran (1957); Grelet (1952); Levinson et at (1964)

et al -(lsoz¡. It appears that calcium contributes to
stability through the formation of internal bonding

the pepti des found i n much of the spore contents.

A p'lethora of publ i shed reports seems to i ndi cate that
mi neraì sal ts are essenti al for bacteri al spore formati on.

The fact that spores are not produced i n syntheti c medi a

without added salts, and, the fact that in complex organic
medi a the i nadequacy of spore formati on can be remedì ed

Baci I I us cereus Lundgren

cal ci

i n th
( t e64

Youn g

spore

wi th
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through the addition of suitable minerals support this
contenti on. The exact I evel of mi neral s requi red for
sporulation will vary with the onganism, and with cultural
envi ronmental condi ti ons such as type and concentrati on

of nutri ents, amount of avai I abl e oxygen, pH and temperature.

(iii) Effects of pH

Data ,, On ,*,na and pH changes f or sporul ati on

have been reviewed; Knays-i , (lgag); Leifson, (1930);

Murrell, (1961); Halvorson, (.l962). Leifson (1930) working
with various Bacilli and clostridia species, found that the
pH optima for sporulation were close to neutral for most

species studied. Knaysi (1948), also working with various
Baci l l'i , observed a si mi r ar requi rement f or a pH optimum

near neutral for maximal sporulation. Recent studies have

shown that al though the pH optima for sporul ati on i n Baci I I i
species is near neutra'l ity, once cultures undergo logarithmic
growth, a drop in pH results. This has been reported to be

due to the producti on of several organi c aci ds such as

pyruvic and acetic. 0nce these acids are utilized this
results in a subsequent rise in pH; Halvorson (19S7);
Bernlohr (1960); Lundgren and Beskìd (1960); Nakata and

Halvorson ('ISOO¡.
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( i v) Effects of temperature

Growth temperatures have been shown to affect
growth, spore yield and spore propertì es. Lechowich and

0rdal ( I 962 ) observed that an ì ncreased temperature duri ng

both growth and sporulation resulted in increased heat

resistance of spores of Bacillus coagulans and Bacillus
subtilis. Spores of Bacillus subti'l is exhibited an jncreased

heat resistance as well as an jncreased dipicolinic acid

(DPA) content and cation content (cu++, Mg**, Mn++) as the

sporul ation temperature was i ncreased from 30oC to 45oC.

Baci I I us coagul ans spores exhi bi ted i ncreased heat

resi stance as the sporul ati on temperature was graduaì'ly

ì ncreased f rom 30oC _to 45sC to 52oC. The DPA content

decreased and the cation content remained relative'ry
constant.

In a study by Murrell and T'llarth (lg6S) the optimum

temperature for maximum heat res i stance of Baci I j us cereus

spores was found to be 304c. shifts in temperature, either
lower or higher than 30oc, Fêsuìted in a decrease jn the

number of spores produced and in their heat resistance.

Lundgren and Beskid (1960) deveìoped a chemicaliy

defined medium which supported good growth and sporulation
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of Bacillus ceneus. Ultraviolet light induced mutants

were produced from the nornal cul ture when grown at 37oC.

The mutants i sol ated appeared to be temperatu re sen s i t'i ve

since they sporujated when grown at 28oC but could not

sporulate when grown at 37"C. Similar mutants were

prepared by Cooney and Lundgren (1962,) and it was found

that temperature affected sodium:calciuffi,potassium and

zi nc uptake.

( v ) Aeratj on effects

Increased aerati on was reported as a requi rement

for optimaì sporul ati on of several aerobi c Baci I I i

(Haìvorson,l957; Roth et al,l955). Two metabolic systems

were shown to become functional in aerobic sporeformers

during the pre-sporulation stage: the tricarboxylic acid

cycle (TCA) and the formation and subsequent breakdown of
poly-ß-hydroxybutyrate (eHA¡. A hÍgher aeration rate was

requi red for the degradati on of PHB whi ch accumul ated

before sporulation. Sìepecky and Law (.l96t ) found that

the utilization of PHB was directly related to the abiììty
of Baci I I us megateri Um to s porul ate .

Studies on the effects of oxygen on the growth and

sporulation of anaerobic sporeformers revealed that'it



inhibits both growth

end of sporogenesi s i

(c)

t5

and s poru I at-ion; however, near the

t was shown to promote spore liberation.

Duri ng sporul ati on there i s an accumul ati on of
calcium and DPA in spores. DpA il n bacterial spores is of
particular interest because of its possible role in develop-

ing heat resistance in spores. DpA has been reported to
act as a strong chelating agent occurring on'ly in bacter.ial
endospores. it is usual'ly present in high concentrations,
(4-15% dry weight). It is synthesized just prior to the
formation of resistant spores, and is compìete'ly lost
during germination (Hal vorson I g6l ). Several fuictions
have been assi gned for the ror e of DpA: overal I heat
resistance in spores via protein stabiì i zation and removal

of water; cal ci um accumur ati on i n sporul ati ng ce'l I s by

cheJati on; stímul ation of el ectron transport system; enzyme

stabiìity and stimulation of germination.

ce has been shown to be related to the

m (Halvorson, l96l; Abdel-Gadìr and

. Spores low in calcium are more

inactivation and a correlation between

Heat resi'stan

presence of ca I ci u

Scholefield, 1975)

sensi ti ve to heat
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Ca' ' content and heat res i stance has been observed i n

severa'l organi sms, (Hal vorson, I g6l ). It has al so been

reported that decreasi ng amounts of DPA i n bacteri al spores

will result in reduced heat resistance in such spores.

The possible interrel'ationship of calcium and DpA

in heat resistance may be considered as fo'l lows:

(i ) caicium would act as a catalyst in synthesizing
DPA, the DPA.being required for heat resistance.

(ii) DPA may be required for cajcjum accumulation,

the calcium being requi red for heat resistance.

The accumul ati on of cal ci um has ì ong been observed

to correlate with the development of heat resistance. DpA

precedes heat stabl e spore formati on and fol I ows the appear-

ance of spore-like bodies, therefore, DpA synthesis probabìy

occurs ei ther pri or to or together with cal ci um accumul ati on,

( Hal vorson, I 961 ) .

(i i i ) DPA and cal cì um mi ght both be requi red i n heat

res i stance, the mechani sm bei ng the type of bi ndi ng between

calcìum, DPA and spore protein which makes them most heat

resi stant, (Hal vorson, I 961 ).



17

The nature of heat resistance in bacterial endospores

has been the subject of considerable'investigation. curran

et al (.l943) studied the mineral content of both vegetative
cells and spores of twelve Bacilli spec'i es and found that
spores contai ned much more mi neral content than the

vegetative cells. A strong correlation was also shown to

exi st between hi gher cati on concentrati on and i ncreased heat

resi stance i n these spores.

cohen and wi ener ( I 954) exami ned spores of Baci J I us

megateri um spectrochemi ca'l ìy and found that these spores

contained high levels of mangnesium and calcium. vinter
(1956) using spectrochemical analysis arso found that
Bacillus megaterium spores possessed over five times as

much cal ci um as di d the vegetati ve cel I s.

sugiyama ( I 95.l ) observed that cl ostri di um botul i num

sp0res contained high levels of iron and calcium and that
thei r thermal resì stance was rel ated to the hi gh I evel of
these cati ons. in a study by Amaha and 0rdai ( I 957 ) i t
was found that the heat resistance of Bacillus coagulans

var. thermoaci durans s pores i ncreased through the addi ti on

of calcium and manganese to the sporulation medium.

Slepecky and Foster ( I 9sg) observed that Baci I I us megateri um
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spones, produced i n a hi gh cal ci um medi um, possessed a hi gh

thermal res i stance whereas s pores produced i n a medi um

high in ztnc and manganese but low in calcium showed less

heat resistance.

The fi rst studies correl ati ng DpA synthesi s and devel op-

ment of heat res i stance were carri ed out by Hal vorson, ( I 957)

on clostrid'i um roseum and Hashl'moto et al, (1960) on Bacillus
cereus.

Day and Cos ti I ow ( I 964) observed that the heat

resi stance among Cl ostri di um botul i num spores and the synthesi s

of DPA were closeìy associ ated. This resi stance to hi gher

temperatures i s not acqui red with simul taneous productj on of
maximum DPA levels in the spores. A deìay or maturation
peri od was reported to al ì ow f or the deve'l opment of the
cortex. studies have shown an interrelationship between

corti cal mucopepti des, câl cj um and DpA i n the formati on of
thermoresi stant spores, (warth et al , I 963; Lewi s et al ,

I 960) . The fi nal concl usi on drawn i n these studi es was that
the cortex contri butes to the retenti on of cal ci um and DpA

in spores.

The complex i nteracti on of DPA and cal ci um wì th cortj cal
mucopepti des and other spore contents can be j nfl uenced by

many factors during sporogenesis. Each species varies in
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how these components interact with one another within their
own spore structures. 0ther factors may show interp'l ay

with these components, such as I protei n stab j],tzati on by

calcium alone, changes in the physicochemical nature of
nucleic acids and proteins, changes in the tertiary structure
of cystine-rich prote'ins along the spore periphery so that
no common mechanism can be establ ished for the optima'l inter-
act'i on of these components resul ti ng i n maximum resi stance

valid for all Bacilli and Clostridia species.

(2) Baci I I us Stearothermophi ì us

Baci I I us stearothermophi I us 'i s the typí caì ongani sm

causing flat sour spoilage in low acid foods (foods with
a pH above 5.3; includìng such foods as peas, corn,'l ima

beans, meats, fish, pouìtry and milk). This kind of spoiì_
age derives its name from the fact that the ends of the can

of food remain flat, that is, they have a normal concavity,
duri ng souri ng, or the deveì opment of I acti c aci d i n the
food by the fl at sour bacteri a. The exi s tence of the
organism was known earìy ìn the food canning industry; the
organi sm v'ras fi rst i soì ated by Donk, ( I 920) .

The fol I owi ng are some ser ected characteri sti cs of
Baci I I us stearothermophi I us: (Bergeyrs Manual , I 97s )
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Vegetatl've rods

0.6 to 1.0 u by 2.0 to 3.4 u; motile.

Sporangia

Swol I en; racket-shaped.

Spores
.l.0 to 2.0 u by 1.5 to 2.2 v; oval and

subtermi nal to termi nal .

Col oni es

Not distinctive; pinpoint to small; round

to ì rregul ar; trans I ucent to opague;

smooth to rough.

Growth temperature

0ptimum growth 50-65oC; maximum temperature

65-75oC; minimum temperature 30-45"C.

(a) The existence of bacterial variants

The term vari ation refers to the fact that wi thin
bacterial strains, variant forms exist which differ from
each other morphologicaìly, physiorogicaìly and bio-
chemi caì ìy. Bacteri a I vari ati ons have been s hown to ari se

either spontaneously or by induction, using mutagenic agents
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or by recornbination, foi lowing some method of transfer of
genetic material, (KruegêFr 1973).

The existence of both rough (Rt'r) and smooth (sm)

variants i n B. stearothermophi I us was fi rst observed by

Michner (1953). However, this species variation, that is,
existence of both sm and Rh variant forms of an organism

is also known to exist in other genera as well.

Altenbern et al (195i) observed metabolic and

population changes in Brucel la abortus. It was found that
di fferences i n the termi nal respi ratory systems enabl ed Rh

vari ants of B. abortus to grolv after oxygen depri vati on

inhibited the virulent, sm ceIls. carta and Firshein (1962)

studied popul ati on changes i n Di pJ ococcus pneumoni ae. A

sh i ft from vi rul ent (sm) popur ati ons to avi rul ent ( Rh )

strains was observed. This selective population change

was due to a toxic factor produced by ìarge numbers of
avirulent (Rh) cells inhibiting the multiplication of
vi rulent (sm) cel I s. l,lessman (1964) studied the i nter-
relationships of smooth and nonsmooth variants of past

eurella haemolytica.

Smooth and nonsmooth vari ants ltere found to be s imi I ar
bi ochemi cal ìy but di ffered i n thei r vi rul ence. The presence
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of nonsmooth cells in mixed cultures severely limited the
growth of smooth cel I s . The cri ti ca I factor appeared to
be the amount of oxygen in the culture where selective
inhibition of smooth variants occurred under reduced a.ir
pressure. Rh and sm vari ants have al so been found i n

Pseudomonas aeruginosa and Baci l l us coag_ulgnr (Bi sset, l g55).

(b)

The morphol ogi cal di fferences between the Rh and

Sm vari ants of B. stearothermophi J us have been reported by

Fields (1963). surface co'lonies of the Sm variant were

observed to be round with a central opaque spot. The

vegetative cells consisted of short rods with a maximum

length of 2-0 x 0.5 p and a minimum of 1.0 x 0.5 p. The Rh

variants on the other hand, showed colonies with, an

i rregul ar margi n. !.lhen grown on the same medi um under the
same envi ronmental conditions, the surface col oni es of the
Rh vari ants tended to be ì arger than the sm vari ant. The

vegetative cells of the Rh varìant were consìderabìy longer
with a maximum length of 5.0 x 0.5 u and a minimum of 2.0
x 0.5 u.

Ul tras tructure s tudi es of
by Bradley and Franklin (.l958)

these spores were performed

and Rotman and Fi el ds ( I 966 )

structure
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Bradley and Franklin (1958) observed that spores of B.

cal í dol acti s lvere very similar to 8., stearothermophilus

but some ribbing was usua'l ly present in B. cal jdolactis.
B. stearothermophi I us spores were reported to be rough i n

appearance because of surface contamination. B. calidolactis
spores were 1 .2 to 2.2 u by 0.0 u; the surf ace i s usuaì'ly
patterned with irregularly spaced, paraì lel, ìongitudjnal
ri bs , often i ndi sti nct.

Rotman and Fi el ds ( I 966 ) carri ed out er ectron mi cro-
scopy studies and found the presence of three layers in
the Rh spore walì. The Sm variant spore wall was thicker
than the Rh vari ant spore wal I by ca. I 7S.3.A. A

s i gni fi cant di fference between the vari ants appeared to u"

the observation that the Rh variant spore wel I ìayers were

separated to a greater extent than i n the sm vari ant.

Inside the sm variant spore watl, two 'l ayers of low

electron density were observed which could not be seen in
Rh variant spore sections. This structure, along with
the thick spore wall, has been suggested to act as a

mechanical barrier to heat ìn Sm variant spores. In

addition, it was also observed that Rh variant spores showed

a thicker cortex than did the Sm variant spores, al though
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the exact si gni fi cance of the s pore cortex i s sti I I unknown .

some researchers consider the cortei to be the site of DpA

and calcium storage which in turn is known to affect the

heat resistance of the spores. 0ther researchers have

suggested that DPA is found in the core and that the core

contai ns a hi gh concentrati on of mi neral mattere ( Hal vorson,
I 961 ) . The fact that the Rh vari ant spore was shown to
possess more cortex than the sm varjant spore did not seerTt

to be related to heat resistance since the Rh variant was

shown to be the less heat resistant of the two variants,
(Hill and Fieìds, 1967).

Much of the I iterature reported on B. stearothermophi I us

i ndi cates that the spores of thi s organi sm are ubi qui tous

in nature, non-pathogenic, difficult to destroy with heat

or chemi cal s and are hard to characteri ze wi th regard to
growth and sporul ati on req ui rements .

(c) Growth of rough and smooth variants

( i ) Mi neral and medi a compos i ti on

Dahl (1955) revealed that nitrate, after reduction
to nitrite, stimulated the sporulation of a strain of B.

stearothermophi I us. The greatest percentage of spores was
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obtained at 0.1 per cent nitrate and 0.01-0.05 per cent

nitrite. Yao and l^laìker (1967), descrjbed a ìiquid medium

for the producti on of spores of B. stearolhermophi r us. It
was observed that supplementati on wi th Mn+t, cu** and N0ã

was requi red for maximal sporul ati on, whi ch occurred after
l8 to 24 hours of growth. A study by Kim and Nayror (r966)

showed that l0 ppm of manganese was necessary in a

sporulation medium to facilitate maximum spore yfeid by

B. stearothermophj_] us. Guzman et gl_ (1971) further supported

th i s contenti on for a man ganese req ui rement when i t was

observed that l0 ppm of Mns04 added to the medium enhanced

sporulati on of B. stearothe¡¡p_p_hi_lu: spores.

The effects of calcium, cobajt and manganese in
various media on the sporulation of the Rh and Sm variants
of B. stearothermophl us was ì nvesti gated by Rotman and

Fields (1969). In nutrient agar, calcium was found to have

a partial inhibitory effect on the sporulation of the Rh

variant. coba'lt in nutrient agar reduced sporulation of
the sm vari ant. concentrati ons of 6 ppm and hi gher of
cobalt, moderateìy stimulated sporulatìon of the Rh

variant. Manganese (l ppm) stimulated sporuìation of the

Rh variant jn nutrient agar. In nutrient broth, fortification
of the aerated broth with manganese ('l ppm) resulted in an
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B5 per cent i ncrease j n s poru I ati on of the Sm vari an t.
cobalt also stÍmulated the sporulat'i on of Sm variant in

nutrient broth.

Tandon and Gol I akota ( I 9zl ) i nvesti gated the growth

and sporulation of the Rh variant of B. stearothermophilus

in a chemica'l 'ly defined medium. The medium (v-medium)

cons isted of vari ous ami no aci ds, vi tami ns and mi neral

salts; sporulation was great'ly enhanced through the addition
of glutamate and'lysine. Higher incubation temperatures were

adopted and it was found that 60oC greatly speeded up

sporul ati on. The pH decreased steadi ìy after i ni ti al growth

(5.2) in v-rnedium but after sporuration \¡ras complete in 24

hours it rose to 8.4, acid free spores were viii¡le after
20 hours.

A study of the sm vari ant of B. stearothermophi I us by

Thompson and Thames ( I 967) reveaJed that maximal spore
yi eì ds were obtai ned after z0 hours. A requi rement of
oxygen for rapi d vegetati ve growth and sporul ati on was

demonstrated. It vì¡as al so f ound that manganese (l s to 30

ppm) stimulated sporulation.

The effects of media composition and pH on the growth

and interaction of Rh and Sm variants of B. stearothermophilus
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were examl'ned by Hi I1 and Fi el ds (l g 67) . Nutri ti onal
studies revealed that the sm variant required arginine,
histidine, methionine, valine, isoìeucine, biotin and

thi ami ne for growth. The Rh vari ant r¡/as found to have a

less demanding nutritive requirement as compared to the
sm type, Fêguiring on'ly methionine and perhaps biot-in for
growth.

(ii) p_[

studies i nvestÍ gati ng the effect of pH on the
growth of Rh and Sm variants in pure and mixed cultures in
nutrient broth at pH 6.0, 1.0 and g.0 were carried out by
Hill and Fields (1967). The Rh variant which was shown to
be much less sensitive to acid and alkaline environments
and showed an increase of 3 hours in ìag time at pH 6.0
and 8.0 as compared to pH 7.0; the sm variant had an

increase in lag time of 3l hours at pH 6.0 and 47 hours at
pH 8.0 as compared to pH 7-0.

In trypticase soy agar, the Sm variant
little basic substances whire the Rh variant
amounts of these substances. Two possible i
uJere given for this occurrence:

produced very

produced I arge

nteractions
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(a) A Rh population could be produced'i n an acid medium

and by producing basic substances raise the pH

enough to stimul ate Sm variant growth; 0R

(b) In a medium permitting Rh variant growth but nutrition-
ally inadequate for Sm variant growth, the Rh variant
may produce metabol i tes aì I owi ng the Sm vari ant to
grow.

(iii) Oxygen tension

The i nfl uence of oxygen tens i on on the growth and

interaction of Rh and Sm variants of B. stearothermophjlus

in pure and mixed cultures was investigated by Hiil and

Fi el ds (.l967). They obs,erved that oxygen di d have an

i nfl uence on the growth of these organi sms by affecti ng the

generati on time of the two vari ants. At b5oC, the pure

Rh population showed a lower generation time when grown

under reduced 0z tens i on whi I e the generati on ti me of the

sm vari ant lvas i ncreased by I ow oxygen tens ion. 0xygen

tension was also shown to affect the amounts of acid
produced by the vari ants. The Sm vari ant produced more

acid than the Rh variant, but the amount of acid was

independent of oxygen avaìlabiìity. As the oxygen tension
was lowered, however, the Rh vari ant showed more aci d

accumul ati on.
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In a previous study by Hill and Fields (1967), it
was found that the Rh variant had an active tricarboxyìic
acid (TcA) cycle while the sm varjant exhibited very little
TCA activity. The Rh would be expected to accumujate more

aci ds under anaerobi c condi ti ons where i ts TCA acti vi ty
would be reduced while the sm would show little dependence

upon oxygen for i ts aci d producti on.

Kaupp'inen ( 1969 ) exami ned the ef f ects of aerati on on

the growth and sporulation of sm and Rh variants of
B. stearothermophi I us. The sm vari ant was found to have a

higher oxygen demand than the Rh variant during exponential
growth. Increased aerati on of Sm vari ant cul tures resul ted

in a higher growth rate and increur.J sporogenesis,

whereas the Rh variant grew at a constant rate and sporulated
at a hi gher rate i rrespecti ve of the aerati on rate.

( i v¡ Temperature of growth

The growth temperature has ar so been shown to
affect Rh and Sm vari ants of B. stearothermophi I us (Hi I 1

and Fieì ds, I 967) . The Sm vari ant l.tas shown to be more

sensi ti ve to a I ow temperature (45"c) ; the generati on time

of the sm variant in a pure popuration decreased more than

threefol d when the temperature was raì sed to 5s oc. 
A
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further temperature i ncrease to 6b "c resul ted i n a twofol d

decrease in the generation time of the Sm variant. The Rh

variantn on the other hand, exhibited a twofold decrease

i n generati on ti me for each I 0oc i ncrease i n temperature.

(v) Metabolism

HiIl et al (.l966) studied the pathways of glucose

metabolism in the Rh and Sm variants of B. stearothermophilus.
The Rh vari ant i s generaì ìy I ess acti ve bi ochemi cal 1y and

nutri tiona'l 'ly less demanding than the sm vari ant. Si nce

the Rh and Sm variant transitions are thought to be the

result of a biochemical mutation, differences in metabolism

should exist between the two variants, (Braun, l96s).

Hi ll and Fields showed that the Embden-Meyerhof (EM)

pathway was more active in the sm variant than the Rh

variant whereas the TCA cycìe was more active in the Rh

vari ant than i n the Sm varì ant.

Jung et al (.l973) observed metabolic differences
between B. stearothermophilus grown at 37"c and 5s"c.
Thermophiìic growth cultures (55"c) showed high activitjes
of glyceral dehyde - 3 - phosphate dehydrogenase and al cohol
dehydrogenase enzyme acti vi ty lvhereas thermophi 1 i c cul tures
grown at 37oc showed I i ttìe acti vi ty of ei ther enzyme.
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(vi) Antibiotics

A revi ew of the I i terature has i ndi cated that very

little information is avai Jabje concerning the antibiotic
sensi ti vi ti es of Rh and Sm vari ants of B. stearothermophi I us.

Recent studies, however, by Lee Wi ng and Bl ank ( I gB0)

performed on the anti bi oti c sensi ti vi ti es of Rh and sm

vari ants of B. stearothermophi I us var. cal i dol acti s with
penÍcillin, ch'loramphemicoì, tetracycìine and bacitracin
have reveal ed that these vari ants showed di fferent anti -
biotic responses particuìarìy towards tetracycline and

pen'i cillin.

The inhibition of bacteria by c'losely related
species which produce a bacteri ocin has ì ong been observed

(Johnson et al, 1966; Hiìl and Fields, 1967; Shafia, 1966;

Cole, 1973; Yule and Barridge " 1976; Sharp et al , lglg).
Bacteri ocins whi ch are produced by thermophi'l es are desi gnated

as thermoci ns. Thermoci ns are unÍ que bacteri ocj ns because

they are found extraceìlu'larly in an environment destructive
to most other bacteri oci ns .

Yule and Barridge (ì976) reported the existence
of a thermoci n produced by B. stearothermophi r us. The

thermocin was high'ly thermostable, of jow molecular weìght
and composed mai nìy of protei n and carbohydrate. shafi a
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(1966) examìned 22 strains of B. stearothermophilus and

foun d 12 to be bacteri ocinogeni c. Some species produced

thermoci ns whi ch were act'i ve on many host stra j ns whi I e

others were ìnhibjtory to oniy one host strain. Hill and

Fiel ds ( I 967) showed that a heat-ì abì 1 e, bacteri ostati c

agent capable of s'l owi ng the growth of the Rh variant of

B. stearothermophi I us was produced by the Sm vari ant.

Recent work by Hi i and Bl ank ( I 98'l ) reveal ed the

production of a thermocin by the Rh variant of B. stearo-

showed antagonistjcthermophilus var. calidolactis which

activity against the Sm variant. Maximum thermoc'in act'i vity
occurred duri ng the exponenti al phase of growth.

The thermoci n was found to be stabl e agai nst

both heat and pH treatment.

( vi i ) Effect of heat and heat acti vatj on

Curran and Evans (1944) were the fi rst workers

to demonstrate that subletha'l heat (62 to 95"C) could

i nduce dormant spores to germi nate. The fi rst reference

to acti vati on of spores at temperatures greater than I 00"c

was made by Brachfel d ( I 955 ) . In thi s study wjth
B. stearothermophi lus NCA 

.l518, it was found that spores
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suspended in disti I led water and heated to l05oC for fìve
mi nutes gave maxi mal p'late counts. Ti tus ('l 957) worki ng wi th

a i sol ate of B. stearothermophi I us reported that heati ng

spores of this strain at ll0oc for 6 to l0 minutes resulted
i n maximal acti vati on.

A study by Fi nl ey and' Fiel ds ( I 961 ) showed that when

spores of two strai ns of B. stearothermophi I us I 5l 8 were

heated at temperatures above I 00oc acti vati on occurred. A

heat treatment of I l5"c for three minutes was required to
induce maxjmal activation in one suspension of strajn lslB
spores whereas a heat treatment of ll0'c for 7 to l0 minutes

was adequate for the other suspension of strain l5lB spores.

The degree to which the spores could be activated was strain
dependenl und variable among spore suspensions of the same

strain.

A further extensìon of this study by Fields (1962)

reported on the effects of heat on Rh and Sm variants of
B. stearothermophí I us. The effect of heat ( I I 0"c) on spore

suspensions of mixed variants (Rh and sm) was difficult to
measure as the Rh vari ant was not as heat-res i stant.
l.lhile the Rh variant was actìvated in a shorter time, the

sm variant was not activated; when the Sm variant was
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acti vated, the Rh vJas ki I I ed. l.lhen mi xed cul tures were

subjected to lethal temperatures ( I z0oc) , onìy the sm vari ant
survived. In a mixed population, part of the spore population
was being activated, whi le the other part was being in-
activated.

A number of i nvesti gati ons have shown that the
heat resistance of spores varies
wi dely. The heat resi stance of these spores was shown to
vary with the composition of the growth medium (l,lilliams and

Robertson, .l954; 
Cook and Gi lbert, l96g; Abde.l_Gadjr and

scho'lefield,l975; Mayou and Jezeski, 1977); the temperature
of growth (Amaha et al , l9S7; l^loese, l g60; l^lang et al , j964,
Anderson and Fri esen, I 974) ; the nature of the heati ng

menstruum (l^li I I i ams and Hennessee, l g56; Gauthei r et al ,
.|978; 

Reed et al, l95l; Murrell and Scott, .l966; Colìier and

Townsend, .l956; A'lderton and Snel ì , l9Z0 i Harnuì v et al ,

1977); the particulan strain involved and the variant type
wl'thin the strain.

Cook and Gi lbert (lg6g) found increasing spore heat
resistance with increasing sporulation temperature. Heat

resìstance was correìated with manganese sulfate in the

(viii ) Heat resistance
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sporulation medium at high concentrations (1000 ppm).

14ayou and Jezeski (1977) found that heat resistance of

B. stearothermophilus spores was greater with spores

grown on nutrient agar fortified with milk than those

grown on nutrient agar w'ith 40 ppm of manganese sulfate.

Reed et al (195.l ) determined the heat resistance of E.

stearothermophi I us i n vari ous vegetabl es and found z

values ranging from .l5.6 to 23.2 F and FZSO values ranging

from 21 to 44 min. l'layou and Jezeski (1977) found that

B. stearothermophilus spores had a DeSO = 1.4 minutes in

reconstituted nonfat dry milk (10e/") and DZSO = J.5 mìn in

skim mílk, pH 6.5. Abdel-Gadir and Scholefield (1975)

observed si gni fi cant di fferences i n heat res i stance of

spoì"es of B. stearothermophilus produced in solid and

liquid media. Spores harvested in solid media exhibited
greater heat tol erance.

The heat resi stance data of Humbert et al (1972)

i ndi cated that s pores of the Sm vari ant of B. stearothermophi I us

were more heat-resistant than the spores of the Rh variety.
Thi s further supported the resul ts obtai ned by Fi el ds ( I 963 ) ,

Rotman and Fi el ds (1966 ) and scholefield and Abdel -Gad'i r ( 1974) .
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Humbert et al (1972) , showed that when a mutati on occurs

from Sm to Rh, the heat resistance of the mutant does not

appear to be affected. The variabiiity jn the heat

resi stance of dupl j cate spore suspensions of the same strai n

i ndi cates that thi s vari ati on mi ght be one maj or reason for
the variety of thermal resistance values published in the

I i terature for B. stearother!_W¡l_lu:.



l'lATIRIALS AND METHODS

Source of mi croorgan j sms

The organi sm used duri ng the course of thi s

The TYG medi um descni bed by

for the i ni ti al preparati on

ve cel I s ( pre-i nocul a, stage

37

Kim and Naylor (1966

of Rh and Sm

I ) and consi sted of

(l)

investigation

calidolactis.
were i sol ated

was Baci I I us stearothermophi lus var.

The Rh and Sm vari ants of thi s organi sm

from Delvotest P ampu'les purchased from the

Technical Microbiology Laboratory of the Technical

University, Delft, Netherlands. The vari ants , i sol ated

by their colonial growth appearance, were repeated'ly sub-

cultured on Tryptic soy Agar (TSA) p'l ates incubated at

45oc and/or 55oc for l8-24 hours in order to mai ntain
viabi'l ity and purity The p1 ates were stored- at 4"C.

(2) Growth medi a

(a)

was us ed

vegetati

(g/L):

Tryptone ( Oi tco )

Yeast Extract (Dìfco)
Gl ucose
K2HP04

Di sti I led water

r0.0
5.0
5.0
2.0

I 000 mL

extract ucose broth
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and was adjusted to pH 7.2 with 0.1 N Na0H prior to

sterilization.

(b) NP medìum

NP med'i um was used for pre-inocula growth,

(stage 2; Yao and l^lalker, 1967) and consisted of 0.8%

nutrient broth (Difco) djssolved in 0.1 N phosphate

buffer adjusted to pH 7.2 with 0.1 N Na0H prior to

sterilization.

( c ) NPl'1 medi um

was based

The medi um

fo'l lowing:

The fermentati on broth used for spore producti on

on the medium described by Yao and Walker (.l967).

consi sted of NP broth supplemented w'ith the

Mn 
2+

ca2+

No¡-

2 ug/mL

2 pg/nL

2 ¡rg/mL

and was adjusted to a pH of 7.2 with 0.1 N NaOH prior to

sterilization. Unless otherwise specified, the final
vol ume of the fermentati on broth was 2.5 L.
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(3) Spore productjon

(a) þre-ingsula

The pre-i nocul a used for subsequent spore

product'ion was grown jn two successive stages. Stage I

consisted of inocuìating discrete: puFìfied colonies of

Rh or Sm vari ants i nto 250-mL Erl enmeyer fl asks contai ni ng

-120 mL of TYG broth. The inoculated flasks were then

incubated at 55oC (Sm variant) and 45oC or 55"C (Rh

vari ant) for 1B-24 hours on a New Brunswi ck gyratory

shakeri ncubator operating at 150 r.p.m. After jncubation,

I mL al i quots of the broth cul tures ( stage 2) were

transferred into 250 mL-Erlenmeyer flasks each contaìning

125 mL of NP broth. The varìants were again incubated at

their respective temperature(s) tor 1B-24 hours.

(b) f,ermentation -inocula

The fermentati on product'ion of spores was

carri ed out by i nocu'l ati ng the f ermentati on vessel wi th

125 mL of pre-inocula obtaìned from stage 2. This inocula

corresponded to a 5% U 1U I evei . The final vol ume of the

ì nocul ated fermentati on broth was 2.5 L.
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4) Fermentati on Þroducti on of É pores

(a) fermentor design

A Vi rti s, 4-1, bench-top fermentor equi pped

with a magnetìc drive ìmpellor \,Ias used for the fermentation
production of spores.

( b) temperature

A temperature of 55 oC was used for the producti on

of sm vari ant spores whi le temperatures of 4s"c and/or s5oc

were used for the Rh vari ant. The fermentati on temperature

was control led by immersing the fermentation vessel in a

thermostati cal ìy control I ed water bath

(c) áeration

Fi I tered ai r was fed i nto the fermentati on

vessel by means of a si ngìe probe sparger. Ai r was fi I ter
steri I i zed by means of gì asswool , acti vated carbon, ai r-
I i ne fi I ters . Aerati on was contror r ed by the use of a

fl ow-meter connected to an ai r/l i ne pressure guage.

Aerat'ion rates of 0.2, 0.4 and 0.6 m1/mi n/ml medi um were

used in this investigation.
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(d) foam control

Foam formati on i n the fermentor was control I ed by

periodic addition of sterile antifoam (Dow-corning Anti-
foam A and Anti foam B emul si on ) .

(e) sterilization

The fermentor vessel , fermentati on broth, condui t
and fi I ters were steri I i zed routi neìy at 121" c fo r z0

minutes at l5 p.s.i.

(f) sampl e wi thdrawal

Time course spore producti on was moni tored vi a

automati c wi thdrawaì of sampl es through the use of Master_

flex peristolic pumps controiled by automatic trip timers.
Samples (ca.50 mL) v'rere fed via sterile conduit into
flasks maintained at 4oC.

(g) total colony enumeration

(i) t¡rtaì viable cell count

Fermentati on broth sampr es were pr ated us i ng

standard plate count medium (spc, Difco) for total coìony
counts, compri sed mai nìy of sporangi a and vegetati ve cel I s.
Enumerati on lvas faci I i tated by seri al di I uti on us i ng

i. 4.,

:.L'
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physi ol ogi cal sal i ne as the di I uent. Pl ates were i ncubated

at 55 oC and/or 45"C for 18-24 hours.

(ii ) lysozyme treatment

Col lected fermentation broth samples were subjected

to centrifugation at .l0,000 xg at 4oC for.20 mjnutes using

a Sorval I superspeed RCZB automati c refrj gerated centri fuge.

The resultant pellets were resuspended in sterile physio-

logical saline by Vortex mixing and similar'ly centrifuged.
Thís procedure was continued for at ieast three times or

unti I the supernatant fl uid was rendered clear. The spore

peìlets were resuspended in a final volume of l0 mL of

sterile physiological saìine. The pellets were then treated

with a 1% U/V lysozyme solution (Sigma Chemical Co. ) over-

ni ght at 4"C. The effi ci ency of the ìysozyme treatment

was periodical'ly checked by the Fìeming method of direct
spore staining (Cowan and Steel, .l970). Following lysozyme

treatment, the lysozyme treated pel'lets were sub jected to
centri fugati on of 50 xg for 5 mi nutes at 4"C. The super-

natant containing cell debris was discarded and the spore

peì ìets were resuspended i n steri ìe physi ol ogi cal sal i ne to

thei r ori gi na'l vol ume ( ca. t 0 mL) .
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( i i i ) heat acti vati on treatment

Approxi mately 5 mL from each col 1 ected fermentati on

broth sampl e was wi thdrawn vi a a steri I e pi pette and pì aced

into 6 x .l50 
mm pyrex screw-cap test tubes. The test

tubes were then pìaced in a thermostatical'ly controlled oil-
bath (Bl ue M, Magniwhi rl ) and heat acti vated for ls mi nutes

at ll0"C. The heat activated spore suspensjons were

enumerated vi a pour pì ate technìque us ing spc medi um wi th

sterile physiological saline as the diìuent. Incubation

was carri ed out at 45 oC and/or 55 "C for 1B-24 hours .

Come-up-time was moni tored.

(iv) thermocin treatment

(A) thermocin production

Thermocin production was accompl ished with
Rh i sol ates i nocul ated i nto NpM medi um as outl ined i n

section III(3)(b). Temperatures of 45oc and/or s5oc were

used. The fermentati on was carri ed out for 6 hours after
which the vessel contents were centrifuged at 10,000 xg

for 20 minutes at 4"c. The resulting supernatant was then

concentrated by rotary film evaporatjon at 40oC using a Buchler
Instruments fl ash evaporator. The supernatant was concentrated

to a final volume of approximately one-third of its original
vol ume.
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(B) thermocin assay

( I ) i ndi cator organi sm

B. stearothermophi I us var. cojidojactis,
Sm varìant, was grown in l-L Roux bottles each containing

200 mL of TSA. Growth was carried out at 55"C for 18-24

hours after which the resultant cells were gently washed

off the surface of the slant wíth l0 mL of sterile physio-

logical saline. Steri le glass beads (5 mm diameter) were

added to each Roux bottl e s I ant after agar sol i di fi cati on.

This allowed for uniform distribution of the inocula and

ai ded in di sï odgi ng the cel I ul ar growth from the surface

of the slants.

The harvested cel I s were pool ed i nto a steri j e fl ask

and then centrifuged at 'l0,000 xg for 20 minutes at 4oC.

The centri fuge tubes were steri I ized pri or to use. The

resul tant pel lets were resuspended in approximately 10 mL

of sterile physíoiogical saline by Vortex mixing. The

stock suspens i on of cel I s was then standardi zed wi th

additional sterile saline at absorbance = 0.6,410, nm. by

means of a Hitachi Perkin-Elmar Coleman llì Spectrophoto-

meter.
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(2) assay pl ates

Assay p'l ates consi sted of d'i sposabl e (85

mm I.D.) petri dishes each containing 7.0 mL sterile TSA

and 1.4 mL standardtzed Sm variant jnoculum. The prepared

pìates contained a final concentration of approximate'ly

1 x .l06 cells/mL assay medium. Assay plates were stored at

4oC, f or a maximum of three days unti .l needed, i n p'l ast'i c

sleeve containers.

(3) thermocin activity

The thermoci n acti vi ty was determi ned by

spot-pl ati ng seri al di I uti ons of the Rh varí ant onto

previ ously prepared assay pl ates. Varyi ng concentrations

of thermocin were prepared by the additi on of steri le
physi ol ogi cal sal i ne. Al I assay pl ates were i ncubated at

55oC for 6 hours.

Thermocin activity is expressed in arbitrary units
(Au). The thermocin ti ter r/vas determi ned by taki ng the

reci procal of the hi ghest di I uti on of thermocin that
produces a vi si bl e zone on a I awn of B. stearothermophi I us

var. cal i dol acti s , Sm vari ant ceì I s .

(v) mixed culture growth studies

Both Rh and Sm variants (stage l, pre-inocula)

u,ere prepared as outlined in Section III(3)(a) the onìy
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modi fi cati on be i ng that both vari ants were grobrn at 5s oc.

The fermen tat'ion producti on of both Rh and Sm s pores was

carried out by simultaneous.ly inocu'lating the fermentation

vessel with both Rh and sm pre-inocula up to a total volume

of 125 mL in order to maintain a 5% u/u inoculum rever.

The fi nal vol ume of the i nocul ated fermentati on broth was

sti I I 2.5 L. The mi xed cul tures chosen for thi s

investigation were as follows .Rh: Sm: %; B0:20; 60:40;

40:60; 20:80. Each mixed culture study was subjected to

aerati on rates of 0.2 and 0.6 ml /mi n/ml . Total co1 ony

counts and lysozyme treated counts were carri ed out for
each resultant spore suspension via pour plate as outl ined

in SectionIII(4)(g) (ì) and (ii); the on'ty modificarion
being an incubation temperature of 55"c was used for all
the prepared plates. Rh and sm spores were enumerated

based solely on colonial morpho'l ogy.
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RESULTS AND DISCUSS iON

(t) Ti me Course Growth Studies, Sm Variant at 55"C
unoqr vary ng Aerat on Rates

Time course growth sutìdes for the smooth variant at

55oC, under varying aeration rates are illustrated in

Figures l-3. The total viable cell count (TVc), including
sporangi a, Fê9ardl ess of aerati on rate was maximal at I B

hours of fermentati on , thereafter decreas i ng . Th i s

decrease i n TVC has been simi 1 arly noted towards the end

of the cul ti vati on perí od by Thompson and rhames ( I 967)

and Kauppinen (i969). It would appear that this decrease

in TVc is due to substrate exhaustion, although residual
carbohydrate was not moni tored, and that ensui ng lysi s

resulted as indicated by an increase in pH during thjs time

period. Aeration rates of 0.2-0.6 ml/ajr/min/ml fermentation

medi um were shown to progressi vely i ncrease the peak TVC

counts at l8 hours. The exponentiaì specific growth rates
of the Sm vari ant were s hown to vary wi th the aerat'i on

rate. Aeratì on rates of 0 .?, 0.4 and 0.6 ml /mi n/ml

yielded exponential specifìc growth rates (u) of 0.56,

0.64 and 0.80 h-1, respectively (Appendix Table l6).
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Exponential growth usually began after initial inoculatjon
into the growth medium. Aeration at 0.2 nl/min/nl did,
however, show a slight lag phase lasting approximateìy 6

hours.

The absence of a lag phase at the higher aeration rates
may be attri buted to the concerted effect of aerati on and

media composit'ion. According to Kauppinen (.l969), higher
aerati on rates i ncrease the growth rate of the sm vari ant

because the adapti ve TcA cycl e enzymes are formed more

readi ìy or i n greater amounts. Growth of the sm vari ant

in hi gh'ly aerated medi um woul d theref ore precr ude a r ag

phase. In addition, the growth of the pre-inocula in a

similar fermentation medìum, would also decÃase the time

necessary for adaptive enzyme synthesis,

The sl i ght I ag phase observed wi th the r ower aerati on

rate may be partiaì1y due to the aeration, pêr se. Long

and Williams (1959) reported that decreased oxyqen tensjon
in liquid media at higher temperatures was a major ì imiting
factor in growth and sporulation of thermophires. An

i ncreased oxygen demand due to decreased sol ubi I i ty of thi s

gas was noted by Aìlen ('l953) and is particu'l ar'ly evident
at these high temperatures . Gaughren ( I 946) found that as
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Figure l. Time course growTh studies

of B. steorothermophilus vcr. @,
sm voriont of s5"c. Aeration'o.zmllmin/rnl.

ÞH, ¿''A ; toto I viab le ce I I cou nt/ml o H ;

spore count/ml, w ; heot octivoted

count/ml , Tfl
(Appendix Tabte l)
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FiEure 2. Time course growth stud ies

of B. steorothermophilus vor. calidoloctis,

sm variant of 55"c. Aerotion,o.4mllmin/ml.

pH, A{; totol vioble cell count/rnl, O-O i

spore count/ml, ffi; heot octivoted

count / ml, fJ--n .

(Appendix Tabl e Z)
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Figune 3. Time course growth studies

of B. steorothe¡'mophilus vCIr. co lidoloctis ,

sm vonionf of s5"c. Aerat ion, o.6 ml/min/ml.

pH, A{ ; total vioble cell count/ml , O{ ;

spore count/ml, @-@; hect octivoted

count / ml, fffi .

(Appendix Table 3)
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the surface to volume ratio of a liquid medium was decreased

the vi able vegetati ve count of thermoph'i i i c bacter j a al so

decreased due to poor oxygen di ffus i on . Si nce the surface

to vol ume rati o 'i n these fermentati ons was mai ntai ned at a

constant level, it js plausible that the rate of oxygenation

coupl ed with decreased sol ubi I i ty at 55"C affected the TVC

at thi s aerati on I eve I .

The lysozyme spore count (LSC) showed maximum numbers

at 24 hours of fermentation with an aeration rate of 0.2

ml/min/ml . Increasing the aeration rate to 0.4-0.6 m'l /min/ml
subsequent'ly decreased the time period for maximum LSC

whi ch occurred at I I hours fermentati on. It has been

reported that spore tormati on normal ly occurs after the

I ogari thmi c arowth phase when generati on time i ncreases due

to 'l imitation of nutrients (Gould, lg69). In these studies

lysozyme treated spores showed maximal numbers which

coincided to peak TVC with the exception of the lowest

aerati on rate. In al I cases jysozyme treated spores

decreased and/or remai ned constant fo'l ì owi ng peak formati on

Thi s decrease i n 'lysozyme treated spores f oì ì owi ng sporo-

genesi s for the Sm vari ant has been reported by Kauppi nen

(.l969), who stated that the lysis of the developìng spores

of the Sm variant can be partialìy attributed to the poor
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effi ci ency of the TCA cycì e ( Hi I I et al , 1967) . Accordi ng

to Benger (1962), the TCA cycle i s indespensib'le f or the

biosynthesis of DPA which is necessary for'the maturation

of spores.

The heat acti vated count ( HAC ) al so s howed maxi mum

numbers at I I hours fermentati on. The degree of sporulati on

(HAC) i n the Sm cul tures remai ned f ai r'ly constant wi th

aerati on rates of 0.2-0.4 ml /mi n/mt . Aerati on rate of 0.6

ml /mi n/ml , however, showed decreased peak counts. Kauppi nen

and Hjerp (1969), reported that sporogensis of Sm variant
of B. stearothermophi I us i ncreased wi th j ncreas i ng aerati on

in the cul tures ¿l though most of the spores di sappeared soon

after s porogenes i s . 0n the other hand , Thompson and rhames

(1967), observed suppression of sporulation at higher

aerati on rates whi ch they attri buted to rapi d germi nati on

of the newly formed spores of the Sm form.

The pH which initiaììy ranged from 6.72-6.7G, progress-

iveìy increased reaching sl ightly higher pH values at the

higher aeration rates. According to Hi I I and Fie'rds (ì967)

and Hi I I et al ( I 966) , the sm vari ant of B. stearothermophi I us

was found to produce aci d duri ng growth. The amount of

acid produced was jndependent of oxygen avai jabil ity.
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These aci ds were gradual 'ly uti I ized by the Sm vari ant

resulting in a subsequent ri se in pH regardless of the

aerati on rate. The fermentati on studì es conducted i n thi s

investigation, however, revealed no acid accumulation. it
would appear that any organ'i c acids produced duri ng the

growth of the organism were immed'iately utilized or neutral-
i zed by deami nati on products resul ti ng from the metabol i sm

of tryptone. In addi ti on, the i ncrease towards an al kal j ne

pH may al so be due to deami di zati on reacti ons parti cu'l arìy
prevelent in growth med'ia containing little or no available
carbohydrate. Since many of the organic acids synthesized

by the Sm variant during the initial stages of growth are

attacked by adaptj ve enzymes, the I ack of accumul ated

organi c aci ds duri ng these fermentatí ons woul d be expected,

since the inocula exponentialìy grown in a similar medjum

would aìready contain high levels of these adaptive enzymes.

The presence of these adaptive enzymes in the inocula

could therefore attack the organic acids as they were being

synthesized.

(2) Time Course Growth Studies, Rh Variant at 45oC

Ti me course growth stud i es for the Rh vari ant at 45 oC

under varying aeration rates are illustrated in Figures 4-l
The TVC i ncl udi ng sporangi a regardl ess of aerati on was
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maximal at l8 hrs of fermentati on, thereaf ter decreas.ing,
al though non-aerated fermentati ons showed only sì i ght

vegetative growth. The exponential specific growth rates
for the Rh variant were shown to vary with the aeration
rate. Aerati on rates of 0.2-0.6 mì /m in/m1 yi el ded

exponenti al speci fi c growth rates (u) of 0.2s, I .60 and
.I.06 h-1, respecti veìy (Appendix Table l6). The effect
of aeration on the growth of the Rh variant has been

reported by several authors al though thei r resul ts are
somewhat con fl i cti ng .

Thompson and rhames ( I 967) observed that non-aerated
cul tures of the Rh vari ant of B. stearothermophi I us exhi bi ted
severely decreased vegetative growth. l.Ihen ui¡" was suppl ìed
at various rates (0.13-2.7 L/min/L medium), full vegetative
growth and sporul ati on fol I owed. As shown i n Fi gure 7 ,

it appeared that the rack of suitable aeration a'l lowed for
sporulation which was maximal at lg hours but hindered
vegetati ve growth . Hi I I and Fi el ds (1967 ) a I so reported
that the Rh variant, grown in a liquid medium devoid of
aeration, showed a decreased generation time. Kauppinen
(.l969), however, reported that the Rh variant was insensitive
to aeration, growi ng at a constant rate under al I aerati on

rates investigated.
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Figure 4. Time course Enowth studies

of B. steorothenmophilus vor. colidoloctis,

Rh voriont of 45"c. Aerction'a.zmllmin/ml.

pH, 
^nA; 

totol vioble cell counî/ml, GO;
spore count/ffil, [}Ð; heot octivoted

count/ffi| , @-@

(Appendix Table 4)
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Figure 5. Time course gnowth stud ies

of B. steonothermophirus vor. colidoloctis,

Rh vo¡'iont of 45"c. Aerotion, o.4 m l/min/rn I .

PH, A-A; totol vioble celt count/ml , OO ;
spore count/ml, re; heot octivoîed

counl./ ffil , f¡¡ .

(Appendix Table 5)
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Figure 6. Time course growth stud ies

of B. steorothermophirus vor. colidolocfiso

Rh voriont st 4s"c. Aerotion,0.6 ml/min/ml.

pH, A-A; totol vioble cell count/ml, OC;
spore count / ml, æ ; he of oct ivote d

count/ffi1, tr-D.
(Appendix Table 6)
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Figure 7. Time course g rowt h stud ies

of B. stearothermophilus vor. calidoroctis,

R h voriont of 45"C. No oeration .

pH, AnA; totol vioble cell count/ml, GO;

spore count /m I o fÐ ; heot octivoted

count / ml, @-@

(Appendix Table 7)
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Cultures grown at 0.4 and 0.6 ml/min/ml both showed

an initjal lag phase lasting approximately 6 hours. The

exact cause of this lag formation withín these cujtures

i s not known. The i nformati on furni shed by Thompson and

Thames;1967, would preclude the occurrence of a lag due

to aerati on and/or adapti ve enzyme syn thes i s effects . As

speci fi c growth rate constants were al so shown to vary i n

these cultures, the presence of a lag during growth and the

di fferences noted i n the growth rate under varyì ng aerati on

may be both parti a'l ly attri buted to the di f ference i n the

i ni ti al i nocul a used to seed these fermentati ons.

The LSC al so showed maxima numbers at I I hours of

fermentati on whi ch corresponded to peak vegetati ve growth.

The degree of sporul ati on i n the Rh grown cu I tures varì ed

wìth aeration. Sporogenesis began immediately in non-

aerated cu ì tures , s how'ing a rapi d i ncrease at the mi d-

stationary phase of growth. In aerated cultures! (0.2-

0.4 ml/min/ml ), rapid sporogenesis began at the earìy

exponential phase. This same effect was noted in the high-

est aerated culture, although rapid sporogenesis was not

noted. A decrease i n LSC was observed i n non-aerated and

0.2 ml/mjn/ml aerated cultures. The decrease in LSC counts

coincided with the death phase of the organism while the
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later decreased during the earìy stationary phase. LSC

in the 0.4 and 0.6 ml/min/ml aerated cultures did not

show a decrease.

Kauppinen (1969), reported that the Rh variant

sporu'lated at a hi gh rate i rrespecti ve of the aerati on rate

up to certain levels but that at high aeration rates, (0.8-
.l.0 ml/min/ml ), sporogenesis of the Rh variant was delayed.

Thompson and Thames ( I g 67) , demonstrated the suscepti bi I i ty

of sporulation of the Rh variant to nutritional influences.

A repression of sporulation'in the presence of enhanced

growth occurred at aeration rates in excess of 0.67 ml/min/ml.

This similar effect js observed in F'i gure 6 where at an

aeration rate of 0.6 ml/min/ml sporulation was somewhat

suppressed as compared to Figures 4 and 5 where increasing

aeration correspondingìy increased sporulation.

The HAC al so s howed maxi mum numbers at I I hours

fermentati on thereafter decreas i ng for aerati on rates of

0.0 and 0.2 ml /mi n/ml and somewhat pì ateaued for aerati on

rates of 0.4 and 0.6 ml /mi n/mì . Thi s was observed as

stated before by Thompson and Thames ( 1 967 ) and Kauppì nen

where at hi gh aerati on rates the sporul ati on of the Rh

vari ant was somewhat suppressed and at I ower aerati on the
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Rh vari ant sporul ated at a hi gh rate.

The i ni ti al pH of the Rh cul tures ranged from 6.74

to 7. I l; i n the non-aerated cul tures, the pH remai ned

f ai r'ly constant throughout the 30 hours of f ermentati on

(6.74-6.84). No detectable acid accumulation was evidenced

and i f produced it was uti I i zed or neutral i zed upon

formati on. under aerati on rates of 0.2-0.6 ml /mi n/ml , the

pH progressi veìy i ncreased during the course of these

fermentati ons. The Rh vari ant has been reported to possess

an active TCA cycle and a.Iso is capable of producing several

basi c compounds duri ng the course of i ts growth and

sporulation, (Hitl and Fields, lgG7; Kauppinen, j969; Hill
et al, 1966; Tandon and Gollakota,lgTl).

Under Varying Aeration Ratés

Time course growth studies for the Rh variant at 55oc

at varying aeration rates are illustrated in Figures B-10.

The TVc including sporangia regardless of aeration rate
was maximal at 'l I hours of fermentation, thereafter decreas-

i ng. The peak i n vegetati ve growth was shown to

progressively increase as the aeration rate was increased.
The exponenti al s peci fi c growth rates of the Rh vari ant

(3) Time Course Growth Studies, Rh Variant at S5oC
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were shown to vary on'ly slightly with the aeration rate

used. Exponentj al speci fj c arowth rates (u) of I .l , I .5
_'l

and l.l h-', (Appendix Table l6), were obtajned for
aeratjon rates of 0.2-0.6 ml/min/nl respectiveìy. The

differences noted in the peak TVC, when correlated to the

relative constancy of the respective specific growth rate

constants, can be parti al ìy expl ai ned by the di fferences

i n the i nocul a used to seed the fermentati ons and the

apparent I ag f ormati on at the I ower aerat'ion rates.

The LSC al so showed maximum numbers at I I hours of

fermentation, thereafter decreasing. These peak LSC

coincided to the beg'inning of the stat'ionary phase of

vegetative growth. Increasing the aeration rate from 0.2-

0.4 ml/min/ml, showed an approximate 2 1og increase in

LSC. The aerati on ra tes of 0 .4-0. 6 ml /mi n/ml s howed some -

what s i mi I ar counts .

The pH in these Rh cultures rose s'light'ly, showing

no sÍgns of acid accumulation. Basic material accumulation

was more rap'id i n the I owest aerated cul ture.

Thermocin production by these cultures under varying

aeration is given in Table l. Thermocin activity was
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Figure B. Time course growth studies

of B. steorothermophilus vor. co tidoloctis 
u

R h vsriont of bs"c. Aerotion ' o.2 ml/min /ml.
pH, a-A; totol vioble cell count/ml, OO ;
spore count /ml, DÐ .

(Appendix Tabte A)
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Figure 9. Time course growth studies

of B. steorothermophilus vor. colidoloctis,

Rh voniont at 5s"c. Aeration' o.4 ml/min/ml.

PH, M; totol viable cell count/ml, oo;
spore cou nt /m I , fru
(Appendix Table 9)
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Figure Io. Time course growth studies

of B. steorothermophilus vor. colidoloctis ,

Rh voriont of 5s"c. Aenotion'0.6ml/min/ml.

pH, A-A; totol vioble cell counf/ml, GO ;

spore count./m I , fl-{l .

(Appendix Table l0)
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shown to i ncrease wi th i ncreas i ng aerati on rates . Peak

thermoci n ti ters were observed at 12 hours at the hi gher

aerati on rates and at 24 hours for the I owest aerati on

rate. The peak thermocin titers were shown to remain

constant for the duration of growth. Since the thermocin

produced by the Rh variant has been shown to be both heat

and pH stable (Yule and Barridge, 1976) it is p.lausible

that the peak I evel s of thermoci n produced were not de-

graded nor did i t cause any i soantagoni sm. Si nce i so-

antagonistic effects have not been reported by the Rh

variant (Shafia, 1966), it seems p'l ausible that the

thermoci n whi ch was produced woul d not affect the growth

of the Rh variant itself, and would have no or minimal

effects on LSC. The peak thermoci n ti ters observed were

noted to correspond to the late or end stages of exponential
growth for the higher aeration rates (0.4-0.6 mì/min/mt ).
Peak thermocin production at the lower aeration rate occurred

during the stationary and/or death phase. It appeared from

these studies that in addition to aeratìon, peak thermocin

ti ters were correl ated to the amount of growth (Sharp

et al, 1979).
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TabIe l: Thermoci n producti on, Rh
55"C produced under varyi

vari ant at
ng aerati on

Thermoci n Acti vi ty
( A.u ./mì )

Aera ti on

Ti me 0.2 0.4 0.6

0

6

12

l8

24

30

I

2

3

3

4

4

2

3

4

5

5

5

I

3

6

6

6

6
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(4) Jime - Course Growth Studies, Sm Vari ant at
Varying Thermocin Concentration -
The effect of thermoci n on the growth of B. stearo-

thermophilus var. calidolact'i s, Sm variant is shown in

Fi gures I l -l 3. As i ndi cated, thermocì n concentrati ons

of 0.55-0.60 A.u./nl showed an antagonistic effect on the

TVC and LSC. Sm cul tures grown i n the presence of 0.3

A.r./rl exhibíted maximum TVC and LSC at 1B hours. These

peak counts were shifted to 12 hours at the higher thermocin

concentrati ons. TVC in cul tures with 0.6 A. u./ml showed

no growth and decl i ned rapi d1y afte r 12 hours. The LSC

increased durÍng the stationary phase of growth. These

counts al so decreased after 12 hours.

The mi nimum antagonì sti c acti vi ty for the Sm vari ant

in these studies appears to be 0.55-0.60 A.u./ml. Aìthough

thermoci n added at 0.55 A. u. /ml s howed onìy parti aì

inhibition it is believed that this concentration of
thermocin would al so show compl ete inhibìtion if simi lar
i ni ti al i nocul a were used. It woul d appear, then, that
only part'ial i nhi bi ti on of growth was observed i n the

culture containíng 0.55 A.u./mì rather than complete

inhibition as shown in Figure l3 because of the relative
access of cells to thermocin (Cole, ì973).
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Figure ll. Effects of thermocin on thre

growth of B. steorothermophilus vc¡r.

cslidoloctis , sm voriont of 5s" c. Thermocin

activity O.3 A.U. /ml. pH, A-A; totol vioble

ce I I count /m I , OO ; sporê cou nt/ml , fl-fl .

(Appendix Table ìt)



C
O

LO
N

Y
 C

O
U

N
T

S
 /m

l

co J

4ñ g m nã U
)



82

Figure i.2. Effects of thermocin on the

steorothermophilus vor.growth of ts

colidoloctis, Sm voriont of 55"C. Thermocin

octivity O.55 A.U ./ml . pH , a-A ; toTo I vioble

cell count /ml, O-O ; sporo count/ml, [J-n.

(Appendix Tabl e 1?)
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Figune

g rowth of

Effects of thermocin on thre

steorothermophilus VG T.

colidoloctis, sm voriont of ss"c. Thenmocin

octivity 0.6 A.u./ml. pH, a-a; totol vioble

cell count/ml,C-O; spore count/ml ,fil.
(Appendix Table l3)
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The results obtained in this ìnvestigat'ion are in
agreement with studjes performed by Hi i and Bl ank, I 981 .

These researchers also exhibited an antagonistic effect
on the Sm variant via thermocin produced by the Rh varjant.

The pH profi I es i n these cu I tures s howed an i ncrease

towards the al kal i ne val ues whi ch i s parti cul arìy noti ce-

able with the higher thermocin containing cultures. This

increase in pH towards alkalinity can be partialìy
attri buted to the producti on of bas i c substances produced

by the growing cultures and/or the liberatjon of such

material upon cel I ul ar lys'i s.

(5) lpore Production Using Mjxed Variants at 55oC
Under Varyi ng Aerati on Rates

Spore production using mìxed varjants is illustrated
in Figures 14-ì9. Growth cultures initialìy containing

80% Rh and 20% Sm were shown to completeìy revert to the

Rh variant form as early as 30 minutes after the addition
of the inocula. Mixed variant popuìations initiatly
containing, Rh:Sm(%); 60:40; 40:60; 20:80 were shown to

progressi veìy decrease i n Rh vari ant popul ati on duri ng the

course of growth with a concomitant increase in the Sm

variant population.
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Results from this jnvestìgation appeared to indicate

that fermentations containing a Rh population less than 80%,

progressively decreased. The exact lower lÍmjt of a Rh

population requ'i red to maintain Rh dominance was not

determi ned al though i t appears to be between 60-80%. I t
i s i nteresti ng to note that fermentatj ons contai ni ng i ni ti al

20% Rh and 80% Sm were very quickty converted to the Sm

variant form, the converse of the 80% Rh and 20% Sm

fermentati ons.

Accordi ng to Fiel ds ( I 963) , the occurrence of Rh

vari ants i n spore popul ati ons i s probably I i nked wi th

population pressure. Popuìation pressure can act as a

selection pressure, pêrmitting the establishment of any

vari ant that can grow and remai n under envi ronmental

condi ti ons that exi st. Th i s same expì anati on can be

applied to the results obtained in this investigation,
i n that popul ati ons of mj xed vari ants wi I I achi eve a

domi nance dependent upon the occurrence or numbers of
that vari ant i ni tia'l ìy present i n a hi gher proporti on.

In addi ti on, di fferences i n nutri ti onai or growth requi re-
ments between the vari ants and thei r generati on time wi I I

al so af f ect vari ant domi nance ( f '¡el ds, I963) .
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The speci fi c growth rate constants (u, h-l ) for the

mi xed varj ants , Rh: Sm: % ; 80:20; 60:40; 40:60 and 20:80,

at an aeration rate of 0.2 m'l/min/nl were: 1 .7 , 1.4, 0.6

and 0.74, Fêspecti vely.

Us i ng an aerati on rate of 0.6

growth rate constants were: I .3, 2

respectively.

nl /ni n/ml the s peci fi c

.4, 1.4, 1.7 h-1,

In all mixed fermentation cultures aside from Rh: Sm:

80:20% the mean generati on time was shown to substanti aì'ly
decrease. Thi s decrease i n mean generati on time can be

parti al ly attri buted to the growth of the Sm vari ant and

its increasjng dominance during the fermentation which has

been reported by Hill and,Fields (lg6i) to have a shorter
generation time. Mixed cultures containing Rh: Sm: 80:20%

di d not s how thi s same trend apparently due to the

dominance of the Rh variant throughout the cultural period.

As previ ous'ly shown i n thi s i nvesti gati on, pure Rh vari ants

grovrn at 55oc showed only slight growth promoting effects
as aeration was increased. The mixed cultures containing
Rh: Sm: 80:20% were again noted to show only minimal effects
under ì ncreased aerati on.

Earl i er studi es performed wi th the pure Sm vari ant at
55oc indicated a higher generation tìme as compared to the
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Rh vari ant. I t woul d appear from these s tudi es that the

generati on time of the mi xed vari ants i s not a functi on

of the i ndi vi dual mean generation time of the vari ants

involved. This dìsparity may be due to factors occurri ng

during the fermentation period particular'ly during those

periods of time when Rh to Sm variations are occurring.

o note that the mi xed fermentati on

m: B0:20% which maintained Rh

ci fi c growth rates whi ch were

d with the pure Rh variant culture
on 0.2 mì/min/mì; U = l.l, aeration

ed fermentati on cul tures wi th Rh:

which showed increasing Sm

d speci fi c Arowth rates, at 0.?

I ar to the pure Sm vari ant cul tures

aerati on 0.2 ml /mi n/ml ; u = 0.8,

It is interesting t
cul ture contai ni ng Rh: S

domi nance , di s pì ayed s pe

s i mi I ar to those obta i ne

at 55"C (u = l.l, aerati

0.6 ml lmínlml). The m'i x

Sm: %; 40:60 and 20:80,

domi nance, al so exhi bi te

mi /mi n/ml aerati on , s i m'i

grown at 55oC (u - 0.56,

aeration 0.6 ml/min/m.|).

Fíelds (1966) and Hil

B. stearothermophi I us NCA

demonstrated a di fference

of the two variants which

type of ce'l I div'i sion exhi

ing to Bisset (1955), the

I and Fields (l

l5lB Rh and Sm

wi th

i n the I ag and generati on ti me

was parti a'l 'ly attri buted to the

b'i ted by these vari ants. Accord-

Sm vari ant types of bacteri a

967), working

vari ants,
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dív'ideby the constriction of the cell wall while the Rh

vari ant d'ivi des by the f ormati on of a compl ete cross-wal j

which subsequently spl i ts. it has al so been demonstrated

that di f ferences i n nutri ti ona'l requi rements and aerati on

exist between these variants (Humbert et al, 1972). 0rdal

( I 957) , showed that Mnt+ may have an i nfl uence on metabol i te

accumul ati on. Studies with Brucel I a have shown that Mn*+

affects the metabolism of the sm variant and favors the

establishment of the Rh varìant in initially Sm cultures
(Braun, .l953). The results obtained at a higher aeration
rate, 0.6 mì /mi n/ml are presented i n F'i gures l4-l g.

l^lork perf ormed by Hi I I and Fi el ds ( I967), i nvesti gatì ng

mi xed popul ati on growth al so observed that an i ni ti al Rh

domí nant popul ati on qui ck'ly became predomi nantìy sm at s5oc

and that the dominance of the Rh was maintained only at

45pc. The decrease in the Rh population was shown to occur

regardl ess of aeratj on, al bei t, the decrease j n the Rh

population was deìayed by approximateìy ì hour under lìmited
ae rati on .

(6) Time courqe Growth Studies and rhermocin production
u
A

The time course growth studies and thermoci n productj on

of B. stearothermophì I us var. calidolactis using mixed
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Figune I4.

vo rio nts of

eCIlidoloctis.

Spore production using mixed

Bocillus steonothermophilus vor.

Rh ' Sm' 60 , 40 "/". Aeration

of O.2 ml/ min /ml. ÈO , Rh; fl-Ð , Sm.

(Appendix Table 14).



--
--

f1
^1

.T
J

(o N
)

90 ,8
0

70 60 50
1 ::l

o, fo R
h

ro
o

90 80 70

30
0 

6

T
IM

E
 ( 

hI
R

S
.)

60 50 40
I

30 20 :l



93

Figure I5. Spore

vorionts of Boc i I lu s

colidoloctis. Rh, Sm'

of 0.6 ml/min /ml.

production using mixed

steorothermophilus vcr.

60, 4O"k. Aeraf ion

m, Rh; fH, Sm.

(Appendix Table l5)
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Figure 16. Spore production using mixed

vorionts of Bocillus steorothermophirus vor.

colidolactis. Rh'Sm,4O'GO%. Aerotion

of O.2 ml/min/ml. O-O , Rh; fH , Sm.

(Appendix Table l4)
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Figure lr7. Spore production using mixed

varionts of Bocillus sleorothermophilus vor.

colidoloctis. Rh ' Sm' 40 ' 60"/". Aeration

of 0.6 ml/ min /ml. O-O , Rh; G-n o Sm.

(Appendix Table l5)



ro
o

90 80

LO co

70 60 40 30 20 to

ot ,o R
h

to
o

90 80 70 60 50 40 30
1

T
¡M

 E
 ( 

H
R

S
.)

20 to ob



99

Figure lB. spore production usinE mixed

vorionts of Bocillus vcr.

colidoloctis. Rh,sm,?o'Bo"/.. Aerstion

of o.Zml/min /mL o-o , Rh; fil, srn.

(Appendix Table l4)
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FiEure 19. Spore produciion using mixed

vonisnts of Bocillus steorothermophilus vcr.

calidoloctis. Rh,Sm'20,BO"/". Aerotion

of 0.6 ml/ min /ml. O-O , Rh; fro , Sm.

(Appendix Table l5)
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culture variants at 55"C are gìven in Tables 2-9. The TVC

counts were s hown to progressi vely i ncrease i n each cul ture

aerated at 0.2 n1/min/mì. A clear relationship between

TVC and/or LSC and the vari ant popu'l ati on used coul d not

be d'i scerned. Thermoci n acti vi ty was noted to be h'i ghest

i n cul tures contai ni ng a domi nant Rh popul ati on. cul tures

containing 20% Rh showed no thermocin activity. Thermocin

when produced by the cul tures was detected only between 0-6

hours. The highest thermocin titer obtajned was I A.u./nlr.
Thermoc'i n was noted to di sappear af ter 6 hours of cul ture.
The di sappearance of thermoci n j n the cul ture medi um coul d

be partiaììy attributed to its antagon'i stic effect on the

Sm vari ant. Si nce thermoci n actì vi ty was s hown to

comp'l eteìy di sappear a,f terr 6 hours, and i n most ca,ses TVC

still increased, jt is plausible that the transition of Rh

to Sm was occurring at a faster rate than thermocin

producti on. Al though a reducti on i n the sm cel I popul ati on

would be expected, the TVC did not show this. This same

effect was noted at the higher aeration rate, 0.6 ml/min/ml.

Al though i ncreased aerati on has been s hown to favor thermoci n

producti on, the i ncreased growth of the cul tures woul d far
supercede the antagoni sti c act'i vi ty of any thermocì n produced.
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Tabl e 2: Ti me course growth s tudy and thermoci n producti on
us j ng m'i xed cul ture vari ants at 55oC. Aerati on
at 0.2 mì /mi n/ml . Rh: Sm: 80:20%

Fermentation nrr uTotul viable blyro.y*. spore Thermocin
time (hrs) Prr cell count counl activity

(ml ) (ml ) (4. u. /ml )

0

6

12

l8

24

30

7 .oi 1.6 x lo9* 1.2 x lo8 I

6.94 2.1 xlo9 2.oxlo8 I

7.17 l.5xÌol5* 2.Bxlol4 o

7.30 2.5 x ìol5 z.a x lol4 o

7.3g l.o x lol5 1.2 x lol4 o

7.42 2.oxlol4 l.4xlol3 o

aincludes sporangia and endospores

btreated with I % UlU lysozyme solutjon (endospores)

*
used in calculating mean generation time
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Table 3: Time course growth study and thermocjn productjon
using mixed culture variants at 55oc. Aerationat 0.6 n1 /ni n/ml . Rh: Sm: g0:ZA%

Fermentation nH uTotul viabl. blyrozyme spore Thermocin
time (hrs ) P" cel I count count acti vi ty,rnt, -=:= ,n.u./mi )

o 7.oB z.z x loll t.t x lolo
6 7.26 2.3 x toll* z.z x lolo

tz t.s4 1.5 x lol4 1.9 x tol3
tB 7.t1 1.2 x tol6* B.t x tol4
?4 7.76 8.4 x lol5 3.4 x tol3
30 7.Bt 5.0 x tolS 3.0 x tol3

I

I

0

0

0-

0

ui n.l udes sporangi a and endospores

bt."ated with 1% u/v lysozyme sol uti on (endospores )

*
used i n cal cu'l atí ng mean generati on ti me
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Table 4: Time course growth study and thermocin production
using mixed culture variants at 55oC. Aeration
at 0.2 mì/min/ml . Rh: Sm: 60:40%

Fermentation nH uTotul viabl. blyrozyme spore Thermocinat..,t.t, t" ..rl

o 6.84 3.0 x to7* 1.6 x to7 I

6 6.92 t.6 x lo7 l.o x lo7 I

12 7.1g 2.7 * lol2* t.z x loll o

lB t.zg 1.2 x lol2 9.0 x loll o

24 7.36 _ l.z x toìo 7.g x lo9 o

30 7.42 g.z x lolo s.z x lo9 o

ui n.l udes s porangi a and endos pores

btr.ated with 1i4 V/V lysozyme sol ution (endospores )

*
used in calcuìatìng mean generation time
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Table 5: Time course growth study and thermocin production
us Í ng mi xed cul ture vari ants at 55 oC. Aerati onat 0.6 ml /mi nlml. Rh: Sm : 60:40%

Fermentation nH uTotul viabl. blyrozyme spore Thermocin
time (hrs ) Prr cel I count count acti vi ty(rt) ('rr) ,, (4.

o 6.89 3.3 x lo7 z.s x 107

6 7.os 3.8 * to7* 3.1 x lo7

12 t.4B t.t x lol4 z.o x tol3
lB 7.69 z.s * 1016* z.B x tols
?4 7.Bl 1.2 x tol5 6.9 x tol4
30 7.87 g.7 xlol4 3.6xlol3

I

I

0

0

0

0

aincl udes sporangi a and endospore

btr.ated wjth 1% U/V ìysozyme solution (endospores)

*
used i n cal cuì ati ng mean generation time
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Table 6: Time course growth
using mixed culture
at Q.2 m1/mi n/ml .

study and thermocjn production
variants at 554C. Aeration

Rh: Sm: 40:60%

Fermen tati on
time (hrs)

0

6

12

t8

24

30

hu uTotul 
viabrePrr cel I count

(ml )

blyroryru 
spore

count
(ml )

Thermoci n
act'ivi ty
(4.u./ml )

6.gz 2.3 x 107*

6.87 2.8 x l0l0
7.11 6.9 x lOl0

7.35, 7.i x t0l0*
7.46 5.7 x .l09

7.51 7.g x 109

l.B x 107

1.4 x .l09

8.9 x .l09

1.2 x lol0
1.5 x .l09

.l.0 x .l09

a.-r nc I udes sporangi a and endospores

btr.ated wi th 1"Á U /U lysozyme sol uti on

*
used i n cal cuì ati ng mean generati on time

(endospores)
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Table 7: Time course growth study and thermocin production
using m'i xed cul ture vari ants at S5oC. Aerati onat 0.6 m1/min/ml. Rh: Sm: 40:60%

Fermentation nlr uTotul viablu bly.ozyme spore Thermocintt"tt"' '" "tlff .- ffiïî' ?;lJ,lilil

0 6.79 9.5 
"

6 6.84 2.1 xlolo* t.9xlo9 o

iz t.34 g.z x lolo 3.6 x lolo o

tB 7.s1 2.6 * lol5* z.o x tol4 o

24 7.7? z.z x tols 1.6 x tol4 o

30 t.Bl t.4xtol4 6.7 xlol3 o

uin.ludes sporangia and endospores

bt."ated with 1% U/U'lysozyme solution (endospores)

*
used i n ca I cul ati ng mean generat.ion ti me
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Table B: Time course growth study and thermocin production
using mlxed culture variants at 55oC. Aeration
at 0.2 nl /mi n/mi . Rh: Sm: 20:8A%

Fermentation nH uTotul viabl. blyrozyme spore Thermocin
time (hrs) ' cerl,''ii"t ffiïi' ?ilJliåil

o 7.06 3.3 x lo8 2.3 x lo7

6 7.01 3.8 x lo8* 2.6 x lo8

12 7.03 3.4 x toto ?.0 x lo9

lB t.1s 1.9 * loll* l.t x tolo
24 7.zs z.B x lolo 8.1 x tog

30 7.33 z.o x lolo 4.3 x lo9

0

0

0

0

0

0

ôi ncl udes sporangi a and endospores

btr.ated with 1"/" V/U ìysozyme solutÍon (endospores)

*
used in calcu'lating mean generation time
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Table 9: Time course growth study and thermocÍn production
using mixed culture variants at 55oC. Aeration
at 0.6 rnl/min/m1. Rh: Sm: 20:80%

Fermentation nH uTotul viabl" blyrozyme spore Thermocinttr. ,l.t, t" ..t 
l

o 6.83 t.l x lolo 8.9 x to8 o

6 7.ot z.o x lolo* z.a x lo9 o

1? 7.36 1.3 x lol2 z.z x toll o

tB 1.65 2.3 * 1016* t.6 x 1016 o

24 7.15 t.5 x lol5 t.g x lol4 o

30 7.Bz g.t x lol4 3;B x to13 o

ui n.l udes sporangi a and endospores

bt..ated with 1% u/v lysozyme solution (endospores)

*
used in calculating mean generation time
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CONCLUS ION

Rh andSm spores of B. stearothermophílus var. calidolactis
were produced in a nutrient broth, phosphate-based lìquid
medi um. Aerati on was more 'i mportant f or the growth and

sporulation of the Sm variant although thermocin production

by the pure Rh variant at 55oC was dependent upon aeration.
Fermentati ons empl oyi ng mi xed vari ants wi I I normaì'ly revert
to the all-Sm variant form unless the Rh variant is present

in the excess of 801" indicating some population pressure

dynamics. The unintentional use of mixed variants as inocula

f or the I arge scale producti on of spores can 'lead to vari ous

_problems. The fact that it has been shown that Rh and Sm

variants of B. stearothermophilus var. çq'!idoìactis exhibit
di fferent anti bì oti c sensi ti vi ties; that the Rh vari ant

produces thermoci n whi ch wj I I affect the growth and

sporul ati on of the sm vari ant and that the two vari ants

exhi bi t di fferent growth rates may I ead one to questi on the

Delvotest P if uncertainty exists as to whether or not only

pure Sm vari ant spores are contai ned i n the Deì votest p

ampules. The effect of thermocì n produced by the Rh vari ant

was only of minor importance so long as the sm population

was in excess of the Rh variant and increasing sm domìnance
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was occurri ng fas ter than thermoci n producti on. 0wi ng to

the pH and thermostabl e nature of thermoc'i n, any res ì dual

level s of thi s antagoni sti c agent wi I I affect the growth

and sporu'l atjon of the Sm variant if present in levels in
the excess of 0.55-0.60 A.u./ml. Populatìons contaìn'i ng

ei ther pure Sm and/or pure Rh vari ants remai ned stabl e

throughout the fermentati on peri od ( 30 hrs ). Long-term

stabjlity of these spores, however, is uncertain at the

present time.
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RECOl',lMINDATIONS FOR FUTURE INVESTIGATIONS

Although pure spore suspensions were shown to rema'i n

stable throughout the cultural time peri od (30 hrs ), the

long-range effects on spore stability in the Delvotest P

ampules per Sê, should be invest-i gated. In addition, the

growth and interaction of these variants should be

i nvesti gated using a simulated Del votest P.
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Appendix Table l: Time course growth
at 55oC. Aeration

study, Sm variant
at 0.2 ml /mi n/m1

Fermentati on
time (hrs)

0

6

12

l8

?4

30

aTotal viable
cel I count

(ml)',,

bLyroryru

spore count
(ml )

cHeat activated
spore count

(ml )

pH

6.72

6.77

6.85

6.99

7.08

7.16

1.0 x 108
Q*2.6 x 10"

2.4 x .l09

2.7 * lolo*
6.8 x 109

6.0 x 108

1.4 x lo5 l.g x l04

l.B x 107 s.? x lo4

l.l x to9 1.3 * l05

1.3 x lo9 ¡.g x loB

7.7 x lo9 z.l x lo7

5.5 x t08 z.o x t07

aincludes sporang'ia and endospores

bt""ated with 1% U /U lysozyme sol uti on (endospores )

cheat acti vated at I I 0"C for I 5 mi nutes

*
used in calcu'l ating mean generation time
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App.ndix Table 2: Time course growth study, Sm variant
at 55 aC. Aerati on at 0.4 ml /mi n/ml

Fermentation nrr uTotul viabl" blysozyme cHeat activated
tjme (hrs) Pn cell count spbre count spore count(ml,) (ml ) (ml )

0

6

12

l8

24

30

6.73 9.s x 106* 2.4 x lo6 I.6 " lo4

6.80 2.4 x lo8 o.o x to7 8.9 x lo4

6.87 6.4 xlo9 l.+xtog 3.7 xlo5
7.II 2.7 * lolo* s.4 x log 3.3 x lo8

7.30 z.o x lo9 z.z x lo8 1.9 * lo8

7.42 8.8xlo7 a.a xto7 4.g*to7

aincludes sporangia and endospores

bt."ated with 1% U /U lysozyme sol ution (endospores )

cheat acti vated at I I 0oC for I 5 mi nutes

*
used i n cal cul ati ng mean generati on time
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Appendi x Tabl e 3: Ti me course growth study, Sm vari ant
at 55 oC. Aerati on at 0.6 ml /mi n/mì

Fermentation nH aTotar viabr. blysozyme cHeat activated
time (hrs) Pn ..tlrîyrn. ro;r¡rîîun, too.frlîrn,

0

6

12

l8

24

30

6.tG 7.2 x lo7* 6.2 x 106 ì.4 x to4

6.81 1.6 x to8 l.l x to8 2.4 x lo4

6.88 8.7 xlo8 I.3xlo8 I.5*106
7.27 1.5, ìol2* l.l x lo6 'l .o x lo7

7.48 l.lxtol2 7.7 xto9 9.8xlo5
7.63 8.5 x loll l.o x loìo 7.1 x t05

ui n.l udes sporangi a and endospores

btreated with 1% U/U ìysozyme solution (endospores)

th"ut act'i vated at ll0oC for l5 minutes

*
used i n cal cuì ating mean generati on time
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Appendix Table 4: Ti me course growth
at 45oC. Aeration

study, Rh vari ant
at 0.2 m1/mi n/m1

Fermentati on
time (hrs)

uTotul viabie
cel I count

, ,(mJ ) , , ,

spore count
(ml )

¿.x l0'
¿"x l0'
û.x l0'

x lo7
trx 10"

x l05

pH

b. c,,"Lysozyme "Heat Actjvated
spore count

(ml )

0

6

12

l8

?4

30

6 .88

7.04

7 .44

7 .67

7.83

7.91

6.8 x

1.4 x

5.5 x

1.5 x

1.2 x

l.l x

ol0'
1010

l0l0
l0ll*
I0l I

l0l I

1.4 x

1.7 x

'l.1 x

1.1 x

1.9 x

1.4 x

r09 r.3
l 09 2.6

rolo 5.5

loll z.o

rolo B.s

rolo 3.4

uin.ludes sporangia and endospores

btr.ated with 1% V/V lysozyme solution (endospores)

th"ut act'i vated at I l0"C f or l5 mi nutes

*
used in calculating mean generatìon tjme.



127

Appendix Table 5: Time course growth
at 45oC. Aerati on

study Rh variant
at 0.4 ml /mi n/ml

Fermentati on
time (hrs)

0

6

12

]B

24

30

uTotal viable
cel I count

(ml),
spore count

(ml ¡
spore count

(ml )

pH
blyrorynu cHeat Activated

7 .11

7.24

7.53

7.72

7.84

7 .92

3.2 x

5.9 x

1.2 x

2.7 x

2.0 x

.l.9 
x

1010

l0l0*
l0l4
l0l6*
I 0'16

1016

.l.3 x loll
1.5 x lol2

1.2 x lol4

1.2 x lol5

l.o x lol5

l.o x lol5

r-l.l x l0'
2.8 x 104

8.3 x 104

1.9 x .l07

1:7 x 106

8.8 x .l05

uin.ludes sporangia and endospores

btr.ated with 1% U /V ìysozyme sol uti on (endospores )

cheat acti vated at J i 0oC for I S mi nutes

*
used in calcu'lating mean generation time
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Appendix Table 6: Tl rg_çgurse growth study, Rh vari antat 45oC. Aeration at 0.6 n1/ninlmì

Fermentati on
time (hrs)

0

6

12

l8

24

30

uTotul viable
cel I count

'(nl ) ' '

Lysozyme
spore count

(m])

cHeat 
Acti vated

spore count
(ml )

2.7 x .l04

5.4 x 104

9.3 x 'l04

5.5 x 107

2.0 x 107

1.5 x 107

pH

7.09

7.18

7 .43

7.70

7 .81

7 .85

3.8 x

4.1 x

1.9 x

2.7 x

1.7 x

2.'l x

l0l2*
t0l2

t0l4

l0l6*
t0l6

t0l4

3.4 x

4.2 x

2.6 x

2.5 x

8.9 x

3.6 x

1012

t0l2

t0l3

t0l4

t0l3

l0l3

a.'l ncj udes s porangi a and endos pores

btreated 
wi th 1"Á U /V lysozyme sol uti on (endospores)

cheut activated at I l0.C for lS minutes

*
used in calcuìating mean generation time
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Appendix Table 7: Time course
at 45oC. No

growth study, Rh vani ant
aerati on

Fermentation nH uTotul viabl" blysozyme cHeat Activated
time (hrs ) l-'rr cel I count spôre tount spore count

, (*l)

0

6

12

l8

24

30

6.74

6.79

6.79

6.81

6.83

6 .84

7 .0 x

1.5 x

1.0 x

2.8 x

.l.9 
x

l.l x

I 0B*
ol0'
ol0'
o*I0'

107

107

5.1 x .l04

9.5 x .l04

1.7 x .l05

1.5 x 108

1.7 x 107

1.2 x 107

2.1 x i04

8.2 x 104

1.6 x 105

1.3 x .l07

.l.9 x .l06

1.2 x 106

a.*includes sporangia and endospores

btr"ated with 1% U /U ìysozyme sol ution ,(endospores )

th.ut acti vated at I I 0oC for I 5 mi nutes

*
used in calcuìating mean generation time
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Appendix Table 8: Tj me course growth
at 55oC. AeratÌon

study, Rh variant
at 0.2 ml /mi n/ml

Fermentati on
tlme-(ñrii PH

uTotu'l 
vi abl e

cel I count
' (mt¡

bLyroryr.
spore count

(ml )

c-,
I nermocl n
acti vi ty

, (A.u ./ml )

0

6

12

l8

24

30

7.00

7.07

7 .19

7 .24

7 .28

7 .30

1.8 x

2.0 x

2.4 x

1.5 x

6.2 x

1.0 x

o.l0"

I08*

t0ll
l0l2*
l01l

l0ll

1.4 x

3.4 x

2.5 x

9.4 x

2.0 x

7.6 x

t07

t07

l0l0

l0l0

1010
ol0-

0.05

0.10

0.15

0.15

0.20

0.20

ui n.'ludes sporangi a and endospores

bt""a ted wi th 1% U/U lysozyme solution

t.*pressed in arbitrary units/m'l

*
used in calcu'l ating mean generation time

(endospores)
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Appendix Table 9: Time course growth study, Rh variantat 55oC. Aeration at 0.4 ml /mi n/mì

Fermentati on
time (hrs)

0

6

12

l8

24

30

uTotul viable
cel I count

(ml )

bLyroryr.
spore count
' (ml)

c-,
I nermoci n
acti v'ity

, (R. u, /ml,)

pH

7.05

7 .25

7.30

7.58

7 .7 4

7.83

1.3 x

1.4 x

.l.8 
x

2.3 x

2.9 x

.l.9 
x

107
7*l0'
ol0'

l0l2*
t0l2

t0l2

.l.8 
x

2.9 x

2.0 x

1.4 x

8.8 x

5.8 x

106

106
ol0'

l0lì
1010

l0l0

0.10

0.15

0.20

0 .25

0.25

0.25

a.I ncJ udes sporangi a and endospores

btr.ated with 1% U/U lysozyme solution (endospores)

t.*pressed in arbitrary units/ml

*
used i n ca I cul ati ng mean generati on ti me
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Appendix Table l0: Time course growth
at 45oC. Aeration

study, Rh vaniant
at 0.6 mllmin/ml

Fermentati onri;"-rñ;;j pH
uTotul viable

cel I count
(ml )

bLyroryr.
spore count

, (ml)

c-,
I nermocl n
acti vi ty
(A,u ./m1 )

0

6

t2

l8

24

30

7.04

7 .22

7.59

7. 83

7 .89

7.94

2.0 x

1.2 x

2.3 x

2.8 x

1.8 x

5.0 x

o*l0'
l0l2
l0l3
l0l5*
t014

ì013

1.5 x

2.8 x

1.2 x

2.6 x

1.7 x

6.7 x

108

l0l0

l0l2

l0l3

t0l3

l0l2

0.05

0.15

0. 30

0.30

0.30

0.30

ai n.l udes sporangi a and endospores

bt."ated with 1% U/U'lysozyme solution (endospores)

t.*pressed in arbitrary units/m'l

*
used in calcu'l ating mean generation time



Appendix Table ll: Time course
at 55oC at
Aeration at
activity at

growth study of
varyi ng thermoc'i n
0.2 ml /mi n/m1 .

0.3 A.u. /ml

I33

Sm vari ant
concentrati ons

Thermoci n

Fermentati
tíme (hrs)

on
pH

uTotul viable
cel I count
, , ,(,m.|,) : : i

otrrozyme
spore count

(,rn I )

0

6

12

l8

24

30

6.89

7 .11

7 .29

7.69

7 .81

7 .86

l.l
2.2

1 .7

2.5

2.8

2.4

X
trl0'
Ã*.l0"

I08

l0l0*
l0l0

ol0'

9.5 x 104

1.3 x 105

1.5 x 107

2.7 x lolo
.l.3 x 109

7.4 x 108

X

X

X

X

uin.ludes sporangia and endospores

btr.ated wi th 1% U /U lysozyme sol uti on

*
used 'in calcuìating mean generation time

(endos pores )
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Tj me course growth study of Sm vari ant
at 55"C at varying thermocin
concentrati ons. Aerati on at 0.2 ml /mi n/ml
Thermocin activìty at 0.55 A.u./ml

o ,r. o zyme
spore count

(ml )

uTotul viable
ce I I count

, .(,ml )

pH
Fermentatì on
time (hrs)

0

6

12

l8

24

30

7 .01

7 .12

7.57

7.90

8. 04

8.09

6.0

2.6

2.9

1.4

5.1

1.5

X

X

X

X

7*l0'
t0B

l0l0*
l0B

t06

106

2.6 x 107

1.3 x 108

2.1 x 109

2.0 x l0B

9.8 x 106

9.0 x 105X

aincludes sporangia and endospores

bt..ated with 1% u /u ìysozyme sol ution (endospores )

*
used i n cal cu'l ati ng mean generati on time



Appendjx Tahle j3: Ti me course growth study of
at 55"C at varying thermocin
concentrati ons. Aerati on at
Thermocin activity at 0.6 A.

135

Sm varìant

0.2 ml /mi n/m]
u. /ml

Fermentati on
time (hrs)

0

6

12

l8

24

30

pH
uTotu

cel
viable
count

nl,) ,

'7*
l0'
107

-7*
t0'

106

106
Ã.l0"

o t5 o zyme
spore count

(mt ¡

6.98

7 .09

7 .48

7.93

8.02

8.06

.l.0 
x

1.8 x

2.0 x

4..l x

1.8 x

7.0 x

5.3 x 105

7.6 x 106

1.2 x 107

1.3 x 106

4.0 x 105

2.6 x .l05

uin.ludes
s porangi a and en dospores

bt""ated wi th 11" U /V lysozyme sol uti on (endospores )

*
used in calcuìating mean generation time
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Appendix Tabje l4: Spore production us'ing
at 55oC. Aeration 0.2

mi xed varì ants
ml /mi n/m'l

30

Fermentati on Ti me

mi nutes
Inocula

Rh: Sm (%) Rh: Sm (%)a Rh: Sm &)b

100

35

?3

0

0

65

77

100

.I00

l5

B

5

ho'urs

0

85

92

95

BO

60

40

20

20

40

60

BO

u'bThe Rh: Sm (%) obtained at these

lvere enumerated from LSC counts

Enumerati on of the vari ants was

colonial norpho'logy.

time intervals
(Tables 2, 4,6, B).

performed soleìy by
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Appendix Table l5: Spore producti on us i ng
at 55 oC. Aerati on 0.6

mi xed vari ants
m'l/mi n/ml

Fe.rmentation Time

Inocui a

Rh: Sm (%)

30 m'i nutes

Rh: Sm ,(,%)a

30 hours

Rh: sm (%)b

B0:20

60:40

40:60

20:80

100

39

17

2

0

6l

83

98

100

l3

ll
4

0

87

89

96

u'bThe Rh: Sm (%) obtaìned at

enumerated from LSC counts

Enumeratì on of the vari ants

colonial morpho'logy.

these time intervals were

(Tables 3, 5, 7,9).
was performed soleìy by
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Appendix Table l6: Mean generation times for rough and
smooth vani ants at 55aC and/or 45 oC

under varying aeration rates

Al I cal cul ati ons were based on the f o1l ow'i ng f ormul a:

1 ogn - I ognO log._--T_-

where:

T = mean generati on time

f = generati on tl'me f or i ndi vi dual cel I popul ati ons

,(in minutes)

n = number of cel I s/ml at the end of generati on

n0 = initiaj number of cells or jnitial inoculum.


