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'SPORULATION ANb_TOXIN FORMATICN,INeBAc;LLuS’SPHAERioUS,;$93
.
Nandu ﬁukund Madhekar‘
(ABSTRACT)1

The'effects of temperature, diSso;ved oxygen,'and.pH.on‘the

growth sborulation‘“ahd'mosquito”larval’toxin formation'by

B sphaerlcus 1593 “were 1nvest1gated in shaken flasks and a‘
'fermentor The bacterla grew well at temperatures of 25 to'
40°C however, tox1n-formatlon and sporulatlon werevpoor at
_temperatures above 30 c. Cell lys1s became ev1dent after
about 30 hours into the fermentatlon partlcularlyvln'case
of high temperatures | Mature spores, as.well as'most of the

toxin, were. formed by 24 to 30 hours of qrowth

Controlling the pH at 7.0, gives about ten~-fold more tox-
icity'as compared to experiments with no pH control. Simul-
taneous assay of ammonia ooncentration ‘indicated a close

parallel between the ammonia’and,pH profiles.

Assays of carbohydrate,'protein, and phosphorous indicat-
- ed that none of these nutrients were limiting at any time,
thus none of them‘could have been.the limiting nutrient that

triggers sporulation.



It was found that dissolved'oxygen concentrations dropped
nearly to zero in case of fermeﬁtation with sparged air, but
were significant in the case of fe:mentation with sparged
oxygen even at their minimuh;‘ The toxicity was approximaiefh;:’
ly equal in both the cases,'howéver sporulatién Qas poor in
the case of experiments sparged with pure oxygen. Measure-
ments of oxygen uptake rates confirmed that the cells res-
pire more when the cells are in the vegetative phase of

1

growth.
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Chapter I

INTRODUCTION

In most'of the'deVeloped’woridftoday, caseS’of disease"
transmltted by 1nsects are rare. ‘However,>1n the developlng
countrles of Afrlca and A51a such cases areborten measured
by the nundreds.of thousandsrvIn these parts of the world
there is an urgent:need,for'insecticades that can,help Pref

vent the.spread oflthese diseasesi‘v

Chemlcal 1nsect1c1des have been in use. for ‘over forty
years. They have been con51derably successful ‘in ellmlnatlng
:insect-vectors, ie those 1nsects which carry disease spread-
ing. microorganlsms However 1n»recent years, deleterlous
effects of these chemlcals have,come to light. One such
chemlcal 1s chhlor Dlphenyl Trlchlorethane, DDT This caus?
es death in insects by actlng upon_thelr central nervous
svstem, However, this chemicai' can also act» on mammalian
systems.and is suspectedhto be a carcinogens Furthermore,
it persists in the environment, in that‘DDT is very slowly
biodegradable. This‘dangerous_chemical has also been traced
to»cattle, and human consumption of affected beef and milk
products can be harmfnl; As a result( DDT has been bannea
from use in many countries. There are seVeral other'sinilar

examples.



Microbial inseCticldes offer a vlable;alternative toithe"
use of many - of these chemlcals Microorganisms might also
“have harmful effects, however, wlth carefnl 3creening it'ls‘
possible tovdiscard’those'with‘unwarranted pathogenic ef-
’fects. Microbes can become a natural part of the ex1st1ngi
ecologlcal balances, thereby perturblng them. only to a small
'eXtent. Selected insectfvectors, whlch are a pmrt,of the
‘ecosystem,could'he'eliminatedvbybmicroorganisms pathogenicv
to them Edrthermore;vwhen'insects‘often'develoo‘immunity"
to certaln chemlcal 1nsect1c1des after prolonqed appllca—}
vtlon mlcroorganlsms would c1rcumvent this. .Thosewmlcrobes
which do not have exotlc growth requlrements can grow and
:reproduce themselves w1th1n the glven env1ronmental condl-

tlons;‘thus requlrlng less frequent appllcatlons[ Several

-microorganisms, .e. g Bac1llus thur1ng1ens1s havevbeenvcom-

merc1ally exploited in thlS regard

lihe mOSquito;is responsible forathefspread'Of ﬁany dl—
seases. Anophelesl CulexvandvAedesfspecies are7vectors'for
,malarla and other dlseases w1despread in troplcal locatlons
Reduc1ng the mosqulto populatlon can’ contrlbute 31gn1f1cant—
ly to controlllng the spread of such‘dlseases.jThe reproduc—i_
tion cycle of the mosquito’conslsts of four major>sta§es:
»the‘fertilised¢egg, the larVa,vthe pupa and the adult;mos-

quito{ The larva proceedstthrough‘fonr ages (instars). It



- should be mentioned-herewthat‘when in the larval stage the
mosquito is the most vulnerable, and thus most susceptible

to insecticides.

Various types of bacteria, notably Bacillus popillae, Ba-

cillus thuringiensis, and'Bacillus sphaericus havevshown in-

sectiCidal 'properties (1,2,3,4). Bac1llus sphaerlcus has

‘received con51derable attentlon recently, and 1s,the-focus
of - this research.~ SpOres and vsporulatlngv cells, ofl‘many,;
strains'(eg,3;1593,Ssllflg1404;1691)Tare‘pathogenic'to;mos-
quito larvae. The actual larVicidalfactivity'varies widely

with'the-type of strain, the mosduito‘species', the_growthv'
conditions of the'bacteria and the field conditionsvduring’
appllcatlon such as m01sture and temperature For example(r
strain 1593 appears to be more pathogenlc than strain
- SSII-1, and Aedes species seemlto be more resistant than Cu-'
lex or Anopheles spec1es »However( the overall response_has
been very encouraglng._ Concentrations'pof” as lowg as lbOO
‘cells/ml in'pondlconditions, or 6700 cells/ml in field con-
ditions resulted in a'9o to 100 % mortality.in two_days”(S).

Also, Bac1llus sphaerlcus grows 1nto larval tlssue,and re—'

produces 1tself after the larva has dled (6) Thls causes
daughter cells and spores to be released in the 1mmed1ate'
vicinity of the carcass.lIhusf the 5011 can not only contln-x
- ue to’remain.larvicidal;;but the,act;vlty of the soil mlght

" even increase.



The toxic factor of these péthogenic strains has been
shown to be quite stable under normal terrestrial condi-
_tions.'SQil samples exposed to éycles‘of alternate drying
and flooding‘rggained mosﬁ of their aétivity for up td niné
months éfter application (7). The activity was also lérgely
retained in the aqueous_environment of tree-holes that froze
during winter and later thawed (S). Under these ;onditions,
the micrdbe probabiy survives in,ﬁhe hore resiétant endos-
pdre form, rather thah as veéetative cells. Nevertheless,
the capacity to retain actiyity suggests that the bacteria

is gbod for practical use.

It has also been demonstrated as safe to humans according R
to the World Health Organisation regulations. The pathogenic
strains have beén tested against various non-target organ-

isms, including mammals, and shown .to have no adverse ef-

fects (4,5,9,10). Bacillus sphaericus was once implicated in
a caée.of meningitis and one case of fobd poisoning (8,11),
however, further extensive tests with rabbits clearly de-
monstrated that there is no mammalian toxicity.' As of how,

large scale field trials remain the only WHO requirement to

be considered before B.sphaericus might be considered for

marketing (7).



:§.sphaeficue groWs.on‘a Variety offihexpensive media} and.
has ho»costly-or'exotic requirements (12) The'grOWth.rate
‘is quite fapid, enabllng the productlon of many batches in a
shortffermehtatlon. Thus, 1ndustr1al productlon should bef

economical and feasible. The above con51deratlons 1nd1cate~

‘Bacillus sphaericus is indeed a viable microbial insecti-

cide.

There still.remain'severai.areas ofeconcern. As of today;
standardization'of.thebinseotcide ie.a_formidable:pfoblem.
The chemioal,nature of,thevtoxin‘is as~yetaunknown< and thue
the exaCt;concentrations»cahnot[be'specified, The activity
is spec1f1ed as LCSO’ ie'the'oell conoentration lethal:to 50
%zof the test organlsms Thls 1s a vague crlterlon, subject
to fluctuations ~and at best only an approx1matlon of the
tokicity. fhe a¢t1v1ty is also affected by many factors, For

~exXample, one study showed. Anopneles albumlnus to be 1000

tlmes more tolerant to a toxic straln than Culex qulnquefas—

- ciatus under -f;e;d ‘condltlons (13), while another study
showed itAto be_more_suSceptible (12).’Uhderffield condi-
tions, the naturaily availablehfood particles coﬁpete»with
the bacterium for ingestion by the iarvae (lé),jln other
words, thehlarvae could take -in food particles along with
vthe baCterial cells. It may be necessary‘to bait the.pro-

duct to make it compete more favourably. That is, combine



the 1nsect1c1de w1th some other food »5 In addltlon,aitdmay

- be advantageous to complement B sphaerlcus preparatlons with

other spec1es so as to prepare a broad spectrum 1nsect1c1de

- For example, B thurlnglen51s serovar 1sraelen51s is. more

toxic against Aedes spec1es,vwh1le §;sphaer1ousﬂls more toxeh-
iC against Culek'and,Anophelesespecies. A comblnatlon of the
‘two would be'effective against most.mosqultoes. Apart from
vstandardlsatlon and formulatlon,_much other work is requlredv
in developlng an optlmal fermentatlon process for large sca-v

le 1ndustr1al productlon

: The goal of this research Qasvtodstudykthe,factors'af_
fectlng bacterial growth.and to#ioity, such as- medla compo-_*
sition,'temperature pH and dlssolved oxygen concentratlon.
”Wlth bhls 1nformatlon, we should be able to propose a combl-'
natlon of. operatlng parameters whlch can be used to maximize

the production and actlvlty-of the product.



Chapter II

LITERATURE REVIEW

Since utilisation of B.sphaericus as a microbial insec-

ticide is a relatively new'c¢hcept,’there is a scarcity of'
literature reporting on the‘propérties of this bacteria. A

brief ocutline of the existing reports is ineh below.

2.1 BIOLOGICAL CONSIDERATIONS

/
I

Baéillﬁs Sphaeribus is a fod-shapéd,  moti1e, aerobic,
"grém-variable‘ Sactériéﬂ The .vegetétive -phasé_,celis .stéin"
~ gram pbsitiye,_ahd the sﬁatidnéryvphase'cells sfain gram né;A
gativév(i4).-The bacteria are sensitive to penicillin (wﬁich:

inhibits celi-wélltpeptidoglycan'biosynthesis) and;tetraéyé_

- cline (blodks protein synthesis). However, E.Sphaericus is
somewhat more resistant to’chloramphenic§l and streptomycin,
which'inhibit protein,biosyﬁthesis at the ribés¢hal level
(8,15). In case of sﬁbstfate»limitation, orfany‘othérvtrigr
géf, the bacteria éhange from the yegetative to stationéry
phése_and forms a nearly spherical endospdfe; The spore 1is
lcontained’in'a swdllen spofangium at oneyterminalbend of the
‘cell. Thisléfganisﬁ grows rapidly-on mény different'media;
both compléx'éndvsynthetic. The complex media, in addition'

to being inexpensive, also supply most of the nutritional
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" requirements. Bacillus sphaericus has another peculiar char-

acterstic in that it‘cannqtbutilisé,carbohydfates, includinéi
the simplest.of sugars viz. giucOse (16). It appears to
subsist on proteina¢eods éubstrates and the synthetic media
require amino-acid supp;emenﬁs, such és leucine, yaline, ly-
‘sine, methionine, isoleucine = and giutamic;acid .{Vitamin
supplements such as thiamin and biotin.ére also required
(17). These nutritional properties and behaviour towafds an-
tibiotics has been utilised in selectivé‘retriéva; of these"
bacteria frbm soil habitat (7}.*>The'pathogenic strains afe
"facultative parasites and saprophytes, ie,theyvcan grow on

living or dead tissue.

Reéently, Kry;h.et al. (i8)-attempted‘a Classification of

62 strains of §.sphaericus-based;on DNA homology studies. In
this method, the DNA'coding sequencé of a given‘strain is
compa:ed to a previously‘desiénated one. Different strains
may then be deéignéted a species name and/ﬁr ¢lassified.into
groups, dependi_ng' on the u-eXt‘.eIﬂ'lt._ and characterstic of the
genetic similarity (homology)! It is generaily_accepted'that )
if thé two sé;aiﬁs haﬁé overA7O % homoldgy thén theyvbelong

to the samebgpeciéé; ‘Usinq th;se hombiogy.techﬁiéués; Kchhi

et al. recognised five genetically distinct groups of

B.sphaericus. Of theséxgroup Ii‘is.furfher subdivided»into



IIA and IIB. The two subgroups have conSiderable homology
with each other, the only distinguishihg characterétic ‘is
phenotypic, being that all known mdsquito pathogens‘ fall

into the subgroup IIA. Furthermore, while the pathogens beaf

‘less thanvzb % homology to the type stréin»of»g.sphaericus
(ATCC 14577, group 1), they have over 79‘% homoldg? to the 
Areference strain of this subgroup: WHO-1593. If the above -
mentioned criterion for assigning a’species name were rigbf:
rously enforced, the pathogens would have to be called by

'some name other than than Bacillus sphaericus. However,

usual phenotypic tests indicate'that,the pathogenic strains'

are B.sphaericus, and thus the name hasvbeen continued.

Oﬁher methods of strainv¢léésificaﬁion include phagetyp-
ing and serotyping. In the former technique, the célls are 
exposed‘to a particular virué. This virus is a lytic bacter-
iophage, ie it can infect a bacterial cell‘and eventuaily
cause deéth by lysis. Thus, upon'exposuré to this phage, the
bacterial cell-‘count decreases; Several lytic bacteriophage

that are specific to particular strains of B.sphaericus,

have been isolated from soil (19). The strains which are
susceptible to a"pa;ticular,phageware‘classified as thaﬁ
phagetype. Sim;laflf,'the serotype is defined by using fla-
gella H-antigens.  It has Dbeen ;mentioned  before that

§.thaeri¢us;is a;motilevmicroorganism with flagella. The
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'flagella are composed'of-proteins (the H-antiéens), ahd ah-'
_tlblotlc prepared agalnst the bacterla, react with the
v bacterla spec1f1cally.‘ There ex1st chemicals called H-antl-;(
gens which react with this flagella in'a typioal antigen-ané
tibody vreacti01. As with the phagetypes, the'antiQens'are
also spec1f1c to the straln, and can. be used to dif ferentl-

ate the serotype (20) Pathogenlc B sphaerlcus stralns have

been cla351f1ed into phagetypes and serotypes It 1s inter-
;estlng‘to note_that all those pathogenlc strains belongihg_
to the same-serotvpeialso beloho to thelsame phagetype; and
have'similar levels of'toxicity'as measured by the LCSO (the
concentratlon lethal to 50 % of the test spec1es) (21). For
example, stralns 1593 1691 and 1881 are all of the phage-
type 3, ~serotype H5 and have a flnal broth LCSO_of the<order
of ]..O-4 Hg/ml. On ‘the’ other hand, stralns Kelleh K and Q are
of the phagetype'l, serotype Hla and have an LCSO of‘the

order‘of'lb-luQ/ml.

2.2 - PATHOGENESIS

The gut (intestine) of‘the‘mosqulto larva contalns a var-
iety of microbial flora. Some of these_organisms’_may be
HSYmbiotic in hature (thatvls help the larva in dlgestlon),
while others may be para31t1c (llVlng off the larva) There

‘ ex1st somer__earlyv vpubllcatlons regarding thls flora



(22, 23 24, 25)‘ leferent 1nvest1gators found that over 80 /

of the flora con51sted of gram-negatlve rods. Compared toﬁ
‘Culex or the Anopheles mosqultoes Aedes had less m;croblalv
flora in the mldgut It 1sc;nterestingpto'note that later
studies have revealed“that Aedes larvae arefnore resistantl

to pathogenic §;sphaericus'strains_(l2).,This might be.due

to their capacity to keep the microbes out of their gut.

Dav1dson and coworkers have studled the ultra structural.
events in the larval mldgut' leading to death (6). These'
»studles prov1de 1mportant clues to the nature of pathogene—

- sis of B. sphaerlcus (sequence of events leadlng to death)

'Larval death could result when the bacterla penetrate the
larval systems and 1nterfere w1th thelr functlon (an 1nfec-
‘tlon). On the other hand,’the‘process could be a tox1n-med1-f
ated one,vwhere the‘bacteria release a conponent‘toric.to
'the larva. lt is apparant that ifvthe bacteriavdocnot‘need

to penetrate the larval tlssue in order to cause death then

the process lS not an 1nfectlon “but is rather medlated by>>

the‘tox1n.VThls_1nformatlon is 1mportant,'even from an in-

dustrial standpoint:» for'.it would establlsh' whether' hlgh"”v

spec1f1c tox1c1ty was the crlterlon for process optlmlsa-‘

tlon Dav1dson et‘al (26) found that the cell count 1n the

larval mldgut decreased sharply after 1ngestlon and remalnedhv

at a low level for as long as the larva_was alive. The count



began to increasetonly after death.:Furthermore, the‘cells'
contained in’thelllVe larva wereyconfinedfto‘the peritrobhic
membrane, ie the midgut-lining; They‘began groWinq into‘the
tissue only after death Slnger (27) and'Myers (28)-have
valso 1ndependently conflrmed that bacterlal repllcatlon is

not essential to pathogene51s; B\sphaerlcus cells.were ren-

dered non-v1able by treatment w1th, chloroform and these
proved to be as pathogenlc as v1able cells Use of antibiot-
1cs such as bacitracin (whlch prevent bacterlal repllcatlon)»
gave the same levels of mortallty as the control (w1thout f
bacitracin). It is poss1ble to conclude from the above in-
formation}that thls pathogene51svls not,a true 1nfection,'

and that death occurs due to a toxic component of the cell.

2.3 LOCATION OF THE TOXIN
| o
In a comparatlve study, Myers and Yousten have shown that
'fspores of 1593 straln are deflnltely more tox1c than the
vegetative cells-(29), whereas sporulatlon‘dOeS'not,seem to

affect the toxicity of»the 551141 strain.'Vegetative cells

of the 1593 straln have a. hlgh LC 8

5o (to the order of 10
cells/ml),vwhlch-drops sharply as the cells begin to sporu-

~late (to thedorder of lO2 to 103'cells/ml).-Mn++, Caf+,'and_
Mg++ ions are known to aid sporulation,»Exclusion of_these

ions from the medium causedltheLpathogenicity of the 1593
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- culture to drop. lnbanother-study; using different genetic~
techniques, ollgosporogenlc mutants of strain 1593 were de-dv
:veloped These mutants sporulate poorly and the broth devel-.
»oped therefrom had 100- lOOO tlmes less 1nsect1c1dal act1v1-
,ty.lvahese‘ effects were not observed for‘ the SSII-l
cultures...However;y lt seems unllkely that the toxin of
strain 1593 is fundamentally dlfferent from that of straln
vSSII-l. Straln 1593 probably produces a greater quantlty of“
the tox1n, or modlfles the chemlcal nature so as to glve av

more potent tox1n

It would also be useful to knowbthe locatlon of the tox1n
w1th1n the spore Myers and Yousten 1solated the cell- wall
cell-membrane and the cytoplasmlc contents of the sporulat-
ing . cell, thrOugh= 'ans ,involved ;fractionation scheme ‘
(21 28, 30) Using'previousl?"established bioassay techni-‘
ques (31), dlfferent fractions wererassayed for:toxicity,
and it was revealed thatrmostiof‘the actiuity was confined
‘to theecell;Wall;’Other components also have'some7toxicity,
but 10wer by‘several orders of magnitude; Whlle-conducting
these experiments‘itvwasiconfirmed_that there'was no conta;
A»nination ofboneffraction by another | FurthermoreQ’fully ma-
ture spores were about ten tlmes more toxic as‘the cell~
wall. fracclon of sporulatlng cells It_ls possible that the .

spore-coat'*develops greater tox1crty ~as sporulation pro-
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gresses. Dav1dson has observed that ‘the outer wall of the'

" bacterial cell dlsappears qulckly 1n the mldgut (26) There

fls good ev1dence that 1t has ‘been: dlgested She also demons-c

trated that all . the tox1c act1v1ty lS assoc1ated w1th the
.cell fractlon The flndlngs suggest a p0551ble locallsatlon
' of the . tox1n 1n the cell-wall Enzymes llke glyc051dases,,
peptldases and amldases are known to solublllse bacterlal

cell- walls, and could play a key role 1n releas1ng the tox1n%>
:(32). The fact that gut enzymes of mosqulto larvae can solu-
ybilise hlghvlevels of the toxin lendS'tovthls hypothes1sf

(33).

- It is known that B thurlnglens1s has‘a parasporal inclu-
'SIOn body that is respon51ble for most of its tox1c act1v1ty
_(3). Thls body, a crystal'ofmthe*tox1n, 1s contalned out51de»{
‘the bspore;coat | and outslde the outer' exosporlum layer

vB sphaerlcus SSII l straln does not have such an 1nclu51on

However, recent reports suggest that aged sporulated cells

of B sphaerlcus 1593 do 1ndeed contaln such a body These

bodles show con51derable s1mllar1ty to the cell wall tox1n,
1nclud1ng ‘s1m;lar chemical ’characterstlcs. ' These are su-.
spected to play a ‘role in pathogenesis,rbut the - eXact na-

~ture of this role‘remains‘to-befdetermined (34).
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In aktecent investigation, Davidson detected significant
levels of cytoplasmic toxin as well (36). The cheﬁicsl res-
ponses and gross symptoms of the larval intoxication by this
btoxin .are .very’ similar to those of the cell-wall toxin.
There'appearsbto be a relétion between these two forms. The
toxin is probably synthesised,at the cytoplasmic level and

then rapidlybincorporstéd into the cell-wall.

Sporulating cells of strain 1593, treated with trypsin
and protease, did not release‘any reasonable quantity of the
toxin. This indicates that thebtoxin"is not just loosely as- -

sociated with the celleall. Pathogenic, as well as non- as

non-pathogehic strains of §.sphaefious, do have an outefmost
proteinacsous layer (30,35). This layer is smooth'for'pa-
thogenio strains and»rough for‘non-pathogenic strains (36).
It was suspected thst this differeﬁce may account for the
toXicity. However,‘fousten dissolved this layer in 8M urea
and'assayed it for toxicity. His results wers negative, in-
dicatihg that this‘is probablyinot the site of the toxin.
The toxin 1is probabl? closely trapped within a matrix of
cell-wall subunits. It could also:be aksporé—structural pro-

tein, probably located in the spore-coat.
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2.4 CHEMICAL PROPERTIES OF THE TOXIN

It was mentioned before thatvMyersiand YouSten”fraCtion-
‘eted‘thelcell—wall COmponent:in'order to assay it for toxic-
ity (21,30’)‘! This prveperat"ion was f'ound"to be'sta]ole:to'
freezing, lyoohilisation, sonloation,'refrigeretlon'(4fc,in'
sterlle water for two'weeks) and heat (8050 for:lz minutes). |
In other'words; the aoove technlques did not reduce tne tox-“d

‘1c1ty of the cell- walls v - Y

’Tbxin"of strain 1593:was_nore'steble‘then that of strain
SSII-l; thodghll%:L;oysteine does stabilise'the'SSIl?l toxin
considerably (37) It should be mentloned here that the tox-‘
in 1s destroyed by b01llng for lO mlnutes and by ultrav1olet,

radlatlon at 24 ergs/sq m—sec for 30 seconds (8).

Experiments Have beén conducted to find7Whether_the toxin‘
,wana'li?id, protein or a carhohydrate. The letter oan be
~ denatured by_periodete’o%idetion;,,However, the tbxicity’was
3not deoreased byvsuCh a treatment' 1nd1cat1ng that the tox1n
is probably not a Carboh?drate 'Furthermore, the tox1n was
not solublllsed in a chloro:orm- methanol--water solution:
and Trlton X- 100 which are lipid solvents Thus, it is not
a lipid elther Howevery protein denaturinq technidues‘do'
cause a sherp’drop.in theftogicity. For ekampleﬁ thevtoXln

was destroyed by alkali—(oyl N NaOH at 22°C for BO_ﬁins);‘It



17

is also known that many’miCrobial pathogens have protein
components in their spore-coats and have proteinaceous tox-

ins (38). The consensus seems tdvbe thétlthe toxin of Bacil-

lus sphaericus is a protein.

An attempt was made to‘identify solvents for the:fpxin
(33). The toxin does not'dissolve'in 8M urea after 30 mi-
nutes’ofvcohtact; However, it was soluble in'mercaptoethénol-
and 3M guﬁnidine hydrochloride, when suSpended thergin'for
two hours.,A preparation of the gut'énzymes of mOSquitO‘lar-_>
vée, suspended in'OAO4M sodium carbbnate, also dissolved_thé.
toxiﬁ. Asséy-of £h¢1$§lubilised.tbxinJihdicatéﬂva_higher
Lcsd (lowér ﬁoxicity);'fhis,WOﬁId éuggeét'thaﬁ the cell-wall.
,fractioﬁ had lost its toxicity; with only a small amount
surviVing in the supefnatant. It,is mo:eflikely, thever,
thét’the toxin 1is moré effecti§é whénlnotvsolubiliéed, and

that soluble toxin is not ingested as efficiently.

2.5 SPORE CHARACTERSTICS AND SPORULATION

,BacilluSVSbhaericus endospOres.arefquité Similar to-thoée
- of ofhef spore-formers. One péculiar chéractersfic seems to
be that‘the cell-wall preparatibn$ ofvSpérulating cé;ls‘and
sporés lack in dipicoiinié acid. This compénent, together 

with calcium, is impprtant'in giving structural integrity to -



the'spore. It'also appears to be devoid of‘teichoic acid,
which regulates the autolytlc machlnery of thls bac1llus In
short, there are less controls on-the autolytlc system. As
:if to compensate, the autOlYSinscof this'SYStem are also
weak. Thus, although mature spores are formed by 8 hours,
the mother cell lyses and releases the spores only after 16
hours The general detalls of the bacterlal endospore have

been ‘studied by Tlpper and Gauthler (39)

Holt et al. have researched. the sporulatlon. cycle of
straln 9602 whlch is a nonpathogenlc straln (14) The cycle

1s falrly typlcal Bac1llus sphaerlcus 1593 has a slmllar

cycle A spore septum is formed 1n1t1ally Thls ‘is a sort of
1nternal cross ~wall in the cytoplasm that separates the pri-
meveal spore the forespore from the cell. Thls septum
seems to be slmllar to the vegetatlve cell septum that oc-

curs during cell reproduction.

The forespore is enclosed“by‘tWO membranes,.andvis con-
tained within the.mother‘cell.vArdark staining'materialvsoon
appears hetween;these_membranes,'which‘is suspected.to bef
the peptidoglycan which will'form.the spore cortex; This
"then leads to the formation of other spore-coat components.
Spores mature by 8 hours after the cessation of exponehtial‘

growth.



g.sphéericus shows a commitment’effecﬁ to,qurulatidn two
hours after initiation of thé cycle. Afound this time, the
sporangium begins,swelling and éporulation'isvthen'carried
on to completion, regardless of external factors. Antibiot-v_
vics such as &ancbmycin, which inhibit‘sporulation, and addi-
tion of fresh nutrients thch have a similar effect, are ef-
fective on;y if édded before the ceils‘are bomhitted to
sporulation.'Bidcheﬁical.events during sporulation have been

summmarised by Hénsbn and cowdrkeré(40).

There'are»differen¢es between.spore and vegeéative—céll 
peptidoglycan, viz. the former contain diaminopimélic'acid;
- whereas theblétter do not. The enzymeé fesédnsible for the
Synthesis of,the spo;e‘wall diffgr from those for the vege-

tative cell wall (41,42).



Chapter III

EXPERIMENTAL PROCEDURE

The study was ;ondﬁcted usiﬁg two éulfivation‘techniques:
shaken flasks and‘stirred tankvfermentations. Temperature .
studies were conducted using the'shaken flasks, andvdiss
solved oxygen and pH studies were conducted using thé»fér-
mentor. Nutrient Studies‘were conducted using both the tech- »

niques.

3.1 SHAKE FLASK EXPERIMENTS

3.1.1 Microorganism

Bacillus sphaericus 1593, was obtained'from Samuel Sing-
er, Western Illinois University; It was maintained on Nut-
rieﬁt Broth- Yeast Extract agar slantsp-at 4°C in a refri-

gerator. The strain was transferred once every week.

3.1.2 Media

~Bacillus sphaericus 1593 was grown in 8 gm/l of nutrient

broth (Difco), sUpplemented‘withr0.0S%"w/v of yeast extract
to supply the vitamins. It is known that inorganic salt ions‘
aid sporulation. Therefore, the media was also supplemented

with 0.5% v/v of a stock solution consisting of 0.14M calci-

20



- um chloride O 2M magne51um chlorlde and 0.01M of manganese
chloride The medla components were dlssolved in dlstllled,
water prior to steam sterlllsatlon Thls was called NYSM

(Nutrlent broth Yeast extract- Salts Medlum)

3.1.3  Inoculum

The 1noculum was prepared by stlrrlng a one ul loopful of

Bacillus sphaerlcus from NY'vagar slantsv(Nutrlent broth

Yeast extract), 1nto_sterile testﬁtubesbcontaining 4.5 ml of
NY‘media'(samefcomposition asidescribed-in the‘media sec-
tlon except the salts are excluded) The tubes were ‘allowed
to stand at room temperature for 20 h prlor to 1noculatlon

‘vSterlle 51de arm - shake flasks (SOO ml each), contalnlng SO
4ml of the NYSM medlum were 1noculated at 24 v/ concentra-~‘

tion fromvthe tubes. : 3‘ ‘|

3.1.4 Experimental Technigue

',The shake flasks,were'aéitatedlﬁxr Gyrotory water-bath
shakers, model G-76 New BrunsWick-écientific Cohpany.vThe
shakers were alloWed toveQuilibrate-at-their pre-set temper-
atures for several_hourS»prior to commencement of»the exper-

iment. The shaker agitation rate was 160 rpm.



3.1.5 Measurements

Absorbancé was measured periodically_by tilting a portion
of the grdwing broth into the,side—érm_of the shake flask.
This was.then. examined uSing é Klett Coloriméter; Model
800-3, Klett Manufaéturinq Compahy,,set to 660 nm. Klett
readings, K{ were converted to Absdrbance,»A, by the rela-
tionbA = 2K/1000. Measurements'were taken hourly up to the

end of the exponential growth phase.

Spore and Viable—cell-couhts were done by the pour-platev
téchnique. Different dilutions of the cell45roth were mixed
withylnolten NY ‘agar (23 gm/1 Gibco nutriént' égar, O{OS%
yeast extract), and plated. The agar was allowed to éet and
the plates were incubated at 30°C for 48 h. The number}of
cells were determined by using a colony-coﬁnﬁer. For the
spore-count, whble broth was héat shocked at 80°C for 12 mi=-
nutes in a mineral oil béth, before making dilutions}» Seri-
al dilutions of the heat—shocked broth were then plated to

find the spore-count.

Dry cell weights were estimated using standard techni-
ques. The broth was first centrifuged and the cells resus-
pended in an equal volume of distilled water in order to el-

iminated dissolved solids in the broth. Onevml of this cell

suspension was placed in a préviously heated and dessicated



‘sweighinq boat, and the boat was hea+ed'at-llO°C to dry the
‘cells“ The dlfference between tne 1n1t1al and the final
welghts gave the dry cell welght All welghts were. taken on

an analytical balance.

3§l.6, ChemicallAssays

Protein assay was performedvbyithevtechnique'déécribed‘by
| Lowry: et al (43) Reagent C was prepared by’ m1x1ng 50 ml of
5% sodlum carbonate and one ml of 0. SA solutlon of copper‘
nsulphate hydrated.ln 1,04 sodlum'c;trate To assay the pro-

tein, 5 ml of Reagent C was added to one ml of a 1:50 dilu-

 tion of the sampleb After 1ncubat1ng at room temperature for,'-

: lO_min, 0.5 ml of lN Eolln s Reagent was added The sample
'was further 1ncubated at room temperature for 30 mlnutes

Absorbance was. determlned at- SOO nm in a spectronlc 20 pho—
tometer (Bauschpand,Lomb). Standard curvesvwere'prepared by
using concentrations from_Olto 500:ng/ml of bovineVSerun:al-,
bumin.lDiStilledeater'subjectedhto,the above procedure,was

' used as a blank.

Carbohydrate was assayed by the phenol sulphurlc acid
-method of Hanson and Phllllps (44) One ml of 5% phenol was
added to one ml of a 1:50 dilution of the sample. This was

followed with 5 ml of concentrated sulphuric acid, and the

Al
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tube was allowed to stand_hot.bIt was then incﬁbated;for Zdv‘
minutes in a 25~30°C-waterhbath; jAbsorbance:v}as deterﬁined'
-at 490 nm,. uslng distilled‘water treated as‘above'as blanh;
}Standard curves were prepared w1th glucose using_concentra-“

tions varylng from o} to lOO ug/ml

‘PhosphorouS’was assayed uSing'the teohnique of Herbert
.and coworkersv(és) A 1:50 dllutlon ol the sample was pre-
pared To 5 ml of the sample, 0. 4 ml of perchlorlc acid, ‘0.3
ml of a 0.02% ascorbic acid, and 0. 5 ml of 5% ammonium mol-'
ybdate in the given'sequence; m1x1ng well between each‘addl-
tion. Blue- color develops w1th1n 10: mlnutes ‘This was mea-‘
sured at:l7303wnmh‘us1ng “au'Hltachlv'Spectrophotometer

Delonlsed water treated as above was used as a blank Stan-

'dards were prepared w1th d1ba31c pota531um phosphate In

"the above assays, the 1:50 dllutlon was prepared to ensuref

that the readlng fell w1th1n the llnear region of the stan-
~dard curves. Supernatant for the assays was prepared dby
' centrifuging the whole broth at 18000 rpm for 7 minutes, and

then removing the cell pellet.

3.1.7° Bioassay

The toxicity was measured‘in terms of'LCSO. The test spe-

cies were second instar larvae of Culex gquinquefasciatus



mosguitoes. The‘bioassay'technique has been previously de-
scribed in the literature(31l). One change was that the re-

sults were observed after 72 h rather than 96 h.

The-broth was firsﬁ centrifuged a£ 80d0 rpm, for 5 mi--
nutes in a.Beckman_Cehtrifuge Model J-21C. The supernataht
was décanted, and the cells rééuspended in deioniéed water,
to an équal volume to the bréth._A number of cups were pre-
‘pared containing 18 hl of distilled»water. To these cups, lC
secchd instar larvae were.addéd.lln this.proceés, around 1
ml of water inywhich the iéfvae were previqusly suépended,
was also transfefred?aLTﬂrééyéuch cups were assignéd to each
diiution'of the.cell-suépensign. One ml of eachvdilution of
the éusﬁénsioh}waéupipéttediinto thfée cups.fThe'total vo-
lume‘of‘liquid in each cup waé"thén 20 mls. All the'cupé
were then incdbated at 3C°Cvfot 729h. At the end of this
period, the number‘ofjdead larvae;iﬁ each‘cup was estimated.
For each dilution,vthe ave;ége number of‘three cuﬁs Qas used
fdr each dilution. fhe‘dilution corresponding to 15 dead
larvae (509 of the total of 30 larvae) was uséd'to definé;
the LCSO' This was read pff the graph of diluﬁion Qeréus
~number of dead larvae as plotted on a log-probit paper. The”
dilutioh was then comﬁined.wifh the dry cell weight measure?

mehts tb'give the LCSO in terms of ug/ml of cell suspension.
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3.2 EERMENTATION EXPERIMENTS

3.2.1 Fermentor Assembly

A two liter fermentor (Multigen-Z; New Brunswick Scien~
tificyCompany, New Brunsw1ck ‘N. J ) was used for all the ex-
- periments. The temperature was controlled by a bullt in sysaf
tem w1th1n +/- 1°C. The broth was aerated by sparglng‘alr or
pure oxygen through the fermentor The gases were,supplled'f
from a-hlgh pressure tank and passed through a sterile glasS
.wool fllter before sparglng A rotameter was 1ncluded in the
llnes to measure the flow rate The off gasesmwere.also ex-lp

'hausted through a sterlle glass-wool filter.

The dlssolved oxygen concentratlon was measured u51ng a
' galvanometrlcvprobe connected to a dlSSOlved oxygen cont-l
frOIler (New Brunswick Sc1ent1f1c Company, N J ) This dls-
played the readlng on a meter, and'was also connected”to‘a
chart recorder (Sc1ent1f1c Products McGraw Park, Illinois),
in .order, to 'vke_ep a co,,ntln_uous, B rec»o:rd. ‘The »char_t recorder

also permitted the estimation of oxygen uptake'rates. TO”ca-‘

o librate the‘probe‘ the medla was sparged w1th alr or. oxygen

dependlng on the requlrements of the experlment for 30 ml-
nutes. The scale}was set to 100 A after the media hadvbeen
saturated. Then nitrogen was bubbled through the media for

30 minutes to purge the: oxygen from solutlon and the scale
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was set to O . This was checked with the electrical zero

setting built into the unit.

‘The pPH was meésured using a standard,type probe (In-
bgdld,Model 46S),> connectéd to a pH controller-meter»(NeQ
Brunswick ScientifiC’Company, N.J.) or digital meter (Ra—
diometer Copénhagen, PHM 63 Digitai)['depending.uponfthe ex-

periment. The probe was célibrated using a 6.9 pH buffer.

3.2.2 Media

Media composition Wasv;thei same as that used for the
b‘shaké—flask expefimenté. One»liter”of»this média was placedv
in the_fermentérrand autocl%?edfor 45 hinutes. After cool-
ing,xthe dissélved oxygen and . pH pfobes were introduced in
their‘respective porté; after first wetting»them wifh etha-

nol to ensure sterility.

3.2.3 Inoculum

A loopful of B.sphaericus 1593 (aproximately one ul) was

transferred from NY agar slants to a sterile test-tube con-
taining 4.5 ml of NY media, and was incubated at 30°C for 8
h. Two ml of this were then tranéfé;red'to 250 ﬁl shake-
flasks, containing 48 ml of NY medié. These were shaken in a:
30°C incubator-shaker for 8 hours;vZO ml of this broth was

introduced to the fermentor using a sterile syringe.
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v3.2.4" AcceSsory‘arranqements

foam Was.céhtfolled using a silicone antifoam (A.H;Thomas
Company, Philadélphié;wPenssyl?ania); that was introduced
from sterile‘syfinges.' The.pH wés‘¢6ntrolled by:bériodic>
additions (oncé every twenty minutés)‘éf_ld % sterile‘sul;“

phuric. acid.

Temperature was measured using a standard mercury ther-

mometer'immeréed'in a thermal well filled with water.

3.2.5 Fermentor Operation

The fermentof was operated at 30°C and an agitation rate
of 300’fpm. The gas flow rate (air or oxygen) was 1 liter/
minute at atmospheric pressure. The chart recorder was oper-

ated at a speed of 10 cm/hr.

3.2.6 Measurements‘and Assays

Except fo:_those.mentioned,beiow, éll the assays and mea-
surements were ¢a:ried-out-using the éame tedhniques as.the
shakefflask experiments., The absorbance was measured using
a Varian‘Techtron Spectfdphotbmeter Model 635 at €60 nm. Un;
inoculated broth was used as a blank. The samples Qere di-
luted to a level that ﬁhe 6ptical density fell within the O

to 0.5 range.
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‘Ammonia concentratlonééasEneasured%using an ammoniasprobeﬂ
(Orion; Modelu95—ld),bwhich Was-conneCtedvto asmeter that
vread the. . Voltage generated (Orlon Ionalyser, Model 90l)
- Samples were dlluted to l lOO to ensure that the readlngs‘
ﬁfell within the callbratlon range. Onejhalf ml of 10 M NaOH
was added»td 50mlog_thls_dllutiaﬁfandjthe'sample'stlrredx
while the_probesremained“immersed, The reading waS'taken
When,it had stabilised. CalibratiOnvwas donevwith’ammoniumv
.chlorlde in concentratlons of 10 3,dl0-4,vandvl0_5M, subject .

_,to the same treatment as before

Oxygen uptake rates%were measured,by two different tech-w‘
‘vniques‘ In the flrst technlque, the7oxygen'or air supply’to'v
,the medlum was shut off Thls caused the dlssolved oxygen
'concentratlon to decrease since the cells were still res-
plrlng This 1nstantaneous rate of decrease (the oxygen up-
’take rate), was recorded on a chart recorder, as the‘slope
hafter the oxygen/alr supply is: shut .off," The slope‘ (%
satn. /tlme), was lelded by the optlcal den51ty at that
tlme -to glve a measure of the spec1f1c oxygen uptake rate
In the second method, the broth was centrlfuged and the
. cell- pellet ‘washed and resuspended in O 1 M MOPS buffer con-
talnlng a dlfferent;nutrlent, elther glycerol or. glutamate
bThe'oxygen»uptake rate of the cells,on,thls nutrlent was'

measured in a respirometer as ul Oz/h/mg.dry cell weightpv



Chapter IV

RESULTS AND DISCUSSION |

4.1 SHAKE FLASK STUDIES.

4;141 ‘ Temperature Effects

The prellmlnary studles are concerned mlth the effect of
temperature on various parameters such as the growth rate,
b”spore-count, tox1c1ty (measured as LCSO),‘and supernatant
hnutrient concentrations, such as carbohydrate, protein and
phosphorous. Figuresv(l),'(2):and;(3)’show the'graphs of abf

sorbance versus time,gfcr[various fermentation temperatures.

Bac1llus 4phaer1cus ATCC 1593 reproduces by blnary fls-

%ion; ‘as many other bacterla do Here, each cell d1v1des
»into.two daughter cells;'and‘each oftthesevdaughter cells
subd1v1de into two more- cells : Thus,,the_overall bacterial‘

cell count follows the equatlon
dx/dt = w.X  or In(x) = u.t
where u =_Specific~growth rate.

Thus, when the substrate concentrations are non-limiting,
the bacteria exhibitsJan exponential~growth pattern. This

can be observed fromvfigures (1), (2) and (3). The shape of

30
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the curves is typical of Mohod kinetics. Howeter, it is un-
warranted to fit the‘graphs using the Monod,or any:other
qrowth‘model, as‘the.substrate being utilised is a complex
one (larqely_undefined ooﬁpositioh),'and thus'one or more

componehts may be limiting.

At higher temperatures, (1e at 30°C or hlgher), the Optl-
cal absorbance curve appears to go through a max1ma de-"
rcrea51ng w1th tlmebln the‘statlonary phase. This couldvbe,ah
'indication of cellblysis)'for the optiéalrabsorbahce is di-
rectly proportlonal to the number of cells. .However; ith
should be mentloned that other parameters such as the cells
- becoming more refractlle as they sporulate,valso affects the
optlcal den51ty of the broth Flgure (3) 1llustrates the ef->
fect of higher ly31s at hlgher'temperatures. Flgure (l)lap—h
pears to suggest more lysis at 35°C as compared.'to‘40°C;
This could be'asoribed to a variety‘of factors suoh as»those
ﬁentioned above, as well as. to'bexperimeﬁtal' aberration.
There exist other indications-pointihg to ceil lysis, such
as a minima ’ih the sﬁpernatant nutrient bconCentrations
curve, and the fact that some cellvdebrisiis'visible.when
the broth 1is e#amined- under a phase .oontrast Vmicroscop’e.
There also seems to*be an inverse relationship between ceilp
lysis and sporulation.“These aspects will be examinedvin'

more detail below.
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The slopes of the growth curves. (Flgures (1),v(2), and
(3)) in their exponentlal phase should be mentloned _It-ap-'
_pears,that the slopes are,smaller at lowerttemperaturesjand
.larger at higher’temperatures Sincehthese results-arevplot-
‘ted on the log-ax1s of a seml log plot the slope is a d1-
rect measure of the spec1f1cvgrowth rate u, and one'may
oonclude that the growth rate is hlgher at hlgher tempera-s
g tures.‘However, this effect is not very s1gn1£1cant and the
growth,rateo(absolute_value) 1s_Very rapld atvall'tempera~

tures tested..

It is interestinéito.note that the lag'phase is.more pro-
iohgedfat,loﬁer temperatureS’thah higher_temperatures. For
"example/‘in ohe'experimeht,‘the laq'ohase'was'hearly 4-5
: hours at 26°C,“but.was;only 1.5 hburs“at 33.550 (this data
is not indicated ih_the thesis)ﬂ'The enzyme systems of meta-
bolism are activated more”rapidly at higher temperatures, as

‘a result of which'the.growth»commehcesaearlier.

Maximum absorbance,'reached approXimately‘at the onset of
stationary phase, is an indication of the total"cell mass
produoed, By comparing these maximum absorbances, it oan‘be
'notiCed that slightly more total cell mass is produced at
lower'temperatures. It is possible that at high tempera-

tures, maintainance requirements are higher, and thus less
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sﬁbstraté is appértioned towards grpwth. HoWever} it is_more
likely that the cells lyse in gvrbe_avtterb' ‘numbers at higher
temperatures, even dﬁriﬁg exponential growth.'This'is born
ouﬁ by the fact that autolytic enzymes_ére more active at -

higher temperatures.

Cbviously, a desirableltemperature woﬁid yield thevgreat-
est cell mass in.the'shortest'time,/ieva higher temperature.
Howe&er; vthiS' will incréése thé raté of 19515 band since
these are cdnflicting fequiréments, the optimum temperéture
has to be balanced betWeen thé twbjfa¢torsf In;addition,venrb
éineering paraﬁeters for this;féfmeﬁtation‘(eg, cgolinq the
fermentor)‘also geed to belédnside?ed,before»making-thé.fi- 

nal choice of the optimum'temperature.

"Figures (4) and (S)fshow toxiciﬁy (méésufed as LC50) and
spore count (as heat stable‘épores) versus fermentation time
at two temperatures. Table (1) shows the data from'anothef

experiment, for three temperatures. Note that'decreased LCSO

0
spore count’ approximately mirror each other, confirming that

CorrespOnds to increaséd'toxicity, Thévgraphs of LCS

and
-~ the cell»mass'becomes more toxic as the spore count increés-
es. However, this mirror effect,;s not éxact and close ob-
servation of the data reVeais that'the spofe ¢ount lags tox-

icity. In other words, toxicity seems to develop before the
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spore count has significaﬁtly increased. Since the spore
count is measured as heaﬁ stable Spores, it'is‘appareﬁtvthat
‘the formation of the toxin is associated wifh ,an,éarlier‘
stage of the sporulatién ¢ycléf Sampies-,of the _growing
.vbacteriabwere examined under a.phése contrast micrdséépg;’
énd it appears thét the‘toxih begihs forming apprdximately"
at the point when the cellé bégin/to swell as a-prelude to
spbrulati§n;j'oﬁher reports haVe  confirmed that diffe;ent
Sporé- wall componenté are.synﬁhesiéed‘at éiffefent Stages

of the sporulation cycle (41,42).

,Exaﬁining théxdatabgiven iﬁ table (1) reveals that the
toxicity of theAbroth appéars'to reaéh'a.maiima for‘ZS?C‘and 
30°C teﬁpexatures, after which itfdecreases’(LCso incfeas?‘,
es); ‘This sﬁggests that-fhéré may be‘somevdegradation'bf
the'tbkin, ifbﬁhe-fefmentation is continued for too iong.
Sincé'theré aré'fiﬁétuétiéns_invthé biocassay, it is'diffi-
cult to éstimate én cptimum héﬁvesi timehbésed on the cri-
terion of the mdstvtoxic product. However,‘for-a temperatufé
of 30°C, 24 hours»apﬁearsvto be"a'suitable period. Beyond

this, the larvicidal activity begins to decrease.

The most pertinent observation is that the product is
less toxic when produced at higher fermentation tempera-

‘value, as well as the total cell mass are

turgsi The LCSO
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lower under thése conditions. Experiments weré also cénduétb'
ed at 40°C, and‘thé resuits shOwed‘that the»LCSO.was alwayé
greater thén 200 ng/ml, which is a negligible toxicity when
compared to the values'for the lower temperature cultures.
While the products formed at 26°C and 3OPthavekappro#imate?'
ly éQual_toxicity, all higher temperatureé yielded a dis-~

- tinctly lower toxicity. - o

FIt;can aisd be noted that while the total‘spore count is
lower at higher temperatures, thevprocesSVOf spofulation.be-
gins earliér. This is probably»dué to'the fact that at hiqhQ
er 'températureé growth rate is ﬁore ’rapid; leading to an
eaflier'exhaﬁstion of the nuttient, ahd an earlier onset of

sporulation cycle.

From the'sténdpoint 6f obtaining-a high cell mass with-
high toxicj:ty in a minimum ﬁime, a temperature range of
25-30°C is suitable. HoWever, since heat is given off during
the fermentation, it would be desirable to choose 30°C so as

. to minimise the cooling requirements.

It is recognised that once the cell population has en-
tered stationary phase; the cells may either lyse or sporu-

late. Cell-lysis appears to be more pronouncéd at higher



TABLE 1

Variation of'Spore-Codnt and Toxicity with
Time for Three Different Temperatures

SPORE COUNT (cells/ml)

. Time(hrs) 25°C - 30°C | 3s°c
12 .95 x 10° 1.36 x 10° 3.25 x 10°
24 .41 x 108 9.75 x 10’ 3.31 x 10°
36 .95 x 10% 1.72 x 108 2.70 x 10°
a8 05 x 10®  1.63 x 10° 2.80 x 10°

TOXICITY (Lcso; ug/ml)

Time(hrs) 25°¢ 30°C . 3s°C
-2 -3 -
12 .80 x 10 1.30 x 10 1.50 x 10
-3 -3 -
24 .00 x 10 1.70 x 10 1.60 x 10
-4 _ -4 -
36 67 x 10 5.80 x 10 2.50 x 10

-4 o -4

as 14 x 10 5.54 x 10 4.40 x 10
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temperatures, while the cells sporulate in greater numbers,:
vat lower temperatures Thls would suggest that the tempera-
vture optlma of the autolytlc enzyme system. appears - to be
higher than that. of the enzymes required for the transforma-

tion of the cells into spores.

4.1.2 Limiting Nutrient Studies

The NYSM media was used'for theseIStudies. This is a'oome"
' plea media composed of’hutrient broth,‘yeastvextraot_and
miheral salts Due to. 1ts complex nature it has3been diffi—’
'cult to plnp01nt one or more precise llmltlng substrate(s),
hthat could be used to flt the fermentatlon data to a mathe-d‘
'hmatlcal model. However,,;tlls reasonable'to assume that,the

cells enterv 'stationary pha‘se' _upon’ the "eXhaus'ti_o,nv of some“

;component of the media. Working on this‘premise;.the‘super—'
“ natant'of the. broth was'assayedmfor proteim,¢oarbohydrateh
and phosphorous. The results of these assays are~given in
figures (6), (7),vand (8) for three growth temperatures

The three nutrlents for a s1ngle fermentatlon at 30°C are
also plotted on figure (9), where the time axis extends only
upto 30 hours (inStead“of 48 hours'of the previous figﬁres)

in order to better compare the shapes
- .
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Figure 6: Time temperature dependence of supernatant
carbohydrate
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'Each-of.fhe nutrient concghtrations pass through:a miniQ
ma. The subst:ate is obviousiyvbeing consﬁmed in the gfowth'
phasé; accounting for the decreasing nutrient concentra-
tions.’Later, durinq the stationary phase, ¢ells‘lyse and
release vtheir protoplasmic contents' into the mediuh,_,and
these contain assayablé protein, carbohydréte.and phospho-
,roﬁs; At the samébtime; there iSulittle-or no»utilisation'of
substrate, causing the nét_nutrient concentration in #hé'su-
pernatént to rise. Aé may'be‘expeéted; the minima coincide$
with the end of‘the,growth phasé in most'cases.v Further-
more, if "the hutrient conéentration pfofiles frbm.thé,same-
férﬁentation’are compared (figure'(g)),‘it can,néticed that
’théy all go throdgh a minima at about thé same time, éﬁd
have similar shapés. This would éuggest that these nutriehts
are redguired and asSimilated by thé cell in a constant pro-

portion.

It appéars that the slopebof the nutrient profiles in the
regidn where nutrients are bbeiﬁg_ consumed 1s steeper at
‘higher temperatures, suggesting that at higher temperatures
the nutrients are being consumed more rapidly. This is com-
patible with the earlier'observétion of a higper specific

growth rate at higher'temperatures, Furthermore the higher
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temperature curves seem to reach their‘minima earlie, a lo-
gical deductionhfrom the abovementioned idea, since faster
growthAwould imply faster utilisation and exhaustion‘of the

limiting substrate.

It should be noted that whlle the carbohydrate concentra-:
-tlon does decrease 1n1t1ally,’1t returns almost to:lts.orl-
ginal level-towards ‘the end,of the fermentation. Thus,thile
there is a temporary decrease in the concentration of car-
bohydrate in the supernataht,‘there~is no net decrease.yOth-
er nutrients-'do not exhibit this behaviour. Apparantly,
proteln and phosphorous have been at least partlally asslml-‘
lated but carbohydrate has been released back into the med-
~ium The fact that the concentratlon of carbohydrate does
decrease 1n1t1ally would suggest that there is some utlllsa-

dtlon of this nutrlent,,However, thls is a contradlctlon to

previous reports that Bacillus sphaerlcus does not utlllse
any-carbohydrate,'ihcluding the simplest of sugarstsuCh’as
glucose (16). Alpossible_exp;anation for'this phenomehon‘is.
that the cells take up Carbohydrate; perhaps.because it‘oc-
:cursiln a form assoc1ated with other nutients (yiz. pr07‘
telns), but do not utlllse it 1n metabollsm vFor example;
carbohydrate may be adsorbed onto the surface'of vegetatlve‘
cells. As the cells sporulate, the surface properties of the

cells, such as surface tension also change, and the carboh--
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ydrate may then be desorbed from the surface and released
intq the medium. The cells may also be taking up carbohyd-
ratej and converting it to another chemical form, such as a

polymer, and excreting it as such.

.The»most‘striking observation about this data is that at
" the onseﬁ'of stationary phase (the minimé of nutrient coh-
centrations) vapproxihately 50 % of theAproteiﬁ, 75 % Qf the
ca-rbo.hydrate and 60 9% of the phosphorou.sl is left 1n the
broth.»Considerableuamcunt of nutfients being still availa—
ble, it could be expect@iAﬁﬁét»the cells would continue
growing‘in the ekponential phase; Yet the célls enter sta-
tionary phaSe, éventﬁally lysiné dr sbdrulating; a phenome- .
nén.that‘oécufs 6nly whén éome nutrient>is éxhausted or a
toxic metabélite accumulates. vThe answer to‘this-disparity
lies in‘the asSays tbnduéted and_é iack-of knowledge of the
precise limifing nutriént. For example, a particular amino
acid or peptide could be exhausted,and thus be limitinq.
However, the Lowry method would éssay'the total protein and
not the concentration>of that particular amino acid or pep-
tide. It is highly probable that some amino acid is the pre-
cise limiting substrate. It should be mentioned that no ev-
idence exists to support the idea of the accumulation of'any

growth suppressing metabolites.
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4.2 STIRRED TANK FERMENTOR STUDIES

4.2.1 pH and Ammonia profiles -

The supernatant ammonia concentration was measured for a
’fermeﬁtation. a‘t- 30,°C’; This Adata has been plotted versvus'
‘time, with the corresponding pH and eprical absorbanee va-
lues on figure (10). The two profilee are similar, in the
sehSe that the Vaiﬁee of-aﬁmenieréonEentration and pH show
. similar trehds’of”ihcrease} It can be concluded'thaﬁ the am--
monia conCentraﬁion rieeSQ mest_probabLY £er:déeminetien of
‘proteins aurihé metabolism; and'the abevemehtienedvcorrela;
.tion suggests that. this is responeibie fer the in;reese ih'-
'pH} However, at a?pH of 8z0):ammoﬁiartends tq vaporise from
the broﬁh, particularly since the breth is beingbsparged
with a gae. Ae a consequence, the concentratioﬁ of emmonia
in the broth does not iﬁcrease as rapidly'after'thie"value
of pH, but the pH itself continues to increase. This 1is
probably due to increasing utilisation of acids in the brOth>

durihg'the stationary phase, a fairly common phenomenon.

The pH results for‘three differeet temperatures are plot-
“ted on_figure(ll). The graphe indicate that pH increases
more rapidly at higher tempereturesbthan lower temperatures.
The 25°C pH curve also'shows a sorr of‘laé phase,. Faster

utilisation of substrate (deamination of proteins), as a
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Figure 11: Time temperature dependence of pH
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~consequence of rapid gréwth at.highér temperatures, wouid
indeed léad to sharper increases in the pH. After the fer-
mentation has progresséd to a cdnsidérable‘extent,’the'pH
for‘ the ﬁhree temperatures. tends to cé‘nv'erge to a single
point. This pr§bably means that the sﬁbsﬁfate is utilised
_equally‘after thé cessétion of metabolic activity. Yet the
maximﬁm abédrbance aﬁd.therfinalbcell massvare differént.
This could be ascfibed to lysis'instead ofbsubstfaté utili-

sation.

4£.2.2 Effect gg Dissolved Oxygen Concehtfation

7 Stﬁdies for the effect of dissél&ed oxygen: were combinéd
‘with:some other parameters suéh,as the pH. Figures (12) and.
(13) show the results for fermentatioﬁs sparged'With'air,
and figure§ (14) and (15) illﬁstrate the results using pure
okygen. In each'of,theée cases, pH was not controlled. The
abscissa is the percent of oxygen satﬁration with that gas

used for the experiment.

The dissolved oxygen curves may be divided into three
sections, increasing, constant -and decreasing concentra-

‘tions.
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It is apparant that thefdiéééi&ed'oxygen concentration ih
»the medium répresents a baiénce betweenvthe‘rate of dissolu-
tion:of:dxygen‘ffémLthg éas bubble (aif:qf pure oxygen) td
the medium (referred to as the fsupplyvrate') and the’uptake
of”the oxygen so dissolved from the medium by the microor-
ganisms (referred ﬁé as:thé 'ﬁptake rate’)} Furthermore, the
supply rafe is proportional to the differehce in concentra-
tiohé ¢f oxygen.ih the_gasvphasé (bﬁbble) and the liquid
phase (mediﬁm).'Thus, if thevdissolved cxygen concentration -
‘is higher'of the oxyqen concentration in the gas phase is

lower (air sparging) ,the supplyvrates would bé lower.

In the first éeCtion of the graphs, thé.Slope of the dis-
solved oxygen curve is negativé;,implying that the uptake
rate exceeds the supply rate. This is plausible, since the
cells are young and physiologically very active (vegetative
phase). It'will also be‘shown later that the specific oxygen
uptake rates are‘alsd high invthis :egion. Furthermore, the
‘cell mass 1is increasing‘ekpbnentially, and the overall up-
take rates also increase. The slope of the dissolved oxygen

curve in this region is increasingly negative.
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Indthe second. section, slope of the curve-is zero, sug-
"gesting that the supply rate isbjust balanced by the uptake
rate-here In case of air. sparged lermentations the'disf
solved oxygen concentration. (balance p01nt), is nearly Zero;
however( this concentration is nearly;604 of’satﬁration.inv
‘the caseidf pure»oxygen‘sparged.fermehfationsﬂlExamlniné the

-growth curve reveals that the cell massvis‘still‘increasing
just before the second stage commences abd-the cells are
still phy51log1cally active. Thus, the,actUal'uptake'ratesv

~ would Stlll be hlgh in thls sectlon 'Particularly in the

~case of alr-sparged fermentatlons, the cell mass is defl-.v

vc1ent in its oxygen requlrements HoWeyer, in’oxygen.sparged‘
experiments, oxygen appears to be avallable at all times. It‘,
will be discussed later‘that this dlfference_ln the‘two exei
periments is probably responsible for the higher spore-c

counts of air fermentations.

In both the fermentations, dissolved oxygen concentratioh*
begins to increase almost coincldentally withvthe cessation .
of growth."This occurs at an optical density value of 6;5.
The oxygen supply rate exceeds ~the uptake rate at this'
point. After the fermentatlon has progressed ;hto.the sta-
tionary phase, metabollc act1v1ty drops to a very small va--
lue as the cells lyse or_sporulate.»As a consequencef the

uptake rates;also decrease and the‘dissolyedloxygengconcen-



~tration begins to increase, reachlng absaturatlon level ap—
prox1mately the same level as it was at orlglnally In thls
third sectlon, the slope is 1n1t1ally a large p051t1ve va- f
lue, eventually decrea51ng to zero " The: reason'for this is
ythat as the dlssolved oxygen concentratlon beglns to in-
crease the supply rates decrease Thls‘ﬁact has been men-,r

‘tioned earl;er in thls‘sectlon;

ilhe toxlcitylandcsporeecoﬁntfresultsvforvoxygen and
_:airdfermentations are shown on tables (2) and (3). The spore
count for fermentatlon w1th alr 1s almost two orders of mag-;
nltude hlgher than for fermentatlon w1th oxygen It was
dlscussed before“that oxygen def1c1ency led  to reduced

growth rates rn the-case;ofvalr-spargedifermentations'as
compared to~thoseboxygen.sparged.'It is'pOSSible,that oxygend
def1c1ency has trlggered a metabollc shift. For example the
cells may rely on stored nutrlents llke poly hydroxy—buty-
rate granules to meet the energy requlrements of of metabo-
allsm, 1nstead oF the regular resplratory pathwavs, whﬂch are
now oxygen llmlted -Such shlfts often‘lead to a pseudosta—‘
‘tlonary phase ‘This could have caused an earlier and longer
”sporulatlon phase. vHowever, there is llttle dlfference 1n‘
the toxicity of the tWovfinal‘produdcts. It,was showngthat

toxicity develops early on during sporulatiOn, uwhile the
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TABLE 2

Spore-Count and Toxicity Data. Fermentation
with sparged air. No pH contrel.

Time(hrs) | LCSd(DG/ml) S Spore-Count(cells/ml)
28 2.61 x 107¢ 1.5 x 10%
4 8

30 2.58 x 10~ 1.2 x 10
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TABLE 3

Spore-Couﬁt and Toxicity,Data.’Fermentation
‘with sparged oxygen. No pH control

Time(hrs) LCSO(uQ/ml) , Spore-Count(cells/ml)

24 2.98 x 107% 3.8 x 10°

30 3.84 x 1072 7.3 x 10°
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heat-stable factor develops later on. This suggests that
sporulation in oxygen sparged experiments is incomplete, for
thestoxin has formed without ths.hsat stable factor, most of
the sporulating sells have already synthesised the toxin.
Examination of the‘broth under a microscope also revealed

. many swollen cells, but few csmpleted spores.

In general, most sporulation processes are triggered by

nutrient limitation. This is undoubtedly true in the case of

§.sphaericus'as well. However, as mentioned above, dis-
solved oxygen concentration does seem to have some indirect

effect.

4.2.3 Oxygen Uptake Rates

Stﬁdies were slso conducted measuring the oxygen uptake'
rate. The resﬁlts are given in table (4). It 1is appafent
from the results that the oxygen ﬁptake rates at 2 h, 15min
and 5 h are nearly the same, within limits of experimental
error. However, the wvalues at 10 h are distinctly lower.
This is because younger cells are still in the exponential
phase of growth and in a vedgetative state, whereas the older
10 h cells have passed into the stationary phase. The energy
requirements,vand thus respiration, and oxygen uptake rates

would be lower during in the stationary phase.



TABLE 4

Oxygen Uptake_Ratés._Eermentation'with.
pure oxygen. No pH control.

Time(hrs) 2h15min  S5Sh  10h
Graph® - a3.e5 6,20  1.46
~Glutamate 72.22 = 113.47 19.86

Glycerol _ 130.76 - 33.27 7.45
Legend:

'#' . Units: 9 saturation / time / unit optical
absorbance (660 nm)

'%*':Conducted in 0.1 M MOPS buffer + indicated
substrate + washed and resuspended cells.
‘Units: wul 02 / h / mg dry cell weight.

’
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4.2.4 Limiting Nutrient Studies

The nutrienﬁ.concentration.profiles exhibitsﬁatterns very
similar to those discusééd earlier for shéke flaék experi-
ments. Much of thé:carbohydrate is recoverea in fhé suﬁer-
natant; again implying the small or negligible'rolé of car-
bohydraté in metabolisrq; 'Protein, on the othé.r'- hand, 1is
utilised.,“Considerable amounts of nutrients are still left
ih thevbroth.at the onset of sporulation. It appears again
‘that mbre>protein is utilised in the oxygen sparged_fermen-
tations, as cémpared to other nutrients. Thé maximum optical
absorbance for thercxygen experiméﬁts is also higher, imply-
ing greater total cell mass. As compared to}the oxygen ex-
?efimenﬁs, the cells ehtéted the stationary phéée earlier in

'the'air'experiments,vperhaps,due to oxygen limitation.

4.2.5 PH control.

Figures (16); (i?)hn(l8), and (lQ),illustrate‘the air and
oxygen studies with' the pH'controllédAat 7.0. The same ana-

iysis as for no pH control can be applied here.

 The toxicity and Sporefcountvfépgthé’eXperiments with pH
control are shown on tables (5) And (6). Controlling the pH
does not affect the spore count to any great extent. Yet the

toxicity, particularly at 24 hours, is higher with pH con-
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trol. This Suggests’that low pH aids the formation,of the
toxin. As ofltoday, the chemical nature>of the toxin is unk-
nown, as are the blosynthetlc pathways leadlng to its forma-
tion in the cell Therefore, it is difficult to analyse the‘
effects of pH any more preclsely However, it is known that
the tox1n is solublllsed by alkallne conditions (33) Maln-
talnlng a low pH could be hav1ng some sort of a reverse ef-
ﬁect_ln a351m1lat1ng the.toxlnv;nto the-spore-coat.;The ree
'cent‘discovery of a-cytoplasmic toxln;‘which is hypothesised
to be assmmllated into the spore coat durlng sporulatlon,

.lends to this idea (35)

It would be reasonable‘to‘ekpect»that higher‘dissolved
oxygen cohcentrations would lead to lgreater cell-mass.
Furthermore; it was also shown that air‘sparged fermentors
ga\}e a m‘ore» toxic product. Thus 'maintairiing' a high dis-
solved oxygen concentration- 1n the growth phase, followed by
a low concentration in the statlonary phase would be expect-‘
~ed to give a higher cell-mass with more toxicity. Based‘on
_thisvreasoniqg;»the‘last experiment conslsted of cohtrolling
vthe PH at 7.OL and.changingvoVer froh okyceh to-air sparging
afterfeight'hours of fermentatibnf;approximately at a time

when the cells enter stationary phase.



71

 TABLE 5

'Spére-COunt and ToxicityVData;,FermentationA
with sparged air. pH controlled at 7.0.

Time(hrs) ',LCSC(UQ/ml)F; f_'Spo;efgountgcglls/ml)'

2¢ . 330=x107° . 7.20 x 1%

5

30 3.06 x10° 4.70 x 108
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~TABLE 6

Spore-Count and Toxicity Data. Fermentation
with sparged oxygen. pH controlled at 7.0.

Time(hrs) | LCso(ug/ml) Spore-Count(cells/ml)

24 . 2.99%x 1070 3.40 x 10°

30 2.33 x 107% 3.60 x 10




The data for this run is shown in table (7). The‘toxicity
levels and the spore-count appeér to be_fhe similar to the
air sparged fermentatidns with pH control (tabié (5)). Using
the dissolved oxygen strategy does not seem to have much of
an effect. However, btherfstrategies for different growth
conditions need to be ekamined, and these may have a signi-

. ficant impact on the product.



TABLE 7

Spore-Count and Toxicity Data. Fermentation'
commenced with sparged oxygen, changed over
- to air at. 8 hours. pH controlled at 7.0.

Time(hrs) Lcso(ug/ml) Spore~-Count(cells/ml)

24 3.89 x 107° 1.40 x 10°

30 2.82 x 1072 9.30 x 10/




Chapter V

CONCLUSIONS AND RECOMMENDATIONS

Effects'of temperature, pH and dissolved oxygen concen-

tration on ' growth, sporulation and toxin formation in Ba-

cillus sphaericus were investigated.

| It was fbund that growth rate is faster at higher temper-
atures, but total ¢é1l mass produced is approximately equ&l-
to that at‘lower temperatures. Lag phase appears to be lon-
ger at lower temperatures. Sporulation begins earlier at

high temperatures, but the total spore-count and specific

‘toxicity are higher at lower temperatures.

The‘pH of the Qfowiﬁg broth increases as the fermentation
_proéresses. There is some similarity between the pH and' the
ammonia profiles. It was also found that controlling the pH
at a value offabéut 7.0, qives about ten-fold moré toxicity,

as compared to the broths where the pH was not controlled.

Oxygen sparged fermentations seem to increase the growth
rate and the total cell mass produced. The spo:e-count of
air-sparged fermentation-broths is 1-2 orders of magnitude
higher than oxygen sparged broths, but the specific toxicity
is nearly the same in both'the‘cases. Switching from oxygen

to ailr sparging at the onset of stationary phase, gave a
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product similar to air spargedffermentations_(in terms of "

toxicity and spore-count).

Protein appears co be the primary nutrient utilised Car-}
bohydrate, taken up by the cells, but is released later on.
_Concentrationsvof carbohydrate, protein and phosphorous all~
‘go through:a ninima, but‘nonehofrthe_nutrients,arepever com-

pletely~exhausted.

A number of recommendations can'be made For example, it‘
would be worthwhile to conduct a complete amino acid. analy-
sis of~the fermentation broth atrdifferent~p01nts in;time.
This would give an 1dea of which iftany;jamihb acid is lim-
: iting Conducting the experiments With different concentra-bj
':tions,of’the,nutrient—’broth -yeast extract-vsalts'medium;“
‘or with different'typesdof=nutrients ‘may give better toxic-

ity. This has to be further 1nvest1gated

Controlling the pH\at‘?,O‘ledAto inCreased’formation of
the toxin. It wuld be interesting to observe the effeCts;of

controlling the pH at an even lower value.

From an industrial standpoin r'much WOrk'remains to be
done. Scale-up studies, testing the stability of the toxin,

formulation and SO forth are the areas to be considered.
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Thislresearch was conducted u$ihg primarily bafchutYpé
fermentors. Scalé-up studies still feméin.én,dpen question{v
Furthermore, It may‘be frﬁitfui td'study different reactdr
configurations forrﬁhis system. It is’difficult to visualise
a single continuous stifredvtank type fefmentor for tﬁe for-
mativo_n .of the‘ final product ‘takes place in twb distinct
stages; the veqetative‘phaée and the stationary phaée,.with
the-celi mass itself being the finél pfoduct. However, a
two—stégé_reaqtof system, with'gr§wth £ékiﬁq place in thé.-
first‘stage and spbrulétidﬁ‘in the-éecoﬁdehere therdilufioﬁ

rates would be lower is worth consideration.
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