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SPORULATION AND TOXIN FORMATION IN BACILLUS SPHAERICUS 1593 

by 

Nandu Mukund Madhekar 

(ABSTRACT) 

The effects of temperature, dissolved oxygen, and pH on the 

growth, sporulation, and mosquito larval toxin formation by 

~.sphaericus 1593, were investigated in shaken flasks and a 

fermenter. The bacteria grew well at temperatures of 25 to 

40°C, however, toxin-formation and sporulation were poor at 

temperatures above 30°C. Cell lysis became evident after 

about 30 hours into the fermentation. particularly in case 

of high temperatures. Mature·spores, as well as most of the 

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

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 concentration 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 fermentation with sparged air,'but 

were significant in the case of fermentation with sparged 

oxygen even at their minimum. The toxicity was approximate~---- _. 

ly equal in both the cases, however sporulation was 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 

growth. 
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.Chapter· I 

INTRODUCTION 

In most · of the developed world today, cases of disease 

transmitted·· by insects are rare. , However' ·· in the developing 
,. 

countries· of Af:rica · and'. As.ia, . such cases· are often measured 

by the hundreds of thousands. · In these J:)ar.ts of the world 

there is an urgent.need for insectic;des that can help pre-

vent the ,spread of ·these diseases·'·. 

Chemical insecticides have been • ;j.n use. for over ·. forty 
. . 

years~·· They have been considet"ably• successful in eliminating 

· ins.ect~vectors, ie those. insects which carry disease ~pread-

ing microorgarii sms. However, in · recent years, deleterious 

effects of· these. chemicals have come to light. One. such 
. . 

chemicil is Dichlor Diphenyl Trichlorethane, DDT. This caus-

es death in · insects by acting: upon their central nervous 

system. However, this chemical. can also act on mammalian 

systems and is suspected to be a carcinogen. Furthermore, 

it persists· in the environment, in that DDT is very slowly 

biodegradable. This dangerous chemical has al.so been traced 

to. cattle, and human consumption of affected beef and milk 

products can be harmful. As a result, DDT has been banned 
. . 

frorri use in many countries. There are several other similar 

examples. 

1· 
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Microbial insecticides.offer a viabl~. alternativ• ~o the 
' . 

use of many.- of these chemicals .. Micr;organisms might also 

·have harmful effects, however, with careful screening it is 

possible to discard those· with unwarranted pathogenic ef~ 

fects .. Microbes can become a . natural part· of the .existing 

ecological balances, thereby perturbing them only to a smal1 

extent. Selected insect vectors, whic;:h are a part .o.f • the 

ecosystem . could· be eliminated by microorganisms pathogenic 

to them. Furthermore, whe;i insects often develop ·immunity 

to certain chemical insecticides after prolonged applica-

tion, microorganisms ··wou].d circumvent this. Those. microbes 

which do not h_ave exotic _ grbwth requirements can grow and 

reproduce themselves within the given environmental condi-. , . . 
' ~, ·,,, 

tions, ·· thus requiring· i.¢s·s . f,r·equent applications. Several 
-, . ' : . . . 

microorganisms, e.g. Bc:tcillus th:lifin~iensis, have been com-

mercially exploited in this regard. 

The mosquito is responsible· for 't;he spread of many di-

se_ases. Anopheles, Cul ex and Aed.es species are ·vectors.· for 
' . 

. malaria and other disea.ses widesprec1d 1n tropical locations. 

Reducing the mosquito population .can contribute signifi'cant_; 

ly to controlling the spread of such diseas~s. The reproduc-

tion cycle of the mosquito· consists of four major stages: 

the fertilised egg, the larva, the pupa and the adult· mos-

qui to. The larva proceeds · through four ages ( instars). ··It 
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should be mentioned here that when · in. the larval stage the 

mosquito .is the most vulnerable,. · and thus most susceptible 

to insecticides. 

Various types of bacteria, notably Bacillus popiJlae, Ba-

cillus thurin9:iensis, and Bacillus sphaericus have shown in-

secti•cidal prope.rties ( 1, 2, 3, 4) . Bacillus . sphaericus has 

received considerable attention recently, and is the- focus 

of· this research ... · Spores and sporulating cells of many_ . 

strains (eg. · 1593,SSII-1,1404,1691) are pathogenic to mos-

quito larvae. The actual larvicidal _·activity varies widely 

with the type ,of strain, the mosquito species the. growth . 

conditions of the bacteria. and the field conditions · during 

appl,icat'ion such as moisture and temperature. For example, 

slt:rain 1593 appears to · be more, p~thogenic ,than strain 

SSI I-1, and Aedes species_ seem to be more resistant than cu-
l 

lex or Anopheles species. Howev.er, the overall response has 

been very encouraging. Concentrations . of as low as 1000 

cells/ml in pond. condi ti6:ns, or .6700 cells/ml in field co.n-

di tions resulted in a 90 to 100 % mortality in two days (5). 

Al so, : Bac;i l lus sphaericus gr~ws into larval tissue. and re- · 
.' . . . 

produces itself after the larva has· died. ( 6): This causes 

daughter cells and spores to be released in the· immediate 

vicinity of.the c;ar.ca,ss. ,Thus, the soil ca,n not only contin-· 
. . 

ue to remain .larvicidal, .but the. activity of. the soil might 

even increase .. 
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The toxic factor of these pathogenic strains has been 

· shown to be quite stable under normal terrestrial condi-

tions. Soil samples exposed to cycles of alternate drying 

and flooding r~.t?-.ined most of their activity for up to nine 

months aft~r application ( 7). The activity was also largely 

retained in the aqueous environment of tree-holes that froze 

during winter and later thawed (8). Under these conditions, 

the microbe probably survives ,in the more resistant endos-

pore form, rather than as vegetative cells. Nevertheless; 

the capacity to r~tain activity suggests that the bacteria 

is good for practical us~. 

It has also been demonstrated as safe to humans according 

to the World Health Organisation regulations. The pathogenic 

strains have been 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 case of meningitis and one case of food poison~ng (8,11), 

however, further extensive tests with rabbits clearly de-

mon~trated that there is no mammalian toxicity. As of now, 

large scale field trials remain the only WHO requirement to 

be considered before B. sohaericus might · be considered for 

marketing (7). 
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~.sphaericus grows on·a variety of.inexpensive media, and. 

has no costly or exotic requirements ( 12) . The growth rate 

is quite rapid, enabling the production of many batches in a 
,. ' 

' ' 

short.· fermentation. Thus, industrial production should be 

economical and feasible. Tl;ie above considerations · indicate 

Bacillus sphaericus is indeed a · viable microbial insecti-

cide. 

There stil.l r.emain several areas of concern. As of today, 

standardization· of. the insectcide i's a .formidable problem. 

The chemical. nature of the toxin.is as yet unknown, and thus 

the exact concentrations· cannot·. be· specified.: The a:ctivi ty 

is specified as Lc50 , ie the cell concentration lethal to SO 

% of the test organisms. This is a vague. criterion, subject 

to fluctuations, and at best only an approximation. of the 

toxicity. The activity is also affected by many factors. For 

example, one study showed . Anopheles albuminus . to be 1000 

times more tolerant to a to.xic strain than Culex quinczyefas-

ciatus · under f;i.eld conditions ( 13), while another study 
' ' 

showed it to be. more . susceptible (12). · Under. field condi-

tions, the naturaily ava.ilabl~ food particles c.ompete with 

the bacterium for ingestion by the larvae ( 13). In other 

words, the larvae could take · in food particles along with 

the bacterial cells. It may be necessar~ to bait the. pro-

duct to make it compete more favourably. That is, combine 
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the insecticide with some other food. Ih idditio~, i~~ay 

be advantageous to_ complement ~.spha.-ericus prep~rations with 

other species so as to prepare• a. broad ~pectrum insecticide.· 

For example, _§. thu.ringiensis serovar i.sraelensis. is· more 

toxic against Aedes. species, whil.e ~- sphaeri'cµs 1is more tox-

ic against Cu lex and. Anopheles species. A combination of ~'le 

two would be effective against most mosquitoes .. · Ap~rt from . . . . . 

standardisation an.d formulation, much other work is required 
. . . . 

in developing an optimal fermentation proc~ss for large-:sca:... 

le industrial·production. 

The goal of .th,is research was to study the · factors af-

fecting bacterial growth and toxicity, such as media compo- ·-. 

sition, temperature, pH and dissolved o~ygen·concentration. 

·with this information, we should be able to propose a combi-

·nation of.operating parameters which can be used to maximize 

the production and activity of the proc:iuct. 



Chapter II 

LITERATURE REVIEW 

Since utilisation of ~.sphaericus as a microbial insec-

ticide is a relatively new concept, there is a scarcity of 

literature reporting on the properties of this bacteria. A 

brief outline of the existing reports is given below. 

2.1 BIOLOGICAL CONSIDERATIONS 

Bacillus sphaericus is a rod-shaped, motile, aerobic, 

gram-variable bacteria·. The vegetative phase cells stain 

gram positive, and the stationary phase cells stain gram ne-· 

gative (14). The bacteria are sensitive to penicillin (which 

inhibits cell-wall peptidoglycan biosynthesis) and tetracy-

cline (blocks protein synthesis). However, ~- sphaericus is 

somewhat more resistant to chloramphenicol and streptomycin, 

which inhibit protein biosynthesi s at the ribos<hmal level 

(8,15). In case of substrate limitation, or any other trig+-

ger, the bacteria change from the vegetative to stationary 

phase and forms a nearly spherical endospore. The spore is 

contained in a swollen sporangium at one terminal end of the 

cell. This organism grows ra~idly on many different media, 

both complex and synthetic. The complex media, in addition 

to being inexpensive, also supply most of the nutritional 

7 
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requirements. Bacillus ·sphaericus has another peculiar char-

acterstic in that it cannot utilise carbohydrates, including 

the simplest of sugars viz. glucose ( 16) . It appears to 

subsist on proteinaceous substrates and the synthetic media 

require amino-acid supplements, such as leucine, valine, ly-

sine, methionine, isoleucine and glutamic-acid ·Vitamin 

supplements such as thiamin and biotin are also required 

(17). These nutritional properties and behaviour towards an-

tibiotics lha.s been utilised in selective retrieval of these 

bacteria from soil habitat (7). The pathogenic strains are 

· facul tative parasites and saprophytes, ie they can grow on 

living or dead tissue. 

Recently, Krych .et al. (18) attempted a classification of 

62 strains of ~.sohaericus based. on DNA homology studies. In 

this method, the DNA coding sequence of a given strain is 

compared to a previously designated one. Different strains 

may then be designated a species name and/or classified into 

groups, depending on the extent and characterstic o.f the 

genetic similarity (homology). It is generally accepted that 

if the two str,ains hav~ over 70 % homology then they belong 

to the same species. Using these homology techniques, Krych 

et al. recognised· five gen~tically distinct groups of 
' . . 

B. sohaericus. Of these group I I is further subdivided into 
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I IA and I IB. The two subgroups have considerable homology 

with each other, the only distinguishing characterstic is 

phenotypic, being that all known mosquito pathogens fall 

into the subgroup IIA. Furthermore, while the pathogens bear 

less than 20 % homology to the type strain of ~.sphaericus 

(ATCC 14577, group I), they have over 79 % homology to the. 

reference strain of this subgroup: -WH0~1593_. If the above 

mentioned criterion for assigning a species name. were rigo-

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 ~.sphaericus, and thus the name has_ been continued. 

Other methods of strain classification include phagetyp-

ing and - serotyping. In the former technique, the cells are 

exposed to a particular virus. This virus is a lytic bacter-

iophage, ie it can infect a bacterial cell and eventually 

cause death by lysis. Thus, upon exposure to this phage, the 

bacterial cell- count decreases. Several lytic bacteriophage 

that are specific to particular strains of ~. sphaericus, · 

have been isolated from soil (19). The strains which are 

susceptible to a · particular phage are classified as that 

phage type. Simi, larly, the serotype is defined by using fla-

gella H-antigens. It has oeen · mentioned before that 

B. sphaericus , is a motile. microorganism with flagella. The 
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. . 
·flagella are composed of-proteins (the H-antigens), and an-

tibiotic prepared against the bacteria, react with the 

bacteria specifically. There exist chemicals called H-anti-

gens which react with this flagella in·a typical antigen-an-

tibody reaction. As with the phagetypes, the antigens are 

also specific to the strain, and can be used to differenti-

ate the serotype (20). Pathogenic ~.sphaericus strains have 

been classified into phagetypes and serotypes. It is inter-

esting· to note that all those pathogenic strains belonging 

to the same serotype also belong to the same phagetype, and 

have.similar levels of toxicity as measured by the Lc50 (the 

concentration lethal to 50 %·of the test species) (21). For 

example, strains 1593, 1691, and 1881 are all of the phage-

type 3, serotype HS and have a final broth LC50 of the order 

of 10-4 µg/ml. On the other hand, strains Kellen Kand Qare 

of the phagetype 1, serotype Hla and have an Lc50 of the 

order of 10-lµg/ml. 

2.2 PATHOGENESIS 

The gut (intestine) of the mosquito larva contains a var-

iety of microbial flora. Some of these . organi srns may be 

symbiotic in nature ( that is, help. the larva in digestion), 

while others may be parasitic (living off the larva). There 

exist some. early publications regarding this flora 
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(22,23,24:,25). Different-investigators found that over 80 % 
of the flora consisted of gram-negative rods. Compared to 

Culex or the Anopheles mosquitoes, Aedes had less microbial 

flora in the midgut. It is interesting to note that later 

studies have revealed that Aedes larvae are more resistant 

to pathogenic ~- spha.ericus strains ( 12). This might be .due 

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

Davidson and coworkers have studied the ultra-structural 

events in the larval midgut, leading to death ( 6). These 

studies provide important clues to the nature of pathogene-

sis of ~- sphaericus ( sequence of events leading to death). 

Larval death could result when the bacteria penetrate the 

larval systems and interfere with their function (an infec-

tion). On the other hand, the process could be a toxin-medi-

ated one, where the bacteria release a component toxic to 

the larva. It is apparant that if the bacteria do not need 

to penetrate the larval ti.ssue in order to cause death, then 

the process is not an infection, but is rather mediated by 

the toxin. This information is important, even from an in-

dustrial standpoint, for it would establish whether high 

specific toxicity was the. criterion for process optimisa-

tion. Davidson et.al. (26) found that the cell-count in the 

larval rnidgut decreased sharply after ingestion and remained 

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



began to increase only after death. Furthermore, the cells 

contained in the live larva were confined to the peritrophic 

membrane, ie the midgut-lining. They began growing into the 

tissue only after death. Singer (27) and· Myers (28) have 

also independently confirmed tha_t bacterial replication is 

not essential to pathogenesis. ~-sphaericus cells were ren-

dered non-viable b y treatment · with chloroform and these 

proved to be as pathogenic as viable cells. Use of antibiot-

ics such as bacitracin (which prevent bacterial replication) 

gave the same levels of mortality as the control (without 

bacitracin). It is possible to conclude from the above in-

formation that this pathogenesis is not a true infection, 

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

I 

2.3 LOCATION OF THE TOXIN 

Iri a comparative study, Myers and Yousten have shown that 

spores. of 1593 strain are definitely more toxic than the 

vegetative cells ( 29), whereas sporulation does not seem to 

affect the toxicity of the SSII-1 strain. Vegetative cells 

of the 1593 strain have a high Lc50 ( to the order of 108 

cells/ml), which drops sharply as th:e cells begin to sporu-
2 3 ++ ++ late (to the order of 10 to 10 cells/ml). Mn , Ca , and 

++ Mg ions are known to aid sporulation. Exclusion of these 

ions from the medium caused the pathogenici ty of the 1593 
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culture to drop. ln · another· si:udy> using different genetic · 

techniques, oligosporogenic mutants of strain 1593 were de.;.·· 

Veloped. These mutants sporulate poorly and the broth devel-

. oped therefrom h~d 100-1000 times. less insecticidal ·activi-

. ty. · These effe.cts were not observed for. the SSlI-1 

cultures. However, · it se.ems unlikely· that the · toxiri of 
. ·., . 

strain 1593 is fundamentally different from · that of· strain 

SSII-1. Strain 1593 probal::>ly produces·a g;reater quantity.of 

the t0:Kin, , ·o.r modifies th'e chemical i'iatur~; s.o as to give a 

more potent. toxin, 

It would also ibe usef.u1 to know th•e . location of the toxin 

within the spore. Myers and Yousten i.solated the cell-wall, 
. . . 

. . . 

cell-membrane and the cytoplasmic, contents. of the sporulat- . 

ing • cell, through· an. . involved . fractionation scheme 

( 21, 2 8., 3 0) . Using previousty established bioassay techhi-

ques ( 31}, different · fractions were assayed for . toxicity, 

and it was revealed that most of the activity was c:on-fined 

to the• cell--wall Other components also .have some toxicity, 

but lower by several orders of maghi tude. While· conducting 
. . 

. · these expe.riments it w~s confirmed. that there. was no cont~-

mination of .one fraction by another. Furthermo;-e, fully ma-

ture spores were about teh times more toxic as the cell-

wall · fraction of sporulatirig cells .. It i~ possible that the. 

spa.re-coat· ·develops greater toxicity .as sporulation pro..; 
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gresses ._ Dav:i,.dson has observed that the outer wall · of the 

bacterial cell disappears quickly<in the_ midgut (26)~ There 
. . . . . : 

. .· .. ' .. . . . .· ·. 

· is good evidence that it has beendigested. She also demons-
. . . \ 

trated that all -- the toxic activity is associated with the 

cell _fraction. The findings suggest a possible localisation 

of the .. toxin•• in the ~e11..:.wal1. Enzymes like glycosi_dases, . 
. . . . . . .· . ·- . . .. 

peptidases and amidases . are known. to solubili·se bacterial. 
. . 

cell-walls, and could play a· key role i_n. releasing the toxin> 
. . .. 

(32). The· fact that gut-enzyme.s of mosquito larvae can solu-

bilis.e high levels of the toxin lends to this hypothesis 

(33). 

It is known that ~.thurin9:iensis has a_parasporal inclu-

sion body that is responsible .. fo,r. most o,f' its toxic activity 

( 3). This body, a crystal 'of the·' t'oxin, 'is _contained outside ' 

the spore-coat, and outs.ide the outer exosporium layer. 

~- sphaericus .ssr.r~:i.: st~ain do~s. ~ot have such an inclusion. 

However, recent reports · suggest that _ aged sporulated cells 

of. ~. sphaericus 1593 do ir;deed c9n,:t:.ai:ri suc_h a body. These 

bodi·es show considerable • ;imilaiity · to' 't:b.e cell,-wall toxin, 

including· simil.ar chemical characterstics .. These are su-

spected to play a role in pathogenesis, but the exact na-

ture of this role remains to be determined (34). 
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In a recent investigation, Davidson detec.ted significant 

levels of cytoplasmic toxin as well (36). The chemical res-

ponses and gross symptoms of the larval intoxicat.ton by this 

toxin are very similar to those of the cell-wall toxin. 

There appears to be a relation between these two forms. The 

toxin is probably synthesised . at the cytoplasmic level and 

then rapidly incorporated into the cell-wall. 

· Sporulating cells of st:r:ain 1593, treated with trypsin 

and protease, did not release any reasonable quantity of the 

toxin. This indicate.s that the toxin is not just loosely as-

sociated with the cell•wall. Pathogenic, as well as non- as 

non-pathogenic strains of .~.sphaericus, do have an outermost 

proteinaceous layer ( 30, 35). This layer is smooth for pa-

thoge·nic strains and rough for non.;.pathogenic strains (36). 

It was suspected that this difference may account for the 

toxicity. However,· Yousten dissolved this layer in 8M urea 

and assayed it for toxicity. His results were negative, in-

dicating that this is probably not the site of the toxin. 

The toxin is probably closely trapped within a matrix .of 

cell-wall subunits. It could also be a spore-structural pro-

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

It was mentioned before that Myers·. and Yousten fraction-

ated the cell-wall component in order to assay it for toxic..;; 

ity (21, 30). This preparation was fo1.,1nd · to be stable to 

freezing, lyophiiisaticm, sonication, · re,frigeratfon (4°_c. in 

sterile water for two weeks) and heat .(80°C for 12 minutes). 

··. In other words, the above techniques did not reduce the tox-

icity of the cell-walls. 

·Toxin ·of strain 1593 was more stable than that of .strain 

SSII-1, though' 1% L-cy_steine does. stabilise the SSII-1 toxin 

considerably (37). It should be mentioned here that. the tox~ 
. . 

in is: destroyed by boiling for 10 minut.es and by ultraviolet, 

radiation at 24 ergs/sq.m~sec, for 30 seconds (8). 

Experiments. have been conducted to find whether the toxin 

.· was . a li:E?id, protein or a carbohydrate. The latter can be 

.•. d19natured by perfodate ·oxidation .. ·· However, the tbxici ty was 

·not decreased by such a treatment, indicating that the toxin 
. . . . 

is probably not a Carbohydrate .. Furthermore, the toxin was 

not solubilised in a chloroform- methanol- water solution: 

and Triton X-100_, which are lipid solvents. Thus, it is not 

a lipid either. However, protein denaturing techniques· do 

cause a sharp · drop in the .toxicity. For example,. the toxin 

was destroyed by alkali (0.1 N Na.OH at 22°C for 30 m'ins). It 
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is also known that many microbial pathogens have protein 

components in their spqr~~coats a.nd have proteinaceous tox-

ins (38). The consensus seems to be that the toxin of Bacil-

lus sphaericus is a protein. 

An attempt~ was made to identify solvents for the toxin 

( 33). The toxin does not dissolve in SM -µ.rea after 30. mi-

nutes of contact. However, it was soluble in mercaptoethanol 

and 3M gu
1
anidine hydrochloride, when suspended therein for 

two hours. A preparation of the gut enzymes of mosquito lar-

vae, suspended in 0.04M sodium carbonate, also dissolved the 

toxin. Assay of th.e solubilis-;d toxin indicated a higher 

Lc50 (lower toxicity) .. This would suggest that the cell-wall 

fraction had lost its toxicity, with only a small amount 

surviving in the supernatant. It is more likely, however, 

that the toxin is more effective when not solubilised, and 

that soluble toxin is not ingested as efficiently. 

2.5 SPORE CHARACTERSTICS AND SPORULATION 

Bacillus sphaericus endospores are.quite similar to those 

of other spore-formers. One peculiar characterstic seems to 

be that the cell-wall preparations of sporulating cells and 

spores lack in dipicolinic acid. This component, together 

with calcium, is important in giving structural integrity to 
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the spore. It also appears to be devoid of teichoic acid, 

which regulates the autolytic machinery of this bacillus. In 

short, there ·are. less controls on the autolytic system. As 

if to compensate, the autolysins of 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 o.etails of the bacterial endospore have 

been studied by Tipper and Gauthier ( 39). 

Holt et al. have researched the sporulation cycle of 

strain 9602, which is a nonpathogenic strain (14). The cycle 

is fairly typical. Bacillus s:E?haeric-us 1593 has a similar 
. . 

cycle. A spore septum is formed initially. This is a sort of 

internal cross-wall in the cytoplasm that separates the pri-

meveal spore, the fore spore, from the cell. This septum 

seems to be similar to the vegetative cell septum that oc-

curs during cell reproduction. 

The forespore is enclosed by two membranes, and is con-

tained within the mother cell. A dark staining material soon 

appears between these membranes, which is suspected to be 

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 exponential 

growth. 
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~-sphaericus shc:,ws a commitment effect to sporulation two 

hours after initiation of the cycle. Around this time, the 

sporangium begins swelling.and sporulation is then carried 

on to completion, regardless of external factors.· Antib.iot-

ics such as vancomycin, which inhibit sporulation, and addi-

tion of fresh nutrients which have a similar effect, are ef-

fective only if added before. the cells are comrni tted to 

sporulation. Biochemical.events during spo:tulation have been 
,,,. 

sumnunari sed by Hanson and coworke.rs ( 40) . 

There are differences between spore and vegetative-cell . 

peptidoglycan, viz. the former contain diaminopimelic acid, 

whereas the latter do not. The enzymes responsible for the 

synthesis of the spore wall differ from those for the vege-

tative cell wall (41,42): 



Chapter III 

EXPERIMENTAL PROCEDURE 

The study was conducted using two cultivation techniques: 

shaken flasks and stirred tank fermentations. Temperature 

studies were conducted using the shaken flasks, and dis-

solved oxygen and pH studies were conducted using the fer-

menter. 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-

rient Broth- Yeast Extract agar slants, at 4°C in a refri-

gerator. The strain was tiansferred once every week. 

3 .1. 2 Media 

Bacillus sphaericus 1593 was grown in 8 gm/1 of nutrient 

broth (Difeo), supplemented with 0.05% 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 
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· um chloride, O. 2M. magnesium . chloride · and O. O lM of manganese 

chloride. The media components were dissolved in distilled 

water prior to steam sterilisation. This was called NYSM 

(Nutrient broth~Yeast extr.act--Salts-Mediurn). 

3. 1. 3 Inoculum 

The inoculum was prepared by stirring a one µl loopful of 

Bacillus spha.ericus · from NY . agar slants. (Nutrient broth, 

Yeast extract), into sterile test tubes containing 4.5 ml of 

NY media: ( same compo:si tion as described in the media sec-

tion, except· the salts a.re excluded). The tubes we·re allowed 

to stand at.room temperature for 20 h, prior to inoculation. 

Sterile side-arm shake .flasks ( 500 .. m.l each), eontaining .. 50 

. inl of the NYSM .•medium,· were inocti.,lated. at 2% v /v concentra- · 

ti on f.rorn the tubes . 

3 .1.4 Experimental Technique 

The shake flasks were agitated in Gyrotory wa.ter-bath 

shakers, model. G-76 New Brunswick Scientific Company. The 

shak.ers we:i:e a11o~ed to equilibrate 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 

Absorbance was measured periodically by tilting a portion 

of the growing broth into the side-arm of the shake flask. 

This was then examined using a Klett Colorimeter, Model 

800-3, Klett Manufacturing Company, set to 660 nm. Klett 

readings, K, were converted to Absorbance, A, by the rela-

tion A= 2K/1000. Measurements were taken hourly up to the 

·end.of the exponential growth phase. 

Spore and viaple-cell-counts were done by the pour-plate 

technique. Different dilutions of the cell-broth were mixed 

with molten NY agar ( 23 grn/1 Gibco nutrient agar, 0. 05% 

yeast extract), and plated. The agar was allowed to set and 

the plates were incubated at 30°C for 48 h. The number of 

cells were determined by using· a colony-counter. For the 

spore-count, whole broth was heat shocked at 80°C for 12 mi-

nutes in a mineral oil bath, 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 a . The broth was first centrifuged and the cells resus-

pended in an equarl volume of distilled water in order to el-

iminated dissolved solids in the broth. One ml of this cell 

suspension was placed in a previously heated and dessicated 
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· weighing boat, and the boat was heated at 110°C to d.rY the 

cells. The . difference between the initial and the final 

weights gave the dry cell weight. All weights were taken on 

an analytical balance. 

3 .1. 6 Chemical Assays 

Protein as.say was performed by the technique described by 

Lowry et al. (4;3). Reagent C was prepared by mixing 50 ml of 

5% sodium carbonate and one ml of O. 5% solution of copper 

sulphate hydrated in 1. 0% sodium citrate. To assay the pro-

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

tion of the sample. After incubating.at room temperature for 

10 min, 0.5· m1· of lN E'olin''s Reagent was· added. The sample 

was further incubated at · room temperature for 30 minutes. 

Absorbance was determined at 500 nm in a spectronic 20 pho-

tometer ( Bausch and Lomb) . Standard curves were prepared by 

using concentrations from Oto 500 µg/ml of bovine serum al-

bumin. Distilled water subjected to the above procedure .was 

used as a blank. 

Carbohydrate was assayed by the phenol-sulphuric acid 

method of Hanson and Phillips (44). One ml of 5% phenol was 

added to one ml of a 1:50 dilution of the sample. This was 

followed with S ml of concentrated sulphuric acid, and the 
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tube was allowed -to stand hot. It was then incubated for 20 

minutes in a 25-30°C water bath. Absorbance. was determined· 

· at 490 run,. using distilled water treated as above as blank. 

Standard curves were prepared with glucose,·using concentra-

tions varying from O to 100 µg/mL 

Phosphorous · was assayed using the .· technique of · Herbert 

and coworkers ( 45) . A· 1: 50 dilution of the. sample was pre-

pared·. To 5 ml of the _sample, 0.4 ml of perchloric acid, ·0.3 

ml of a 0.02% ascorbic acid., and'0.5 ml of 5% ammonium mol-

ybdate in the given·sequence, mixing well between each addi-

tion. Blue colo·r deVelop~ -with.in 10 · minutes .. This was mea .... 
·' . ; 

sured · at · ·130 - nm · using a Hitachi Spectrophotomete.r. 
' ' 

. . . . . : ' 

Deionised water ·treated as above was used. as a blank.·· Stan-
. .. . . . .. • . '• . 

dards were prepared with dibasic' potassium phos'phate. In 

the abov~ assays, the · 1: SO dilution was prepared to ensure· 

that the reading fell within the linear region of the stan-

. dard curves. Supernatant for the assays was prepare¢!. by 

centrifuging the whole broth at 18000 rpm for 7 minutes,. and 
' ' 

then removing the cell pellet. 

3.1.1· Bioassay 

The toxicity was mea_sured in terms of Lc50 . The test spe'."" 

cies were second instar larvae of Culex guin@efasciatus 
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mosquitoes'. The bioassay technique has been previously de-

scribed in the literature ( 31) . One change was that the . re-

sults were observed after 72 h rather than 96 h. 

The broth was first centrifuged at 8000 rpm, for 5 mi,-

nutes in a Beckman Centrifuge· Model J-21C. The supernatant 

was decanted, and the cells resuspended in deionised water, 

to an equal volume to the broth. A number of cups were pre-

pared containing 18 ml of distilledlwater. To these cups, 10 

second instar larvae were added. In this• process, around 1 

ml of water in which the l'.arvae were previously suspended, 

was also transferred. Three such cups were assigned to each 

dilution of the cell-suspension. One ml of each dilution.of 
i 

the suspension was pipetted into three cups. The total vo-

lume of liquid in . each cup was then 20 mls. All the cups 

were then incubated at 30°C :for 72 • h. A:t the end of this 

period, the number of dead larvae in each cup was estimated. 

For each dilution, the average number of three cuJs was used 

for each dilution. The dilution corresponding to 15 dea'd 

larvae ( 50% of the total of 30 larvae) was used to define . 

the Lc50 . This was · read ,off the graph of dilution versus 

number of dead larvae as. plotted on a log-probit paper. The 

dilution was then combined with the dry cell weight measure-

ments to give the LC 5() in terms of µg/ml of·cell suspension. 
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3.2 FERMENTATION EXPERIMENTS 

3.2.1 Fermentor Assembly 

A two liter fermentor (Multigen-2,. New Brunswick Scien..; 

tific Company, New Brunswick, :N. J. ) was used for all the ex-

periments~ The temperature was controlled by a built :i,.n sys-
. . 

tern within +/- 1 °C. The broth was aerated. by sparging air .or 

pure oxygen through the fermenter~ The gases were supplied· 

from a hifh pressure tank and pas.sed through a sterile glas·s 

._ wooL filter before sparging. A iotamete:t was included in the 

lines to measure the flow •rate .. The off gases were also ex- . 

haus.ted through a sterile glass-wool filter._· 

The dissolved. oxygen concentration was - measured using a 
. . . . . . . . : . . . 

, . . . . . . 
galvanometric probe, conn_ected to a diss.olved oxygen cont-

roller (New Brunswick Scientific Company,. N. J.). This c;lis-

played the reading ·on a meter, and was also· connected to a 

chart recorder (Scientific Products, McGraw Park, Illinois), 
' . •.•. ··- ,:_ 1· ·,· .,·. . • 

in · ~rder. to keep a contiriuous r~co,rd. The chart recorder 

also permitted _the estima~ion of oxygen uptake rates. To · ca-

librate the probe., · the media was spa.rged with. air· or oxygen; ' . ' . .;', . ... .. 

depending on the requ:Lrements o:f th; experiment, for 30 mi-

nutes. The scale was· set to 100 % after the media had been 

saturated. Then nitrogen was ·bubbled th,J:'ough the media for 

30 minutes to purge the oxygen from solution, and the scale 
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was set to O %- This was checked with the electrical zero 

setting built into the unit. 

The pH was . measured using a standard type probe ( In-

gold, Model 465), connected · to a pH controller-meter (New 

Brunswick Scientific Company, N. J.) or digital meter ( Ra-

diometer Copenhagen, PHM 63 Digital), depending upon the ex-

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

3.2.2. Media 

Media composition was the same as that used for the 

shake-flask experiments. One liter of this media was placed 

in the fermenter and autoclaved for 45 minutes. After cool-

ing, the dissolved oxygen and pH probes were introduced in 

their respective ports, after first wetting them with etha-

nol to ensure sterility. 

3.2.3 Inoculum 

A loopful of ~.sphaericus 1593 (aproximately one µl) 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 transferred to 250 ml shake-

flasks, containing 48 ml of NY media. These were shaken in a 

30°C incubator-shaker for 8 hours.· 20 ml of this broth was 

introduced to the fermentor using a sterile syringe. 
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3 .2. 4 Accessory arrangements 

Foam was controlled using a silicone antifoam (A.H.Thomas 

Company, Philadelphia, Penssyl vania}, that was introduced 

from sterile syringes. The pH was controlled by· periodic 

additions ( once every twenty minutes) of .10 % sterile sul-

phuric acid. 

Temperature was measured using a standard mercury ther-

mometer immersed in a thermal well filled with water. 

3.2.5 Fermenter Operation 

The fermenter· was operated at 30°C and an agitation rate 

of 300 rpm. 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 for those mentioned below, all the assays and mea-

surements were c::ar;ried out using the same techniques as the 

shake-flask experiments. The absorbance was measured using 

a Varian Techtron Spectrophotometer Model 635 at 660 nm. Un-

inoculated broth was used as a blank. The samples were di-

luted to a level that the optical density fell within. the 0 

to 0.5 range. 
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Ammonia concentration-was measured·using an ammonia probe 

(Orion, Model 95-10), which was connected to a meter that 

read the voltage :generated (Orion Ionalyser, Model 901}. 

Samples were diluted to 1: 100 to ensure that the readings 

fell within the calibration range. One-half ml of 10 M NaOH 

was added· to 50 ml of. this dilution· and the· sample stirred 

while the probe remained immersed. The reading was taken 

when it had stal:;>ilised. Calibration was done with ammonium 
· · -3 4 5 chloride in concentrations of 10 ·, 10- , and 10- M, subject 

to the same treatment as before. 

oxygen uptake rates were measured by two different tech-

niques. In the first technique, the oxygen or air supply to 

the medium was. shut off. This caused the dissolved oxygen 

concentration to decrease, since the cells were still res-

piring. This instantaneous rate of decrease (the·oxygen up-

take rate), was recorded on a chart recorder, as the slope 

after the oxygen/air supply is. shut off. The slope (% 

satn~/time), was divided by· the optical density at that 

time, to give a measure of the ~pecific oxygen uptake rate. 

In the second method,. the broth was centrifuged and the 

cell-pellet washed and resuspended in 0.1 M MOPS buffer con-

taining a differentnutrient, either glycerol or glutamate. 

The oxygen uptake rate of the cells on this nutrient was 

measured in a respirometer as µl o2/h/mg dry cell weight. 



Chapter IV 

RESULTS AND DISCUSSION 

4.1 SHAKE FLASK STUDIES. 

4.1.1 Temperature Effects 

The preliminary studies are concerned with the effect of 

temperature on various parameters such as the growth rate, 

spore-count, toxicity (measured as tc50 ), and· supernatant 

nutrient concentrations, such as carbohydrate, protein and 

phosphorous. Figures ( 1), · ( 2.) and ( 3) show the graphs of ab-

sorbance versus time, forvario:us fermentation temperatures. 

Bacillus sphaericus ATCC 1593 reproduces by binary fis-

1sion; as many .other bacteria do.. Here, each cell divides 

into two daughter cells, anf each of these daughter cells 

subdivide into two more~ cells 

cell count follows the equation,· 

dX/dt = µ.X or 

Thus, the overall bacterial 

ln(x) = µ.t 

whereµ= Specific growth rate. 

Thus, when the substrate concentrations are non.,. limiting, 

the bacteria exhibits an exponential growth pattern. This 

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

30 
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the curves is typical of Monod kinetics. However, it is un-

warranted to fit the · graphs using the Monod . or any other 

growth model, as the substrate· being utilised is a complex 

one ( largely undefined composition), and thus one or more 

components may be limiting. 

At higher temperatures, (ie at 30°C or higher), the opti-

cal .absorbance curve appears to go through a maxima, de-

creasing with time in the s.tationary phase. This could be an 

indication 0£ cell lysis, for the optical absorbance is di-

rectly proportio~al to the number of cells. However, it. 

should be mentioned that other param:eter_s, such as the cells 
. . 

becoming more .refractile as they sporulate, also affects the 

optical density of the_ broth. Figure (3) illustrates the ef-

fect of _higher lysis at higher temperatures. Figure (1) ap-
( 

pears to suggest more lysis at. 35°c as compared to 40°C. 

This could be ascribed to a variety of factors such as those 

mentioned abcbve, as weli as to experimental aberration. 

There exist other indications pointing to cell lysis, such 

as a minima in the supernatant nutrient concentrations 

curve, and the fact that some cell_ debris is· visible when 

the broth is examined under a phase .contrast microscope. 

There also seems to·be an inverse relationship between cell 

lysis and sporulation. These aspects will be examined in 

more detail below. 
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The ~lopes · of the growt:h curves . (Figures ( 1), .. (2), and · 

(3)) in their exponential phase should be mentioned. It ap-

pears .that the slopes are smaller at lower temperatures and 
. . . : . . . 

. . . 
. larger at higl,ler temperatures. Since.th~se res1,1lts are plot-

ted on the log-axis of a semi-log plot, the slope is a di-

rect measure of the specific growth rate, µ, and one may 

conclude that the growth rate is higher at hi.gher tempera-

tures. ·However, this effect is not very significant and the 

growth rate ( absolute value) is very rapid at al.l tempera-

tures tested .. 

It is interesting to .note that. the lag phase is more pro-

longed at lower temperatures than higher temperatures. E'or 

example, in one experim.ent, the lag phase was. nearly 4. 5 

hours at 26°C,· but· was only 1. 5 hburs at 33. S°C (this data 

is not indicated in the thesis). The enzyme.systems of meta-

bolism are activated more rapidly at higher temperatures, as 

· a result of which the g,rowth commences earlier. 

Maximum absorbance, reached approximately at the onset of 

stationary phase, is an indication of the total ·. cell ma.ss 

produced. s·y comparing these maximum absorbances, it can be 

noticed that slightly more total c.ell mass is produced at 

lower temperatures. It is possible that at high tempera-

tures, ma;i.ntainance requirements are higher, and thus less 

I. 
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substrate is apportioned towards.growth. However, it is more 

likely that the cells lyse in greater numbers at higher 

temperatures, even during exponential growth. This is borri 

out by the fact that auto1ytic enzymes are more active at 

higher temperatures. 

Obviously, a desirable temperature would yield the great-

est.cell mass in the shortest time, ie a higher temperature. 

However, this will increase the· rate of lysis and stnce 

these are conflicting requirements, the optimum temperature 

has t6 be balanced between the two factors. In addition, en-

gineering parameters for this fermentation (,eg. cooling the 

fermentor) also need to be considered before making the.fi-

nal choi·ce of the optimUm temperature. 

Figures (4) and (5) ·show toxi(jity (measured as tc50 ) and 

spore count ( as heat stable spo~es) ver.sus fermentation· time· 

at two temperatures. Table (1) shows the data from another 

experiment, for three temperatures. Note that decreased Lc50 

corresponds to increased toxicity'. The graphs of tc50 and 

spore count' approximately mirror each other, confirming that 

· the cell mass becomes more toxic as the spore count increas-

es. Ho~ever, this mirror effect ;snot exact and close ob-

servation of the data reve·ais · that the spore count lags tox-

icity .. In other words, toxicity seems to develop before the 
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spore count has significantly increased. Since the spore 

count is measured as heat stable spores, it is apparent that 

the formation of the toxin is associated with an earlier 

stage of the sporulation cycle. Samples -of the growing 

bacteria were examined under a phase contrast microscope, 

and it .appears that the toxin begins forming approximate.ly -

at the point when the cells begin to swell as a-prelude to 

sporulation. Other reports have confirmed that different 
I 

spore- wall components are synthesised at different stages 

of the sporulation cycle (41,42). 

Examining the · data given in table ( 1) reveals that the 

toxicity of the broth appears to reach-a maxima for 25°c and -

30°c tempe.ra.tures, after which. it· :decreases · ( Lc50 increas-

es). This suggests that th.ere: m.ay be some __ degradation of 

the · to-xin, if the fermentation is continued for too long. 

Since there are fluctuations_ in the bioassay, i1:_ is diffi-

cult to estimate an optimum harvest time based on the cri-

terion of the most toxic product. However, for a temperature 

of 30°C, 24 hours appears to 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.-

tures. The tc50 value, · as well as the total eel.I mass are 
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lower tinder these conditions. Experiments were also conduct-

ed at 40°C, and the results showed that the Lc50 was always 

greater than 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 30°C have approximate-

ly equal . toxicity, all higher temperatures yielded a dis-

tinctly lower toxicity. 

It can also be noted that while the total spore count is 

lower at higher temperatures, the process of sporulation be-

gins earlier. This is probably due to the fact that at high-

er temperatures growth rate is more rapid, leading to an 

earlier exhaustion cf the nutrient, and an earlier onset of 

sporulation cycle. 

From the standpoint of obtaining a high cell mass with 

high toxicity in a minimum time, 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 pronounced at higher 
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TABLE 1 

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

SPORE COUNT (cells/ml) 

25°C 30°c 35°c 

2.95 X 103 1. 36 X 105 3.25 X 

1.41 X 108 9.75 X 107 3.31 X 

2.95 X 108. 1. 72 X 108 2.70 X 

3.05 X 108 1. 63 X 108 2.80 X 

TOXICITY (LC50 , ~g/ml) 

105 

106 

106 

106 

25°C 30°c 35°c 

8.80 X 10-2 1. 30 X 10-3 1. 50 X 10-3 

3.00 X 10-3 1. 70 X 10- 3 l. 60 X 10-3 

2.67 X 10-4 . S. 80 X 
-.a. 10 - 2.50 X 10-3 

8.14 X 10-4 5.54 X 10-4 4.40 X 10-3 



temperatures, while the cells :sporulate in greater numbers . · 

at lower temperatures. This would suggest that the tempera.;. 

ture optima . of the autolytic enzyme system : appears · to . l:::>e 

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 these studies. This is a com~ 

plex media composed of nutrient broth, yeast extract and 

mineral salts. Due to its complex nature, it has been diffi-" 

cult to 'pinpoint one or. more precise limiting substrate(s) / 
. . . 

that could be used to fit th19 fermentation data to a ma the-

ma.tical model. However,. it is reasonable to -assume that the 

cells enter stationary pha·se upon· the exhaustion of some 

component of the media. Working on this premise·, the super-

natant of the. broth was assayed for protein, carbohydrate 

and phosphorous. The results of these assays are. given in 

figures (6), (7J,. ar:id (8), for three growth temperatures .. 

The three nutriehts for a ;single fermentation 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 figures) 
. . : : . .. 

in order. to better compare the shape~.:·,. 
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4.7 

Each of. the nutrient concentrations pass through a mi.ni-

ma. The substrate is obviously being consumed in the growth 

phase, accounting for the decreasing nutrient concentra-

tions. Later, during the stationary phase, cells lyse and 

release their protoplasmic contents into the medium, .and 

these contain assayable protein, carbohydrate and phospho-

. rous. At the same time, there is<.little or no utilisation of 

substrate, causing the net nutrient concentration in the su-

pernatant to rise. As may·be expected, the minima coincides 

with the end of the growth phase in most cases. Further-

more, if.- the nutrient concentration profiles from the. same 

fermentation are compared ( figure ( 9)), it can noticed that 

they all go through a minima at about the same time, and 

have similar shapes. This would suggest that these nutrients 

are required and assimilated by the 9ell in a constant pro-

portion. 

It appears that the slope of the nutrient profiles in the 

region where nutrients are being consumed is steeper at 

higher temperatures, suggesting that at higher temperatures 

the nutrients are being consumed more rapidly. This is com-

patible with the e_arlier· observation of a higher specific 

growth rate at higher temperatures. Furthermore · the higher 
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temperature curves seem to reach their minima earlie, · a lo-

gical deduction from the abovementioned id.ea, since faster 

growth would imply faster utilisation and exhaustion of the 

limiting substrate.· 

.. It should be noted that while the carbohydrate concentra~ . 

tion does decrease initially, it .returns almost to its. ori-

ginal level towards the end of the fermentation. Thus, while 

there is a temporary decrease ir+ the concentration of car-

bohydrate in the supernatant, ·there is no net decrease. 0th-

er nutrients do not exhibit this behaviour. Apparantly, 

protein and phosphorous have been at least partially. ass·imi-

lated, but carbohydrate has been. released back into the med.;. 

ium. ···The fact that the· concentration of carbohydrate does 

decrease ini tia1ly would suggest that there is some ut.:flisa-

. tion of this nutrient. However, this is a contradiction to 

previous reports that Bacillus sphaericus does not utilise 

any carbohydrate,· incluqing the simplest· o.f sugars·· such as 

glucose (16). A possible explanation for this phenomenon is 

that the cells t'ake up carbohydrate, perhaps because it oc-

curs in a form associated .with other ·nutients (viz. pro~. 

teins), bu,t do. not utilise it in metaboli·sm. For example,· 
. . -~ ~.. •. / ·.: 

carbohydrate may be .adsorbed.onto the surface of vegetative 

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 

into the medium. The cells may also be taking up carbohyd-

rate; 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 onset of stationary phase ( the minima of nutrient co.n-

centrations) approximately 50. % of the protein, 75 % of the 

carbohydrate and 60 % of the phosphorous
1 

is left in the 

broth. Considerable amount of nutrients being st:Lll availa-

ble, it could be expected that the cells would continue 

growing in the exponential phase. Yet the cells enter sta-

tionary phase, eventually lysing or sporU:lating, a phenome-. 

non that occurs only when some nutrient is exhausted or a 

toxic metabolite accumulates. The answer to this disparity 

lies in the assays conducted and a lack of knowledge of the 

precise limiting nutrient. For example, a particular amino 

acid or peptide could be exhausted and thus be limiting. 

However, the Lowry method would assay the total protein and 

not the concentrat~on 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 .EE! and Ammonia profiles 

The supernatant ammonia concentration was measured for a 

fermentation at 30°C. This data has been plotted versus 

time, with the.· corresponding pH and optical absorbance va-

lues on figure (10). The tv10 profiles .are similar, in the 
' . . . 

sense that the values of- ammonia 'concentration and pH show. 

similar trends of· increase. It can be concluded that the am;.., ... 

monia concentration risep; most probablYfrom·~~aminati~n of 
. : . 

proteins during metabolism, and th~ aboveme:ritioned correla-

tion suggests that this is responsible for the increase in 

pH. However, at a'pH. of a·.O,· .. ammonia tends. to vaporise from 

the broth, particularly since the broth is being sparged 

with a gas. As a consequence~ the concentration of ammonia 

in the broth does. not increase as rapidly· after this value 

of pH, but the pH itself continues to increase. This is 

probably due to increasing utilisation of acids in the broth 

during the stationary phase, a fairly common phenomenon. 

The pH results for three different temperatures are plot:-

. ted on figure ( 11) . The graphs indicate that pH increases 

more rapidly at higher temperatures tllan lower temperatures. 

The 25 °c pH curve also shows a sort of lag phase. Faster 

utilisation of substrate ( deamination of proteins), as a 
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consequence of rapid growth at higher temperatures, would 

indeed lead to sharper increases' in the pH. After the fer-

mentation has progressed · to a considerable. extent, the pH 

for the three temperatures. tends to converge to a singl.e 

point. This prc;>bably means that the substrate is utilised 

equally after the cessation of metabolic activity. Yet the 

maximum absorbance and the ,final cell mass are different. 

This could be ascribed to lysis instead of substrate utili-

sation. 

4.2.2 Effect of Dissolyed Oxygen Concentration 

Studies for the effect of dissolved oxygen, were combined · 1 

·with some other parameters such as the pH. Figures (12) and 

( 13) show the results for fermentations sparged with air, 

and figures ( 14) and ( 15) illustrate the rest;1.l ts using pure 

oxygen. In each, of these cases, pH was not controlled. The 

abscissa is· the percent of oxygen saturation with that gas 

used for the experiment. 

The dissolved oxygen . curves may be divided·· into three 

sections, increasing, constant· ahd decreasing concentra-

·tions. 
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It is apparant that the dissolved oxygen concentration in 

· the medium represents a balance between the·rate of dissolu-

tion of oxygen from the gas bubble (air or pure oxygen) to 

the medium (referred to as the 'supply rate') ~nd the uptake 

of the oxygen so dissolved from the medium by the microor-

ganisms (referred to as the 'uptake rate'). Furthermore, the 

supply rate is proportional to the differehce. in concentra-

tions of oxygen. in the gas phase (bubble) and the liquid 

phase (medium). Thus, if the dissolved oxygen concentration 

is higher or the oxygen concentration in the gas phase is 

lower (air sparging) ,the supply rates would be lower. 

In the first section of the graphs, the.slope of the dis-

solved oxygen curve is negative, 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 also high in this region. Furthermore, the 

cell mass is increasing exponentially, 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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In. the second. section, slope of the curve is zero., sug-

gesting that the supply rate is just balanced by the uptake 

rate here. In case of air . sparged fermentations the dis-

solved oxygen concentration. (balance point), is nearly zero; 

however, this. concentration is nearly 60% of saturation in 

the case of p'l..l,re oxygen sparged fermentations. Examining the 

growth curve reveal.s that the cell mass is still increasing 

just before the second stage commences, and the cells are 

still physilogically active. Thus, the actual uptake rates 

would still . be high in this section. Particularly in the 

. case of air-sparged fermentations, the cell mass is defi-

cient in its oxygen requirements. However, in•oxygen sparged 

experiments, oxygen appears to be available at all times_. It 

will be discussed later that this difference in the two ex-

periments is probably responsible for the higher spore-

counts of air fermentations. 

In both the fermentations, dissolved oxygen concentration 

begins to increase almost coincidentally with the 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 fermentation has progressed into the sta-

tionary phase, metabolic activity drops to a very small va-

lue as the cells lyse or sporulate. As a consequence, the 

uptake rates also decrease and the dissolved oxygen concen-
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.. . 

. tratiort begins to increase, reaching a saturation level, ap-

proximately the same ievel as it was at originally. _In_ this 

third section, the slope is initially a large positive va-

lue, eventually decreasing ·to zero .. The reason. for this is 

that as · the dissolved·. oxygen · concentration begins -· to in-

crease, . the supply rates decrease. This fact 'has been men-' . - . 

· tioned earli_er in this .section. 

The toxicity. cinct a;St:>oie":':count :i;-esults for oxygen and 

ai:t:;: fermentations are shown on tables (2) and (3). The spore 

count for. ferment~tion':with.:alr: is 'almo~:-b .:two or<:ierf? of mag- . 
··.· . , ... ,, ··.- . 

ni tude higher tha.ri · for fermentation .with oxygen. It was 

discussed before·· that · -o~ygen deficiency led . to reduced 

growth rate~ .in the: :-ca:;;e .of "air . sparged fermentations as 

compared to those oxygen sparged. It is poss.:i,.:b1e that oxygen 

deficiency has triggered a metabolic sh~ft. E'or example, the 

cells may rely on stored nutrients· like poly..;.hydroxy""'.buty-

rate granules to meet. the energy requirements of of metabo-

lism, instead of the regular respiratory pathways, .which are 

now oxygen linti te<:i. Such shifts often.· lead. to a pseudosta-

ti-on~ry phase. This could, have caused an earlier and longer 
.· .· .. 

.. sporulat.:i,.on phase.· However, the're is little difference in· 

the tox:i.ci ty of the two final · produdGts. 
. .· ' 

It was shown that. 

toxicity - develops early on during sporUlation, .. while the 
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TABLE 2 

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

Time(hrs) LC5o(µg/ml) Spore-Count{c~lls/ml) 

24 2.61 X 10-4 

30 
. -4 

2.58 X 10 
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TABLE 3 

Spore-Count and Toxicity Data. Fermentation 
with sparged oxygen. No pH.control 

Time(hrs) LC5o(µg/ml) Spore.-Count (cells/ml) 

24 

30 

4.98 X 10-4 

-4 3. 84 X 10 . 

', ' 6 
3.8 X 10 

6 7.3 X 10 

I 
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heat-stable factor develops later on. This suggests that 

sporulation in oxygen sparged experiments is incomplete, for 

the toxin has formed without the heat stable factor, most of 

the sporulating cells have already synthesised the toxin. 

Examination of the broth under a microscope also revealed 

_many swollen cells, but few completed spores. 

In general, most spo,rulation 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 

Studies were also conducted measuring the oxygen uptake 

rate. The results are given in table (4). It is apparent 

from the results that the ·oxygen uptake rates at 2 h, 15min 

and 5 h are nearly the same, within limits of experimental 

error. However, the values at 10 h are distinctly lower. 

This is because younger cells are still in the exponential 

phase of growth and in a vegetative state, whereas the older 

10 h cells have passed into the stationary phase. The energy 

requirements, and thus respiration, and oxygen uptake rates 

would be lower during in the stationary phase. 
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TABLE 4 

Oxygen Uptake Rates. Fermentation with 
pure oxygen. No pH control. 

Time(hrs) 

* Graph 

. . ** Glutamate· 

** Glycerol 

Legend: 

2 h 15 min 5 h 

43.65 

72.22 113.47 

30.76 33.27 

'*' : Units: % saturation/ time/ unit optical 
absorbance (660 nm) 

'**' :Conducted in 0.1 M MOPS buffer+ indicated 
su.bstrate + washed and resuspended cells. 
Units: µl o2 / h / mg dry cell weight. 

10 h 

1. 46 

19.86 

7.45 
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4.2.4 Limiting,Nutrient·studies 

The nutrient concentration profiles exhibit patterns very 

similar to those discussed earlier for shake £lask experi~ 

ments. Much of the carbohydrate is recovered in the .. super-

natant, again implying the small or negligible role of car-

bohydrate in metabolism. · Protein, on the other·· hand,. is 

utilised. Considerable amounts of nutrients are still left 

in the broth. at the onset of sporulation. It appears again 

that more protein is utilised in the oxygen sparged fermen-

tations, as compared to other nutrients. The maximum optical 

absorbance·for the oxygen experiments is also higher, imply-· 

ing greater total cell mass. As compared to the oxygen ex-

periments, the celis ente~ed the stationary phase earlier in 

the.air experiments, perhaps c1.ue to oxygen limitation. 

4.2.5 ·E!i control 

Figures ( 16), ( 17) ,. ( 18), and ( 19).. illustrate the air and 

oxygen studies with-the pH controlled at 7.0. The same ana-

lysis as for no pH control can be applied here. 

The toxicity and spore-count ·fo:i:: the 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-



-.: 
Q 

J:: 
.1:: 
3 -
5 -:;;: 
12 .. _a\ 
0 
ti) 

-;fl. 

d 
d 

66 

100 ,-..---.------,----.---------,,,---.---..,.......,1.5. 

80 

60 

: 

·40. 

20 

0 4 8· 

r 

12 

TIME(hrs) 

0 

•• 

16 · 

.0 a -----0 

7.0 

dissolved 
6.5. oxygen 

pH 

20 24 

:c 
Q., 

Figure 16: Time dependence of pH and dissolved oxygen 
concentration.Fermentation with,sparged air. pH controlled 

at 7.0, Temperature= 30°c. 



E 
C: 

0 
<D 
<D 

-0 

1.4.1 
(.). z 
<( 
ID a:: 
0 en 
ID 
<( 

• 

0 4 8 

67 

12 

TIME (hrs) 

.· A carbohydrate 
o protein 
• absorbance 

16 20 24 28 . 

'o 
N ,c 
•·1 ... 
O' E 
-; ' 

20- 0I 

10 

.@ 
01 1.4.1 

Z . a:: 
Q 

Li:i ·.~ 6 0 a:: CD 
ll. 

(.) 

Figure 17: Time dependence of supernatant nutrients. 
Fermentation with air. pH controlled at 7.0. · Temp. = 30°C. 

.. 



....... 
C 
4) 
c:,t 
>, 
X 
0 

= "i -
C 
0 ·= 0 .. ::, -0 

Cl) 

0 

0 
Q 

68 

r---~---T""-"---,----..----....... ---..---- 1.S 

7.0 

-40 

20 

o dissolved oxygen 

• pH 

6.5 

0 ,__ __ _._ ___ __. ___ ..a... ____ __,1 ___ ...L.. __ __,L ____ ---16.0 
0 4 a 12 16 20 24 

TIME ( hrs) 

:r 
C. 

Figure 18: Time dependence of pH and dissolved oxygen 
concentration. Fermentation with pure oxygen. pH controlled 

at 7.0. Temperature= 30°C. 



e 
C: 

0 
<D 
CD -0 

IJ.J u z 
. <t 
. a:i . a::: 
0 er, 
a:i 
<( 

~-- carbohydrate 
o . protein 

•· absorbance 

10 

/ 
0.1._ ...... _ _._ ______ '---__ ..... __ ......1, ___ ..i... __ ~o 

· 0 4 8 12 16 20 24 

TIME ( hrs) 

Figure 19: Time dependence of supernatant nutrients. 
Fermentation with pure o~ygen. pH controlled at 7.0. 

Temperature= 30°C. 



70 

trol. This suggests that low pH aids the formation of the 

toxin. As of today, the chemical nature of the toxin is unk-

nown, as are the biosynthetic pathways leading to . i,ts forma-

tion in the cell. Therefore', it is difficult to analyse the 

effects .of pH any inore precisely. However, it is known that 

the toxin is solubil_ised by alkaline conditions (33). Main-

taining a. lot,;, pH could be having some sort of a reverse ef-

fect in assimilating the toxin into the· spore-coat.· The re-

cent discovery of a cytoplasmic.toxin, which is hypothesised 

to be assimilated into the spore coat dµring sporula~ion, 

lends to. this idea · ( 35). 

It would be reasonable to expect that higher dissolved 

oxygen concentra_tions would lead to greater cell-mass. 

Furthermore; it was also shown that air _sparged fermentors 

gave a more toxic product. Thus, maintaining a high dis-

solved oxygen concentration-in the growth phase, followed by 

a low concentration in the stationa::ry phase would be expect-

ed to give a higher cell-mass with more toxicity. Based on 

this reasoning, the last experiment consisted of controlling 

.the pH at 7.0, and ahanging o~er from oxygen to air sparging 

after. eight hours of fermentation, approximately at a time 
. •, 

when the· cells enter s·fationary phaise. 
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TABLE ·s 

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

Time(hrs} · Spore-Count(cells/ml) 
';' ,., 

24 
. -5 

3.30 X 10 

30 ·3.06 X 10-S 

7.40 

4.70 

,as X ... 

8 
X 10 ! 
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TABLE 6 

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

Tirne(hrs) Spore-Count(cells/rnl) 

24 

30 

-5 2.99 X 10 

-a. 2.33 X 10 -

6 3. 40 X 10 

3.60 X 106 
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The data for thi-s run is shown in table ( 7) . The toxicity 

levels and the spore-count appear to be the similar to the 

air sparged fermentations with pH control (table (5)). Using 

the dissolved oxygen strategy.does not seem to have much of 

ari effect. However, other strategies for different growth 

conditions need to be examined, and these may have a signi-

ficant impact on the product. 
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TABLE 7 

Spore-Count and Toxicity Data. Fermentation 
commenced with sparged oxygen, changed over 

to air at8 hours. pH controlled at 7.0. 

Time(hrs) LC5o(µg/ml) Spore-Count(cells/ml) 

24 

30 

-5 3.89 X 10 

2.82 X 10-S 

1. 40 X 108 

9.30 X 107 



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 found that growth rate is faster at higher temper-

atures, but total cell mass produced is .approximately equa\1 

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 growing broth increases as the fermentation 

.progresses. There is some similarity between the pH and the 

ammonia profiles. It was also found that controlling the pH 

at a value of ~bout 7.0, gives about ten-fold more 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 spore-count of 

air-spa:tged fermentation broths is 1-2 orders of magnitude 

higher than oxygen sparged broths, but the specific toxicity 

is nearly the sa~e in both ths cases. Switching from oxygen 

to air sparging at the onset of stationary phase, gave a 

75 
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product similar to air sparged ·fermentations ·. ( in terms· of· 

toxicity and spore~count) . 

. Protein appears to be the primary nutrient utilised. Car-

bohydrate.; ta:ken up by th~ cells,. but is released later on. 
. . .. . . . . . 

Concentrations of carbohydrate,. protei!l. and. phosphorous. all 

·go through a minima, but none of t~e nutriepts.are ever com-

pletely• exhausted. 

A number of recommendations cJn.be made. For example, it 

would be worthwhile to ·conduct a complete amino acid. analy-

sis of. the fermentation broth at different points in time. 

This would give an idea of which, if any,. amino acid is iim-

iting. ·conducting the experiments with.different ~oncentra;.. 

· tions of the nutrient- • broth -yeast ~xtract- _ Salts· medium, 

or with different.types of nutrients, may give better toxic-

ity. This has to be further investigated.· 

Controlling the pH at 7. 0 led to 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 standpoint, much work· remains to be 

done. Scale-up studies, testing the stability of the toxin, 

formulation and so forth are the areas to be con.sidered. 
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. . 
This research · was conducted· using primarily batch . type 

fermentors. Scale-1.lp studies still remain an open question. 

Furthermore, It may be fruitful to study different reactor 

configurations for this system. It is difficult to visualise 

a single continuous stirred tank type fermentor for the for-

mation . of the final product takes place in two distinct· 

stages, the vegetative·phase and the stationary phase, with 

the· cell mass itself being the final product. However, a 

two--stage . reactor system, with· growth taking place in the 

first stage and sporulation in the second where .the dilution 

.rates would be lower is worth consideration. 

I 
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