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ABSTRACT 

An examinatian was made of the effect of a variety of 

process parameters on the foam capacity of a fermentation broth. 

The foaminq was founJ to be directly related to the concentration 

of bacillomycin L, a surface active antibiotic produced by a strain 

of BacillY,A subtilise Chanqinq the pH was found te have no direct 

effect on foam capaci ty. Lowerinq the incubation temperature 

reduced foaminq but anly by decreasing the production of 

bacillomycin L. Likewise, reductions in the concentration of 

glutamic acid, the nitrogen source in the medium, resulted in 

corresponding reductions in foam capacity, bacillomycin 

concentration and biomass concentration. When glutamic acid was 

replaced with sodium nitrate, the effects were similar. However, 

.'hen qlutamic acid was replaced with ammonium chloride, cell qrowth 

was poor and bacillomycin production was very low. When the pH was 

controlled by increasing the amount of phosphate in the medium, 

growth returned to normal while bacillomycin concentration and foam 

capacity remained relatively low. When the phosphate was replaced 

with Tris buffer, both bacillomycin production and foam capaclty 

increased to normal levels, indicatinq that the prod11ction of 

bacillomycin ls inhibited by the presence of inorganic phosphates. 

Finally, when the overall electrolyte concentration of thE. Tri~;­

buffered medium was increased by 3-4 times, bacillomycin production 

was hiqh but much of the foaming was suppressed. 

i 



1 1 
RESUME 

. d' l , L'efret de l.fferents parametres sur la formation de mousse 

'l' dt' ~ 1 / ," 1 dans un ml. leu e fermen .atlon a ete etudle. On a constate que la 

formation de mousse est directAment liée! ~ la concentration de 

bacillomycine L, un antibiotique tensio-actif produit ~ partir 
, 

d'une sous-espece du Bacillus 1iiybtili.§.. Changer le pH n'a pas 

d'effet direct sur la formation de mousse. Abaisser la temperature 

d'incubation rèdui t la formation de mousse, mais seulement en 

r~duisant la production de bacillomycine L. De m~me, abaisser la 

concentration en acide glutamique, la source d'azote dans le 

milieu, fait diminuer la formation de mousse, les concentrations de 

bacillomycine et de biomasse. Remplacer l'acide glutamique par du 

ni trate de sodium produi t des effets semblables. Cependant, 

lorsque l'acide glutamique .ast remplac~ par du chlorure d' ammoni '.lm, 

la croissance des cellules faiblit, ainsi que la production de 

bacillomycine. En controlant le pH par aUglnentation du taux de 

phosphate dans le milieu, on obtient une croissance des cellules 

normales pour des concentrations en bacillomycine et une formation 

d~ mousse qui demeurent relativement faibles. Quand le phosphate 
, 

est remplace par un tampon organique, la production de 

bacillomycine et la formation de mousse retournent à des niveaux 
, 

normaux, indiquant par la que la production de bacillomycine est 

rendue impossible par la pr'sence de phosphates inorganiques. 

Finallement, quand la concentration en electrolyte du mil ieu 

organique tampon est multipli~e par trois ou quatre, on obtien une 

production de bacillomycine important tandis que la formation de 

Id ' mousse se trouve grandement re ulte. 
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1.0 INTRODUCTION 

Foaming is a widespread prob1em in many chemica1 process 

industries. It is especially prevalent in biochemica1 reactors 

because fermentation broths routine1y contain surface dctive 

substances either produced by the microorganisms or resulting 

from cel1 lysis. This study of the foaming phenomenon, as it 

appeared in a continuously phased system of Bacillus subtilis 

grown on a glucose-based medium, is an attempt to determine the 

effect of a variety of process variables on foaming. The use of 

antifoam agents or a hydrocarbo~ substrate ta suppress the 

foaming was ruled out for reasons discussed in Chapter 5.0. 

Similarly, the foaminess of the broth was not exp10ited as a 

means of concentratinq and separating the product (as in Gehle 

and Schugerl, 1984) because of limitations arising from the 

continuous phasing method itself. 

1.1 Continuous Phasing Method 

Batch fermentation is still the most wide1y used mode of 

production in the biochemical industry. While batch culturing 

does have some obviaus advantages, it poses a fundamental process 

control prob1em. Since the biochemica1 engineer must deal with 

large populations of cells, any physical measurement that he 

makes will be a statistical quantity, an average value. The 

batch is made up of a great number of cells at many different 

stages of the growth and reproductive cycle. Therefore, these 

averaged quantities are often insufficient ta characterize the 

system thoroughly enough to allow for a proper control scheme 



(Dawson, 1972). 

One answer to this problem is to synchronize the 

metabolism of the cells within a given population. If the cells 

can be made to reproduce at the same time, then the population 

may be treated as a homogenous entity (Zeuth~n, 1958). Induction 

synchrony can be achieved through the use of a chemostat by 

introducing the growth-limiting nutrient into the reactor with a 

frequency equal to the doubling time of the cells (Goodwin, 

1969). Another method of inducing synchrony is to dilute the 

culture periodically with an equal volume of fresh broth with a 

frequency equal to that of the cell doubling time. One half of 

the broth is then removed to maintain constant volume in the 

reactor. This is kno_n as continuous phasing (Dawson, 1965, 

1971). The advantage of this method over the pulsed chemostat is 

that each cycle produces two identical portions of synchronized 

cells; one is retained in the reactor and one is harvested 

(Sheppard, 1989). 

One difficulty with the method of continuous phasing is 

that the cycle time is not always constant over successive 

generations (Sheppard, 1989). If the actual doubling time of the 

organism becomes longer with time, then the cells will be cycled 

before division has occurred, resulting in ce1l washout. If the 

doubling time becomes shorter over successive generations, this 

will result in periods of starvation. Successive periods of 

starvation may lead to a 105s of cell viability. This problem 

was overcome after it was noted that there is a close correlation 

between the concentration of dissolved oxygen in the broth and 

2 



. 

the concentration of growth-limitinq nutrient (Sheppard, 1989). 

The levei of dissolved oxyqen increases sharply after the 

Iimitinq nutrient is exhausted, due ta a decrease in cellular 

respiration. By adding a dissolved oxyqen probe to the system, a 

feedback control loop may be established. This eliminates the 

cycle time as an independent variable and allows the nutrient 

environment to be adjusted automatically. 

It is quite easy to understand why the level of dissolved 

oxygen in the medium should increase upon exhaustion of the 

limitinq nutrient. However, it is less obvioU3 that this period 

should correspond to the cell doublinq time. The work of Burns 

(1964) is helpful in explaininq this phenomenon. A limiting 

nutrient is limitinq because it is an absolute requirement for a 

biochemical pathway or process in the celle This process must be 

a step that is necessary either for cell division or for a 

particular staqe in cell qrowth. Once the concentration of the 

limitinq nutrient reaches zero, cells that have reached this step 

will be arrested at this point of development. These cells reach 

a sort of metabolic stasis, neither qrowing nor dividinq. 

Orqanisms that are at earlier staqes of the life cycle will 

continue ta qrow until they arrive at the step requirinq the rate 

limitinq nutrient. In this way, they "catch up" with the other 

metabolically blocked cells. When the limitinq nutrient is 

pulsed to these cells, they will begin growing and dividinq 

aqain. After several geneLdtions, the entire population should 

be dividinq with the same frequency. The experiments carried out 

by Sheppard (1989), usinq the cyclone fermentor seen in Figure 

3 



1.1, provide stronq evidence that the doubling time corresponds 

with the period of 1imitinq nutrient addition in a continuously 

phased system with feedback control. This relationship between 

1imitinq nutrlent exhaustion and cell doubling time was confirmed 

by the work of Brown and Cooper (1991). 

When the continuous phasinq method was used to grow 

bacillomycin-producinq Bacillys subtilis in the cyclone 

fermentor, the resultinq foaming problem was very severe. Leaks 

occurred at some of the seals and at the air filters, leading to 

the contamination of the reactor. The foam also made it 

impossible to take uniformly sized samples from the fermentor by 

preventinq proper drainage into the collection vessel. This was 

a serious problem because, as it has been shown, it i5 crucial 

that exactly half of the biomass be removed after each cycle. It 

should also be obvious that it would not be possible to recover 

the product by continuous foam flotation in this system. 

1.2 Bacillomycin L 

The organism under examination in these experiments is a 

bacterium called Bacillus subtilis ATCC no.10774. This is an 

orqanism which is found in the soil and produces the antibiotic 

bacillomycin L. This compound is a broad spectrum antifungal 

agent belonqinq to the iturin family, which is a group of 

~eptido-lipidic compounds (Besson et al, 1978). Bacillomycin L 

(Figure 1.2) is a cyclic lipopeptide containing seven oc-amino 

acids and one ~-amino acid (Chevanet et al, 1986). 

The synthesis of bacillomycin L begins only after the 

~ growth of the bacteria has virtually ceased. It belongs to a 

4 
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Figure 1.1: The cyclone fermentor (Sheppard, 1989) 
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Figure 1.2: structure of bacillomycin L (Besson 
and Michel, 1977) 
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class of microbial products called secondary metabolites. These 

products are so named because their synthesis is not associated 

with qrowth. Such compounds are produced when the environment 

becomes less viable in an acute way. For example, Chevanet et al 

(1986) have found that bacillomycin L production beqins only once 

aIl of the glucose in the medium has been exhausted. Like 

bacillomycin, many of these secondary metabolites display 

antimicrobial activity, thereby giving a competitive advantaqe to 

the organisms that produce them. 

1.2.1 Antibiotics 

An antibiotic is a chemical substance produced by one 

microorganism that is able to kill or inhibit the growth of other 

microorganisms. Thousands of antibiotics have been discovered 

but only a relative few are of practical value in medicine 

(Aharonowitz and Cohen, 1981). 

Antibiotic-producing microorganisms are especially common 

in the soi1. Three groups of microorganisms are responsible for 

most of the antibiotics used in medicine: (1) fungi, especially 

those of the genus Penicillium, which produce antibiotics such as 

penicillin and qriseofulvin; (2) bacteria of the genus Bacillus, 

which produce antibiotics such as bacitracin and polymyxin; and 

(3) actinomycetes of the genus streptomyces, which produce 

antibiotics such as streptomycin, chloramphenicol, tetracycline, 

and erythromycin (Brock, 1979). It is among members of the genus 

StreDtQmyces, a genus of orqanisms widespread in soil, that most 

of the antibiotics have been discovered (Brock, 1979). 

Antibiotics are a diverse group of compounds, but they 
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can be grouped in families with similar chemical structures. The 

antibiotics of one group usually have similar types of activity 

and find similar uses in practice. For instance, there is a 

large group of penicllins, most of which have similar activity, 

although certain penicillins are more active against Gram­

negative bacteria and others are more active against Gram­

positive bacteria (Brock, 1979). 

The antibiotics were the first industrially produced 

microbial metabolites which were not major metabolic end 

products. The yields, calculated in terms of conversion of the 

major carbon source into antibiotic, are low and are greatly 

influenced by the other cultural conditions. These facts have 

encouraged intense research directed toward improving yields. 

For this purpose, genetic selection has proved remarkably 

successful. The wild type strain of penicillium chrysogenurn 

first used for penicillin production yielded approximately 0.1 

gram of penicillin per liter (Aharonowitz and Cohen, 1981). From 

this strain a mutant was selected which produced 8 grams per 

liter under the same growth conditions, a 60-fold improvement in 

yield (Aharonowitz and Cohen, 1981). Subsequent strain selection 

following chemical mutagenesis has led to the development of new 

strains with even greater capacity for antibiotic production. By 

such sequential genetic selection, improvements of antibiotic 

yield as great ~s 1000-fold have often been obtained (Aharonowitz 

and Cohen, 1981). Most genetic improvement has been empirical; 

large numbers of mutagenized clones are evaluated for their 

abilities to produce larger quantities of the antibiotic. 

8 



( 

( 

However, with increased knowledge of the pathways of biosynthesis 

of antibiotics, more rational approaches are being exploited. It 

ls now possible to select strains in which control of the 

synthesis of known precursors of an antibiotic has Dean altered 

by mutation. Such strains produce larqer amounts of the 

precursor, and sometimes also larger amounts of the antibiotic 

end product (Hopwood, 1981). 

1.2.2 Biosurfactants 

While the antibiotic properties of bacillomycin L have 

been known since the experiments of Landy et al (1948), its 

surfactant properties have not been well documented. This study 

has shown that bacillomycin Lean reduce the surface tension of a 

fermentation broth to as low as 26 mN/m, which would allow it to 

be classified as a biosurfactant. 

A biosurfactant is a microbially produced compound that 

has both a hydrophilic portion and a hydrophobie portion. The 

hydrophobie part ls usually a type of lipid, while the 

hydrophilic pa~ may be a earboxylate or hydroxyl function or a 

complex mixture of phosphate, carbohydrate, amine acids, etc. 

(Cooper, 1986). These molecules tend to either associate with 

each other to form micelles, or to collect at surfaces 

(Parkinson, 1985). When the molecules aggregate in this manner, 

one result is the reduction of the surface tension of the water 

from 72 mN/m to around JO mN/m. The degree to which surface 

tension is reduced is called the effectiveness of a surfactant, 

while the degree of surface tension reduction as a function of 

surfactant concentration is known as the efficiency (Parkinson, 

9 



1985). Increasinq the surfactant concentration above a 

characteristic value, known as the critical micelle concentration 

(CHC), results in no further lowerinq of the surface tension. At 

concentrations hiqher than the CHC, additional surfactant 

molecules aqgreqate into micelles in the bulk phase and do not 

contribute significantly to the reduction of surface tension 

(parkinson, 1985). In the region where surface tension changes 

rapidly with concentration (i.e. below the CHe) the slope of the 

curve defines the Gibbs surface excess, which is a measure of the 

excess of surfactant at the interface compared to its 

concentration in the bulk phase; this parameter is important in 

assessing foam and emulsion stabilization (Parkinson, 1985). 

The strains of Bacillus subtilis that produce 

bacillomycin and surfactin are exceptional in that they produce 

very effective surfactants while being grown on carbohydrates, as 

opposed to most microorqanisms which synthesize biosurfactants 

while metabolizinq hydrocarbons (Cooper, 1984). However, the 

mode of production differs between these two strains, as 

bacillomycin is produced after the stationary growth phase has 

been reached, while surfactin synthesis begins in early 

exponential growth phase (Cooper, 1984). This pattern varies 

widely among different biosurfactants; some even act as growth 

stimulators while still others inhibit cell growth (parkinson, 

1985). 

Biosurfactants may find applications in any area where 

synthetic surfactants are now used. They have the advantage of 

being non-polluting because of their biodegradability. They can 

10 
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compete with the synthetics on the basis of overall performance 

but more work must be done to improve yields and lower product 

separation costs if they are really going to challenge in the 

marketplace (Cooper, 1986). 

1.3 Foam 

A foam is basically a two phase system in which a 

distinct gas bubble phase is surrounded by a continuous liquid 

lamellar phase. This type of dispersion usually involves a large 

gas-liquid interface. since interfaces between immiscible phases 

are under tension, the expansion of these interfaces requires 

energy, which is to say work is performed in forming them and 

energy is released on thelr relaxation (German et al, 1985). 

From a thermodynamic standpoint, foams are unstable dispersions 

by their very nature and should eventually break into individual 

component phases in the direction of decreasing total surface 

free energy (HelIer and Kuntamukkula, 1987). Surfactants, being 

amphiphilic, orient at an interface and lower the energy or 

tension of that interface (German et al, 1985). These compounds 

enhan~e both foam capacity and foam stability by hindering bubble 

coalescence. As the surfactant Molecules accumulate at the gas-

liquid interface, their hydrophilic groups become oriented into 

the liquid film surrounding the qas bubble, thus creatinq 

repulsive forces when two bubbles come close to each other 

(Keitel and Onken, 1982). The concentration of the hydrophilic 

molecules at the surface increases with surfactant concentration 

(up to a maximum) and results in a lower surface tension (Bukur 

and Patel, 1989). Therefore, the ability of a surfactant to 

11 



rapidly reach an interface, effectively lower the interfacial 

tension and stabilize new surface determines its ability to form 

foams (German et al, 1985). 

As Walstra (1988) demonstrates, the relationship between 

surface tension and surfactant concentration is thermodynamically 

controlled and is qiven by the Gibbs equation: 

dY = -RTr d(ln a) 

where Y is surface tension, r is Gibbs surface excess, a is 

aetivity, T is temperature, and R is the universal gas constant. 

However, in an enerqetic system such as a bubble column, there 

are a number of dynamic effects which operate in the direction of 

stabilization. As air is bubbled through the broth, fresh 

interface is created quickly and existing interfaces ~re 

extended. When this happens, there is a tendency for the 

surfactant adsorption process to lag behind the increase in 

surface area. Since the adsorption normally lowers the surface 

tension of the interface, the result is to raise the effective 

surface tension for these transient events. The opposite effect, 

of course, occurs if the surface area rapidly decreases. The 

change 

I:l Y == Y St.tic - '( OynMl1c 

is referred to as the Marangoni effect and it confers an 

elasticity on the surface, since changes in area in either 

direction are opposed (Hunter, 1987). This effect is most 

pronounced in solutions of strongly surface active mate~ials, 

especially hi9h molecular weight non-ionie detergents and 

proteins (Hunter, 1987). 

12 
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A second contribution to surface elasticity is the Gibbs 

effect which refers to the fa ct that if an interface is rapidly 

expandinq in area, the absolute amount of adsorbate may become 

limitinq so that the interfacial tension begins to rise (Hunter, 

1987). The Gibbs surface elasticity for a thin liquid film of 

area A is qiven by: 

E = A (dY/dA) 

This is referred to as a "quasi-equilibrium" effect because the 

thinninq lamella surfaces can establish local adsorption 

equilibrium with the liquid but cease to have effective contact 

with the bulk solution (Hunter, 1987). 

In any dynamic system, both the Maranqoni and Gibbs 

effects tend to maintain a unlform thickness of the film because: 

In 

(1) at any point where the external forces are 
tendinq to drastically thin down the lamella, 
the local surface tension rises and this opposes 
thinning; 

(2) the qradient of surface tension pulls not only 
the surface layer but also draqs with it Cby viscous 
forces) some of the underlyinq liquide The result 
is a tendency to heal any potential points of 
rupture by surface transport; 

(3) thickened areas are subject to a fall in surface 
tension and 50 tend to lose liquid to the adjoininq 
thinner areas. (Hunter, 1987) 

qeneral, the Gibbs effect would be expected to be more 

siqnificant for foams and creams where most of the lamellae have 

only a tenuous connection with the bulk solution. The Maranqoni 

effect is more important for emulsions in which the stabilizer is 

a high molecular weiqht polymer or prote in (Hunter, 1987). 

The rupture of a foam film or lamella is preceded by its 

thinninq, due to drainage of the liquid core under the influence 

13 



of gravit y and capillary suction (Djabbarah and Wasan, 1985). 

This drainage leads to bubble coalescence. There is significant 

spontaneous interdiff~ ;ion of gas trom small bubbles into 

adjacent larger bubbles through the interfacial film, due to the 

higher capillary pressure associated vith smaller bubbles (Heller 

and KUlltamukkula, 1.987). This process results in shrinkage of 

the small bubbles and expansion of the neighbouring larger 

bubbles, causing the foam films to become thinner and eventually 

rupture (HelIer and KU.ltamukkula, 1987). Interfacial viscosity 

and elasticity of lamellae may promote foam stability by 

retarding liquid drainage and by resisting deformations induced 

by ambient fluctuations in temperature or pressure. 
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2.0 OBJECTIVES 

Research is currently being conducted in the Department 

of Chemical Engineering at McGill University in the area of 

fermentation engineering using the continuous phasing Methode 

ThIs study is in response to the foaming problems that have been 

encountered in trying to use this method to achieve high product 

yields when cultivating organisms that cannot be grown on 

hydrocarbons. The objectives of this work are as follows: 

(1) To establish a reliable method for quantifying 
the foaming capacity of a liquid; 

(2) To determine the effect of a variety of process 
variables on the foam capacity of the fermentation 
broth; 

(3) To determine if these parameters can be 
controlled in such a way as to suppress foaming 
while allowing for acceptable levels of cell growth 
and antibiotic production. 

15 
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3 • 0 MATERIALS AND HETHODS 

3.1 Microorganism 

The organism used in these experiments was the bacterium 

Bacillus subtilis ATCC no. 10774. It was obtained from the 

American Type Culture Collection and produces the antibioticl 

biosurfactant bacillomycin L. 

3.2 Media Composition 

The basic medium used in these experiments was taken from 

Chevanet et al (1986) with a few modifications. It is given 

below: 

Ingredient 

Naz' EDTA' 2HzO 
KHzPO" 
RCl 
MgSO,,' 7H20 
MnS04 ' HzO 
FeSO,,' 7H20 
CuSO" , 5H20 
L-qlutamic acid 
glucose 

Table 3.1: Standard Medium 

Concentration (g/L) 

0.37 
1.0 
0.5 
0.5 

4.5 x 10-" 
8 3 10-" • x 
2.5 X 10-4 

5.0 
10.0 

The pH is adjusted ta 7.7 with NaOH before autoclaving. 

Molarity 
-3 

1.0 x 10 
-3 7.3 x 10 
-3 

6.7 x 10 
-3 

2.0 x 10 
-6 

2.6 x 10 
-6 

3.0 x 10 
-5 

1.0 x 10 -z 3.4 x 10 -z 5.6 x 10 

When the nitrogen source was chanqed, the glutamic acid 

was replaced with equimolar amaunts of either sodium nitrate 

(2.89 g/L) or ammonium chloride (1.82 g/L). In order to control 

the pH of the ammonium-based medium, the total phosphate 

concentration was increased by adding 9.7 g/L of KzHP04. The 

medium is descr.ibed below: 

16 
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Table 3.2: Ammonium-Based High Phosphate Medium 

Ingredient 

NaZ " EDTA· 2H20 
K2HPO. 
KHzPO. 
KCl 
MgSO." 7H20 
HnSO." H20 
FeSO." 7H20 
CuSO." 5H20 
NH.Cl 
glucose 

Concentration (g/L) 

0.37 
9.7 
1.0 
0.5 
0.5 

4 5 10
·4 • X 

8 3 10
·4 • X 

2.5 X 10.3 

1.82 
10.0 

Molarity 

1.0 X 10·:-
5.6 x 10.2 

7.3 X 10.3 

6.7 X 10-3 

2.0 X 10.3 

2.6 X 10.11 

3.0 X 10.6 

1.0 X 10.5 

3.4 X 10.2 

5.6 X 10.2 

The repression of bacillomycin production by phosphate 

ions was studied by using an ammonium-based medium and replacinq 

the phosphates with an equivalent amount of Tris buffer. The 

resulting medium is shown below: 

Table 3.3: AmmOnium-Based Tris Buffered Medium 

Ingredient 

Na2 " EDTA " 2H20 
Tris 
KCl 
MgSO." 7H20 
MnSO." H20 
FeSO." 7H20 
CUSO." 5H20 
NH.Cl 
glucose 

Concentration Cg/L) 

0.37 
7.66 
0.5 
0.5 

4.5 X 10.4 

8.3 X 10·· 
2.5 X 10.3 

1.82 
10.0 

Molarity 

1.0 X 10.3 

6.3 X 10.2 

6.7 X 10.3 

2.0 X 10.3 

2.6 X 10.6 

3.0 X 10.6 

1.0 X 10.5 

3.4 X 10.2 

5.6 X 10.2 

In order to study the effect of electrolyte concentration 

on foam capacity, the MM Medium of Nakano et al (1988) was 

modified slightly and used to cultivate the bacteria. The new 

medium is shown below: 

17 

--- ---~- -------



.r' 

Table 3,4: Modified MM Medium 

11l9J;:.sUlnt ÇODs;;lntJ;:i:t~Sm (g/L) Mol lU:: 1t)! 

Naz" EDTA " 2820 0.37 1.0 x 10-3 

KaHPO" 14.0 8.0 x 10-2 

XHaPO" 6.0 4.0 x 10-2 

MgSO" "7HaO 0.5 2.0 x 10-3 

MnSO" " HaO 4.5 x 10-" 2.6 X 10-6 

FeSO,," 7HaO 8.3 x 10-" 3.0 X 10-6 

CUSO,," 5HaO 2.5 x 10-3 1.0 x 10-~ 

sodium citrate 1.0 4.0 x 10-3 

L-Cjlutamic acid 5.0 3.4 x 10-2 

glucose 10.0 5.6 x 10-2 

The phosphate in the Modified MM Medium was replaced with 

Tris buffer in order to reduce the phosphate repression of 

bacillomycin prOduction. Sodium chloride and potassium chloride 

were added to make the solution even more hypertonie. The result 

ls given below: 

Table 3.5: Modified MM Medium + Tris Buffer 

InqJ;:.d1Int 

Naz" EDTA" 28z0 
Tris 
MgSO,," 7H20 
MnSO,," HaO 
FeSO,," 7H20 
CUSO." 5HaO 
Nael 
XCI 
sodium citrate 
L-Cjlutamic acid 
glucose 

3,3 Experimental 

3.3.1 CUltivation 

çons;;entJ;:at1on (g/L) 

0.37 
14.5 
0.5 

4.5 x 10-" 
-4 

8.3 X 10 
2.5 X 10-3 

3.6 
4.6 
1.0 
5.0 

10.0 

MOlarity 

1.0 X 10-3 

1. 2 X 10-1 

2.0 X 10-3 

2.6 X 10-6 

3.0 X 10-6 

1.0 X 10-5 

6.0 X 10-2 

6.0 x 10-2 

4.0 X 10-3 

3.4 X 10-2 

5.6 X 10-2 

The baeteria were inoculated from nutrient Agar plates 

directly into a 500 ml Erlenmeyer flask containinq 100 ml of the 
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appropriate growth medium. This flask was then placed into a 

controlled-environment shaker set at 37°C and 270 rpm. After 24 

hours, 1.0 ml of the resulting broth vas then transferred into 

100 ml fresh medium and this was incubated again for 24 hours. A 

1.0 ml aliquot of this broth was then taken again and used to 

inoculate another 100 ml of fresh medium. After twelve hours of 

growth, this broth was used to provide a set of l'inocula for an 

experimental run typically involving 20-22 100 ml samples. These 

flasks would be inoculated at the same time and left to grow in 

the shaker. Samples would then be taken periodically to monitor 

the progress of the fermentation. 

3.3.2 Tests 

Once a flask was removed from the shaker, several tests 

would be performed. First the pH would be measured with a 

Perkin-Elmer pH meter. Then the surface tension of the broth 

would be obtained using a Fisher Autotensiomat. This device 

measures the tension on a platinum ring as it passes through the 

liquid-air interface. 

The foam capacity of the broth was measured usinq the 

device seen in Figure 3.1. A 1.0 ml sample of broth is first 

introduced onto the diffuser using a micropipette. The air flow 

rate is kept constant at 0.15 L/min. The foam capacity is 

defined as the height in centimeters of the resulting column of 

foam. The measurement is always taken upon the appearance of the 

first bubble large enough to span the width of the column. 

In order to measure the biomass concentration, 20 ml 

samples of the broth must first be centrifuged at 10,000 rpm for 
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Figure 3.1: Deviee for measuring foam capacity 
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ten minutes. The supernatant is then decanted and retained, 

while the pellet is removed from the tube, washed with water and 

placed in a weighed aluminum dish. The dish is left overnight in 

an oven set between 90 and 100·C. The dish is then weighed and 

the biomass concentration is the total dry wt/vol measurement. 

The supernatant that is removed from the centrifuged 

broth contains the bacillomycin L. It is first acidified to pH 

2.5 by the addition of concentrated hydrochloric acid, which 

precipitates the bacillomycin. This sample is then centrifuged 

aga in at 10,000 rpm for ten minutes. The supernatant is then 

decanted and discarded. The pellet itself is then washed with 10 

ml of d.iethyl ether and dissolved in 5 ml of absolute ethanol. 

The optical density of this solution can then be measured at 

277.0 nm using a Varian UV-Spectrophotomet~~. This reading gives 

an accurate indication of the amount of bacillomycin in solution. 

3.3.3 Thin Layer Chromatography 

Thin layer chromatography was the method used to confirm 

the presence of bacillomycin L in the fermentation broth. First 

of aIl, the bacillomycin must be extracted into ethanol by the 

procedure described in Section 3.2. However, in this case 100 ml 

samples of broth are used instead of 20 ml samples. After the 

bacillomycin has been dissolved, the solution is made more 

concentrated by evaporating about 80t of the ethanol. The 

concentrated solution is then spotted onto a silica gel TLC plate 

using a micropipette tip. The spot on the plate should be made 

as concentrated as possible. However, in order that the spot 
r 
1 does not grow too big, care must be taken to allow it to dry 
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thoroughly between applications. Once the desired concentration 

has been achieved, the position of the starting spot i9 marked 

and the plate is plaeed into the TLC ehamber containing the 

chromatographie solvent mixture. The plate is removed once the 

solvent front has movf!d about 4/5 of the way up the plate. After 

it has dried off, the plate is sprayed with concentrated sulfuric 

aeid and allawed to dry again. The plate is then placed in an 

aven set around gOOe for 10-12 hours. The distance from the 

starting point ta the final position of the solvent front is 

taken as unity. The displaeement of the spot made by each 

constituent, expressed as a fraction of the distance moved by the 

solvent front, is known as the Rf value of that constituent. 

This Rf value is charaeteristic of a given substance in a given 

solvent mixture. 
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4.0 RESULTS 

Il 4.1 Fermentation Profile of Standard Case 

( 

In order to obtain a reference for this set of 

experiments, Bacillus subtilis was grown in the Standard Medium 

described in section 3.2, at a tempe rature of 3'oC. The 

fermentation profile is shown in Figure 4.1 and is quite typical 

of what was seen in Most of these experiments. 

First of all, the biomass curve is exactly what would be 

expected for a batch fermentation. The qrowth of biomass 

exhibits a short laq phase, exponential qrowth over the space of 

a few hours, and finally reaches a maximum of 1.88 g/L as it 

enters the stationary phase after about twenty hours. The 

concentration of biomass then decreases slowly after the limitinq 

nutrient is exhausted. 

The pH profile is also typical of a batch run with this 

organism. The pH declines from an initial value of ,., to a 

level between 6.0 and 6.5. After the Midway point of the 

exponential growth phase has been reached, the pH beqins to 

increase again up to around its original value. 

Bacillomycin concentration was monitored by measurinq the 

optical density at 271.0 nm. of an ethanol extract prepared by 

the method described in section 3.3. The presence of 

bacillomycin L was confirmed by the use of thin layer 

chromatography on silica gel. The results are recorded in Table 

4.1. A calibration curve was also qenerated so that actual 

weiqht per volume values of bacillomycin concentration could he 

obtained from the 00 21' readings. This calibration curve is 
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Fiqure 4.1: Fermentation profile of qlutamate-based medium 
(0.034 M) at T= 37°C 
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Table 4.1: Thin Layer Chromatography of Fermentation Sroth 

Substance 

Fermentation Sroth 

Bacillomycin L 

Solvent A 

strong bar at 0.16 
light bar at 0.41 
very light bar at 0.85 

0.16 

Solvent A Ch1oroform-methano1-water (65:25:4) 

Solvent S Butanol-acetone-water (4:6:1) 

Rf 

Solvent S 

light bar at 0.21 
strong bar at 0.37 
very light bar at 0.49 
light bar at 0.89 

0.38 

The values for bacil10mycin Lare from Sesson and Michel (1987). 
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shown in Figure 4.2. 

The concentration profile of bacillomycin indicates that 

it is a secondary metabolite. There is no significant production 

until the end of exponential growth, after which the production 

increases sharply and remains high. Bacillomycin is an effective 

surfactant, so this increase in concentr.ation is accompanied by a 

corresponding reduction in the surface tension of the broth. The 

surface tension decreases asymptotically to 26 mN/m after 24 

hours (not shown in figure 4.1). However, the MOst important 

aspect of Figure 4.1, for this work, is the close relationshlp 

shown between the bacillomycin concentration and the foam 

capacity of the broth. The tight linkage between these two 

parameters was observed in almost every experiment. In fact, the 

relationship in MOSt cases is quite linear, with coefficients of 

correlation between 0.97 and 1.00 for plots of bacillomycin 

concentration vs. foam capacity (Figure 4.3). 

An attempt was made to further examine the relationship 

between bacillomycin concentration and foam capacity. An 

experimental run was conducted using Stand~rd Medium at 37·C. 

Samples were taken over a period of 72 hours and measurements 

were made for biomass, bacillomycin concentration (00 277), and 

foam capacity. Then the bacillomycin was isolated and its 

concentration measured on a weight per volume basis. This 

bacillomycin was then redissolved in water and the foam capacity 

was remeasured. The data for this experiment are displayed in 

Table 4.2. These results indicate that a loss of 33% to 54% of 

foam capacity occurs after extraction, isolation, and 
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Figure 4.2: Bacillomycin L concentration as a function of the 
optical density at 277.0 nm of an ethanol extract 
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Table 4.2: Bacillomycin Concentration and Foam Capacity 

Time Biomass Bac.Conc. Foam Cap. Bac.Conc. Foam Cap. 
(HR) (SiL) (OD277) of Broth (g/L) after Redisso1ution 

(cm) 

4 0.11 0 0.5 
8 0.57 0.39 4 1 

12 1.65 0.45 3 1 
24 2.07 3.90 43 0.045 24 
32 1.94 3.62 41 0.039 19 
36 1.92 4.28 42 0.053 28 
48 1.81 4.13 43 0.051 26 
72 1.69 3.88 36 0.040 17 

{ 
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redissolution of bacillomycin. 

Another experiment was carried out in which the role of 

bacillomycin concentration was investigated. Samples of 

fermentation broth were centrifuged to produce cell-free broth. 

Measurements were then made for surface tension, bacillomycin 

concentration, and foam capacity. The broth was then subjected 

to a chloroform wash and the surface tension and foam capacity 

were measured again. The results are shown in Table 4.3. 

4.2 Effect of pH 

Figure 4.1 would indicate that there might be sorne 

connection between the pH of the broth and its foam capacity. In 

order to investigate this, an experiment was carried out using 

Standard Medium and an incubation temperature of 37°C. Samples 

of broth were removed after 14 and 24 hours of fermentation, and 

their foam capacities measured. Two aliquots of each sample were 

then taken and the pH of one pair of aliquots was raised to 8.2 

by the addition of sodium hydroxide, while the pH of the other 

pair was lowered to 5.6 by the addition of hydrochloric acid. The 

foam capacity of each sample was measured after each pH 

adjustment. The results are shown in Table 4.4. There is no 

significant change in the foam capacity of the broth when the pH 

of the system i8 either raised or lowered. 

4.3 Effect of Incubation Temperature 

The relationship between incubation temperature and foam 

capacity was examined by carryinq out runs in standard Medium at 

temperatures of 37°e (Figure 4.1), 30 0 e (Figure 4.4), and 23°C 
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Table 4.3: Role of Bacillomycin in Foam Production 

Surface Tension Bacillomycin Foam 
(mN/m) Concentration (OD277) Capacity (cm) 

before after before ufter before after 
chloroform chloroform chloroform chloroform chloroform chloroform 

wash wash wash wash wash wash 

27 30 2.67 2.49 24 21 

26 28 3.72 3.39 39 34 

(' .. 
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Table 4.4: Effect of pH on Foam Capacity 

Incubation Initial Initial Foam Cap. Foam Cap. 
Time(hr) pH Foam Cap. after pH-S.6 after pH-8. 2 

(cm) (cm) (cm) 

14 6.4 17 15 17 

24 7.0 37 35 35 

NOTE: Values for bacillomycin concentration and foam capacity are 
averages of the measurements made after the end of the 
exponential growth phase. 
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Figure 4.5: Fermentation profile of glutamate-based medium 
(0.034 M) at T= 23°C 
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(Figure 4.5). 

Temperature has little effect on the maximum level of 

biomasse Howe'ler, it does play a role in determininq how long it 

takes to achieve that level of growth. At 37·C, it takes about 

twenty hours to reach the end of the exponential phase. At 30·e, 

thirty hours are required. When the temperature is 23·C, about 

fifty hours are needed to reach the maximum biomass level. 

The temperature has little effect on the pH profile of 

the broth. The graphs of the two lower temperature systems have 

pH plots similar to the characteristic profile in Figure 4.1. 

All three experiments exhibit linkage between 

bacillomycin concentration and foam capacity. However, the 

levels of both were about 60% lower at 23·C. The results of 

these runs are summarized in Table 4.5. 

4.4 Effect of Glutamate Concentration 

The effect of the nitrogen source concentration on foam 

capacity was investiqated by carryinq out three experiments with 

glutamate levels of 5.0 g/L (Figure 4.1), 2.5 g/L (Figure 4.6), 

and 1.0 g/L (Figure 4.7). 

A two-fold decrease in glutamate concentration leads to a 

decrease in total biomass of only about 15%. However, a five­

fold decrease reduces the maximum biomass level by 75% and 

results in a slower growth phase. 

Halving the level of glutamate in the medium has little 

effect on the behaviour of the pH. However, reducinq the 

concentration to 1.0 g/L results in a highly erratic pH profile. 

A two-lold decrease in glutamate concentration reduces 
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Table 4.5: Effect of Incubation Temperature on Foam Capacity 

Incubation Maximum Bac illomyc in Foam 
Temperature Biomass Concentration Capacity 

(Ge) (g/L) (OD277) (cm) 

37 1.88 3.40 41 

30 2.05 3.87 41 

23 2.14 1.43 16 

NOTE: Values for bacil10mycin concentration and foam capacity are 
averages of the measurements made after the end of the 
exponential growth phase . 
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bacillomycin concentration by 40%, whereas a five-fold reduction 

in qlutamate results in almost a 90% decrease in production. It 

should also be noted that, once aqain, these experiments 

demonstrate the stronq relationship between bacillomycin 

concentration and foam capacity, even at low concentrations. A 

summary of these experiments is found in Table 4.6. 

4.5 Effect of other Nitrogen Sources 

Experiments were carried out to determine if other 

nitroqen sources would have any effect on the foam capacity. 

Usinq the Standard Medium from Figure 4.1, glutamate was replaced 

by equimolar quantities of sodium nitrate (Figure 4.8) and 

ammonium chloride (Figure 4.9). The results of these runs are 

shown in Table 4.7. 

The first thing to notice is that there is still stronq 

linkage between bacillomycin concentration and foam capacity; 

changing the nitroqen source had no effect here. However, there 

is a big difference between the performance of the nitrate­

containinq medium and that of the one containing ammonium. 

Although the total biomass of the nitrate-based system is only 

about half that of the glutamate medium, the pH profiles are the 

same and the amount of antibiotic produced ia comparable. On the 

other hand, growth in the ammonium-based system is very poor. 

The maximum biomass is about 70% less than in the case with 

qlutamate. Furthermore, there is no production of bacillomycin 

and consequently little foaming. These results demanded further 

study. 
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Table 4.6: Effact of Glutamate Concentration on Fo .. Capacity 

Glutamate KaximWl Bacillomycin Foam 
Concentration Biomass Concentration Capacity 

(Kolarity) (g/L) (00 277) (cm) 

0.034 1.88 3.40 41 

0.017 1.56 2.05 28 

0.0068 0.50 0.38 8 

NOTE: Values for bacillomycin concentration and foam capacity are 
averages of the measurements made after the end of the 
exponential growth phase. 
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Table 4.7: Effect of Various Nitrogen Sources on Foam Capacity 

Nitrogen MaximWl Bac1110mycin Foam 
Source Biomass Concentration Capacity 

[0.034M] (g/L) (00 277) (cm) 

glutamic acid 1.88 3.40 41 

sodium nitrate 1.06 3.14 39 

ammonium ch10ride 0.57 0 3 

NOTE: Values for baci110mycin concentration and foam capacity are 
averages of the measurements made after the end of the 
exponentlal growth phase. 
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4.5.1 Effect of Nitrate Concentration 

The performance of nitrate-based media was examined and 

compared to that of the glutamate-based media. Experiments were 

carried out using the same media used in Figures 4.1, 4.6 and 

4.7, but replacing the glutamate with equimolar amounts of sodium 

nitrate (Figures 4.8, 4.10, and 4.11). A summary of the results 

can be found in Table 4.8. 

In general, the nitrate-based systems behave in much the 

same manner as the glutamate-based systems. The total biomass 

tends to be lower for the media containing nitrate but the pH 

profiles are the same and the amount of bacillomycin produced is 

similar. Although the product concentration and foam capacity 

are still stronqly coupled, these results are interesting if only 

for the fact that sodium nitrate performs satisfactorily while 

being a less expensive nitrogen source than glutamic acid. 

4.5.2 Effect of Ammonium Chloride 

The Most striking feature of the ammonium-based 

experiment is the pH profile (Figure 4.9). This pH profile is 

radically different from the ones seen for glutamate or nitrate 

based media. Instead of dropping from 7.7 to around 6.0 and then 

rising again to around 8.0, the pH drops rapidly to about 4.5 and 

then sinks slowly to just above 4.0. It was thought that this 

low pH level was responsible for the poor growth and the lack of 

antibiotic production. To examine thls phenomenon, a simple 

experiment was performed, the results of which are found in Table 

4.9. After four days of fermentation, the pH of the ammonium 

based medium was steady at 4.2 and no bacillomycin vas present. 
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Figure 4.10: Fermentation profile of nitrate-based medium 
(0.017 M) at T- 37°C 
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Table 4.8: Effect of Sodium Nitrate Concentration on Foam Capacity 

NitratP. MaxillUlll Bacillomycin Foam 
Concentration Biomass Concentration Capacity 

(Kolarity) (g/L) (OD 277) (cm) 

0.034 1.06 3.14 39 

0.017 0.85 1.97 12 

0.0068 0.47 0.75 6 

Glutamate Maximum Bacillomycin Foam 
Concentration Biomass Concentration Capacity 

(Mo1arity) (g/L) (OD 277) (cm) 

0.034 1.88 3.40 41 

0.017 1.56 2.05 28 

0.0068 0.50 0.38 8 

NOTE: Values for bacl110mycln concentration and foam capacity are 
averages of the measurements made after the end of the 
exponential growth phase. 
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Table 4.9: Effect of pH on Racillomyein Production 
in an Ammonium Based Medium 

pH Bac.Cone. Foam Cap. 

After 4 days of fermentation 4.2 3 

After addition of Na~C03 6.7 3 

After 2 hrs. of 
further fermentation 6.0 0.14 4 

After 3.5 hrs. of 
further fermentation 5.6 0.83 16 
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The pH was raised to 6.7 by the addition of lM sodium carbonate. 

After two hours of further fermentation, the pH dropped to 6.0 

and trace amounts of antibiotic were found. After three and a 

half hours of fermentation, the pH dropped to 5.6 but there was a 

significant amount of bacillomycin present. These results 

indicate a linkage between pH and 4ntibiotic production, and this 

led to further investigation. 

An experiment was carried out wherein an ammonium based 

system was used but the bufferinq capacity of the medium was 

enhanced by increasing the phosphate concentration by about nine 

times. The results of this run are shown in Figure 4.12. 

Although the pH profile is somewhat uncharacteristic, the 

additional buffer in the system prevents the pH from droppinq 

below 6.0. The biomass increases rapidly to a maximum of 2.15 

gfL, while the bacillomycin concentration is significant and 

accompanied by a proportional amount of foaming. This confirmed 

the fact that both growth and antibiotic production are 

suppressed by low pH. 

4.5.3 Effect of Phosphate 

In order ta determine the raIe played by phosphate in 

these fermentations, an experiment was performed in which the 

same ammonium-based medium seen in Fiqure 4.12 was used, but the 

phosphate was replaced by an equivalent amount of Tris buffer. 

The results shown in Figure 4.13 indicate that the biomass level 

is still high at 1.92 gfL, and the pH follows the expected 

profile. Due to the low level of phosphate in this case, the 

bacillomycin concentration is comparable to that seen in the 
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glutamate and nitrate-based systems. 

4.6 Effect of Overall Electrolyte ,oncentration 

The effect of electrolyte concentration was examined by 

conducting an experiment using the Modified MM Medium described 

in Section 3.2. The Modified MM Medium is three to four times 

more hypertonie than the Standard Medium. The results shown in 

Figure 4.14 demonstrate that the cell growth is mediocre, as the 

total biomass leveI gets no higher than 0.76 g/L. No 

bacillomycin is produced and therefore, there is little foaming. 

An experiment was performed in which Modified MM Medium 

was used but the phosphate was replaced by Tris butfer. The 

results of this run are shown in Figure 4.15. The level of 

growth is quite good, with a maximum at 1.32 g/L, and the 

bacillomycin concentration is higher than in Any other 

experiment. In this case, much less foam is produced than ls 

seen for similar concentrations of bacillomycin at lower 

electrolyte concentrations. 
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5,0 DISCUSSION 

Foaming occurs in many fermentation reactors. It is 

generally not desirable because it increases capital costs by 

requiring more reactor space or the addition of mechanical foam 

breakers. Foaming may also increase the operating co st of a 

system if antifoaminq additives are used. 

This work grew out of a project in which the continuous 

phasing .ethod vas used to cultivate Bacil~ subtilis in a 

cyclone reactor. The bacillomycin L produced by the bacteria 

caused a dramatic drop in the surface tension of the fermentation 

broth. This led to severe foaming problems that made it 

impossible to take the uniform samples that are required for the 

continuous phasing method to vork. The foaming also resulted in 

the contamination of the reactor on numerous occasions. The use 

of antifoam agents was ruled out in this case because the 

product, bacillomycin, is itself surface active and the addition 

of another surface active compound would have created a serious 

downstream separation problem. Likevise, changinq the carbon 

source to a hydrocarbon and thereby suppressinq foaming by the 

addition of another liquid phase was not a viable option because 

this strain of Bacillus subtilis does not grow well on 

hydrocarbons. A study was therefore carried out with the 

intention of determining what fdctors affect the foam capacity of 

thE fermentation broth. It was hoped that these factors could be 

identified and controlled in such a vay that foam capacity would 

be suppressed while still allowing for qood bacterial growth and 

( antibiotic production. 
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5.1 Fermentation Profile of Standard Case 

The run shown in Fiqure 4.1 serves as a reference for 

this set of experiments. It was carried out followinq the 

methoda of Chevanet et al (1986). 

The biomasa curve i5 typical of a batch fermentation. 

There la a short lag phase, followed by a period of exponential 

qrowth, and finally maximum qrowth ia achieved. This plateau 

represents the stationary phase and it oceurs once the limiting 

nutrient ia exhausted (Brock, 1979). Eventually the total 

biomass beqins to decrease as cells start to lyse (Brock, 1979). 

The pH profile for this run follows a pattern seen 

throughout these experiments. The pH decreases from its original 

value of 7.7 to around 6.0. About halfway through the 

exponential growth phase, the pH rlses to around 8.0. These 

results corroborate the findings of Chevanet et al (1986). 

The concentration of bacillomycln was obtained by 

measuring the optical density of an ethanol extract at 277.0 nm. 

The ultraviolet absorption spectrum of baeillomycin L shows a 

stroDg peak at 277.0 nm. (Besson and Michel, 1987). This is due 

to the phenyl group on the tyrosine present in its peptide ring 

(Fiqure 3.2). However, many proteins and other substances vith 

phenyl rings also absorb strongly in this region. It is not 

clear that this should be an accurate means of determining 

bacillomycin concel~tration. However, this method was justified 

by two types of experiments. First of aIl, the majority of 

extraeellular material produced by these bacteria is bacillomycin 

L. This was confirmed qualitatively by the thin layer 
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chromatoqraphs obtained by follovinq the method of Besson and 

Michel (1987). These results ara shown in Table 4.1. Secondly, 

very litt1e of tha bacillomycin remains in the cells: almost all 

of it anda up in the broth (Chevanat at al, 1986). Furthermore, 

Figura 4.2 reprasents a calibration curva generated by a set of 

experimenta that demonstrates a stronq linear relationship 

betveen bacillomycin concentration and 00277. These results, 

taken toqethar, provided confirmation of the leqitimacy of usinq 

optical dansity readings to reprasant the concentration of 

bacillomycin in the broth. 

From Figure 4.1, it is clear that there is no siqnificant 

production of bacillomycin until the end of the exponential 

growth phase, as is typical of a secondary metabolite. The 

production of bacillomycin reduces the surface tension of the 

broth to 26 mN/m after 24 hours. It is this surface activity of 

the product that is essential to the formation and stabilization 

of the foam (Walstra, 1988). 

5.1.1 Surfactant Concentration, Surface Visoosity, and Foaming 

Figure 4.1 indicates that thera is a stronq connection 

betvean bacillomycin concentration and the foam capacity of the 

broth. This linkage vas exhibited in almost every experiment. 

The relationship vas found to be quite linear, as seen in Figure 

4.3. 

It vas not expected that bacillomycin concentration and 

foam capacity would he sa closely related. The level of 

bacillomycin contributes to the foam capacity by reducinq the 

( surface tension but the surface tension reaches a minimum quite 
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quickly while foam capacity and bacillomycin concentration 

continue to increase. It is believed that the increase in 

bacillomycin concentration causes an increase in the surface 

viscosity of the foam. This in turn enhances foam stability, 

which has a strong effect on the foam capacity. The surface 

viscosity may play a larger role than the viscosity of the bulk 

liquide This is due to the fact that a disproportionate amount 

of surfactant ends up in the foam because it is adsorbed at the 

large surface area, resulting in a relatively large amount of 

surfactant concentrated in an area of relatively small liquid 

volume (Callaghan f 1988). 

The connection between surface viscosity and foam 

capacity and stability has been reported widely (Bikerman, 1953: 

Joly, 1972; Tabor, 1972; Dickinson, 1988: Nutt and Burley, 1988). 

Djabbarah and Wasan (1985) have observed a strong relationship 

between the concentration of lauryl alcohol, surface viscosity 

and foam stability, in a lauryl alcohol-sodium lauryl sulfate­

water system. In general, high surface viscosity increases foam 

stability by slowing gravitational drainage of liquid through the 

lamellae and by retarding the process of bubble coalescence 

(HelIer and Kuntamukkula, 1987). When two bubbles approach each 

other, liquid must be pushed aside. Viscosity slows down this 

process. Therefore, if viscosity is great enough, coalescence 

does not occur or occurs very slowly. However, if the viscosity 

is too large, what is obtained is a gas-in-liquid emulsion rather 

than a foam. Therefore, foam is produced when the surface 

viscosity of thick liquid layers is small, thereby enabling the 
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bubble to quickly cover the major part of the distance to the 

4l neiqhbourinq bubble. However, if the liquid 1ayers are thin, as 

is the case for this fermentation broth, the foam is !\tabi1ized 

by a hiqh surface viscosity because it makes it difficalt for a 

bubble to traverse the width ot the lamella and merqe with 

another bubb1e (Bikerman, 1953). 

5.1.2 Baci110mycin and Foaming 

The results shown in Table 4.2 demonstrate further the 

connection between bacillomycin concentration and foam capacity. 

The foam capacity of the solutions made from the redissolved 

baci110mycin tend to he 1/3 to 1/2 less than the foam capacity of 

the corresponding whole broth sample. This could be due to three 

possible reasons: loss of surfactant during the isolation 

process, inactivation of the surfactant durinq extraction, or 

loss of some other substances that were acting in a synerqistic 

relationship with baci11omycin. 

Some product is always lost in an extraction and this 

case can be no exception. In general, high levels of purity are 

associated vith low yields. It is also quite likely that some 

baci1lomycin remained in the system in an inactive state. The 

surfactant is precipitated by the addition of concentrated 

hydrochloric acid and it is probable that high local acid 

concentrations miqht have caused soma denaturation. Many 

different combinatio~s of surfactants have been seen to exhibit 

synerqistic effects. Synerqism in foam capacity has been shown 

to be related to synerqism in surface tension reduction 

( effectiveness (Rosen and Zhu, 1988). While a synergistic co-
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surfactant may be present in the broth, this explanatlon of the 

foam capacity reduction is less likely than the previous two. 

The results shown in Table 4.3 demonstrate that the surface 

tension and foam capacity of the fermentation broth are not 

greatly affected by a chloroform wash. The chloroform-soluble 

substances extracted by such a procedure would include most 

lipids and many other nonpolar prcducts (Solomons, 1988). Unlike 

many surfactants, bacillomycin is insoluble in chloroform (Besson 

et al, 1977). This would indicate that bacillomycin is largely, 

if not solely, responsible for the reduction in surface tension 

and the production of foam. While it is not possible to 

completely discount the presence of synergistic substances, aIl 

chloroform-soluble co-surfactants can be ruled out. 

5.2 Effect of pH 

The fermentation profile shown in Figure 4.1 suggests 

that there might be some connection between the pH of the broth 

and its foam capacity. It appears that the foam capacity does 

not really begin to increase until the pH has started te rise 

after reaching a minimum. Table 4.4 contains the results of an 

experiment conducted to determine the effect of pH on foam 

capacity. Within the range of pH examined, there is no 

significant change in the foam capacity of the broth. It may 

therefore be concluded that foam capacity is not a simple 

function of pH. 

5.3 Effect of Incubation Temperature 

The effect of incubation temperature on foam capacity was 

~ examined in experiments represented in Figures 4.1, 4.4 and 4.5. 
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The data is summarized in Table 4.5. 

Temperature has little effect on the maximum level of 

biomass or. the pH profile. However, as the incubation 

temperature ls decreased, the amount of time requlred to achieve 

maximum growth increases. This i. due to the fact that for Most 

enzymes in microbial systems, the rate of reaction increases with 

temperature until a temperature is reached where the enzyme is no 

longer stable. At low and moderate temper~tures, where the 

enzyme la stable, the increase in activity with tempe rature is a 

function of the activation energy for the reaction. For many 

enzymes, the rate lncreases by a factor of about two for a 10°C 

rise in temperature (Zubay, 1988). These enzymes catalyse aIl 

reactiona in the cell, so it is not surprising that growth and 

reproduction are slowed at lower temperatures. 

AlI three e~eriments demonstrate linkage between 

bacillomycin concentration and foam capacity. However, the 

levels of both were about 60' lower at 23°C. Bikerman (1953) 

reports that increased temperature usually decreases foam 

capacity for a variety of reasons, Most notably the reduction of 

interfacial viscosity. However, any change in foam capacity for 

these experiments i8 simply attributable to the change in 

bacillomycin concentration caused by alterinç the incubation 

temperature. In fact, the foaming tests themselves were aIl 

carried out at the same temperature. 

5.4 Effect of Glutamate Concentratirn 

Chevanet et al (1986) have shown that glutamate has an 

( effect on growth, antibiotic production, and sporulation. 
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Experiments were carried out to determine how glutamate 

concentration affects foam capacity. The results are shown in 

Figures 4.1, 4.6 and 4.7, with a summary in Table 4.6. 

A two-fold decrease in glutamate concentration has little 

effect on total biomass, whereas a live-told decrease reduces the 

final biomass level drastically and results in slower growth. 

These results are in keeping with those of Chevanet et al (1986). 

Halving the level of glutamate in the medium has no 

effect on the behaviour of the pH. However, reducing the 

concentration to 1.0 g/L results in a highly erratic pH profile 

that is probably responsible for the low level of antibiotic 

production. 

A two-fold decrease in glutamate concentration reduces 

bacillomycin concentration by 40%, while a five-fold reduction in 

glutamate results in almost a 90% decrease in production. Again, 

a strong relationship between bacillomycin concentration and foam 

capacity was observed. While the production of bacillomycin is 

affected by the level of glutamate in the medium, foam capacity 

cannet be controlled by changing the glutamate concentration if 

high yields are desired. 

5.5 Effect of Other Nitrogen Sources 

Experiments were conducted to determine if foam capacity 

was affected by replacing glutamate with sodium nitrate (Figure 

4.8) or ammonium chloride (Figure 4.9). The results are shown in 

Table 4.7. 

Changing the nitrogen source did not affect the strong 

relationship between bacillomycin concentration and foam 
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capacity. However, the media containing nitrate and ammonium 

( behave very differently. The overall performance of the nitrate­

containinq medium is very much like that of the one containing 

glutamate, vith the exception of a reduced level of biomasse The 

ammonium-based medium, thouqh, exbibit. very poor growth, with no 

production of bacillomycin and con.equently little foaming. 

Although this result is reported by Chevanet et al (1986), it is 

surprising because the vast majority of bacteria are able to use 

ammonium as a nitrogen source (Brock, 1979). This is due to the 

fact that glutamate dehydrogenase is ubiquitous amonq eukaryotes 

(Zubay, 1988). As shown in Figure 5.1, it is this enzyme (in the 

presence of NADPH) which allows ammonium to be incorporated into 

«-ketoglutarate to form glutamate (ZUbay, 1988). Directlyor 

indirectly, the amine groups are aIl derived from ammonia by 

way of the amine groups of L-glutamate (Zubay, 1988). On the 

other hand, nitrate must be reduced to ammonium before it can be 

utilized. Some bacteria cannot metabolize nitrates because they 

lack nitrate reductase, the enzyme that reduces the oxidation 

state of nitrogen in the nitrate form (Brock, 1979). Therefore, 

the behaviour of the ammonium-based medium wou1d norma1ly be 

expected to be at least as good as that of one based on nitrate. 

This warranted further investigation. 

5.5.1 Effect of Nitrate Concentration 

Experiments were carried out to compare the performance 

of nitrate-based media with media containing comparable amounts 

of glutamate. The relevant Figures are 4.1, 4.6, 4.7 and 4.8, 

( 4.10, 4.11. The results are summarized in Table 4.8. 
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Glutamate • NAOP + 
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Figure 5.1: Conversion of ammonium into the IX -amino group 
of glutamate (Zubay, 1988) 
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Nitrate-based media behave in much the same way as media 

containinq glutamate. Total biomass tends to be lower for 

nitrate-based systems but similar profiles are observed for pH 

and bacillomycin concentration. Once aqain, foam capacity is 

strongly coupled to bacil~omycin concentration, so usinq nitrate 

as a nitrogen source is not the solution to this problem. 

However, the similarity in the performance of the nitrate and 

glutamate vould tend to make sodiua nitrate more attractive for a 

commercial application because it ia about sot cheaper than 

glutamic acid. 

5.5.2 Effect of Ammonium Chloride 

The poar growth and lack of antibiotic production in the 

ammonium-based medium seemed to be connected with the pH profile 

(Figure 4.9). Instead of dropping down ta 6.0 and then risinq up 

again, the pH fell sharply ta around 4.0 and stayed there. When 

a sample of ammonium-based broth that had been fermentinq for 

several days was subjected to an increase in pH, bacillomycin 

production could be detected over the next few hours (Table 4.9). 

These results demonstrate that bacillomycin production is 

suppressed by the low pH developed in the ammonium-based medium. 

Another experiment was carried out usinq the ammonium­

based medium but vith an eight to nine-fold increase in phosphate 

concentration. The results are shown in Figure 4.12. The 

additional buffer in the system prevents a drastic fall in pH. 

The microbial growth is very good, suggesting that the low pH of 

the unbuffered system suppresses cell qrowth as weIl as 

1 antibiotic prOduction. The bacillomycin concentration seen in 
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Fiqure 4.12 is significant and accompanied by a proportional 

amount of foaming. However, the amount of bacillomycin present 

is at only about 1/3 the level sean in a glutamate or nitrate-

based medium. This became the subject of the next stage of this 

research. 

5.5.3 Effact of Phosphate 

The production of some antibiotics is suppressed by the 

presence of inorganic phosphates in the fermentation broth 

(Gonzalez et al, 1990). Control usually occurs at the 

transcriptional level, although direct inhibition of antibiotic 

synthesizing enzymes has been observed in some cases (Liras et 

al, 1990). An experiment was undertaken in which the same medium 

seen in Figure 4.12 was used, but the phosphate was replaced by 

an equivalent quantity of Tris buffer. The results shown in 

Fiqure 4.13 indicate good growth and a normal pH profile. In the 

absence of phosphates, the bacillomycin concentration is 

comparable to that seen in the glutamate and nitrate-based 

systems. It May be concluded therefore that the production of 

bacillomycin ia inhibited by phosphate. It May also be concluded 

that ammonium chloride is an acceptable nitrogen source if the pH 

is controlled by a buffer other than inorganic phosphate. This 

would maka ammonium chloride an even more attractive candidate 

than sodium nitrate if commercial production were to be 

considerad. Ammonium chloride ia eight times cheaper than 

glutamic acid and four times cheaper than sodium nitrate • 
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5.6 Effect of Qyerall Electrolyte Concentration 

Increasing the overall electrolyte concentration of the 

nutrient medium was considered as a aeans of controlling the 

foaming problem. Added solutes can reduce foaminq in a number of 

different ways: 1) by reactinq ch .. ically with the surfactant: 2) 

by decreasinq the dispersity, and tbu. the surface activity of a 

surfactant: 3) by alterinq the solubility of the surfactant: 4) 

by simply displacing the surfactant at the interface: 5) by 

changinq the surface rheoloqy of a .yste. (Bikerman, 1953). 

An experiment was run using the Modified MM Medium found 

in section 3.2. The Modified MM Medium is about three to four 

times more hypertonie than the Standard Medium used in most of 

these experiments and it was hoped that this would depress the 

foam capacity while still allowinq for adequate cell qrowth and 

antibiotic production. The results seen in Fiqure 4.14 wer~ 

disappointing. Cell qrowth is not very qood, as the total 

biomass level qets no hiqher than 0.76 q/L. The pH profile is 

close to being normal but there is still no bacillomycin produced 

and consequently very little roaming. However, it seemed 

reasonable to assume that the anti.biotic production was being 

suppressed by the exceptionally high level of phosphates in the 

Modified MM Medium. A new experiment was therefore carried out 

wherein the phosphate in the Modified MM Medium was replaced by 

an equivalent amount of Tris buffer, while some potassium 

chloride and sodium chloride were added to make the new medium 

isotonie ta that seen in Figure 4.14. 

experiment are shown in Fiqure 4.15. 
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is acceptable, with a maximum at 1.32 g/L. The pH profile 

follows the characteristic pattern, while the level of 

bacillomycin production is higher than ever. The most important 

thing to note, however, is that for the first time the amount of 

foam produced for a given concentration of bacillomycin is 

actually lowered. It may be concluded, therefore, that the foam 

capacity of the fermentation broth can be decreased by increasing 

the overall electrolyte concentration of the medium. 

Furthermore, it is possible to have high levels of bacillomycin 

production with a significantly reduced foam capacity • 

• 
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6.Q CONCLUSIOHa 

The first objective of thi. study led to a very 

practical rasuit. The bubble column method outlined in section 

J.J was found to be an accurate and repeatable means of 

characterizinq the foam capacity of a liquide It was this method 

that made it possible to study in a quantitative way the effect 

of various process parameters on foaminq. 

Figure 4.2 indicates that the concentration of 

bacillomycin L in the fermentation broth was found to be directIy 

related to the optical density of an ethanol extract produced 

followinq the procedure outlined in Section 3.J. The putative 

reasons for this phenomenon are discussed in section 5.1. This 

relationship provided a straiqhtforward method of monitorinq the 

bacillomycin concentration in the fermentation broth. 

One common feature seen throuqhout these experiments is 

the close relationship between the concentration of bacillomycin 

and the foam capacity of the broth. Figure 4.J indicates that 

this could properly be described as a direct relationship. It is 

believed that an increase in bacillomycin concentration increases 

the interfacial viscosity of the foam. This increases the foam 

capacity and foam stability of the broth by retardinq liquid 

drainaqe throuqh the foam lamellae and preventinq quick bubble 

coalescence. Needless to say, bacillomycin concentration also 

increases foam capacity by reducinq tension at the interfaces, up 

to the critical micelle concentration. 

Many of the parameters that were examined had no direct 

effect on foam capacity. It was found that there is no simple 
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relationship between pH and foam capacity, within the range of pH 

normally seen in this fermentation. Incubation tempe rature had 

no real affect on foaming, other than that produced by changes in 

the bacillomycin concentration. At the relatively low 

temperature of 23°C, bacillomycin production was lowered and the 

foam capacity was reduced for this raason alone. The level of 

glutamic acid in the medium had pradictabla affects on the amount 

of biomass and bacillomycin produced. Biomass levels and 

bacillomycin concentrations tended to be higher with higher 

levels of glutamate, and foam capacity varied in accordance with 

the concentration of bacillomycin. 

When sodium nitrate was used as a nitrogen source, the 

results were quite similar to those recorded for glutamate-based 

media. However, when glutamate was replaced with ammonium 

chloride, cell growth was inhibited and antibiotic production 

completely suppressed. The cause of this poor performance was 

the sharp drop in pH that often happens in ammonium-based media. 

When trials were carried out using the same medium but with the 

phosphate concentration increased by an order of magnitude, 

biomass levels returned to normal and bacillomycin concentration 

increased to about 1/3 its normal level. The reduction of 

bacillomycin production, and the consequent reduction in foam 

capacity, was due to the increased level of phosphate in the 

medium. When the phosphate was replaced by an equivalent amount 

of Tris butter, both biomass and bacillomycin levels went back to 

normal. However, the foam capacity remained linked to the 

bacillomycin concentration. 
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A final experiment was carried out wherein the overall 

sal t c,~ncentration of a glutamate-baaad Tris-buffered medium was 

increased by about three to four timas. This resulted in 

adequate growth of biomass, and excellent antibiotic production. 

More importantly, fuam capacity was saen to be decoupled from 

bacillomycin concentration for the tirst time. At high 

concentrations of bacillomycin, foam capacity was repressed to 

relatively low levels. The more likaly explanations of this 

phenomenon would be that the added salt displaces the surfactant 

at the interface and changes both the dispersity and the rheoloqy 

of the system. 

For future fermentations, it is recommended that a simple 

test be carried out to see if the synthesis of the desired 

prod\·.ct is affected by the presence of inorganic phosphates. It 

is also suggested that increasing the electrolyte concentration 

in the medium would seem to be a good means of controlling 

foaming as long as levels affecting the viability of the 

organisms are not reached. 

71 



REFERENCES 

Aharonowitz Y, Cohen G (1981) 
The microbiological production of pharmaceuticals. 
Sei. Am. 245:140-152 

Besson F, Peypoux F, Michel G, Delacambe L (1977) 
Structure de la bacillomycine L, antibiotique de Bacillus 
subtilise 
Eur. J. Biochem. 77:61-67 

Besson F, Peypoux F, Michel G, Delacambe L (1978) 
Identification of antibiotics of iturin group in various strains 
of Bacillus subtilise 
J. Antibiotics 31:284-288 

Besson F, Michel G (1987) 
Isolation and characterization of new iturins: iturin D and 
iturin E. 
J. Antibiotics 40:437-442 

Bikerman JJ (1953) 
[oamSi Theory and Industrial Applications 
Reinhold Publishing Corporation, New York 

Brock TD (1979) 
Biology of Microorganisms, third ed. 
Prentice-Hall, New York 

Brown WA, Cooper DG (1991) 
Personal communication. 

Bukur DB, Patel SA (1989) 
Hydrodynamic studies with foaming and non-Newtonian solutions in 
bubble columns. 
Cano J. Chem. Eng. 67:741-751 

Burns VW (1964) 
Synchronization of division in bacteria by nutritional changes. 
In: Synchrony in Cell Division and Growth 
John wiley & Sons, New York 

Callaghan IC (1988) 
Non-aqueous foams: a study of crude oil foam stability. In: 
Wilson AJ ed. Foams: Physics. Chemistry and Structure 
Springer-Verlag, London 

Chevanet C, Besson F, MiChel G (1986) 
Effect of various growth conditions on spore formation and 
bacillomycin L prOduction in Bacillus subtilise 
Cano J. Microbiol. 32: 254-258 

72 



( , 

Cooper DG (1984) 
Unusual aspects of biosurfactant production. In: Ratledqe C, 
Da~son P, Rattray J eds. Biotechnology for the oils and Fats 
~~. American oil Chemists' Society: 281-287 

Cooper DG (1986) 
Biosurfactants. 
Microbiol. Sei. 3:145-149 

Dawson PSS (1965) 
Continuous phased qrowth, with a modified chemostat. 
Cano J. Microbiol. 11:893-903 

Dawson PSS (1971) 
A pilot plant apparatus for continuous phased culture - some 
observations on oxyqen usaqe by Candida utilis durinq the cell 
cycle. 
Biotech. Bioenq. 13:877-892 

Dawson PSS (1972) 
continuously synchronized qr-owth. 
J. Appl. Chem. Biotechnol. 22:79-103 

Dickinson E (1988) 
protein adsorption at liquid interfaces and the relationship to 
foam stability. In: Wilson AJ ed. Foams: Physics. Chemistry and 
structure 
Springer-Verlaq, London 

Djabbarah NF, Wasan DT (1985) 
Foam stability: the effect of surface rheoloqical proprties on 
the lamella rupture. 
AIChE Journal 31:1041-1043 

Gehle RD, Schugerl K (1984) 
penicillin recovery from aqueous solutions by continuous foam 
flotation. 
Appl. Microbiol. and Biotechnol. 19:373-375 

German JB, O'Nelll TE, Kinsella JE (1985) 
Film forming and foaminq behaviour of food r"oteins. 
Journal of the American Oil Chemists' Socie~; ;8:1358-1366 

Gonzalez F, Montoya MD, Farez E, Arias JM,~. ' o~.: . E (1990) 
Effect of phosphate on antibiotic and extracelJular protein 
production by Myxococcus coralloides D. 
Appl. Micro~iol. Biotechnol. 33:78-80 

Goodwin BC (1969) 
synchronization of E. ÇQli in chemostat by periodic phosphate 
feeding. 
Eur. J. Biochem. 10:511-514 

73 



HelIer JP, Kuntamukkula MS (1987) 
critical review of the foam rheoloqy literature. 
Ind. Eng. Chem. Res. 26:318-325 

Hopwood DA (1981) 
The qenetic programming of industrial microorqanisms. 
Sci. Am. 245:90-102 

Hunter RJ (1987) 
Foundations of Colloid Science. Vol.II 
Oxford Science Publications, New York 

Joly M (1972) 
Rheoloqical properties of monomolecular films. In: Matijevic E 
ed. Surface and Colloid science, Vol.5 
John Wiley , Sons, New York 

Keitel G, Onken U (1982) 
Inhibition of bubble coalescence by solutes in air/water 
dispersions. 
Chem. Eng. Sci. 37:1635-1638 

Landy M, Warren GH, Rosenman SR, Cole LG (1948) 
Bacillomycin: an antibiotic from Bacillus subtilis active against 
pathoqenic fungi. 
Proc. Soc. Exp. Biol. Med. 67:539-548 

Liras P, Asturias JA, Martin JF (1990) 
Phosphate control sequences involved in transcriptional 
requlation of antibiotic biosynthesis. 
TIBTECH 8:184-189 

Nakano MM, Marahiel MA, Zuber P (1988) 
Identification of a genetic locus required for biosynthesis of 
the lipopeptide antibiotic surfactin in Bacillus subtilise 
J. Bacteriol. 170:5662-5668 

Nutt CW, Burley RW (1988) 
The influence of foam rheology in enhanced ail recovery 
operations. In: Wilson AJ ed. Foams: Physics, Chernistry and 
Structure 
Sprinqer-Verlag, London 

Parkinson M (1985) 
Biosurfactants. In: Mao-Young M, Bulock JO, Caoney CL, Glick BR, 
Gomes RF eds. Biotechnology Advances Vol.3 
pergammon Press, London 

Rosen MJ, Zhu ZH (1988) 
Synergism in binary mixtures of surfactants. Synergism in 
foaming and its relation ta other types of synergism. 
Journal of the American-Oil Chemists' Society 65:663-668 

74 

• 



ft 

Sheppard JO (1989) 
Feedback control and the continuoua phasing of microbial 
cultures. Ph.d. diss., McGill University 

Solomons TWG (1988) 
Organic Chemistry, fourth ed. 
John Wiley , Sons, New York 

Tabor 0 (1972) 
Friction, Lubrication and Wear. In: Matijevic E ed. ~ace and 
Colloid Science. Vol.5 
John Wiley , Sons, New York 

Walstra P (1988) 
Principles of foam formation and stability. In: Wilson AJ ed. 
FoamSi Physics. Chemistry and Structure. 
Springer-Verlag, London 

Zeuthen E (1958) 
Artificial and induced periodicity in living cells. 
Adv. Biol. Med. Phys. 6i37-73 

Zubay G (1988) 
Biochemistry, second ed. 
Macmillan Publishers, New York 

75 


